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In recent years, nanostructures for photonic/sensor device
applications have been increasingly developed because of
their flexibility and light weight for daily use, making them
deployable. Therefore, photonic/sensor devices have been
the subject of much interest. Photonic/sensor devices are
environmentally sustainable, considering the availability of
nanostructured raw materials. The main goal of this special
issue is to discover new scientific knowledge relevant to
IOT-based intelligent sensor systems and applied materials
in nanoscience and nanotechnology.

This special issue collected five excellent papers. The
published papers are introduced as follows.

Prof. C.-T. Yen et al. reported on “Development of a
Continuous Blood Pressure Measurement and Cardiovascu-
lar Multi-Indicator Platform for Asian Populations by Using
a Back Propagation Neural Network and Dual Photoplethys-
mography Sensor Signal Acquisition Technology.” This
study proposed a measurement platform for continuous
blood pressure estimation based on dual photoplethysmo-
graphy sensors and a back propagation neural network
(BPNN) that can be used for the continuous and rapid mea-
surement of blood pressure and analysis of cardiovascular-
related indicators. To increase the robustness of the BPNN
model, the authors input data of 100 Asian participants into
the training database, including those with and without car-
diovascular disease, each with a proportion of approximately
50%. The proposed real-time blood pressure measurement
system exhibited a mean accuracy of 98.22% and 95.58%
for SBP and DBP, respectively.

Prof. K.-T. Lam et al. reported on “Characteristics of
Metal–Semiconductor–Metal Ultraviolet Photodetectors
Based on Pure ZnO/Amorphous IGZO Thin-Film Struc-
tures.” In this study, metal–semiconductor–metal-
structured ultraviolet (UV) photodetectors (PDs) based on
pure zinc oxide (ZnO) and amorphous indium gallium
ZnO (a-IGZO) thin films were fabricated and characterized.
The ZnO seed layers were deposited on corning glass sub-
strates via a radio frequency magnetron sputtering tech-
nique. Results showed that under a 5V applied bias, the
dark currents of the pure ZnO and a-IGZO thin films were
0.112 pA and 2.85 nA, respectively. Meanwhile, the UV-to-
visible rejection ratios of the pure ZnO and a-IGZO thin
films were 14.33 and 256, respectively. Finally, the PDs of
thea-IGZO thin films had a lower leakage current and higher
rejection ratio than the pure ZnO thin films from the UV-to-
visible light region.

Q. M. Thi Tran et al. reported on “Biosynthesis of Zinc
Oxide Nanoparticles Using Aqueous Piper betle Leaf Extract
and Its Application in Surgical Sutures.” In this study, the
authors aimed to synthesize ZnO nanoparticles (NPs) by
using Piper betle leaf extract and used it to coat the suture.
The effect of synthesis parameters on the size and morphology
of the ZnO NPs was also analyzed. The UV-Vis spectrum
indicated the formation of ZnO NPs at approximately
370nm. The volume of leaf extract plays a role in controlling
the size andmorphology of ZnONPs. The average particle size
of the as-synthesized ZnO NPs was approximately 112nm
with a hexagonal and spherical shape. The results proved that
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the ZnO NPs performed a high antibacterial activity against
Staphylococcus aureus and Escherichia coli with its antibacte-
rial effectiveness up to 5 days. The ZnO NP-coated sutures
also exhibited a high performance on bacterial inactivation.
With key findings, this study largely contributed to lowering
the burden on medical services in terms of medical treatment
cost in developing countries.

A. Ortiz-Dosal et al. reported on “Determination of the
Immunoglobulin G Spectrum by Surface-Enhanced Raman
Spectroscopy Using Quasispherical Gold Nanoparticles.”
This study is aimed at determining the Raman spectrum of
IgG at physiological concentrations using quasispherical
gold NPs as a surface-enhanced Raman spectroscopy (SERS)
substrate. Methods. We initially determined the Raman
spectrum of IVIG at 5%. Subsequently, for SERS characteri-
zation, decreasing dilutions of the protein were prepared by
adding deionized water and an equal volume of the 5 nm
gold quasispherical NP colloid. For each protein concentra-
tion, the Raman spectrum was determined using a 10x
objective. We focused the 532 and 785nm laser on the sam-
ple surface in a range of 500–1800 cm-1, with five acquisi-
tions and an acquisition time of 30 s. Results. We obtained
the IVIG spectrum using SERS up to a concentration of
75mg/dL. The Raman bands correspond to aromatic amino
acid side chains and the characteristic beta-sheet structure of
IgG. Conclusion. The use of 5 nm quasispherical gold NPs as
a SERS substrate allows for detecting the Raman spectrum of
IVIG at physiological concentrations.

