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The biosensing devices are characterized by their biological
receptors, which have specificity to their corresponding
analytes. These analytes are a vast and diverse group of
biological molecules, DNAs, proteins (such as antibodies),
fatty acids, or entire biological systems, such as pathogenic
bacteria, viruses, cancerous cells, or other living organisms. A
main challenge in the development of biosensor applications
is the efficient recognition of a biological signal in a low
signal-to-noise ratio environment, and its transduction into
an electrochemical, optical, or other signals. The advent of
nanomaterial technology greatly increased the potential for
achieving exquisite sensitivity of such devises, due to the
innate high surface-to-volume ratio and high reactivity of
the nanomaterial. The second major challenge facing the
biosensor application, that of scalability, is addressed by
multiplexing and miniaturizing of the biosensor devises into
a biochip. In recent years, biosensor and biochip technolo-
gies have made significant progress by taking advantages
of diverse kinds of nanomaterials that are derived from
nanotechnology [1–3].

These materials exhibit unique optical, electronic, mag-
netic, and catalytic properties, which can be essentially uti-
lized to develop novel biosensors that yield highly enhanced
sensitivity, selectivity, and other attributes. Furthermore, the
newly developed nanomaterials provide a particularly useful

platform for the development of biochips that are ideally
suited to meet the demands of biomolecules to facilitate
various kinds of biological events. In this special issue, to
provide chemists, biochemists, material engineers, and bio-
engineers with a perspective on the current state-of-the-art
of this emerging nanobiotechnological research field, several
excellent research results and a comprehensive review on
nanotechnologies for biosensor and biochip were reported.

The paper by Y.M. Bae et al. is focused on the applicability
of localized surface plasmon resonance (LSPR) substrate with
gold nanoparticle array to detect relevant biomarkers. In this
work, the LSPR substrate was first fabricated with a lift-off
process and its LSPR phenomenonwas confirmed bymeasur-
ing the optical transmission level of the substrate. Then, the
antibodies with a high affinity toward target molecules were
immobilized on the gold nanoparticle array.The immobiliza-
tion was confirmed by observing the shift of LSPR peak of
the resultant substrate.These newLSPR substrates conjugated
with antibodies were successfully applied to detect low-
and high-density lipoproteins, which are biomarkers for
diagnosing and monitoring of cardiovascular disease.

The colorimetric activity of magnetic nanoparticles
(MNPs) was employed to develop a unique biosensor. J. Y.
Park et al. reported a colorimetric biosensor based on the
peroxidase-like activity of magnetic nanoparticles and DNA
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aptamers having a high affinity toward a target food pathogen
Salmonella typhimurium. In this assay system, MNPs were
first incubated with aptamers that specifically interact with
the target bacterial cells, reducing the peroxidase activity of
the MNPs through DNA-mediated shielding of the catalytic
activity. After the addition of target Salmonella cells into the
solution, specific aptamers on the MNPs interact with the
Salmonella, consequently enhancing the peroxidase activity
of the MNPs. Overall, the presence and quantity of target
Salmonella cells were successfully detected by the colori-
metric response produced from the peroxidase-like activity
of MNPs. Based on the results, the authors propose that
this label-free colorimetric biosensor would be invaluable for
detecting DNA-DNA, DNA-protein, DNA-cell, and DNA-
ligand interactions due to its ease of use, low cost, capability
to detect with naked eye, and the high stability of MNPs.

C. S. Park et al. investigated the cytotoxicity, particu-
larly autophagy, in RAW264.7 cells exposed to graphene
oxide (GO) and its derivatives including dodecylamine-
GO, reduced GO, and sodium dodecyl sulfate-reduced GO.
They showed that all the GO types exerted cytotoxic effects
on RAW264.7 cells in a concentration-dependent manner.
Higher concentrations of the GO types downregulated the
expression of PU.1, a unique transcription factor in mono-
cytes and macrophages, and decreased the conversion of
LC3A/B-I to LC3A/B-II, suggesting that PU.1 was asso-
ciated with autophagy in RAW264.7 cells. These results
suggest that surface-functionalized GOs exert cytotoxic
effects in a concentration-dependent manner by changing
the expression of critical genes and inducing autophagy in
macrophages.

A binary immiscible polymer blended system with
high stability is also reported by J.-H. Kim et al. In
this article, domain structures of spin-coated immiscible
poly(methyl methacrylate) (PMMA) and ultraviolet curable
poly(urethane acrylate) (PUA) blends were studied using
atomic force microscopy (AFM). Since the cross-linked
PUA in the polymer-blended films provided strong chemical
stability in various solvents, target materials for dissolution
could be selectively available via a simple curing process. In
addition, morphology of the PMMA/PUA blends, including
domain size, height, and nanoscale features, could be easily
controlled by changing composition of the blends. Based on
the results, the authors suggest potentials for various applica-
tions related to nanotextured surfaces and soft lithography.

The electronic and molecular structure of doped
graphene was theoretically investigated with solid-state
density functional calculations. Y. H. Hwang et al. studied
the graphene-organic molecule complex, referred to as
organic doping in material science community. With the
density functional calculations, the authors determined
the role of amine-based aromatic compounds in graphene
doping, binding to graphene through long-range interactions
such as 𝜋-𝜋 interactions and C-H⋅ ⋅ ⋅ 𝜋 hydrogen bonding.
The electronic structures of pristine graphene were compared
to that of doped graphene to help understand the electronic
structure of the material at molecular level. In addition to
the investigation of the molecular interactions, the paper
showed that screening of organic molecules would benefit

from a sold-state density functional calculation to predict
the experimental results from doping or sensing organic
molecules with graphene.

A comprehensive review on recent nanozyme (nano-
material-based artificial enzymes) research is presented byH.
Y. Shin et al. It covers the fundamentals and the applications
for development of novel biosensors, immunoassays, cancer
diagnostics, and therapeutics, as well as environmental engi-
neering technologies. The review concludes with discussion
on the current challenges and future prospects of using
nanozymes in biotechnology.

We hope that this special issue will provide new insights
and research motivation to the interested readers for further
advancement in biosensor and biochip applications through
state-of-the-art nanotechnology.
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Recently, nanomaterial-based enzyme mimetics (nanozymes) have attracted enormous interest. They exhibit unique advantages
such as excellent robustness, stability, and low-cost production with easy scale-up, which are critically needed as an alternative to
natural enzymes. These nanozymes exhibit natural enzyme-like activity and have been applied to various kinds of detection and
treatment methods for biomolecules such as DNA, proteins, cells, and small molecules including glucose. To highlight progress in
the field of nanozymes, this review discusses recent nanozyme-based research results and their applications for the development of
novel biosensor, immunoassay, cancer diagnostics, therapeutics, and environmental engineering technologies. Current challenges
and future prospects of nanozymes for widespread use in biotechnology are also discussed.

1. Introduction

Early diagnosis of diseases is an area of growing importance
for the medical community. The early detection of diseases
helps improve therapeutic decision-making, which decreases
the severity of illness and length of hospital stay. Accordingly,
a number of biosensing techniques have been developed
for rapid, reliable, and sensitive detection of biomolecules
that can be used as indicators of disease. Among various
biosensing methods for diagnosing human diseases, nat-
ural enzymes such as horseradish peroxidases have been
frequently used for bioassay, as they can catalyze various
colorimetric reactions in the presence of specially designed
substrates, and they display good sensitivity and selectivity
towards the target molecules [1]. In spite of their novel
catalytic efficiency, natural enzymes have critical limitations
for industrial application, such as low stability in harsh
conditions (temperature and pH) and relatively high costs
for preparation, purification, and storage. Therefore, over the
past few decades, researchers have made an intense effort to
develop artificial enzymes for a wide range of applications.
For example, chemical complexes based on cyclodextrin [2],
porphyrin [3, 4], hemin [5, 6], hematin [7], and specially
designed biomolecules in the form of nucleic acids and

proteins have been successfully used to mimic the catalytic
activity of natural enzymes [8].

In this regard, Fe
3
O
4
magnetic nanoparticles (MNPs)

have been found to exhibit intrinsic peroxidase activity [9].
This remarkable discovery opens up the way for a new class of
enzyme mimetics. To date, various nanostructured materials
have been reported to possess intrinsic enzymatic activity,
including Fe

3
O
4
magnetic nanoparticles (MNPs) [9], plat-

inum nanoparticles (Pt NPs) [10–12], cerium oxide nanopar-
ticles (CeO

2
NPs) [13], gold nanoparticles (Au NPs) [14–16],

copper oxide nanoparticles (CuONPs) [17], BiFeO
3
nanopar-

ticles [18], CoFe
2
O
4
nanoparticles [19–21], FeS and FeSe

nanoparticles [22], graphene oxide [23], single-wall carbon
nanotubes [24], and hemin-graphene hybrid nanosheets [25].
Herein, we name these nanomaterials which have enzyme-
like catalytic activity “nanozymes.” In contrast to natural
enzymes, nanozymes are inherently robust, stable in harsh
conditions (pH and temperature), and easy to mass-produce
with simple scale-up.These advantagesmake thempromising
candidates for analytical and environmental applications
[26].

In this paper, we present a comprehensive review of recent
research on nanozymes and their applications categorized
by representative fields of application, such as biosensor,
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Figure 1: Awide range of applications in the field of nanozymes.The images of nanomaterials in the center ring represent (clockwise from top
left) Fe

3
O
4
nanoparticle, CeO

2
nanoparticle, graphene oxide, andAunanoparticle, which are the typical nanomaterials exhibiting enzyme-like

activities.

immunoassay, cancer diagnostics, therapeutics, and environ-
mental engineering. We also provide challenges and research
trends in the emerging nanozyme research field (Figure 1).

2. Fundamentals of Nanozymes

Due to the absence of an active site in nanozymes, where only
a specific substrate molecule binds and undergoes a chem-
ical reaction, researchers have developed various strategies
to endow nanozymes with specificity to target molecules.
The most representative strategies can be divided between
the oxidase-coupled method and the surface-modification
method. In the oxidase-coupled method, nanozymes with
peroxidase-like activity gain their specificity by being coupled
with oxidase, which generatesH

2
O
2
as a product of a catalytic

reaction which occurs only in the presence of the target
molecule. Peroxidase-like nanozymes subsequently catalyze
the oxidation of colorimetric substrates with the resulting
H
2
O
2
. For the surface-modification method, an antibody

is generally conjugated on the surface of the nanozyme to
provide specificity toward antigen molecules, mostly in the
colorimetric immunoassay system. By conjugation of the
antibody specific to the target antigen on the surface of
the nanozyme, the nanozyme can act as a target-specific
probe, generating a colorimetric signal in the presence of the
colorimetric substrate andH

2
O
2
. In the samemanner, ligand-

conjugated nanozymes can specifically bind to target recep-
tors and produce a colorimetric signal when the targeted
molecules bind on the nanozymes’ surface. Aptamers are
attracting interest in the fields of therapeutics and diagnostics

and are becoming promising candidates for use in giving
specificity to nanozyme-based biosensors.

The intrinsic enzyme-like activities of nanozymes are
generally believed to be produced by atoms present on the
surface as well as in the nanozyme’s inside core. Thus, the
atomic composition of nanozymes is the most important
factor in determining their catalytic activity, although other
factors such as size, morphology, surface coating and mod-
ification, pH, and temperature can also have an impact
[8]. Based on the type of composition, nanozymes can be
distributed into three categories: metal oxide-based, metal-
based, and carbon-based nanozymes.

2.1. Metal Oxide-Based Nanozymes. Metal oxide nanopar-
ticles have been widely used in the field of biomedical
applications such as biosensor, targeted drug delivery, tis-
sue repair, immunoassay, and contrast agents in magnetic
resonance imaging (MRI) and cell separation [27]. Since
metal oxide nanoparticles are commonly considered chem-
ically and biologically inert, additional surface engineering
and subsequent conjugation with functional substances are
required to endowmetal oxide nanoparticles with functional-
ity. Recently, inspired by the notable discovery of the intrinsic
catalytic activity of MNP as a peroxidase [9], metal oxide-
type nanozymes have attracted great interest, with a large
number of papers discussing newly reported enzyme-like
activities of these nanomaterials. A variety of metal oxide-
based nanozymes have been discovered to possess enzyme-
like catalytic activities (peroxidase, catalase, and superoxide
dismutase (SOD)), including MNPs [9], CeO

2
NPs [13],
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cobalt oxide nanoparticles (Co
3
O
4
NPs) [28], manganese

dioxide nanoparticles (MnO
2
NPs) [29], vanadiumpentoxide

nanoparticles (V
2
O
5
NPs) [30], and CuONPs [31]. Generally,

metal oxide-based nanozymes with peroxidase-like activity
have been those most widely investigated by researchers,
owing to their convenience for constructing amperometric
and colorimetric detection systems by utilizing the capability
of peroxidase to catalyze certain substrates which generate
the corresponding electric and colorimetric signal in the
presence of hydrogen peroxide (H

2
O
2
). Herein, we focus

on colorimetric detection systems utilizing peroxidase-like
nanozymes and associated applications.

2.2. Metal-Based Nanozymes. Metal-based nanozymes, such
as Au NPs and Pt NPs, have been discovered to pos-
sess the catalytic activities of oxidase, peroxidase, catalase,
and SOD. In addition to the single nanoparticle system
mentioned above, nanocomposites which combine a metal-
based nanozyme with other nanozymes have been also
intensively developed, including Fe

3
O
4
-graphene oxide (GO)

[32], Fe
3
O
4
-Pt [33], Au-Pt [34], and GO-Fe

3
O
4
-Pt [35]

nanocomposites. Surprisingly, it was reported that metal-
based nanozymes often exhibit synergistic effects which
significantly enhance catalytic performance when coupled
with other nanozymes as a composite [33].

2.3. Carbon-Based Nanozymes. Carbon-based nanozymes,
such as fullerene, carbon nanotube, graphene oxide, and
carbon dot, are also attracting great interest owing to their
unique enzyme-mimicking activities [23–25, 36–43]. They
have been found to possess peroxidase and SOD-mimicking
abilities and are widely utilized as signaling agents for
signal amplification and detection of analytes in the field of
biosensors and immunoassays.

3. Recent Applications

3.1. Biosensors. In recent time, horseradish peroxidase
(HRP), which can catalyze the oxidation of a variety of
substrates by H

2
O
2
, has been one of the most commonly

used enzymes for the construction of biosensors. In spite
of its high catalytic efficiency, HRP-based biosensors have
critical problems, in that the catalytic activity of HRP is prone
to degradation in long-term storage and harsh conditions,
thereby leading to errors in the process of sensing. To solve
this problem, a peroxidase-like nanozyme which is highly
robust against environmental conditions is utilized in place
of HRP, providing a cost-effective method of fabrication of
biosensors.

3.1.1. H2O2 Detection. H2O2 detection plays an essential role
in the fields of biology,medicine, environmental engineering,
and food industry. Since H

2
O
2
, a product of an incompletely

reduced metabolite of oxygen, is generated as a by-product
of various biological pathways and is a contaminant in
several industrial products and wastes, H

2
O
2
detection is of

practical importance in the field of biosensors. With sub-
stantial progress in biosensing technology, various methods
for H
2
O
2
detection have been reported. Among them is the

colorimetric signal readout strategy, based on a redox reac-
tion between HRP and colorimetric substrates such as 2,2-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)
and 3,3,5,5-tetramethylbenzidine (TMB). This strategy has
been actively developed due to its high sensitivity, selectiv-
ity, and simplicity for detecting H

2
O
2
. However, since the

colorimetric detection method using HRP has problems of
low stability and high cost, nanozymes showing peroxidase-
like activity have been intensively utilized to resolve these
drawbacks. Beginning with the remarkable discovery that
MNPs exhibit intrinsic peroxidase-like activity [9], many
researchers have focused on the development of novel H

2
O
2

detection methods employing various nanozymes. Here, we
discuss recent applications of various nanozymes in H

2
O
2

detection.
After Yan’s report, H

2
O
2
detection methods with MNPs

(used as peroxidase-like nanozymes) were further developed
by Wei and Wang [44]. This research outlined a colorimetric
detection method for H

2
O
2
, in which MNPs were used to

catalyze the oxidation of ABTS in the presence of H
2
O
2
.

The catalytic oxidation of ABTS with H
2
O
2
generates green-

colored products, by which H
2
O
2
can be detected by the

naked eye.They noted that ABTS could be oxidized by H
2
O
2

in the absence of any catalysts but demonstrated that the
presence ofMNPs gave a 320% higher response of absorption
spectra when compared with the absence of MNPs. Not only
the peroxidase-like catalytic activity of Fe

3
O
4
MNPs but also

their high stability in rough conditions (pH and temperature)
was confirmed with additional investigations.

