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Nanostructures, including metal nanowires, semiconducting
nanowires, carbon nanotubes, and graphene sheets, have
been widely used as the building blocks or drug carriers for
different applications (such as flexible photoelectronics, e-
skins, soft machines, implantable electronics, drug delivery,
health monitoring, and tissue engineering). In these appli-
cations, one of the emerging fields, flexible electronics, has
attracted significant attention in both academic research
and industrial applications during the past decade. Flexible
electronic devices may also be implanted in the human
body and combine with nanomedicine and drug delivery.
Nanostructure based drug carriers allow for not only the
delivery of small-molecule drugs, but also the delivery of
peptides, nucleic acids, proteins, and so on. Targeting delivery
of all these drug molecules to specific localization/area will
reduce systemic side effects and allow for more efficient use
of the drug. As fundamental research is called to fulfill the
demands of industry and healthcare, the development of such
nanotechnology and nanoscience has offered a good platform
for flexible electronics and nanomedicine.

This special issue focuses on nanostructures for flexible
electronics and their applications in drug delivery. This issue
received seventeen submissions and finally accepted four
exciting review papers and seven research papers. H. Lu et
al. review the recent progress on nanostructures for drug
delivery. T. Fan et al. summarize peptide self-assembled
nanostructures for drug delivery applications. S. Pan et al.

introduce the application of nanomaterials in stem cell
regenerative medicine of orthopedic surgery. Z. Chen et al.
highlight the advance of carbon nanotubes in cancer diagnos-
tics and therapeutics. K. Sun et al. fabricate nanostructured
surface with tunable contact angle hysteresis for in vitro cell
cultures of different tumor cells. Y. Zhang et al. investigate the
binding affinity, cellular uptake, and subsequent intracellular
trafficking of the nanogene vector P123-PEI-R13. X. Tian et
al. develop functional surface coating on cellulosic flexible
substrates with improved water-resistant and antimicrobial
properties by the use of ZnO nanoparticles. Z. Fang et al.
study dynamic uptake of free drug and nanostructures for
drug delivery based on bioluminescence measurements. J.
Yu et al. report optimal Zn-modified Ca–Si-based ceramic
nanocoating with Zn ion release for osteoblast promotion
and osteoclast inhibition in bone tissue engineering. K.
Yang et al. analyze the reaction and characterization of
low-temperature effect of transition nanostructure metal
codoped SCR catalyst. T. Wang et al. synthesize fluorescent
carbon dots by gastrointestinal fluid treatment of Mongolia
Har Gabur. Unfortunately, we received few submissions on
flexible electronics, especially those combined with both
flexible electronic platforms and drug delivery. Hopefully,
this crossing field can attract more attention in the near
future.

By compiling these papers, we hope that this special
issue provides the readers with some valuable information

Hindawi
Journal of Nanomaterials
Volume 2017, Article ID 3516952, 2 pages
https://doi.org/10.1155/2017/3516952

https://doi.org/10.1155/2017/3516952


2 Journal of Nanomaterials

and useful guides to the research field of nanostructures for
flexible electronics and drug delivery.

Chuanfei Guo
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Liqian Gao
Jinwei Gao
Siya Huang
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Typical p-type semiconductor MnO𝑥 codoped with n-type semiconductors such as CeO
2
and V

2
O
5
was reported to achieve high

efficiency in catalytic NO𝑥 removal by NH
3
. In this paper, we present novel Mn-Ce codoped V

2
O
5
/TiO
2
catalyst which exhibited

an excellent NO conversion efficiency of 90% at 140∘C. By using this codoped catalyst, the best low-temperature activity was greatly
decreased when compared with single Mn- or Ce-doped catalyst. According to the characterization results from BET, XRD, and
XPS, the codoped catalyst was composed of both CeO

2
and amorphous Mn. The electron circulation formed between doping

elements is believed to promote the electron transfer, which may be one of the reasons for excellent low-temperature denitration
performance.

1. Introduction

NO𝑥 is mainly derived from industrial emissions, traffic
emissions, and living emissions. NO𝑥 gases react to form
smog and acid rain as well as being central to the formation
of tropospheric ozone. It especially can form small solid
particles through the secondary chemical reactions that cause
serious pollutions to the environment. Therefore, it is neces-
sary to take a denitration treatment for flue gas after combus-
tion. Selective catalytic reduction is the most widely used
and effective methods for the removal of NO𝑥 in industrial
at present. The main two reactions are presented in the fol-
lowing:

4NO + 4NH
3
+O
2
→ 4N

2
+ 6H
2
O

2NO
2
+ 4NH

3
+O
2
→ 3N

2
+ 6H
2
O

(1)

NH
3
and NO almost do not react in the absence of

the catalyst; therefore, the catalyst is the key for the whole
reaction. V

2
O
5
/TiO
2
and V

2
O
5
-WO
3
/TiO
2
(anatase) cata-

lysts operated at 350–400∘C, with less than 1% V
2
O
5
loading,

have been widely accepted as commercial catalysts [1–3].
Currently, other doped companions such as Mn, Cu, Fe, Ce,
Wo, and F [4–8] and morphological changes in the supports
can be used to modify the catalyst to achieve high catalytic
activity [9–12].WorModopedV

2
O
5
/TiO
2
, considered as the

most effective commercial catalyst, is widely used for denitra-
tion in power plants and nitric acid plants [13, 14]. However,
its narrow activity temperature window forces the selective
catalytic reduction (SCR) unit to be installed upstream of
the desulfurizer and electrostatic precipitator where high
concentrations of SO

2
and particle matters can make the

catalyst bed layer blocked, accelerating the deactivation of
the catalyst [15]. Therefore, there is a rising interest in high
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performance catalysts that can be used at low temperature.
MnO𝑥 has attracted significant attention because of its
various types of labile oxygen species [16, 17]. Recently,
Ce-doped catalyst has been found to reduce the reaction
temperature significantly and has high catalytic activity and
selectivity [18]. Mn-doped catalyst has shown excellent low-
temperature activity, lower apparent active energy, and better
ion dispersion than those of most previously reported SCR
catalysts [17, 19].This research committed to the development
of low-temperature catalyst based on the V

2
O
5
/TiO
2
and

V
2
O
5
-CeO
2
/TiO
2
catalyst, which is the key of the selective

catalytic reduction (SCR) to remove NO𝑥 from effluent gas.

2. Materials and Methods

2.1. Materials. The low-temperature catalysts in the experi-
ments were prepared with commercial anatase TiO

2

(Tianjin Guangfu Pharmaceutical) as carriers, with a specific
surface area of 7.03m2/g. Ammonium metavanadate
(NH
4
VO
3
) was used as the precursor of vanadium, cerium

nitrate (Ce(NO
3
)
3
⋅6H
2
O) as the precursor of cerium,

and oxalic acid solution as the precursor impregnation
solution in the doping process. Manganese acetate
(C
4
H
6
MnO
4.4
H
2
O), copper nitrate (Cu(NO

3
)
2.3
H
2
O), cobalt

nitrate (Co(NO
3
)
2.6
H
2
O), ferric nitrate (Fe(NO

3
)
3.9
H
2
O),

and chromium nitrate (Cr(NO
3
)
3.9
H
2
O) were selected to

provide Mn, Cu, Co, Fe, and Cr, respectively. All these salts
precursors were purchased from Tianjin Guangfu Techno-
logy Development Co., Ltd. and Aladdin Technology Co.,
Ltd.

2.2. Catalyst Preparation. The catalysts with different load-
ings of vanadium and cerium in the experiment were
prepared by a conventional incipient-wetness impregnation
method. Firstly, the oxalic acid was dissolved in deionized
water and heated to dissolve completely, used as the precursor
impregnation solution.Then, a certain quality of ammonium
metavanadate was added to the oxalic acid solution and
stirred until dissolved completely. A quantitative powder of
cerium nitrate was added in the same way, finally, adding the
TiO
2
powder to the above solution, stirring, and impregnat-

ing for 1 hour. The water was evaporated from the solution
by a rotary evaporator and dried at 80∘C for 24 hours.
The dried samples were calcined at 500∘C under the air
atmosphere for 2 hours. Then the catalysts were ground and
sieved to 20–40 mesh for catalytic performance evaluation.
Other metals like Mn, Fe, Cr, etc. were doped in the same
way as described above. Eventually, Ce-V

2
O
5
/TiO
2
catalyst

with a fixed amount of 5% (wt%) V
2
O
5
but different Ce

loadings of 5%, 10%, 15%, 20%, 25%, and 30% (wt%) and
other Bimetallic-doped V

2
O
5
/TiO
2
catalysts were prepared

by the same impregnation method [20–22]. The catalysts
prepared are denoted as 𝑥M-𝑦Ce-5V

2
O
5
/TiO
2
. M represents

the second metal, such as Mn, Fe, or Cu; 𝑥 and 𝑦 represent
the loading of M (wt%) and Ce (wt%), respectively.

2.3. Catalytic Activity Test. The SCR activity measurement
was performed on a fixed-bed stainless steel tube reactor with
an inner diameter of 11mm and the outer diameter of 14mm.

Laboratory gas distribution was used to simulate the flue
gas in the measurement. The feed gas mixture consisted of
NH
3
500 ppm, NO 500 ppm, 3% O

2
(volume fraction), and

N
2
as the balance gas. The total flow rate was 1000mL/min

controlled by mass flow meters and the GHSV = 10,000 h−1
in each reaction. The concentrations of NO𝑥 were measured
at the inlet and outlet by flue gas analyzer to calculate the
conversion rate by the following:

NO𝑥 cpnversion (%) = [NO𝑥] in − [NO𝑥] out
[NO𝑥] in

× 100%,
(2)

where [NO𝑥] = [NO] + [NO
2
] and the in and out indicated

the inlet and outlet concentration at steady state, respectively.
The data was measured when the reaction reached the steady
state (about 20–40min) at each temperature, which could
reduce the errors caused by instability.

2.4. Catalyst Characterization. The powder X-ray diffraction
(XRD) measurements of the samples were recorded on a
Bruker D8-Advance X-ray powder diffractometer using Cu
K𝛼 radiation (𝜆 = 1.5406 Å) with scattering angles (2𝜃) of
5–85∘ and a 0.0197 step size. The specific surface areas and
pore size were measured by nitrogen adsorption at −196∘C by
the BET method using Micromeritics ASAP 2020 M surface
areas and porosity analyzer. The samples were degassed at
200∘C for 12 hours. The X-ray photoelectron spectroscopy
(XPS) experiments were carried out on a Thermo Fisher
Escalab 250Xi X-ray photoelectron spectrometer system
equipped with a monochromatic Al K𝛼 X-ray source scan-
ning from 0 to 5000 eV.

3. Results

3.1. Ce-Doped Effect of V2O5-TiO2 Catalysts. NO𝑥 conver-
sions rate at various temperatures for the NH

3
-SCR over Ce-

doped V
2
O
5
/TiO
2
catalysts is shown in Figure 1. V

2
O
5
/TiO
2

shows above 80%NO𝑥 conversion rate at a wide temperature
range of 175∘C to 375∘C. The Ce doping can improve the
catalytic activity effectively, especially from 160 to 450∘C,
due to the enhancement of electron transfer rate in catalyst.
The 30Ce-V

2
O
5
/TiO
2
shows the highest NO𝑥 conversion and

widest temperature windowwithNO𝑥 conversion above 90%
from 160 to 400∘Cand the conversion rate could reach 99.83%
at 200∘C.

The catalytic activity with various Ce contents is shown
in Figure 2. With the increase of Ce doping amount, the
NO𝑥 conversion firstly decreased and then increased at low-
temperature zone (100–200∘C) and high-temperature zone
(350–450∘C). 10Ce-5V

2
O
5
/TiO
2
shows the worst catalytic

activity, the NO𝑥 conversion even lower than the undoped
5V
2
O
5
/TiO
2
catalyst.

3.2. Low-Temperature Activity of X-Ce Codoped V2O5-TiO2
Catalysts. Bimetal doped V

2
O
5
/TiO
2
catalyst was prepared

on the basis of single Ce-doped catalyst. The Ce loadings
were selected as 30wt% based on the previous results and
the cometal (Mn, Fe, Co, Cu, and Cr) loadings were varied
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Figure 1: NO𝑥 conversion over Ce-doped V
2
O
5
/TiO
2
catalysts with different Ce contents.
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Figure 2: Effects of different Ce contents on NO𝑥 conversion.

ranging from 10 to 30wt%.The catalytic activity was tested on
the fixed-bed reactor at different temperatures, and the results
are shown in Figures 3 and 4. From the results we can observe
that the catalytic effect of Fe-Ce codoped catalyst is slightly
lower than single Ce-doped catalyst at the low-temperature
zone. The Cu-Ce codoped catalyst shows the worst activity,
even less than the based V

2
O
5
/TiO
2
catalyst. Co-Ce and Cr-

Ce codoped catalyst can improve the catalytic activity at the
low-temperature zone but drop rapidly at high-temperatures
zone. With a narrower active temperature window that

cannot keep higher catalytic efficiency in a certain tempera-
ture range, Mn-Ce codoped V

2
O
5
/TiO
2
catalyst can improve

the activity at low temperature effectively. It shows the best
catalytic effect at low temperatures; the NO𝑥 conversion can
reach 95.69% at 140∘C. The 20Mn-30Ce-V

2
O
5
/TiO
2
catalyst

is the best as the effect of 20Mn-30Ce-V
2
O
5
/TiO
2
and 30Mn-

30Ce-V
2
O
5
/TiO
2
is almost similar.

The NO𝑥 conversion over X-Ce codoped V
2
O
5
/TiO
2

catalysts with loading contents of 20% at 160∘C is shown
in Figure 5. 20Mn-30Ce-V

2
O
5
/TiO
2
catalyst shows the best
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Figure 3: NO𝑥 conversion over Mn-Ce-V
2
O
5
/TiO
2
catalysts with different Mn contents.

activity that the conversion rate can reach 99.58% which is
nearly 30% higher than singer Ce-doped. The catalytic activ-
ity over X-Ce codoped V

2
O
5
/TiO
2
catalysts is in the order of

Mn-Ce > Co-Ce > Cr-Ce > Ce > Fe-Ce > Cu-Ce codoped.

3.3. Mn-Ce Codoped Effect. Initially, the single Mn- and Ce-
dopedV

2
O
5
/TiO
2
catalysts are prepared by the impregnation

method to investigate the effect of single Mn or Ce, as
compared to theMn-Ce codoped catalyst.The result is shown
in Figure 6. The NO𝑥 conversion over Mn-Ce codoped
V
2
O
5
/TiO
2
catalyst can reachmore than 90% at 140∘C, which

is much higher than single doped catalyst. Mn-Ce codoped
V
2
O
5
/TiO
2
catalysts have the best low-temperature activity

that can drop to 80∘C which is lower thanMn-doped catalyst
and Ce-doped catalyst. However, the catalytic activity is
difficult to maintain at high temperature. Single Ce-doped
catalyst has the widest temperature window, but the low-
temperature effect is not obvious. Mn-doped catalyst has
neither good low-temperature activity nor wide temperature
window. Relevant characterizations have been taken to the
three kinds of catalysts in this experiment.

3.4. XRD. The X-ray powder diffraction patterns of the
Mn-Ce codoped and single Ce- and Mn-doped V

2
O
5
/TiO
2

catalysts are shown in Figure 7. All the reflections provide
typical diffraction patterns for the TiO

2
anatase phase. The

characteristic peaks of Ce andMn oxides appear, respectively,
in single Ce- and Mn-doped catalyst. In the pattern of
30Ce-V

2
O
5
/TiO
2
, the doped Ce exists mainly in the form

of CeO
2
and part of CeVO

4
. It was found that CeO

2
can

effectively improve the catalytic activity and make the reac-
tion temperature windowwider [18]. However, the formation
of CeVO

4
has a certain suppression to the improvement of

catalytic activity [23]. A variety of diffraction peaks of Mn
oxides appeared in the single Mn-doped catalyst, including
Mn
2
O
3
, Mn
3
O
4
, and MnO

2
. With the codoping of Mn-Ce,

the diffraction peaks of TiO
2
become weak significantly and

CeO
2
crystal phase appears, butmuchweaker than single Ce-

doped catalyst. The XRD results show that Mn, Ce, and TiO
2

have displayed amutual influence by the codoping ofMn-Ce.
The incorporation ofMnmakes Ce exist in the form of CeO

2
,

but Mn is mostly in the amorphous state which can achieve a
better low-temperature effect.

3.5. BET. The results of BET surface area, pore volume, and
average pore diameter of each catalyst are shown in Table 1.
Ce has a large particle diameter that the incorporation of
Ce can improve the BET surface area effectively which is
nearly five times more than original V

2
O
5
-TiO
2
. Only a

slight increase of the BET surface area has been achieved
by the incorporation of Mn. But Mn-Ce codoped catalyst
has the maximum surface area and minimum pore size. The
change of BET surface area is consistent with the catalytic
performance evaluation results in Figure 6.

3.6. XPS. The XPS spectra of Ce 3d of Mn-Ce codoped and
single Ce-doped V

2
O
5
/TiO
2
catalyst are shown in Figure 8.

The spectrum of Ce 3d contains eight peaks, in which 𝑢,
𝑢, 𝑢, V, V, and V are the characteristic peaks of Ce4+
and 𝑢 and V are the characteristic peaks of Ce3+. According
to the intensity of the peak, Ce mainly exists as Ce4+ in
both Mn-Ce codoped and single Ce-doped catalyst. The
incorporation ofMn impacts the surface valence distribution
of Ce that the Ce4+ increases significantly and Ce3+ reduces
accordingly. The relative surface concentration of Ce4+ and
Ce3+ calculated by the peak area is shown in Figure 9. The
ratio of Ce4+/(Ce3+ + Ce4+) increased from 85% to 88.87%
for Ce-V

2
O
5
/TiO
2
and Mn-doped Ce-V

2
O
5
/TiO
2
catalysts,

respectively. These results suggest that the incorporation of
Mn can convert part of the Ce3+ Ce4+ and increase the
proportion of Ce4+.

The XPS spectra of Mn 2p of Mn-Ce codoped and single
Mn-dopedV

2
O
5
/TiO
2
catalyst are shown in Figure 10.Mn 2p
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Table 1: Comparison of BET surface area, pore volume, and average pore diameter.

Samples BET surface area (m2/g) Pore volume (cm3/g) Average pore diameter (nm)
V
2
O
5
-TiO
2

5.5022 0.025621 186.2567
Ce-V
2
O
5
-TiO
2

28.7009 0.141243 196.8476
Mn-V

2
O
5
-TiO
2

8.9057 0.061350 271.3350
Mn-Ce-V

2
O
5
-TiO
2

33.5854 0.125967 150.0261

15%

85%

Ce
4+

Ce
3+

(a)

11.13%

88.87%

Ce
4+

Ce
3+

(b)
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/TiO
2
(20Mn-30Ce) and (b) Mn-V
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5
/TiO
2
(20Mn) catalysts.

has two main peaks, Mn 2p1/2 (near 654 eV) and Mn 2p3/2
(near 642 eV), respectively. The characteristic peak of Mn
2p3/2 is superimposed from four peaks of Mn with different
valence. Divide the characteristic peak into four subpeaks
that Mn2+ (641.2–641.5 eV), Mn3+ (642.3–642.5 eV), Mn4+
(643.5–643.8 eV), and Mn𝑛+ (645.8–646.0 eV) can be
achieved. The relative surface concentration of Mn2+, Mn3+,
and Mn4+ calculated by the peak area is shown in Figure 11.
Mn mostly exists in the form of Mn2+ in both Mn-Ce
codoped and single Mn-doped catalyst. The higher the
valence, the lower the atomic concentration. Under the inter-
action in Mn-Ce codoped system, a small part of the low-
valence Mn2+ is oxidized to Mn3+. The incorporation of Mn
can react with Ce which has a variable valence that can pro-
mote the electron transfer between active components. Some

chemical reactions may occur between the Mn2+ and Ce4+
as the following:

Mn2+ + Ce4+ → Mn3+ + Ce3+

2Ce3+ + 1
2
O
2
→ 2Ce4+ +O2−

(3)

The XPS spectra of V 2p of Mn-Ce codoped and single
Ce- and Mn-doped V

2
O
5
/TiO
2
catalyst are shown in Fig-

ure 12.The characteristic peak of V2p3/2 appears within 515∼
518 eV, which can be divided into two peaks, V4+ (516.7 eV)
and V5+ (517.6 eV). The relative surface concentration of V4+
and V5+ calculated by the peak area is shown in Figure 13.
The concentration of V5+ in a descending order of Mn-Ce
codoped > Ce-doped>Mn-doped. V5+ is the active center of
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the denitration catalyst andNOandNH
3
can easily adsorb on

the V5+ centers that promote the oxidation and reduction of
NO.Under the coeffect ofMn andCe, a lot ofV4+ convert into
more active V5+; the concentration of V5+ increased more
than 30%.

The XPS results show that the Mn-Ce codoped catalysts
promote the interaction among Mn, Ce, and V. The three
kinds of atoms are moving to higher valence direction, which
is benefical for elcetron transformation and oxidation ability
of the whole catalytic system. This is more conducive to the
NOx reduced by HN3 at low temperatures.

4. Conclusions

Typical p-type semiconductor MnO𝑥 codoped with n-
type semiconductors such as CeO

2
and V

2
O
5
achieved the

excellent effect on NO removal by NH
3
. Mn-Ce codoped

vanadium-titanium catalyst system can effectively lower the
reaction temperature and improve the efficiency. The NO𝑥
conversion over Mn-Ce codoped V

2
O
5
/TiO
2
catalyst can

reachmore than 90% at 140∘C that is much higher than single
doped catalyst. Mn-Ce codoped V

2
O
5
/TiO
2
catalyst has the

best low-temperature activity that can drop to 80∘C which is
lower than single Mn-doped catalyst and Ce-doped catalyst.
The codoping of Mn-Ce makes Ce exist in the form of CeO

2
,

but Mn is mostly in amorphous state on the surface which
can achieve better low-temperature effect. The incorporation
of Mn can react with Ce which has a variable valence that
can promote the electron transfer between the two active
components to form an effective electron circulation in the
presence of oxygen. The Mn, Ce, and V are moving to
higher valence direction that the oxidation increased, which
is more conducive to the NO

𝑋
reduced by NH

3
. Thus even

at low temperatures, it is possible to release O radical in
the process of NO adsorption, which can be oxidized to
NO
2
and then react with NH

3
. All in all, Mn-Ce codoped

V
2
O
5
/TiO
2
catalyst utilizes the electron transfer between

Mn, Ce, and V effectively, and the denitration performance
at low temperature is greatly improved. This finding may
help scientists and engineers to development next generation
smart surfaces [24, 25] with absorption functionality.
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Carbon nanotubes (CNTs), one of the unique one-dimensional nanomaterials, have gained great attention because of their specific
characters, versatile functionalization chemistry, and biological compatibility in the past few decades. CNTs can be functionalized
via different methods to perform their specific functions. CNTs have been used in various areas of biomedicine as nanocarriers,
including cancer diagnosis and therapy. Different molecules such as peptide, antigen, and nucleic acid can be delivered to cancer
cells by CNTswith high efficiency. In this review, we summarized the properties of CNTs and themethod of CNTs functionalization
and illustrated their application in cancer diagnosis and therapy.

1. Introduction

Nanotechnology as one branch of engineering, which deals
with the manipulation of individual molecules and atoms,
has got much attention in recent years [1–8]. With the
development of nanotechnology, many nanomaterials were
developed and applied into industry [9–15]. Carbon nan-
otubes (CNTs) are one of the nanomaterials that are widely
used in such area in recent years. They have got more and
more attention because of their unique properties [16].

CNTs are more dynamic compared with other nanoma-
terials in their biological applications, and they are one of the
most interesting nanocarriers in scientific studies. CNTs have
displayed obvious prospect that they can cross the biological
barriers as novel delivery systems. Compared with quantum
dots which have been mainly used in cancer cell imaging,
CNTs can also be applied in drug delivery and thermal

ablation [17]. They have the ability to enter cells, and this
behavior is independent of cell type and functional group at
their surface. Currently the detailed mechanisms of internal-
ization (endocytosis or needle like penetration) have not been
completely explained [18–20]. The high area of CNTs can
provide multiple sites for attachment of different molecules,
which makes polyvalent derivatization possible. In addition,
based on the in vitro and in vivo results obtained from dif-
ferent research groups, a variety of chemically functionalized
CNTs have the ability of biocompatibility with the biological
environment. These results emphasized how the behavior of
this material could be regulated via the degree and type of
functionalization in vivo, and these two aspects need to be
precisely managed [21–27]. CNTs possess some characters,
including a high interfacial area with cellular membrane and
unique capacity to incorporate multiple functionalizations.
At the same time, CNTs also have the compatibility and
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Figure 1: Conceptual diagrams of single-walled carbon nanotubes (SWCNTs) (a) and multiwalled carbon nanotubes (MWCNTs) (b).

transportability in biological fluids.These featuresmake them
a useful tool for all kinds of diagnosis and therapeutic as well
as drug delivery application [28].

2. Character and Performance
Properties of CNTs

CNTs were discovered in 1976 by Oberlin [29]. Currently,
electric arc discharge, laser ablation, and thermal and plasma
enhanced chemical vapor deposition (CVD) are the major
technologies for the generating of CNTs [30]. CNTs can be
divided into two broad classes based on their length, diame-
ter, and structure. One is single-walled CNTs (SWCNTs) that
consist of single sheet of cylindrical graphene, and the other
is multiwalled carbon nanotubes (MWCNTs) which include
several concentric graphene sheets [31, 32]. The structures
of these two CNTs were indicated in Figure 1. Moreover,
MWCNTs can be further divided into two subtypes: double-
walled CNTs (DWCNTs) and triple-walled CNTs (TWCNTs)
[33]. MWCNTs consist of several concentric layers of rolled
graphite; these concentric layers have an inner diameter of 1 to
3 nm and an outer diameter of 2 to 100 nm [34].The thickness
of single cylindrical carbon layer in SWCNTs is from 0.2 to
2 nm [35]. SWCNTs have a higher ratio of length than that
of diameter. MWCNTs have wider inner diameter compared
to SWCNTs, and this characteristic can offer more space for
high drug loading. It has also been suggested that the outer
shell of MWCNTs can be functionalized while at the same
time the side wall was not damaged [36].

CNTs can be modified to improve their solubility by
efficient methods, which can be employed in several bio-
logical applications [37]. CNTs can be oxidized by strong
acids, which results in the decrease of length and production
of carboxylic groups. And these changes can improve their
solubility in watery solutions [38]. Alternatively, the external
walls and tips can have better solubility via the extra reactions
to the CNTs [39, 40].The solubility is a main property, which
ensures the biocompatibility under physiological conditions
[37]. Furthermore, virtually all kinds of active molecules

can be linked to the functionalized carbon nanotubes (f-
CNTs), including peptides, proteins, nucleic acids, and other
therapeutic agents. The physicochemical properties of CNTs
mainly associate with several aspects, including an orga-
nized architecture with a high aspect ratio, surface area,
mechanical strength, electrical and thermal conductivity,
metallic or semimetallic behavior, and ultra-lightweight [41].
These advantages make CNTs the hopeful candidate material
that possess enormous biomedical potentials [42]. However
pristine CNTs (such as prepared and nonfunctionalized)
are inherently hydrophobic, which have limited biomedical
applications. Moreover, the nonfunctionalized CNTs exhibit
high cytotoxicity, and it may be due to the insolubility of
CNTs or the residual metal catalysts in CNTs. The toxicity
of CNTs requires their functionalization, rendering them
soluble and biocompatible so that they can be integrated into
a biological system. Many molecules can be bound to CNTs
(Figure 2) [31].

3. The Techniques of CNTs Functionalization

Even though CNTs have many advantages, their biomedical
developments were limited. The purification of CNTs is still
not well developed. Meanwhile, CNTs are difficult to dissolve
in aqueous media, which limits their biomedical application,
although this disadvantage can be overcome through func-
tionalization [43]. In addition, CNTs are usually undissolved,
and they also do not have good biocompatibility. In order to
increase their biosolubility, twomain techniques such as non-
covalent functionalization and covalent functionalization are
currently widely used. The covalently or noncovalently func-
tionalized CNTs can be achieved via using different chemical
groups [44]. CNTs can be divided into two zones according
to their reactivity with functional groups, including tips and
side walls.The tips are considered to have stronger functional
groups bonding capabilities than the side walls.

3.1. Noncovalent Functionalization. Using the advantage of
the conservation of the electronic structure of the nan-
otube aromatic, surfactants, peptide, polymer, nucleic acids,
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Figure 2: Examples of bioactive compounds conjugated through carbon nanotubes [31].

and oligomers can be bound to CNTs, which lead to the
noncovalent functionalization of CNTs. The noncovalent
functionalization of CNTs mainly related to the following
several aspects, including pi stacking and Van der Waals and
hydrophobic interactions. Hydrophobic or p–p interactions
are necessary for noncovalent stabilization. The covalent
functionalization of CNTs can be completed via the “ends
and defects” and “side walls” functionalization.The ends and
defects technique has higher specificity and reaction than
side walls functionalization [45]. The surface of pristine of
CNTs can adsorb polymeric anticancer agents in a lot of
cells. The interactions between the hydrophobic chains of the
adsorbed molecules and the hydrophobic surface of CNTs
can control the binding. In addition, p-p stacking interactions
have also been considered to be related to such interactions
[46]. The primary advantage of this kind of binding is to
reduce the damage to the surface of CNTs to the minimal
degree. According to some reports, the aromatic structure
and electronic characteristics of CNTs can be preserved via
noncovalent attachment. Due to chemical treatment, the
emergence of charge on the surface of nanotube is able
to adsorb the molecules via ionic interaction [35, 47, 48].
Some researchers have also been devoted to the debunching
and solubilization of CNTs; they used nucleic acids and
amphiphilic polymers on the basis of the p-p stacking inter-
actions between the CNTs surface and aromatic bases/amino
acids appearing in the structural backbone of these functional

biomolecules. Meanwhile, the noncovalent bond provides a
weak strength for CNTs.These make it unsuitable for tumor-
targeted drug delivery [49].

3.2. Covalent Functionalization. The covalent functionaliza-
tion of CNTs can be achieved via the functionalization of
“ends and defects” and “side walls.” The ends and defects
technology has high specificity and reaction compared with
the function of side walls [45].The covalent functionalization
of CNTs also can be finished via the bond between the
surfaces of CNTs and the biocompatible groups. Using this
way, the surface of CNTs has been modified by different
techniques, and this modification provides an appropriate
platform on the surface of these materials. At the same time,
it also makes covalent biocompatible groups integrate with
CNTs. The surface oxidation treatment is a usually way of
originating covalent bonding [35]. The surface of CNTs can
be cut via treatment with strong acid solutions and then
lead to carboxylic group being exposed at the defect point,
predominately on the open ends. CNTs in concentrated
sulphuric and nitric acid have been treated and heated by
ultrasonic wave. The side wall covalent functionalization can
be achieved via this process, and carboxylic acid group can
attach to CNTs and then make CNTs become water-soluble.
CNTs can be cut and oxidized to produce a certain number of
carboxylic groups and then be subsequently derivatized with
different types of molecules. CNTs can be oxidized by the
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Figure 3: Biomedical applications of functionalized CNTs.

combination between nitric and sulphuric acid. Meanwhile,
the biocompatibility of CNTs can be enhanced via the
presence of a carboxylic group. According to extra reactions,
the sidewalls of CNTs have been directly functionalized. The
introductions of moieties with no the exterior surface of
the nanotube produces exclusion between the nanotubes;
this behavior makes them easily dispersible into the solvent
[22, 50–54].

The carboxyl groups at the surface of CNTs can lead to a
highly negative charge, which enhance the hydrophilicity of
these materials [34, 35]. PEG is a hydrophilic substance, and
it can cover the surface of CNTs and make oxidized CNTs
more biostable [55]. The stable functionalized CNTs can be
obtained via covalent coupling, which makes it become a
more suitable tool for drug delivery. But during this process,
the side wall of the CNTs has been damaged, which leads
to the change of other properties of the CNTs [49, 56]. So
the functionalization of CNTs should not be used in some
applications, for example, imaging. Further, the function of
CNTs can promote their applications (Table 1) [57]. These

functional features make CNTs a useful tool for biomedical
applications (Figure 3).

4. The Applications of CNTs in
Cancer Diagnostics

At the early stage of cancer, the effective method to treat
cancer is the radical resection, so the early detection has
become very important for the cancer therapy. However, the
traditional imaging techniques for the treatment of clinical
cancer (e.g., X-ray, CT, and MRI) cannot provide enough
resolution for early diagnosis and assessment of prognosis.
There are no obvious morphological changes appearing in
most early neoplastic disorders, so the patient usually cannot
be detected via these traditional imaging methods. Finding
a reliable method to identify the presence of early biological
molecular changes before any morphologic alterations has
become more and more important. As an advanced imaging
technology in the early detection of cancer, Positron emission
tomography (PET) has better sensitivity and accuracy, and
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it is based on the biochemical and metabolic changes.
Fluorodeoxyglucose (FDG) is one of the general radiophar-
maceutical used in themedical imagingmodality PET. It does
not have the high specificity for cancer, but about 95% of the
medical imaging technology is currently using it due to its
promotion of metabolism [58–61]. It is urgent to find new
methods for early cancer detection and diagnosis.

Some classic proteins are usually overexpressed in cancer
cells, which can afford a chance for the early detection
of the cancer. Clinically, several significant tumor markers
have been widely used in the diagnosis of some cancers,
including alpha-fetoprotein (AFP), carcinoma antigen 125
(CA125), carcinoembryonic antigen (CEA), human chorionic
gonadotropin (hCG), carbohydrate antigen 19-9 (CA19-9),
and prostate specific antigen (PSA). However, due to the low
sensitivity and specificity for the early detection of cancer,
these markers are only used in the following aspects, includ-
ing deciding prognosis, predicting treatment responses, and
keeping supervision for surgical treatment [62, 63]. On the
other hand, due to their unique electronic, mechanical,
and thermal properties, CNTs have been suggested as a
hopeful tool for detecting the expression of typical biolog-
ical molecules at early stage of cancer. The novel methods
based on the CNTs have been achieved, which have high
sensitivity and wide linear and ultralow detection. Moreover,
the new system of CNTs can save time compared with the
conventional ELISA commercial test kits while achieving the
similar selectivity [64]. More importantly, this approach can
provide handheld equipment with less expense compared
with currently methods, such as immunoassays, test-strips,
and kits [65]. In summary, the CNTs-based detection may be
a selective way for cancer diagnosis and treatment in clinical
analysis in the near future.

The discovery of biomarkers that can be used in the
diagnosis of cancer has become an emergent work in recent
years. Due to radical resection of the tumor being the only
method to treat this disease at the early stage, the early
screening and detection have become very important for
the therapy of cancer. At the early stage most cancers has
no obvious symptoms, and the traditional clinical cancer
imaging technologies do not have enough resolution for
early diagnosis and assessment of prognosis. The change of
tissue properties is the basis for the diagnosis of cancer at
the early stages, including optical absorption, mechanical
properties, and RF absorption. It is very important to find
new techniques for the early detection of cancer. Here, we
provide a new view about how nanotubes have been used in
the different diagnostic principles.

4.1. Photoacoustic Imaging. As a new imaging technology
recently, photoacoustic imaging (PAI) was generally used
in the different biomedical fields [66–69]. The theory of
PAI is simple. Pulse laser is assimilated via absorptiometric
molecule in the biological sample to produce heat, which can
induce short-lived thermoelastic inflation, thereby resulting
in broadband ultrasonic emission, and an ultrasound micro-
phone can explore all these alterations; subsequently these
detected signals were used to construct 2D or 3D images
[66]. The primary advantage of PAI is to provide higher

spatial resolution and imaging of deeper tissues compared
to the most optical imaging methods. The management
of external photoacoustic contrast-mediums has become a
necessary task. All kinds of nanomaterials have been applied
as contrast-mediums in PAI, and these materials have strong
capability to absorb light at near-infrared region (NIR) [66,
70–72]. Many contrast-mediums have been studied for PAI;
however they cannot reach to the target site of disease in
living subjects.

Due to MWNTs and SWNTs having strong NIR
absorbance, they were used as a photothermal agent [73–75].
In addition, the property of firm NIR absorbancy makes
NTs become perfect contrast-mediums for PAI. Some
reports have demonstrated the application of SWNTs in PAI,
including in vitro and in vivo [76, 77]. SWNTs can offer
more than twofold signal amplification in thermoacoustic
tomography (TAT) andmore than sixfold signal enlargement
in photoacoustic tomography (PAT) compared with control.
Due to SWNTs being able to give maximum signal compared
with other carbon materials, fullerenes, and graphitic
microparticles, this characteristic makes them applicable in
the PAI as ideal contrast-mediums [78].

When SWNTs have ability to keep their integrity, they
will be combined with other contrast-mediums in order to
increase the photoacoustic signal of SWNTs. SWNTs have
to be combined with some gold-coated layers or bioorganic
molecules to improve their absorbance in the NIR areas.
Gold coating can increase the inherent photoacoustic signal
of SWNTs, so some researchers have developed “golden
nanotubes” (GNTs) [79]. Moreover, some NIR dyes such as
indocyanine green (IGG) molecules [80] can be loaded on
PEGylated SWNTs to improve the optical density, which
result in the presence of multiplexed PAI probes [81].

Hence, CNTs that possess strong NIR absorbance have
become a hopeful contrast agent in PAI. Other than the
application of their innate optical absorbance, CNTs can
also be combined with other absorptivity nanomaterials in
order to enhance or multiplex PAI, which make CNTs also
a universal nanoplatform. Now majority of CNTs-based PAI
probes depended on SWNTs; MWNTs can also be helpful for
this imaging technique.

4.2. Fluorescence Imaging. Fluorescence imaging (FI) per-
forms important functions for medical diagnosis. But the
penetration depth has limited their further application in
fluorescence imaging [82]. In order to solve this problem,
some researchers have been to continually advance and
improve fluorescence probes. These probes can be excited
and sent wavelengths reach to the biological transparent NIR
window [83].