N. M. Noah reported on “Design and Synthesis of Nano-
structured Materials for Sensor Applications.” The develop-
ment of sensor devices with improved characteristics, such
as sensitivity, low cost, fast response, reliability, rapider
recovery, reduced size, in situ analysis, and simple operation,
has attracted increasing attention. Nanostructured materials
have shown great potential in improving these properties for
chemical and biological sensors. Different nanostructured
materials have been used in manufacturing nanosensors,
which include nanoscale wires (capability of high detection
sensitivity), carbon nanotubes (very high surface area and
high electron conductivity), thin films, metal and metal
oxide NPs, polymer, and biomaterials. This review provides
different methods that have been used in the synthesis and
fabrication of these nanostructured materials followed by
an extensive review of the recent developments of metal,
metal oxides, carbon nanotubes, and polymer nanostruc-
tured materials in sensor applications.
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This study proposed a measurement platform for continuous blood pressure estimation based on dual photoplethysmography
(PPG) sensors and a back propagation neural network (BPNN) that can be used for continuous and rapid measurement of
blood pressure and analysis of cardiovascular-related indicators. The proposed platform measured the signal changes in PPG
and converted them into physiological indicators, such as pulse transit time (PTT), pulse wave velocity (PWV), perfusion index
(PI), heart rate (HR), and pulse wave analysis (PWA); these indicators were then fed into the BPNN to calculate blood pressure.
The hardware of the experiment comprised 2 PPG components (i.e., Raspberry Pi 3 Model B and analog-to-digital converter
[MCP3008]), which were connected using a serial peripheral interface. The BPNN algorithm converted the stable dual PPG
signals acquired from the strictly standardized experimental process into various physiological indicators as input parameters
and finally obtained the systolic blood pressure (SBP) and diastolic blood pressure (DBP). To increase the robustness of the
BPNN model, this study input data of 100 Asian participants into the training database, including those with and without
cardiovascular disease, each with a proportion of approximately 50%. The experimental results revealed that the mean and
standard deviation of SBP were 2:23 ± 2:24mmHg, with a mean squared error of 3.15mmHg. The mean and standard deviation
of DBP was 3:5 ± 3:53mmHg, with a mean squared error of 4.96mmHg. The proposed real-time blood pressure measurement
system exhibited a mean accuracy of 98.22% and 95.58% for SBP and DBP, respectively.

1. Introduction

Hypertension remains a major factor in cardiovascular
disease in Taiwan, and it is also a considerable global health
concern. Hypertension is a crucial indicator of whether the
human heart is functioning normally. The related treatment
process is long and challenging, and people still have
extremely low awareness of hypertension. Research has
revealed that in those aged between 19 and 44 years, the
prevalence of prehypertension is higher than the proportion
of patients with hypertension. The age trend is also decreasing,
suggesting that cardiovascular disease is no longer a concern

only for older adults. Factors such as family medical history,
eating habits, living habits, work stress, fatigue, temperature,
and aging are all closely related to cardiovascular disease.