Based on the colorimetric detection method above,
many approaches have proceeded by varying the colori-
metric substrates and nanozymes used. N,N-Dimethyl-p-
phenylenediamine sulfate (DPD) was used as a colorimetric
substrate in place of ABTS [45]. The DPD-MNPs analytical
system showed several advantages (lower operating temper-
ature and detection limit and higher sensitivity) over the
system using ABTS, because DPD is more easily oxidized by
H
2
O
2
than ABTS and because oxidized DPD (DPD+) pro-

duces a colored product with a strong absorption maximum
at 550 nm. Aside from the signal-on colorimetric method
above, Jiang’s group has developed a new type of fluorescence
method using rhodamine B (RhB) as a substrate [46]. In
this method, MNPs catalyze H

2
O
2
to form the radical OH,

which can oxidize RhB to form colorless and nonfluorescent
products. In short, the more the H

2
O
2
exists, the weaker the

fluorescence intensity of RhB is.
Other nanozymes have been also reported to detect

H
2
O
2
. Au NPs have been discovered to possess intrinsic

peroxidase-like activity [47]. Cao’s studies reported that
positively charged Au NPs can catalyze the oxidation of TMB
by H
2
O
2
. Carboxyl-modified graphene oxide was shown to

possess intrinsic peroxidase-like activity that can catalyze the
reaction of TMB in the presence of H

2
O
2
to produce a blue-

color reaction [23]. Concentrations as low as 5 × 10−8mol L−1
H
2
O
2
were detected with a linear range from 5 × 10−8 to 1 ×

10−6mol L−1.

3.1.2. Glucose Detection. Peroxidase-like nanozymes coupled
with glucose oxidase (GOx) have been frequently employed
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in the construction of glucose biosensors. Wang et al. devel-
oped a colorimetric glucose detection platform by combining
the catalytic oxidation of glucose with GOx and the catalytic
reaction of ABTS withMNPs [48]. Glucose concentrations as
low as 30 𝜇M were detected with a linear range from 50 𝜇M
to 1mM in this study.

There have been several reports of an electrochemi-
cal biosensing platform using GOx-coupled nanozymes. A
highly efficient and robust electrochemical biosensing strat-
egy employing a nanocomposite harboring GOx-coupled
nanozymes was developed by our group [49]. In this report,
MNPs and GOx were entrapped in the pores of mesoporous
carbon, in which GOx immobilized in the nanocomposite
generates H

2
O
2
which then is directly reduced to H

2
O,

with the electrocatalytic reduction mediated by MNPs. This
system showed a linear range of (0.5 to 10) × 10−3M and a
detection limit of 0.2 × 10−3M.

3.1.3. Oxidase-Coupled Methods (Except Glucose Oxidase).
On the basis of the mechanism of glucose detection above,
several different oxidases have also been coupled with
nanozymes for the fabrication of biosensing platforms. A
nanostructured multicatalyst system consisting of MNPs
and cholesterol oxidase entrapped in large-pore-sized meso-
porous silica has been developed for convenient colorimetric
detection of cholesterol [50]. This multicatalyst system is
composed of MNPs incorporated in the wall of mesocellular
silica pores, forming magnetic mesoporous silica (MMS),
and cholesterol oxidases. In this system, cholesterol oxidase
immobilized in the MMS promotes a reaction with choles-
terol to generate H

2
O
2
, which subsequently activates MNPs

in the mesocellular silica pores to convert a colorimetric sub-
strate into a colored product. The result of this investigation
shows the cholesterol oxidase-coupled method to have high
selectivity and sensitivity (limit of detection, LOD, of 5𝜇M
in the linear range from 10 to 250 𝜇M) for the detection of
cholesterol. A colorimetricmethod for detection of galactose,
which utilizes a nanostructured multicatalyst system consist-
ing of MNPs and galactose oxidase, has also been reported
[51]. The clinical applicability of this multicatalytic system
was successfully evaluated as a promising analytical tool to
diagnose galactosemia, by determining the concentration of
galactose eluted from the dried blood specimens provided by
clinical hospitals.

Apart from the above oxidases, alcohol oxidase has been
used in a colorimetric biosensor for quantification of ethanol
and methanol [52]. The nanocomposite system utilizing
alcohol oxidase entrapped in mesocellular silica with MNPs
provided a rapid and convenient platform for analysis of
alcohol, with high stability and reusability. It showed a linear
concentration range from 100 to 500𝜇M with a detection
limit as low as 25 𝜇M.

3.1.4. OtherMethods. Recently, peroxidase-mimicking nano-
materials such as MNPs, CeO

2
NPs, and Au NPs [15] have

been employed for new methods of DNA detection. A label-
free colorimetric detection method for nucleic acids has
been developed [53]. In this method, the target DNA in
the sample, which is amplified by polymerase chain reaction

(PCR), is directly adsorbed on the surface of the MNPs due
to electrostatic interactions between the negatively charged
phosphate backbone and the positively charged surface of the
NPs, thereby inducing a shielding effect against colorimetric
substrate binding to MNPs. The peroxidase activity of MNPs
will decrease due to the DNA-induced shielding, so that
the intensity of the color signal will also be significantly
reduced. Using this detection method, researchers succes-
sively detectedChlamydia trachomatis in humanurine, which
is one of the common bacteria causing sexually transmitted
disease (STD) [54, 55]. CeO

2
NPs were also employed in a

label-free colorimetric method for detecting C. trachomatis,
and this method provided ultrafast detection of the target
nucleic acid (target nucleic acids can be determined within
a few minutes) [56].

A novel biosensing format using aptamers has been devel-
oped by several researchers based on the fact that aptamers,
which are ssDNA or ssRNA that can specifically bind to a
target, can replace antibodies for the specific recognition of
target molecules. A method using chitosan-modified MNPs
conjugated with thrombin aptamers was reported by Zhang’s
group [57]. They constructed a sandwich-type assay for the
detection of thrombin with two thrombin aptamers. This
aptamer-based assay showed a linear detection range from 1
to 100 nM and a detection limit of 1 nM of thrombin.

3.2. Immunoassays. Immunoassays have been used in hos-
pitals, laboratory, medicine, and research to improve the
health and well-being of humans and animals. Information
gained by clinical immunoassay testing has shortened the
length of hospital stays and decreased the severity of illness
by identifying and assessing the progression of disease,
thereby leading to improved therapeutic choices. In life
science research, immunoassays are used in the study of
biological systems for tracking different proteins, hormones,
and antibodies. In industry, immunoassays are used to detect
contaminants in food and water and in quality control to
monitor specific molecules used during product processing.
However, themost commonly used enzymes in immunoassay
include horseradish peroxidase and alkaline phosphatase
[58–62], which lose their enzymatic activities gradually over
long-term storage [63]. To overcome these limits, various
studies on replacing natural enzymes have been reported, and
consequently novel types of immunoassay using nanozymes
in place of HRP have been developed.

3.2.1. Sandwich or Antigen-Down Type Immunoassays. Gao
and coworkers reported an immunoassay using chitosan-
modified MNPs (CS-MNPs) as a replacement for HRP in the
traditional immunoassay [63]. They provided protocols for
antigen-down and sandwich immunoassays with CS-MNPs
and detected mouse IgG and carcinoembryonic antigen
(CEA), respectively. Chitosan modified on the surface of
MNPs prevented aggregation of MNPs, so that MNPs were
easily dispersed in aqueous solutions. Meanwhile, amino
groups in the chitosan provided a convenient site for covalent
linking of antibodies to MNPs, thereby replacing the linkage
of HRP-conjugated antibodies to CS-MNP-conjugated anti-
bodies in the immunoassay. Capture-detection immunoassay
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was also developed to detect CEA by employing themagnetic
properties of CS-MNPs, which facilitate capturing, separat-
ing, and enriching antigens as well as redispersing the MNP
aggregation in solution.

Zhang and coworkers reported a novel immunoassay
utilizing Prussian blue modified 𝛾-Fe

2
O
3
NPs [64]. Prus-

sian blue, a dark blue pigment with the idealized formula
Fe
7
(CN)
18
, was modified on the surface of 𝛾-Fe

2
O
3
NPs due

to its excellent electrochemical behavior that accelerated elec-
tron transfer and its catalytic properties that could catalyze
the reduction of H

2
O
2
. Prussian blue modified 𝛾-Fe

2
O
3
NPs

(PBMNPs) were next conjugated with staphylococcal protein
A (SPA) to bind to IgG immobilized in the well, so that
PBMNPs could derive a colorimetric reaction in the presence
of TMB and H

2
O
2
.

Ferritins, nanoscale globular protein cages encapsulating
a ferric core, were used in immunoassay in Tang et al.’s study
[65]. In this study, ferritin showed a thermally stable and pH-
tolerable enzyme-mimetic activity derived from the ferric
nanocore of ferritin. Two forms of immunoassay systems
were constructed: antigen-down type and sandwich type.
Avidin was selected as the target molecule of the antigen-
down immunoassay and nitrated human ceruloplasmin as
the target molecule of the sandwich-type immunoassay.They
also reported that the ferritins could be utilized in analytical
applications such as H

2
O
2
assay. In their assay, ferritin

oxidizes the p-HPPA in the presence of H
2
O
2
to generate

a fluorescent product. This ferritin-based H
2
O
2
assay shows

a detection limit of 0.16 𝜇M and a linear detection range of
40 𝜇M, which is one-order higher sensitivity with a broader
linear response range.

Immunoassay systems for detection of rotavirus and
breast cancer have been developed [66], in which MNPs
are conjugated to antibodies against rotaviruses and human
epidermal growth factor receptor 2 (HER2). In this sys-
tem, sandwich-type and antigen-down type immunoassay
were used to detect rotavirus and HER2, respectively. For
the detection of rotavirus, rotavirus antibodies were first
immobilized in a well and rotavirus bound to the immo-
bilized antibody. Subsequently, MNP-conjugated antibodies
(MNP-Abs) were added to the well in order to bind to
captured rotaviruses. Finally, the peroxidase substrate TMB
was changed into blue-colored products in the presence of
H
2
O
2
. An antigen-down immunoassay system was used in

the case of breast cell detection, which did not require prior
immobilization of antibodies in the bare well surface. Breast
cells were cultured in a well so that they adsorbed to the
surface of the well. MNPs-Abs were then applied to the cell-
cultured well, followed by adding TMB and H

2
O
2
to induce

a colorimetric reaction.This assay system displayed excellent
specificity, sensitivity, and linearity for quantitative detection
of the target molecules, as well as the production of a color
signal that could be detected by the naked eye.

Based on the above system, a nanocomposite-based
immunoassay was also performed, in which nanocomposite
entrappingMNPs and Pt NPs in ordered mesoporous carbon
(OMC) were utilized instead of HRP [33].This immunoassay
generated significantly higher absorption intensity of color
signal than the current ELISA and was able to quantify the

target antigen very rapidly within three minutes, while the
conventional ELISA requires several tens of minutes for color
signal development [67, 68]. It showed a limit of detection
(LOD) for HER2 of 1.5 ngmL−1 in the linear range from 2.5 to
100 ngmL−1. The nanocomposite was found to have 50 times
higher catalytic efficiency than that of free MNPs, owing to
the high catalytic action of Pt NPs.

Graphene oxide (GO) has been used in immunoassay as a
peroxidase-mimicking nanozyme [41]. Yan’s group developed
a sandwich-type immunoassay for the detection of cancer
biomarker prostate specific antigen (PSA). In this work, a
magnetic bead (MB) was used to immobilize the primary
PSA antibody (Ab

1
) and then a GO-conjugated secondary

antibody (Ab
2
) was applied in the presence of PSA. Subse-

quently,MB-Ab
1
was separated from the immunocomplex by

an external magnetic field, and GO catalyzed the oxidation of
hydroquinone in the presence of H

2
O
2
to generate a brown-

colored product.
Conjugating both MNPs and Pt NPs on the surface of

GO enabled highly sensitive and rapid colorimetric detection
of the target cancer cell [35]. In this work, it was notable
that the electron transfer between MNPs and Pt NPs creates
a synergistic effect, significantly enhancing the catalytic
performance of MNPs-Pt NPs-GO nanohybrids. Using this
immunoassay system, human breast adenocarcinoma cells
(SKBR-3), which overexpressed HER2, were detected in five
minutes with high specificity and sensitivity. The LOD for
target SKBR-3 cells was found to be about 100 cells in the
linear range from 100 to 1000 cells. Moreover, fluorescence
imaging of SKBR-3 was successfully performed with MNPs-
Pt NPs-GO nanohybrids.

3.2.2. Other Immunoassays. By employing the superparam-
agnetic property of MNPs, a capture-detection immunoassay
system has been developed by Gao’s group [63]. In the proce-
dure, the CS-MNPs were conjugated with carcinoembryonic
antibodies (anti-CEA M111147) and then mixed with the
sample containing CEA. After the CEA was captured by
MNPs, a magnetic field was applied to separate the MNPs
which had captured CEA. Finally, the MNPs capturing CEA
were injected into microplate wells coated with another
monoclonal CEA antibody, creating the sandwich format.
Thereby, the MNPs prompted the generation of a color signal
upon addition of colorimetric substrate and H

2
O
2
to the

wells. Cardiac troponin I (TnI) in serum, a well-known
biomarker for myocardial infarction, was also detected by a
capture-detection immunoassay utilizing the magnetism and
peroxidase ability of MNPs [9].

3.3. Cancer Diagnostics without Immune Reaction. Aside
from immunoassay using antigen-antibody interaction, other
novel assays using nanozymes have been developed partic-
ularly for the diagnosis of tumor cells. Asati and coworkers
reported an assay for the determination of tumor cells
with poly(acrylic acid)-coated CeO

2
NPs (nanoceria) as an

oxidase mimic [13]. When the nanoparticles were conjugated
with folic acid, they bound to folate receptors on the tumor
cell (A-549 lung cancer cells), due to high expression of
folate receptors on the tumor cell surface. Polymer-coated
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nanoceria as an oxidase mimic made detection of tumor
cells easier than with traditional immunoassay, because it
directly oxidized a colorimetric substrate to a colored product
without H

2
O
2
and additional steps to introduce an enzyme-

conjugated secondary antibody. Further advances in this
technology were also reported by employing a fluorescence-
generating substrate, ampliflu, to detect target cancer cells at
around neutral pH [69].

Another interesting study to visualize target tumor tissues
without the use of any additional targeting ligands has
also been described [70]. In this study, peroxidase-like iron
oxide nanoparticles were encapsulated inside a recombinant
human heavy-chain ferritin (Hfn) protein shell, which binds
to tumor cells that overexpress transferrin receptor 1.The iron
oxide cores catalyzed the oxidation of peroxidase substrates
in the presence of H

2
O
2
to produce the colorimetric signal

that was used to visualize tumor tissues. Through this
strategy, nine types of cancer were successfully verified with
enough specificity and sensitivity.

3.4. Therapeutic Applications. As described above, nano-
zymes have been widely used for detection and diagnos-
tic methods. Besides these applications, many researchers
have also studied therapeutic applications including anti-
inflammatory effects, neuroprotection, stem cell growth, and
antiaging. In general, SOD was often utilized for therapeutic
applications owing to its protective role as a scavenger of reac-
tive oxygen intermediates (ROIs). Intracellular concentration
of ROI, including hydrogen peroxidase, hypochlorite ions,
hydroxyl radicals, hydroxyl ions, and superoxide anions, has
been known to be a cause of cell degeneration and associated
diseases [71]. Inspired by earlier studies by Seal et al. which
revealed the activity of CeO

2
NPs as a SOD-mimic [72, 73],

various studies have been attempted to develop SOD-
mimicking nanozymes.

Chen at al. reported that nanoceria as a SOD-mimic
prevented retinal degeneration by inhibiting the production
of ROIs [74]. In their work, nanoceria prevented ROI-
induced apoptosis and intracellular accumulation of ROI
in cultured retinal neurons in the presence of H

2
O
2
. They

further demonstrated that nanoceria injected into the eyes of
rats protected retina photoreceptor cells from light-induced
degeneration. The study by Hirst et al. also demonstrated
that nanoceria could be used for anti-inflammation by
elimination of the radical oxygen species in J774A.1 murine
macrophage cells [75].

Superparamagnetic iron oxide (SPIO) nanoparticles have
been employed to promote growth of stem cells. Huang
et al. reported that Ferucarbotran, a commercialized SPIO,
could promote cell growth in humanmesenchymal stem cells
(hMSCs) by diminishing intracellular H

2
O
2
and also accel-

erate cell cycle progression [76]. In this report, the intrinsic
peroxidase-like activity of SPIO dramatically reduced intra-
cellular H

2
O
2
after internalization into hMSCs, as well as

free iron ions released from lysosomal degradation of SPIO-
affected cell cycle control molecules.

3.5. Environmental Engineering. Recently, environmental
problems such as water and air pollution, food safety, and

public health have become growing concerns in society.
In addition to the aforementioned applications, nanozyme-
based techniques have been explored for use in the field of
environmental technology.

3.5.1. Pollutant Detection. Ding et al. developed a simple
and rapid colorimetric method for detecting melamine, an
organic nitrogenous compound which is toxic when swal-
lowed and has been illegally added to dairy products [77].
The principle of this method is as follows. Melamine inhibits
the catalytic oxidation of colorimetric substrates (ABTS) by
MNPs in the presence of H

2
O
2
, because it competitively

reacts with H
2
O
2
, forming an additional compound. Conse-

quently, the intensity of the ABTS color signal was dependent
on the concentration of melamine. On the basis of this
reaction, a colorimetric systemusingMNPs could enable easy
detection by the naked eye of concentrations of melamine
above safety limits in dairy products.

Nanocomposite-entrapping MNPs and oxidase in meso-
porous carbonwere used to detect several phenol compounds
amperometrically, such as phenol, cresol, and cathechol
[49]. These phenol compounds produced a concentration-
dependent increase of cathodic current in this system, which
may have great potential in the field of environmental
monitoring.