As synthesized SWNTs, only a small number can pro-
duce fluorescence after laser stimulation; meanwhile most of
SWNTs have not generated fluorescence under the excitation
of laser wavelength, and these no fluorescent SWNTs are
dark field images. So once polarization-purified SWNTs are
applied, most of nanotubes injected into animal can lead
to significant decrease. Van Hoff singularities (VHSs) can
provide a good character for the density of states (DOS),
and VHSs have limited narrow energy bands with high DOS
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[84, 85]. The energy band gap is in the order of 1 eV between
every semiconducting SWNTs, this character can ensure the
fluorescence in theNIR-II region under the stimulation in the
NIR-I region [85]. Furthermore, the large Stoke-shift between
the excitation at 550–850 nm and emission at 900–1600 nm
would dramatically lower the autofluorescence of biological
tissues during imaging, and this condition can improve the
sensitivity of imaging in vivo [86].

Robinson et al. have constructed a well functionalized
SWNTs formulation; this formulation has a half-life of 30 h
in blood circulation in vivo, thus leading to more than ∼30%
inject dose (% ID/g) drug accumulated [87]. High fluorescent
video rate imaging and principle component analysis (PCA)
have been applied to monitor the fluorescent signals in
tumors and other organs at the first time. After 20 s injection
they have seen the obvious fluorescent signals in tumor, and
the fluorescence signal can be kept up to 72 h. Furthermore,
they have also seen the colocalization between tumor vascula-
tures and SWNTs in tumor inside via using technology of 3D
reconstruction of NIR-II fluorescence signals. This discovery
indicated that the effect of permeability and retention (EPR)
may play vital role in mediating the tumor accumulation of
nanotubes.

Hence, the SWNTs-basedNIR-II FI has enormous poten-
tial in the field of biomedical diagnostics, and its peculiar
advantages have been proved compared with other exist-
ing imaging technologies. Furthermore, different SWNTs
have different excitation and emission wavelengths, and this
feature makes them become potentially useful material for
multicolor NIR-II fluorescence imaging. In other fluores-
cence enlargement technologies, such as based on surface
resonance, the gold substrate can enhance the fluorescence
of SWNT [88], andmaybe these technologies can combine to
further improve the sensitivity of imaging and detection.

4.3. Raman Image. Raman scattering is a photon scattering
process, which refers to emission of photons with shifted
wavelengths under light stimulation. The inherent Raman
scattering signals of molecules do not involve enhancement
mechanism such as surface enhanced Raman scattering
(SERS) and are usually rather weak. SWNTs have various
Raman peaks, which include the radical breathing mode
(RBM, 100–300 cm−1) and tangential G band (∼1580 cm−1).
These Raman peaks accord with the oscillation of carbon
atoms in the radical direction and in the tangential direction,
respectively. Because Raman spectroscopy can provide par-
ticular information on the chemical composition of cells and
tissues, it has been studied in the application of biomedical
diagnostics. It is very easy to distinguish the autofluorescence
background due to the sharp and narrow Raman peaks
of SWCNTs. The Raman excitation and scattering photons
of SWCNTs can reach to the NIR region, and this is a
transparent window for in vivo imaging. Dai and coworker
have found various Raman imaging of live cells with iso-
topically modified SWCNTs [89]. In this work, SWCNTs
with different isotope (12C and/or 13C) compositions (which
have distinct Raman G band peaks) have been studied, while
different cancer cells with different surface receptors were
applied to receptor-specific targeting. Each targeting ligand

can recognize its specific receptor, which led to themulticolor
Raman imaging of cells in a multiplexed manner. When pure
12C- and 13C-SWCNTs are conjugated by different antibodies,
multiplexed Raman detection of different proteins can be
proved.

5. The Application of Carbon Nanotubes in
Cancer Therapeutics

At the early stage, the only effective method of cancer
treatment is radical resection. In recent years, some methods
for cancer therapy have appeared with the development of
biotechnology; however, a more efficient method for specific
target delivery of chemodrugs still needs to be developed
[90, 91]. In the past decades, various drug delivery systems
were evaluated in order to deliver some chemicals to tumors,
for example, doxorubicin (DOX) and paclitaxel (PTX).
These delivery systems include liposome, natural/synthetic
polymers, and nanoparticles. In these methods, liposomes
and polymeric materials are widely used. Unfortunately,
the inorganic materials, which have unique physiochemical
properties, are largely ignored. CNTs have unique properties,
which make them suitable carriers for target-specific drug-
loadable delivery. CNTs have specific advantages as drug-
carriers, which include thermal conductivity, rigid structural
properties capable of postchemical modification, sufficient
surface-to-volume ratio, and excellent biocompatibility.

In addition, the drugs with water insolubility, antigens,
antibodies, and nucleic acids can also be delivered into tumor
cells via these carbon-based materials, and the unloading of
therapeutic molecules is also very safe in tumor cells; then
anticancer activity was efficiently enhanced. In this review,
we have summarized the application of CNTs in cancer
treatment from several aspects.

5.1. CNTs in Cancer Chemotherapy. Medicine for the treat-
ment through a series of biologic obstacles is the first step,
which is a vital link for the effect of chemotherapy. These
obstacles include hepatic and renal clearance, hydrolysis,
enzymolysis, endocytosis, and lysosomal degradation. Some
chemotherapeutic drugs have poor solubility, low stability,
and high toxicity for normal cells and tissues, which have a
serious influence on their efficiency. However, CNTs-based
carriers can enhance the biodistribution and prolong blood
circulation of therapeutics; then the pharmaceutical efficacy
can be increased and the usage dose can be decreased. In view
of the fact that the biocompatible SWNT, Liu et al. [92], made
DOX loaded onto branched PEG-functionalized SWNTs
designed in order to prolong blood circulation time, they have
injected the SWNT-DOXcomplex to tumormice.They found
that DOX can be delivered into tumors, and SWNT can be
cleared from systemic blood circulation via renal excretion.
However, physical loading for PTX is very difficult due to
its poor solubility in aqueous solution. In order to overcome
this hurdle, Lay et al. produced both PEG-graft single-walled
CNTs (PEG-gSWNTs) and PEG-graft multiwalled CNTs
(PEG-gMWNTs) to enhance loading ability [93].They found
that the delivery of PTX can be sustained over 40 days in
vitro. With the development of technology, some researchers
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Figure 4: Folate-mediated cancer targeting using single-walled carbon nanotubes conjugated with platinum-containing anticancer drug and
its subsequent endocytosis [27].

have modified SWNTs carrier to improve their efficiency
of delivery, such as the epidermal growth factor- (EGF-)
mediated SWNT delivery of an anticancer agent cisplatin
[94]. In addition,MWNTs can be used for thermal ablation as
a carbon-based nanomaterial, which results in hyperthermia
for destroying cancer cells.

5.2. CNTs in Drug Delivery. The systemic toxicity of
chemotherapeutic agents is often neglected due to the lack of
selectivity conventional administration. Furthermore, these
agents have limited solubility and inability to pass through
cellular barriers [95], especially the clinical routines which
are lacking for overcomingmultidrug resistant (MDR) cancer
[96]. In recent years, these problems have been studied
by researchers all over the world. Several novel targeted
therapies have been discovered, which are based on CNTs
materials. These delivery systems usually include three por-
tions, and they are functional CNTs, targeted ligands, and
anticarcinogen. Many drugs, polypeptides and nucleonic
acid, can be integrated into CNTs because of their unique
ultrahigh surface area. Due to the existence of endocytosis
and othermechanisms, the functional CNTs can pass through
the membrane of mammalian cells [94, 97, 98]. They have
the unique ability to identify the specific surface receptors
when drug delivery systems (NDDs) interact with cancer
cells, which can result in receptor-mediated endocytosis.
Anticancer drugs can effectively reach the cells via the CNTs-
based delivery system, and these advantages make CNTs
become ideal candidates for drug delivery. The cancer cells
can effectively and specifically absorb the CNTs complex, and
the chemotherapeutic agents can be released into intracellular
space; then these drugs can more effectively curb the spread
of cancer cells than uncontrolled drugs. In addition, the
cytotoxicity was decreased by using this novel approach, and
the severe side-effects could be avoided [94]. SWNTs can offer
higher ability of drug loading compared with the traditional
liposomes and dendrimer drug carries due to their extremely

high specific surface area [49]. Figure 4 indicates a delivery
system that SWCNTs medicated, which can deliver drugs
for treatment of cancer. Overall, these advantages clearly
indicated that CNTs can be used for targeted delivery system
in the future.

5.3. Photothermal Therapy. While thermotherapy has been
applied in treatment of tumor patients for long time [99],
photothermal therapy is still considered to be one of the
best methods to treat cancer. Recently, some researchers
have been reported indicating the possibility of heating
CNTs injected into cancer cells and thus induce their death.
Photothermal therapy as a noninvasive, uninjurious and
effective therapeutic technology can be heated locally just
to the tumor tissues via NIR, and then tumor cells have
been destroyed [55, 100, 101]. In addition, the side-effects
on other parts can be decreased to the minimum by using
this method [102–106].The CNTs have good light absorption
performance under NIR and radio-frequency radiation [107,
108]. Furthermore, the length of nanotubes is a very vital
element, and it decides the capacity of heat transmission
and cancer cell erosion [109]. The CNTs-based photothermal
therapy systems can combine with chemotherapy and gene
treatment techniques to obtain more efficiency for treating
cancer [55, 110].

To enhance the selectivity in the treatment of cancer
and to reduce the side-effects to normal cells, the targeted
CNTs can be achieved via covalent or noncovalent coating
with cell-bound ligands, for example, monoclonal antibodies
(MAbs) or peptides [55, 104, 110, 111]. In view of photothermal
transduction influence, nanotubes have been supposed and
developed as photothermal agents for killing cancer, and this
function can be achieved via heating the nanotube to 50–70∘C
through sustaining laser irradiation at high power density
(3.5–35W/cm2) for a long time (3-4min) [112]. Furthermore,
photothermal therapy is based on absorption properties of
antibody-conjugated nanomaterials, and this therapymethod
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has been confirmed having selective ability to kill tumor cells,
but the healthy cells will not be affected [113–115].

5.4. Delivery of Immunotherapeutics. The antitumor immun-
otherapy with CNTs-based has been studied. Tumor cell
vaccines (TCV) were used in this method and the immune
response of the patient against the tumor itself was triggered
by inactivated cancer cells or dendritic cells presenting tumor
antigens [116]. In order to enhance the efficacy of TCV, the
oxidized MWCNTs can be covalently coupled with tumor
lysate proteins by an amide bond. On the other hand,
Villa et al. have developed the capacity of SWCNTs to act
as antigen presenting carries to increase the response to
weak immunogenic peptides [117]. TheWilms tumor protein
(WT1) was covalently conjugated with SWCNTs, and this
modification makes it become a vaccine target for many
human cancers. In their study, SWCNTs-WT1 can be rapidly
uptaken by APC in vitro, which is also dependent of dose. In
addition, they used SWCNTs-WT1 adjuvant to immunemice
and found that mice can cause a specific humoral immune
reaction, and they do not see other response against the
peptide alone against the peptide mixed with the adjuvant.
These results suggested that SWCNTs can be a new tool to
deliver poorly immunogenic peptides to the immune system,
thus enhancing the efficiency of vaccine treatment.

6. Conclusion

In recent years, nanotechnology has dramatically drawn
attention and interest in medicine and biology. Carbon
nanotubes are one of the nanomaterials, which include two
forms. CNTs have been functionalized via covalent and
noncovalent interaction. Functionalized CNTs can be used as
carriers to play their roles in delivery system. The research
of their biomedical applications just has been less than
twenty years. The CNTs have better biocompatibility and
multimodal functions after their surfaces were modified;
therefore the therapeutic effect was better than before, espe-
cially for the treatment of cancer. Carriers CNTs have many
advantages, including high load of drugs, good penetrability,
photothermal ablation, and inherent diagnostic capability.
These advantages are the key elements for making them as
appropriate nanocarriers in tumor treatment. CNTs have the
ability to deliver biologically active molecules to cytoplasm,
and they need to bypass many biological barriers and play as
a cellular needle during this process. Furthermore, CNTshave
more surface areas and internal antrums, which can be loaded
with targeted ligands and filled with diagnostic or therapeutic
agents. In addition, CNTs also have unparalleled electrical
and thermal conductivity characters. These advantages make
their clinical application possible. Despite CNTs having great
promise for the treatment of cancer, we cannot neglect their
nonbiodegradable nature and cytotoxicity in clinical use.The
emergence of new techniques for surface functionalization
may help reduce these disadvantages. We believe that this
novel CNT based platform can provide us with a safer
and more effective way for the cancer therapy in the near
future.
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Har Gabur is the carbide obtained from pig manure by burning.The fluorescent carbon dots (CDs) of Har Gabur were successfully
synthesized through simulating the digestion process of human gastrointestinal tract. Transmission Electron Microscope (TEM)
analysis showed that the average size of the preparedHarGaburCDswas 4 nm,with good solubility inwater and strong fluorescence
under UV irradiation. The X-ray and Raman results showed that the Har Gabur CDs were mainly composed of oxygen “O” and
carbon “C” elements, in the forms of “C=O” and “C-O.” The bond energy results showed that the nitrogen “N” atom presented
as “C-N” form, which indicated that Har Gabur CDs also contain “N.” In photobleaching assay, Har Gabur CDs showed excellent
light stability compared with ordinary organic dye, fluorescein, and Rhodamine B. The fluorescence intensity of Har Gabur CDs
was fairly stable within a wide pH range of 3–10. When L-lysine and L-cysteine were applied for the passivation stage, the relative
quantum yields were improved by 1.53 and 3.68 times, respectively. Finally, the fluorescence properties of Har Gabur CDs were
tested in cells and zebrafish, illustrating that Har Gabur CD has potential in the application of biological labeling and imaging.

1. Introduction

As one of the most important natural elements, carbon is
not only involved in human body but also found to play
critical role in the field of medicine [1]. For instance, the
charcoal ash is a typical carbonized traditional Mongolian
medicine [2]. As a matter of fact, the carbonized medicine
is made up of carbon. The traditional Mongolian medicine
applies anaerobic burning of a variety of drugs to get the
biological carbon powder. The medicines made by these
carbon powders are finally ingested through gastrointestinal
tracts to function. Clinically, carbonized traditional Mongo-
lianmedicine is used for the treatment of esophageal diseases,
gastrointestinal diseases, and tumors due to its significant
effect. In recent years, the carbon molecules including

the most famous molecules fullerene, grapheme, and CD
have become the topics of innovative scientific research
[3, 4].

The CD is also called carbon quantum dot (CQD). It
is mainly made up of nanocarbon particles of grapheme
quantum dots (GQDs) and CQDs with diameter smaller
than 10 nm. The discovery of CDs is mainly through the
purification of the single layer nanotube used in early
preparative electrophoresis assay and the laser ablation of
graphite powder and cement. The diversity of composition
and structure of CDs define their different properties. The
carboxyl groups on the surface of CDs enable them to have
excellent water solubility and biocompatibility. In addition,
the physical properties of CDs can be enhanced by chemically
modifying the surface structure, for example, by applying a
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variety of organic, inorganic, and even biological molecules
[5–7].

As an innovative fluorescence nanomaterial, CDs have
palmary photoluminescence, chemical inertness, and bio-
compatibility [8, 9]. Based on the previous studies, CDs
would cause no abnormality, damage, and toxicity to tissues,
organs, and even genes. Furthermore, the unique optic and
biological features of CD give it outstanding advantages and
prominent future on the optic imaging, tumor diagnosis, and
treatment [2, 8, 10]. There are several kinds of raw materials
for CDs, such as ginger, straw, coffee, egg, candle ash, and
grapheme [11, 12].The CDs prepared have been found to have
good inhibitory effects on the growth of and antioxidation
of hepatocellular carcinoma, lung cancer, breast cancer, and
human cervical cancer [2, 13].

The preparation methods of CDs have been developed
and summarized into several particular refined methodolo-
gies including the synthetic, electrochemical, laser ablation,
acid dissolution, and hydrothermal method [14, 15]. In this
study, an innovative biological method for CDs preparation
has been discussed. This method has a close correlation
with the absorption and digestion process of traditional
charcoal medicine in human body [16]. In addition, this
method could possibly improve the pharmacological effects
of CDs [17]. Based on this enzymatic method, the surface of
nanostructured CDs is full of organic groups, which enable
CDs to have good dispersibility and water solubility [18, 19].
Moreover, the structure of the CDs obtained through this way
would benefit the functionalmodification and biological cou-
pling labeling that allow medicine to have good biocompati-
bility.

In this study, Har Gabur CD was used for the first time as
a raw material for CD preparation due to its characteristics
of simple composition and cheap price. In this study, we
simulate the digestion process in human body through
mixingHarGaburCDswith biological enzyme in vitro.These
CDs have better water solubility, fluorescence characteristics,
and biocompatibility (Scheme 1). Study on Har Gabur CDs
not only has great significance for the preparation method
of the fluorescent CDs but also has important research value
on understanding the physiologicalmechanism ofHarGabur
CDs. In addition to its foundation build up, it has profound
significance on the application of drug delivery and targeting.

2. Materials and Methods

2.1. Materials. Muffle furnace (Beijing Cinit Electric Co.,
China) and U-3010 UV-visible spectrophotometer (Hitachi,
Japan)were applied to the absorptionmeasurement of carbon
solution. F-2500 fluorescence spectrophotometer (Hitachi,
Japan) was used for measuring fluorescence excitation and
emission spectra. Zetasizer Nano (Malvern Instruments Ltd.,
UK) was applied for carbon hydrate particle size and sur-
face charge determination. X-ray photoelectron spectroscopy
ESCALAB 250X (Thermo, USA) was used for the determi-
nation of CD composition and C is spectrum. SpectrumGX
infrared transform spectroscopy (PerkinElmer, America) and
LabRAMHR800 Raman spectrometer (Joe Pingyi Feng com-
pany, France) were used to characterize the surface structure
and other characteristics of carbon dots; fluorescence lifetime
points by FL-TCSPC (fluorescence spectrometer Joe Feng
Pingyi company, France) were measured; PHS-3C (Chengdu
ark Technical Developing Company, China) was used for the
acidity measurement.

2.2. Preparation of CD

2.2.1. Preparation of Gastric Liquid. 0.2 g of NaCl, 0.32 g of
pepsin (2330U/mg prot, Sigma), and 0.7ml concentrated
hydrochloric acid were dissolved in distilled water up to
100ml after adjusting pH to 1.2.

2.2.2. Preparation of Intestinal Liquid. The intestinal tract
liquid was prepared by dissolving 0.68 g of KH

2
PO
4
into

25ml distilled water. NaOH was applied for pH adjustment
(pH 7.5) and additional 19ml distilled water was added.Then,
1 g of trypsin (10010U/mgprot, Sigma)was added, andNaOH
was applied again. Distilled water was added up to 100ml
finally.

2.2.3. Preparation of Fluorescent CD from Har Gabur CD
Powder. 1.0 g of Har Gabur CD powder was added to a
falcon flask containing prepared simulated gastric acid liquid.
The falcon flask was set in the 37∘C oil bath pot, allowing
magnetic stirring for 12 hrs. Then, the nonreacted substances
were collected through centrifugation. The supernatant was
transferred into a dialysis bag (USA Viskase MWCO 1000D)
and left in distilled water for 2-3 days, by changing the water
once in 1 h until the pH reached neutral. After dialysis, the
liquid was centrifuged at 1.6 × 102 rpm for 30min and the
supernatant was stored at 4∘C. The pellets collected through
gastric acid digestion were then recycled for CD particles.
They were mixed with distilled water and centrifuged for
10min at 1.6 × 104 rpm, and this step was repeated twice. The
pellets were mixed with the simulated intestinal acid liquid
and the flask was left in the oil bath for 12 hrs stirring. After
reaction, the supernatant was repeatedly done as the above
method, putting into a dialysis bag for dialysis reaction and
the final liquid was stored at 4∘C.

The collected supernatants from either gastric or intesti-
nal acid liquid treatment weremixed and condensed to 25ml.
Then, the condensed liquid was microwaved for 5min at
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Figure 1: Direct acquisition of 3D image of C-dots by atomic forcemicroscopy. (a)TheAFMheight mode image of C-dots obtained in air, the
upper and bottom bars indicate the dots’ height and scale, respectively. (b)TheAFM cross-sectional analysis of (a). An average hydrodynamic
size of 3.6 ± 0.102 nm with a PDI of 0.422 was obtained from the DLS measurement.

50Hz. The liquid was then freeze dried and the certain
amount of distilled water was added to dissolve it. The final
CDs were collected through 1min centrifugation and sent for
fluorescence activity detection or stored at 4∘C.

2.3. Surface Passivation of CD. 100ml of prepared CDs liquid
(0.5mg/ml) was mixed with 1 g surface passivation agent
(pH 7.25) and sent for ultrasonic treatment for 5min. The
mixture was heated up to 110∘C and polylysine (PLL) and
cysteine were applied for CDs surface passivation through
removal of extra polylysine (PLL) and cysteine and keeping
molecules of 500Da inside of dialysis bag. Passivation using
PLL was achieved through filtration. Passivation based on
chitosanwas also done by filtration and the extra chitosanwas
removed by precipitation in ethanol.

2.4. Characterizations. Transmission electron microscopy
(TEM) was performed using a FEI Tecnai G2Spirit at an
acceleration voltage of 120 kV.Nano-ZS90Zetasizer (Malvern
Instruments, Malvern, UK) was used to determine the
zeta potential. Absorption and fluorescence spectra were
recorded at room temperature on UV-2550 UV-Vis spec-
trophotometry (Shimadzu, Japan) and Luminescence Spec-
trometer 55 (PerkinElmer), respectively. XPS spectra were
used to characterize the chemical composition using an
Escalab 250 Xi X-ray photoelectron spectrometer (Thermo
Scientific).

2.5. Fluorescence Quantum Yield Measurements. The fluores-
cence quantum yield was measured and calculated based on
previous studies [19, 20].Φ

𝑥
= Φstd𝐼𝑥𝐴 std𝜂

2

𝑥
/𝐼std𝐴𝑥𝜂

2

std was
applied and𝑋 and lstd were the fluorescence strength of CDs
and control.𝐴

𝑥
and𝐴 std were the optical density of CDs and

control. The absorbencies of all the samples in 1.0 cm cuvette
were kept under 0.1 at the excitation wavelength to minimize
reabsorption effects.

2.6. Cell Experiments. HepG2 cells were inoculated in 24-well
culture plate (1000 cells/well). After 12 h, 1mg/ml of prepared
CDs was added to cells and cells were cultivated for extra
2 h. PBS was applied to wash cells and formalin was used
for cell fixing. Cell imaging was performed through Nikon
Ti-U inverted fluorescence microscope, and the excitation
wavelengths were 380–420 nm and 450–490 nm for blue and
green color, respectively [21, 22].

2.7. Ex Vivo Zebrafish Experiment. Zebrafish was raised in
a standardized light cycled system with a cycle of 14 h light
and 10 h dark at 28∘C. The imaging system for zebrafish was
performed using Cri Maestro. The adult fish was cultivated
into a water system with CDs (5mg/ml) for 10min and
washed with distilled water for imaging.

3. Results and Discussion

3.1. Size and Zeta Potential. The 3D image of CDs was
obtained by atomic force microscopy (Atomic Force, AFM)
(Figure 1(a)). An average hydrodynamic size of 3.6± 0.102 nm
with a PDI of 0.422 was obtained from the Dynamic
Light Scattering (DLS) measurement. By contrast, the cross-
sectional analysis of theAFM image performed in air revealed
a typical topographic height of approximately 1.40 nm, which
is less than that found by the DLS results, because of the
AFM imaging mode in air. According to the analysis of the
image, we can get the three-dimensional size of the particle
(Figure 1(b)). The CDs were evaluated by DLS and atomic
forcemicroscopy image analysis for the first time in our study.

3.2. Optical Property. UV-Vis absorption and photolumines-
cence (PL) emission spectra for CDs were examined. Fig-
ure 2(a) shows the detection ofCDs surface passivation apply-
ing UC spectroscopy and photoluminescence spectroscopy.
Fluorescence image of the CD labeled image, its control,
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Figure 2: UV-Vis absorption and photoluminescence (PL) emission spectra for C-dots. (a): photograph of the C-dots excited by a UV lamp
(365 nm). PL emission spectra (excitation wavelength from 325 nm to 445 nm in 20 nm increments). (b) Fluorescence image of the C-dot
labeled image, its control, and bare C-dots measured with fluorescence microscope imaging system.

and bare CDs were measured with fluorescence microscope
imaging system (Figure 2(b)). The one with applying UV
spec did not show obvious peaks, which are consistent
with the commercial CDs. CQDs corresponding emissions
covering the ultraviolet wavelength range from ultraviolet
(∼430 nm) yellow to green (∼550 nm). The position of CDs
emission shifts from the peak to longer wavelength and the
intensity increases with the gradually decreased excitation
wavelength. By selecting quinine sulfate in 0.1MH

2
SO
4
as

the standard, the measured relative fluorescence quantum
yield (QY) of the bare CDs was 0.72%. This value was equal
to the value of the carbon point from the candle soot and
was greater than the value of the CDs from the soot of the
natural gas. The luminescence mechanism of CDs is still
not clearly understood, and the proposed reason may be
radiative recombination.The green luminescence of CDs can
be attributed to the surface energy trap, and the blue emission
of CDs can be attributed to the 𝑍 locus, because of the
graphene molecules embedded in the CDs.

3.3. Structure and Constituents. In order to obtain detailed
structural and compositional information on the prepared
carbon points, we also measured their X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS). XRD
data showed that our CDs were amorphous, similar to
that reported in other reports. As the wide spectrum XPS
scanning shown in Figure 3, 284.74 represents SP2 hybrid
graphite. The 288.09 and 286.25 represent “C=O” and “C-O”
bonds, which are the two representatives of graphene oxide
structure (Figure 3(b)). The samples mainly contain “C” and
“O” elements (Figure 3(a)). Linking this result with “C1s”

peak analysis, the samples were composed of graphene and
graphene oxide (GO). According to the binding energy, the
“N” atom presented in the form of “C-N.” Our result proved
that the graphite in the sample contains some nitrogen doped
graphene (NG). According to the binding energy, the “Si”
atom presented in the form of “Si-O” bond, while “P” and
“Na” existed in the form of NaH

2
PO
4
(Figure 3(b)).

Three strong peaks at 285.4, 400, and 532.5 eV were
attributed to oxygen, nitrogen, and carbon. Therefore, the
main elements of the prepared CQDs are “C” (60.8%),
“O” (25%), and “N” (7.2%) (see Table 1). C1s spectrum
(Figure 3(b)) shows three peaks at 284.9, 286, and 288.9 eV,
which were attributed to “C-C,” “C=O,” and “C-N.” XPS
and Raman spectra showed that the “O” and “C” elements
were the main elements in the sample.The “O/C” atoms were
in “C=O” and “C-O” forms, which are two representative
graphene oxide (GO) structures (Figure 3(c)).

3.4. Cell Imaging. The potential applications of the fluo-
rescent CDs derived from plant soot were evaluated in
HepG2 cells imaging. The HepG2 cells incubated with PLL-
passivated CDs in Figure 4 become bright when existing
at the wavelength of 450–490 nm. This indicates that PLL
passivation of HepG2 can be labeled CDs cells in a simple
incubator. In addition, no quenching effect was observed in
the continuous excitation of cell imaging in 15 minutes.

3.5. Ex Vivo Zebrafish Imaging. For organism imaging, we
chose a small guppy, which is one of the vertebrates which
can be used in Maestro imaging system to observe the
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Figure 3: XPS and FTIR spectra and zeta potential. (a)The element detection. (b) XPS C1s spectrum. (c) FTIR spectra of as-prepared C-dots.

Table 1: X-ray photoelectron spectroscopy (XPS) spectra of the C-dots.

Name Start BE Peak BE End BE Height CPS area (P) CPS.eV Atomic %
C1s 2.9 × 102 2.8 × 102 2.8 × 102 8.4 × 104 3.5 × 105 60.8
O1s 5.4 × 102 5.3 × 102 5.2 × 102 1.0 × 105 3.6 × 105 25.0
N1s 4 4 × 102 3.9 × 102 1.9 × 104 6.5 × 104 7.2
Si2p 1.1 × 102 1 × 102 0.9 × 102 8 × 103 2.5 × 104 4.6
Na1s 1.1 × 103 1.1 × 103 1.1 × 102 9.8 × 103 3.8 × 104 1.1
Cl2p 2 × 102 2 × 102 1.9 × 102 1.4 × 103 7.8 × 103 0.5
P2p 1.4 × 102 1.3 × 102 1.3 × 102 1.7 × 103 6 × 103 0.7
C1s 3 × 102 2.8 × 102 2.8 × 102 2 × 104 5 × 104 0

fluorescence signal. As shown in Figure 5, the CD labeled
zebrafish clearly showed enhanced luminescence compared
with its control. Fluorescence spectra analysis confirmed that
the fluorescence signal came from the passivation of CDs in
zebrafish. This result indicates that the passivation of CDs
may have potential for imaging of vertebrate animals.

4. Conclusions

In conclusion, through simulating human gastrointestinal
absorption digestion process, we successfully synthesized
highly fluorescence and biological activated carbon using
gastric and intestinal juice to simply process traditional car-
bon black borneol. These CDs show multicolor fluorescence,
excellent light stability, and their suitability used in various

pH conditions. The black synthetic borneol, the dry stool
carbonization ofwild boars belonging to pig families, is one of
the typical carbonized Mongolian medicines with the effects
of invigorating the stomach and promoting the digestion and
so forth. The black synthetic borneol also named Har Gabur
in Mongolian is the most distinctive carbon herbs for the
treatment of gastrointestinal diseases and can be mixed with
other drugs used in a variety of formulations. So far, a lot of
black borneol function was not clear. It needs more in-depth
study and exploration.

Through the literature research we found that the cur-
rent researchers have developed a variety of preparation
methods of CDs, such as synthetic method, electrochemical
method, laser ablation method, acid dissolution method,
and hydrothermal method, in which CDs are synthesized
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Figure 4: Bright filed and fluorescencemicrophotographs of HepG2 cells incubated with PLL-passivated C-dots (C-dots) and without C-dots
(Control) with an excitation filter of 450–490 nm for green color, respectively.
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Figure 5: Ex vivo zebrafish imaging. Photograph of the C-dot labeled zebrafish (C-dots) and its control (control) (a) and fluorescence image
(b) of the C-dot labeled zebrafish, its control, and bare C-dots measured with fluorescence microscope imaging system. Fluorescence spectra
comparison of the C-dots and their control.

using physical and chemical methods at the great costs of
labor force and money. However, an important prepara-
tion method, enzyme digestion method, has not yet been
applied to the preparation of CDs. More importantly, there
is close relationship between this method and traditional
medicine digestion in the human body and carbon absorp-
tion in the human body. Thus prepared CDs completely
dissolve in the human body without any security risks and
even do good to improve immunity and have other health
effects.

In enzyme digestion method, Har Gabur was processed
by intestinal fluid to prepare CDs. Following the heat treat-
ment in 37∘C water, pepsin or trypsin will first attack the
defect area of the surface of the carbon particles, “cutting”

or “dividing” those carbon particles, forming the smaller size
quantum dots, ice sheet fluorescent CDs.

The surface of ice sheet fluorescent CDs prepared by
such method is rich in amino functional organic groups,
which makes it not only have good dispersibility, water
solubility, easy functionalization, and biological coupling
markers but also have good biocompatibility. We will model
ice sheet fluorescent nano-CDs to explore the relationship
between chemical properties and biological properties of
nanomaterials in the field of cells. Choosing the most suit-
able carbon for preparation and biological safety detection
is also our next plan. It will help to carry out the new
fluorescent nanomaterials development and application of
optical imaging studies. Ice sheet fluorescent CDs provide
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valuable information for optical imaging in tumor diagnosis,
especially early diagnosis and imaging research.
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Regenerative medicine aims to achieve functional rehabilitation of tissue or cells injured through wound, disease, or aging.
Recent findings suggest that nanotechnology provides advanced biomaterials with specified morphologies which can create a
nanoscale extracellular environment capable of promoting the adhesion and proliferation of stem cells and accelerating stem cell
differentiation in a controlledmanner in tissue engineering.This review summarizes the biological effects of nanomaterials and their
regenerativemedicine applications in orthopedic surgery research, including bone, cartilage, tendons, and nerve tissue engineering.

1. Introduction

Stem cell is a special class of cells which can self-renew
and differentiate into specific types of functional cell (such
as cardiac cells, pancreatic islet cells, and nerve cells), and
then these cells are transplanted into the patient to replace
damaged tissue, and it is the basic principle of regenerative
medicine. Stem cells and regenerative medicine is a new
biomedical field in recent years with significantly clinical
value, which promotes wound healing of body and can be
used in treatment of disease through stem cell transplan-
tation, differentiation, and tissue regeneration. With more
and more trauma and increasing aging population, an incre-
mental number of orthopedic procedures are performed
with orthopedic implants annually. However, there are many
complications for traditional orthopedic implants, such as
infection, poor host tissue conformity, and implant loosening
resulting in treatment failure.

Nowadays, nanotechnology and nanomaterials are heav-
ily employed in various biomedical fields [1–11]. Among

them, regeneration therapy using stem cells and nanometer
technology both belong to the latest conduits of biotechno-
logical research. One of the main objectives for a successful
implementation of regenerative medicine treatment is to
control the preservation and proliferation of stem cells and
to accelerate their differentiation in a managed manner.
The development of nanometer technology has provided an
access for unambiguous comprehension of stem cell ther-
apy in vivo by mimicking the environments of extracel-
lular matrix in the culture, and nanotechnology seems to
adapt a great possibility in providing new outlook for stem
cell research. Nanotechnology carries in its innovation of
dynamic three-dimensional nanoenvironments or nanoscaf-
folds with patterned nanomorphologies and different bioac-
tive molecular substrates for preservation, proliferation, and
differentiation of stem cells required for advancement of
tissue engineering. Novel regenerative medicine methods
combine different scaffold biomaterials with stem cells to
provide biological implant or substitutes that can repair and
eventually improve tissue functions.
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This review will discuss the biological effects of nanoma-
terials and their regenerative medicine applications in ortho-
pedic surgery research, including bone, cartilage, tendons
tissue, and nerve tissue engineering.

2. Bone Tissue Engineering

Currently, bone compositions fabricated according to the
fundamental of tissue engineering are being regarded as an
ideal selection for the functional restoration of segmental
deossification. Biomaterials used for bone tissue engineering
include nanohydroxyapatite, titanium, calcium phosphate,
graphene oxide, carbon nanotubes, or the compound of them
[12–14]. The surfaces or three-dimensional nanostructures of
implant which better mimic the naturalistic environments of
bone extracellular matrix in the culture, naturally nanocom-
pound tissue, can promote the osteogenic differentiation of
stem cell which is important for bone tissue engineering.

2.1. Nanohydroxyapatite. Hydroxyapatite is the principal
inorganic mineral component of animal and human teeth
and bones which is difficult to be dissolved in a solution
and to be utilized in various applications. If nanometer size
hydroxyapatite (nHA) particles can be made, it will exhibit a
range of unique properties (Figure 1).

2.1.1. Effect on Biological Behavior of Stem Cells. Three dif-
ferent shapes of nHAP/PLLA scaffolds were prepared, such
as needle structure, spherical structure, and rod structure,
on which passaged-3 rat MSCs were cultured in three-
dimensional scaffolds, and it was demonstrated that needle
nHAP/PLLA scaffolds appeared to provide the most pro-
portionate environment for bone regeneration using MSCs.
It was demonstrated that a novelly fabricated eri-tasar silk
fibroin nanofibrous scaffold (ET) scaffold hybrided with nHA
deposition by a surface precipitation method stimulated
osteogenic differentiation in the absence of any growth fac-
tors due to the improved properties of it in physical chemistry
and biology. It may offer effectual and profitable biomaterials
for bone tissue engineering in orthopedic surgery by promot-
ing stem cell differentiation on ET/nHAP scaffold without
any growth factor additive in stem cell culture [15]. A fibrous
structure and synergistic action of collagen and nHA with

highmolecular weight poly-L-lactide (PLLA) played a crucial
role in stimulating human mesenchymal stem cells (hMSCs)
differentiation towards osteogenic lineages, indicating its
possibility for bone defect repair based on stem cell therapies
[16].

Conventional biphasic calcium phosphate (BCP) ceram-
ics with porous structure, displaying superior bone conduc-
tion and biocompatibility without intrinsically osteoinduc-
tive, were coated with nHA due to supernal osteoinductive
potentiality of it. The new nHA coating BCP scaffolds were
demonstrated to be more suitable for the adhesion and
proliferation of stem cell andMSCs osteogenic differentiation
as compared with the conventional BCP scaffolds, indicating
the property of nHA conducive for osteoinduction making
this scaffolds more adaptive for applications in bone regener-
ation [17]. The proliferation, osteogenic phenotypic markers
expression, and mineral deposition were elevated when
hMSCswere seeded on a new three-dimensional, porous poly
(D,L-lactide-co-glycolide) (PLAGA)/nHA scaffold suitable
for high-aspect ratio vessel (HARV) bioreactor applications,
and the degradation pattern of the scaffold was not altered by
nHA incorporation and maintained its mechanical integrity
for 6 weeks in the dynamic culture environment, which can
be used as a potential tissue engineering matrix allowing for
the generation of bone tissue [18]. Upon culturing hMSCs
on a bioactive nanofiber scaffold made of poly-caprolactone
(PCL) and nHA, it was demonstrated that the mineral phase
existence increased alkaline phosphatase (ALP) activity and
mRNAexpression levels of genes related to osteoblast without
any osteogenous composition, and it was suggested that the
architecture of this novel nanofibrous scaffolds and its chem-
ical constituent could regulate hMSCs osteogenic differen-
tiation [19]. In conclusion, nanofibrous scaffolds composed
of nHA manufactured to different shape or hybrided with
various nanomaterials will have favourable effect on bio-
logical behavior of stem cells and then enhance osteoin-
ductive potential of it by some molecular biology mecha-
nism.