Research on photoplethysmography (PPG) is increasing,
and numerous scholars have discussed its measurement
methods, signal processing, algorithm applications, measure-
ment applications, hardware improvement and innovation,
and system construction. As early as 1937, Hertzman and
Spielman [1] proposed the concept of PPG by using optical
measurement of blood volume changes. Burton [2] observed
strong correlations among systolic blood pressure (SBP) of
the finger, pulse rate, and the sympathetic nervous system.
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Mendelson and Ochs [3] developed a sensor for reflectance
pulse oximetry to evaluate a prototype skin-reflectance pulse
oximeter in humans. In 1994, Nitzan [4] used PPG to pro-
duce two parameters, namely, amplitude modulation (AM)
and baseline, and proved that the PPG signal and heart rate
(HR) variability have similar spectral sections. In addition,
Task Force [5] and Nakajima [6] have both confirmed the
correlation between PPG signal, and HR. Rhee et al. [7] pro-
posed a finger-ring plethysmographic sensor, indicating that
PPG can continuously monitor arterial pulsation without
causing harm. Numerical simulations and experiments were
conducted to verify and evaluate the aforementioned model.
In the same year, Chan et al. [8] proposed a noninvasive and
cuffless measurements of blood pressure for telemedicine.
This technology used the time interval between electrocardi-
ography (ECG) and PPG to predict the systolic, diastolic, and
mean blood pressure on the basis of the pulse transit time
(PTT) technology, and it applied the wireless application
protocol to display information on portable wireless devices
Moreover, Murthy et al. [9] analyzed the spectrum of PPG
signals in cardiovascular patients; they noted that PPG can
be used as an alternative diagnostic tool for studying the car-
diovascular system, particularly HR variability. Teng and
Zhang [10] confirmed the feasibility of continuous and non-
invasive estimation of arterial pressure by using PPG. The
aforementioned works have confirmed the application of
PPG for measuring and analyzing health conditions and
characteristics as feasible; they also revealed that the PPG
sensor can effectively reflect the relationship between the
heart and the blood vessel, leading to its extensive use.

Various methods for measuring blood pressure-related
physiological signals have been proposed. In signal process-
ing, biological signals must be converted to electric potentials
before the signals can be processed by computers or control
devices. The biological signal is generally weak and accom-
panied by a range of noise; hence, the signal must be
amplified through an amplifier and the noise filtered out.
Subsequently, samples are taken through the alternating cur-
rent (AC)/direct current (DC) converter; then, the analog
signal is converted to a digital signal; finally, the digital signal
is input into a computer for analysis. The biological signal
mainly includes biomechanical and biooptical signals. Of
these two, biomechanical signals are the more widely used
in blood pressure measurement, as is the case in ECG and
pulse sensors. Biooptical signals are increasingly being used
to measure blood pressure, and the most representative mea-
surement tool is PPG. Many related studies have also indi-
cated that multiwavelength PPG can be used for cuffless
blood pressure measurement [11–13].

Various methods related to measuring the correlation
between blood and optics currently apply PPG for estimating
blood pressure. They can generally be classified into PTT,
pulse wave velocity (PWV), and pulse wave analysis
(PWA). PWV is inversely correlated with PTT. Although
the methods differ, the three variables are closely related
[14]. However, in recent years, some scholars have proposed
perfusion index (PI), which is defined as the ability of the car-
diovascular system to provide sufficient blood for normal
functioning and metabolism of body tissues. PI is also an

essential metric for judging the condition of the cardiovascu-
lar system [15].

PTT represents the time interval of the arterial pulse
wave from the aortic valve to a peripheral artery; PTT is said
to be inversely proportional to the change in blood pressure
[16], and it can be used for noninvasive continuous blood
pressure estimation. PTT is defined as the time between
two specific parts of the PPG signal waveform. Both events
occur at each heartbeat and can be easily detected. The main
purpose is to study the relationship between the time course
of the heart’s electrical activity and cardiovascular activity. In
the past few decades, PPG has also been widely applied to
estimate blood pressure by using PTT [17–22]. Current clin-
ical best practice involves starting the timing from the apex of
the R wave in the ECG to the starting point of the largest
upward branch in the PPG of a certain part of the peripheral
artery blood flow. This measurement is now collectively
referred to as PTT, which is typically the distance from the
heart to the wrist or fingertips. Some scholars have also
suggested the use of dual PPG to obtain PTT. This process
involves using a peak detection algorithm to process two
PPG signals and identify the peaks in each cardiac cycle, mea-
suring the blood transit time from shoulder to finger, and cal-
culating the sample difference between the two peaks [23]. Lin
et al. [24] used PTT to estimate blood pressure and calibrated
the system by using linear regression with reference to multi-
ple data samples of blood pressure. However, under different
conditions, the velocity of transferring energy formed by heart
activity to the peripheral blood vessel differs. For example,
vasoactive substances and autonomic tone can affect heart
and blood vessel activity, thereby affecting blood flow.