3.5.2. Pollutant Removal. Although there have been many
methods for removal of industrial dyestuffs, such as absorp-
tion, precipitation, and ultrasonic decomposition, they could
not efficiently degrade organic pollutants in wastewater.
Nanozyme-based methods have been found to be a power-
ful, cost-effective, and simple method for degradation and
mineralization of organic dyes from industrial processes.
Most prominently, MNPs such as peroxidase have been
investigated for degradation of organic pollutants, such as
methylene blue, phenol, and rhodamine B. A MNP-based
degradation method offers distinct advantages over existing
degradation methods which use HRP, such as lower cost,
high stability, and reusability. MNPs-H

2
O
2
could remove

85% of phenol from aqueous solution within three hours
[78]. The MNPs-based degradation showed higher efficiency
compared to HRP-based degradation and stability in a broad
range of temperatures (5–90∘C), leading to ease of storage.
Furthermore, MNPs could be captured by the application of
an external field and recycled for five rounds, retaining almost
100% of their activity. Removal of methylene blue by MNPs-
H
2
O
2
coupled method has also been successfully performed

by Jiang et al. [79]. It was observed that 96%ofmethylene blue
was degraded in 15 minutes at optimized condition.

Gao et al. reported that MNPs-H
2
O
2
system could

degrade biofilm and kill resident bacteria [80]. Biofilm, espe-
cially formed by Pseudomonas aeruginosa, occurs in hospital
water systems and medical devices with high frequency,
becoming a common cause of nosocomial infection [81].
In this report, MNPs-H

2
O
2
system exhibited significantly

higher efficiency than the use of H
2
O
2
in degradation of

biofilm. The authors confirmed that additional free hydroxyl
radicals generated by MNP catalysis of H

2
O
2
facilitated

the oxidative cleavage of biofilm components (nucleic acids,
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proteins, and polysaccharides) as well as killing resident
bacteria.

4. Conclusions and Future Research Aspects

Nanozymes have recently emerged as a potent alternative
to natural enzymes. As discussed above, although they are
still in the initial stages of research, their use has developed
substantially inmanydifferent detection and treatmentmeth-
ods for biomolecules (Table 1). Despite the advantages of
nanozymes such as their low cost, high stability, robustness,
ease of mass production, and long-term storability, there
are several challenges to be tackled for practical use. Firstly,
most nanozymes have low activity compared to natural
enzymes. Even if the nanomaterial itself is highly active,
additional coating and surface modification can decrease its
performance. Therefore, development of novel nanozymes
exhibiting high activity and appropriate surface-modification
techniques are the emerging issues in the field of nanozymes.
Nanozymes also have low selectivity to targets, owing to the
absence of active sites where a substrate molecule binds and
undergoes a chemical reaction in a natural enzyme. Although
researchers have designed various types of surface-modified
nanozymes with polymers, nucleic acids, and antibodies
to provide selectivity mimicking natural enzymes, this is
still insufficient for use in practical applications. Toxicity of
nanozymes to humans and the ecosystem is also an essential
issue to be solved in regard to environmental and therapeutic
applications.

In order for nanozymes to be positioned as a novel
source technology by efficiently overcoming the limitations
of natural enzymes, we offer the following suggestions. The
development of new nanozymes with higher activity and
other positive properties than existing nanozymes is required.
While traditional research on developing nanozymes has
been performed by random screening of the enzyme-
like activities of existing unspecified nanomaterials, future
research will follow a strategy of rational screening of
enzyme-like activity based on those atomic compositions
which are envisaged to catalyze enzymatic reactions. Fur-
thermore, a strategy to prepare composites can be expected
to resolve the current major limitations of nanozymes of
low catalytic activity, by exploiting their synergistic effect
to facilitate electron transfer between composite materials
during redox reaction. Bioinspired synthesis of nanozymes
also provides an option to prepare nontoxic nanozymes,
by effectively circumventing the use of toxic chemicals in
conventional chemical synthesis, thereby accelerating their
use in therapeutic applications. Finally, the development
of novel surface engineering technology that can make
nanozymes selective to target substrates will be important
in this field. With the abovementioned research projects, we
expect nanozymes to be widely employed in a wide range of
applications in the near future.
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This study investigated cytotoxicity, particularly autophagy, in RAW264.7 cells exposed to graphene oxide (GO) and its derivatives
(dodecylamine-GO (DA-GO), reduced GO (rGO), and sodium dodecyl sulfate-rGO (SDS-rGO)). Appearance of amine stretching
bands, out-of-plane C-H stretching vibrations, and S=O stretching bands in infrared spectra indicated the formation of DA-GO,
rGO, and SDS-rGO, respectively. Light microscopy and microculture tetrazolium assay showed that all the GO types exerted
cytotoxic effects on RAW264.7 cells in a concentration-dependent manner. Higher concentrations of the GO types downregulated
the expression of PU.1, a unique transcription factor in monocytes and macrophages, and decreased the conversion of LC3A/B-
I to LC3A/B-II, suggesting that PU.1 was associated with autophagy in RAW264.7 cells. These results suggested that surface-
functionalized GOs exerted cytotoxic effects in a concentration-dependent manner by changing the expression of critical genes
and inducing autophagy in macrophages.

1. Introduction

Nanomaterials have diverse applications because of their
extraordinary physicochemical characteristics. In the last
decade, several novel nanomaterials have been developed
that have found applications in tissue engineering and regen-
erative medicine. Nanomaterials affect the immune system,
especially macrophages and lymphocytes, thus significantly
affecting human health [1]. Graphene, which is characterized
by a two-dimensional honeycomb lattice carbon structure,
is a potential nanomaterial [2]. Different graphene subtypes,
for example, graphene made by chemical vapor deposition,
graphene nanoribbons, graphene oxide (GO), and reduced
GO (rGO), can be obtained by employing different fabri-
cation methods. Uniformly structured graphene is used as
an intracellular carrier in immune cells [3]. Its favorable
biological properties such as interaction with RNA and
DNA, cellular adhesion, cellular uptake, antibacterial activity,

and good biodegradability have increased its application in
the biological field. This in turn will increase the indus-
trial production of graphene. As a result, graphene dust
may inevitably spread into the environment and may exert
harmful effects on human health. Therefore, it is important
to analyze the nanosafety and nanotoxicity of graphene
materials.

Unique properties of graphene are important under in
vivo or intracellular conditions as well as under ex vivo
or extracellular conditions. GO and rGO effectively inhibit
the growth of bacteria, with minimal cytotoxic effects [4].
RAW264.7 mousemacrophage cell line has long been used as
an in vitro model for studying the response of inflammatory
molecules to various synthetic stimuli. Macrophages are the
first immune response cells that represent the innate immune
system. Macrophage response is critical for survival at cell,
tissue, organ, and system levels. Therefore, dose- and size-
related effects of GO or rGO on the morphology, viability,
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and mortality of RAW264.7 cells should be considered while
developing biomedical applications of GO. Most previous
studies have used rGO orGOwithout any surface treatments.
However, the physicochemical properties of GO depend
on its surface [5]. The most critical issue associated with
the use of rGO or GO in biomedical applications is to
establish versatile functionalization methods for produc-
ing GOs that are surface functionalized with biomolecules
or biomaterials, with minimal detrimental effects on the
bioactivity of these compounds. Therefore, the effect of
surface-functionalized GOs on the viability of RAW264.7
cells should be analyzed to determine their nanosafety. Fur-
thermore, surface-functionalized GO-induced intracellular
molecular and genetic mechanisms in RAW264.7 cells must
be elucidated for determining health care and environmental
controls.

Cell death occurs in the form of necrosis, apoptosis,
and other forms of programmed or nonprogrammed cell
death, including autophagy, which has been acknowledged
recently. Autophagy is defined as nanomaterial-associated
cellular injury [6]. Autophagy involves degradation of intra-
cellular components in response to stress, and it is negatively
controlled by mammalian target of rapamycin complex 1
(mTORC1). Inhibition of mTORC1 kinase activity promotes
the formation of an autophagosome containing a complex
composed of Beclin 1 and other factors. Formation of the
autophagosome also involves the conversion of microtubule-
associated protein light chain 3 (LC3A/B-I) to its lipidated
formLC3A/B-II.Thus, conversion of LC3A/B-I to LC3A/B-II
is a common indicator of autophagy. A study onmechanisms
underlying the death of RAW264.7 cells is essential to eluci-
date the effects of surface-functionalized GOs on the viability
of these cells. Therefore, the present study investigated the
differential cellular effects of surface-functionalized GOs
on the viability of and gene expression in monocytes and
macrophages.

GO was produced using a modified Hummers method,
and rGO was produced using hydrazine hydrate [7]. Dode-
cylamine (DA) and sodium dodecyl sulfate (SDS) were used
to functionalize GO or rGO. Fourier transform infrared
spectroscopy (FTIR) was used to determine the results of
surface functionalization. Optical microscopy was used to
investigate cell viability. The measurements obtained were
used to elucidate the effects of GO, DA-GO, rGO, and SDS-
rGO on the viability of RAW264.7 cells and the mechanisms
underlying their death.

2. Materials and Methods

2.1. Synthesis of GO. GO was prepared using a modified
Hummers method. Briefly, 2 g graphite powder (universal
grade, 200 mesh, 99.9995%; Alfa Aesar) was stirred with 2 g
NaNO

3
and 100mL concentrated H

2
SO
4
for 1 day in an ice

water bath. After stirring, 12 g KMnO
4
was gradually added

to the solution. After thoroughly mixing the solution, the ice
bath was removed and the solution was stirred at 35∘C until a
highly viscous liquid was obtained. Next, 200mL pure water
and H

2
O
2
were added sequentially to the viscous liquid, and

the mixture was centrifuged at 8000 rpm and washed with

HCl and water. The centrifugation and washing steps were
repeated at least five times. Finally, theGOobtainedwas dried
at 50∘C for 24 h in a vacuum oven.

2.2. Synthesis of DA-GO. GO was dispersed in 200mL
deionized water to obtain a concentration of 2mg/mL. The
dispersed GO was ultrasonicated for 30min by using WUC-
A03H bath-type sonicator (Daihan Scientific, Korea). The
GO dispersion was then centrifuged for 15min at 3000 rpm
to remove unexfoliated GO. Next, 100mL of the brown-
colored dispersion was transferred to a 250mL beaker. DA
(0.1853 g) dissolved in 100mL ethanol was added to the GO
dispersion, and the solution was stirred at room tempera-
ture for 2 h. Nucleophilic substitution occurred between the
amino moiety of DA and the epoxy moiety of GO. This DA-
functionalized GO dispersion was washed with ethanol to
remove excess DA adsorbed on the surface of the modified
GO. The reaction product was washed with deionized water
to remove excess ethanol. The dark brown powder was dried
under vacuum at 60∘C for 24 h to obtain DA-GO.

2.3. Synthesis of rGO. rGOwas synthesized fromGObyusing
hydrazine hydrate. First, 0.1 g GO was dispersed in 100mL
deionized water by ultrasonication. Next, 1mL hydrazine
hydrate (N

2
H
4
[50%–60%], reagent grade; Sigma-Aldrich)

was added to the GO dispersion. After stirring for 10min, the
solution was transferred to an oil bath fitted with a water-
cooled condenser, and it was heated at 90∘C for 24 h. The
reaction product was washed with deionized water to remove
excess hydrazine hydrate.The final product was then dried in
a vacuum oven at 60∘C.

2.4. Synthesis of SDS-rGO. For SDS modification, rGO was
dispersed in 200mL deionized water to achieve a con-
centration of 2mg/mL by performing ultrasonication for
30min inVCX-750 probe-type sonicator (Sonics&Materials,
Inc., USA). Next, 14.419 g SDS (ACS regent, ≥99.0%; Sigma-
Aldrich) was added to the rGO dispersion, and the solution
was stirred at room temperature for 2 h. The SDS-modified
rGO (SDS-rGO) dispersion was then washed with deionized
water to remove excess SDS. The black powder obtained was
dried under vacuum at 60∘C for 24 h.

2.5. Materials. Dulbecco’s modified Eagle’s medium
(DMEM;Gibco), fetal bovine serum (FBS; Gibco), penicillin/
streptomycin (Gibco), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), NaCl, Tween-20,
Trizma base, glycine, and HCl were purchased from Sigma-
Aldrich. PRO-PREP Protein Extraction Kit and SMART
BCA Protein Assay Kit were purchased from Intron.
Antibodies against glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), pan-actin (p-Act), LC3A/B-I, LC3A/B-II,
and PU.1 were purchased from Cell Signaling.

2.6. Cell Culture and Treatment with the GO Types. Murine
RAW264.7 macrophages were purchased from ATCC and
cultured in DMEM supplemented with 10% FBS, 100𝜇g/mL
streptomycin, and 100U/mL penicillin at 37∘C in 5% CO

2

atmosphere. Four GO types, that is, GO, DA-GO, rGO, and
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SDS-rGO, were used in the study. For treatment with each
GO type, the cells were seeded in proper culture plates (24-
well plates, ∼100𝜑, and 100mm diameter) at an appropriate
seeding density and cultured overnight with indicated con-
centrations of each GO type for 24 or 48 h.

2.7. Light Microscopy. Cell morphology was examined under
a phase-contrast microscope (Olympus IX71) at 100x mag-
nification. RAW264.7 cells were plated in 12-well plates (cell
density, 2.5 × 105 cells per well) and were incubated for 24 h
for stabilization. The cells were then treated with GO, DA-
GO, rGO, and SDS-rGO at indicated concentrations (5, 25,
and 50 𝜇g/mL for DA-GO and 5, 50, and 200𝜇g/mL for GO,
rGO, and SDS-rGO, resp.) for 24 or 48 h. RAW264.7 cells
cultured in a complete medium without any GO type were
used as controls. All images were recorded and digitalized
using Olympus DP70 and its software program.

2.8. Cytotoxicity Assay. Cytotoxicity of each GO type was
evaluated by performing MTT assay. Briefly, 5mg/mL MTT
solution was prepared in phosphate buffered saline (PBS;
Gibco). The solution was sterilized using a syringe filter
(0.2 𝜇m pore size, GVS). RAW264.7 cells were plated in
24-well plates (cell density, 1.5 × 105 cells per well) and
were incubated for 24 h for stabilization. The cells were then
treated separately with GO, DA-GO, rGO, and SDS-rGO
at concentrations ranging from 800 to 0.8𝜇g/mL, which
were obtained by diluting the GO types with the culture
medium. RAW264.7 cells cultured in a medium without the
GO types were used as controls. Culture medium without
the RAW264.7 cells or GO types was used as blank. After
24 and 48 h of incubation, the cells were rinsed twice with
cold sterile PBS. Next, 10% MTT solution in the complete
mediumwas added to each well, and the cells were incubated
for additional 4 h at 37∘C. Next, 100 𝜇L 10% SDS solution was
added to eachwell, and the cells were incubated formore than
4 h at 37∘C to dissolve formazan precipitates in viable cells.
Liquefied samples were agitated for 30 s to mix cells with GO
thoroughly. Next, the samples were centrifuged at 14000 rpm
for 30min to precipitate the GO derivatives. Optical density
was measured at 540 nm by using a microplate reader
(Spectramax 340PC384; Molecular Devices), with 670 nm
as the reference wavelength. The experiment was repeated
thrice.

2.9. Protein Extraction and Western Blot Analysis. Each GO
type was categorized into 3 groups based on its concentration
(low, medium, and high concentrations). The concentrations
were 5, 25, and 50 𝜇g/mL for DA-GO and 5, 50, and
200𝜇g/mL for the other GO types. Total proteins were
extracted by rinsing the treated cells twice with ice-cold
PBS and subsequently lysing the cells in the PRO-PREP
solution by using cell scrappers. The extracted components
were incubated at −20∘C for 20min and then centrifuged at
15000 rpm and 4∘C for 30min. Clear supernatants containing
total proteins were collected, and protein concentrationswere
determined using the SMART BCA Protein Assay Kit. Equal
amounts of proteins were separated by performing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and were

transferred onto polyvinylidene fluoride membranes. The
membranes were blocked with 5% nonfat milk and were
incubated overnight with primary antibodies at 4∘C with
gentle agitation. The membranes were then incubated with
appropriate secondary antibodies, and protein bands were
detected using Dogen Pico or Femto Chemiluminescence
Kit. Densities of protein bands were quantified using Image
Lab imaging processing program. Because the extent of the
conversion of LC3A/B-I to LC3A/B-II is correlated with the
level of autophagy, levels of LC3A/B-I and LC3A/B-II were
detected by performing western blot analysis. Conversion
of LC3A/B was determined using the following formula:
band density of LC3A/B-II/(band density of LC3A/B-I +
band density of LC3A/B-II). Expression of p-Act, GAPDH
(internal control), and PU.1 (transcription factor that serves
an indicator of RAW264.7 cells) was also examined.