2.1.2. Skeletal Defects Repair. Successful clinical repair of
nonhealing bone defects relies on artificial bone with robust
efficiency of osteoinduction and outstanding biomechanical
stability. Allogenic BMSCs seeded on the nHA/polyamide
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6 (nHA/PA6) composite scaffolds used as porous matrices
were implanted in the 8mm diameter calvarial defect of
rats, and this showed good biocompatibility and osteoin-
duction which enhanced bone inductivity at the initial
stage after implantation [20]. A composite scaffold com-
posed of nHA-type I collagen beads, BMSCs, and platelet
rich plasma (PRP) enhanced significantly the new bone
formation which could generate transplants with effectively
meliorative bone tissue reorganization promising skeletal
defects restoration [21]. It was used to repair success-
fully the nodulated skeletal defectiveness by eight weeks
after operation of novel nHA/collagen/PLLA/chitin fibers
(nHACP/CF) scaffolds with goat bone mesenchymal stem
cells (BMSCs) cultured and autograft bone. Furthermore, the
results revealed that the level of ALP andDNA in goat BMSCs
cultured on it was markedly increased. It was demonstrated
that this novel scaffold could be a proper graft for bone
defects repair [22]. In conclusion, in cases of large bone
defects resulting from trauma, infection, tumors, osteomyeli-
tis surgical debridement, and a variety of congenital dis-
eases, tissue-engineered structures may provide alternatives
to traditional bone substitute by culturing autogeneic stem
cells of patients with nHA composite scaffolds in culture sys-
tem.

2.1.3. Internal Fixation. Bone plate set and screws for bone
fractures therapy by internal fixation methods showed excel-
lent biocompatibility and biomechanical properties. The
nHA/polyamide 66/glass fiber compoundwith good biocom-
patibility and biomechanical properties was demonstrated to
enhance the attachment and proliferation of MSCs without
any negative effect on the mineralization of matrix and
MSCs osteogenesis. This new compound might be used for
operations by internal fixation [23].

2.1.4. Spinal Fusion. Spinal fusion surgery performed with
an autologous osseous graft obtained from the crest of ilium
is a conventional treatment in therapy spondylolisthesis in
children or lumbago derived from intervertebral discs degen-
eration. However, the procedure is foregone to have several
shortcomings, such as nearthrosis, ache, or the adverse
reactions of blood transfusion. It has been demonstrated
that a novel graft material comprised of a new matrix of
mineralized collagen and nHA integrated with autogeneic
adipose-derived mesenchymal stem cells (ADMSCs) had
effective impact on rabbit posterolateral spinal fusion [24].

In conclusion, nanohydroxyapatite scaffold has both
nanomaterials properties and good biocompatibility which
render it a very broad application prospect in bone regener-
ative medicine, including the regulation of stem cell biolog-
ical behavior (such as proliferation and differentiation), the
improvement of bone tissue regeneration promising skeletal
defects repair, internal fixation surgery, and spinal fusion in
orthopedic surgery.

2.2. Ti. Osteogenic cells belong to anchorage-dependent
cells in which the increase of adhesion and cytoskeleton
changes in early stage is imperative to stimulate osteogenesis
and to accomplish a more expedient osseointegration of

implant materials surfaces in vivo. Metallic implant materials
including titanium and its alloys are conventionally used
in orthopedic applications due to their superior mechanical
functions and biological unreactiveness.

2.2.1. Effect of Topography and Measurement. It was pre-
sumed that the original progenitor cells morphology on the
nanoscale surface topographymight have effect on the succe-
dent stem cell functions [25].

Stemcellswere cultured onto titaniumdiscswith different
structures, such as sandblasted, sandblasted and large-grit
acid etched, and full contact coverage (FCC). The results
showed that the FCC titanium surface on which osteoblast-
like cells matured most rapidly might have a crucial effect
on the primeval phase of bone union course [26]. Different
micro- and nanostructure of a new nanosized oxidized tita-
nium graft enhanced the adhesion and osteogenic differentia-
tion of BMSC plated onto the oxidative surfaces which exhib-
ited a greater tanglesome micro- and nanosized structures
and had increased levels of coarseness parameters contrasting
to the convention alone [27]. Titanium surface features were
controlled as subnano-, nano-, and submicron scales which
could activate integrin-ligand proteins interactions, and then
the results showed that osteoblast differentiation of primary
mouse BMSC was accelerated significantly only on the
surface of titanium with nano- and submicron hybrid after
2 weeks. Furthermore rapid cytoskeletal reorganization of
BMSC on the transparent surface of titanium with nanoscale
was demonstrated, which definitively induced increased
genes expression level of osteoblast dominant form after three
weeks [28]. It was observed that oxidized titanium nanotubes
with a diameter of 70 nm was the optimal dimension for
the osteogenic differentiation in adipose-derived stem cells
of human (hASCs). Furthermore the results revealed that the
nanotopography of oxidized titanium nanotubes directs stem
destiny by upregulating methylation level of histone H3 at
lysine 4 in the promoter regions of osteogenic genes Runx2
and osteocalcin, by inhibiting demethylase retinoblastoma
binding protein [15, 29].

2.2.2. Titanium Surfaces Modification. Human bone ECM is
comprised of collagen nanofibers and nanostructured hy-
droxyapatite particles in nanometer dimension improving
cells growth in its nanofibrous porous structure, so the
biomimetic and bioactive titanium surface with nanostruc-
tured coating might control stem cell adhesion and osseoin-
tegration (Figure 2). It was demonstrated that the adhesion
and proliferation of osteoblast and MSCs were enhanced
on titanium treated with nHA/carbon nanotubes [30]. The
stem cells cultured on titanium nanostructure coated with
ECM components exhibited faster osteoblastic differentia-
tion and more efficient deposition of mineralized matrix
as compared with uncoated structure. Heatedly oxidative
Ti-6Al-4V coating with biomimetic chitosan/alginate film
containing nanoscale silver particles enhanced significantly
the morphology, viability, and proliferation of BMSC. Fur-
thermore, the composite film restrained the multiplication
of Escherichia coli and Staphylococcus aureus and upregulated
significantly the expression of ALP [31].
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Figure 2: The effect of titanium surfaces modification on stem cell.

Overall, these studies present a towardly stratagem to
improve biocompatibility and potential of these novel nanos-
tructured materials for orthopedic applications.

2.3. Calcium Phosphate. Nanostructured calcium phosphate
(CaP) biomaterials/scaffolds are of particular interest to
meet the increasing need for osteoanagenesis, because they
share chemical/crystallographic analogies to inorganic com-
ponents of bone. It was demonstrated that the MSCs prolif-
eration was enhanced when cultured on the nanosized three
methods-biomimetic discs coated with CaP as compared
with the uncoated or galvano-chemically coated structures
[32]. Novel porous Cap-Ti6Al4V (Cap-Ti) hybrids with
conspicuous physical and chemical properties regulated the
propagation, osteogenous differentiation, and matrix miner-
alization of human periosteumderived cells (hPDCs), such as
regulating osteoclast formation by CaP coating absorption of
hPDCs, decreasing gene expression level of osteoprotegerin,
and promotingmultinucleated giant cells aggregation near to
the Cap-Ti hybrids surface. Furthermore, Cap-Ti compound
induced heterotopic bone formation during hypodermic
implantation by a manner depending on cell density [33].

Calcium phosphate cement (CPC) possesses superior
osteoconductivity and it is easy to be assimilated or replaced
by regenerative bone tissue, so CPC is suitable to be injected
in bone defect position to form powered supports. It was
demonstrated that umbilical cord mesenchymal stem cells of
human (hUCMSCs) attaching to high-strength CPC showed
superior propagation or osteogenous differentiation. The
results revealed that hUCMSCs transported by CPCmight be
a probable alternative in orthopedic treatment [34]. However,
CPC is limited to non-stress-bearing repairs due to the low
strength of it that can be reinforced by chitosan incorpora-
tion. It was reported that MSCs differentiated to osteoblasts
cell lines and expressed ALP in high level which is a bone
marker on the CPC and chitosan scaffolds with increased
strength as compared to CPC [35]. Magnesium phosphate

cement (MPC) was combined with CPC to develop novel
calcium-magnesium phosphate cement (CMPC) which was
implanted into bone defects in rabbits. It was demonstrated
that CMPC has a shorter setting time and markedly better
mechanical properties than either CPC or MPC. Further-
more, the histological evaluation showed that the introduc-
tion of MPC into CPC enhanced the efficiency of new bone
formation, and theCMPCalso exhibited good biocompatibil-
ity, biodegradability, and osteoconductivity with host bone in
vivo [35].

2.4. Graphene. Polymeric material composed of graphene is
developed for biomedical applications, such as biosensing for
the increased electrical conductivity of the graphene compos-
ite material. Furthermore, soft biomaterials can be reinforced
by graphene incorporated to polymer. Graphene oxide (GO)
is a broadly investigated form of grapheme. GO is rich in oxy-
gen, including functional groups, such as epoxide carboxyl
and hydroxyl groups. It is important for bone regeneration
therapy to control the propagation and differentiation of stem
cells in a controlled manner. It was proved that osteogenic
differentiation of stem cell is increased when cultured on
mechanically stiff substrates. Graphene could provide a
towardly biocompatible scaffold to accelerate the specific
differentiation of hMSCs into bone cells without hampering
their proliferation [36]. GO flakes conjugated to collagen
sponges which were clinically approved scaffolds to provide
soft microenvironment for bone regeneration increased the
scaffold stiffness 3-fold without cytotoxicity and enhanced
significantly osteogenic differentiation of hMSCs, so this
novel 3D GO-collagen scaffolds could offer a novel platform
for stem cell study and bone regeneration [37]. PCL com-
pound of GO, reducedGO (RGO), and amine-functionalized
GO (AGO) were prepared at various filling material compo-
nents. The results demonstrated that AGO and GO particles
significantly enhanced hMSCs proliferation, and AGO was
most effectual inmodulating the osteogenic differentiation of
stem cell leading to mineralization [38].
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Figure 3: SEM image showing biomineralization in untreated (a, d, g), argon-treated (b, e, h), and nitrogen-treated (c, f, i) microfibers (a–c),
micro/nanofibers (d–f), and nanofibers (g–i). Figure 3 is from [40].

2.5. Topography of Nanomaterial Surface. One important
goal in tissue engineering is to understand and control the
factors directing cell proliferation and differentiation into a
special cell lineage in the nanoscale environment, and it is a
useful method to control cell biological behaviors bymaterial
surface. It was demonstrated that the adhesion and differ-
entiation of MSC were enhanced by ion beam irradiation
(10 keVHe+) which induced negligible surface smoothening
and various nanostructured surface of PCL [39]. Micro-
hybrid, micro/nanohybrid, and nano-PCL fibers were sub-
jected to plasma treatment with argon and nitrogen in low
pressure, by which PCL scaffold with superhydrophobicity
converted to hydrophilic scaffolds with modified biominer-
alization (Figure 3). Furthermore, it was demonstrated that
cell spreading, elongation, attachment, proliferation, and
protein adsorption were increased remarkably on micro-
andmicro/nanofibers with plasma treatment, cell attachment
was enhanced significantly on plasma-treated nanofibers, and
differentiation towards osteoblast lineage was accelerated in
fibers with plasma treatment [40].

The biological behavior of stem cells can be controlled
by physical factors such as the micro- and nanotopogra-
phy of the extracellular matrix. It was demonstrated that

nanofibrous combinatorial scaffolds can influence the fate
of human BMSC without chemical treatments or cellu-
lar reprogramming by mimicking the extracellular matrix
topographical environment [43]. Changing the depth of
biomaterial surface structures enhanced hMSCs adhesion
and induced specific differentiation into osteoblast-like cells
without osteogenic medium which was dictated by stress
through focal-adhesion-induced restructuring of F-actin fil-
aments [44]. Another investigation demonstrated that differ-
ent forms of biomaterials control osteogenic differentiation
and growth of stem cell by differential activation focal
adhesion kinase [45].

These studies have fundamental implication for compre-
hension of the architectural effects of extracellular matrix
microenvironment and also for the regenerative medicine of
orthopedic surgery using stem cells.

3. Cartilage Tissue Engineering

Nanostructured cartilage tissue is traditionally difficult to
regenerate because of its extremely poor inherent regener-
ative capacity and perplexing hierarchical structures. Tra-
ditionally medical treatments are not noninvasive and may
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cause many complications. Nanomaterials fabrication com-
mitted to producing useful biologically scaffolds of tissue-
engineered cartilage used to promote the chondrification of
stem cells. Several novel 3D biomimetic nanostructured scaf-
folds were studied which was fabricated by PLLA polymers
and multiwalled carbon nanotubes treated with hydrogen.
The scaffolds embedded by multiwalled carbon nanotubes
exhibited a vigorous enhancement in shatter strength with a
compressed Young’s modulus accordant to human cartilage.
It was demonstrated that MSCs was preferred to attach on
smaller fiber diameter structure and increasing chondrogenic
differentiations were induced by combination of plasma-
treated multiwalled carbon nanotubes and PLLA [46].

Another investigation demonstrated that the attachment,
distribution, viability, and propagation of stem cells cultured
in vitro in the 3D nHA coated poly(lactide-co-glycolide)
scaffolds were increased as compared with poly(lactide-
co-glycolide) one. Furthermore, it was demonstrated that
the osteochondral defects of rats knees treated by three-
dimensional poly(lactide-co-glycolide)/nHA scaffold com-
bining with MSCs were stuffed with crystalline cartilage.
Furthermore, there was affluent mucopolysaccharide and
collagen type II sedimentation after surgery. The results sug-
gested that the poly(lactide-co-glycolide)/nHA-MSCs com-
pound might have probable utilization in tissue-engineered
cartilage [47]. Traditionally, chondrogenic differentiation is
accomplished by stem cells culturing with chondrogenic fac-
tors in the culture medium, such as the protein transforming
growth factor-beta 3. However, cell-to-cell interaction and
diffusional limitation of transforming growth factor-beta 3
mainly provided by pellets may restrain stem cells differenti-
ation to restrain. It was demonstrated that a novel GO could
be used as substrates for adhesion of stem cells and delivered
growth factor during the stem cell differentiation to cartilage.
GO used to adsorb fibronectin and transforming growth
factor-beta 3 was incorporated in pellets of hASCs to obtain a
hybrid pellets of hASC-GO sheets (size = 0.5–1mum) which
promoted the hASCs differentiation to cartilage through
increasing the interaction of cell with fibronectin and provid-
ing transforming growth factor-beta 3 efficiently. The novel
hASC-GO sheets may offer novel methods for hASC culture
to obtain tissue-engineered cartilage [48].

4. Tendons Tissue Engineering

The reconstructive articulation usually tends to fail at the
tendon-to-bone insertion site, so an orthobiologic material is
formidably required to provide a stable transition from hard
bone to soft ligament tissue.

A nanostructured material using PLLA mineralized with
hydroxyapatite and magnesium nanoparticles was developed
to regenerate the tendon-to-bone insertion site which was
fashioned in the shape of an o-ring to recover functionality to
injured entheses, the graded transition of mineralized fibrous
cartilage connecting ligament to bone. Tendon stem cells are
useful in effectual restoration or regeneration of wounded
tendons.The destiny of tendon stem cells is not unambiguous
during the implantation. It was demonstrated that tagging
tendon stem cells with super-paramagnetic iron oxide (SPIO)

nanomaterials was a practicable method for tracing ten-
don stem cells used to determine the feasibility of it. This
novel SPIO labeled tendon stem cells provide a noninvasive
approach to wounded tendons observe restoration [49].

5. Nerve Tissue Engineering

Spinal cord injury is defined as the direct or indirect factors
that cause spinal cord damage, in the corresponding segment
of the injury, associated with motor, sensory and sphincter
dysfunction, muscle tension abnormalities and pathological
changes, and so on. The extent and clinical manifestations
of spinal cord injury depend on the location and nature of
the primary injury. Spinal cord injury is the most serious
complication of spinal injury, which often leads to severe
dysfunction of the injured segment following limb. Infection,
tumor, spinal degenerative disease, scoliosis, myeloschisis,
spondylolisthesis, and various types of spinal fractures and
dislocations caused by indirect external forces can lead to
spinal cord injury. The nerve repair of spinal cord injury is
a difficult and important problem in regenerative medicine,
andmore andmore research is used to repair the nerve along
with the depth of people’s understanding in the nerve biology
and material science.

5.1. Effect of Surface Topography. Conclusive extracellular
environment has a crucial impact in cell life by regulation
of cellmorphology, proliferation, survival, and differentiation
into a specific cell line. A main restraint in the clinical appli-
cation of stem cell technique is the lack of available regulate
of its biological behavior, such as attachment, multiplication,
and differentiation. Current in vitro studies have indicated
that biological materials with nanosurfaces morphology can
affect cell behavior. Thus, confirmation of biological mate-
rials supporting adequate ES cell adhesion, proliferation,
and differentiation into special cell linage is a fascinating
measure to investigate. Current medicinal cell therapy, using
the special ability of stem cells in differentiating to nerve
corpuscles which is loaded by polymer materials, focuses on
the restoration of the central nervous system damage.

A thin film of gold with different roughness of surface
morphology was fabricated by the conjugation of microfab-
rication technology. Then the biomimetic possibility of the
thin film was investigated, compared with glass coverslips
and plastic tissue culture materials, for regulating the dif-
ferentiation of neural precursor derived from ES cell. It was
demonstrated that the neural precursors derived from ES
cells which were cultured for five days had the best adhesion
on the gold films and were carried out with the maximum
differentiation on gold films with surface roughness of
standard deviation 21 nm without any conventional diffluent
neurotrophic factor. In addition, the influence of the grating
axis on the axons growth direction is observed when the
neural precursors derived from ES cell were seeded in a
conjunction of microscale trenches and nanoscale surface
roughness. These data suggest that biological material design
can maximize the differentiation and organization of neural
precursors derived from ES cells, and it can be found to be
useful as a synergistic supplement of diffluent neurotrophic
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Figure 4: The application of stem cell on 2D or 3D scaffold for spinal cord injury.

factor usually used to stimulate andmodel the differentiation
of ES cell in vitro. This basal pattern of gold thin films may
be used in the nerve prosthesis with the need for directed
induction [50].

The multipotency P19 embryonic cancer cells were cul-
tured on poly(lactic-co-glycolic acid) nanofibrous scaffolds
which were fabricated by random and aligned; subsequently
it was investigated that the effect of surface morphology
of nanofibrous scaffold on the proliferation and retinoic
acid induced neural differentiation of P19 cancer cells. It
was demonstrated that the surface of aligned nanofibrous
scaffolds provided compatible interface for normal cellular
functioning and promoted cell proliferation due to their
resemblance with naturalistic extracellular matrix [51].

5.2. Effect of Three-Dimensional Scaffold. Nerve tissue engi-
neering belongs to the most towardly approaches to recover
the health of the central nervous system damage. Stem cell
technique integrated with surface topology of nanofiber scaf-
folds offers a novel and more effective method for inducing
stem cell differentiation and thus to be used for central
nervous system functional reconstruction.The goal of 3D cell
culture moulds in vitro is to fill in gaps in the normal 2D cel-
lular research and the in vivo extracellular matrix (Figure 4).
3D scaffold made up by nanofibers with poriferous structure
provides 3D environment for cell distribution, proliferation,
and differentiationwhich has clinical application prospect for
tissue engineering. In particular, for nerve historegeneration
which is very small regeneration ability, 3D moulds are
fundamental in providing support to mimic ECM which is
convenient for naturalistic circulation of oxygen, nutriment,

and nerve factors and might be beneficial to nerve cell
regeneration.

The neuron-like cells derived from human endometrial
stem cells (hEnSCs)were cultured in a novel fibrin gel scaffold
to control cell behaviors such as survival, proliferation, and
neuron outgrowth and to investigate the interactions between
cell and matrix. The mechanical characters of the newly
prepared fibrin gel scaffolds were investigated which showed
the suitable materials, and a good conformity between cell
and fibrin gel scaffolds was detected by SEM and TEM. Cell
was seeded and cultured on fibrin gel scaffolds for 6 days, and
the result showed good expansion and integration of the neu-
ronal network by immunofluorescence assay. Furthermore,
the survival, proliferation, and nerve growth of the neuron-
like cells were compared between 2D culture and 3D culture,
and the results showed that 3D culture has positive influence.
These results demonstrated that the novel 3D fibrin gel
scaffolds were applied to promote the survival and outgrowth
of nerve cell for nerve injury repair [52]. It was demonstrated
that neural progenitors (NPs) derived from hEnSCs can
express correlative markers such as Pax6, Nidogen, and
Sox1 and it might experience pluripotency differentiation to
neuroglial and neurons. A compositive, random orientation,
3D nanofibrils matrix consisting of polyamine nanofibers
prepared by electrospinningmethodswas adopted to evaluate
the behavior ofNPs cultured on it.The results showed that the
immigration, proliferation, morphology, and neurapophysis
length of NPs cell were enhanced when cultured on 3D
scaffolds as compared with 2D structure [53].

The nanostructure scaffold design originated in self
organization is the focus of study when looking for novel
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Figure 5: The immunofluorescence image of NSCs after 7 days of differentiation. NSCs had been proliferating for 7 days in each of the self-
assembling peptides in analysis. Glial fibrillary acidic protein positive cells are shown as control. RADA16, 16-residue peptide; BMHP, bone
marrow homing peptide; RGD, Arg-Gly-Asp. Figure 5 is from [41].

biological materials and biosensor, and the new nanostruc-
ture scaffold has many kinds of probable utilization for tissue
regeneration and iatrical implantation. 3D nanostructures in
proportionate aperture and porousness and with coadjacent
pores are necessary to promote the agglutination, prolifera-
tion, differentiation of stem cells, and ultimate tissue engi-
neering. A new porous polymer film with high regularity in
honeycomb structure was fabricated through self-organized
formation which had a strong influence in cell biological
behavior, such as proliferation, macula adheres, and cell mor-
phology. The results suggested that the biological behavior
of neural stem cell and progenitor cells could be affected by
honeycomb-patterned polymer film aperture, and this novel
honeycomb film is expected to be used for biological material
in nerve tissue engineering without any nutrilite in stem
cell proliferation. Another novel 3D nanostructured culture
system for neural stem cells was fabricated with matrigel
biomaterial at different concentrations by self-assembling
which possess the formation of a complex and biologically
activated matrix displaying exceptionally premeditated ser-
viceable subjects for Arg-Gly-Asp, bone marrow homing
peptide 1, and bone marrow homing peptide 2. Neural
stem cells were embedded in the 3D scaffolds and detected
by microscopy, and the results exhibited that the survival,
proliferation, and differentiation of neural stem cells in the
3D nanostructured scaffold were in good condition which
indicated that this novel self-assembling 3Dmatrigel scaffold
could be potentially used to create particular premeditated
peptides for nerve stem cell lines (Figure 5) [41].

5.3. Effect of Graphene Biomaterial. Although graphene
based nanomaterial is still in its infancy, as a novel type of
biocompatible biomaterials, it has high performance for
biomedical applications in tissue engineering and regener-
ative medicine because of the good electric conductivity,
flexibility, and high molecular absorption of it. In neural
tissue engineering and regenerative medicine, research is
focused on the exploration of graphene characteristics which
can enhance the bioeffect and the application of it on neural
cells and stem cells [54].

5.3.1. Two-Dimensional Graphene. It was reported that na-
nostructure hybrid scaffold of graphene composite material
can directionally induce the neural stem cells differentiated
into myelinating cells in central nervous system, such as
mature oligodendrocytes. In addition, the procedure could be
promoted in absence of any differentiation inducing agents in

stem cell nutrient medium, and it could be a potentially bio-
logical material for neural tissue engineering (Figure 6) [42].
It was demonstrated that human neural stem cells seeded
on hybrid scaffold of graphene nanoparticles exhibited a
distinctive behavior that the neurite of differentiated neural
stem cells showed increased growth and arrangement. Fur-
thermore, it was demonstrated that the orientation of axons
was largely owing to graphene and the radical nanometer
particle monostratum leading to the increased differentiation
of human neural stem cells into neuron which could be
potentially used in nerve tissue engineering [55]. It was
reported that fluorinated graphene accelerated the differenti-
ation of MSCs into neuron lines; furthermore, cell alignment
caused by fluorinated graphene with typographic dimethyl
silicone polymer tunnel arrays obviously strengthenedMSCs
neuroinduction without any chemic inductors [56].

5.3.2. Three-Dimensional Graphene. Neural regeneration is a
promising method for nerve injury repair with neural stem
cells in clinical, for which 3D nanostructure scaffolds are
necessary to offer culture microhabitats and collaboratively
proportionate direction cues for the stem cells. A novel
3D poriferous scaffold was manufactured by graphene foam
used for neural stem cell culture. It was demonstrated that
the 3D graphene foam could sustain the growth of stem
cell cultured on it as compared with 2D nanostructure,
and the 3D graphene foam could maintain the proliferation
of neural stem cell by promoting the gene expression of
Ki67. At the same time, it was found that neural stem cell
differentiated to stellate cells and particularly neurons by
phenotype essay. Meanwhile, it was demonstrated that there
was a superior electric coupling between stem cells which
was differentiated with 3D nanostructure of graphene foams
for effectual electrostimulation. These results indicated that
3D graphene foams might provide a novel terrace for nerve
regeneration medicine [57].

5.3.3. Graphene Oxide. Nanoparticles are more likely to pass
through cell membrane which is used as an ideal platform
with biocompatibility andmechanically stability in regulating
stem cell biological behavior. Transplant comprised of nanos-
tructure biological material and stem cells is considered to be
a clinical treatment in various neurological diseases. In light
of recent developments, it was demonstrated that artificial
synthesis of biological material based on carbon including
carbon nanotubes and graphene could be used for enhancing
the adhesion and differentiation of stem cell.
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Figure 6: The morphology of nanofibrous scaffolds and cultured NSCs on the scaffolds. FE-SEM images of nanofibers (a) and graphene-
nanofibers hybrid scaffolds (b). FE-SEM of differentiated NSCs cultured on nanofiber scaffolds (c) and graphene-nanofiber hybrid scaffolds
(d). The cells are pseudocolored blue for contrast. The differentiated cells on the grapheme-nanofiber hybrid scaffolds (d) show a clear
morphological difference in terms of process extension compared with the nanofiber scaffolds alone (c). Figure 6 is from [42].

A research was carried out to investigate the function of
different kinds of carbon nanomaterials on biological behav-
iors of dopamine nerval stem cells including graphene,
graphene oxide, and carbon nanotubes. The results showed
that merely graphene oxide efficaciously advanced the dif-
ferentiation of dopamine neurons and the expression of
correlative gene, and it indicated that graphene oxide could
be promisingly used for neural stem cell therapy [58].

5.3.4.Mechanism of Graphene Biological Function. One of the
main problems in nerve tissue regeneration is the develop-
ment of biomaterials with powerful functions for managing
the behavior of a particular cell and forming useful neural
net. Surface topology structure of nanomaterial substrates
provides opportunity to regulating the neural stem cell phys-
iologic functions onmolecular level. Grapheme is considered
as a towardly candidate for nerval surfaces because of the
unique properties of it in electrochemistry and machinery,
while there is seldom understanding in the neural net
structures on graphene as a biomaterial for nanostructures in
regenerative medicine. Microarray research was carried out
to explain the possible mechanism for the enhancement of
human neural stem cell attachment and differentiation into
neurons on grapheme substrate, and it was demonstrated
that graphene electrodes can enhance differentiation of stem
cells by electrical stimulation (Figure 7) [59]. The change
in neural net combination of neural stem cell when cul-
tured on graphene scaffold surface was investigated, and the
results showed that graphene improved the serviceable neural

circuits construction and enhanced the nerval behavior and
electrophysiological signal of neural net which provided a
further comprehension of interactions between neural stem
cells with nanobiomaterial surface of grapheme, so it pointed
out the great possibility of graphene as nerval separatrix in
nerve tissue regeneration medicine [60].

6. Conclusion

In summary, stem cell research based on nanotechnology
has obtained a lot of achievement in the field of regenerative
medicine of orthopedic surgery, showing good prospects in
clinical applications. But nanotechnology applied to stem cell
research is still in its early stages, and there are a number of
key issues to be solved. The objective of tissue engineering
research with stem cell is to develop a system to accurately
simulate the in vivo microenvironment system in vitro;
however, the mechanism is not very clear regarding how
nanomaterials similar to extracellular matrix in morphology
affect the function of stem cells.

Biomaterials and their scaffold used for tissue engineering
in orthopedic surgery can be manufactured by nanohy-
droxyapatite, titanium, calcium phosphate, graphene oxide,
carbon nanotubes, or the compound of them. These com-
posite scaffolds have both nanomaterials properties and good
biocompatibility and low toxicity which render it a very
broad application prospect in orthopedic surgery regener-
ative medicine by some nanoscale surface topography or
molecular biology mechanism, including the regulation of
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Figure 7: The mechanism of graphene biological function to NSCs.

stem cell biological behavior (such as attachment, prolif-
eration, and differentiation), the improvement of bone tis-
sue regeneration promising skeletal defects repair, internal
fixation surgery, and spinal fusion in orthopedic surgery,
the potential application in cartilage tissue engineering and
recovery at tendon-to-bone insertion site, and the nerve
tissue engineering for spinal cord injury.

Although the research of stem cell nanotechnology is
facing many difficulties in regenerative medicine of ortho-
pedic surgery, its potential applications have caused great
concern. With the development of nanotechnology and stem
cell research, the investigation of stem cell based on nan-
otechnology will be studied more in depth and will provide
new methods for stem cell therapy and tissue engineering in
regenerative medicine of orthopedic surgery.
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Peptide self-assembled nanostructures are very popular in many biomedical applications. Drug delivery is one of the most
promising applications among them. The tremendous advantages for peptide self-assembled nanostructures include good
biocompatibility, low cost, tunable bioactivity, high drug loading capacities, chemical diversity, specific targeting, and stimuli
responsive drug delivery at disease sites. Peptide self-assembled nanostructures such as nanoparticles, nanotubes, nanofibers, and
hydrogels have been investigated by many researchers for drug delivery applications. In this review, the underlying mechanisms
for the self-assembled nanostructures based on peptides with different types and structures are introduced and discussed. Peptide
self-assembled nanostructures associated promising drug delivery applications such as anticancer drug and gene drug delivery are
highlighted. Furthermore, peptide self-assembled nanostructures for targeted and stimuli responsive drug delivery applications are
also reviewed and discussed.

1. Introduction

Molecular self-assembly is organizing molecules into a stable
and well-defined structure under equilibrium conditions
through noncovalent interactions spontaneously, which is a
powerful tool in the synthesis of functional nanostructures as
a bottom-up fabrication method for biomedical applications
[1, 2]. Self-assembly with a variety of complex nano- and
microstructures is founded in nature [3–6]. Mechanisms
underlying self-assembly have been applied in many areas
to prepare functional materials. In most cases, a thermo-
dynamically stable structure is formed through enthalpic
and entropic interactions that involve the basic assembling
units and the reacting solvent molecules [7, 8]. Electrostatic
interactions, hydrophobic interactions, hydrogen bonding,
𝜋-𝜋 stacking, and so on together make sure molecules are
at stable low energy levels [9]. The self-assembly process also
gives the flexibility of developing many functional materials
with the desired tunable properties and structures by single
molecule design and fabrication [5, 10, 11].

Recently, many self-assembly nanostructures have been
synthesized from biomaterials including carbohydrates,
nucleic acids, and peptides to achieve a better understanding
of the self-assembly mechanism and utilize them for several
biomedical applications such as tissue regeneration, drug
delivery, and biosensors [12–17]. Many self-assembling
systems have been developed for various biomedical
applications; peptide self-assembled nanostructures remain
one of the most promising directions for many reasons [18].
They are easily fabricated using solid-phase peptide methods
where the peptide sequence could be specifically modified at
molecular levels [19]. Custom molecular structures can be
designed and synthesized through tuning the peptide basic
units. Naturally occurring structures occurred in proteins
such as 𝛼-helices and 𝛽-sheets that can be utilized for
driving the self-assembly processes [20–22]. Moreover, the
self-assembly process is also very important in the functions
of cell-penetrating peptides that could play an important
role in delivering the drugs inside the cell membrane and
transporting genes into the nucleus [23].
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Peptides consisting of natural or synthetic amino acids
are basic repeating units for the construction of molecular
assemblies.These simple structures help us better understand
the complex biological systems and underlying mechanisms.
Researchers have utilized various approaches in the synthesis
of peptide building units whileminimizing other possible by-
products [24]. To self-assemble peptides into nanostructures,
there are mainly three approaches: solid-phase peptide syn-
thesis, ring-opening polymerization, and protein engineering
[25]. The solid-phase peptide synthesis is utilized to pre-
cisely control the peptide structure with short or medium
sequences. Although thismethodhas very high yield, the syn-
thetic sequence is less than 70 amino acids [26]. Researchers
have also utilized protein engineering to fabricate peptides
with longer sequences and more defined structure such as
collagen and silk materials through expression in bacteria
[27–29]. For large-scale production of polypeptides, people
have utilized ring-opening polymerization. In this method,
cyclic monomers are introduced to the end of the sequences
to form a longer peptide. On the other hand, a lower accuracy
of the peptide primary structure than other methods such as
solid-phase peptide synthesis is noticed using this method
[25].

Several reviews have been focused on the morpholo-
gies, functions, or biomedical applications of peptide self-
assembled nanostructures in tissue engineering rather than
drug delivery applications [24, 30–32]. There is still a need
for a comprehensive review on the peptide self-assembled
nanostructures for drug delivery applications. In this paper,
self-assembled peptide types and structures including dipep-
tide, cyclic peptide, amphiphilic peptide, 𝛼-helical peptide,
and 𝛽-sheet peptide as basic building blocks are introduced.
Meanwhile, some relevant peptide self-assemblymechanisms
are also discussed. More importantly, peptide self-assembled
nanostructures for anticancer drug delivery, gene drug deliv-
ery, and targeted and stimuli responsive drug delivery appli-
cations are reviewed and discussed.

2. Peptide Types and Structures for
Self-Assembly

Peptides can be assembled into different nanostructures in
Figure 1 including nanotubes, nanofibers, and nanovesicles
based on their design and self-assembly conditions [33]. Dif-
ferent types and structures of peptides including dipeptides,
cyclic peptides, amphiphilic peptides, 𝛼-helical peptides, and
𝛽-sheet peptides have been utilized to self-assemble into
nanostructures.

2.1. Dipeptide. Recently, researchers have claimed that short
peptides have the ability to self-assemble into many different
nanostructures that can minimize the difficulty and cost of
the fabrication process and simultaneously enhance the sta-
bility [35, 36]. Among them, dipeptide self-assembled nanos-
tructures are investigated intensively for various biomedical
applications including drug delivery. Diphenylalanine, Phe-
Phe (FF), the first reported dipeptide that has been used
for the self-assembly of different nanostructures, is a core
motif of the amyloid-𝛽 polypeptide segment [37]. It has been

Fiber

Tube

Vesicle

Self-assembly

monomer

�훼-helix

�훽-sheet

Peptide

Figure 1: Peptides self-assembled into different nanostructures.
Reproduced from [33] with permission from the Royal Society of
Chemistry.

recognized as the core recognition motif to drive self-
assembly in Alzheimer’s disease. Many studies have been car-
ried out to self-assemble FF dipeptides into different nanos-
tructures including nanoparticles, nanotubes, nanovesicles,
and nanowires, shown in Figure 2 [34, 38–42]. FF self-
assembled nanotubes have been demonstrated to be ther-
mally stable, which is one of the most unique properties for
bioinspired materials [43]. The high yield of FF dipeptides
self-assembled nanotubes was achieved through vapor depo-
sition method, which could tune the density and length of
nanotubes by controlling the monomer supply [38]. FF self-
assembled nanotubes were also obtained through dissolving
the dipeptides in water by sonication followed by heat-
ing. Meanwhile, FF self-assembled nanowires were achieved
in water at high ionic strength. Both FF dipeptides self-
assembled nanotubes and nanowires are interconvertible.
These two nanostructures have been studied for mechanical
applications including biosensors, nanodevices, and conduct-
ing nanomaterials [44, 45].

Hydrophobic dipeptides such as LL, LI, and LF can also
self-assemble into nanotubes through hydrogen bonding.The
water molecules filled nanotubes from the dipeptide WG
showed negative thermal expansion, which later was utilized
to form nanoporous structures from dipeptides FF, LS, IV,
VI, VA, and AV [46–48]. These dipeptide self-assembled
nanoporous materials have been demonstrated to absorb
and store many different gasses including carbon dioxide,
methane, and hydrogen [49–51]. Introducing a thiol group
in FF dipeptides can change their formation from tubular to
spherical nanostructures. Nanospheres, nanoplates, nanofib-
rils, and hydrogels were further developed from the self-
assembly of several aromatic homodipeptides [52, 53]. These
dipeptide self-assembled nanostructures can be applied for a
casting mold to fabricate conductive nanowires and for many
different biomedical applications including biosensing, tissue
engineering, bioimaging, and drug delivery [53–55].

Modified dipeptides also could be used as templates
for self-assembling nanostructures with tunable biological
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Figure 2:Dipeptide Phe-Phe self-assembled into diverse nanostructures. Reproduced from [34]with permission from theCreativeCommons
Attribution License.

functions [56]. The modified dipeptides containing an N-
terminal 𝜔-amino acid could self-assemble into nanotubes in
the solid state and in aqueous solutions [57].Themorpholog-
ical studies revealed the self-assembly of uniform and well-
organized nanotubes with various dimensions. These modi-
fied dipeptide self-assembled nanostructures are significantly
different from the solid-state or solution methods, which
demonstrated that the self-assembly mechanisms in these
two strategies are different [58]. Therefore, water molecules
with hydrogen bonding capacities could have an important
function in the self-assembly or even stabilization of the
nanotubes.

Except for the dipeptides self-assembled nanostructures,
there are alsomany other short linear peptides self-assembled
nanostructures for biomedical applications including drug
delivery [59, 60]. For example, KLVFF, a short peptide
from amyloid-beta peptides self-assembly mechanism from
Alzheimer’s disease, could also self-assemble into nanofi-
brous structures and then hydrogel format in a concen-
trated phosphate buffered saline solution. The experimental
results from physical and chemical characterizations have
demonstrated that the linear short peptides can self-assemble
into 𝛽-sheet structures and then form nanofibrillar hydrogel
structures through electrostatic interactions [59]. Moreover,
the short linear peptides DFNK and DFNKF both have
been demonstrated to self-assemble into nanofibril structures
based on the effects of pH values. These peptides have aro-
matic and charged side chains in the peptide sequences [60].