For PWV, two PPG signals are used to analyze the PPG
signal along the same artery branch at a known distance
and set position simultaneously. A specific part of the signal
is evaluated to identify the difference in time and distance
between the two signals; these values are then used to calcu-
late the PWV. This method, which is used to determine
arteriosclerosis, has been extensively studied and proven in
internal medicine [25]. In clinical medicine, PWV measure-
ments are also used as a diagnostic parameter of arterioscle-
rosis. Although PWV has proven a direct correlation
between blood pressure and measurement velocity [26, 27],
a precise distance between the two sensors is required to
accurately calculate blood pressure. However, the sensor
may move over time or during the measurement, resulting
in inaccurate calculation. Moreover, precise placement of
the sensor is required to achieve optimal results.

PWA is used to evaluate the pressure waveform gener-
ated by systolic and diastolic flow in the arteries. It can accu-
rately record the peripheral pressure waveform and generate
the corresponding central waveform, from which the aug-
mentation index and central pressure can be derived. PWA
also includes the relevant characteristics of PTT and PWV.
Clinical studies have indicated that PWA is a technology that
produces reliable results and can be applied easily. Samria
et al. [28] were the first to propose that using PWA to assess
stiffness may provide a more satisfactory risk assessment and
target treatment for those in greatest need. Blood vessel stiff-
ness may not only be a sign of atherosclerosis but may also be
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involved in the pathogenesis of cardiovascular diseases
through diverse mechanisms. Therefore, the use of PWA to
assess arterial stiffness may provide a more efficient risk
assessment and enable treatment to be targeted to those
who need it most. Nevertheless, to enable more accurate
judgment and assessment, this technology must acquire a
complete PPG waveform without interference. Therefore,
Joseph et al. [29] suggested the use of discrete wavelet trans-
form to strengthen the waveform characteristics and com-
pleteness by eliminating the damaged PPG signal caused by
motion artifacts. In addition, Fischer et al. introduced a
new embedded algorithm for real-time pulse waveform seg-
mentation and artifact detection based on PPG time domain
analysis to analyze various physiological indicators. Further-
more, Zhang [30] proposed a method on the basis of mean
impact value combined with a genetic algorithm-back prop-
agation neural network (BPNN) to improve the analysis
accuracy of PPG waveforms for predicting blood pressure;
the results of SBP and diastolic blood pressure (DBP) were
4:213 ± 5:609mmHg and 3:230 ± 4:591mmHg, respectively,
proving again that the condition of the PPG waveform can
affect the accuracy of blood pressure estimation.

2. Experimental and System Setup

2.1. Participants. The data source is cooperated with physi-
cians from National Taiwan University Hospital, Yun-Lin
Branch, to conduct a clinical trial after being granted
approval by the relevant institutional review board. A total
of 100 people participated in this study, including 57 outpa-
tients from the cardiovascular disease department and 43
students from the National Formosa University. A large sam-
ple was desirable for increasing the number of data in the
experimental database and improving the robustness of the
BPNN algorithm model when measuring SBP and DBP.

(1) The inclusion criteria for this study were as follows:

(i) Inpatients or outpatients with cardiovascular dis-
eases who routinely undergo general physiological
parameter examinations

(ii) Students with normal blood pressure

(iii) Patients over 20 years of age

(2) The exclusion criteria were as follows:

(i) Pregnant women

(ii) Children or minors (under 20 years old)

(iii) People with mental disorders

This study used the dual PPG measurement method to
capture waveform signals of the human body. The number

of male participants was 87, and their SBP and DBP ranged
from 98 to 179 and 32 to 121, respectively. The SBP and
DBP of the 13 female participants ranged from 99 to 193
and 57 to 102, respectively. The participants’ age range, aver-
age height, average weight, SBP, and DBP are presented in
Tables 1 and 2.