3. Results and Discussion

Figure 1 shows the FTIR spectra of (a) GO, (b) DA-GO, (c)
rGO, and (d) SDS-rGO. Expected structures of each GO type
are shown in the inset of Figure 1. A broad peak at 3437 cm−1
corresponding to O-H stretching was observed for all the
samples, suggesting that rGO and SDS-rGO contained some
oxygen bonds even though their oxygen content decreased
after reduction. Another peak at 1636 cm−1 was also observed
for all the samples, indicating the presence of graphitic sp

2

bonds. Peaks around 1700–1733 cm−1 and at 1272 cm−1 were
observed for GO, indicating the presence of carboxyl and
epoxy groups, respectively. However, these peaks were not
observed for other samples, suggesting that the carboxyl
and/or epoxy groups reacted with DA in DA-GO and were
reduced in rGO and SDS-rGO. The remaining peaks for GO
were observed at 1380 (CH

3
bending) and 1056 cm−1, which

is typical for primary alcohols [8]. New peaks at 2955, 2922,
and 2852 cm−1 for DA-GO corresponded to C-H stretching
vibrations of CH

3
, CH
2
, and, CH groups, respectively. Peaks

at 1644, 1457, 1265, and 1012 cm−1 for DA-GO corresponded
to carbonyl stretching vibrations of an amide-carbonyl bond,
an amine group, an amine stretching band, and a primary
alcohol in phenolic compounds, respectively [9, 10]. Presence
of these peaks confirmed that GO was successfully modified
with DA. Peaks at 998 and 990 cm−1 for rGO and SDS-rGO,
respectively, corresponded to out-of-plane C-H stretching
vibrations and suggested sufficient reduction of GO. A new
peak at 1168 cm−1 for SDS-rGO corresponded to S=O stretch-
ing and indicated that small amounts of SDS existed on the
surface of rGO.These data indicated that all the samples were
modified as intended.

The morphology of a cell is an important indicator of its
viability. Figure 2 shows microscopic images of RAW264.7
cells treated with (a) GO, (b) DA-GO, (c) rGO, and (d)
SDS-rGO. The cells were exposed to 3 concentrations of
GOs. Researchers or workers are likely to be exposed to low
concentrations (5𝜇g/mL) of GOs. Intermediate (50 𝜇g/mL)
and high (200𝜇g/mL) concentrations of GO were examined
to determine the effect of long-term exposure to GOs.
Cellular morphology was conserved in almost all the cells
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Figure 1: FTIR spectra of (a) GO, (b) DA-GO, (c) rGO, and (d) SDS-rGO.

exposed to lower concentrations of each GO type. However,
cells exposed to higher concentrations of all the GO types
had dysmorphic appearance. RAW264.7 cells showed loosely
adherent, spindle, ovoid, or round shapes, which are char-
acteristics of injured cells. Furthermore, cellular debris was
detected in cell samples treated with all the GO types, which
increased with an increase in the concentration of the GO
types.

Figure 3 shows the cytotoxicity of various GO types
determined by performing the MTT assay. Cell viability
decreased with an increase in the concentration of GOs,
regardless of the GO type. Cell viability decreased linearly
in cells treated with GO and decreased rapidly in cells
treated with higher concentrations (>25 𝜇g/mL) of rGO and
SDS-rGO. Cells treated with 0.8𝜇g/mL DA-GO showed
remarkably decreased viability that was also observed in
cells treated with 12.5𝜇g/mL DA-GO. Cells treated with
DA-GO concentrations higher than 12.5 𝜇g/mL showed a
rapid decrease in viability, suggesting that GO types with
different functional groups exerted different cytotoxic effects.
No difference was observed in the concentration-dependent
decrease in cell viability between cells treated for 24 and 48 h.

Figure 4 shows the results of western blot analysis of cells
treated with (a) GO, (b) DA-GO, (c) rGO, and (d) SDS-rGO.
Expression of p-Act decreased in a dose-dependent manner
in all the samples. In contrast, expression of GAPDH was
constant in all the samples. Therefore, GAPDH was used as
a housekeeping gene for normalizing the semiquantitative
analysis of gene expression. PU.1, NF𝜅B, and AP-1 are repre-
sentative transcription factors in cells belonging to themono-
cyte lineage. Surface-functionalized GOs downregulated the
expression of PU.1 in a concentration-dependentmanner.The
ratio of conversion of LC3A/B-I to LC3A/B-II also decreased
in a dose-dependent manner except for RAW264.7 cells with
SDS-rGOat a concentration of 200𝜇g/mL for 48 h,whichwas
similar to that observed with PU.1.

Based on these observations, the effects of GO and
its functionalized derivatives on autophagy in monocytes/
macrophages can be explained as follows. Macrophages
engulf graphene materials and convert them into biodegrad-
able intracellular nanomaterials [11, 12]. Macrophages inhibit
the endocytosis of polyethylene glycol- and bovine serum
albumin-functionalized graphene but stimulate the endo-
cytosis of polyetherimide-functionalized graphene [13, 14].
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Figure 2: Microscopic images showingmorphological changes in RAW264.7 cells exposed to (a) GO, (b) DA-GO, (c) rGO, and (d) SDS-rGO
at the indicated concentrations for 24 h. Exposure to each GO type exerted cytotoxic effects on RAW264.7 cells.

These results indicate that surface-functionalized graphene
exerts diverse effects from biodegradation to nanotoxicity
that may injure various organs [15].

Graphene induces apoptosis, autophagy, and inflamma-
tion inmacrophages throughNF𝜅B or p38MAPKby increas-
ing the expression of TNF-𝛼 [16, 17]. Autophagy is a type of
programmed cell death, like apoptosis. Autophagy involves
multiple processes such as phagocytosis or endocytosis,
formation of the autophagosome, recycling of intracellular

proteins, and degradation of extracellular antigens. At the cel-
lular level, autophagy can determine cell fate, that is, survival
or death. LC3 processing is a marker of autophagy because
it is a major step in the formation of the autophagosome.
Generally, conversion of LC3A/B-I to LC3A/B-II indicates
the activation of autophagy because it involves ubiquitinase-
like enzymes that cause the selective degradation of target
molecules [18]. In the present study, the ratio of conversion
of LC3A/B-I to LC3A/B-II decreased in a dose-dependent
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Figure 3: Viability of RAW264.7 cells treated with (a) GO, (b) DA-GO, (c) rGO, and (d) SDS-rGO.

manner (Figure 4), suggesting that autophagy was one of
the cell death processes in macrophages with the different
degrees of contribution. PU.1 is one of the transcription
factors in monocytes and plays pivotal roles in the expression
of various genes [19, 20]. Expression of PU.1 indicates the
involvement of apoptotic pathways [21, 22]. Interestingly,
exposure of RAW246.7 cells to higher concentrations of
GO types decreased the expression of PU.1 and conversion
of LC3A/B-I to LC3A/B-II. These results suggest that PU.1
plays a regulatory role in inducing autophagy in RAW246.7
cells. Furthermore, GAPDH expression was not affected by
the increase in the concentrations of GO types. To the
best of our knowledge, this is the first report on constant
GAPDH expression in macrophages exposed to surface-
functionalized GOs.Therefore, GAPDHmay be used instead
of p-Act to normalize gene expression inmacrophages.These
results highlight the need for further studies to determine

mechanisms underlying immune response or cellular toxic-
ity, including autophagy, to establish strategies for prevent-
ing or treating respiratory and immunological toxicities in
humans. Furthermore, these results indicate that appropriate
preparation of GOs is necessary in manufacturing plants and
industrial environments.

4. Conclusion

This study investigated the cytotoxic effects of GO, DA-GO,
rGO, and SDS-rGOonRAW264.7 cells. Appearance of amine
stretching bands, out-of-plane C-H stretching vibrations, and
S=O stretching in FTIR spectra indicated the formation of
DA-GO, rGO, and SDS-rGO, respectively. Light microscopy
and MTT assay showed that all the GO types exerted cyto-
toxic effects in a concentration-dependent manner. Western
blot analysis confirmed cytotoxicity, decreased expression
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Figure 4: Expression of GAPDH, p-Act, PU.1, and autophagy marker proteins in RAW264.7 cells treated with the different concentrations
of GO types for different treatment durations. (a) Representative results of western blot analysis of each protein. (b) Changes in the ratio of
LC3A/B-II/(LC3A/B-I + LC3A/B-II) as a function of GO concentration and treatment duration. Level of LC3A/B-I and LC3A/B-II expression
was analyzed by western blot analysis by using specific antibodies.
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of PU.1, and induction of autophagy in a concentration-
dependent manner in macrophages treated with the 4 GO
types. These results suggested that surface-functionalized
GOs exerted cytotoxic effects in a concentration-dependent
manner by changing the expression of critical genes and by
inducing autophagy.
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Recently, much attention has been devoted to food-related health issues. In particular, food-poisoning bacteria are becoming a
serious threat to human health. So far, techniques used to detect these bacteria are time-consuming and laborious. To overcome
these challenges, a biosensor with a simple platform was developed to detect Salmonella typhimurium. The colorimetric strategy
is attractive because it enables simple and rapid sensing with the naked eyes. We used magnetic nanoparticles (MNPs), specific
aptamers, and a colorimetric substrate, 3,3,5,5-tetramethylbenzidine (TMB) in the presence of H

2
O
2
. Because MNPs display

enzyme-like activities, they can undergo color changes with the help of a colorimetric substrate. In this system, MNPs were
first incubated with aptamers that specifically interact with the Salmonella species, reducing the peroxidase activity of the MNPs
via DNA-mediated shielding of catalytic activity. After the addition of Salmonella cells to the solution, specific aptamers on the
MNPs interact with the Salmonella, consequently enhancing the peroxidase activity of the MNPs. Considering their low cost, easy
separation, and stable activity, MNPs could be applied to various detection systems.

1. Introduction

Food-poisoning bacteria have been a serious threat to human
health for the past years. Salmonella especially is one of the
major pathogens causing intestinal infection.They can spread
from poultry, eggs, and vegetables to humans or livestock
during handling and distribution [1]. The consumption of
food contaminated with bacteria can lead to immune defi-
ciencies and other symptoms such as fever, diarrhea, and
even death within 12 to 72 hours. Lately, great attention about
well-being food becomes a cause for increasing infection to
human bodies, leading tomedical costs andmass recall in the
food industry. According to the Center for Disease Control
and Prevention (CDC), infection by Salmonella has been
growing every year, and value is estimated to be about 19,000
hospitalizations and 380 deaths [2, 3]. Thus, the whole world
has demanded a fast and simple detection method before
people consume the contaminated food.

Common procedures for the detection of food-poisoning
bacteria involve culture methods and polymerase chain
reaction (PCR) followed by gel electrophoretic analysis [4,
5]. However, PCR-based methods require tedious experi-
mental procedures and long analysis times, which cannot
prevent distribution among food markets. Recently, colori-
metric methods for the detection of bacteria, employing
noble metal nanoparticles such as gold and TiO

2
, have

become popular [6–9]. For example, the aggregation of gold
nanoparticles (AuNPs) results in a shift in the absorption
spectrum and a color change from red to purple. Fur-
thermore, nanomaterials conjugated with antibodies have a
unique possibility in detecting bacteria or other molecules.
Nevertheless, these methods have several limitations that
depend on experimental conditions (e.g., salt concentration,
pH, and temperature) and are subjected to complicated steps
during the preparation and conjugation of antibodies on
the nanoparticles [10]. In addition, fluorescence-based assays
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based on natural enzymes like horseradish peroxidase have
been studied. However, enzymes as biological catalysts can
be easily digested and denatured [11].

To overcome such challenges, aptamers and magnetic
nanoparticles (MNPs) have been provided a substitute choice
to meet the requirements. Aptamers are oligonucleotides
by SELEX (systematic evolution of ligands by exponential
enrichment). Created aptamers can specifically bind to target
molecule forming a unique structure similar with antibodies.
Furthermore, owing to inexpensive and stable features in var-
ious experimental conditions, aptamers are useful in biotech-
nology [12, 13]. In this study, aptamers that interact with outer
membrane protein on the surface of S. typhimurium were
used [14, 15]. As another well-knownmaterials,MNPs exhibit
catalytic stability, ease to separation, and chemical inertness.
In this system, MNPs promote the oxidation of 3,3,5,5-
tetramethylbenzidine (TMB) as a colorimetric substrate by
peroxidase-like activity within several minutes in the pres-
ence of H

2
O
2
[16, 17]. Nonetheless, mechanism of enzyme-

like activity is not known exactly. Once H
2
O
2
molecules are

adsorbed onto the surface of MNPs, Fe2+ and Fe3+ in the
MNPs catalyze the disassembly of H

2
O
2
to radicals like ∙OH

and O
2

−∙
/HO
2

∙ [18]. Because of the high oxidizing ability of
radical, it mediates oxidation of TMB.This reaction produces
a blue-colored product, which enables colorimetric detection
with naked eyes. Herein, the purpose of colorimetric method
using MNPs and DNA aptamers is the prior detection of
contaminated food before its distribution among market
places. Furthermore, the development of methods for a fast
and stable detection of bacteria is of great significance in
avoiding and controlling Salmonella pathogens.

2. Experimental Details

2.1. Materials. FeCl
2
⋅4H
2
O (iron(II) chloride tetrahydrate),

FeCl
3
⋅6H
2
O (iron(III) chloride hexahydrate), NaOH (so-

dium hydroxide), DMSO (dimethyl sulfoxide), Acetate
buffer, and TMB were purchased from Sigma-Aldrich (St.
Louis, MO). H

2
O
2
(hydrogen peroxide) was obtained from

Junsei (Tokyo, Japan) and ethanol was purchased from Sam-
chun Chemical (Pyeongtaek, Korea). DNA aptamers with
or without fluorophores (oligomer: 5-GAGGAAAGTCTA-
TAGCAGAGGAGATGTGTGAACCGAGTAA-3) were
synthesized by Macrogen (Seoul, Korea) with MOPC purifi-
cation method [14, 15]. Luria-Bertani (LB) broth and agar
media were obtained fromLPS solution (Daejeon, Korea). All
experiments were conducted with ultrapure deionized (DI)
water using a Milli-Q water purifier from Merck Millipore
(Billerica, MA).

2.2. Synthesis of Fe3O4 Magnetic Nanoparticles (MNPs).
MNPs were synthesized by a simple and convenient method
using precipitation and ultrasonication. FeCl2+ (0.25M) and
FeCl3+ (0.25M) (Fe3+/Fe2+ = 2) were added to 50mL of
ultrapure DI water. Then, a 1M NaOH solution was added
dropwise until the pH reached 10.0. The color of the ferrous
and ferric solution changed from bright brown to black.
The solution was sonicated at a frequency of 40 kHz and

an ultrasonic power of 100W at 80∘C. After the reaction
for 35min, the resulting black MNPs were collected by
neodymium magnetic separation and washed with water
and ethanol several times. The final suspension was dried
overnight in a vacuum oven at 60∘C.

2.3. Characterizations. Field-emission transmission electron
microscopy (FE-TEM, 200 kV) (JEM-2100F, Jeol, Japan) and
X-ray diffractometry (XRD, NEWD8-Advance, Bruker-AXS,
Madison, WI) were used to analyze the morphology and
structural features of the synthesized MNPs. The potential
of the MNPs was obtained by measuring the zeta potential
(ELSZ-1000, Otsuka, Japan) to determine the capture effi-
ciency. A multimode microplate reader (Synergy H1, BioTek,
Winooski, VT) was used at all experimental steps.

2.4. MNP-Based Colorimetric Assay with TMB. TMB is used
as a typical chromogenic substrate and can act as a donor of
hydrogen for reduction of H

2
O
2
by peroxidase. In common

with enzyme, the resulting change of colors could verify the
catalytic activity of the MNPs. To prepare well-dispersed
solutions,MNPs in ultrapureDIwater (1mg/mL)were placed
in the sonicator bath for 30min. The white TMB powder
(0.5 𝜇M) was dissolved in DMSO, and the solution was
diluted in ultrapurewater.MNPswere diluted in 0.1M acetate
buffer (pH4.0) and incubatedwith TMBandH

2
O
2
for 10min

at 42∘C. After the reaction, the mixture was immediately
separated using an external magnet for 30 s. The supernatant
was used to obtain the absorbance intensity at 650 nm.

2.5. Microorganism and Culture Conditions. To validate the
colorimetric detection system, we used S. typhimurium
ATCC 14028. Bacteria were grown in LB broth at 37∘C
with gentle shaking at 200 rpm. Furthermore, we carried
out visible plate counting using agar plates after incubation
for 24 h at 37∘C. Finally, we determined that the number of
S. typhimurium ATCC 14028 was 3.75 × 108 CFU/mL at an
optical density (OD) of 1.0. In the experiment, the cultured
bacteria (1mL) were centrifuged at 13,000 rpm for 1min at
an OD of 1.0, and the pellet was then diluted in ultrapure DI
water before the experimental step.

3. Results and Discussion

3.1. Preparation and Characterization of MNPs. MNPs were
prepared by the coprecipitation method with sonication.
After introducing sonochemistry, the peroxidase-like activi-
ties of Fe

3
O
4
MNPs increased and resulted in small spherical

particles that were below 20 nm in diameter (Figures 1(a)
and 1(b)). The decrease in particle size was necessary to
improve the peroxidase-like activities of MNPs [19]. To
further identify characteristic features, MNPs were examined
using XRD (Figure 1(c)). As a result, all peaks corresponded
to Fe
3
O
4
(JCPDF card number 00-024-0081).

3.2. Colorimetric Detection Method Using the Peroxidase-
Like Activities of MNPs. The basic principle of colorimetric
detection is shown in Figure 2. In the procedure, the MNPs



Journal of Nanomaterials 3

(a) (b)

In
te

ns
ity

 (a
.u

.)