2.2. Cyclic Peptide. Cyclic peptides with alternating D type
and L type amino acids that could self-assemble into nan-
otubes were determined theoretically as early as 1974 [61].
However, the first self-assembled nanotube using cyclo-(L-
Gln-D-Ala-L-Glu-D-Ala)

2
cyclic peptides was achieved in

1993 based on that theory [62]. The cyclic peptide self-
assembly is formed through aggregating cyclic peptides as
basic building blocks to a flat conformation structure where
the amino and carbonyl side chains are arranged perpen-
dicular to the ring [63]. The cyclic peptide self-assembled
nanotubes were self-assembled and stabilized by hydrogen
bonding between amide groups shown in Figure 3 [64]. Due
to the alternating D type and L type amino acids, the peptide
side chains could be formulated on the outside area that can
create a nanotube structure. There are many cyclic peptide
sequences that can be used for the self-assembly, including
alternating D type and L type 𝛼-amino acids, alternating
𝛼- and 𝛽-amino acids, 𝛽-amino acids, and 𝛿-amino acids
[62, 63, 65, 66].

In comparison to the other peptide self-assembled
nanostructures, cyclic peptide self-assembled nanotubes have
unique properties such as precise diameter controls, which
could be tuned through the peptide sequences and lengths.
The functions of the nanotubes could also be tuned by
modifying the peptide side chains [63]. For instance, the
internal diameter of the cyclic peptide could increase from
2 Å to 13 Å after increasing the peptide length from 4 to
12 amino acids [2, 66]. Moreover, the eight-residue cyclic
peptides with the sequence of cyclo-(L-Gln-D-Ala-L-Glu-D-
Ala)

2
can not only self-assemble into nanotube structures, but

also self-assemble into nanoparticles with different methods
and self-assembly parameters shown in Figure 4 [18].

For example, cyclic peptide self-assembled nanotubes
have been prepared using eight-residue cyclic peptides
containing Glu and Cys amino acids, which have been
demonstrated for drug delivery applications [67]. The results
have claimed that polyethylene glycol modified doxorubicin
loaded nanotubes have high drug encapsulation ratio. More
importantly, compared to free doxorubicin, the polyethylene
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glycol modified nanotubes with doxorubicin have been
demonstrated to be with higher cytotoxicity and raised
DOX uptake in human breast cancer MCF-7/ADR cells in
vitro. Moreover, the polyethylene glycol modified nanotubes
with doxorubicin have shown their potential in multidrug
resistance tumor therapy [67].

2.3. Amphiphilic Peptide. Amphiphilic peptides have many
different types such as linear peptides, ionic complementary
peptides, peptide phospholipids, and long-chain alkylated
peptides [68, 69]. Amphiphilic peptides are generally formed

from hydrophilic peptide head groups and hydrophobic
tails that could be used to form various secondary and
tertiary conformations [70, 71]. These peptides could self-
assemble into nanostructures with many different morpho-
logical structures including nanovesicles, nanotubules, and
nanomicelles [69, 72]. The electrostatic and hydrophobic
interactions are thought to be the main factors that drive the
self-assembly for amphiphilic peptides [73].

Linear peptides with hydrophobic tails and hydrophilic
heads have the ability to self-assemble into different nanos-
tructures depending on their chemical properties and



Journal of Nanomaterials 5

physical properties. For the hydrophobic tail, A, G, L, and
F amino acids are good candidates. On the other hand,
the amino acids D, E, H, and R are always utilized in the
hydrophilic domains [74]. For example, lipid-like peptides
similar to surfactants, such as G

4
DD, G

6
DD, G

8
DD, A

6
D,

A
6
K, and KA

6
sequences, can self-assemble into various

nanostructures once they reach the critical aggregation
concentration [73, 75]. Because they are very similar to
phospholipids, those peptides have the potential to stabilize
membrane proteins.

The ionic complementary self-assembling peptides
EAK16 were first discovered in 1993 with the formation of
nanofibers [76]. These peptides have charged side chains
in one side group and hydrophobic chains in another side
group. The hydrophobic side chains could form a sheet
structure inside the nanofibers. Meanwhile, the charged
side chains could be laid on the outside of the nanofibers.
Therefore, a stable structure could be formed from the
repeated positively and negatively charged amino acids in
the peptides sequences through ionic complementary forces
[77]. Finally, they can self-assemble into typical 𝛽-sheet
structures and then form a hydrogel structure which is
composed of nanofibers. These hydrogels could be very
stable under various ranges of conditions such as pH,
temperature, and organic solvents because of the hydrogen
bonding and ionic force [78].

Transparent hydrogels could be formed in seconds using
amphiphilic peptides as soon as they react with physiological
fluids [79].This ionic complementary self-assembled peptide
hydrogel is composed of more than 99% water. Therefore,
there are plenty of spaces between the nanofibers inside
the hydrogels. These types of peptide self-assembled nanos-
tructures have been utilized to advance cell growth and
differentiation in bone, cartilage, heart, and neural systems
[80–85].

2.4. 𝛼-Helical Peptide. For decades, it has been well known
that biological and physical properties can enhance the self-
assembly of peptides into helical structures. Actuarially, there
are only several major molecules that have been discovered
with the purpose of self-assembling these helical structures
into nanostructural biomaterials.The 𝛼-helical peptides have
drawn researchers’ attention because they can form nanos-
tructures that are very common in the cytoskeleton and
extracellular matrix in biological systems [86]. For example,
these filamentous nanostructures could be formed from 𝛼-
helical peptides with 25–50 amino acids [87]. The 𝛼-helical
peptides with 2–5 helices can aggregate around each other to
form nanofibers [88, 89]. These 𝛼-helical peptides can also
self-assemble into nanofibers using around 30-amino-acid-
long peptides through helical coiled-coils structures [90].
The hydrophobic residues could promote the helix oligomer-
ization through hydrophobic collapse. Another nanofibrous
structure could also be formed using the peptideswith central
Glu amino acid and Lys amino acid at the end of the sequence
through ionic interactions [91].

Hydrogels could also be self-assembled from helical pep-
tides with triblock motifs that have coiled-coil blocks [92].
Through the repeated hydrophobic and charged amino acids

in the peptide sequence, coiled-coil structures could be self-
assembled from 𝛼-helices [93]. Moreover, through tuning
the length and structure of the basic coiled-coil units, the
hydrogel properties also could be managed [94]. Therefore,
these materials could be proposed to be a stimuli responsive
hydrogel for drug delivery applications.

2.5. 𝛽-Sheet Peptide. The 𝛽-sheet is one of the most useful
naturally occurring motifs that can be used for peptide self-
assembly [95]. Tremendous peptides have been studied for
self-assembling 𝛽-sheet secondary structures. The 𝛽-sheet
consists of alternating hydrophilic and hydrophobic amino
acids in the peptide sequence, which can provide amphiphilic
property to the peptide that drives the self-assembly of 𝛽-
sheets [96]. The 𝛽-sheet peptides also could be utilized to
form many different nanostructures including nanotubes,
monolayers in nanoscale order, and nanoribbons [97–101].
For example, 𝛽-sheet peptide QQRFEWEFEQQ can self-
assemble into a pH responsive hydrogel using peptides’
ionizable side chains from Glu and Arg amino acids. These
peptides are soluble in neutral pH condition and transform to
a hydrogel structure at low pH conditions [97]. The reason is
that antiparallel𝛽-sheet tapes were formed at lower pH values
and then stacked together to form nanofibrils in hydrogels.
The 𝛽-hairpin peptides were also found to self-assemble into
various nanostructures at the water and air interfaces [102].
The self-assembly of 𝛽-hairpins in proteins is based on the
arrangement of two 𝛽-sheets in antiparallel formats. A 𝛽-
hairpin peptide with the sequence of VKVKVKVKVDPP-
TKVKVKV was utilized to form responsive hydrogels. This
material could be formed from the increase of the pH values.
The underlying mechanism is that the hydrogels could be
formed from the hairpin structure that was self-assembled
from 𝛽-sheets formation after the increase of the pH values
[103].

3. Peptide Self-Assembly Mechanisms

Electrostatic interaction, hydrophobic interaction, hydrogen
bonding, and 𝜋-𝜋 stacking are the key contributors of
peptide self-assembly [104]. Nonpolar amino acids, such as
aromatic and aliphatic amino acids, are mainly responsi-
ble for hydrophobic aggregation through 𝜋-𝜋 stacking and
hydrophobic interactions. Polar amino acids result in either
electrostatic interactions or hydrogen bonding depending
on whether they have uncharged or charged residues [105].
Besides individual amino acids, the peptide backbone itself
also provides considerable stability through hydrogen bonds.

3.1. Electrostatic Interaction. Electrostatic interactions involve
both attractive and repulsive forces between charged residues
from amino acids in the peptide self-assembly, which also
have strong effects on many other self-assembly processes.
Positively charged peptides have the ability to aggregate
with negatively charged peptides or even drugs by elec-
trostatic interactions. After that, they could form a stable
nanostructure that could be used for drug delivery applica-
tions [106]. For instance, a multifunctionalized peptide self-
assembled nanostructurewas designed and synthesized using
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cRGD-BSA and KALA cell-penetrating peptides through
electrostatic interaction. These nanostructures could be used
for targeted and pH responsive anticancer drug delivery
applications [107].

3.2. Hydrophobic Interaction. The hydrophobic interaction is
one of the most important effects among various non-
covalent interactions in the peptide self-assembly process.
The self-assembly of amphiphilic peptides could be read-
ily accomplished through microphase separation driven by
thermodynamics because of the coexistence of polar and
nonpolar regions inside the peptide sequences. In the aque-
ous reaction condition, the nonpolar segments of the basic
units will collapse and cluster together to try to hide the
hydrophobic area from water. Meanwhile, the polar areas
attempt to enhance their contact with water [108, 109]. For
instance, amphiphilic drugs that can be self-assembled into
nanostructures were developed based on hydrophobic inter-
actions.The amphiphilic drugs are composed of a tau protein
derived peptide conjugated with a hydrophobic anticancer
drug camptothecin. These materials could be self-assembled
into fibril structures through hydrophobic interactions and
intermolecular hydrogen bonding [110].

3.3. Hydrogen Bonding. Naturally occurring hydrogen bond-
ing patterns such as those found in 𝛼-helices, 𝛽-sheets, and
coiled coils are utilized for the design of various peptide
sequences to self-assemble into nanostructures. Hydrogen
bond is the electrostatic attraction between H atom and
a highly electronegative atom nearby, such as N and O.
Hydrogen bonding has a key role in the formation and
stabilization of the peptide secondary structure and protein
folding. Actually, among different noncovalent interactions,
hydrogen bonding is probably the most important one in
peptide self-assembly. The stabilization of multiple peptide
backbone arrangements is based on hydrogen bonding inter-
actions through the amide and carbonyls groups in the
backbone. After that, they can self-assemble into 𝛽-sheet
structures.These structures could be in parallel or antiparallel
arrangements according to the direction of the peptide
sequences. Peptide is typically designed to contain repeating
amino acid residues for hydrophobic and hydrophilic regions.
Therefore, the hydrophobic part will be buried within the
self-assembled nanostructure while the hydrophilic region is
exposed to the aqueous environment [111]. Unlike 𝛽-sheets,
𝛼-helices are formed by individual peptide chains where
backbone amide components are intramolecularly hydrogen
bonded. This arrangement leads to the presentation of side
chains from amino acids on the surface of each helix and
further facilitates the accessibility of them in the solvent.

3.4. 𝜋-𝜋 Stacking. The 𝜋-𝜋 stacking can promote the peptide
self-assembly, especially for aromatic peptides. The interac-
tions for 𝜋-𝜋 stacking can drive directional growth and they
are robust in water due to their limited solubility ofmolecules
containing aromatic groups [112]. The 𝜋-𝜋 stacking is also a
more distinct driving force in pure organic solvents such as
toluene and TFA. These solvents can make the 𝜋-𝜋 stacking
more dominant than other self-assembly effects [40]. For the

dipeptide FF self-assembly process, 𝜋-𝜋 stacking from the
aromatic groups and hydrogen bonding stabilized the self-
assembled FF nanostructures, which have been demonstrated
for various applications including drug delivery [43, 113].

In summary, noncovalent interactions play very impor-
tant roles in the peptide self-assembly processes. As these
noncovalent interactions are easily affected by the external
stimuli, these factors including pH values, temperature, and
reaction solvent polarity can also trigger the self-assembly
and manipulate the self-assembly process and even the final
formed nanostructures. For example, pH values are very
important for peptides with charged amino acids such as
Glu, Asp, Lys, His, and Arg. The status of these peptides
with negative or positive surface charges could be sensitively
affected by the pH values and then self-assembled into
different nanostructures [18]. Tunable management of the
physical and biological properties of peptide self-assembled
nanostructures is highly desired for their successful utiliza-
tion in drug delivery applications. When designing peptide
self-assembled nanostructures for drug delivery, noncovalent
interactions, as well as peptide types and structures, should
be taken into consideration and be rationally applied in the
strategies.

4. Drug Delivery Applications of Peptide
Self-Assembled Nanostructures

In the past decades, peptide self-assembled nanostructures
with various sizes and shapes have been fabricated and
utilized for many biomedical applications such as tissue
regeneration, biosensors, bioimaging, and drug delivery.
In this section, peptide self-assembled nanostructures for
anticancer drug and gene drug delivery aswell as targeted and
stimuli responsive drug delivery are illustrated and discussed
in detail. The most desired properties for self-assembled
nanostructures are biocompatibility, biodegradability, and
multifunctionality for drug delivery applications [17, 114].
Compared to other organic materials for drug delivery,
peptide self-assembled nanostructures are more suitable due
to their intrinsic physical and biological properties.

4.1. Anticancer Drug Delivery. Although tumors are one of
the most deadly diseases worldwide, the proper therapy
strategy is still far away from the real demand. Therefore,
there is still a need for new materials or methods for cancer
therapy. Nanomaterials as drug delivery carriers have many
advantages including high efficiency for drug loading, a
low ratio for drug loss, and high stability to avoid body
clearance [115]. For example, nanostructures could be used
for anticancer drug delivery because they have the ability
to both enhance the therapeutic efficiency and decrease
unwanted negative reactions. Among various nanostruc-
tures, peptide self-assembled nanostructures have attracted
increasing attention for anticancer drug delivery and are
believed to be a promising strategy for cancer treatment. The
peptide has the ability to self-assemble into many different
nanostructures such as nanoparticles, nanotubes, nanovesi-
cles, and nanofibers that form hydrogels [116]. All of them
could be used to deliver different types of anticancer drugs
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for cancer therapy. For instance, the peptide with amphiphilic
properties could self-assemble into nanovesicle structures,
which have been demonstrated to deliver hydrophobic anti-
cancer agents for cancer therapy. Meanwhile, the outside
layer of these nanostructures could be tuned to achieve
specific drug delivery purposes [117]. Peptide self-assembled
hydrogel with injectable properties could also be used to
directly come into contact with the tumor sites to enhance
the efficacy and safety of tumor therapy [118]. Peptide self-
assembled nanotubes also could be utilized for cancer therapy
through conjugation with doxorubicin in high efficiency
[113]. There are many different anticancer agents including
doxorubicin, curcumin, fluorouracil, and paclitaxel that have
been loaded in the peptide self-assemblednanostructures and
investigated in preclinical or clinical trials for cancer therapy.
Recently, there is much more progress in cancer therapy
from peptide self-assembled nanostructures because of their
excellent biodegradability and biocompatibility.

The peptide self-assembled nanofibers that form
injectable hydrogels could be the most interesting materials
for anticancer drug delivery applications, because, in this
way, the chemotherapeutic drugs could directly come into
contact with the targeted cancer tissues at higher local
concentrations compared with traditional cancer therapy
methods. These peptide hydrogels could be more safe and
controllable due to their slow release rates. For instance,
stimuli forming hydrogels self-assembled from KLD motifs
can be used to tune the release of conventional cytotoxic
anticancer drugs such as doxorubicin [118].

The nanofiber structures which self-assembled from the
EAK peptides have been demonstrated to deliver anticancer
drug ellipticine through encapsulation method. Two meth-
ods were used for the analysis of the self-assembly and drug
delivery applications.The first one is the UV-based approach.
In this method, the result revealed that the conjugation
between the peptide and anticancer drug ellipticinewas based
on electrostatic interactions. Moreover, this method also
could be used to detect the efficiency of drug loading in the
peptide self-assembled nanostructures.The second approach
is to use fluorescence technologies, which have the ability
to monitor the conjugation process and efficiency. From the
results, we could detect the concentrations of anticancer
drug ellipticine in the whole self-assembly and delivery
process through monitoring the fluorescence properties. The
in vitro experiments also demonstrated that the encapsulated
anticancer drug ellipticine in the self-assembled nanofibers
in protonated stage is more efficient than in the crystalline
stage for cancer therapy. These EAK peptide self-assembled
nanostructures and the two encapsulation methods could
also be used for some other anticancer agents in drug delivery
for cancer therapy [119].

Dendrimer tetrapeptide GFLG self-assembled into com-
pact nanoparticles with negatively charged surfaces after
conjugation with PEG and anticancer drug doxorubicin. The
drug loading and releasing experiments have demonstrated
the 9.62wt% drug loading efficiency as well as the enzyme
responsive drug delivery applications. Fluorescent and cell
studies revealed stable and effective cancer therapy compared
with free doxorubicin anticancer drugs. Moreover, this study

showed the decreased toxicities from doxorubicin anticancer
drug as well as nondetectable side effects [120]. In addition to
that, peptide self-assembled multifunctional nanostructures
with dual-functional liposomes have also been developed for
targeted drug delivery in cancer therapy. This system could
be used for anticancer drug delivery through conjugation
with cell-penetrating peptide and active targeting agents. In
this study, R6H4 was screened for pH responsive anticancer
drug delivery purposes. Hyaluronic acid was used to coat the
R6H4 peptides due to their rapid degradation property. The
in vitro and in vivo experiments have demonstrated that these
nanocarriers could enhance the efficiency of tumor-targeted
drug delivery in cancer therapy, as shown in Figure 5 [121].

Peptide-based hybrid nanostructures were also fabricated
from polylactide (PLA) and VVVVVVKK (V6K2) peptides
[75].These nanostructures could conjugate with doxorubicin
and paclitaxel for anticancer drug delivery in cancer therapy
applications. The pure PLA nanoparticles have a diame-
ter of around 130 nm, but the PLA-V6K2 self-assembled
nanoparticles only have a diameter of around 100 nm. The
encapsulation and anticancer drug releasing ratios for PLA-
V6K2 nanoparticles are significantly higher and slower than
the pure PLA nanoparticles. Moreover, the experiments have
demonstrated that the PLA-V6K2 nanoparticles conjugated
with anticancer drugs have higher toxicity to cancer cells and
no toxicity to normal cells comparedwith free doxorubicin or
paclitaxel and pure PLA nanoparticles conjugates. Therefore,
this study demonstrated the higher efficacy of these PLA-
V6K2 nanoparticles for anticancer drug delivery that could
be potentially useful in cancer therapy [123].

4.2. GeneDrugDelivery. Thegreat progress in biotechnology,
as well as many other fields with better acknowledgment of
the pathologymechanisms for various diseases from the gene
levels, has promoted a big change in many different diseases’
diagnosis and therapy. Researchers have used recombinant
plasmid DNA as a gene drug for delivery to the specific target
for gene therapy. In this way, the functional proteins from
the related gene encoding could be applied to heal patients.
The gene drug delivery needs cost-effective methods and
noninvasive approaches for this specific gene disease therapy
[124]. Although more and more attention has been paid to
gene therapy, there is still huge enhancement needed for the
study of nonviral gene drug delivery platforms currently. For
example, the nanocarriers for gene drug delivery should be
improved through different perspectives including toxicity,
immunogenic response, and poor uptake into cells and the
nucleus [125, 126]. Therefore, attention for the design and
fabrication of nanostructures for gene drug delivery should
be paid to the enhancement of cellular delivery, specific
delivery, and improvement of loading efficacy. Cationic
nanostructures have been intensively studied and utilized
because they are easier to be delivered into cells and because
of their high loading capacity for nucleic acids [127]. Most
importantly, peptide self-assembled nanostructures present a
very promising and efficient method for gene drug delivery
due to their intrinsic properties and precisely controllable
fabrication approaches. Peptide self-assembled nanotubes
also could be used for gene drug delivery through the
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Figure 5: Schematic design of the multifunctional nanostructures for tumor-targeted drug delivery. Reprinted from [121] with permission
from Elsevier.

transforming of nanotube structures into nanovesicles in the
endocytosis process [128]. Therefore, many conjugations of
gene drugs and peptide self-assembled nanostructures have
been developed recently for the gene drug delivery systems
[129].

The surfactant peptide could be self-assembled into nan-
otubes or nanovesicles with a diameter of around 50 nm.This
type of surfactant peptide was designed based on the cationic
lipid systems for better gene drug delivery applications.
The peptides monomers are around 2 nm in length. The
head of the peptide is cationic and hydrophilic with one
or two Lys and His amino acids. After that, there are six
amino acids including Ala, Val, or Leu to form the peptide
tail with hydrophobic properties. When the pH values are
higher than the pI, these nanostructures could be further
self-assembled into nanosheet structures. Because of the
unique self-assembly and charge properties, these cationic
peptides self-assembled nanostructures could be very useful
to conjugate negatively charged DNA and RNA for efficient
gene drug delivery applications [75].

A peptide including four segments conjugated with the
lipopeptide transfection gene drugs has been developed
recently for gene drug delivery applications in gene ther-
apy. The peptide is composed of cysteine, lysine, histidine
residues, and the alkyl chains. These nanostructures were
self-assembled for the delivery of gene drugs into cells

throughhistidine residues.Thedelivery of gene drugs into the
nucleus was promoted by the lysine residues with charges at
neutral pH values. Therefore, after the design, synthesis, and
evaluation, these peptide self-assembled nanostructures have
been demonstrated to be with high transfection efficiency for
gene therapy through gene drug delivery [130].

A targeting peptide GE11 with branched structures has
been developed and self-assembled into nanostructures with
other components for gene drug delivery as shown in
Figure 6; the peptide-based nanostructures were composed
of the GE11 targeting peptide, branched polyethyleneimine,
S-S bond, and polyethylene glycol [122]. The experimental
results have demonstrated that both GE11 and branched
GE11 self-assembled nanostructures have efficient capability
for gene condensing and transfection. Moreover, they also
have low toxicity and increased capability for targeting.
Most importantly, compared to the GE11 self-assembled
nanostructures, the branched one has a higher capability for
targeting cancer cells with overexpressed EGFR. Therefore,
this study has demonstrated that the peptide self-assembled
nanostructures could be very useful for gene drug delivery in
gene therapy.

One of the most important properties of peptide self-
assembled nanostructures for gene drug delivery is the con-
jugation between these nanostructures with DNA.Moreover,
because of the easier modification and tunability of the
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peptide building blocks, these peptide self-assembled nanos-
tructures could also increase the DNA uptake through cell
membrane and nucleus. They also have the ability to control
the gene drug release and enhance gene expression [131].
Therefore, researchers could focus on developing vectors with
improved efficiency, safety, and specificity. Although there are
several studies using peptide self-assembled nanostructures
for gene drug delivery, it is still far away from the real demand.

4.3. Targeted Drug Delivery. For drug delivery applications,
specific targeting with desired sites is very important for
the nanocarriers to deliver or transport the drugs efficiently
[132]. For this purpose, peptides self-assembled nanostruc-
tures have many advantages such as easier modification
properties and tunable design of the recognition motifs.
For example, cell-penetrating peptides are cationic peptides
with less than 30 amino acids, which could be used to
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promote the penetration of the cell membrane to make the
drug or gene delivery more efficient [133]. Most importantly,
the self-assembly mechanism is also very important for
the enhanced membrane transport using cell-penetrating
peptides. Besides that, there are also many other proteins or
aptamers that could be used to enhance cell penetrating or
specific targeting especially for cancer cells or disease sites.
For example, dipeptide WF self-assembled nanoparticles
have been developed for targeted drug delivery for cancer
therapy [15]. These peptide self-assembled nanoparticles
have visible fluorescent properties compared to amino acids’
intrinsic UV range fluorescent properties. The self-assembly
and fluorescence generation mechanisms are inspired from
the green fluorescent protein (GFP) and yellow fluores-
cent protein (YFP). Through that, this dipeptide including
tryptophan and phenylalanine could self-assemble into blue
light fluorescent nanoparticles through 𝜋-𝜋 stacking and
zinc coordination interactions.The experimental results have
demonstrated that these nanostructures are biocompatible
and photostable, except the blue color fluorescent properties
with a narrow emission wavelength. Most importantly, these
dipeptides self-assembled nanoparticles could conjugate with
MUC1 aptamer and anticancer drug doxorubicin to target
specific cancer cells for better delivery and cancer therapy
applications [15]. These studies revealed the potential and
advantages of using peptide self-assembled nanostructures
for targeted drug delivery applications.

The peptide self-assembled nanostructures could be in
many different formats that have the advantages of specific
targeting and could conjugate with many drugs such as
anticancer and gene drugs for the delivery system [134, 135].
For example, one functional nanostructure could be self-
assembled with many different targeting peptides and drugs
with multiple purposes. The supramolecular nanoparticles
self-assembledwith specific targetingmotifs including cancer
cells and nucleolus have been developed for targeted drug
delivery in tumor therapy and gene therapy [136, 137]. The
functional peptides with lots of arginines could be used to
bind with RNA sites for condensed siRNA for the targeted
gene drug delivery applications in this system. The tumor
cell targeting peptides could also be introduced into this
system for the targeted anticancer drug delivery for cancer
therapy. The electrostatic interactions play the main role in
the self-assembly processes. The experimental results have
demonstrated that these peptide self-assembled nanostruc-
tures could specifically target the hepatocellular carcinoma
cells efficiently.

A capsid-like nanostructure self-assembled from den-
drimer peptides and functionalized peptides has been devel-
oped for targeted drug delivery in cancer therapy [138].These
dendritic nanostructures are designed and self-assembled
using a supramolecular method to mimic the capsid-like
structures and similar components. The functionalized pep-
tides were selected for specific targeting of cancer cells.These
designs have many advantages for targeted drug delivery for
tumor therapy. For example, the capsid-like nanostructure
could be used to promote drug penetration through many
different barriers.The peptide self-assembled nanostructures
with well-ordered structures also could enhance the drug

accumulation in targeted disease areas. Most importantly,
the functionalized nanostructures could be used for specific
delivery to the targeted tumor sites. The experimental results
have confirmed the advantages and demonstrated that these
nanostructures loaded with doxorubicin have the ability to
treat tumors in BALB/c mice with low toxicity efficiently
[138].

Functional peptides have also been used for targeted
drug delivery for biomaterials such as liposomes to improve
specific targeting and cell penetrating [139]. For example,
the PR_b peptide, as well as polyethylene glycol, could be
used to self-assemble into nanostructures with liposomes in a
good manner.The PR_b peptide in this system could be used
to specifically bind with the overexpressed integrin 𝛼

5
𝛽
1
in

colon cancer cells. The polyethylene glycol could be utilized
as a steric barrier to protect the nanostructures. Therefore,
these coated peptide self-assembled nanostructures could
stay longer in the circulating blood system.The experimental
results clearly demonstrated the capability of these functional
nanostructures for targeted delivery of anticancer drugs into
colon cancer cells. Therefore, they can decrease the tumor
metastasis and reduce the tumor growth with limited side
effects.

4.4. Stimuli Responsive Drug Delivery. Peptides have the
ability to self-assemble into well-defined nanostructures
which have many different formats including nanofibers or
hydrogels for tissue regeneration, drug delivery, and so on
[118, 140]. Peptide self-assembled hydrogels are biodegradable
and biocompatible and are easier to be modified with specific
materials such as small molecules or peptide ligands [92].
Therefore, biocompatibility and biodegradability could be
realized through the peptide-based self-assembly due to
their incorporation of biological advantages in the specific
targeting and sensitive reaction sites [103]. Importantly,
these peptide self-assembled nanostructures should have the
capability for controlled release of the loaded drugs or other
materials when they are triggered by the environmental
factors. The releasing time, ratio, or many other strategies
should be controlled under the requirements of the disease
status. Therefore, the peptide self-assembled nanostructures
with stimuli responsive properties andwell-controlled releas-
ing functions could be used to increase the drug delivery
efficiency and then for therapeutic purposes [141].

Peptide self-assembled nanostructures especially the
hydrogel formats are very important classes of hydrogels,
which have attracted much attention recently as a drug deliv-
ery platform because of their high drug loading efficiency,
controlled drug release, and responsive drug release under
different stimulations such as pH value and temperature
[141]. For example, a hydrogelator system has been developed
based on peptides with anticancer drug curcumin. The basic
building blocks are curcumin-FFE-ss-ERGD. The peptides
FFE and disulfide bond have been proven to have the ability
to form supramolecular hydrogelator structures. The ERGD
peptides could be used for the specific targeting of cancer
cells. In addition, these peptide self-assembled nanostruc-
tures could also be responsive to pH change after endocytosis
and then disassembly into single molecules. The in vitro and
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in vivo experimental results have demonstrated that these
systems could enhance the cellular uptake and controlled and
responsive drug releasing. Therefore, they have the potential
to inhibit cancer cells and tumor growth through stimuli
responsive drug delivery for cancer therapy.

The peptide self-assembled fiber-like nanostructures have
been developed using cleavable amphiphilic peptide for
stimuli responsive anticancer drug delivery application in
tumor therapy [142]. These nanostructures could be formed
by spherical nanoparticles after the loading of hydropho-
bic chemotherapeutic drugs. These nanoparticles have been
demonstrated to be responsive to fibroblast activation protein
𝛼, which could be overexpressed on the surface of cancer-
related fibroblasts cells. These nanoparticles could be disas-
sembled specifically at the tumor sites with efficient and rapid
release of the conjugated anticancer drugs. Therefore, this
system has the ability to promote the local accumulation of
drugs through the disruption of stromal barriers.

There are also many other peptides or proteins includ-
ing IgG, bovine serum albumin, and lysozymes that can
be used to conjugate with Ac-(RADA)

4
-CONH

2
peptide

hydrogel for stimuli responsive drug delivery applications
[143]. The mixing of the therapeutic-based proteins and
peptide solution could be utilized for drug release with the
controlled manner in specific tissues. Moreover, peptide self-
assembled nanostructures that are responsive to temperature
or magnetic field also have been developed and validated
for responsive drug delivery applications [144]. For exam-
ple, the peptide self-assembled nanostructures coated with
chitosan/ELR shell could be responsive to temperature for
controlled drug release. The chitosan/ELR has the temper-
ature responsive function in this system. Depsipeptide self-
assembled nanostructures were also designed to overcome
the resistance to degradation by protease for peptide self-
assembled nanofibers [145]. These nanostructures are self-
assembled using the peptide sequence with ester bonds.
Therefore, the depsipeptides self-assembled nanostructures
can degrade from days to weeks by the ester hydrolysis pro-
cesses for the enzyme responsive drug delivery applications.

5. Conclusions and Perspectives

Peptide self-assembled nanostructures could construct well-
defined structures through the noncovalent forces including
electrostatic interaction, hydrophobic reaction, hydrogen
bonding, and 𝜋-𝜋 stacking. The morphology and function
of the peptide self-assembled nanostructures can be manipu-
lated from the molecular level by tuning the types and struc-
tures of peptides, or external triggers such as temperature, pH
value, and electric field. Recent studies have shown that these
peptide self-assembled nanostructures have been utilized
for many different biomedical applications. The examples
presented in this paper highlight the potential role of peptide
self-assembled nanostructures for drug delivery applications.
One peptide self-assembled nanostructure could include
multiple functions such as cell penetration, specific targeting,
release responsivemechanism, and endosomal escapemotifs.
However, people are still facing many challenges such as
predicting precise molecular or higher structures, functional

properties, and biosafety from the peptide self-assembly.
Another major challenge is the high yield of the peptide
nanomanufacturing. This is also very important for the
clinical applications. In conclusion, with multidisciplinary
efforts, peptide self-assembled nanostructures for drug deliv-
ery applications have much potential and are very promising
to treat human diseases.
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We investigated the slow release of Zn ion (Zn2+) from nanocoatings and compared the in vitro response of osteoblasts (MC3T3-
E1) and proosteoclasts (RAW 264.7) cultured on Ca

2
ZnSi
2
O
7
nanocoated with different Zn/Ca molar ratios on a Ti-6Al-4V (i.e.,

Ti) substrate to optimize cell behaviors and molecule levels. Significant morphology differences were observed among samples. By
comparing with pure Ti and CaSiO

3
nanocoating, the morphology of Ca

2
ZnSi
2
O
7
ceramic nanocoatings was rough and contained

small nanoparticles or aggregations. Slow Zn2+ release from nanocoatings was observed and Zn2+ concentration was regulated by
varying the Zn/Ca ratios.The cell-response results showed Ca

2
ZnSi
2
O
7
nanocoating at different Zn/Camolar ratios for osteoblasts

and osteoclasts. Compared to other nanocoatings and Ti, sample Zn/Ca (0.3) showed the highest cell viability and upregulated
expression of the osteogenic differentiation genes ALP, COL-1, and OCN. Additionally, sample Zn/Ca (0.3) showed the greatest
inhibition of RAW 264.7 cell growth and decreased the mRNA levels of osteoclast-related genes OAR, TRAP, and HYA1.Therefore,
the optimal Zn-Ca ratio of 0.3 in Ca

2
ZnSi
2
O
7
ceramic nanocoating on Ti had a dual osteoblast-promoting and osteoclast-inhibiting

effect to dynamically balance osteoblasts/osteoclasts.These optimal Zn-Ca ratios are valuable for Ca
2
ZnSi
2
O
7
ceramic nanocoating

on Ti-coated implants for potential applications in bone tissue regeneration.

1. Introduction

In bone tissue engineering, calcium silicate-based ceramics,
such as CaSiO

3
and Ca

2
SiO
4
, are promising as potential

implant biomaterials based on their bioactive and biocom-
patible properties [1, 2]. Recently, novel ion-modified Ca–
Si-based ceramics were developed to improve their chemical
stability and biomedical properties. Introduced ions mainly
include divalent (e.g., Zn, Mg, and Sr) [3–5] and tetravalent
(e.g., Zr and Ti) ions [6, 7]. Compared with pure calcium
silicate coatings, tetravalent Ti and Zr-incorporated Ca–Si-
based ceramics have been used as stable coatings to improve
biomedical properties.

Zinc (Zn), an essential trace element, has been demon-
strated to play an important role in various physiological
processes in humans [8]. However, Zn-modified calcium
silicate ceramic coatings have not been widely investigated.
Zn was shown to have a stimulatory effect on bone formation
and inhibitory or biphasic effect on osteoclastic bone resorp-
tion [9]. Furthermore, Zn deficiency in the body can arrest
bone growth, bone development, and overall bone health
maintenance [10]. However, Zn-modified calcium silicate
(Ca
2
ZnSi
2
O
7
) ceramic coating Ti shows high potential as

a biomaterial in bone tissue engineering but has not been
investigated in detail.
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Previous studies [11, 12] investigated the preparation
of Ca

2
ZnSi
2
O
7
ceramic nanocoating on a Ti-6Al-4V (i.e.,

Ti) substrate and explored the effects on osteoblasts. The
results showed that the Ca

2
ZnSi
2
O
7
nanocoating promoted

the adhesion, proliferation, and osteoblast differentiation
of MC3T3-E1 cells. However, the optimal Zn content in
the Ca

2
ZnSi
2
O
7
nanocoating and whether abundant healthy

osteoblasts grew on the Zn nanocoating were not confirmed.
Various materials can affect osteoclasts when stimulating
osteoblasts because of the dynamic balance between these
cells [13, 14]. Moreover, we predicted that Zn ion could be
released slowly from the Ca

2
ZnSi
2
O
7
ceramic nanocoating

to maintain the Zn2+ content for MC3T3-E1 cells in the
medium.Therefore, in this study, we investigated the optimal
Zn/Ca ratio in Ca

2
ZnSi
2
O
7
nanocoating and the slow release

of Zn from the nanocoating to promote osteogenic differen-
tiation and inhibit osteoclastic differentiation.

2. Materials and Methods

2.1. Materials. Zinc nitrate hexahydrate was purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Calciumnitrate tetrahydrate and tetraethyl orthosilicate were
purchased from Sinopharm Chemical Reagent Co., Ltd. Ti-
6Al-4V substrates were fabricated in our lab. All cell culture
reagents were purchased from Life-Tech Co., Ltd. (USA), and
cell culture plates were obtained fromCorning (Corning, NY,
USA). Other analytical grade reagents were purchased from
Sigma (St. Louis, MO, USA) andMilli-Q water was produced
in our lab.

2.2. Preparation of Nanocoatings. According to previous
studies [11, 12], three types of zinc-modified calcium sil-
icate (Ca

2
ZnSi
2
O
7
) powders and nanocoatings were pre-

pared. Briefly, using zinc nitrate hexahydrate, calcium
nitrate tetrahydrate, and tetraethyl orthosilicate, nanoscale
Ca
2
ZnSi
2
O
7
powderswere synthesized by the sol-gelmethod.

These powders had different Zn/Ca molar ratios of 0.1,
0.3, and 0.5, respectively, and were named as samples
Zn/Ca (0.1), Zn/Ca (0.3), and Zn/Ca (0.5). The produced
Ca
2
ZnSi
2
O
7
powders were sprayed onto Ti-6Al-4V sub-

strates with dimensions of 10 × 10 × 2mm and ø10 × 1mm.
To prepare all nanocoatings, the atmosphere plasma spray
(APS) system (Sulzer Metco, Winterthur, Switzerland) was
employed to generate a coating thickness of approximately
170mm. CaSiO

3
coatings were prepared using pure CaSiO

3

nanopowder, named as sample Zn/Ca (0), because of the lack
of the Zn element. After spraying, all samples, including Ti-
6Al-4V substrates (named as sample Ti) as a control, were
ultrasonically cleaned in acetone, ethanol, and distilled water
for 10min.

2.3. Characterizations of Nanocoatings. Morphological stud-
ies of all samples were performed by scanning electron
microscopy (SEM) (Hitachi S-4800, Tokyo, Japan). All sam-
pleswere treated byPt spraying for 60 s prior to observation at
10x and 5000xmagnification by SEMat 10 kV. In addition, the
static contact angles of all nanocoatings were measured using

a contact angle analyzer (Model SL600; Solon Inform-tech
Co. Ltd., Shanghai, China) at 25∘C. Next, 5±0.5 𝜇L ofMilli-Q
water was gently added onto the surface of each sample and
measuredwithin 10 s. For statistical analysis, the static contact
angleswere evaluated for at least 6 randomcontact test points.

2.4. In Vitro Release Studies of Zn2+. Two divalent ions of
Zn2+ were studied for in vitro release from the nanocoatings.
All samples were immersed in 20mL alpha-minimum essen-
tial medium (𝛼-MEM) for 7 days and then filtered through
a 0.22𝜇m membrane (Millipore, Billerica, MA, USA). The
test media were diluted 1/20 prior to measurement. The
concentration of Zn2+ was detected using an inductively
coupled plasma atomic emission spectrometer (ICP-AES,
710-ES,VarianMedical Systems, PaloAlto, CA,USA). Sample
Ti without nanocoatings as a control was also analyzed in the
same manner for release studies in vitro.

2.5. Cell Culture. Osteoblasts (MC3T3-E1) andproosteoclasts
(RAW 264.7) were kindly provided by Shanghai Cell Bank in
the Chinese Academy of Sciences. The MC3T3-E1 cells and
RAW 264.7 cells, respectively, were cultivated in the 𝛼-MEM
with penicillin/streptomycin (both 100 units/mL), and 10%
of fetal beef serum (FBS) in incubator was supplied with 5%
of CO

2
at 37∘C. The 𝛼-MEM for RAW 264.7 cells contained

10 ng/mL RANKL for osteoclastic differentiation [13].

2.6. CCK-8 Test. In the cell proliferation test, 2 × 104MC3T3-
E1 cells and RAW 264.7 cells were, respectively, seeded onto
the surface of discs sterilized with 75% v/v ethyl alcohol for
6 h and UV for 2 h. The cells on samples were cultivated in
𝛼-MEM at day 3 and day 7, respectively, and viability was
assessed by the CCK-8 assay (Cell Counting Kit-8, Sigma).
Briefly, the original𝛼-MEMwas replacedwith 500 𝜇L of fresh
𝛼-MEM containing 10% CCK-8. Osteoblast cells on films
with CCK-8 were incubated at 37∘C for 1 h to form dissoluble
formazan. Next, 100mL of dissoluble formazan was removed
from each sample and added to the well in a 96-well plate,
which was analyzed in a microplate reader (SpectraMax M4,
Molecular Devices, Sunnyvale, CA, USA) at 450 nm.

2.7. Confocal Laser Scanning Microscope (CLSM). To analyze
cell numbers, at day 3 and day 7, cells on the samples
were treated with 10% (w/v) paraformaldehyde for 15min,
0.5% (w/v) Triton X-100 for 20min, and then DAPI and
Phalloidin-Alexa Fluor� 488 (for RAW 264.7 cell) and
Phalloidin-Alexa Fluor 555 (MC3T3-E1 cell) in 30min.
Next, the cells were observed by confocal laser scanning
microscopy (CLSM, TCS SP5, Leica, Wetzlar, Germany).

2.8. Scanning Electron Microscopy (SEM). At day 7, the cells
on samples were also dehydrated in a graded ethanol series
of 50%, 60%, 70%, 80%, 85%, 90%, 95%, and 100% (v/v) for
15min and then treated by freeze-drying to remove residual
ethanol for 4 h. Finally, the cells sprayed with Pt for 120 s were
evaluated by SEM at 250x magnification.
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Table 1: Primers used for Sybr Green polymerase chain reaction
(RT-PCR) in this study.

Genes Primers

OAR Forward: 5-CGTGCTGACTTCACACCAACA-3

Reverse: 5-AAGGTCACGTTGATCCCAGGAG-3

TRAP Forward: 5-GTGCTGGCTGGAAACCATGA-3

Reverse: 5-GTCCAGCATAAAGATGGCCACA-3

HYA1 Forward: 5-CCGTAATGCCCTACGTCCAG-3

Reverse: 5-AAGGGCCCAAGTGTGGAA-3

COL1 Forward: 5-GCGAAGGCAACAGTCGCT-3

Reverse: 5-CTTGGTGGTTTTGTATTCGATGAC-3

ALP Forward: 5-TCCTGACCAAAAACCTCAAAGG-3

Reverse: 5-TGCTTCATGCAGAGCCTGC-3

OCN Forward: 5-CTCACAGATGCCAAGCCCA-3

Reverse: 5-CCAAGGTAGCGCCGGAGTCT-3

GAPDH Forward: 5- TCCACTCACGGCAAATTCAACG -3

Reverse: 5- TAGACTCCACGACATACTCAGC-3

2.9. Real-Time Quantitative PCR (RT-qPCR). Using the
Quantitect SYBRGreen PCRKit (Qiagen, Hilden, Germany),
the expression of 3 osteogenic gene markers for MC3T3-
E1, alkaline phosphatase (ALP), collagen type-1 (COL-1),
and osteocalcin (OCN), was evaluated by real-time quan-
titative PCR (RT-qPCR) [15]. The primers used are shown
in Table 1. First, 1mg of the total RNA from the cells on
each film was purified for the synthesis of complemen-
tary DNA according to the kit instructions. Similarly, the
expression of 3 osteoclastic gene markers for RAW 264.7
cells, osteoclast-associated receptor (OAR), tartrate-resistant
acid phosphatase (TRAP), and hyaluronoglucosaminidase
1 (HYA1), was evaluated by the same method. The results
were reported as the relative expression normalized to the
transcript level of the housekeeping gene glyceraldehyde 3-
phosphate dehydrogenase (GAPDH).

2.10. Statistical Analysis. For statistical analysis, all data were
expressed as the means ± standard deviations (SD) (𝑛 = 3–6).
Statistical comparisons were performed by Student’s t-tests
with 𝑝 < 0.05 indicating statistical significance and 𝑝 < 0.01
indicating high statistical significance.

3. Results and Discussion

3.1. Characterization of Ca2ZnSi2O7 Nanocoatings. Metals are
widely considered to be optimal materials for bone repair in
bone tissue engineering because of their physical character-
istics, which are similar to those of natural bone. However,
traditional metallic biomaterials, for example, titanium alloy,
did not show a satisfactory cellular response and ultimately
did not show tissue regeneration when implanted in the
body for a long period of time, limiting their applications.
Thus, studies to modify the surfaces of metallic biomateri-
als attempted to improve their wear properties, corrosion
resistance, and biocompatibility [16–18]. In previous studies
[11, 12], we verified that Ca

2
ZnSi
2
O
7
nanocoating promoted

the adhesion, proliferation, and osteoblast differentiation
of MC3T3-E1 cells. However, the optimal Zn content in
Ca
2
ZnSi
2
O
7
nanocoating and whether healthy osteoblasts

grow abundantly on Zn in the nanocoating were not con-
firmed. Moreover, we predicted that Zn2+ could be released
slowly from the Ca

2
ZnSi
2
O
7
ceramic nanocoating to main-

tain a reasonable Zn2+ content for MC3T3-E1 cells in the
medium, which is similar to the sustained release system of
Zn2+.

First, we regulated the Zn/Ca ratios in the Ca
2
ZnSi
2
O
7

ceramic nanocoating. As shown in Figure 1, the micromor-
phology of the samples with ceramic nanocoatings was rough
(Figures 1(b)–1(e)), which was different from the Ti substrate
(Figure 1(a)). Some ceramic big particles, which are labeled
by blue arrows in Figure 1, were observed on surface of Zn/Ca
(0) and additional nanoparticles or aggregations adhered on
the nanocoatings of Ca

2
ZnSi
2
O
7
(red arrows in Figure 1).

These results were similar to those of previous studies [11].
However, with increasing Zn content in the nanocoating,
the surface nanoparticles decreased gradually from Zn/Ca
(0.1) to Zn/Ca (0.5). Similarly, sizes distribution of surface
particles also showed a decreasing tendency, and average sizes
of Zn/Ca (0), Zn/Ca (0.1), Zn/Ca (0.3), and Zn/Ca (0.5) are
401 ± 195 nm, 212 ± 47 nm, 178 ± 61 nm, and 119 ± 67 nm,
respectively. These results indicate that Zn content changed
the structure of the ceramic nanocoatings. Interestingly, the
introduction of Zn did not affect the surface hydrophilicity of
the coatings, as measured by the water contact angle test. As
shown in Figure 2, the water contact angles of Zn/Ca (0.1),
Zn/Ca (0.3), and Zn/Ca (0.5) were 18.31∘ to 21.22∘, which
are close to 21.49∘ of Zn/Ca (0), representing the CaSiO

3

coating. But all nanocoatings showed lower water contact
angles than control Ti of 39.86∘. Thus, these nanocoatings
changed the surface physical property by transforming the
microstructures. However, different Zn/Ca ratios among
the nanocoatings did not have a large effect on surface
hydrophilicity.

3.2. Release of Zn2+ from Nanocoatings. Furthermore, the
influence of the potential slow release of Zn from the
nanocoatings was evaluated. As shown in Figure 3, Zn2+
showed typical slow release from the nanocoatings of
Ca
2
ZnSi
2
O
7
with different Zn/Ca ratios, with a burst release

in the initial 12 h. Ultimately, with increasing Zn content in
the nanocoatings, the order of accumulated Zn2+ concen-
tration in the medium was Ti = Zn/Ca (0) < Zn/Ca (0.1)
< Zn/Ca (0.3) < Zn/Ca (0.5). The contents of Zn/Ca (0.1),
Zn/Ca (0.3), and Zn/Ca (0.5) were 3.12, 5.89, and 9.41 ppm,
respectively. In contrast, released Zn2+ from sample Zn/Ca
(0), representing Ca

2
SiO
3
, was close to 0, similarly to sample

Ti. In previous studies [19–22], Zn, an important element in
cells and the body, was introduced into an inorganic com-
pound coating, such as hydroxyapatite (HA). To improve the
osseointegration properties of the hydroxyapatite-titanium
substrate (HA/TiO

2
), Zhang et al. prepared Zn contain-

ing hydroxyapatite titania (ZnHA/TiO
2
) hybrid coatings

on titanium, and the released Zn2+ was investigated [22].
However, Zn was only mixed into the microporous structure
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Figure 1: Morphology of Ti, Zn/Ca (0), Zn/Ca (0.1), Zn/Ca (0.3), and Zn/Ca (0.5), respectively. The bar is 1mm in 10x magnification and the
bar is 2 𝜇m in 5000x magnification, respectively.
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Figure 2: Water contact angles of samples Ti, Zn/Ca (0), Zn/Ca (0.1), Zn/Ca (0.3), and Zn/Ca (0.5) at 25∘C. ∗𝑝 < 0.05; 𝑛 = 6 for each sample.

of HA, not TiO
2
. In contrast, Ca

2
ZnSi
2
O
7
, a Zn-modified

Ca–Si coating, has been reported as a biometrical sub-
strate for bone-related cell culture. However, the potential
slow release of Zn2+ was not evaluated. We found that
Zn can promote osteoblast proliferation and differentia-
tion compared to on pure Ca–Si based coatings. Zn may
have been released slowly from the hybrid nanocoating,
playing an important role in the effect on osteoblasts.

3.3. Behaviors of Cells on Nanocoatings. Some materials can
affect osteoclasts when stimulating osteoblasts because of
the dynamic balance of these cells [13, 14]. MC3T3-E1 and
RAW264.7 cells, as cell models of osteoblasts and osteoclasts,
respectively, were employed in this study and cultivated on
the surface of all samples for proliferation analysis. MC3T3-
E1 cells and RAW 264.7 cells grew in 7 days. As shown in

Figures 4 and 5, the numbers of RAW 264.7 cells on all
nanocoatings were similar, containing Zn/Ca (0), Zn/Ca
(0.1), Zn/Ca (0.3), and Zn/Ca (0.5), which were lower than on
pure Ti discs at day 3. At day 7, the number of cells increased
as Zn content increased and then decreased at a Zn/Ca ratio
of 0.3. Attentively, the samples without Zn, Ti, and Zn/Ca (0)
showed better cell growth, revealing how the nanocoatings
with the Zn element inhibited osteoclast through inhibitory
or biphasic effects of Zn on osteoclastic bone resorption [9].
Moreover, the formation of multinucleated cells is the main
feature of osteoclast-like cells. Somemultinucleated cells were
found in samples Ti and Zn/Ca (0), indicated by asterisk
in Figure 4. However, MC3T3-E1 cells showed the opposite
growth tendency for different nanocoatings of Zn/Ca. The
order of cell viability was Ti < Zn/Ca (0) < Zn/Ca (0.1) <
Zn/Ca (0.3) or Zn/Ca (0.5) at day 3. The viability of MC3T3-
E1 cells grown on Zn/Ca (0.3) was the highest in all samples.



Journal of Nanomaterials 5

0 0.5
0

2

4

6

8

10

12

Ti
Zn/Ca (0)
Zn/Ca (0.1)

Zn/Ca (0.3)
Zn/Ca (0.5)

Time (days)

co
nt

en
t (

pp
m

)

1 2 3 4 5 6 7

Zn
2
+

∗

∗

∗

Figure 3: Curves of accumulated Ca2+ and Zn2+ released from Ti, Zn/Ca (0), Zn/Ca (0.1), Zn/Ca (0.3), and Zn/Ca (0.5) in 7 days. ∗𝑝 < 0.05;
𝑛 = 4 for each sample.
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Figure 4: CLSM images of RAW 264.7 cells and MC3T3-E1 cells grown on Ti, Zn/Ca (0), Zn/Ca (0.1), Zn/Ca (0.3), and Zn/Ca (0.5) at day 3
and day 7. The bar is 100 𝜇m.The red asterisks indicate the multinucleated cells for osteoclast differentiation of RAW 264.7 cells.
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Figure 5: The CCK-8 assay of (a) RAW 264.7 cells and (b) MC3T3-E1 cells grown on Ti, Zn/Ca (0), Zn/Ca (0.1), Zn/Ca (0.3), and Zn/Ca
(0.5) at day 3 and day 7, respectively. ∗𝑝 < 0.05; 𝑛 = 4 for each sample.
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Figure 6: SEM images of RAW 264.7 cells (a) and MC3T3-E1 cells (b) grown on Ti, Zn/Ca (0), Zn/Ca (0.1), Zn/Ca (0.3), and Zn/Ca (0.5) at
day 7. The bar is 50 𝜇m.

In contrast to RAW 264.7 cells, MC3T3-E1 cells on the discs
with Zn nanocoating showed higher viability than samples
without Zn, similarly to our previous results [11]. Differences
in cell number and morphology were determined by SEM as
shown in Figure 6. A larger number of normal RAW 264.7
cells was found on samples Ti and Zn/Ca (0). In contrast,
MC3T3-E1 cells preferred to adhere and grew well on Zn/Ca
(0.1), Zn/Ca (0.3), and Zn/Ca (0.5).

These results show that nanocoating with higher Zn
content promotes osteoblasts while inhibiting osteoclasts.
Changes in the shape and number of MC3T3-E1 and RAW
264.7 cells were also observed by confocal laser scanning
microscopy as shown in Figure 4 and SEM in Figure 6.

With in vitro release test, we discovered the accumulative
release curves of Zn2+ for all nanocoatings samples started to
be steady at day 3. Hence, day 3 is an important time point
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Figure 7: Real-time quantitative PCR analysis of gene expression for osteoclastic marker genes in RAW 264.7 cells and osteogenic marker
genes in MC3T3-E1 cells grown on Ti, Zn/Ca (0), Zn/Ca (0.1), Zn/Ca (0.3), and Zn/Ca (0.5) at day 7, respectively. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01;
𝑛 = 3 for each sample. The 𝑦-axis represented the relative expression (2−ΔCT) normalized to expression level. Osteoclastic marker genes:
(a) osteoclast-associated receptor (OAR), (b) tartrate-resistant acid phosphatase (TRAP), and (c) hyaluronoglucosaminidase 1 (HYA1).
Osteogenic marker genes: (d) alkaline phosphatase (ALP), (e) collagen type-1 (COL1), and (f) osteocalcin (OCN).

for cells in this study. In early stage, Zn2+ concentration was
lacking; the concentration is maximum for cell growth for
starting at day 3. Maybe it is the main reason that there is no
remarkable difference of cells in all nanocoatings samples at
day 3; however it was changed to be remarkable at day 7.

3.4. Response of Cells on Nanocoatings. To explore the inhi-
bition of osteoclastic differentiation of Ca

2
ZnSi
2
O
7
ceramic

nanocoating with different Zn/Ca ratios, the expression of
three relative genes, OAR, TRAP, and HYA1, was assessed

by RT-qPCR. In Figures 7(a)–7(c), gene expression in RAW
264.7 cells was downregulated with increasing Zn in the
nanocoating. The effect of sample Zn/Ca (0.3) was most
significant, which was lower than Zn/Ca (0), Zn/Ca (0.1),
Zn/Ca (0.5) and Ti discs for any osteoclastic genes. Because
of the lack of Zn, the Zn/Ca (0) (i.e., CaSiO

3
nanocoating)

showed similar expression of OAR and HYA1 on the Ti discs,
but TRAP expression was slightly higher than on Ti. This
demonstrates that Zn-loading of the nanocoating inhibited
RAW264.7 cell differentiation by affectingmRNA expression
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related to the osteoclastogenic response, particularly for
Zn/Ca (0.3). On the contrary, overmuch Zn, such as sample
Zn/Ca (0.5), could also affect related gene expression, but
not best. When RANKL binds to RANK, various signaling
pathways (e.g., OAR, TRAP, and HYA1) in RAW 264.7 cells
can be rapidly activated to facilitate osteoclast differentiation.
RANKL can stimulate some transcription factors, such as
AP-1, through mitogen-activated protein kinase (MAPK)
activation, and NF-kappaB through IkappaB kinase (IKK)
activation [23]. Hence, these pathways play an important
role in osteoclastogenesis. In our study, suppression of these
signaling pathways was thought to inhibit osteoclast differ-
entiation on the Ca

2
ZnSi
2
O
7
ceramic nanocoating. However,

the inhibition mechanism of Zn in osteoclast differentiation
requires further analysis [2, 12].

To further evaluate the mechanism of the promotion of
osteogenic differentiation of MC3T3-E1 cells, the expression
of related genes was also evaluated. As shown in Figures
7(d)–7(f), sample Zn/Ca (0.3), which was modified by a
ceramic nanocoating at a 0.3 Zn/Ca ratio, always showed
the highest mRNA expression of ALP, COL-1, and OCN. In
addition, samples loaded with higher or lower Zn content
thanZn/Ca (0.3), that is, Zn/Ca (0.1) andZn/Ca (0.5), showed
higher expression of ALP and OCN in MC3T3-E1 cells than
in samples Ti and Zn/Ca (0). This result is in accordance
with previous results of ALP gene regulation, which indicated
that the Ca

2
ZnSi
2
O
7
nanocoating has a greater ability to

stimulate preosteoblast differentiation compared to CaSiO
3

nanocoating and Ti discs. And ALP is a Zn-dependent
enzyme, illustrated in past reports, while others were secreted
solely by osteoblasts and thought to play a role in cell
mineralization and calcium ion homeostasis. In addition,
ALP acts as initiators of biological mineralization [24, 25],
which is very important for osteogenic differentiation. The
results of peak-tendency for osteoblast of mRNA expression
also explain why the expression of these genes was changed
by Zn content in a dose-dependent manner, with the Zn/Ca
ratio of 0.3 showing the best results.

Interestingly, two profiles of relevant mRNA expression,
the peak-tendency for osteoblast and valley-tendency for
osteoclasts, were complementary. Thus, the Zn content in
the Ca

2
ZnSi
2
O
7
nanocoating may simultaneously regulate

osteogenic-osteoclastic differentiation because of the slow
release of introduced Zn.

4. Conclusions

By comparison of the Ti surface, the morphology of
Ca
2
ZnSi
2
O
7
ceramic nanocoating with Zn/Ca (0.1), Zn/Ca

(0.3), and Zn/Ca (0.5) was rough and mixed with some
nanoparticles or aggregations, which differed fromZn/Ca (0)
(CaSiO

3
nanocoating) and Ti. Additionally, the Ca

2
ZnSi
2
O
7

ceramic nanocoating showed a typical slow release of Zn2+
with a burst release during the initial 12 h. MC3T3-E1 cells
showed the highest cell viability on sample Zn/Ca (0.3),
and all the expressions of the ALP, COL-1, and OCN genes
involved in osteogenic differentiation were upregulated. In
contrast, for Zn/Ca (0.3), RAW 264.7 cells showed the lowest
cell viability and inhibited the osteoclastic gene expressions

of OAR, TRAP, and HYA1. In summary, the optimal Zn-
Ca ratio of 0.3 in the Ca

2
ZnSi
2
O
7
ceramic nanocoating on

Ti with Zn2+ slow release may have osteoblast-promoting
and osteoclast-inhibiting effects to form a dynamic balance
between osteoblasts/osteoclasts.
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The past two decades have witnessed the great growth of the development of novel drug carriers. However, the releasing dynamics of
drug from drug carriers in vivo and the interactions between cells and drug carriers remain unclear. In this paper, liposomes were
prepared to encapsulate D-luciferin, which was the substrate of luciferase and served as a model drug. Based on the theoretical
calculation of active loading, methods of preparation for liposomes were optimized. Only when D-luciferin was released from
liposomes or taken in by the cells could bioluminescence be produced under the catalysis of luciferase. Models of multicellular
tumor spheroid (MCTS) were built with 4T1-luc cells that expressed luciferase stably. The kinetic processes of uptake and
distribution of free drugs and liposomal drugs were determined with models of cell suspension, monolayer cells, MCTS, and
tumor-bearing nude mice. The technology platform has been demonstrated to be effective for the study of the distribution and
kinetic profiles of various liposomes as drug delivery systems.

1. Introduction

Since Bangham A. D. and Standish M. M. found liposomes
and put forward the concept of liposomes in the 1960s, the
technology of liposomes has developed greatly [1]. Various
preparation technologies are constantly emerging and grad-
ually applied into clinical use from the laboratory. Among all
sorts of research and practice of bioluminescent technology,
the firefly luciferase system research is themost thorough and
mature one. However, many unsolved problems exist in lipo-
some. For example, the method for dynamically monitoring
liposomes and study platform for linking the models in vivo
and in vitro are still far from mature.

With the gradual development in D-luciferin research,
a growing number of D-luciferin derivatives have been
synthesized. These derivatives have various characteristics
in molecular weight, solubility, hydrophilicity, and other
physicochemical characteristics, which means that they can
serve as good model drugs for small molecules [2].

According to the chemical structure and spectral charac-
teristics, D-luciferin has an ultraviolet absorption at 333 nm,
and its emission ray peak is at a wavelength of 526 nm [3].
The quantitative detection of D-luciferin can be achieved
by both its spectral characteristics and enzymatic reaction
with luciferase. These methods provide standards for assays
of encapsulation and drug loading of liposomes, which may
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also be applied to D-aminoluciferin and other D-luciferin
derivatives [4].

Compared with two-dimensional models, multicellular
tumor spheroids (MCTS) could serve as models which can
bridge monolayer cells in vitro and tumor models in vivo
[5]. MCTS are composed of core layers (necrotic layer and
layer gangrene), transition layers, and surface layers. Polarity
makes MCTS more similar to tumor models in vivo. Besides,
since MCTS can be obtained by the method of cell culture,
it is more convenient and economical than building tumor
models with nude mice [6].

Methods of preparing MCTS include cell suspension dis-
persive cultivation, tissue engineering method, the microflu-
idic system, and three-dimensional printing technology.
Among all the abovemethods, cell suspension dispersive cul-
tivation and tissue engineering method are most commonly
used. On the other hand, in order tomeet the requirements to
model a wide variety of tumor cells, a combination of various
preparation methods is also a recent trend [7].

The main cell models are two-dimensional models with
cell culture plates. It is popular for its short training period
and high repeatability. However, two-dimensional plane of
monolayer cells has significant limitations. For example, the
basal side of cells is contracted to culture plate, and the
upper side is exposed to nutrition solution. Although uni-
formity exists, a good simulation of tumor stroma cannot be
achieved.

Therefore, we introduce a liposome encapsulation tech-
nology platform for studying the dynamic uptake of nanopar-
ticles delivery system in vitro and in vivo with D-luciferin as
a model. We plan to study the preparation of liposomes to
encapsulate D-luciferin with pH gradient both theoretically
and practically. We also want to investigate the kinetic
uptake of free drugs and drug-loaded nanostructures in
cell suspension, monolayer cells, MCTS, and tumor-bearing
mice. A three-dimensional model is expected to be built to
bridge tumor cells in vitro and tumor models in vivo.

2. Materials and Methods

2.1. Materials. EPC and HSPC were purchased from Lipids
Corp (Japan). Cholesterol, DPPC, DSPE-PEG2k, and DPPC
were purchased from Avanti Polar Lipids Inc. (US). Triton
X-100, ATP, Coenzyme A, and agarose were obtained from
Sigma-Aldrich (US). D-luciferin and 5 × cell lysis buffer were
purchased from Promega Corp (US). Sephadex G-75 was
purchased from GE Corp (US). RPMI 1640 cell culture fluid,
FBS, trypsin, penicillin/streptomycin solution, and micro-
dialysis tubes were purchased from Thermo Fisher (US).
4T-luc was purchased from Shanghai Science Light Corp
(China). DSPE-PEG2000-Mal-GE11 and H1299-pGL3 (C11)
were obtained from School of Pharmacy, Shanghai Jiao Tong
University. Nude mice (BALB/C, female, 4-week-old, 12.5∼
17.5 g) were purchased from Slac Laboratory Animal Corp
(China). Dialysis bags (MWCO 3.5 KD) were purchased
from Sangon Biotech Corp (China). Other chemical reagents
for common use were purchased from Shanghai Chemical
Reagent Corp (China).

2.2. Methods

2.2.1. Preparation of Liposomes. Most liposomes prepared
with the method of passive loading had encapsulation effi-
ciency lower than 15% [8]. In order to prepare liposomes that
could carry enough D-luciferin for imaging in vivo and to
reduce lipid costs, theoretical calculation has been studied to
identify the feasibility of active loading with pH gradient.

The theoretical calculation was based on the following
physicochemical parameters and hypothetical conditions:

(a) The surface of the head of EPC was 70 Å2 [8–12]. The
pKa of D-luciferin was 8.6.

(b) The thickness of the lipid bilayer of the liposome
models was uniformly 40 Å [9–12].

(c) In order to obtain the oil-water partition coefficient of
D-luciferin, the software of Marvin-Sketch has been
applied with the computed result of log𝑃 = 2.24.

(d) All the liposomes prepared were homogeneous SUV
with diameter of 200 nm.

In this hypothetical case, liposomes were composed of EPC :
cholesterol : DSPE-PEG2000 with molar ratio of 56 : 39 : 5.
During the process of drug loading, 0.05mL D-luciferin
(0.725mg, pH5.0)was added to liposomes (2.9mg lipid)with
formed pH gradient (pH 5.0 in intrawater phase and pH 10.0
in interwater phase) [13, 14].

1 𝜇mol EPC can be dispersed into 4200 cm2 lipid mono-
layer or 2100 cm2 lipid bilayer.

𝑉 = 𝑆 ∗ ℎ. (1)

The volume of the oil phase of liposomes composed of 1 𝜇mol
EPC was 8.4𝑒 − 10m3. The volume of the oil phase of liposo-
mes composed of 1mol EPC was 8.4𝑒 − 4m3.

As shown in Figure 1, in a model of a liposome with
diameter of 200 nm, the thickness of lipid bilayer is 4 nm.

𝑉water-phase =
4
3
𝜋𝑟3 (2)

𝑉oil-phase =
4
3
𝜋 (𝑅3 − 𝑟3) (3)

V(water-phase) = 3.7041𝑒 − 21m
3 (Data 1)

V(oil-phase) = 4.8257𝑒 − 22m
3. (Data 2)

In the case of liposomes composed of EPC : cholesterol :
DSPE-PEG2000 with molar ratio of 56 : 39 : 5 [15], when
drug : lipid (w/w) = 1 : 4, liposomes composed of 2.9mg total
lipid contained 2.24309𝑒 − 6mol EPC and 2.00325𝑒 − 7mol
DSPE-PEG2000.

Hypothesis Condition A. The addition of cholesterol to lipo-
somes only increases the density of membrane but makes no
difference on the volume of oil phase. The volume of the oil
phase is the sum of volume of EPC and DSPE-PEG2000.

Hypothesis Condition B. When 1mol EPC and 1mol DSPE-
PEG2000 are forming liposomes, they occupy the same
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Figure 1: Structure schematic of liposome with diameter of 200 nm.

volume. To be specific, 1mol EPC or 1mol DSPE-PEG2000
forms an oil phase of 8.4𝑒 − 4m3.

Based on the hypotheses stated above, in the liposomes
composed of 2.9mg lipid

𝑉(EPC) = 1.8842𝑒 − 9m
3 (Data 3)

𝑉(DSPE-PEG2000) = 1.6827𝑒 − 10m
3 (Data 4)

𝑉(oil-phase) = 2.0525𝑒 − 9m
3. (Data 5)

Hypothesis Condition C. All 2.9mg lipid forms homogeneous
liposomes with diameters of 200 nm.

As shown in (Data 2), in a liposomal model of SUV with
diameter of 200 nm, 𝑉(oil-phase) = 4.8257𝑒 − 22m3. Based on
the hypothesis above, 2.9mg lipid can form𝑁 = 4.253269𝑒12
liposomes of homogeneous SUV with a diameter of 200 nm.
Accordingly, as shown in (Data 1), the total volume of the
water phase formedwith the 2.9mg lipid was 1.57545𝑒−8m3.

𝑉(water-phase) = 𝑁 ∗ V(water-phase)

= 1.57545𝑒 − 8m3.
(Data 6)

In this case [16], the total volume of liposomal solution was
0.35mL.

𝑉(inter-water) = 𝑉 − 𝑉(intra-water) − 𝑉(oil-phase). (4)

Based on the above equation,

𝑉(inter-water) = 3.3404𝑒 − 7m
3. (Data 7)

In order to make sure the calculation for the volume of intra-
water phase, interwater phase, and oil phase was reliable and
objective enough, a second computing method was applied.

In the model shown in Figure 1, the hydrophilic radicals
(polar head) of lipid bilayer faced the intrawater phase

and interwater phase. The inside diameter and the outside
diameter of the liposomal model were 186 nm and 200 nm,
respectively.

𝑆 = 4𝜋𝑟2. (5)

Based on (5), the sumarea of the inner surface and the outside
surface was 𝑆 = 2.4135𝑒 − 13m2. Since the area of the
polar head of EPC was 70 Å2 [9, 10, 17], in order to form
a liposomal model with diameter of 200 nm, the number of
EPC molecules needed was 3.44786𝑒5.

𝑛200 nm = 3.44786𝑒5. (Data 8)

Accordingly, 1mol EPC can form 1.7466𝑒18 liposomal mod-
els with a diameter of 200 nm.

𝑁200 nm = 1.7466𝑒18. (Data 9)

In the case of liposomes composed of 2.9mg lipidswithmolar
ratio of EPC : chol : SPE-PEG2000 = 56 : 39 : 5,

𝑛(EPC) = 2.24309𝑒 − 6mol (Data 10)

𝑛(DSPE-PEG2000) = 2.00325𝑒 − 7mol. (Data 11)

Hypothesis ConditionD. Liposomes are composed of EPC and
DSPE-PEG2000 solely. Cholesterol makes no difference on
forming liposomes.

Hypothesis Condition E. The head of DSPE-PEG2000 occu-
pies an area of 70 Å2 when it is forming liposomes.

Based on the two hypothesis conditions stated above,

𝑛(total lipid) = 𝑛(EPC) + 𝑛(DSPE-PEG2000)

= 2.443415𝑒 − 6mol.
(Data 12)

Based on (Data 9) and (Data 12), 2.9mg lipid can form
4.2677𝑒12 liposomal models of SUV with diameter of
200 nm.

𝑁 = 4.2677𝑒12. (Data 13)

Based on (Data 1) and (Data 2), in 0.35mL liposomal solu-
tion containing 2.9mg lipids,

𝑉(oil-phase) = 2.0710𝑒 − 9m
3 (Data 14)

𝑉(intra-water phase) = 1.5808𝑒 − 8m
3. (Data 15)

Based on (4)

𝑉(inter-water phase) = 3.3212𝑒 − 7m
3. (Data 16)

Based on the above data, in order to identify the feasibility of
active loading of pH gradient, the balanced concentration of
D-luciferin in different phases was calculated.

Hypothesis Condition F. When the active loading of pH
gradient finished, the pH of intrawater phase was 5.0 and the
pH of interwater phase was 10.0.
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Luc-COOH Luc-COOHLuc-COOH

Internal water phase
pH 10.0

Oil phase External water phase
pH 5.0

Luc-CO／− + （+ Luc-CO／− + （+
logPlogPpKa pKa

Figure 2: Schematic diagram of the concentration equilibrium of D-luciferin in the internal water phase, external water phase, and oil phase.

Table 1: Concentration of molecular and ionized D-luciferin in different phases in the model of liposomes.

Molecular or ionized D-luciferin Concentration
Ionized D-luciferin in internal water phase (Luc-COO−) 𝑎1
Molecular D-luciferin in internal water phase (Luc-COOH) 𝑎2
Molecular D-luciferin in oil phase (Luc-COOH) 𝑎3
Molecular D-luciferin in external water phase (Luc-COOH) 𝑎4
Ionized D-luciferin in external water phase (Luc-COO−) 𝑎5
Total concentration of ionized and molecular D-luciferin 𝑎(total)

As shown in the liposomemodel in Figure 2, the distribu-
tion of D-luciferin in each phase was mainly determined by
the balance of oil-water partition andmolecular dissociation.

According to the definition of oil-water partition coeffi-
cient of D-luciferin and the concentration set in Table 1,

𝑃 = 𝐶oil
𝐶water

(6)

𝑃 = 𝑎3
𝑎2
= 𝑎3
𝑎4

(7)

𝑎2 = 𝑎4 =
𝑎3
𝑃
. (8)

According to the definition of dissociation constant,

𝐾𝑎 =
𝐶(Luc-coo−)𝐶(H+)
𝐶(Luc-COOH)

(9)

𝑎5 =
𝐾𝑎 ⋅ 𝑃 ⋅ 𝑎3

𝐶(H+ external-water-phase)
(10)

p𝐾𝑎 = − lg𝐾𝑎. (11)

As the physiochemical parameters of D-luciferin, p𝐾𝑎 = 8.6
[18],

𝐾𝑎 = 10
−8.6 (mol/L)

= 2.5119 × 10−9 (mol/L) .
(Data 17)

Based on hypothesis condition 𝐹 and log𝑃 = 2.24,

𝑎1 = 4.3652 × 10
3 ⋅ 𝑎3 (12)

𝑎2 = 173.7801 ⋅ 𝑎3 (13)

𝑎4 = 173.7801 ⋅ 𝑎3 (14)

𝑎5 = 4.3652 × 10
−2 ⋅ 𝑎3. (15)

From the above equations, we can conclude that 𝑎1 > 𝑎2 =
𝑎4 ≫ 𝑎5.

𝑎1 ⋅ 𝑉inner-water + 𝑎2 ⋅ 𝑉inner-water + 𝑎3 ⋅ 𝑉oil + 𝑎4
⋅ 𝑉outer-water + 𝑎5 ⋅ 𝑉outer-water = 𝑎 ⋅ 𝑉

(16)

log𝑃 = log
𝐶oil-phase
𝐶water-phase

. (17)

Based on the above equations, 0.725mg D-luciferin is equal
to 2.2767× 10−6mol [19], and the concentration ofD-luciferin
in different phases can be calculated.

According to the above theoretical calculation, both pH
gradient and the volume of external water phase affected
the encapsulation efficiency. The following experiments were
conducted to identify whether the effect of pH gradient on
encapsulation efficiency in practical conditions was consis-
tent with theoretical calculation.

In this study, lipid films composed of EPC : chol : DSPE-
PEG2k with molar ratio of 56 : 39 : 5 were prepared in 4 egg-
plant-shaped flasks. The 4 samples of lipid films were labeled
as A, B, C, and D, respectively. TRIS buffer (300mL, pH
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10.0) was added to the flasks with lipid membranes, and the
final concentration of lipid was adjusted to 10mg/mL. After
manual extrusion with polycarbonate membranes with pore
size of 400 nm and 200 nm, liposomes of A and C were
dialyzed with dialysate of 20mL citric acid solution (150mL
NaCl, pH 6.0). While liposomes of B and D were dialyzed
with dialysate of 20mL citric acid solution (150mL NaCl, pH
3.0). The process of dialysis lasted for 12 h with exchange of
fresh dialysate every 4 h. 50𝜇L purified liposomes of A, B,
C, and D with lipid concentration of 10mg/mL was added
to 950 𝜇L 10% Triton solution. The mixtures were kept static
for 30min after being vortexed for 30 s. 50 𝜇L liquid was
transferred to 96-well plates in triplicate. Microplate reader
was used to detect the absorption with wavelength set at
330 nm. By comparingwith the standard curve, the amount of
D-luciferin and the entrapment efficiency of liposomes could
be calculated.

In order to further optimize the method of preparing
liposomes, the relationship between pH gradient and encap-
sulation efficiency has been studied based on the method
designed by Kheirolomoom et al. [20].

2.2.2. Assays with Cell Suspensions

(1) SMMC-7721-pGL3 cells were cultured according to
conventional procedures (cell culture was carried out
using RPMI 1640 cell culture medium containing
10% fetal bovine serum). The cells in the logarithmic
growth phase of a flask (T25-sized cell culture flask)
were collected using trypsin digestion.

(2) The cells were counted by a hemocytometer, and the
density of the cell suspensionwas adjusted to 4.0× 105
cells/mL.

(3) The cells were added to 24-well plates at 1.0mL per
well. Namely, the inoculation density per hole was 4.0
× 105 cells/mL.

(4) The cells were placed in a cell incubator and incubated
in a 5% CO2 incubator at 37

∘C for 48 h.