20 55504540353025 60 7065

(2
20

) (3
11

)

(4
00

)

(4
22

)
(5

11
)

(4
40

)

JCPDF number 01-071-6336
Sample: Fe3O4

2𝜃 (deg)

(c)

Figure 1: TEM images and XRD data of MNPs. Scale bars are 50 nm (a) and 20 nm (b). XRD patterns (c) indicate that the synthesized MNPs
were Fe

3
O
4
based on JCPDF data.

catalyzed the peroxidase-mediated colorimetric reactions in
the solution containing TMB and H

2
O
2
(control), generating

colored products. The supernatant was separated by external
magnetic for measuring the intensity of absorbance by UV-
vis spectroscopy, and a color change could easily be seen by
the naked eyes. On the other hand, when theMNPs were first
incubated with DNA aptamers, blocking the surface ofMNPs
reduces enzyme-like activity. It is believed that the DNA
aptamers rapidly adsorbed onto the surface of the MNPs
because of electrostatic interactions between the positively
charged surface of the MNPs and the negatively charged
phosphate backbone of the DNA aptamers. It is evidenced
that contact of TMB with the surface of the MNPs is vital for
promoting the oxidation of TMBwithH

2
O
2
. Moreover, DNA

aptamers also caused the aggregation of MNPs, considerably
reducing the ability of the surfaces and decreasing the colori-
metric property. Finally, when Salmonella was present in the
solution mixed with MNPs and DNA aptamers, the specific
DNA aptamers were detached from the MNPs by their
strong interaction with S. typhimurium. In this step, MNPs
recover the peroxidase activity by reexposing the surface
to reagents and then produce the blue-colored products
again. Consequently, the exposure of MNPs enhanced their
activities compared with those in solution containing MNPs
and DNA aptamers.

3.3. Effect of Conditions on Catalytic Properties of MNPs.
Before starting the experiment, we assessed the catalytic

activity of each component in the system.Where MNPs were
present with TMB and H

2
O
2
, a colorimetric response was

observed with a high absorption peak at 650 nm compared
with the other samples (red solid line in Figure 3). On the
other hand, significantly reduced or no signalswere generated
when H

2
O
2
(blue solid line), TMB (blue dashed line), or

MNPs (black dashed line) were excluded. These results
indicated that the catalytic activity of MNPs was induced
when TMB and H

2
O
2
were mixed together. Importantly, no

colorimetric signal was observed in the DNA@TMB@H
2
O
2

sample (red dash line), showing that the DNA aptamers did
not contribute to the oxidation of TMB.

The absorption of DNA aptamers on the surface of
the MNPs contributed to colorimetric assay, and this phe-
nomenon led to the inhibition of the peroxidase-mimicking
activity. We first evaluated the charge of the MNP surface
using zeta potential analysis in order to explore the absorp-
tion property of MNPs with or without DNA aptamers.
Thus, we confirmed the change in charge on the surface
of the MNPs after introducing the DNA aptamers. The
potential of pristineMNPswas positive (+16.89), but it turned
into a negative value (−27.18) with the presence of DNA
aptamers, as shown in Figure 4(a).This result showed that the
negatively charged DNA aptamers immediately reacted with
the positively charged surface of the MNPs via electrostatic
interactions. To further validate the interaction, the amount
of DNA aptamers adsorbed onto the MNPs was calcu-
lated by measuring the relative fluorescence units (RFU).
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Figure 2: Schematic illustration of the MNP-based colorimetric detection using label-free DNA aptamers and TMB.

Theaptamers (100 𝜇mol/mL),whichwere combinedwith car-
boxyfluorescein (FAM), were incubated with pristine MNPs
(500𝜇g/mL) and unbound DNA aptamers were separated in
the supernatant. The amount of unbounded FAM-aptamers
was estimated bymeasuring the fluorescence.The fluorescent
analysis of the supernatant following the separation clearly
showed a direct interaction of approximately 58% occurrence
between the DNA aptamers and the surface of the MNPs,
as shown in Figure 4(b). It is approximately estimated that
0.116 𝜇mol of DNA aptamers has interacted with 1 𝜇g of
MNPs. In the same manner, the inhibition of the peroxidase
activities of MNPs caused by DNA aptamers (100 𝜇mol/mL)
was studied by observing the concentration of MNPs in
Figure 5. After 15min of incubation with or without DNA
aptamers, the MNP solutions were separated by an external
magnet. The intensity of the supernatant was measured by
UV-vis spectroscopy. The degree of reduction was decided
to be approximately 81% (red solid line and dashed line),
65% (blue solid line and dashed line), and 36% (black solid

line and dashed line), respectively (Figure 5(b)). As a result,
considerable signal reduction was generated from the sample
containing 500 𝜇g/mL of MNPs. Importantly, the differences
in the color and intensity of absorbance could be distin-
guished easily. If a low volume of MNPs was added to the
DNA aptamers, the shielding of MNPs could be improved
by the absorption of the aptamers onto the surface of MNPs.
However, a decline in MNP concentration would decrease
the capture efficiency. This means that the shielding effect of
MNPs exhibited differences in ability at various concentra-
tions as a result of steric hindrance and competitive reaction.
Additionally, we determined the optimal conditions of this
detection system, as shown in Figure 6. After performing
buffer tests using Tris-HCl, HEPES, PBS, and acetate buffer
in various pH conditions (data not shown), we found that
acetate buffer at pH 4.0 was a suitable buffer solution for
this system (Figure 6(a)). The significant signal from the
oxidation of TMB was correlated with the concentration of
MNPs. A concentration that is either too high or too low
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Figure 4: Absorption of DNA aptamers onto the MNPs confirmed by zeta potential (a) and relative fluorescence units (RFU) using FAM-
aptamers (b).

would lead to a weak intensity in the UV-vis spectrum. We
confirmed that the best MNP concentration was 400 𝜇g/mL
(Figure 6(b)). In order to determine the effect of TMB on
the generation of blue color, 400𝜇g/mL of MNPs has reacted
with various concentrations of TMB (Figure 6(c)) and H

2
O
2

(Figure 6(d)). The concentrations of TMB and H
2
O
2
chosen

in this study were 40 𝜇Mand 35mM, respectively. Finally, the
solution was incubated for 10min (Figure 6(e)).

3.4. Detection of S. typhimurium Cells. As shown in Figure 7,
Salmonella cells were used for the detection experiments.
The solution containing the DNA aptamers (black solid
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Figure 5: UV-vis absorption spectra (a) and bar graph at 650 nm (b) obtained from solutions containing different concentrations of MNPs
with DNA aptamers. The insets in (b) represent images of the well plates for the different cases, with or without DNA aptamers.

Table 1: Comparison of different methods for detection of Salmonella.

Nanomaterial Method Linear range LOD Reference
MNP antibody Selective filtration 2 × 101–2 × 104 cells 2 × 101 cells [10]
MNP antibody Fluorescence spectrometry 101–107 CFU/mL 10CFU/mL [11]
MNP antibody
TiO
2
antibody Absorption spectroscopy 102–108 CFU/mL 100CFU/mL [8]

MNP antibody PCR 101–107 CFU/mL 103 CFU/mL [5]

line) displayed a significant reduction in color response
compared with the control (red solid line) owing to the
shielding effect. To demonstrate the capability of the col-
orimetric system, Salmonella (7.5 × 105 CFU/mL) was added
to the MNPs@DNA aptamers solution. Immediately, DNA
aptamers were detached from the surface of the MNPs
because of their strong affinity to Salmonella, which led to
the reexposure of the MNP surface to TMB. Finally, the
intensity of absorbance and color response were regained in
comparison with a sample containing DNA aptamers only.
Table 1 summarizes the detection of Salmonella using various
methods. It is presented that our proposed method has no
outstanding performance compared to other spectrophoto-
metric or fluorometry methods in the lower detection limit.
However, most of the assays introduce antibodies and other
nanomaterials. Detection method based on the peroxidase-
like activity of MNP and DNA aptamer does not exist. Thus,
this study is very meaningful as a proof-of-concept (POC)
experiment for the colorimetric detection of pathogen. Much

remains to be donewith enhancement of sensitivity at further
improvement.

4. Conclusion

In summary, a simple and rapid colorimetric system based
on MNPs and DNA aptamers was developed for the detec-
tion of S. typhimurium, which relies on increasing signal
from the peroxidase-like activities of MNPs. The developed
colorimetric system required a short assay time of only
10min, and results could be verified with the naked eyes.
Furthermore, MNPs and DNA aptamers did not require
surfacemodification.Themethodwas cost-effective and sim-
ple, unlike biosensors based on antibodies or fluorophores.
After optimization, the system was able to visibly detect
bacteria up to 7.5× 105 CFU/mL in buffer solution. Compared
with antibody-immobilized MNPs that have been reported,
the sensitivity of this colorimetric system was efficient.
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yielded optimal effectiveness.
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Figure 7: UV-vis absorption spectra (a) and bar graph at 650 nm (b).The insets in (b) represent images of the well plates for the colorimetric
detection of Salmonella sp.

The advantage of the new system reveals its great potential
application as a point-of-care testing sensor. Thus, we are
still investigating the development of MNPs to enhance the
detection limit and to extend the cross-reactivity to other
bacteria.
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To improve the electronic properties of graphene, many doping techniques have been studied. Herein, we investigate the electronic
and molecular structure of doped graphene using density functional theory, and we report the effects of amine-based benzene
dopants adsorbed on graphene. Density functional theory (DFT) calculations were performed to determine the role of amine-based
aromatic compounds in graphene doping. These organic molecules bind to graphene through long-range interactions such as 𝜋-𝜋
interactions and C-H⋅ ⋅ ⋅ 𝜋 hydrogen bonding. We compared the electronic structures of pristine graphene and doped graphene
to understand the electronic structure of doped graphene at the molecular level. Also, work functions of doped graphene were
obtained from electrostatic potential calculations. A decrease in the work function was observed when the amine-based organic
compounds were adsorbed onto graphene. Because these systems are based on physisorption, there was no obvious band structure
change at point K at the Fermi level after doping. However, the amine-based organic dopants did change the absolute Fermi energy
levels. In this study, we showed that the Fermi levels of the doped graphene were affected by the HOMO energy level of the dopants
and by the intermolecular charge transfer between the adsorbed molecules and graphene.

1. Introduction

Graphene, a two-dimensional hexagonal lattice of carbon, has
recently attracted much interest as a flexible and transparent
conductive electrode due to its high conductivity [1–3] and
low optical absorption [3–5]. By controlling the graphene
work function, the conductivity can be improved through
reducing the contact barriers between graphene and an
electrode device [6]. The conductivity can be tuned by
doping techniques such as substitution doping [7], chemical
doping [8], and spontaneous surface charge transfer between
adsorbed materials and carbon atoms [9]. Previous studies
have shown that derivatives of benzene can bind to graphene
sheets because of the formation of strong 𝜋-𝜋 interactions
between the aromatic ring and the extended 𝜋-system of
graphene. Also, the degree of doping of graphene can be
adjusted by modulating the electron-donating abilities of
the benzene derivatives by adding electron-donating or

electron-withdrawing group substituents. Electron-donating
groups increase the electron density on aromatic molecules;
thus, they lead to n-type doping of graphene. For example,
1,5-naphthalenediamine is an aromatic molecule with an
electron-donating amine functional group (-NH

2
). In con-

trast, aromatic molecules with electron-withdrawing groups,
for example, tetrasodium 1,3,6,8-pyrenetetrasulfonic acid
(TPA), cause p-type doping of graphene because these
substituents decrease the electron density on the aromatic
ring system of the organic dopant [10]. In addition, amine-
based organic compounds are known to be efficient n-type
dopants because amine (-NH

2
) functional groups have lone

pairs, which can donate electrons to the graphene sheet
[11, 12]. Density functional theory (DFT) calculations can be
used to obtain detailed information about the bond types
and electronic structure of doped graphene, enabling the
examination and analysis of these systems [13]. Recently, DFT
calculations were used to show that both pristine graphene
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and Al-doped graphene are potential candidates for the
detection of the toxic compound acrolein (C

3
H
4
O) [14].

In this study, we used amine-based benzene derivatives to
investigate the effect of amine-based organicmolecules on the
electronic and molecular structure of graphene. The proper-
ties of the organic molecules were modulated by the addition
of functional groups such as phenyl rings (1), butylphenyl
groups (2), and acetylphenyl groups (3). To investigate the
role of amine derivatives in graphene doping, we carried
out DFT calculations. Geometry optimizations were used to
find stable equilibrium geometries, and electrostatic potential
calculations were performed to obtain the work functions
of both pristine graphene sheet and graphene doped with
amine-based dopants. In addition, the electronic structure of
pristine graphene and that of doped graphenewere compared
to understand and improve the performance of graphene-
based electrode devices at the molecular level.

2. Computational Methods

2.1. Geometry Optimization. All DFT calculations were per-
formed with the DMol3 software package [15] to study the
interactions between graphene and the amine-based organic
molecules and to predict the electronic structure change
of graphene when the organic molecules are physisorbed
onto graphene. To mimic the extended structure, we used a
periodic boundary condition (PBC). This was used for both
the pristine graphene sheet and the adsorbed graphene com-
plex. All calculations employed the DNP (double numerical
with d and p polarization) basis set, which is comparable to
a 6-31G(d,p) Gaussian-type basis set. Geometry optimiza-
tion calculations used a generalized gradient approxima-
tion (GGA) functional that includes exchange-correlation,
that is, the Perdew-Burke-Ernzerhof (PBE) functional [16,
17]. PBE-GGA calculations are known to perform well in
the description of long-range interactions compared to the
local density approximation (LDA) [18]. To describe more
accurately the dispersive interactions between graphene and
the adsorbed organic compounds, the Tkatchenko-Scheffler
(TS) method [19] was employed for dispersion correction.
TS is a parameter-free method for the accurate determina-
tion of long-range interactions in self-consistent field (SCF)
electronic structure calculations. The geometry optimization
procedurewas performedwithout any symmetry restrictions.
The criteria for both the SCF convergence and the total energy
were set to 10−6 Hartree. The maximum force was converged
to 0.002 Hartree per Å, and the maximum displacement
parameter was set to 0.005 Å. To improve convergence,
thermal smearing was used and was set to 0.005 Hartree.
To calculate the work function of graphene, the layers
were separated by a 20 Å vacuum to minimize interactions
between adjacent layers. We used an 8 × 8 × 1 graphene
supercell consisting of 128C atoms.

2.2. Electrostatic Potential Calculations. Electrostatic poten-
tial calculations, provided by the DMol3 package, were
performed on the periodic structures to obtain the work
functions of the pristine graphene sheet and of the graphene

dopedwith amine-based organic dopants.The average poten-
tial was calculated along the c-direction, which is perpen-
dicular to the graphene surface. The work function (𝑊) was
determined using the following equation: 𝑊 = 𝑉vacuum −
𝐸
𝐹
, where 𝑉vacuum is the potential in the vacuum, which is

calculated as the average potential between two graphene
layers. At large separation from the graphene sheet, the cal-
culated electrostatic potential becomes almost independent
of the separation. The calculated electrostatic potential at
this distance is defined as 𝑉vacuum. 𝐸𝐹 is the Fermi energy
relative to the mean electrostatic potential energy in the
graphene layer, and this energy is obtained directly from the
electronic state output file generated by DMol3. The work
function measures the minimum energy required to separate
an electron far from the surface of the graphene and is distinct
from the ionization potential because the removed electron
is still macroscopically close to the surface and is affected
by it. Thus, the vacuum potential is determined as the point
at which the calculated average potential becomes flat as
distance along the c-axis increases; that is, it is the potential at
separation from the surface at which the effect on the electron
of the surface is at a minimum.

3. Results and Discussion

3.1. Molecular Structure Change. DFT geometry optimiza-
tions were carried out on both extended pristine graphene
(PG) and adsorbed graphene sheets. At first, PBE/DNP cal-
culations with the TS dispersion correction were performed
for each organic molecule and for pristine graphene to
find the equilibrium geometries of the individual compo-
nents before optimization of the graphene-dopant complex.
Figure 1 shows the chemical structures of each amine-based
organic molecule: 1, 2, and 3. Generally, because of the lone
pairs on the nitrogen atoms, amine-based dopants molecules
act as electron donors, causing n-type doping of graphene.
The benzene rings of the organic dopants can form stable
interactions with the graphene sheet due to the formation of
strong 𝜋-𝜋 interactions. To modulate the electron-donating
ability of molecule 1, electron-donating alkyl groups (2) and
electron-withdrawing acetyl phenyl groups (3) were attached
to the benzene rings. To construct the initial input geometry
for the graphene-organic complexes, each optimized organic
molecule was added to the optimized pristine graphene
structure. The benzene rings of the dopants were placed
directly above the hexagonal rings of the pristine graphene to
maximize the overlap between the carbon atoms.The organic
molecules were oriented almost parallel to the graphene sheet
with separation of about ∼3.26 Å, which is characteristic of
𝜋-𝜋 stacked systems. Here, for the studied compounds, the
chosen separation values were in the range of 2.59–3.67 Å and
were determined by averaging reported values [20].

The initial and optimized geometries of the complexes
in side-on and top-down views are shown in Figure 2. The
optimized structures of the organic molecules in the absence
of the graphene sheets show that the organic molecules adopt
a nonplanar geometry, mainly to reduce the steric hindrance
between ortho-hydrogen atoms in the benzene rings. The
butyl groups in 2 extend away from the benzene ring so
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Figure 1: Amine-based organic molecules. Unmodified phenyl groups (1), alkylphenyl groups (2), and acetylphenyl groups (3). For clarifying
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Figure 2: Initial and optimized structures of PG and its complexes. (a) PG+1, (b) PG+2, and (c) PG+3. (d) Comparison of the graphene
structure before (black) and after (red background) optimization.
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that they do not cause significant steric hindrance.Therefore,
2 has a more planar geometry than either 1 or 3, probably
also due to the electron-donating effect of the linear alkyl
chains. In 3, the outer benzene rings are displaced out of
the plane of the central benzene rings and this may also be
due to the steric hindrance between ortho-hydrogen atoms.
After structure optimization, 3 showed significant structural
changes in comparison with the optimized geometries of
the other two adsorbed dopants. The distance between the
graphene plane and the nearest nitrogen atom in the organic
molecules became 3.35 Å for 1, 3.38 Å for 2, and 3.58 Å
for 3. Bending of the graphene sheets was observed in the
graphene-organic complexes, as shown in Figure 2(d), where
the side-on view of the sheets shows the slight bending of
the graphene. Most benzene derivatives of organic molecules
tend to be located parallel to the graphene layer with an
arrangement similar to Bernal’s AB stacking configuration
[21]. It is possible that this stacking arrangement maxi-
mizes the attractive interactions, while minimizing the repul-
sive interactions between the 𝜋-orbitals of the dopant and
graphene. Also, most of the hydrogen atoms of the organic
molecule are located in the hexagonal lattice space of the
graphene structure, that is, at the centers of hexagons. This
could indicate the presence of weak, nonclassical, hydrogen
bonding between the electron-rich 𝜋-cloud of graphene
and the hydrogen atoms of the organic molecules. This is
often termed C-H⋅ ⋅ ⋅ 𝜋 hydrogen bonding [20]. This type of
hydrogen bonding can also increase the adsorption interac-
tion between the graphene sheets and the adsorbed organic
molecules.

The organic molecules also changed their structure after
adsorption, as shown in Figure 2.Themost significant change
was the increase in the proximity of the outer benzene rings
of the dopant molecules to the graphene sheet in 3, which
changed from its curved initial optimized geometry to amore
planar geometry in the graphene-organic complex. However,
the equilibrium distance between graphene and the adsorbed
organic dopant is greater in 3 than the other two complexes.
In addition, the dihedral angles of the ethanediamine linker
of the organic molecules (-N-C-C-N-) were measured to
give information on changes in the global structure of the
organic molecules when they are adsorbed on graphene. The
dihedral angles change from 180.122∘ to 189.173∘, 180.703∘ to
184.237∘, and 179.416∘ to 202.808∘ for complexes 1, 2, and
3, respectively, a total angular change of +9.051∘, +3.534∘,
and +23.392∘, respectively, for each compound. All of these
structural changes result in the benzene rings becoming
closer to the graphene sheet, increasing 𝜋-𝜋 interactions
through the bending of the backbone structure. The dihedral
angle of the ethanediamine linker of compound 3 showed the
most change because it has the largest area of interaction with
the graphene sheet compared to 1 and 2.

The adsorption energy (Δ𝐸ads) of the organic compounds
on the graphene sheet was calculated to evaluate the degree
of interaction for each organic compound on the graphene
sheet. The adsorption energy was obtained by using the
following equation:

Δ𝐸ads = 𝐸doped graphene −𝐸molecule −𝐸graphene, (1)

where 𝐸doped graphene, 𝐸molecule, and 𝐸graphene indicate the total
energies of the doped graphene, organic molecule, and
graphene, respectively. The adsorption energies of com-
pounds 1, 2, and 3 are −3.50 eV, −4.14 eV, and −5.79 eV,
respectively. The adsorption energy increases as the size of
the adsorbed molecule increases. The large molecular size
of compound 3 gives the largest area of orbital overlap;
thus, it can interact more with the confined graphene sheet
(i.e., confined to the 8 × 8 × 1 graphene supercell). Also,
3 has twice the number of benzene rings as either 1 or
2, and these aromatic rings are the main contributor to
the interaction between graphene and the adsorbed organic
molecule. The molecular size of 2 is larger than that of
compound 1; therefore, compound 2 has larger adsorption
energy than 1. However, the dihedral angle change of 2 is
smaller than that of 1. This may be due to the alkyl chains
in 2 disrupting the interactions between the benzene rings in
the organic molecule and graphene; therefore, the benzene
rings of 2 cannot interact with graphene even though they
have increased electron-donating ability compared to 1. That
is, although the alkyl chains increase electron density on
the benzene ring, their steric bulk decreases the contact
with the graphene sheet. Thus, the observed increase in the
adsorption energy for 2 is less than we expected based on the
electron-donating ability of the alkyl chains. For this reason,
it is important to take into account the molecular structure,
including steric factors, as well as the electron distribution
of the molecule when designing dopants to form stable
adsorbates for graphene. Compound 3 has more aromatic
rings than either 1 or 2, and the largest dihedral angle change
was observed in compound 3 after geometry optimization
was carried out on the adsorbed complex. From these results,
we concluded that the graphene and organic molecules affect
the structure of each other on the formation of a physisorbed
complex and that the interaction between the two is caused
by long-range interactions.

Before we close the discussion of the structural changes
that occur on adsorption, we must emphasize that here we
have only investigated the physisorption of organicmolecules
onto graphene. There were almost no structural changes to
the graphene sheet after the physisorption of the dopant com-
pared to structural changes to the organic dopants, as shown
in Figure 2(d). In calculations where the organic molecule
was driven closer to the graphene sheet, one carbon atom in
graphene protruded out of the plane and formed a chemical
bondwith a nitrogen atomof the amine.However, this caused
the total energy of the complex to increase, mainly due to
the steric hindrance; thus, only the results from equilibrium
optimized structures have been discussed in this study.

3.2. Changes to the Electronic Structure. The electronic struc-
ture of graphene changes on the adsorption of an organic
molecule to graphene [22]. We found that the electronic
structure of the doped graphene depended on the electronic
properties of the adsorbed organic molecule. The calculated
band structures for graphene and the graphene-molecule
complexes are shown in Figure 3. Because the Fermi level
of pristine graphene exactly crosses the Dirac point, it is
well-known that graphene is a zero-gap semiconductor [23].
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Figure 3: Electronic band structures in the proximity of the Fermi level of graphene and its complexes. (a) PG, (b) PG+1, (c) PG+2, and (d)
PG+3 along high-symmetric points in the Brillouin zone. The energy at the Fermi level (𝐸

𝐹
) is shown as a blue dashed line and is set to zero.

Figure 3(a) shows the electronic band structure of pristine
graphene along highly symmetric points in the Brillouin
zone. The fractional coordinates of these points are Γ(0, 0),
𝑀(1/2, 0), and 𝐾(1/3, 1/3). The energy of the Fermi level
(𝐸
𝐹
) is set to zero, indicated as a blue dotted line in Figure 3.

The valence and conduction bands touch, and the Fermi
level bisects two bands at point 𝐾. Thus, the shift in the
band structure at point 𝐾 gives useful information about
changes in the mobility of graphene. As seen in Figures
3(b), 3(c), and 3(d), the electronic band structures of the
adsorbed graphene systems show no obvious differences
at point 𝐾 close to the Fermi level compared to pristine
graphene; therefore, no changes in mobility should occur
after the adsorption of dopants onto graphene. No band
structure changes at point𝐾 of the Fermi level were observed
because no defects are formed during physisorption. For
this reason, doping by physisorption is different from other

destructive doping techniques such as substitutional doping
or the covalent functionalization of graphene [24]. However,
when the organic molecules are placed on the graphene
sheet, the valence bands become complicated, especially
in comparison with the conduction bands. Therefore, we
assume that the adsorbed organic molecules have a large
impact on the valence band of graphene.

Frontier orbitals and energy diagrams of each adsorbed
graphene complex are shown in Figure 4. Analysis of the
frontier orbitals of the adsorbed graphene showed that the
organicmolecules influenced the highest occupiedmolecular
orbital (HOMO) energy of the graphene-molecule complex
and the pristine graphene sheet was related to the low-
est unoccupied molecular orbital (LUMO) energy of the
adsorbed graphene. On formation of the graphene-molecule
complex, the HOMO and LUMO energies decreased com-
pared to the energies of the HOMO of the organic molecules
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Table 1: HOMO and LUMO orbital energies (in eV) for graphene, molecules, and graphene-molecule systems and Fermi-level energies (in
eV) for graphene and graphene-molecule systems.

PG 1 2 3 PG+1 PG+2 PG+3
HOMO −5.49 −4.61 −4.36 −5.18 −4.90 −4.75 −5.45
LUMO −3.49 −1.37 −1.19 −3.06 −3.51 −3.59 −3.57
Fermi level −4.49 — — — −4.42 −4.58 −4.52
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Figure 4: HOMO and LUMO isosurfaces and energies for graphene complexes. (a) PG+1, (b) PG+2, and (c) PG+3 systems.

and the LUMO of the pristine graphene sheet. Interestingly,
when the isovalue for displaying the LUMO isosurface is set
equal to 0.01, the LUMO of 3 is spread over graphene and
the organic molecule; in contrast, the LUMOs of 1 and 2
are localized on the graphene sheet. In frontier molecular
orbital theory, the HOMO and the LUMO energies are
related to the degree of intermolecular charge transfer. If
the HOMO energy of the organic molecules is higher than
the Fermi energy level of pristine graphene, charge transfer
can take place from the molecule to graphene. The obverse
is also true; that is, if the LUMO of the molecule is lower
than the Fermi energy level of pristine graphene, charge
transfer can occur from graphene to the molecule [25]. The
HOMOs and LUMOs of graphene, the organic molecules,

and graphene-molecule complexes, and the energies of the
Fermi level for both graphene and graphene-molecule sys-
tems are summarized in Table 1. The calculated Fermi energy
for pristine graphene is −4.49 eV, which is between the
HOMO and LUMO energies of graphene. Only the HOMO
level of 2 is higher than the Fermi level of pristine graphene;
therefore, intermolecular charge transfer could occur from
2 to graphene. Intermolecular charge transfer is one of the
reasons why the Fermi energy level of the PG+2 complex is
very close to its HOMO energy compared to other adsorbed
graphene systems. The Fermi energy level of the graphene-
molecule complexes is influenced by the HOMO energy of
the adsorbed organic molecules and by the intermolecular
charge transfer between the molecule and graphene. Also,
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Figure 5: Electrostatic potential diagrams for graphene and the adsorbed complexes. Calculated electrostatic potential diagrams along the
c-axis for (a) PG, (b) PG+1, (c) PG+2, and (d) PG+3 systems.

this result is indicative of the electron-donating effect of the
alkyl chains on the benzene rings. Increased electron density
on the benzene ring may facilitate electron transfer from the
adsorbed organic molecules to the graphene sheet.

3.3. Work Function Calculations. Electrostatic potential cal-
culations were used to probe changes in the work func-
tion on adsorption of the dopants onto graphene. Figure 5
shows the electrostatic potential calculations for pristine
graphene and for PG+1, PG+2, and PG+3. Because of the
flat average potential between the graphene layers, which are
separated by 20 Å, there would be no interaction between
the graphene layers. A lower electrostatic potential energy
is obtained at regions of greater electron density. Because
the graphene sheets have a greater electron density than the

organicmolecules, a lower electrostatic potential energy close
proximity to graphene was calculated. At a shift along the c-
axis of 0.2 (in fractional coordinates), differences were noted
in the electrostatic potential profiles that were dependent
on the organic dopant; thus, different electrostatic potential
diagrams were obtained for each organic compound. The
computed vacuum potentials and Fermi energies and work
functions are tabulated in Table 2. In a previous report,
the work function of CVD-grown monolayer graphene was
approximately 4.3 eV [5]. This value corresponds to the work
function of our simulations of pristine graphene (4.34 eV);
therefore, the DFT electrostatic potential calculation with
DMol3 can reproduce experimentally determined work func-
tions quantitatively. The work functions of each graphene-
organic complex are smaller than those of pristine graphene.
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Table 2: Computed Fermi energies, vacuum potentials, work
functions, and the type of doping (n or p) effects of PG and adsorbed
graphene sheets.

Fermi
energy
(eV)

Vacuum
potential (eV)

Work
function (eV)

Doping
effect

PG −4.49 −0.15 4.34 —
PG+1 −4.42 −0.21 4.21 n
PG+2 −4.58 −0.27 4.31 n
PG+3 −4.52 −0.26 4.26 n

The work function is influenced by both the Fermi level
and the vacuum potential. However, the vacuum potential
in work function detection depends on the surface of solid
[26]. Because controlling the surface of doped graphene is
practically difficult, it is difficult to tune the vacuum potential
to a particular level using different organic adsorbates.There-
fore, tuning the Fermi energy level, which is possible, is key to
altering the properties of graphene by doping. As described in
Section 3.2, the HOMO energy level of the organic molecules
and the intermolecular charge transfer betweenmolecule and
graphene can change the Fermi energy level of the graphene-
organic complex. If we only consider the Fermi energy
levels of the graphene-organicmolecule complex and pristine
graphene, the work functions are in the order PG+2 > PG+3
>PG>PG+1. However, the presence of the organicmolecules
on graphene affects the electrostatic environment in the
region where the detached electron can escape. As a result,
the work functions calculated from our DFT calculations are
in the order PG > PG+2 > PG+3 > PG+1. Interestingly, the
energy of the HOMO of organic compounds and of pristine
graphene is in the order 2> 1> 3>PG, which tells us thatDFT
calculation on the isolatedmolecules cannot predict the work
function of graphene-organic complex properly. Thus, the
molecular design of organic dopants will benefit from solid-
state DFT calculations that simulate the graphene-organic
complexes.

Using the DFT calculations, we confirmed that the
amine-based organic compounds induce an n-type doping
effect on graphene even if there is no change in the band
structure at the 𝐾 point. As a result, when amine-based
organic molecules are adsorbed onto the graphene sheet,
the adsorbed molecules have no effect on the mobility
of graphene. However, the Fermi energy of the graphene-
organic complex is influenced by the different organic
molecules.

4. Conclusion

To summarize, DFT calculations using PBE/DNP and TS
dispersion correctionwere performed to investigate the effect
of doping graphene with amine-based molecules. Dopant
molecules with a larger steric size have greater orbital overlap
and have a greater binding energy, which stabilizes the
adsorbed dopant. Electron transfer from the dopant organic
molecules to the graphene sheet was facilitated by increasing
the electron density on the benzene rings of the adsorbed

molecule. Also, directing somehydrogen atoms of the organic
dopant towards the graphene to form nonclassical hydrogen
bonds increased the stability of the adsorbed molecules.
Work function calculations revealed that the amine-based
organic molecules induce an n-doping effect on graphene
by decreasing the work function of graphene on formation
of the graphene-organic complex. However, there is no
change in band structure at the 𝐾 point of the Fermi level
because these systems are doped by physisorption.Therefore,
adsorbed amine-based molecules do not affect the mobility
of graphene. However, the work function was affected by
changing the Fermi level of graphene, and this was observed
in the graphene-organic complexes. In conclusion, solid-state
DFT calculation is a useful tool to guide the design of organic
dopants on graphene.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This research was supported by the Chung-Ang University
Excellent Student Scholarship to Yeun Hee Hwang and by
the Public Welfare & Safety research program through the
National Research Foundation of Korea (NRF) funded by the
Ministry of Education, Science and Technology (NRF-2010-
0020819).

References

[1] Z.-S. Wu, W. C. Ren, L. B. Gao et al., “Synthesis of graphene
sheets with high electrical conductivity and good thermal
stability by hydrogen arc discharge exfoliation,” ACS Nano, vol.
3, no. 2, pp. 411–417, 2009.

[2] Y. Xu, Y. Wang, J. Liang et al., “A hybrid material of graphene
and poly (3,4-ethyldioxythiophene) with high conductivity,
flexibility, and transparency,” Nano Research, vol. 2, no. 4, pp.
343–348, 2009.

[3] S. Das Sarma, S. Adam, E. H. Hwang, and E. Rossi, “Electronic
transport in two-dimensional graphene,” Reviews of Modern
Physics, vol. 83, no. 2, pp. 407–470, 2011.

[4] K. S. Kim, Y. Zhao, H. Jang et al., “Large-scale pattern growth of
graphene films for stretchable transparent electrodes,” Nature,
vol. 457, no. 7230, pp. 706–710, 2009.

[5] S. Bae, H. Kim, Y. Lee et al., “Roll-to-roll production of 30-inch
graphene films for transparent electrodes,”Nature Nanotechnol-
ogy, vol. 5, no. 8, pp. 574–578, 2010.

[6] H. Ishii, K. Sugiyama, E. Ito, and K. Seki, “Energy level
alignment and interfacial electronic structures at organic/metal
and organic/organic interfaces,” Advanced Materials, vol. 11, no.
8, pp. 605–625, 1999.

[7] L. S. Panchakarla, K. S. Subrahmanyam, S. K. Saha et al.,
“Synthesis, structure, and properties of boron- and nitrogen-
doped graphene,” Advanced Materials, vol. 21, no. 46, pp. 4726–
4730, 2009.