(5) The cells were cultured for 48 h. The complete med-
ium was removed in a biological clean bench and
washed twice with a PBS (pH 7.4) solution. The
complete medium was removed in a biological clean
bench and washed twice with a PBS (pH 7.4) solution.
After digestion with trypsin for 2min, RPMI 1640 cell
culture medium containing 10% fetal bovine serum
(FBS) was added to stop digestion. After centrifu-
gation (300×g, 5min for each time), the cells were
washed 3 times with PBS (pH 7.4) to completely
remove trypsin.

(6) The cells were counted with a hemocytometer. And
the cell density was adjusted to 1.0 × 105 cells/mL with
PBS solution.

(7) Liposomes composed of DPPC : chol : DSPE-PEG2k
with molar ratio of 86 : 10 : 4 and 86 : 10 : 10 were pre-
pared with the method of thin-film dispersion. They
were purified with dialysis to separate the unloaded

D-luciferin. The concentration of encapsulated D-
luciferin was diluted to 0.3mg/mL. And free D-luci-
ferin with the same concentration was for control.

(8) 10 𝜇L cell suspension was mixed with 10 𝜇L 0.3mg/
mL free D-luciferin in a tube. Bioluminescence was
measured with illuminance meter (FB12/Sirius Illu-
minance meter, Berthold Science and Technology
Company, Germany) immediately after mixing. The
detectionmode of the illuminometer was set as single
kinetics. The delay time and the measure time were
set as 2.0 s and 12.0 s, respectively. The measurement
was repeated for three times.

2.2.3. Assays with Monolayer Cells

(1) Cells of H1299-pGL3 were cultured according to
routine operation (the cell culture fluid of RPMI 1640
which contained 10% fetal bovine serum was used).
Trypsin was used to digest and a bottle of cultured
cells (T25 specification) in logarithmic growth phase
was collected.

(2) The number of the cells was counted by the blood cell
counting plate, and the density of cell suspension was
adjusted to 8.0 × 104/mL.

(3) 0.1mL cell suspension was added to each well in 96-
well plates (Corning 3610, whiteboard). In order to
avoid the difference of the volume between the wells
caused by the evaporation of the outer ring of the well
plate of culture medium, the outermost one was not
inoculated with cells; only 0.1mL PBS was added to
it. Therefore, only 10 × 6 = 60 wells are inoculated in
every 96-well plate.

(4) Cell culture medium was taken out after the incu-
bation of 48 h in the incubator of 5% CO2 at 37

∘C.
The culture medium was absorbed by a straw and
then discarded at biocleanworking platform, washing
them up 3 times with PBS (pH 7.4) and making
every well left 100 𝜇L RPMI 1640 without fetal bovine
serum. Three wells of them were digested trypsin,
and the cell number was also counted by the blood
cell counting plate. According to the calculation, the
number of cells was 5.334 × 104/mL in every well.

(5) PBS (pH 7.4) was used to prepare the solution of D-
luciferin with the concentration of 0.05mg/mL.

(6) 96-well plates were moved to the Multimode Detec-
tion Platform, and the automatic injector was also
used to add 100 𝜇L of different concentrations of D-
luciferin to the plates; the measure time was set as
10ms, 100ms, 1000ms, and 4000ms; then continu-
ous determinations of biological luminescence signal
were made. 100 𝜇L PBS (pH 7.4) was added to groups
of blank control. Every measurement was repeated 3
times.

(7) Microsoft Excel was applied to sort the data, and the
figure was generated by setting time as the horizontal
coordinate and setting signal intensity of biolumines-
cence as the vertical coordinate.
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In order to elaborate the mechanism of the uptake of D-
luciferin, endocytosis inhibitors have been added to the
monolayer cells of H1299-pGL3. The only difference com-
pared with the method above was that the D-luciferin solu-
tion was mixed with 50 𝜇l 2 𝜇g/ml methyl-𝛽-cyclodextrin,
25 𝜇g/ml cytochalasin B, 25𝜇g/ml cytochalasin B, 1 𝜇g/ml
Filipin III, or Omeprazole, respectively.

2.2.4. Assays with MCTS. The preparation of MCTS models
referred to the method used by Juergen Friedrich. Specific
operations are listed as follows [14]:

(1) Weigh 0.75 g of agarose into a 250mL beaker and add
RPMI 1640 to 1.5% (w/v) agarose. 50mL of agarose
solution was generally sufficient for about 10 plates of
96-well plates.

(2) The beaker was sealed with aluminum foil and put
into an autoclave and autoclaved according to con-
ventional procedures.

(3) After autoclaving, the agarose was removed from the
autoclave immediately before the agarose solution
had been solidified (about 90∘C) and placed in a 60∘C
water bath prepared in a biological clean bench device
in advance.

(4) The agarose solutionwas added to a flat-bottomed 96-
well plate. 50 L of solution was added to each well.
(Note: common transparent cell culture plate can be
used for the preparation of MCTS models for routine
experiments; to increase the sensitivity of biolumi-
nescence detection with Multimode Detection Plat-
form, 96-well plates with white wall and transparent
bottom were recommended (such as Corning #3610);
a transparent bottom facilitated the observation of
inverted microscopes and the use of phase contrast
microscopy, and a white wall can decrease the inter-
ference from adjacent wells.)
In this experiment, Eppendorf 96-well plate was
chosen.

(5) The 96-well plates were placed horizontally and
allowed to stand for cell inoculation after the agarose
solution was cooled and solidified. To reserve pre-
coated 96-well plates for future use, they should be
wrapped with plastic and aluminum foil in a sterile
environment.

(6) To investigate the effect of cell seeding density on the
MCTS model, 4T1-luc cell suspension was collected
and cultured according to the conventional method
in the previous section. And the density of the 4T1-
luc cell suspension was adjusted to 2.5 × 103 cells/mL,
3.75 × 103 cells/mL, 5.0 × 103 cells/mL, 7.5 × 103
cells/mL, 1.0 × 104 cells/mL, 1.5 × 104 cells/mL, 2.0 ×
104 cells/mL, 3.0 × 104 cells/mL, 4.0 × 104 cells/mL,
and 6.0 × 104 cells/mL.

(7) The cell suspensions of each concentration were
inoculated into 96-well plates and the volume of each
well was 0.2mL. Cultured for 48 h, the formed cell
aggregates or MCTS were observed using a phase

contrast microscope. Cell aggregates or MCTS were
photographed using phase contrast microscopy and
the diameter of multicellular tumor spheres was
measured using matching image processing software.
Then the volume of MCTS was calculated.

(8) The abovemethodof agarose-coatingwas also applied
to H1299-pGL3 (C11), A549-luc, and SMMC-7721-
pGL3 to identify whether they could form MCTS.

In order to detect the dynamic uptake of nanostructures for
drug delivery in MCTS, the bioluminescence produced from
the reaction of liposomes encapsulating D-luciferin with
MCTS models of 4T1-luc was detected.

(1) Models of 4T1-luc were built with seeding density of
1.0 × 104 cells/mL (8.0 × 103 cells per well) following
the above method.

(2) After culture for 3 d, models of homogeneous MCTS
with diameter of 776.61 ± 22.12 𝜇m were prepared.

(3) Liposomes composed of HSPC : chol = 70 : 30 and
HSPC : chol : DSPE-PEG2k-Mal-GE11 = 68.6 : 29.4 : 2
were prepared with the above method and were
purified with dialysis to eliminate the D-luciferin that
had not been encapsulated.

(4) The concentration of encapsulated D-luciferin was
adjusted to 6.0mg/mL.

(5) After 50 𝜇L of liposomes was added to each well con-
taining MCTS, the final concentration of D-luciferin
in each well was 1.2mg/mL. The same volume of free
D-luciferin with the same concentrationwas added to
the control groups.

(6) Bioluminescence was detected with small animal
imaging system at 5min, 15min, 25min, 40min,
50min, 75min, and 720min. The exposure time was
set at 5min. And the bioluminescence was calculated
with the software attached to the instrument.

(7) The dynamic curve was generated with Microsoft
Excel.

2.2.5. Assays with Tumor-Bearing Nude Mice

(1) 4T1-luc cells were cultured and collected. 5𝜇g/mL of
Blasticidin S (sterilized fungus) was added in the cell
culture to obtain 4T1-luc cells which were with higher
purity and could express luciferase stably.

(2) The density of 4T1-luc cell suspension was adjusted to
1.0 × 107 cells/mL. Cancer cells were cultured under
the armpit skin folds of 12 nude mice (BALB/C nude
mice) with the inoculation amount being 1.0 × 106
cells each nude mouse.

(3) The subcutaneous tumors formed after 10 days. The
length and width of subcutaneous tumors were mea-
sured by Vernier calipers.

(4) Liposomes composed of HSPC : chol = 70 : 30 and
EPC : chol = 70 were prepared.

(5) In order to study the dynamic uptake of nanostruc-
tures for drug delivery in tumor, the liposomes were
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Table 2: Distribution of D-luciferin in different phases.

Molecular or ionized
D-luciferin in different phases

Concentration
(mol/m3)

Amount of
substance (mol)

Distribution of
D-luciferin

𝑎1 76.7533 1.2133 × 10−6 53.2920%
𝑎2 3.0556 4.8303 × 10−8mol 2.1216%
𝑎3 1.7583 × 10−2 3.6414 × 10−11mol 0.0016%
𝑎4 3.0556 1.0148 × 10−6mol 44.5146%
𝑎5 7.6753 × 10−4 2.5491 × 10−10mol 0.0112%

Table 3: Fraction of the amount of substance of D-luciferin in
intraliposomal, extraliposomal, and oil phase.

Phase Fraction of the amount of D-luciferin in
different phases

Internal water phase 53.7969%
Oil phase 0.0029%
External water phase 46.2013%

administered by tail vein injection and intratumoral
injection, respectively.
For intravenous injection, the concentration of encap-
sulatedD-luciferin was adjusted to 15mg/mL, and the
dose was 0.2mg/g body weight. The control group
was injected with the same volume of saline. Biolu-
minescencewas detectedwith ZKKS-MI-II small ani-
mal imaging system (Guangzhou Zhongke Kaisheng
Medical Technology Co., Ltd). The exposure time
was set as 1min. And the images were captured
continuously for 100min after injection.
For intratumoral injection, the concentration of
encapsulated D-luciferin was adjusted to 10mg/mL,
and the dose was 0.1mg/g body weight. The control
group was injected with the same volume of saline.
The exposure time was set 4min.

(6) The data of bioluminescence was processed with the
software attached to the instrument. And the dynamic
curve was generated with Excel (Microsoft Office).

Animal welfare and experimental procedures were approved
by the animal ethics committee of Shanghai University
of Medicine and Health Sciences and Shanghai Jiao Tong
University.

3. Results and Discussion

3.1. Preparation of Liposomes

3.1.1. Theoretical Calculation. The results of the theoretical
calculation indicated that the active loading with pH gradient
was feasible. As is shown in Tables 2 and 3, in the case of
active loading designed by Kheirolomoom et al. [20], the
total amount of ionized andmolecular D-luciferin in internal
water phase could reach 55.4136% in ideal conditions. It

should be noted that, in the above theoretical calculation, all
D-luciferin in oil phase was considered to bemolecular forms
that did not dissociate.

The result demonstrated that, in order to achieve active
loading and to sustain high concentration of D-luciferin in
interwater phase, at least two factors were related. One was
the pH gradient between internal and external water phase,
and the other was the volume of external water phase.

It must be noted that the above theoretical calculation
was based on the balance of oil-water partition andmolecular
dissociation. In practice, the distribution is related to time
and the diffusion rate is associatedwith lipid components. For
example, it takes time for molecular D-luciferin to pass from
external water phase to oil phase, or to pass from oil phase to
intrawater phase.

Practical experience and long-term exploration indicated
that the leakage of encapsulate D-luciferin from liposomes
could be a significant factor, especially when the process
of dialysis lasted long. Compared with dialysis, glucan gel
column chromatography (Sephadex G-75) was generally a
better choice for the purification of liposomes.

In vivo imaging tended to cost a big amount of D-
luciferin; thus column chromatography (Sephadex G-75) was
recommended. While for in vitro test with cells or MCTS,
dialysis was recommended because the separation of free
D-luciferin was more thorough; thus the interference effect
resulting from incomplete purification could be decreased.

Column chromatography often resulted in the dilution
of liposomes. Three practical approaches could be applied to
condense the liposomes. Firstly, ultrafiltration tubes (MWCO
3KD) were strongly recommended. It should be noticed that
liposomes with diameters less than 100 nm could not be
cut off completely by ultrafiltration tubes (MWCO 10KD).
The second approach was to employ frozen centrifugation
technology to evaporate water. The third approach was to
put liposomes into dialysis bag (MWCO 3KD) with PEG2k
coated outside. After putting the bag into a drying oven
for 24 h, liposomes could be condensed. Since the last two
approaches only eliminated water, the ionic concentration
tended to increase. In brief, ultrafiltrationwas the best choice.

3.1.2. Encapsulation Efficiency by pH Gradient Method. In
Figure 3, under the condition that pH = 10.2 in internal water
phase and pH= 6.0 in external water phase, the encapsulation
efficiency of liposome was 5.29 ± 1.20%. While in conditions
that pH= 10.2 in the interwater phase and pH=3.0 in external
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Figure 3: Effect of pH gradient on encapsulation efficiency of
liposomes.

water phase, the encapsulation efficiency was 22.04 ± 0.52%.
This indicated that the increasing pH gradient was favorable
for pH gradient active drug loading, which was consistent
with the theoretical calculation results mentioned before.

3.2. Assays with Cell Suspensions. Figure 4 showed kinetic
curves of bioluminescence produced from the reaction of
cells suspensions with liposomal and free D-luciferin with
concentration of 0.3mg/mL. The bioluminescence of free D-
luciferin peaked at 105 s. The curve of the liposomes with
molar ratio of DPPC : chol : DSPE-PEG2k = 86 : 10 : 4 had two
gentle peaks, with peaking time at 119 s and 273 s, respectively.
The first peak might be resulting from the same mechanism
of free D-luciferin which was released from liposomes, which
needed further study. The releasing process might happen
outside or near the surface of cellmembrane.The secondpeak
might be caused by the transfer of liposomes to the cells and
the later reaction of released D-luciferin with cellular lysate.

The kinetic curve of liposomes with molar ratio of
DPPC : chol : DSPE-PEG2k = 86 : 10 : 10 had the highest bio-
luminescence at 189 s, which was almost at the midpoint
of the 119 s and 273 s. In other words, this curve might
be the overlap of 2 peaks resulting from free D-luciferin
and liposomal D-luciferin. The kinetic curve was totally
lower than that of liposomes of DPPC : chol : DSPE-PEG2k =
86 : 10 : 4. It might be explained that DSPE-PEG2k increased
the hydrophobicity of liposomes and thus decreased the
attachment of liposomes to cell membrane.

3.3. Assays with Monolayer Cells. Figure 5 shows the kinetic
curve of bioluminescence produced from the reaction of free
D-luciferin and liposomal D-luciferin in different formula-
tions with monolayer cells.The peaking value of the biolumi-
nescence of liposomes of EPC : chol = 70 : 30 was found to be
higher than that of liposomes in other formulations. It could
be explained that the phase transition temperature of EPC
was lower than other lipids. Thus the liposomes composed
majorly of EPC would be “softer,” which made the leakage
and release of D-luciferin easier than other liposomes.

Compared to the liposomes of EPC : chol = 70 : 30, both
the value of bioluminescence reaching peak and the value
remaining stable were higher than that of the liposomes of
EPC : chol : DSPE-PEG2000 = 56 : 39 : 5. It could be explained
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Figure 4: Dynamic curves of bioluminescence signal produced
from the reaction of cell suspension with liposomal and free D-
luciferin. (Liposomes composed of DPPC : chol : DSPE-PEG2k with
molar ratio of 86 : 10 : 4 and 86 : 10 : 10 were prepared with the
method of thin-film dispersion. They were purified with dialysis to
separate the unloaded D-luciferin. The concentration of encapsu-
lated D-luciferin was diluted to 0.3mg/mL. And free D-luciferin
with the same concentration was for control. The density of cell
suspension was adjusted to 1.0 × 105 cells/mL. The testing mode of
the illumination meter was set as single kinetic. After mixing the
cell suspension with liposomal or free D-luciferin, bioluminescence
was detected immediately.The delay time for eachmeasurement was
2.0 s, and the measurement time was 10.0 s. RLU is short for relative
light unit.)

that the addition of DSPE-PEG2000 increased the hydropho-
bicity of the liposomes, which decreased the adhesion of lipo-
somes to cells. Similarly, the bioluminescence of liposomes
of HSPC : chol = 70 : 30 was found to be lower than that of
liposomes of EPC : chol = 70 : 30. It could be explained that
the liposomes were composed majorly of HSPC, which had
a higher phase transition temperature. Due to the increase
of the phase transition temperature, the barrier effect of the
“hard” liposomes could decrease the leakage and release of
the encapsulated D-luciferin.

Figure 6 shows the kinetic curve of bioluminescence
produced from the reaction of liposomes of EPC : chol =
70 : 30 with monolayer cells within 10,000 s. The curve had
two overlapped peaks.The first peak was sharper with a value
of 1,000 at 300 s, while the second peak had a value of 1200 at
about 6,700 s.

The first hypothesis of the overlapped peaks was that the
uptake of liposomes was via two routes. The first route of
cellular uptake happened earlier with liposomes fused with
cellular membranes after absorption.Thus higher concentra-
tion of D-luciferin was formed near the area of inner surface
of cellular membranes. In this route, encapsulated drugs were
transported into the cells in forms of free D-luciferin. In the
kinetic curve, the second peak was wide with gentle slope.
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Figure 5: Kinetic curves of bioluminescence produced from the
reaction of monolayer cells with free D-luciferin and luciferin-
loaded liposomes of different formulations.
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Figure 6: Kinetic curve of bioluminescence produced from the
reaction of liposomes of EPC : chol = 70 : 30 and monolayer cells
of H1299-pGL3 within 10,000 s. (Luciferin-loaded liposomes were
separated from nonencapsulated luciferin by passing the extruded
liposomal solution through a column of Sephadex G-75. To further
prepare the liposomes, the released luciferin from the liposomes
was separated using centrifugal ultrafiltration units with amolecular
cutoff of 3 KD at 2000×g, 15∘C for 20min prior to detection. Interval
of the measure time was set at 1000ms.)

The uptake of liposomes might be in form of endosomes.
Bioluminescence was produced after the reaction of released
D-luciferin with cellular luciferase following endocytosis.
However, this was only a hypothesis on the mechanism
of explaining the cellular uptake of liposomes. To verify
this hypothesis, further study with confocal microscope,
radioactive labeling, and imaging techniques was needed.
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Figure 7: Effect of endocytosis inhibitors to the bioluminescence
produced after free D-luciferin was added to monolayer cells of
H1299-pGL3. (The96-well plates hadwhitewalls with clear bottoms.
Each well was seeded with 3000 cells. Bioluminescence was detected
with multifunctional microplate reader. The unit of measurement
time was set at 1000ms.)

Marginal layer

Transition layer
Necrotic core

Figure 8: Multicellular tumor spheroid of 4T1-luc. (The picture was
taken with a phase contrast microscope. The seeding density was
8.0 × 103 cells in each well. The pink background shows the color of
cell culture medium of RPMI 1640.)

As shown in Figure 7, endocytosis inhibitor group and
the control group did not show significant difference. It
demonstrated that the uptake of D-luciferin was not related
to caveolin, clathrin, or micropinocytosis.

3.4. Assays with MCTS. As shown in Figure 8, a model of
MCTS (4T1-luc) was composed of marginal layer, transition
layer, and a necrotic core. Table 4 showed the morphological
parameters of MCTS with different seeding densities. Practi-
cal experience indicated that MCTS with a seeding density of
8,000 cells per well showed the best morphology and stable
repetition in different wells and different batch.
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Table 4: Morphological parameters of cell aggregates and MCTS of 4T1-luc with different seeding density.

Initial seeding density
(cell number in each well)

Longest diameter
(m)

Shortest diameter
(m)

Diameter
(m)

Volume
(mm3)

500 411.15 319.90 365.52 ± 73.23 27.73 ± 13.05
750 475.67 418.24 446.96 ± 35.11 47.38 ± 11.13
1000 543.38 514.05 526.43 ± 30.37 76.85 ± 12.92
2000 595.81 587.67 591.74 ± 5.76 108.45 ± 3.16
3000 680.18 647.61 663.90 ± 23.03 153.41 ± 15.94
6000 757.28 706.00 736.49 ± 53.97 211.33 ± 47.64
8000 792.25 760.97 776.61 ± 22.12 245.42 ± 20.95
10000 884.82 853.48 869.15 ± 22.16 343.94 ± 262.86
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Figure 9: Kinetic curve of bioluminescence of luciferin-loaded lipo-
somes of HSPC : chol = 70 : 30 andHSPC : chol : GE11 = 68.6 : 29.4 : 2
added to MCTS.

Except for 4T-1-luc, the other three cell lines have been
studied for building models of MCTS with the method of
loading agarose on the bottom of wells. Cells of H1299-
pGL3 could only form loose aggregates that could not bear
pipetting. Cells of SMMC-7721-pGL3 andA549-luc could not
form aggregates with this method.

In Figure 9, the kinetic curve of bioluminescence of
liposomes modified with GE11 was totally above the curve
of the control group without modification. It was consistent
with the fact that the modification with GE11, a new peptide
ligand, promoted the delivery of nanoparticles to cells that
had epidermal growth factor receptor (EGFR) [9, 12].

3.5. Assays with Tumor-Bearing Nude Mice. Figure 10 shows
the kinetic curve of bioluminescence on the tumor area
captured by the in vivo imaging system after tail vein injection
of free or liposomal D-luciferin. The bioluminescence of
liposomes of HSPC : chol = 70 : 30 peaked to a photon
number of 4.14×107 at 41min. Compared to free D-luciferin,
the kinetic curve of the liposomes shows a certain degree of
sustained releasing, which could be explained by the barrier
effect of the liposomal membranes to D-luciferin.
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Figure 10: Kinetic detection of bioluminescence of the tumor
region in tumor-bearing nude mice following tail vein injection of
luciferin-loaded liposomes and free D-luciferin. (The volume of the
subcutaneous tumor of 4T1-luc was 0.440 ± 0.022 cm3. Each mouse
was injected with either liposomal or free D-luciferin with dosage of
0.2mg/g bodyweight.The exposure time of the in vivo image system
was set at 1min.)

Figure 11 shows the kinetic curve of bioluminescence of
the tumor region in tumor-bearing nude mice after intratu-
moral injection of luciferin-loaded liposomes (EPC : chol =
70 : 30). Compared with free D-luciferin, the kinetic curve of
liposomes shows a sustained releasing effect.

4. Conclusion

Focused on the dynamic uptake of nanostructures for drug
delivery based on bioluminescence measurements, this study
included three parts. The first part was the preparation of
liposomes to encapsulate D-luciferin, which served as a
model drug. The distribution and the active loading of D-
luciferin with pH gradient have been studied. Based on the
theoretical calculation, the feasibility was demonstrated by
experiments. The second part of this study was building
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Figure 11: Kinetic detection of bioluminescence of the tumor region
in tumor-bearing nude mice following intratumoral injection of
luciferin-loaded liposomes and free D-luciferin. (The volume of the
subcutaneous tumor of 4T1-luc was 0.440 ± 0.022 cm3. Each mouse
was injected with either liposomal or free D-luciferin with dosage of
0.1mg/g body weight.The exposure time of the in vivo image system
was set to 4min.)

three-dimensional models to bridge tumor cells in vitro
to tumor models in vivo. The third part of this study
focused on kinetic uptake on free drugs and drug-loaded
nanostructures in cell suspension, monolayer cells, MCTS
and tumor-bearing mice. This paper laid a solid foundation
for establishing a technology platform for tracking and
analyzing the dynamic uptake of luciferin and luciferin-
loaded nanoparticles.

5. Prospective

This study offered a technology platform for studying the
dynamic uptake of luciferin and luciferin-loaded nanostruc-
tures in vitro and in vivo.

First of all, scientists have synthesized dozens of deriva-
tives of D-luciferin and D-aminoluciferin [2, 14, 15, 21, 22].
Due to the various groups modified to the core structure,
these derivatives could have vastly different characteristics on
molecular weight, solubility, hydrophobicity, hydrophilicity,
and so on.The differences on their characteristics make them
quite suitable to serve as model drugs for small molecules.
By modifying D-luciferin with grand organs like peptides or
polysaccharide, Mäger et al. have tried to study the uptake
mechanismof smallmolecules and to identify the effect of cell
penetrating peptides on cellular endocytosis [22]. Besides,
radioactively labeled D-luciferin is also popular for studying
the mechanism of cellular uptake [23].

Except for liposomes, the development of other novel
nanostructures has attracted more and more scientists. Li et
al. have tried to prepare nanostructures by caging luciferin
and to apply ultrasound to promote the release of caged
luciferin [24, 25].

Targeting modification has been applied to the prepara-
tion of nanostructures for loading D-luciferin. The nanos-
tructures prepared in this study could also be applied to
screen membrane-targeting peptides and cell penetrating
peptide. Luciferin-loaded nanostructures might also play a
role in explaining their mechanism on promoting membrane
targeting and cell penetrating [20]. In order to increase
the mechanical strength of MCTS and to maintain their
morphology during pipetting, combination of Matrigel, cen-
trifuge tube culture, cell suspension, and agarose-coating was
expected [17, 18].

Building postoperation models for the study of mutual
reaction between nanostructures and tumor stroma is
expected to be a research hotspot. Thermal therapy and the
digestion of collagenase to collagen fibers are two good tools.
The luciferin-loaded nanostructures in this study have great
potential for studying the difference of nanostructures and
tumor stroma after operation, thermal therapy, or treatment
with collagenase [26, 27].

Nanostructures that load two or more kinds of drugs are
shown to be a novel direction. These findings are expected
to have a great potential in therapies of drug combinations.
The extension of this study also includes the fluorescence
modification of nanostructures encapsulating D-luciferin
or D-aminoluciferin. By detecting both fluorescence and
bioluminescence, further study of their dynamic uptake and
distributionwithmodels both in vitro and in vivo is expected.
The tracing of these dual labeled nanostructures may yield
more interesting results in the near future [28–30].
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It is of significant interest to create functional flexible surfaces that simultaneously exhibit high water-resistance and antimicrobial
performances for medical or packaging applications. This study reported a synthesis of functional surface coating on flexible
cellulose materials (filter papers) with ZnO nanoparticles and binds of renewable soybean oil-based polymers. Self-aggregation
of ZnO nanoparticles could form ZnO particles with two regular morphological patterns. Rather than a rod-like morphology, a
flower-like ZnO benefited a promotion of surface hydrophobicity. Moreover, surface with the flower-like ZnO showed a 51.6%
promotion on antimicrobial activities against Gram-negative bacteria (E. coli) than the rod-like ZnO. A low binder/ZnO ratio of
0.2 led to a remarkable improvement onwater repelling performances without negative effects on a coating adhesion of ZnO. Under
this condition, a hydrophobic surface was achieved with a large static contact angle of 138∘ when applying ZnO nanoparticles at a
dosage of 3 gm−2.

1. Introduction

Introduction of flexible cellulose materials such as microfib-
rillated cellulose or cellulose nanofibers as functional mem-
brane, supporting component or papers in medicinal and
electronic and packaging applications, attracts people’s great
attentions [1–4]. For a nature of existence of -OH group on
cellulose surfaces, the ease of absorbing moisture or directly
contacting with water during distribution, storage, and
application is of great challenge to mechanical endurances
or antidegradability of these cellulose materials. Moreover,
additional functional properties such as good antibacterial
activity were also usually preferred for preparing functional
cellulose materials. Surface modification possessed a great
promise for a controlled wettability or hydrophobicity of the
functional cellulose materials.

The creation or development of hydrophobic surfaces
with (orwithout) antibacterial function on cellulosematerials
uses a number of technologies, such as, chemical coating
methods using a mixture of 1H,1H,2H,2H-perfluorooctyltri-
ethoxysilane, 3-(trimethoxysilyl)-propyldimethyloctadecyl
ammonium chloride, and P,P-diphenyl-N-(3-(trimethoxys-
ilyl) propyl) phosphinic amide [5] or fluoroalkyl-functional
siloxane [6] through a sol–gel process; laccase-catalyzed
hydrophobization with lauryl gallate [7] and grafting with
eugenol [8] or ferulic acid [9]; thermochemical fabrication
and impregnation of silver nanoparticles with starch
[10]; sonochemical cohydrolysis and cocondensation with
tetraethyl orthosilicate and alkyltrialkoxysilanes [11]; and
physical pad-dry-cure method with MgO/methyl silicate
nanocomposites [12].
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Other methods such as internal sizing and surface sizing
only provide a first barrier for cellulosic substrates against
water penetration but often cannotmeet the requirements for
modern applications [13]. Nowadays, artificial water-resistant
surfaces have been fabricated on cellulosic substrate based
on selection of appropriate methods to create roughness
and/or low surface energy on local surfaces [14]. Fluorinated
polymers together with nanoparticles, for example, silica
[15] or ZnO [16], were believed to be effective chemicals in
building up water-resistant structure on cellulosic surface
[17]. However, if an environment concernwas taken into con-
sideration, coatingwith no-fluorinatedmaterials is preferable
technology for preparation of highly hydrophobic surface
[18].

ZnO is an attractive candidate for surface coating appli-
cation [19, 20] due to its considerable antibacterial efficiency
[21], stability [22], tunable structure [23], and low toxicity
[24]. ZnO nanoparticles are promising additives for further
improving the hydrophobicity through dedicated surface
modification [18] such as stearic-acid modification [25, 26].
On the other hand, preventing undesirablemicrobial spoilage
was also an important property for coating materials [19, 27].
ZnO finds increasing application as an antibacterial material
for its promise of withstanding a harsh physical or chemical
processing [21], compared to organic antibiotics that were
conventionally used [22]. For instance, incorporate ZnO in
hygienic coating for sterile packaging use [28].

Because of the promising functional properties, ZnO was
introduced in this study for creating functional flexible sur-
faces that simultaneously exhibit high water-resistance and
antimicrobial performances that could be subject to medical
or packaging applications. ZnO nanoparticles were applied
to build functional layers hierarchically on filter papers as a
model of flexible substrate through a surface coatingmethod.
Soybean oil-based polymers were used as a green binding
reagent for assembling the ZnO particles with cellulosic
fibers. With an optimal coating formulation and application
dosages, water repelling properties and antibacterial activities
of the composite surface were determined for evaluating its
feasibility for medical or packaging applications.

2. Materials and Methods

2.1. Materials. Rod-like ZnO were obtained from Aladdin
Biochemical Technology, Co. Ltd. (Shanghai, China). Flower-
like ZnOwere synthesized by a typical hydrothermal method
according to the reportedmethod [26].The average intensity-
based hydrodynamic size of ZnO particles was measured
using a Zeta Potential analyzer (ZetaPlus, Instruments Cor-
poration, NY, USA). Cellulose filter paper (Whatman #2,
106 gm−2, GE healthcare Life Sciences, Buckinghamshire,
UK) was used as the cellulose substrate. Soybean oil-based
polymer for binding ZnO nanoparticles on the paper surface
was prepared according to the procedure reported in our
previous study [29]. The chemicals of acrylated epoxidized
soybean oil (AESO), 3-aminopropyltriethoxysilane (APTS),
benzoyl peroxide (BPO), and anhydrous acetone were mixed
with a weight ratio of 1/0.3/0.004/1. All of the chemicals were

purchased from Sigma-Aldrich Corporation (St. Louis, MO,
USA).

2.2. Methods

2.2.1. Coating ZnO on Paper Surface. Coating slurry was
prepared by mixing ZnO particles with binder together. In a
typical method, 1 g ZnO particles (drymass) was dispersed in
5mL ethanol. All the prepared coating slurry was in an equal
volume of 5mL. The binder was gently added into the slurry
at the ratio of 0.2–0.6/1 (binder/ZnO, w/w).

The paper was coated by a rod coater (K303 Multicoater,
RK. Print Coat Instruments Ltd., UK) with the coating slurry
at a velocity of 3mmin−1. After coating, the paper was
immediately transferred for curing at 80∘C for 30min to
finalize the bonding of ZnO particles. Coating weight of the
ZnO varied from 1.5 gm−2 to 4.5 gm−2.

2.2.2. Characterization of Morphologies and Surface Wet-
tability. The aggregation patterns of the commercial and
synthesized ZnO particles and distributions of ZnO particles
on surface were characterized using a JEOL 6400 scanning
electronmicroscope (JEOL Ltd., Tokyo, Japan). To determine
the surface wettability, static contact angles (SCA) of water
droplets (3 𝜇L) on the surface coating were measured using
an optical tensiometer (Attension Theta, Biolin scientific,
Stockholm, Sweden) [30]. Measurement was performed for
10 times on each sample.

2.2.3. Antibacterial Assays. Minimum inhibition concentra-
tion (MIC) of ZnO particles against E. coli ATCC 11229
was measured by a dilution method [31]. ZnO particles with
different concentrations were serially diluted in LB broth.
The ZnO dilution and fresh bacterial culture (106 CFUmL−1)
were equally mixed by volume and incubated at 37∘C for 18 h.
MIC was determined as the lowest effective concentration of
ZnO in inhibiting a visible growth of bacteria.

The antibacterial activity of the ZnO surface coating was
quantitatively examined through a cultivation method in
shaking flasks. A 0.10 g of paper sample was soaked in a
25mLflask containing 5mL culture ofE. coli (105 CFUmL−1).
Shaken at 200 rpm, the mixture was incubated at 37∘C for
60min. After cultivation, 0.5mL culture was successively
diluted with 4.5mL PBS solution to prepare bacterial dilu-
tions. Finally, 0.1mL of the dilution was coated on LB agar
plate. After an incubation at 37∘C for 24 h, the number of
bacterial colonies formed was counted. Each paper sample
was tested in triplicate. Filter paper without surface coating
was used as the paper blank.

A reduction rate of bacterial reproduction was calculated
to determine the antibacterial efficiency of the surface coat-
ings by

Reduction rate (%) = 100% × (𝐴 − 𝐵)
𝐴
, (1)

where 𝐴 and 𝐵 were the numbers of bacterial colonies
formed from the cultureswith paper blank and coated papers,
respectively.



Journal of Nanomaterials 3

Water dropletBacteria

Paper

Water droplet

Binder

ZnO

Figure 1: Schematic diagram of the surface coating structure.

3. Results and Discussion

3.1. Structure of the Surface Coating. Thesurfacewettability of
the surface coating was usually determined by two important
factors: surface energy and surface roughness [32]. Natural
cellulosic surfaces are hydrophilic or highly affiliative to
water. In this work, change in hydrophobicity of cellulosic
surface was realized due to the hydrophobic properties
of soybean oil-based binder [33]. Low surface energy was
achieved after incorporating the hydrophobic binder on
cellulosic surfaces. At themean time, themicro- or nanoscale
hierarchical structures of ZnO particles could control the
surface roughness (Figure 1).

The use of soybean oil-based polymer in the coating for-
mula as binders relied on its bifunctional roles in the surface
coating [34]. On one hand, AESO, themain constituent in the
binder, could distribute through chain propagation to form
a hydrophobic substance through free-radical reactions. On
the other hand, the APTSwhich attached onAESO through a
Michael addition reaction [35] could efficiently provide reac-
tive silanol groups to render covalent bonds between -OH
and Ö2

− on cellulosic surface andmetallic oxide, respectively
[33]. The binder was predominantly made up of triglyceride
structures and probably possesses a potential degradability
[36].

The original pore structure on natrual cellulosic surface
and ZnO particles contributed to the increase of water-
resistant property of the coated cellulosic surfaces. The inter-
laced network of cellulose fibers provided basic microstruc-
ture of paper surfaces. ZnO nanoparticles coating could
lead to three-dimensional structural patterns in micro- and
nanoscale to form a hierarchical roughness on cellulosic
surface. This specific morphology was believed to be more
effective in creating air pockets [37] and increasing the water
contact angles of the cellulose materials [38].

3.2. Aggregation of Patterns of ZnO Nanoparticles. In this
study, two aggregation patterns of ZnO nanoparticles, that
is, rod-like ZnO and flower-like ZnO, were introduced and
tested separately (Figure 2). With an average diameter of ∼
2 𝜇m, the 3D structure of the flower-like ZnO was observed
by assembing a large number of 15 nm-thick nano-ZnO
sheets. The nanosheets intersected with each other to form
special porous structures on the flower-like ZnO.

Table 1 demonstrates the average diameters of the ZnO
particles with two different aggregation patterns. The hydro-
dynamic size for both ZnO particles was relatively lower than
that estimated by SEM imaging method.

3.3. Factors Affecting the Water Repelling Efficiency of
Surface Coating

3.3.1. Patterns of ZnO Particles. Figure 3 shows that the
cellulosic surface is superhydrophilic as the SCA is almost 0∘.
It could be explained by the existing of free hydroxyl groups
that had a strong affinity for water. It demonstrated a strong
hydrophobicity of the polymer binder was demonstrated as
the hydrophilic cellulosic surface became hydrophobic with
a SCA of 106∘ when a 0.3 gm−2 binding polymer was applied
(Figure 3(b)). With introducing of two ZnO into the coating
formula, the SCA of paper was further promoted over 125∘
(Figures 3(c) and 3(d)). It could be explained by a forma-
tion of hydrophobic substance over the cellulosic substrate
followed by a decrease of the surface energy with ZnO
particles. Additionally, the coverage of hydrophobic ZnO
particles introduced micro- and nanoscale roughness, which
was able to trap air for forming a solid-air-liquid interface.
Themultiscale structures, combiningmicro- and nanometric
structuration would provide a remarkable promotion on
water-droplet repellency [39]. The use of ZnO particles and
polymer binder realized an improved antiwetting property
through a surface morphological modification.

Interestingly, differences of the SCA between ZnO parti-
cles with distinct morphologies were observed. The flower-
like ZnO was more effective in promoting SCA than the rod-
like ZnO. As mentioned above, the flower-like ZnO particles
tended to form a regular three-dimensional pattern full of
micro- and nanostructures (Figure 3(d)) that were believed
to be more effective in creating air pockets for an increase of
SCA [40]. In contrast, the rod-like ZnO only deposited a flat
structure through the surface coating (Figure 3(c)).