[8] H. Liu, Y. Liu, and D. Zhu, “Chemical doping of graphene,”
Journal of Materials Chemistry, vol. 21, no. 10, pp. 3335–3345,
2011.



Journal of Nanomaterials 9

[9] D.G. Reuven,H. B.M. Shashikala, S.Mandal,M.N.V.Williams,
J. Chaudhary, and X.-Q. Wang, “Supramolecular assembly of
DNAon graphene nanoribbons,” Journal ofMaterials Chemistry
B, vol. 1, no. 32, pp. 3926–3931, 2013.

[10] X. Dong, D. Fu, W. Fang, Y. Shi, P. Chen, and L.-J. Li, “Doping
single-layer graphene with aromatic molecules,” Small, vol. 5,
no. 12, pp. 1422–1426, 2009.

[11] J. Park, W. H. Lee, S. Huh et al., “Work-function engineering
of graphene electrodes by self-assembled monolayers for high-
performance organic field-effect transistors,” The Journal of
Physical Chemistry Letters, vol. 2, no. 8, pp. 841–845, 2011.

[12] Y. Jang, J. H. Cho, D.-H. Kim, Y. D. Park, M. Hwang, and
K. Cho, “Effects of the permanent dipoles of self-assembled
monolayer-treated insulator surfaces on the field-effectmobility
of a pentacene thin-film transistor,” Applied Physics Letters, vol.
90, no. 13, Article ID 132104, 2007.

[13] T. Schiros, D. Nordlund, L. Pálová et al., “Connecting dopant
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Domain structures of spin-coated immiscible poly(methyl methacrylate) (PMMA) and ultraviolet (UV) curable poly(urethane
acrylate) (PUA) blends were studied using atomic force microscopy (AFM). Spin casting the PMMA/PUA blends in propylene
glycolmonomethyl ether acetate (PGMEA)was accompaniedwith phase separation, and PUAwas subsequently cross-linked under
UV radiation. Selective dissolution of PMMA in the phase-separated films was feasible using tetrahydrofuran (THF) solvent after
the UV curing process, because the cured PUA material is highly stable against THF. Morphology of phase-separated structure,
including domain size and height, could be controlled by varying total concentration of the blended solution, and various nanoscale
features such as island-like and hole-like structures were achieved by changing weight ratio of the two immiscible polymers.

1. Introduction

Morphological control of immiscible polymer blends has
been widely studied in regard to phase geometry and dimen-
sions, which can lead to many practical applications [1–
5]. Particularly, it is well known that domain structures
and surface topography strongly depend on various poly-
mer interactions (i.e., polymer-polymer and polymer-surface
interactions) in the blended films, and the relative solubility
of polymers in a common solvent can play a crucial role
in determination of surface morphology [6]. Previous study
also showed that surface structures of the blended films of
polystyrene (PS) and poly(methyl methacrylate) (PMMA)
are remarkably changed by varying the film thickness [7].
Spin-coating is a simple method for fabricating thin polymer
films, which facilitates precise and easy control of film
thickness by rotational velocity and concentration of polymer
solution [8, 9]. If the blended solution of two different immis-
cible polymers dissolved in a common solvent is spin-coated,
phase separation normally occurs during the evaporation

of solvent. Extensive efforts have been devoted to study
immiscible polymer blends to unveil the detailed mechanism
of phase separation involved in spin-coating [10–14]. In
addition, selective dissolution of one component in phase-
separated polymer blends provides important advantages for
easy fabrication of micro- or nanosized patterns which are
widely used in application fields [15, 16]. However, various
interactions, such as polymer-polymer and polymer-surface
interactions, cause complexity and difficulty in control of the
selective dissolution and fabrication of desired structures.

Here we present a binary immiscible polymer-blended
system with high stability which enables complete selective
dissolution of one component. For this work, PMMA and
ultraviolet (UV) curable poly(urethane acrylate) (PUA) were
used [17–19], and the phase separation of PMMA/PUA
blend was well-driven via solvent evaporation. Morpholog-
ical changes in the PMMA/PUA blended film according to
total concentration and weight ratio of the blended solution
were investigated using atomic force microscopy (AFM).
Selective dissolution of PMMA in the phase-separated films
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Figure 1: Schematic illustration of phase separation of PMMA/PUA upon the spin-coating process and selective dissolution before and after
UV curing.

was feasible using tetrahydrofuran (THF) solvent after the
UV curing process, because the cured PUAmaterial is highly
stable against THF. Morphology of phase-separated struc-
ture, including domain size and height, could be controlled
by varying total concentration of the blended solution, and
various nanoscale features such as island-like and hole-
like structures were achieved by changing weight ratio of
the two immiscible polymers. These results strongly suggest
great potential for various applications in the field of soft
lithography, such as antireflection layers, polymer mem-
branes, artificial superhydrophobic surfaces, and nanopat-
terned structures.

2. Materials and Methods

PMMA (Mn = 11,500 g/mol, Mw/Mn = 1.08, Polymer Source
Inc.) was used as received, and the UV curable PUA mixture
was synthesized in accordance with the previous reports [17].
The molecular weight of PUA could be altered by adjusting
a molecular weight of a functionalized prepolymer with
acrylate group, and PUA with a similar molecular weight
to PMMA (Mn = 11,500 g/mol) was used for this work.
Propylene glycol monomethyl ether acetate (PGMEA) was
selected for a common solvent for the immiscible polymer
blend of PMMA and PUA. The polymer-blended solutions
with different concentrations were prepared to evaluate the
effects. The blend with 15 wt% PUA and 15wt% PMMA was
used to demonstrate the complete selective dissolution of
PMMA. The effects of total concentration with the same
weight ratio of PMMA : PUA (35 : 65) were examined using

three solutions: (i) 7 g of 10 wt% PMMA mixed with 13 g of
10 wt% PUA, (ii) 7 g of 15 wt% PMMA mixed with 13 g of
15 wt% PUA, and (iii) 7 g of 20wt% PMMA mixed with 13 g
of 20wt% PUA, respectively. The PMMA/PUA blends with
different weight ratios of PMMA : PUA (3 : 7, 4 : 6, and 5 : 5,
resp.) were also prepared by mixing 12wt% of PMMA and
PUA for further evaluation of the mixing effects.

Prior to spin-coating of the solutions, silicon (Si)
wafer substrates were cleaned by successive sonication in
trichloroethylene, acetone, and isopropyl alcohol for 5min
each. The polymer-blended solutions were then individually
spin-coated at 3000 rpm for 30 s onto the prepared Si sub-
strates. For selective dissolution of PMMA, the spin-coated
film was dipped into tetrahydrofuran (THF) for 1min after
being exposed to UV light at ∼365 nm (with a power of
4W) for 40 s, and the film was then rinsed with deionized
water and dried by blowing with N

2
. Note that the UV

curing process was performed in the argon purged glove box,
because oxygen plays a role as an inhibitor to photoinitiators.
The surface morphology of each sample was analyzed by
atomic force microscopy (Digital Instrument Dimension
3100) in the tapping mode, and the film thicknesses were
measured using reflectometer (Nanospec, K-MAC).

3. Results and Discussion

Phase separation and selective dissolution in the PMMA/
PUA blend are schematically illustrated in Figure 1. The
phase separation of PMMA/PUA blend was well-driven via
solvent evaporation during spin-coating. The UV curable
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(d)

Figure 2: AFM images of (a) the PMMA/PUA (30 : 70) blended film after spin-coating of the 15 wt% blended solution, (b) the cured PUA
domains remaining after selective dissolution of PMMA in THF, and (c) the noncured film after dissolving in THF. The height profiles are
shown in insets. (d) SEM image of (b).

PUA mixture consists of functionalized prepolymer with
acrylate group, photoinitiator, and releasing agent for the
surface activity, and the UV curing process induces cross-
linking in the PUA mixture [17, 18]. Thus the cured PUA
mixture is chemically stable against the THF treatment
compared to noncured PUA and also shows high durability
at high temperature (∼300∘C). As illustrated in Figure 1,
the cross-linked PUA domains remain even after dissolving
the blended film in THF, whereas the PMMA domains are
completely dissolved in THF. It is worth noting that the
noncured PUAdomains are alsowell-dissolved in THF.These
results indicate that target materials for dissolution can be
selectively available via a simple UV curing process.

Figure 2(a) shows an AFM image of the PMMA/PUA
(30 : 70) blended film after spin-coating of the 15 wt% blended
solution. The bright and dark regions in Figure 2(a) are
corresponding to PMMA and PUA, respectively. Phase
separation in spin-coated films is normally explained by
various mechanisms, such as polymer-surface interactions,
surface energy differences between polymers, and fast solvent
evaporation of one component in polymer blends [20, 21].
In consideration of thermodynamic behaviors, PUAmaterial
wouldmove to the air-polymer interface tominimize interfa-
cial free energy, because PUAhas a lower surface tension than
PMMA (i.e., 26mN/m for PUA and 42mN/m for PMMA).
However, in this work, PUA mostly remains at the polymer-
substrate interface, which possibly originates from spinodal
decomposition due to the differences of solvent evaporation
rate for each polymer and polymer solubility in the common
solvent. PGMEA is a better solvent for PUA compared
to PMMA, and thus the PUA-rich domains contain more
PGMEA than the PMMAdomains. As the solvent evaporates
during spin-coating, PGMEA in PMMA drains away prior
to the PUA domains which are still swollen with PGMEA.
Consequently, the solvent in PMMA is quickly depleted in the
spin-coating process, which leads to elevation of the PMMA
domains onto the PUA-rich domains. Figure 2(b) shows the
cured PUA domains remaining after the THF treatment. The
bright region in Figure 2(b) corresponds to the PUA domains
dispersed on the substrate after spin-coating. However, no
apparent domains were left on the noncured film after

dissolving in THF as shown in Figure 2(c), which implies
that the noncured PUA domains are removed with PMMA
together during the THF treatment. Although the solubility
of PUA in THF is relatively low, the noncured PUA can be
dissolved in THF due to the polymer interactions between
PUA and PMMA [12].

The film thickness of each sample was measured
using reflectometer, as indicated in the insets of Figure 2.
Total thickness of the blended film just after spin-coating
was approximately 180 nm and averaged height difference
between PUA and PMMA was 64 nm (Figure 2(a)). After
selective PMMA dissolution, the remaining film thickness
was ∼106 nm (Figure 2(b)). The Si substrate was exposed to
the air after the selective dissolution as shown in Figure 2(d),
and averaged height of the cured PUA domains was ∼170 nm.
The height of the cured PUA domains was almost the same as
the total thickness of the blended film, implying that PUA and
PMMA are phase-separated on the substrate as illustrated in
Figure 1(b). Note that the substrate exposure induced from
the selective dissolution without additional etching process
can be applied to further applications, such as antireflection
layers.

Morphology of the PMMA/PUA blend, including
domain size and height, can be varied with the total con-
centration of solution. Three different total concentrations
with the same weight ratio of PMMA : PUA (35 : 65) were
used to evaluate the effects of total concentration (see
Section 2). Figure 3 shows the morphological change as
the total PMMA/PUA concentration increases. Averaged
height differences between the cured PUA domains and the
PMMA domains before the THF treatments were ∼35 nm,
∼72 nm, and ∼157 nm for the 10wt%, 15 wt%, and 20wt%
blended solutions, respectively (Figures 3(a)–3(c)). After
the THF treatments, the heights of the cured PUA were
found to be ∼61 nm (for 10 wt%), ∼119 nm (for 15 wt%),
and ∼170 nm (for 20wt%), respectively (Figures 3(d)–3(f)).
These results indicate that both PMMA and PUA heights
increase as the total concentration of the blend increases.
In addition, the PMMA/PUA blends with different weight
ratios of PMMA : PUA were also examined for further
evaluation of the mixing effects (see Section 2). Figure 4
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Figure 3: AFM images of the PMMA/PUA blended films with different total concentrations. The cured PUA domains and the PMMA
domains before the THF treatments for (a) 10 wt%, (b) 15 wt%, and (c) 20wt% blended solutions, and the cured PUA domains remaining
after the THF treatments for (d) 10 wt%, (e) 15 wt%, and (f) 20wt% blended solutions. The height profiles are shown in insets.
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Figure 4: Morphology of the PMMA/PUA blended films with different weight ratios of PMMA : PUA in the 12 wt% solutions. The weight
ratios of PMMA : PUA are (a) 3 : 7 (𝜑 = 0.3), (b) 4 : 6 (𝜑 = 0.4), and (c) 5 : 5 (𝜑 = 0.5). Height profiles and schematic illustrations of the
phase-separated domains are shown in insets.

shows morphology of the PMMA/PUA blended films
with different weight ratios of PMMA : PUA (3 : 7, 4 : 6,
and 5 : 5 in the 12 wt% solutions). Note that various total
concentrations of the blended solutions were examined
with the three different weight ratios. Although the blends
with the varied concentrations showed similar tendencies
according to the weight ratios, the 12 wt% solution most
specifically revealed morphological changes in the blended
films. Island-like features with the diameter of ∼600 nm
were clearly observed when the PMMA mass fraction (𝜑)
was 0.3 (i.e., PMMA/PUA = 30/70) as shown in Figure 4(a),
and the size of island-like features became larger as the
value of 𝜑 increased. When the value of 𝜑 increased up to

∼0.4, the island-like PMMA features were finally connected
to each other and formed larger domains (Figure 4(b)).
Island-like features completely disappeared at 𝜑 = 0.5,
and hole-like features with the diameter of ∼500 nm were
rather found as shown in Figure 4(c). The hole diameter
decreased to ∼100 nm as the value of 𝜑 increased up to ∼0.6.
It is worth noting that only one phase was observed on the
surface without any evidence of phase separation when the
value of 𝜑 was below 0.2 or above 0.8, due to the excess
amount of one component in the blends. These results imply
that morphology of phase-separated structure with varied
features can be easily controlled by changing composition of
the blends.
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4. Conclusions

Spin-coated immiscible PMMA and UV curable PUA blends
are phase-separated owing to the differences of solvent
evaporation rate for each polymer and polymer solubil-
ity in the common solvent. The cross-linked PUA in the
polymer-blended films provides strong chemical stability
in the solvents such as THF, and thus target materials for
dissolution can be selectively available via a simple curing
process.The substrate exposure after film deposition also can
be achieved by the selective dissolution without additional
etching process, which may lead to further applications
such as antireflection layers. In addition, morphology of the
PMMA/PUA blends can be easily controlled by changing
composition (i.e., total concentration and weight ratio) of
the blends. The morphological controls include domain size,
height, and nanoscale features such as island-like and hole-
like structures. We anticipate that these controllable struc-
tures originating from the phase separation will be applied
to various engineering fields such as soft lithography.
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In the biosensing platform, label-free detection technique provides advantages such as the short analysis time and the cost-
effectiveness. In this study, we showed the feasibility of the LSPR substrate with gold nanoparticle array for detecting low density
lipoprotein (LDL) and high density lipoprotein (HDL) without labeling. The LSPR substrate was fabricated through the lift-off
process with the anodized alumina mask, and its LSPR phenomenon was observed by measuring the optical transmission of
substrate. The antibodies were immobilized on the gold nanoparticle array via the chemical binding, in which the 11-MUA was
used as the linker to bind the antibodies. The binding of antibodies was confirmed by observing the shift of LSPR peak of the
substrate. Finally, with the LSPR substrates with the antibodies immobilized, the detection of LDL and HDL was investigated. As a
result, LDL and HDL could be detected in the clinically available concentration range, respectively.

1. Introduction

Immunoassay based on antigen-antibody binding is preva-
lently used for detecting several kinds of analytes such as
protein, pathogens, or small molecules. As the method can
be quite rapid, it has been applied to develop a point-of-care
diagnostic device of which the operation should be simply
implemented [1].

The labeling-based detection techniques have been
widely employed for detecting the antibody-antigen binding
in the point-of-care diagnostic device [1, 2]. For example,
a fluorescence detection technique has been used to detect
antibody-antigen binding on a solid surface. In the technique,
the labeling step, in which the complex of antibody-antigen
binding is labeled with the probe antibody, conjugated with
fluorescence molecule. Basically, the labeling techniques
involving the use of fluorescence, ELISA, and isotropic
labeling require one or two intermediate steps for labeling.
So, the simpler detection technique should be developed for
implementing the point-of-care diagnostic device.

Label-free detection technique would provide a direct
approach to the detection of protein-protein binding. Elec-
trochemical impedance technique, surface plasmon reso-
nance (SPR), and mass-sensitive cantilever detection have
all been applied to label-free detection methods [3–5]. In
particular, the SPR technique has been used as a versatile
detection tool for the study of the kinetics of receptor-
ligand interaction [6]. In the conventional SPR technique,
the plasmon resonance is excited by the light beam incident
onto the interface between a metal and a dielectric medium,
and the plasmon resonance condition such as the incident
angle is attributed to the refractive index in the dielectric
medium. So, the complicated optical system or mechanical
structure is required to implement the SPR device [7]. On
the other hands, the localized surface plasmon resonance
(LSPR) is observed in the metal nanoparticle, not presented
in the bulk metal [8]. When light is incident on a surface
with metal nanoparticles smaller than the wavelength of
light, the collective oscillation of conduction electron in
them with a resonant frequency is induced. The LSPR is
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dependent on the dielectric properties of the local environ-
ment surrounding the nanoparticles [9].This property allows
the LSPR to provide the label-free detection method for an
antigen-antibody reaction [10]. Also, as the LSPR of metal
nanoparticle is easily observed by measuring the adsorption
spectrum, the biosensor platforms based on the LSPR can be
simply implemented.

The substrate, onto which the nanosized metal structures
exhibiting the LSPR phenomenon are deposited, should be
developed for the LSPR-based biosensor. There have been
several methods reported to fabricate the LSPR substrate,
such as the direct deposition of nanoparticles or nanorods in
solution onto a solid surface, the growth of nanoparticles on
the surface, nanosphere lithography, and nanoimprint lithog-
raphy [9–14]. Recently, we reported the fabrication of gold
nanoparticle array on solid surface [15].Thegold nanoparticle
arrays were simply fabricated via the lift-off process, and the
absorption peak showing the maximum absorbance in the
absorption spectrum (defined as the LSPR peak) could be
regulated in the wavelength range of 500∼700 nm with the
control of thickness.

In this study, we demonstrate the application of the
gold nanoparticle array fabricated by the lift-off process to
detection of two biomarkers, low density lipoprotein (LDL)
and high density lipoprotein (HDL). They are the important
biomarkers for diagnosing the cardiovascular diseases [16].
The immobilization of antibody onto the gold nanoparticle
array was confirmed by observing the change of the LSPR
peak. In addition, we showed the applicability of the gold
nanoparticle array to the detection of biomarkers by mea-
suring the change of the LSPR peak with the increasing
concentration of the biomarkers.

2. Materials and Methods

2.1. Materials. LDL and antibody against LDL and HDL and
antibody against HDL were purchased fromAbcam plc com-
pany. 11-mercaptoundecanoic acid (11-MUA), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDAC),
and human serum were purchased from Sigma-Aldrich
company.The other chemicals used in this study were reagent
grade and were obtained commercially.

2.2. Fabrication of Gold Nanoparticle Array. The gold nano-
particle array was fabricated by the method reported pre-
viously [15]. After a glass substrate (size: 24 × 24mm) was
cleaned with the piranha solution (1 : 4 of hydrogen peroxide
and sulfuric acid), 1 𝜇m thick aluminum film was deposited
by electron beam evaporation (EI-5, ULVAC Co., USA).
A two-step anodization process was executed to form the
aluminamask on the substrate as described elsewhere [17, 18].
In the first anodization process, after the substrate and the
carbon electrode were placed in a beaker of 0.3M oxalic
acid, 40V was applied between the substrate and the carbon
electrode to anodize the aluminum film for 13 minutes at
5∘C. The alumina film formed on the substrate was removed
by immersing it in a solution of 6wt% H

3
PO
4
and 1.5 wt%

CrO
3
at 60∘C. After the substrate was rinsed and dried, the

second anodization process was executed with the aluminum

a

b

c

d

e

Figure 1: Hand-made equipment for measuring the optical trans-
mission of substrate (a: halogen lamp, b: collimator, c: substrate
with gold nanodot array, d: optical attenuator, and e: CCD-type
spectrophotometer).

film remaining on the substrate under the same conditions as
the first anodization. Finally, the substrate was immersed in a
beaker of 5 wt%H

3
PO
4
to remove the barrier layer andwiden

the diameter of the pores formed in the alumina film [19].
The gold nanoparticle array was fabricated using the

alumina mask lift-off process. To fabricate the gold nanopar-
ticle array, a 2 nm thick layer of chromium and a gold layer
were sequentially deposited via electron beam evaporation
onto the substrate. After depositing the gold layer, the
gold nanoparticle array on the substrate was completed by
removing the alumina mask by immersing the substrate in
5wt% H

3
PO
4
at 30∘C for 60 minutes.

2.3. Immobilization of Antibody. The antibodies against
biomarkers were covalently immobilized on the surface of
each gold nanoparticle by the method reported elsewhere
[20]. The glass substrate with the gold nanoparticle array
was cleaned with ethanol, followed by the oxygen plasma
treatment. The monolayer of 11-mercaptoundecanoic acid
(11-MUA) was deposited on the gold nanoparticle array by
submersing the substrate in the ethanol solution containing
150mM 11-MUA for at least 12 hours. To bind the antibody
covalently, the carboxylic group of the monolayer was acti-
vated by submerging the substrate modified with 11-MUA
into a solution of 10% EDAC in water/ethanol (10/1 v/v) for
2 hours at room temperature. The immobilization process of
antibody was completed by applying the activated surface to
20𝜇g/mL antibody solution in the phosphate buffer saline
(PBS) buffer for at least 2 hours, followed by cleaning the
surface.

2.4. Experimental Setup. Absorption spectrums of LSPR
substrate were acquired with the hand-made device equipped
with the commercial components as shown in Figure 1. The
device is composed of the CCD-array type spectrophotome-
ter (BRC115A, B&W Tek Inc.) and the 10W tungsten lamp
(OsramCo.) connectedwith the collimator and configured to
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Figure 2: (a) Scanning electron micrograph of 10 nm thick gold nanodot array formed on glass substrate. (b) Typical absorption spectrum
of the substrate with gold nanodot array.

measure the transmission of the substrate. The transmission
value measured was converted into the absorbance value by
Beer’s law.

3. Results and Discussion

3.1. Gold Nanoparticle Array. As mentioned above, the gold
nanoparticle array on the glass substrate was fabricated with
the lift-off process of the alumina mask [15]. Previously, we
reported that the sensitivity of LSPR substrate defined as
the ratio of the shift of LSPR peak to the refractive index
unit (RIU) of the medium surrounding the gold nanoparticle
array was changed with the thickness of gold layer deposited,
and the maximum sensitivity was at the deposition thickness
of 10 nm. Here, we used the gold nanoparticle array with
the deposition thickness of 10 nm for the LSPR biosensing as
shown in Figure 2(a).The diameter of each gold nanoparticle
was 94.9 ± 5.9 nm, and the typical absorption spectrum of the
substrate was shown in Figure 2(b), in which the position of
LSPR peak of the gold nanoparticle array was 626.7 ± 5.9 nm,
which is calculated with the centroid algorithm [21].

3.2. Immobilization of Antibody. Several techniques for bind-
ing antibody to the substrate have been reported, and are
divided into two categories: the physical binding and the
chemical binding. The chemical binding technique, in which
antibody is covalently immobilized onto the substrate, has
been found to show good reproducibility and coverage [22].
In this study, the chemical binding in which themonolayer of
11-MUA was used as the linker to bind antibody was used in
order to immobilize the antibody on the gold nanoparticle
array. Figure 3 shows the scheme of the immobilization
of antibody used in this study. The monolayer of 11-MUA
with the carboxylic acid as the terminal group was self-
assembled on the surface of each gold nanoparticle. The
substrate modified with the 11-MUA monolayer was treated
with EDAC to allow the chemical binding between the lysine
residues of antibody and the carboxylic group via the amide

S S S S S S S S S S S S

Antibody
Monolayer of

11-MUA

Glass substrate

Figure 3: Scheme for immobilizing the antibody on the substrate.

bonding. Figures 4(a) and 4(b) show the change of absorption
spectrums according to sequentially depositing the 11-MUA
and antibody onto the substrate. Following the deposition
of the monolayer of 11-MUA, the position of LSPR peak
was shifted from 626.7 ± 5.9 nm (the LSPR peak position
of substrate without the monolayer) to 641.6 ± 4.3 nm. It is
known that the closely packed 2-dimensional molecular layer
of 11-MUA is formed on the substrate by the van der Waals
attractive force among the long alkyl chains [23]. Therefore,
the shift of peak position is attributed to the change of RIU
near the gold nanoparticle array. After immobilizing the
antibody against LDL onto the monolayer of 11-MUA, the
LSPR peak was shifted to 676.8 ± 4.2 nm. Also, in case of
immobilization of antibody against HDL, the LSPR peak of
substrate was shifted to 671.1 ± 5.6 nm.

3.3. Detection of Biomarkers. LDL is the major carrier of
cholesterol in the blood, and the accumulation of it on
the vessel wall constitutes one of the initial steps in arte-
riosclerosis [24]. So, the increased level of LDL in blood is
associated with atherosclerosis. On the other hand, HDL is
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Figure 4: Absorption spectrums of substrate with depositing the 11-MUAmonolayer and immobilizing the antibodies on the monolayer. (a)
Immobilization of the antibody against LDL. (b) Immobilization of the antibody against HDL.
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Figure 5: Relative shifts of LSPR peak corresponding with reacting with the varying concentration of biomarkers: LDL (a) and HDL (b).

the lipoprotein which has been shown to be able to prevent
and reverse arteriosclerosis [16]. So, the level of HDL in
blood should be higher than the normal concentration level.
Therefore, as LDL and HDL are the import biomarkers
to diagnose or monitor the cardiovascular diseases, the
detections of them are routinely executed in the laboratory
medicine.Here, the detection of LDL andHDLwith the LSPR
of the gold nanoparticle array substrate was demonstrated.

In the experiment, the LDL and HDL were diluted
into the varying concentrations in the human serum pur-
chased from Sigma-Aldrich Co. Then, the substrate with
the antibody immobilized was incubated in the biomarker
solutions with the varying concentration for 1 hour with
gently stirring. After being incubated, the substrate was
cleanedwith thewater, followed by drying under the nitrogen
gas. The absorption spectrum of substrate was acquired with
the equipment described above. Figure 5(a) shows the relative

shift of LSPR peak as a function of the concentration of LDL.
The relative shift of LSPR peak in the vertical axis of the
graphs meant the amount of the shift of LSPR peak from
the LSPR peak of substrate with the antibody immobilized.
The concentrations of LDL prepared in the experiment were
64.6, 86.2, 172.3, and 258.5mg/dL, respectively. In the range,
the relative shift of LSPR peak increased with the increasing
concentration of LDL. According to the American Heart
Association, the optimal level of LDL in blood is lower than
100mg/dL, and the value higher than 200mg/dL is very
high LDL level, corresponding to highest increased rates of
cardiovascular disease event [25]. The experimental result
shows that our LSPR substrate can be used to detect the LDL
in the clinical available range of concentration. Figure 5(b)
shows the relative shift of LSPR peak as a function of the
concentration of HDL. Similar to the experiment of LDL
detection, the LSPR peak was positively shifted with the
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increasing concentration of HDL. In particular, the relative
shift of LSPR is linearly proportional to the concentration in
the low concentration range. Contrary to the LDL level, it is
known that the optimal level of HDL in blood is higher than
60mg/dL, and the values under 40mg/dL for men and under
50mg/dL for women are risky for heart diseases [25]. The
experimental result shows the LSPR substrate with the gold
nanoparticle array can be applied to detect the HDL.

In this study, we showed the applicability of the substrate
with the gold nanoparticle array to detect the LDL and
HDL. The LSPR substrate for the development of biosensor
provides two advantages over the conventional analysis [26].
At first, the detection time is short because the step for
labeling fluorophores or ELISA is omitted. Moreover, as the
probe antibody used for labeling is not needed, it is cost-
effective. Second, the equipment for readout is simple. As
described above, the antigen-antibody binding can be simply
detected by measuring the optical transmission of substrate.
In reality, we constructed the equipment for measuring the
transmission with the engineering technique not compli-
cated. Our gold nanoparticle array and its fabricationmethod
provide the simple and powerful solution to develop the
LSPR-based biosensor. However, there are several hurdles to
overcome to apply the LSPR substrate in the clinical area.The
sample for analyzing in the clinical diagnostics is the blood,
which is the complex of white and red blood cells, and the
serumwith several proteins. In particular, as the high concen-
tration of red blood cells in blood affects the measurement of
transmission, only the plasma should be extracted fromblood
before analyzing the biomarker. Recently, the microfluidics
technology for extracting the plasma from the blood has been
reported [27, 28]. In our opinion, the point-of-care device for
biosensing LDL and HDL can be developed with the strategy
of allocating the LSPR substrate in the downstream of plasma
in the microfluidic device.

4. Conclusions

In this study, we showed the feasibility of the LSPR substrate
with gold nanoparticle array to detect LDL and HDL, which
are the biomarkers for diagnosing andmonitoring the cardio-
vascular diseases.The LSPR substrate was fabricated through
the lift-off process with the anodized alumina mask, and its
LSPR phenomenon was observed by measuring the optical
transmission of substrate. The antibodies were immobilized
on the gold nanoparticle array via the chemical binding,
in which the 11-MUA was used as the linker to bind the
antibodies. The binding of antibodies was confirmed by
observing the shift of LSPR peak of the substrate. Finally,
with the LSPR substrates with the antibodies immobilized,
the detection of LDL and HDL was investigated. As a result,
LDL and HDL could be detected in the clinically available
concentration range, respectively.

When the LSPR substrate is used for the development
of biosensor, it provides the advantages such as the fast
detection protocol and the cost-effectiveness. In particular,
by fusing the LSPR substrate and the microfluidic device, the
development of point-of-care diagnostic device based on the
immunoassay can be implemented in the view of practice.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This research was supported by Korea Electrotechnol-
ogy Research Institute (KERI) Primary Research Program
through the Korea Research Council for Industrial Science
& Technology (ISTK) funded by theMinistry of Science, ICT
and Future Planning (MSIP) (no. 15-12-N0101-29).

References

[1] L. Gervais and E. Delamarche, “Toward one-step point-of-care
immunodiagnostics using capillary-driven microfluidics and
PDMS substrates,” Lab on a Chip, vol. 9, no. 23, pp. 3330–3337,
2009.

[2] H. Xie, J. Mire, Y. Kong et al., “Rapid point-of-care detection
of the tuberculosis pathogen using a BlaC-specific fluorogenic
probe,” Nature Chemistry, vol. 4, no. 10, pp. 802–809, 2012.

[3] E. Stern, A. Vacic, N. K. Rajan et al., “Label-free biomarker
detection fromwhole blood,”Nature Nanotechnology, vol. 5, no.
2, pp. 138–142, 2010.

[4] Y. M. Bae, S. Y. Son, K.-H. Lee, K. Kim, S. K. Seol, and
D. Kim, “Enhancement of the sensitivity of surface plasmon
resonance biosensor by modifying the metal surface,” Journal
of Biomedical Nanotechnology, vol. 9, no. 6, pp. 1060–1064, 2013.

[5] G.Wu, R. H. Datar, K.M. Hansen, T.Thundat, R. J. Cote, and A.
Majumdar, “Bioassay of prostate-specific antigen (PSA) using
microcantilevers,” Nature Biotechnology, vol. 19, no. 9, pp. 856–
860, 2001.

[6] Y. Tang, R. Memaugh, and X. Zeng, “Nonregeneration protocol
for surface plasmon resonance: study of high-affinity interac-
tion with high-density biosensors,” Analytical Chemistry, vol.
78, no. 6, pp. 1841–1848, 2006.

[7] Y.-B. Shin, H. M. Kim, Y. Jung, and B. H. Chung, “A new
palm-sized surface plasmon resonance (SPR) biosensor based
on modulation of a light source by a rotating mirror,” Sensors
and Actuators, B: Chemical, vol. 150, no. 1, pp. 1–6, 2010.

[8] K. A. Willets and R. P. Van Duyne, “Localized surface plasmon
resonance spectroscopy and sensing,”Annual Review of Physical
Chemistry, vol. 58, pp. 267–297, 2007.

[9] K. L. Kelly, E. Coronado, L. L. Zhao, and G. C. Schatz, “The
optical properties of metal nanoparticles: the influence of
size, shape, and dielectric environment,” Journal of Physical
Chemistry B, vol. 107, no. 3, pp. 668–677, 2003.

[10] D. A. Gish, F. Nsiah, M. T. McDermott, and M. J. Brett,
“Localized surface plasmon resonance biosensor using silver
nanostructures fabricated by glancing angle deposition,” Ana-
lytical Chemistry, vol. 79, no. 11, pp. 4228–4232, 2007.

[11] J. N. Anker,W. P. Hall, O. Lyandres, N. C. Shah, J. Zhao, and R. P.
Van Duyne, “Biosensing with plasmonic nanosensors,” Nature
Materials, vol. 7, no. 6, pp. 442–453, 2008.

[12] C. L. Haynes and R. P. Van Duyne, “Nanosphere lithography:
a versatile nanofabrication tool for studies of size-dependent
nanoparticle optics,” Journal of Physical Chemistry B, vol. 105,
no. 24, pp. 5599–5611, 2001.



6 Journal of Nanomaterials

[13] S.-W. Lee, K.-S. Lee, J. Ahn, J.-J. Lee, M.-G. Kim, and Y.-B. Shin,
“Highly sensitive biosensing using arrays of plasmonic Au nan-
odisks realized by nanoimprint lithography,” ACS Nano, vol. 5,
no. 2, pp. 897–904, 2011.

[14] M. E. Stewart, C. R. Anderton, L. B. Thompson et al., “Nanos-
tructured plasmonic sensors,” Chemical Reviews, vol. 108, no. 2,
pp. 494–521, 2008.

[15] Y. M. Bae, K.-H. Lee, J. Yang, and D. Heo, “Fabrication of gold
nanodot array for the localized surface plasmon resonance,”
Journal of Nanomaterials, vol. 2014, Article ID 175670, 7 pages,
2014.

[16] G. Siegel, M. Malmsten, D. Klüßendorf, and F. Michel, “A
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