3.3.2. Ratio of Polymer Binder and ZnO in the Formula. The
dosages of soybean oil-based binder in the coating agent
needs to be adjusted to provide sufficient hydrophobicity
as well as to ensure a solid affinity of ZnO particles on
the cellulosic surface. Figure 4 shows that an increase of
binder/ZnO ratio always leads to a decrease of SCA on the
surface either with the lower-like ZnO or the rod-like ZnO.
Lower ratio benefited a high SCA. The negative effect of
an overuse of polymer binder on the SCA could refer to
the AESO composition which had caused a loss of surface
nanostructures induced by engulfing of ZnO particles and
thus a reduction in roughness in the coating layers [15]. In
addition, the reduction of the surface roughness was also
attributed to the ease of aggregation of ZnO particles.

Even with an increased ratio of binder/ZnO, the flower-
like ZnO still showed better performances on improving
the water repelling efficiency than the rod-like ZnO did
(Figure 4). As all porous structures on the ball-shaped parti-
cles could be well filled with the adsorbed binding chemicals,
the flower-like ZnO showed an even distribution pattern
on the coating surface. The smaller rod-like ZnO tended to
gather together with the binding chemicals on the cellulosic
surface. Considering a firm adhesion of ZnO particles, a ratio
no less than 0.2 should be selected as the optimal level for
further application.
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Figure 2: SEM images of the nano-ZnO aggregation.

Table 1: Particle size and polydispersity of the nano-ZnO aggregation.

Aggregation patterns
Hydrodynamic size SEM observable size

Effective
diameter (nm) Polydispersity Average

diameter (nm) Polydispersity

Rod-like ZnO 124.5 0.13 372.1 0.49
Flower-like ZnO 521.7 0.18 2374.1 0.30

3.3.3. Coating Weight. An increase application of the coating
formula from 1.5 to 3 gm−2 promotes the SCA with either of
the flower-like ZnO or the rod-like ZnO (Figure 5). However,
an intensive application of coating weight had a negative
effect on the SCA of the cellulosic surfaces. In Figure 6,
it is revealed that the coating weight has influenced the
surface morphology directly. At a coating weight of 1.5 gm−2,
the cellulosic surface was only partially coated by the ZnO
particles with binding polymers, leaving the valley area
of fiber networks hydrophilic to water. As the increase of
the coating weight to 3 gm−2, the cellulosic surface was
well covered by the hydrophobic coating with a mixture of
micro- or nanostructures exposed on the air-water interface.
Upon further increasing the coating weight to 4.5 gm−2, the
cellulosic surface is covered by densely packed layers with
a significant loss of micro- or nanohierarchical structures
(Figure 6). As the fabrication of micro- or nanostructures
on the coating surface would reflect the hydrophobicity
performances of materials, choosing proper coating weight
as well as a premodification of morphologies of the coating
substrate would be possible method to adjusting the SCA on
the coating surface.

3.4. Antimicrobial Efficiency of the Surface Coating with ZnO
Nanoparticles. Besides regulating the surface roughness, the
ZnO particles also played a key role in introducing the
antimicrobial function to the cellulosic surfaces. Depending
on the differences in particle sizes, the bacterial types, and
experimental assays, the reported antimicrobial efficiency of
ZnO differed with an effective concentrations ranging from
81 to 2835𝜇gmL−1 [41].

Determination of antibacterial activity of ZnO particles
was performed homogenously as it ensured that ZnO par-
ticles could be well distributed in the bacterial culture [42].
In this study, we also measured a relative inhibating rate
for E. coli reproduction (reduction rate) alternatively using
the filter papers with immobilized-ZnO-polymer coatings.
In this study, the flower-like ZnO-polymer coating shows
higher antibacterial activity than that of the rod-like ZnO-
polymer coating (Table 2). The result was consistent with
the reported literature [43]. Nevertheless we did not find an
obvious difference in the MIC between using flower-like and
the rod-like ZnO (Table 2).

A coating weight of 3 gm−2 led to a 51.6% of reduction
rate E. coli reproduction by coating with flower-like ZnO
particles. The reduction rate was comparable to that with the
dispersion of free ZnOparticles and the reduced antibacterial
efficiencies of the surface coating were mainly from the
barrier effects caused by binding polymers [43].

Defect sites could be formed on the flower-like ZnO
with a typical structural pattern of 15 nm-thick nanoplates
(Figure 2); that was believed to be responsible for the pro-
duction of reactive oxygen species (ROS) in antibiosis of
E. coli. In addition, an increase of coating weight resulted
in an improvement of antibacterial activities for the coating
surfaces. Clearly, a higher availability of ZnO from applying
intensive coating weights on cellulosic surfaces corresponded
to the promotion on release of ROS [44].

4. Conclusion

Functional flexible cellulosic surfaces with water-resistant
and antimicrobial propertieswere prepared through a coating
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Figure 3: SEM images and SCA of (a) cellulosic surface; (b) cellulosic surface + binder; (c) cellulosic surface + binder + rod-like ZnO; and
(d) cellulosic surface + binder + flower-like ZnO (with binder/ZnO ratio = 0.2).
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Figure 5: Effect of coating weight on the SCA of coating surfaces (with binder/ZnO ratio = 0.2).

Table 2: Antimicrobial performances of the surface coating with different ZnO aggregations.

MIC Reduction of E. coli reproduction (%)
(𝜇gmL−1) ∗Coating weight of 1.5 gm−2 ∗Coating weight of 3 gm−2

Control 0 0 0
Rod-like ZnO 312.5 34.0 45.3
Flower-like ZnO 312.5 44.9 51.6
∗Binder/ZnO ratio = 0.2.
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Figure 6: SEM images of the coating surface at different coating weight (with binder/ZnO ratio = 0.2).

method with ZnO nanoparticles and soybean oil-based poly-
mers. The flower-like structural pattern of ZnO effectively
promoted the SCA and antimicrobial activities. Under the
optimal conditionswith a binder/ZnO ratio of 0.2 and coating
weight of 3 gm−2, the prepared functional surfaces showed
improved hydrophobic and antibacterial advantages with a
SCA value of 138∘ and a 51.6% reduction rate for inhibiting
E. coli reproduction.
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A nano-gene vector PEI-P123-R13 was synthesized by cross-linking low molecular weight PEI with P123 and further coupling
bifunctional peptide R13 to the polymer for targeting tumor and increasing cellular uptake. The binding assessment of R13 to 𝛼v𝛽3
positive cells was performed by HRP labeling. The internalization pathways of P123-PEI-R13/DNA complexes were investigated
based on the effect of specific endocytic inhibitors on transfection efficiency. The mechanism of intracellular trafficking was
investigated based on the effect of endosome-lysosome acidification inhibitors, cytoskeleton, and dynein inhibitors on transfection
efficiency. The results indicated that the bifunctional peptide R13 had the ability of binding to 𝛼v𝛽3 positive cells in vitro. The
modification of P123-PEI-R13 with R13 made it display new property of internalization. P123-PEI-R13/DNA complexes were
conducted simultaneously via clathrin-mediated endocytosis, caveolin-mediated endocytosis, macropinocytosis, and possible
energy-independent route. After internalization, P123-PEI-R13/DNA complexes could escape from the endosome-lysosome system
because of its acidification and further took microtubule as the track and dynein as the dynamic source to be transported toward
the microtubule (+) end, to wit nucleus, under the action of microfilament, and with the aid of intermediate filament.

1. Introduction

Cancer is the main reason of death worldwide, while gene
therapy is the most potential way to eradicate cancer. A high
efficiency and low toxicity gene vector plays a key role in gene
therapy. Nonviral gene vectors, especially polyethyleneimine
(PEI), have recently attracted remarkable interests. A target-
ing vector P123-PEI-R13 was once successfully synthesized.
At first we synthesized a kind of high molecular weight
PEI derivate (P123-PEI) by cross-linking low molecular
weight PEI with Pluronic P123. Integrin 𝛼v𝛽3 can be highly
expressed on cancer cells, and RGD is the 𝛼v𝛽3-targeting
peptide. Cell-penetrating peptides can directly carry macro-
molecule substance to pass through the cell membrane. In
order to improve cell selection and increase cellular uptake,
we coupled 𝛼v𝛽3-targeting peptide RGDC with the cell-pen-
etrating peptide TAT to obtain a bifunctional peptide RGDC-
TAT (named R13) and then used R13 to modify the PEI
derivate P123-PEI. Thus a new polymeric gene vector (P123-
PEI-R13) was prepared. The purpose of this study was to
solve the efficiency-versus-cytotoxicity and tumor-targeting

problems of PEI as a nonviral gene delivery vector. The new
nonviral gene vector P123-PEI-R13 could reduce cytotoxicity
of PEI under the circumstance that PEI showed high transfec-
tion efficiency, increase the cell selection, and then improve
the curative effect of gene therapy. This study could find an
available way to gene therapy on cancer [1]. However, the
binding affinity, cellular uptake, and subsequent intracellular
trafficking of this vector should be clarified.

For gene therapy, an appropriate gene vector is necessary
for its efficient binding to cells, cellular uptake, and intra-
cellular trafficking. Binding to the target cells is an essential
precondition for cell transfection. The internalization of
macromolecules is achieved through endocytosis. Endocy-
tosis is divided into phagocytosis and pinocytosis, in which
phagocytosis exists in specialized cells while pinocytosis is
involved in all kinds of cells. During the endocytosis, plasma
membrane is internalized into cells to form a vesicle firstly
and then enter the endolysosomal environment by fusing
with endosomes [2]. Phagocytosis can be classified into the
following: clathrin-mediated endocytosis, caveolin-mediated
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endocytosis, macropinocytosis, and clathrin- and caveolae-
independent endocytosis [3]. After the complex is taken up
by cells via endocytosis, the further intracellular transport
from endosome to the nucleus appears to be particularly
important. Endosome-lysosome system is the main pathway.
As a highway to transport the cargoes, the cytoskeleton is
made of three kinds of protein filaments: microfilaments,
intermediate filaments, and microtubules [4].

Chemical inhibitors have an enormous impact on the
intracellular components and structures, and the major
intracellular pathways of macromolecules are usually distin-
guished on the basis of their differential sensitivity to chem-
ical inhibitors. In this study, inhibitors were applied to deter-
mine the internalization mode and intracellular routing of
P123-PEI-R13/DNA complexes. Chlorpromazine hydrochlo-
ride (CPZ), glucose, and C9 (competitive peptide RGD,
CYGGRGDTP) were used as inhibitors of clathrin-mediated
endocytosis. CPZ was said to inhibit clathrin-mediated
endocytosis by translocating clathrin and adaptin frommem-
brane to vesicles [5]. Glucose might lead to the shedding of
clathrin [6]. The inhibition of C9 was competitive. It blocked
the combination between P123-PEI-R13/DNA and adaptin,
which regulated clathrin-mediated endocytosis [7]. Genistein
was used as an inhibitor of caveolin-mediated endocytosis.
It restrained the formation of intracellular vesicles [8]. 5-
(N,N-Dimethyl) amiloride hydrochloride (DMA) was used
as an inhibitor of macropinocytosis. It could inhibit Na+/H+
exchange protein on the plasma membrane [9]. NH

4
Cl and

monensin were used as inhibitors of endosome-lysosome
system. They prevented the acidification of endosome and
inhibited their fuse and maturation [10]. Cytochalasin B
(Cyto B) caused the depolymerization of the action and
inhibited the function of microfilaments [11]. Colchicine
(Col) and paclitaxel (PTX) were used as inhibitors of
microtubes. Col could stimulate polymerization of micro-
tubes and PTX could inhibit mitosis [12, 13]. Having
determined suitable inhibitors, the efficiency of inhibitors
was assessed quantitatively in Hela cells by pGL3-Control
reporter gene so as to investigate the internalization pathways
and intracellular trafficking of P123-PEI-R13/DNAcomplexes
based on the effect of specific inhibitors on transfection
efficiency. Understanding the intracellular transport can
provide researchers with more ideas for improving current
nonviral gene vectors.This study investigated the intracellular
transport of gene delivery system for cancer gene therapy
with the purpose of developing an optimal prototype for
tumor cell transfection.

2. Materials and Methods

2.1. Materials. HRP, SMCC, BSA, genistein, monensin,
cytochalasin B, glucose, colchicine, paclitaxel (PTX), and
5-(N,N-dimethyl) amiloride hydrochloride (DMA) were
obtained from Sigma Aldrich (St.Louis, MO). The compet-
itive peptide RGD C9 (CYGGRGDTP), dimethylsulfoxide
(DMSO), formaldehyde, H

2
O
2
, EDTA, NH

4
Cl, acrylamide,

and the absolute ethyl ethanol were obtained from China
National Medicines Corporation Ltd. RPMI 1640 culture

medium, fetal bovine serum (FBS), and trypsin were pur-
chased from Invitrogen (Carlsbad, CA). Luciferase assay
system for in vitro transfection assay and pGL3-Control
vector with SC-40 promoter and enhancer encoding fire-
fly (Photinus pyralis) luciferase were obtained by Promega
(Madison, WI). Chlorpromazine hydrochloride (CPZ) and
sodium orthovanadate (SOV) were provided by TCI (Shang-
hai) Development Co., Ltd.

2.2. Preparation of P123-PEI-R13/DNA Complexes and Mor-
phologic Observation. The charge ratio of P123-PEI-R13/
DNA was controlled by regulating weight ratio of P123-PEI-
R13 and DNA. DNA solution and polymer solution were
mixed to form self-assembly complexes with desired w/w
ratio. The complexes were allowed to stand at 4∘C for 30
minutes before they were used in the next experiments.

The concentration of DNA was 50𝜇g/mL and the w/w
ratio of the polymer to DNA was 10. A drop of the complex
solution was placed on a copper grid. Transmission electron
microscope (JEM2100F; JEOLLtd., Tokyo, Japan)was used to
observe the morphological characteristics of the micelle after
the sample was dried.

2.3. Binding Affinity of R13 to Integrin Receptor

2.3.1. Conjugation of R13 with HRP. N-Succinimidyl-4-(N-
maleimido-methyl) cyclo-hexane–carboxylate (SMCC) was
used as heterobifunctional agent to combine R13 with HRP
enzyme. After SMCC was dissolved in dimethyl sulfoxide
solution (3.33mg/mL) and HRP was dissolved in PBS arriv-
ing at a concentration of 10mg/mL, 0.1mL of SMCC solution
was slowly added to 0.4mL of HRP solution (1 : 10, n/n). The
reactionmixturewas incubated at 25∘C for 30min.The super-
fluous nonreacted cross-linker was removed by gel chro-
matography (Sephadex G-25, Pharmacia). Then 10mg/mL
R13 PBS solution was mixed with the maleimide-activated
HRP solution (1 : 10, n/n) and kept at 4∘C in shade for 12
hours. Amicon Ultra-4 centrifugal filter device (Millipore)
was used to remove the nonreacted R13.

2.3.2. Evaluation of Binding Affinity. Aswe know, the integrin
𝛼v𝛽3 receptors can be highly expressed on Hela cells and
B16 cells. Two kinds of cells were seeded in RMPI 1640
medium in 6-well plates (Costar, Corning Corp, New York)
and incubated for one day to 70–80% confluence. After the
medium was removed, the cells were washed by PBS once.
1mLof fixative solution (2% formaldehyde and 0.05%glutaral
in PBS buffer) was added to each well and the cells were fixed
for 15 minutes. The cells were washed by 1mL 0.01M PBS
three times, treatedwith 3%H

2
O
2
aqueous solution, and then

washed by 3mL of 0.01M PBS three times, each time for 3
minutes. 1mL of 1% BSA was added in each well to block
the protein binding site. After 20 minutes, the excess liquid
was blotted.The cells were randomly divided into test groups
and control groups, which were cultivated with the diluted
R13-HRP solutions and HRP solutions for 60 minutes at
37∘C, respectively, and then washed by 3mL 0.01M PBS three
times. Finally, the cells were stained with DAB and observed
by microscopy (AE-31, Motic Corporation, Germany).
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2.4. Effect of Specific Endocytic Inhibitors on Transfection
Efficiency. The effects of different inhibitors on the trans-
fection efficiency of P123-PEI-R13/DNA in Hela cells were
investigated using the pGL3-Control reporter gene. After
being dispersed by trypsin, 3 × 104 cells were added to each
well of a 24-well plate and cultured with RPMI 1640 medium
containing 10% serum for 24 h to 70–80% confluence. Before
transfection, the culture medium was removed and then
washed by 1mL 0.01M PBS three times. 400𝜇L of serum-
free RPMI 1640 medium containing different concentrations
of inhibitors was added to each well and incubated for 30
minutes. Cells were incubated for 2 h at 37∘C in 5% CO

2

atmosphere after 100𝜇L of complex solution with 0.8𝜇g
pDNA at w/w ratio of 30 was appended to each well. Then
the medium was replaced with 500 𝜇L of medium containing
10% FBS and cells were incubated for another 48 h.

Luciferase was detected in accordance with Operation
Manual (Promega, Madison, WI). The culture medium was
removed and 200𝜇L of cell culture lysis reagent (CCLR)
was added. After 0.5 h shaking, the cell lysis solution was
centrifuged (8000 rpm, 5min, 4∘C). 20 𝜇L of cell culture
supernate was added to 100 𝜇L of the luciferin substrate
before luciferase activity was examined immediately by a
luminometer (Turner Designs Luminometer model TD-
20/20; Promega, USA). The content of protein was detected
by BCA protein assay kit (Pierce, Rockford, IL). The relative
light unit (RLU) against the corresponding protein contents
was applied to calculate the transfection efficiency for pGL3-
Control. Six replicates were counted for each sample.

2.5. Effect of Incubation Time and Temperature on Transfection
Efficiency. The effect of incubation temperature and time on
the transfection efficiency of P123-PEI-R13/DNA complexes
was also investigated in Hela cells using the pGL3-Control
reporter gene. The cells were cultured according to 2.4. After
the culture medium was removed, cells were incubated with
400 𝜇L of serum-free RPMI 1640 medium and 100 𝜇L of
complex solution with 0.8 𝜇g pDNA at w/w ratio of 30 at
4∘C and 37∘C, respectively. Then the culture medium was
removed at different time point and the cells were washed by
PBS once. A fresh medium containing 10% FBS was added
and cells were further incubated for 48 hours. Luciferase
activity was measured according to Section 2.4.

2.6. Effect of Endosome-Lysosome Acidification Inhibitors,
Cytoskeleton, andDynein Inhibitors on Transfection Efficiency.
The effects of endosome-lysosome acidification inhibitors,
cytoskeleton, and dynein inhibitors on the transfection effi-
ciency of P123-PEI-R13/DNA in Hela cells were investigated.
All the experiments using the pGL3-Control as reporter gene
were performed according to Section 2.4.

2.7. Statistical Analysis. Data was showed in the form of the
mean ± standard deviation. Assigning the value of signifi-
cant level as 0.05, two-sample Student’s 𝑡-tests and analysis
of variance were used to determine statistically significant
differences between these groups.

Figure 1: Transmission electron micrograph of P123-PEI-R13/DNA
complexes.

3. Results and Discussion

3.1. Morphological Characteristics of P123-PEI-R13/DNA
Complexes. From Figure 1, the P123-PEI-R13 polymer could
condense pDNA into nanoparticles with spherical structure.
The particle size and electric potential of P123-PEI-R13/
DNA complex under different mass ratios were measured
previously. The particle sizes of the complexes with range
from 100 to 400 nm were inversely proportional to its w/w
ratios, which was suitable for cell transfection. As the w/w
ratio of cationic polymer increases, the zeta potential of the
complex also increases. An appropriate amount of positive
charges helps to bind successfully to cell membranes with
negative charges, but too high concentration of cationic
charges will be toxic to cells. The zeta potential of P123-PEI-
R13/DNA complexes was around 5–40mV.

3.2. Binding of R13 Coupled with HRP to 𝛼v𝛽3 Positive Cells.
PEI used as gene vector was limited due to its poor cells selec-
tion. PEI was positively charged and body cells were nega-
tively charged,which result in that therewas no binding selec-
tivity between them. Hela cells were cocultured with HRP-
labeled R13 and HRP, and staining was conducted with DAB,
followed by an observation under an inverted microscope. In
Figure 2, the cells in test groupswere stained strongly positive,
but negative in control groups. The results indicated that R13
was capable of binding to 𝛼v𝛽3 positive cells in vitro, Hela
cells, and B16 cells and heralded excellent tumor targeting.

3.3. Mechanism of Cellular Uptake of
P123-PEI-R13/DNA Complexes

3.3.1. Effects of Clathrin-Mediated Endocytosis Inhibitors on
Cell Uptake of P123-PEI-R13/DNA Complexes. As shown
in Figure 3, different concentration of CPZ, glucose, and
C9 inhibited transfection efficiency of P123-PEI-R13/DNA
complexes more or less. The inhibitive effect became more
significant as the dose increased (except glucose). 20 𝜇M of
CPZ showed the most notable inhibition (>85%), followed
by 250 ng/mL C9 (>50%), which affected the transfection
efficiency through competitively combination with receptors
on the cell surface. The inhibition rate of 0.4M glucose is
about 42%. Clathrin-mediated endocytosis is the primarily
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Hela cells only with HRP (200x) Hela cells with R13-HRP (200x)

B16 cells only with HRP (200x) B16 cells with R13-HRP (200x)

Figure 2: Binding affinity of R13 to Hela cells and B16 cells.

and explicitly recognized uptake pathway of cells. Almost all
mammalian cells adopt this approach for continuous endo-
cytosis of important substances. The results demonstrated
that clathrin-mediated endocytosis was one of the efficient
approaches for P123-PEI-R13/DNA complexes to pass into
cells.

3.3.2. Effects of Caveolin-Mediated Endocytosis Inhibitor on
Cell Uptake of P123-PEI-R13/DNA Complexes. The inhibition
of genistein to caveolin-mediated endocytosis was shown in
Figure 4. No inhibition was found at low concentration of
genistein; the inhibitive effect increased with increasing con-
centration.The inhibition rate is as high as 70% at the concen-
tration of 200𝜇M. It revealed that caveolin-mediated endo-
cytosis also caused difference in the internalization, as one of
the efficient pathways employed by P123-PEI-R13/DNA com-
plexes.

3.3.3. Effect of Macropinocytosis Inhibitor on Cell Uptake of
P123-PEI-R13/DNA Complexes. The inhibition of DMA to
macropinocytosis was shown in Figure 5. No inhibition was
found at low concentration of DMA. Higher concentration
of DMA could inhibit the transfection efficiency of P123-
PEI-R13/DNA complexes. The inhibitive effect was dose-
dependent and the inhibition rate is about 65% at the concen-
tration of 20𝜇M. It is worth mentioning that the macropino-
cytosis is often neglected, and few cationic complexes get
into cells through this way. However, the transfection of

P123-PEI-R13/DNA complexes was significantly inhibited in
the presence of high concentration of DMA; that is to say,
macropinocytosis participated in the endocytosis of P123-
PEI-R13/DNA complexes, which showed the different endo-
cytosis characteristics of this complex. It may be associated
to the modification of P123-PEI-R13 with cell-penetrating
peptide (CPP) TAT (49–57) [14].

3.3.4. Effect of Incubation Time and Temperature on Trans-
fection Efficiency of P123-PEI-R13/DNAComplexes. Hela cells
were incubated with P123-PEI-R13/pGL3-Control complexes
at 4∘C and 37∘C, respectively, and culturemedium containing
compound was removed at a certain time point. The culture
medium was replaced by fresh medium with 10% FBS and
cells were further incubated for 48 hours. Transfection effi-
ciency of P123-PEI-R13/pGL3-Control complexes at different
temperature and incubation time was measured, shown in
Figure 6.

FromFigure 6, the transfection effect of compoundon cell
will increase over time under 37∘C, but it did not reach amax-
imum after 4 h incubation. It also increased with time under
4∘C but gradually leveled off after 2 h incubation. In addition,
the complex had a higher transfection efficiency under 37∘C
than under 4∘C at different time point, which meant that
transfection of P123-PEI-R13/DNA complexes was an energy
consuming process. It is worth noting that the transfection
of the complex under 4∘C was not completely restrained by
the low temperature and had the time-dependent character-
istic, demonstrating that the internalization of this complex
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Figure 3: Effect of chlorpromazine hydrochloride (CPZ), glucose,
and C9 on transfection efficiency of P123-PEI-R13/DNA complexes
in Hela cells at w/w ratio of 30. CPZ and glucose were used
as the inhibitors of clathrin-mediated endocytosis. C9 was the
competitor of P123-PEI-R13/DNA complexes for clathrin-mediated
endocytosis. The RLU/mg protein in control cells was set to 100%.
Each data point represents the mean ± standard deviation (𝑛 = 6,
∗∗𝑃 < 0.01).
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Figure 4: Effect of different concentration of genistein on transfec-
tion efficiency of P123-PEI-R13/DNA complexes in Hela cells at w/w
ratio of 30. Genistein was used as the inhibitor of caveolin-mediated
endocytosis. The RLU/mg protein in control cells was set to 100%.
Each data point represents the mean ± standard deviation (𝑛 = 3,
∗∗𝑃 < 0.01).

was not simply an active transport process that needed
energy consumption, but there also might be other forms
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Figure 5: Effect of different concentration of 5-(N,N-dimethyl)
amiloride hydrochloride (DMA) on transfection efficiency of P123-
PEI-R13/DNA complexes in Hela cells at w/w ratio of 30. DMA was
used as the inhibitor of macropinocytosis. The RLU/mg protein in
control cells was set to 100%. Every data point represents the average
value of integrated data (𝑛 = 3, ∗∗𝑃 < 0.05).
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of nonendocytosis. P123-PEI-R13 was modified using the
TAT (49–57) peptide. This kind of cell-penetrating peptide
can carry macromolecule substance into cells directly inde-
pendently of the energy consumption. Compared with the
energy-dependent endocytosis, energy-independent inter-
nalization did not seem to play a dominant role, because the
transfection gradually tended to balance after incubation for
2 h at 4∘C, and transfection ability wasmuchweaker than that
at the corresponding time point under 37∘C.
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Figure 7: Effect of NH
4
Cl and monensin on transfection efficiency

of P123-PEI-R13/DNA complexes in Hela cells at w/w ratio of 30.
NH
4
Cl and monensin were used as the acidification inhibitors of

endosome-lysosome system. The RLU/mg protein in control cells
was set to 100%. Each data point represents the mean ± standard
deviation (𝑛 = 6, ∗∗𝑃 < 0.01).

3.4. Mechanism of Intracellular Trafficking of
P123-PEI-R13/DNA Complex

3.4.1. Effect of Acidification Inhibitors of Endosome-Lysosome
System on Intracellular Transport of P123-PEI-R13/DNACom-
plexes. After endocytosis, the complex was delivered to
lysosomes from endosomes, whichwas a cytosol acidification
process. In Figure 7, the inhibition of NH

4
Cl and monensin

increased as the doses were increasing; they reduced the
transfection efficiency by 76% and 74%, respectively, at the
highest dose. These results demonstrated that part of the
complex indeed underwent endosome-lysosome system in
cells and acidification process is advantageous to gene trans-
fection. It caused protonation of P123-PEI-R13 and helped the
complex escape from lysosome. The acidification process of
endosome-lysosome system is the basis and ensures complex
transport to the nucleus [15].

3.4.2. Effect of Cytoskeleton Inhibitors on Intracellular Trans-
port of P123-PEI-R13/DNA Complexes. As important roles
in cellular activities, microtubules function as routes along
which organelles can move. The assembly of microtu-
bules is a dynamic equilibrium process of polymerization-
depolymerization. Col could cause depolymerization of
microtubules, but PTX stimulated excessive polymerization.
They both disrupted the balance of dynamic equilibrium
process [16]. In Figure 8, 50mM of PTX and 20 𝜇g/mL of Col
reduced transfection efficiency by 50% and 80%, respectively.
The results revealed that the dynamic equilibrium process of
microtubules was necessary for the intracellular trafficking of
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Figure 8: Effect of paclitaxel (PTX) and colchicine (Col) on
transfection efficiency of P123-PEI-R13/DNA complexes in Hela
cells at w/w ratio of 30. PTX and Col were used as the inhibitors of
microtubule. The RLU/mg protein in control cells was set to 100%.
Each data point represents the mean ± standard deviation (𝑛 = 3,
∗∗𝑃 < 0.01).

P123-PEI-R13/DNA complexes. The polymerization process
stimulated the complexes tracking toward the microtubule
(−) end, to wit nucleus, and depolymerization process stim-
ulated the complexes getting into nucleus through mitosis.
Once the balance was broken, gene transfection efficiency
would decrease.

Microfilaments are the thinnest filaments of the cytoskel-
eton and they function in cell movement and generate
locomotion in cells. Cyto B can interrupt cell activities as it
binds with the (+) end of microfilaments, resulting in the
depolymerization of actin filaments and the disappearance of
F-actin skeleton [17]. In Figure 9, the transfection efficiency
of Cyto B-treated cells was reduced considerably. The trans-
fection process almost ground to a halt at the concentration
of 18 𝜇M. This result proved that microfilaments involved in
the intracellular trafficking of P123-PEI-R13/DNA complexes
in cells, intimately associated with cytokinesis in mitosis
telophase.

The intermediate filaments have various functions during
the cellular life cycle. One end of an intermediate filament is
connected to cell membrane or microtubules and microfila-
ments, while the other end is attached to nuclear membrane
and connected to nuclear skeleton through a nuclear pore.
Therefore, a complete structural supporting system is formed,
which has a fixation effect on the nucleus and allows it to
occupy certain space within the cell. In the process of mitosis,
the intermediate filaments experience depolymerization and
remodeling, envelope the spindle, and conduct a spatial
orientation of the spindle and the chromosome. In addition,
intermediate filaments collaborate with microtubules to
participate in the transportation of intracellular materials.
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Figure 9: Effect of cytochalasin B (Cyto B) on transfection efficiency
of P123-PEI-R13/DNA complexes in Hela cells at w/w ratio of 30.
Cyto B was used as the inhibitors of microfilament. The RLU/mg
protein in control cells was set to 100%. Each data point represents
the mean ± standard deviation (𝑛 = 3, ∗∗𝑃 < 0.01).

Therefore, intermediate filaments are also an important part
of intracellular transport of complexes, whose process will be
greatly restricted without the support and assistance of inter-
mediate filaments. It can be seen from Figure 10 that, after
the treatment with acrylamide that has an inhibitory effect
on skeleton structure of intermediate fibers, the transfection
efficiency of complexes in Hela cell significantly decreased
and the inhibition rate was up to 82%.Thus it can be seen that
intermediate filaments have a significant influence on P123-
PEI-R13 transfection.

3.4.3. Effect of Cytoplasmic Dynein Inhibitors on Intracellular
Transport of P123-PEI-R13/DNA Complexes. The side of a
microtubule close to the plasma membranes is the “+” end,
while the side near microtubule organizing center of nuclear
membranes is the “−” end. Microtubules are distributed in
the cells in a radiative way toward the periphery. Studies
have indicated that microtubules are related to intracellular
transport of membrane vesicles and organelles, providing
both a path for the transport ofmaterials and a guiding role in
its direction. The driving force for transport comes from two
types of motor proteins. Materials in cells are driven by the
dynein tomove from“+” to “−”while kinesin has the opposite
effect.

The complexes are transferred to the “−” end of intracel-
lular canaliculus, namely, near-nucleus end, with the power
source mainly from dynein.Therefore, this experiment chose
sodium orthovanadate (SOV) to treat cells and study the
influence of dynein on the transfection efficiency of P123-
PEI-R13. From Figure 10, with the increase of the inhibitor
concentration, the inhibitory effect gradually increased. The
inhibition rate was approximately 90% when the sodium
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Figure 10: Effect of acrylamide and sodium orthovanadate (SOV)
on transfection efficiency of P123-PEI-R13/DNA complexes in Hela
cells at w/w ratio of 30. Acrylamide was used as the inhibitors
of intermediate filament (IF). SOV was used as the inhibitors of
cytoplasmic dynein. The RLU/mg protein in control cells was set
to 100%. Each data point represents the mean ± standard deviation
(𝑛 = 3, ∗∗𝑃 < 0.01).

orthovanadate (SOV) concentrationwas 10 𝜇M.According to
the above results, dynein provides complexes withmotivation
to be transported toward the “−” end, namely, the cell
nucleus within the cells. After the dynein was inhibited by
sodium orthovanadate, its capability to carry the complexes
was weakened, which significantly decreased the transfection
efficiency.

4. Conclusion

In this paper, the binding affinity, cellular uptake, and
subsequent intracellular trafficking of the nano-gene vector
P123-PEI-R13 were investigated.The bifunctional peptide R13
had the ability of binding to 𝛼v𝛽3 positive cells in vitro. The
modification of P123-PEI-R13 with R13 made it display a new
property of internalization. P123-PEI-R13/DNA complexes
were mainly endocytosed by clathrin-mediated endocytosis,
caveolin-mediated endocytosis, andmacropinocytosis.These
three kinds of classical endocytic pathways simultaneously
contributed to efficient gene delivery, which was in accor-
dance with other researchers [18, 19]. Macropinocytosis has
attracted more attentions as a medicine and gene input path-
way.There were reports that the endocytosis of TAT peptides
and its cargo was achieved by macropinocytosis. It could be a
more efficient endocytic pathway for the transfection process.
In addition, there was a possible energy-independent route
during the internalization for the modification of the cell-
penetrating peptide TAT (49–57).
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After internalization, P123-PEI-R13/DNA complexes
could escape from the endosome-lysosome system because
of the protonation caused by its acidification and further
took microtubule as the track and dynein as the dynamic
source to be transported toward the microtubule (−) end, to
wit nucleus, under the action of microfilament, and with the
aid of intermediate filament.
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With the rapid development of nanotechnology, the convergence of nanostructures and drug delivery has become a research hotspot
in recent years. Due to their unique and superior properties, various nanostructures, especially those fabricated from self-assembly,
are able to significantly increase the solubility of poorly soluble drugs, reduce cytotoxicity toward normal tissues, and improve
therapeutic efficacy. Nanostructures have been successfully applied in the delivery of diverse drugs, such as small molecules,
peptides, proteins, and nucleic acids. In this paper, the driving forces for the self-assembly of nanostructures are introduced. The
strategies of drug delivery by nanostructures are briefly discussed. Furthermore, the emphasis is put on a variety of nanostructures
fabricated from various building materials, mainly liposomes, polymers, ceramics, metal, peptides, nucleic acids, and even drugs
themselves.

1. Introduction

In the past few decades, nanostructures have attracted inten-
sive research interest due to their unique and superior pro-
perties as compared with conventional bulk materials. They
have been applied in a wide range of fields, such as materials,
electronics, sensing, catalysis, environment, and drug deliv-
ery. In drug delivery systems, some of the challenges which
need to be faced include bioavailability, in vivo stability, solu-
bility, absorption, sustained and targeted delivery to site of
action, therapeutic efficacy, side effects, and fluctuation of
drug concentration in plasma [1]. To surmount these chal-
lenges, large quantities of studies have been carried out to
explore the fabrication and application of various nanostruc-
tures in drug delivery.

Generally, nanostructures used in drug delivery are con-
structed via “bottom-up” approach, which is achieved by
growing or assembling of building blocks [2]. It is noteworthy
that a considerable proportion of nanostructures are obtained

via the self-assembly of building blocks. Based on the proper-
ties and structures of building blocks, various kinds of nonco-
valent interactions play significant roles in the self-assembly
processes and contribute to the stability of resultant nano-
structures.

In the delivery process, passive delivery of drugs as “car-
goes” by nanocarriers is themost common strategy.The asso-
ciation between drugs and nanocarriers is achieved by either
physical encapsulation or chemical conjugation. Meanwhile,
self-delivery is another alternative which builds nanostruc-
tures with drug molecules themselves instead of drug mole-
cules only being “cargoes” needed to be delivered.

The fabrication of well-defined nanostructures with dis-
tinct properties, especially through self-assembly process,
has been an extremely active field in drug delivery. A large
variety of nanostructures, including liposomes, polymeric,
ceramic, metallic, peptides-based, nucleic acid-based, and
drug-based nanostructures, have already emerged and found
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their applications in the delivery of various drugs, including
small molecules, peptides, proteins, and nucleic acids.

2. Driving Forces for Self-Assembly
of Nanostructures

In drug delivery system, many nanostructures are formed
by self-assembly, which is a force balance process in which
well-defined structures or patterns are spontaneously formed
from building blocks without human intervention [3]. The
most important driving forces in self-assembly process are
noncovalent interactions, including van der Waals interac-
tions, hydrophobic effect, electrostatic interactions, hydrogen
bonding,𝜋-𝜋 staking interactions, steric anddepletion forces,
coordination bonding, and solvation and hydration forces
[3]. Comparedwith covalent bonds, noncovalent interactions
are much weaker, which involve more dispersed variations of
electromagnetic interactions between molecules or within a
molecule [4]. However, noncovalent interactions possess the
ability to significantly influence the detailed structures of self-
assembled nanostructures, separately or synergistically.

2.1. Hydrophobic Effect. Among various noncovalent interac-
tions in self-assembly process, hydrophobic effect is the most
important. A wide range of building blocks for self-assembly
are amphiphilic molecules, including many synthetic build-
ing blocks and biomolecules such as proteins and lipids. Due
to the coexistence of polar and nonpolar regions, the self-
assembly of amphiphilic molecules can be readily accom-
plished through microphase separation driven by thermo-
dynamics. In aqueous solutions, the nonpolar regions of the
building blocks will collapse and cluster together to expose
the smallest possible hydrophobic area to water while the
polar regions attempt to maximize their interaction with
water [3]. Taking amphiphilic diblock copolymers as an
example, when the concentration is higher than the critical
micelle concentration (CMC), the hydrophobic block will
assemble into a core, and the hydrophilic block stretches itself
in water and thus forms a shell surrounding the hydrophobic
core.

2.2. Electrostatic Interactions. Electrostatic interactions,
which involve both attractive and repulsive forces between
charged atoms, ions, ormolecules, also have a strong effect on
many self-assembly processes. Cationic polymers can inter-
act with anionic proteins or genes through electrostatic inter-
actions, forming stable nanoparticles in aqueous solutions
[5]. For example, according to Xia et al. [6], water-soluble
cationic conjugated polymer can bind to DNA by both elec-
trostatic interactions and hydrophobic effect in the delivery of
DNA. Upon reducing the strength of the hydrophobic effect,
electrostatic attractions became the important interaction
that regulated the binding between the water-soluble con-
jugated polymer and DNA.

2.3. Hydrogen Bond. Hydrogen bond is the electrostatic
attraction between H atom and a highly electronegative atom
nearby, such as N, O, or F. Hydrogen bond attractions can

occur both between molecules (intermolecular) and within
different parts of a single molecule (intramolecular). It is very
common both in inorganic molecules (e.g., water) and in
organic molecules (e.g., DNA and proteins). For instance,
hydrogen bond exists between the amides and carbonyls
in the backbone of 𝛽-sheets formed by the self-assembly
of peptides and enhances the stability of the self-assembled
nanostructures [7].

2.4. 𝜋-𝜋 Staking. In addition, 𝜋-𝜋 staking can also play a
role in maintaining the nanostructures from self-assembly.
In the multiscale self-assembly of diphenylalanine (FF), the
backbone hydrogen bonds and 𝜋-𝜋 interactions from the
aromatic peptide side-chains hold the self-assembled FF
structures together [8]. In alkaline solution, folic acid can self-
assemble via the formation of Hoogsteen-bonded nanoscale
tetrameric discs, which then stack through 𝜋-𝜋 interactions
and interdisc hydrogen bonding to form chiral columns [9,
10]. However, due to the lack of hydrogen bond,methotrexate
was unable to form any well-defined nanostructures with
similar treatment [11].

In summary, noncovalent interactions play important
roles in the formation of nanostructures, separately or syn-
ergistically. Good control of physical properties of nanos-
tructures is highly important for their successful utilization
in drug delivery. When designing nanostructures for drug
delivery, noncovalent interactions should be taken into con-
sideration and be rationally applied in the strategies.

3. Strategies of Drug Delivery
by Nanostructures

3.1. Passive Delivery. In drug delivery by nanostructures,
drugs are frequently associated with nanocarriers by either
physical encapsulation or chemical conjugation [12] and thus
passively delivered as “cargoes” by nanocarriers.

In the former method, drugs are physically incorporated
into the internal cavity and stabilized by noncovalent interac-
tions between drugs and nanocarriers, especially hydropho-
bic effect [13, 14]. Many nanostructures such as nanomicel-
les, nanocapsules, and porous nanoparticles have a net hydro-
phobicity to stabilize the entrapped drug molecules [15].
When the nanostructures are disassembled at target sites of
action, drugs will be released as a consequence. However,
physical encapsulation into hydrophobic compartments often
results in very low drug loading contents (DLC), typically
on the order of 2–5% by weight [16]. It is one of the crucial
challenges posed by nanostructures on drug delivery.

The second method is to attach cargo drugs to the nano-
carriers by direct chemical conjugation. In order to have a
good control over the triggered release of drugs, the conju-
gation between nanocarriers and drugs should be cleavable at
target sites. If drugs cannot be cleaved from their nanocarriers
in time, their bioactivity and efficacy will be reduced. On the
other hand, if drugs tend to be dissociated from their nano-
carriers too quickly, they will fail to reach the target sites of
action in a significant dose. This is so-called “burst release,”
which will lead to rapid clearance of the drugs from the body
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Figure 1: Schematic representation of basic structures and different
types of liposomes [19]. Copyright © 2011, Mishra et al.

[13]. Therefore, rational design of the chemical conjugation
between a drug and its nanocarrier is of great importance.

3.2. Self-Delivery. Apparently, the common strategies men-
tioned above merely consider drugs as active pharmaceutical
compounds which need to be delivered. However, their
properties, such as self-assembly ability and solubility, are
ignored. In recent years, there is a growing trend to build
well-defined nanostructures with drug molecules as building
units. Through this strategy, the distribution and content of
drugs in the nanostructures can be accurately controlled.
Via rational analysis, design, and fabrication, lots of self-
delivering nanostructures with high and fixed drug contents
have been created. Detailed illustration and examples will be
given in Section 4.8.

4. Various Nanostructures for Drug Delivery

In the past few decades, nanostructures with various shapes
and sizes have been fabricated and applied for many drugs.
In this section, various nanostructures fabricated by different
materials and their applications in drug delivery are illus-
trated and discussed in detail.

4.1. Liposomes Nanostructures. Liposomes have been under
extensive investigation and have become a common nanocar-
rier for drug delivery since 1965. Nanostructures fabricated
with liposome are the first drug delivery system on the
nanoscale to make the transition from concept to clinical
application and have become a well-established technology
platform with considerable clinical acceptance [17].

Liposomes are small artificial vesicles developed from
phospholipids such as phosphatidylglycerol, phosphatidyl-
serine, and phosphatidylcholine [18]. On the basis of lipid
bilayers, liposomes can be classified into unilamellar vesicles
(UVs) and multilamellar vesicles (MLVs), as shown in Fig-
ure 1. UVs consist of an aqueous core surrounded by a lipid
bilayer, separating the inner aqueous core from the outside.
As metastable energy configurations, MLVs are composed of
various layers of lipid bilayers [19].

Due to the structures described above, liposomes have the
ability to compartmentalize and solubilize both hydrophilic
and hydrophobic materials by nature. This unique feature,
along with biocompatibility and biodegradability, makes

liposomes attractive as drug delivery vehicles. Particularly,
hydrophobic drugs can place themselves inside the bilayer
of liposomes and hydrophilic drugs are entrapped within the
aqueous core or at the bilayer interface [20].

Besides, liposomes have the functions to prevent drug
degradation, reduce side effects, and target drugs to site of
action [18, 21]. Hydrophobic drugs such as cyclosporin and
paclitaxel are usually formulated in surfactants and organic
cosolvents to increase their solubility inwater.However, these
solubilizers may cause toxicity at the doses needed to deliver
the drug. In contrast, liposomes, which are nontoxic, bio-
compatible, and biodegradable, can deliver water-insoluble
drugswithmuch less side effects. For example, they have been
successfully applied in transdermal drug delivery to enhance
skin permeation of drugs with high molecular weight and
poor water solubility [22]. Besides, liposomes can accumulate
at sites of increased vasculature permeability, when their
average diameter is in the ultrafilterable range (<200 nm) [17].

However, the membrane of liposomes is generally thin,
fragile, and thus inherently not stable [23]. Liposomes are also
limited by their low encapsulation efficiency, rapid leakage of
water-soluble drug in the presence of blood components, and
poor storage stability [21, 24].

In the past five decades, many important technical break-
throughs, such as remote drug loading, extrusion for homo-
geneous size, long-circulating (PEGylated) liposomes (stealth
liposomes), triggered release liposomes, liposomes contain-
ing nucleic acid polymers, ligand-targeted liposomes, and
liposomes containing combinations of drugs, have led to
numerous clinical trials in the delivery of diverse drugs, such
as anticancer, antifungal, and antibiotic drugs, gene medi-
cines, anesthetics, and anti-inflammatory drugs [17].

4.2. Polymeric Nanostructures. In the field of drug delivery,
various polymeric nanostructures have been a hot topic of
research for a long time. Generally speaking, polymer-based
drug nanocarriers can significantly increase the solubility of
hydrophobic drugs, reduce their cytotoxicity toward normal
tissues, prolong the circulation time of drugs in blood, facil-
itate the entry of nanoparticles, and improve the utilization
efficiency [25].

It is widely acknowledged that polymers used for drug
delivery should be nontoxic and biocompatible. Natural poly-
mers, such as chitosan [26], dextran [27], heparin [28], and
hyaluronan [29], have beenwell investigated for drug delivery
in the past few decades. However, research on using synthetic
polymers to build various nanostructures is more prevalent
in the field of drug delivery. Polyesters, polycarbonates,
polyamides, polyphosphazenes, and polypeptides are among
the most commonly used synthetic polymers [5].

4.2.1. Polymeric Nanomicelles and Nanovesicles. Owing to a
great diversity of polymers, nanostructures of different sizes
and morphologies have been obtained. As mentioned above,
amphiphilic molecules are prone to self-assemble into var-
ious nanostructures driven by hydrophobic effect. There-
fore, amphiphilic polymers containing both hydrophilic and
hydrophobic blocks have been extensively studied for use in
drug delivery. By controlling the hydrophilic/hydrophobic
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lymers [23]. Copyright © 2009, American Chemical Society.

balance, various nanostructures, such as spherical micelles,
cylindrical micelles, and vesicles, can be formed from amphi-
philic polymers. According to Won et al. [30], the weight
fraction of the hydrophilic block (𝑓phil) can play a vital role
in controlling the shapes of nanostructures from amphiphilic
polymers in a pure water medium. At 𝑓phil = 55–70%,
spherical micelles are predominant; at 𝑓phil = 45–55%, spher-
ical vesicles tend to form; at 𝑓phil = 20–40%, vesicles are
favoured. Both polymeric micelles and vesicles are the most
common and stable morphological structures of amphiphiles
in water [23]. Polymeric micelles are nanostructures with a
hydrophilic core and a hydrophilic shell (see Figure 2). Gen-
erally, hydrophilic drug molecules are encapsulated in the
core of nanomicelles. Meanwhile, polymeric nanovesicles
possess bilayer structures with an aqueous interior core,
isolating the core from the external medium [31]. Polymeric
vesicles can encapsulate hydrophilic molecules within the
aqueous interior and also integrate hydrophobic molecules
within the membrane. Therefore, polymeric vesicles have the
capability to deliver hydrophilic as well as hydrophobic drugs
such as anticancer drugs, genes, and proteins.

4.2.2. Polymeric Nanogels. However, polymeric nanomicelles
and nanovesicles can only be maintained above the critical
micelle concentration (CMC). Below CMC, they will disso-
ciate into single polymer chains and thus lose the function as
drug carriers. In order to avoid the dissociation of the self-
assembled nanostructures, linking the polymers to obtain
nanogels which are more stable in different conditions has
become a common and effective approach. In recent years,
nanogels have drawn increasing attention because of their
high loading capacity and good stability [5].

4.2.3. Polymeric Nanocapsules. Hollow polymeric nanocap-
sules have also been developed by miniemulsion polymer-
ization in the past few decades. Drugs are confined in the
cavities of nanocapsules and surrounded by external polymer
membranes [32]. Nanocapsules are able to improve the oral
bioavailability of proteins and peptides, including insulin,
elcatonin, and salmon calcitonin [32, 33]. Nanocapsules can
protect the degradation of drugs, reduce systemic toxicity,
provide controlled release, and mask unpleasant taste [34].
Nevertheless, due to high stability and low permeability of
nanocapsules, drugs carried by nanocapsules have trouble
both in encapsulation into the capsules after formulation and
in the release at target site [18].

4.2.4. Polymeric Dendrimers. Apart from these nanostruc-
tures, dendrimers with three-dimensional, hyperbranched

PPEGMA

PLA PMAA

Drugs

Self-assembly

pH-sensitive Hydrophilic

Hydrophobic

pH 1.2
pH 7.4

Figure 3: Schematic illustration of drug loading and pH-dependent
release from PPEGMA-b-PMAA-b-PLA micelles [51]. Copyright ©
2012, American Chemical Society.

globular nanopolymeric architectures have been the research
focus of many scientists these years. Due to their attractive
features like nanoscale size, narrow polydispersity index,
excellent control overmolecular structures, and availability of
multiple functional groups at the periphery and cavities in the
interior [35], dendrimers have been explored to be used in
the delivery of different bioactive agents such as drugs [36],
oligonucleotides [37], enzymes [38], vaccines [39], and genes
[40]. Drugs can be either incorporated into the interior or
attached on the surface. Due to their versatility, both hydro-
philic and hydrophobic drugs can be associated with den-
drimers [18].

4.2.5. Polymeric Stimulus-Sensitive Nanostructures. Partic-
ularly, recent research has focused on stimulus-sensitive
(smart) nanostructures for drug delivery because it is a supe-
rior approach for delivering and releasing drugs to specific
site at the desired time. Many kinds of stimuli, including
chemical (e.g., redox, pH), physical (e.g., temperature, light),
and biological (e.g., enzymes) ones, have been exploited in the
design of smart drug delivery systems [5]. Figure 3 represents
a drug delivery system based on pH-sensitive PPEGMA-b-
PMAA-b-PLA micelles.

4.3. Ceramic Nanostructures. Ceramic nanostructures refer
to the porous structures of nanoparticles, which are fabrica-
ted from biocompatible inorganic compounds, such as silica,
calcium phosphate, alumina, and titania. In the biomedical
field, ceramic nanostructures are considered to be excellent
carriers for drugs, genes, and proteins.

4.3.1. Mesoporous Silica Nanostructures. Mesoporous silica
nanoparticles (MSN) have been the most extensively studied
ceramic nanoparticles for drug delivery in the last twenty
years.MSN possesses a lot of favourable properties, including
monodispersity, high specific surface area, tunable pore size
and diameter, and versatile functionalization [41, 42]. A large
variety of drugs have been successfully loaded in MSN or
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covalently grafted at MSN, such as camptothecin [42], pacli-
taxel [43], doxorubicin [44], cysteine [45], telmisartan [46],
and chlorambucil [47]. Generally speaking, MSN are often
functionalized to achieve a better delivery of drugs. For
example, mannose or galactose functionalized MSN have
been reported to induce a higher cytotoxicity of cancer cells
than unfunctionalized ones and target to cancer cells more
efficiently [48, 49]. Folate, a targeting ligand, has been cova-
lently attached to amino-functionalized silica nanoparticles
loaded with a hydrophobic small molecule anticancer drug.
Folate-functionalized nanoparticles turned out to be signif-
icantly cytotoxic to tumor cells, whereas normal cells were
much less affected by the presence of these structures [50].

4.3.2. Calcium Phosphate Nanostructures. Calcium phos-
phate systems, including hydroxyapatite and tricalciumphos-
phates, are soluble under acidic conditions (pH ≤ 5) during
bone remodelling. After cellular uptake, calcium phosphate
systems are soluble under the conditions of lysosomal degra-
dation [52]. The variable stoichiometry, functionality, and
dissolution properties make these ceramic nanoparticles
suitable for drug delivery. Their chemical similarity to bone
and thus biocompatibility as well as variable surface charge
density contribute to their controlled release properties [53].

4.3.3. Alumina and Titania Ceramic Nanostructures. In addi-
tion, much progress has also been made in the development
of alumina and titania ceramic nanoparticles for drug deliv-
ery. Water dispersible, highly stable, and fluorescent alumina
nanoparticles have been capped with natural proteins [54].
Diverse spherical titania nanostructures, including meso-
porous spheres, spherical flaky assemblies, and dendritic
particles of variable diameter and monodispersity in size,
have been demonstrated in recent years [55].

However, there are concerns on the application of non-
biodegradable ceramic nanoparticles, such as hydroxyapatite,
alumina, and titania, because they will accumulate in the
body and cause harmful effects [56].

4.4. Metallic Nanostructures. Metallic nanostructures gener-
ally mean the spherical metallic nanoparticles, such as gold,
silver, gadolinium, and iron oxide, which have also been
studied for targeted drug delivery.

4.4.1. Gold and Silver Nanostructures. Gold nanoparticles
have been frequently used in drug delivery due to their
favourable optical and chemical properties, including tunable
sizes in the range of 0.8 to 200 nm, easy surface modification
with different functional groups, good biocompatibility, and
visible light extinction behaviour [57]. They can be conju-
gated with polyethylenimine (PEI) to deliver genes [58] and
be modified and conjugated with suitable proteins/peptides
to target the cell nucleus [59]. Folate-functionalized Au or Ag
nanoparticles have been demonstrated to be able to lower the
unwanted toxicity of diminazene aceturate and improve its
selectivity and therapeutic efficacy [60]. In many cases, gold
nanoparticles are covalently bounded to polymers, greatly
enhancing the stability of polymeric nanoparticles for drug

delivery [61]. The cytotoxicity of gold nanoparticles is quite
low [62], and they have served as scaffolds for drug delivery.
In contrast, silver nanoparticles are relatively not favoured for
drug delivery due to their toxicity to eukaryotic cells.

4.4.2. Gadolinium Nanostructures. Due to the large neutron
capture cross-section area and emission of photons with long
flight ranges, gadolinium is a potential agent for neutron
capture therapy of tumors [57]. Gadolinium has been studied
for enhanced tumor targeted delivery by modification of the
nanoparticles with folate. The recognition, internalization,
and retention of gadolinium nanoparticles in tumor cells
were enhanced, indicating a high potential of gadolinium
nanoparticles in tumor-targeted delivery [63].

4.4.3. Superparamagnetic Oxide Nanostructures. Superpara-
magnetic oxide nanoparticles, such as magnetite (Fe

3
O
4
)

and maghemite (Fe
2
O
3
), have been also proposed for target

delivery by using magnetic force. Drug molecules are conju-
gated onto the surface modified magnetic nanoparticles, and
then the organic/inorganic superparamagnetic nanohybrids
are concentrated at a specific target site within the body by
an external, high-gradient magnetic field [57, 64]. Efficient
delivery of genes has been realized by the modification of
the magnetic nanoparticles. They can be positively charged
by polymers and thus bound to the negatively charged DNA
by electrostatic attractions and also protect the DNA [65].

4.4.4. Two-Dimensional Transition Metal Dichalcogenides.
Two-dimensional transition metal dichalcogenides (2D
TMDCs) are planar crystals consisting of one or a limited
number of TMDC unit cells. Single-layered TMDCs can be
described by the formula MX

2
, where M is the transition

metal from groups 4–10 of the periodic table and X is a chal-
cogen (S, Se, or Te) [66]. Various combinations of transition
metals and chalcogens as well as their different arrangements
in the 2D crystals can lead to a wide variety of favourable
properties [67, 68], making these materials suitable for
applications in drug delivery. For example, the drug loading
capability of 2D MoS

2
systems has turned out to be even

better than that of graphene oxide due to their surface adsorp-
tion effect caused by hydrophobic interactions [69, 70].Their
properties of photothermal and photosynthesis can also be
combined with drug carrying property to deliver specific
drugs [70, 71].

4.5. Peptides-Based Nanostructures. One of the most promis-
ing areas of research in drug delivery is the utilization of pep-
tides as biodegradable, physiologically sensitive, inherently
“tunable” and remarkably facile design platform for highly
sophisticated drug delivery systems [13].

Peptides have many unique advantages for use in drug
delivery: (1) biocompatibility and biodegradability make
peptide-based nanostructures suitable for drug delivery [72];
(2) naturally occurring self-assembly motifs present in pro-
teins such as 𝛼-helices, 𝛽-sheets, and coiled-coils can be
used to drive the self-assembly process [73]; (3) peptides can
form well-defined nanostructures of any size and shape [72];
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(4) additional peptide functionalization can easily be per-
formed by introducing various compounds to the peptide
structure [72]; (5) oligopeptides can be easily produced in
large scale via standard solid-phase synthesis at a relatively
low cost [13].

In recent years, a wide range of self-assembled peptides
have been put forward for drug delivery, such as diphenyl-
alanine (FF), various peptide amphiphiles (PA), and collagen
mimetic self-assembled peptides [74]. For instance, on the
basis of FF, a variety of functional nanostructures have been
fabricated, such as nanotubes, spherical vesicles, nanofibrils,
nanowires, ordered molecular chains, and hybrid nanoparti-
cles [75]. As Figure 4 shows, FF peptide nanotubes have been
utilized to load rhodamine (RhB) and have been found to
have the ability to conjugate both hydrophobic and hydro-
philic compounds due to their highly hydrophobic aromatic
rings and hydrophilic peptide matrix [8]. Peptide amphi-
philes are prone to self-assemble to form nanofibers, micelles
and vesicles, nanotapes, nanotubes, and ribbons. The sizes,
shapes, and morphologies of nanostructures can be altered
simply by changing the structural elements of the peptide
amphiphiles [76].

Since most chemotherapeutic drugs are hydrophobic,
they suffer from poor water solubility. Besides, they are toxic
to organisms to some extent [77, 78]. Conjugation of these
drugs to hydrophilic peptides would create an amphiphilic

system necessary for self-assembly, reduce their side effects,
and improve their efficiency via their incorporation into a
drug delivering nanocarrier [13]. Peptide-based drug delivery
systems are currently of wide scientific interest. Rational
design of the peptide-based nanostructures can improve their
drug loading capacities (DLC). For example, due to the high
internal packing of hydrophobic segments, previous utiliza-
tion of peptide amphiphiles as drug carriers was generally
limited by lowDLC (about 2–5%) [78]. However, by incorpo-
rating multiple short hydrophobic tails, the nanostructure’s
inner domain has been obviously enlarged and thus the
loading efficiency has remarkably increased to 7% [79].

More and more novel nanostructures with various pep-
tide motifs, stimuli-responsive function, and triggered drug
delivery at disease sites are constantly emerging. The well-
defined nanostructures produced by the self-assembly of
peptides are highly promising for drug delivery.

4.6. Nucleic Acid-Based Nanostructures. As we all know, nuc-
leic acid can be divided into two categories: DNA and RNA.
In recent years, nucleic acid nanotechnology has progressed
rapidly, especially DNA nanotechnology. A great variety of
nucleic acid-based nanostructures with various dimensions,
sizes, geometries, and shapes have been well investigated for
drug delivery.
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4.6.1. DNA-Based Nanostructures. DNA-based nanostruc-
tures are quite appealing in drug delivery applications for
many reasons: (1) they can be decorated with a multitude of
functionalities and become multifunctional carriers; (2) they
can be easily fabricated by self-assembly; (3) they are of low
immunogenicity; (4) they have large flexibility of how drugs
can be loaded into the DNA carrier; (5) they allow superb
control over release [80].

Oligonucleotides have been successfully applied in the
creation of many types of structures such as nanotubes,
dendrimer-like DNA nanostructures, polypods, tetrahedra,
icosahedra, and many other polyhedral structures [81]. For
instance, Figure 5 gives a schematic representation of apta-
mer-conjugated DNA icosahedral nanoparticles as a carrier
of doxorubicin (DOX) for cancer therapy.

In the last decade, an approach for constructing various
DNA structures, named as DNA origami, has emerged [83].
It folds a long stranded bacteriophage through the use ofmore
than 200 complementary staple strands to fold the backbone
[84]. Various nanostructures, both 2D and 3D, such as smiley
faces, tetrahedrons, DNA nanotubes, DNA barrels, and DNA
“dolphins,” have been fabricated through DNA origami [83,
85–89]. As Figure 6 shows, DNA tube and DNA triangle
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Figure 6: Schematic representation of DNA origami systems, DNA
tube and DNA triangle, for doxorubicin (DOX) delivery [82].
Copyright © 2012, American Chemical Society.

obtained from DNA origami can be used for DOX deliv-
ery. DNA origami structures allow for either controlled or
triggered release of drugs through either the intercalation of
positively charged molecules or the linking of certain pep-
tides or proteins onto the surface of the DNA origami [84].
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Besides, DNA nanotubes, nanoballs, nanobelts, and nan-
oclews have also been produced by another innovative
approach—rolling circle amplification, which creates long
stranded structures with repeating DNA sequences through
the use of a circular template andDNApolymerase [84].They
can be used as precise delivery vehicles for drugs and genes.

In addition, many other unique DNA nanostructures
have also been put forward for drug delivery, such as DNA
nanofilms [90] and hydrogels [91]. A DNA block copolymer
system consisting of polypropylene oxide (PPO) and DNA
has been utilized for the delivery of hydrophobic drugs [92].
Theobtained hybrid particleswere about 10 nm,with a hydro-
phobic PPO core to incorporate DOX and a DNA shell func-
tionalized by folate to target cells.

However, there are some obstacles to be tackled in the
applications of DNA-based nanostructures for drug delivery.
For example, the expense of the starting materials is high and
the in vivo pharmacokinetic bioavailability of the DNA-based
structures needs to be improved [93].

4.6.2. RNA-BasedNanostructures. Due to the impression that
RNA seems unstable, the potential of RNA in drug delivery
has been overlooked for many years. However, with the
development of RNA nanotechnology, RNA-based nanos-
tructures, especially those based on phi29 pRNA, have been
utilized in drug delivery in recent years.

According to Heoprich et al. [94], targeted hammer-
head ribozymes delivery has been achieved by using lig-
and conjugated RNA nanoparticles based on phi29 pRNA.
Besides, RNA nanoparticles can also deliver CpG DNA to
macrophages specifically [95]. What is more, RNA origami
nanostructures have also been reported [96]. With excellent
thermodynamic stability and plasma stability after chem-
ical modifications, RNA origami is expected to be more
favourable than its counterpartDNAorigami as a drug carrier
for achieving controlled drug release [97].

4.7. Carbon Nanostructures. With the rapid development of
carbon nanostructures, many attempts have been made to
investigate their applications in drug delivery in the past
twenty years. A variety of carbon nanostructures, includ-
ing carbon nanotubes, graphene, and fullerenes, have been
utilized. Graphene can be wrapped into spherical structures
(zero-dimensional fullerenes), rolled into one-dimensional
(1D) structures (carbon nanotubes, CNTs), or stacked into
three-dimensional (3D) layered structures (graphite) [98].
Therefore, CNTs, graphene, and fullerenes are analogous but
vary in wall number, diameter, length, and surface chemistry.
Although they are all insoluble by nature, they can be
modified into water-soluble species and realize drug delivery
in organisms.

4.7.1. Graphene. Graphene is an atomic-scale honeycomb lat-
tice made of carbon atoms. Due to the favourable properties,
such as good biocompatibility, low cytotoxicity, and unique
physicochemical properties in chemistry, electrics, optics,
and mechanics, graphene has been explored as one of the
most promising carbon nanostructures for drug delivery.

Compared with CNTs, graphene exhibits some important
qualities such as low cost, facile fabrication andmodification,
and a higher drug loading ratio with two external surfaces
[99].Thus, graphene and its derivatives (e.g., graphene oxide)
have been widely explored in the past decade for drug
delivery applications.

4.7.2. Carbon Nanotubes. Carbon nanotubes (CNTs) have
shown promise for the targeted delivery of drugs, proteins,
and genes because of their favourable properties similar to
graphene. More importantly, CNTs offer some interesting
advantages over spherical nanoparticle. For instance, their
large inner volume allows the loading of small drugmolecules
while their outer surface can be chemically modified to load
proteins and genes for effective drug delivery. In recent years,
both single-walled CNTs and multiwalled CNTs have been
modified and turned out to be effective in the delivery of
drugs, proteins, peptides, and nuclear acids [100–102].

4.7.3. Fullerenes. As nanomolecular carbon cages, fullerenes
can also serve as drug vectors or drug delivery scaffolds with
noncovalent linkages or with covalent linkages between the
fullerene and a bioactive moiety [103]. After proper function-
alization, such as attaching hydrophilic moieties, fullerenes
have turned out to be able to work as drug carriers [57, 103].

4.8. Drug-Based Nanostructures. As mentioned above, drug
molecules can also be used as building units to deliver them-
selves.Through rational design of the number and type of the
drugs incorporated, the obtained nanostructures can exhibit
variousmorphologies, such as nanospheres, rods, nanofibers,
or nanotubes, to facilitate their delivery to particular sites
[104].

4.8.1. SmallMolecule Drugs. Some smallmolecule drugs have
shown reversible self-assembly behaviour, which can be used
to form supramolecular nanostructures of well-defined size
and shape [104]. For example, nanofibers or lozenge-like
platelets have been obtained by the self-assembly of folic acid
in methanol/water mixtures [11]. As a result of the self-
assembly of quinoline alkaloid camptothecin (CPT), 100–
400 nm wide helical nanoribbon structures have been fabri-
cated from the injection of an organic solution of CPT into
water [105].

4.8.2. Hydrophobic Drugs. Hydrophobic drug molecules can
be conjugated to hydrophilic polymers to form amphiphilic
prodrugs which can spontaneously self-assemble into stable
nanostructures. For example, cisplatin and PEG-P(Glu) can
form coordination bonds by the coordination between Pt and
P(Glu) carboxylate side-chains and then self-assemble into
micelles (about 28 nm in diameter). In thisway, a self-delivery
system can be obtained and it can provide a sustained drug
release [106]. With the evolution of self-delivering drugs,
various supramolecular nanostructures have been formed
from the self-assembly of amphiphilic prodrugs, such as one-
dimensional filamentous structures, nanofilaments, nano-
spheres, and hydrogels [107].
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5. Conclusions and Future Perspectives

Due to their unique and valuable properties, nanostructures
have been more and more widely used in drug delivery these
years. They have the advantages of increasing solubility of
poorly soluble drugs, reducing side effects, improving efficacy
of the existing drugs, and so on. What is more, owing to
the great diversity of nanostructures, the range of choices of
nanostructures for drug delivery system has been signifi-
cantly broadened.

However, nanostructures for drug delivery are also faced
withmany challenges, such as scaling up, cost issue, and safety
concerns.The fabricationmethod and process of many nano-
structures are rather complicated compared with traditional
drug delivery vehicles. Although nanostructures consume
much less materials than bulk delivery materials, the whole
expense of production is often uneconomic, which is another
great obstacle. More importantly, only limited information
about the influence of nanostructural properties on organ-
isms is available at present. The utilization of nanostructures
in drug delivery has aroused concerns all over the world.

To surmount all these problems and challenges, active
research on nanostructures in drug delivery is underway. It
is a common belief that future development will overcome
current problems of nanostructures in the applications of
drug delivery. Despite the fact that people are always reluctant
to accept new technologies, numerous benefits brought about
by nanotechnology will contribute to change the mind of the
general public.
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Contact angle hysteresis (CAH) is an important phenomenon in surface chemistry. In this paper, we fabricated nanostructured
substrates and investigated the relationship between roughness and CAH.We demonstrated that by patterning well-tuned CAH in
superhydrophobic background, we can pattern droplets with controlled sizes. We further showed that our system could be used in
fabricating complex hydrogel architecture, allowing coculture of different types of cells in three-dimensional way.This CAH-based
patterning strategy would provide in vitromodels for tissue engineering and drug delivery.

1. Introduction

Contact angle hysteresis (CAH), defined as the difference
between advancing and receding contact angles, has contin-
uously been one of important topics in surface chemistry.
Enormous theoretical and experimental efforts have been
devoted to how CAH correlates to topographical or chemical
surface heterogeneities [1, 2]. Topological heterogeneities,
for example, nanoscale roughness, have shown to largely
affect surface CAH. Many studies have been devoted to
mechanisms underlying CAH [3]. However, the applications
of CAH are yet to be explored. In nature, CAH is crucial
during feeding of water by shore birds, as it can overcome the
gravity on the water droplet in the beak of birds [4]. Thus,
the exploration of CAH could be beneficial in controlling the
liquid behavior on surface.

Herein, we propose a CAH-based strategy to control
the size of droplets in patterns and further constructed
complex hydrogel architecture for three-dimensional (3D)
cell coculture. Patterning droplets have been an important
issue in many fields, such as biochips, microlens, and digital
microfluidics [5–7]. Among various techniques developed
for droplet patterning, wettability contrast-based method is

widely employed. In this case, a hydrophilic/hydrophobic (or
superhydrophilic/superhydrophobic) patterned substrate is
fabricated. During dip-coating, hydrophilic area can capture
liquid droplets [8, 9]. In our study, we show that CAH can
be utilized for patterning droplets. By tailoring the CAH, we
fabricated patterned droplets with various sizes. We further
fabricated hydrogel droplets with complex architecture. We
constructed an in vitro tumor model using cell-encapsulated
prehydrogel solutions.We believe that the tumormodel could
find potential applications in mimicking tissue in vivo and
could serve as an in vitromodel for drug delivery.

2. Materials and Methods

2.1. Preparing CAH-Varied Surface. Silicon wafer was cut
and cleaned in ethanol and acetone solution and boiled
in H
2
SO
4
/H
2
O
2
solution (3 : 1, v/v. Caution! The harmful

solution should be treated carefully!). The substrates were
dried under nitrogen gun and etched in five different etching
solutions in AgNO

3
and HF solution [10]. The original

etching solution was prepared by dissolving 0.15 g AgNO
3
in

15mLHF and 55mL deionized water mixed solution and fur-
ther diluted in different ratios (i.e., 0-, 0.2-, 0.4-, 0.6-, 0.8-, and
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Figure 1: Scanning electron microscopy images of silicon substrates with increasing nanoscale roughness by various etching solutions.

1-fold).The substrateswere immersed in various etching solu-
tions for 20 s. HNO

3
solution (30%, v/v) was employed to dis-

solve the silver. Finally, silicon substrates were dried in oven.

2.2. Fabrication of CAH-Varied Substrates with Superhydro-
phobic Background. Silicon substrates with various rough-
ness were achieved using the methods above. The substrates
were patterned using photolithography and further etched
(photoresist-patterned regions were protected from etching)
in the original etching solution. By modifying substrates
using octadecyltrichlorosilane (OTS), the backgroundof sub-
strate was rendered superhydrophobic. Finally, the substrates
were rinsed in acetone to remove the patterned photoresist.

2.3. Fabrication of In Vitro Tumor Model. Hela cancer cells
and NIH 3T3 fibroblasts were suspended in alginate solution

(1 wt% in PBS). To visualize the cells in the model, Hela
cells were prestained in green and NIH 3T3 cells in red. The
substrates were immersed firstly in Hela cell solution for 30 s
and pulled out. The cell-encapsulated droplets captured in
substrates were gelled by calcium chloride solution (5wt%).
Subsequently, the substrates were immersed in NIH 3T3
cell solution for 30 s and pulled out. Also the solution on
substrates was gelled by calcium chloride solution.

3. Results and Discussions

3.1. Characterization of Surface Morphology and Calculation
of CAH. We modified the surface CAH by varying surface
roughness. We observed the morphologies using scanning
electron microscopy (SEM). From Figure 1, we obtained that
the roughness of silicon increases with the increase of the
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Figure 2: (a) Static contact angles, advancing contact angles, and receding contact angles measured on substrates with different roughness.
(b) The calculated cosine values of contact angle hysteresis increased with the increase of surface roughness.

reaction concentration. We obtained the root-mean-square
roughness 0.20, 1.30, 2.03, 3.87, 6.23, and 9.40 nm for solutions
between 0-, 0.2-, 0.4-, 0.6-, 0.8-, and 1-fold of original solu-
tion. The high concentration of etching solutions provided
more deposited Ag+ ions as etching sites compared to low
ones, resulting in a rougher surface. We calculated the CAH
of different substrates after etching. For static contact angle
and advancing contact angle (𝜃

𝑎
) of substrates, the values did

not vary much in response to different roughness. However,
receding contact angles (𝜃

𝑟
) decreased with the increase

of roughness. As a result, the calculated CAH increased
in response to surface roughness. The decreasing receding
contact angle is implied from theoretical predictions. In
their theory, receding contact angle is more sensitive to the
proportion of surface defects [11]. We also calculated the
difference between the cosine of values of advancing and
receding contact angle cos(𝜃

𝑟
) − cos(𝜃

𝑎
) and obtained that

cos(𝜃
𝑟
) − cos(𝜃

𝑎
) was positively related to surface roughness

(Figure 2).

3.2. Controlling Liquid Size. The tunable CAH can be utilized
to control liquid size on substrate. We fabricated substrates
with CAH-controlled patterns in superhydrophobic back-
ground (Figure 3(a)) and examined the size of water droplets
that were captured in patterns. We obtained patterned water
droplets by dip-coating. We immersed the substrates in
deionized water and pulled them out vertically at a speed
of about 1mm/s. For convenience, we measured the pro-
jected area of droplets just after pulling out substrates. For
substrates with CAH (cos(𝜃

𝑟
) − cos(𝜃

𝑎
)) smaller than 0.4,

sizes of droplets were close to zero. Some of the patterns
contained no droplets after dip-coating (for droplets smaller
than 0.02mm2, some evaporated quickly before imaging).
For CAH larger than 0.4, larger droplets were obtained in

the patterns. In previous studies, for patterning water, high
wettability contrast between patterns and background was
employed, for example, superhydrophilic/superhydrophobic
patterns. In our experiment, we show that making patterns
with CAH contrast is also effective in patterning droplets,
with even more capabilities to control droplet sizes.

3.3. Patterning Hydrogel Droplets with Complex Architec-
ture. Based on the control over liquid size using CAH, we
constructed hydrogel droplets with complex architecture by
dual dip-coating and gelling cell-encapsulated prehydrogel
solutions. For prehydrogel solution, we employed 1% sodium
alginate solution. Sodiumalginate is a naturalmacromolecule
and its hydrogel can be used for cell culturing [12]. Alginate
solutions can be rapidly turned into hydrogel by adding
Ca2+ ions as the cross-linking reagent. According to this,
we fabricated complex hydrogel structure by performing
primary dip-coating, gelation, secondary dip-coating, and
gelation. After secondary dip-coating, the size of droplet
from second pulling was almost equal to the size of patterns.
We believe that after primary dip-coating, gelled droplets
contributed to the adhesion force of the whole patterns. As a
result, the whole pattern areas were covered by the secondary
alginate solutions.

3.4. Construction of In Vitro Tumor Model. To construct an
in vitro tumor model, we employed two types of cells, cancer
cells (Hela cell) and normal cells (NIH 3T3 fibroblast). We
suspended the cells in separate alginate solutions. We used
Hela cells for the primary solution and NIH 3T3 fibroblasts
for the secondary. By serially dip-coating two solutions and
gelation, we obtained the coculture of different cells withHela
cells in the inner part and fibroblasts in the outer part of the
hydrogel droplet (Figure 4). Controlling spatial distribution
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Figure 3: (a) The design of substrates with superhydrophobic background and CAH-controlled patterns (top view). The schematic of dip-
coating process of substrates (side view). (b) Sizes of water droplets captured after dip-coating the substrates with various CAH.

100𝜇m

Figure 4: Confocal image of tumor models. Two types of cells were employed. Red cells were NIH 3T3 cells and green ones were Hela cells.
Inset was the schematic of three-dimensional tumor model.

of heterogeneous types of cells is an important issue in
tissue engineering and regenerative medicine. Our method
provides a convenientmethod to fabricate complex structures
for 3D cell coculture, with less dependence on functional
materials and equipment and minimal harm to cells. We
believe that our method could be applied in studying cell
performance in tissue-level, mimicking microenvironments

in tumor, and constructing models for drug delivery and
screening [13, 14].

In conclusion, we examined the relationship between
contact angle hysteresis and surface roughness and demon-
strated a CAH-based patterning strategy for patterning
droplets with controlled sizes. We showed that droplets sizes
were affected by the CAH of the surface. We fabricated
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complex architecture and patterned different cells in spatially
controlled way. We believe that our work would provide
useful tools for tissue engineering and drug delivery.
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