The experimental location was a quiet empty room next
to the physician’s office; the experimental environment is
depicted in Figure 1. During the experiment, the participants
did not have any contact or interaction with the physician. At
the beginning of the experiment, the participants were pro-
vided with detailed information on the process and purpose
of the experiment. The experiment started after patients
signed the consent form. The crucial elements of the experi-
ment are as follows:

(1) Informed consent form

(2) Dual PPG system

(3) Raspberry Pi 3

(4) Omron HEM-7070 (Omron Corporation, Kyoto,
Japan) electronic blood pressure monitor

(5) Lay participant’s hands flat on a table, aligned with
the position of the heart

(6) Quiet environment

(7) Basic information of experimental participants

In the experimental process, this study referred to a
related study [43] on the influence of office blood pressure
measurement on the diagnosis and treatment of hyperten-
sion. The study explored the use of noninvasive PPG for
measuring human photoelectric signals and obtained rele-
vant waveforms to identify the characteristics related to
blood pressure. The experimental measurement process,
BPNN training framework, and apparatus setup are illus-
trated in Figures 2, 3, and 4, respectively. The data of the par-
ticipants were collected through the following procedure:

(1) Male and female volunteers with and without cardio-
vascular disease were invited to participate in this
study. All participants were informed regarding the
research objective and experimental methods, and
they subsequently signed an informed consent form

(2) The participants placed both their hands at the same
height as the heart and sat quietly (without talking)
for 5min; this enabled the researchers to obtain a
stable PPG waveform and blood pressure

(3) The inflatable sleeve (Omron) was wrapped around
the left upper arm and compressed once every
2min for a total of three times. The dual PPG was
fixed on the index and middle fingers to measure
the PPG signal waveform, and the waveform and
conversion parameters were continuously recorded
for approximately 5min. The experiment had a dura-
tion of 10min per person, and the collected data were
used as the training data set of the BPNN

3Journal of Nanomaterials



(4) The age, height, and weight of the participants were
obtained after the experiment

2.2. Apparatus. This study implemented a continuous blood
pressure measurement platform. The system included two
green-light PPG sensors, a Raspberry Pi 3, an MCP3008,
and an Omron blood pressure monitor. The two PPGs were
clipped onto the index and middle fingers and were con-
nected to the Raspberry Pi 3 through the serial peripheral
interface (SPI). The MCP3008 was used to convert analog
signals to digital signals, and Python syntax was used to pro-
cess PPG signals to obtain signal waveforms and extract the
characteristics. Finally, the Omron blood pressure monitor
was used to measure blood pressure simultaneously on the
same hand. After algorithm analysis and calculation, the
researchers conducted conversion to obtain the HR, PTT,
PWV, PI, and blood pressure-related data, and the SBP
and DBP were calculated. The system structure is illustrated
in Figure 5.

2.3. PPG Sensor. PPG is often used in medical research to
measure the signals of human subcutaneous tissue and is
widely used to monitor the pulse of patients. The key com-
ponents of a PPG are a light-emitting diode, photodiode,
and amplifier. Thus, PPG is a simple and low-cost optical
method that can be used to detect changes in blood volume
in tissue capillary beds. In addition, the complete waveform
composition of the PPG signal is a combination of DC and
AC components. The DC component comes from the
optical signal reflected or transmitted by tissue and is deter-
mined by tissue structure and the volume of venous and
arterial blood; the AC component corresponds to the change
in blood volume synchronized with the HR. The DC compo-
nent indicates small changes in breathing, whereas the AC
component changes with the HR and is superimposed on
the DC baseline (Figure 6).

In the experiment, two sets of reflective pulse sensors
were used, the sampling rate was set to 500Hz, and the

Table 1: Characteristics of male participants.

Parameters Daily activity

Men 87

Age range (years) 20-88

Height (cm) 171 ± 17

Weight (kg) 74 ± 14

SBP range (mmHg) 128 ± 15

DBP range (mmHg) 81 ± 13

Table 2: Characteristics of female participants.

Parameters Daily activity

Women 13

Age range (years) 20-84

Height (cm) 155 ± 8

Weight (kg) 57 ± 8

SBP range (mmHg) 132 ± 25

DBP range (mmHg) 79 ± 9

Figure 1: Experimental environment and apparatus layout.
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Omron blood pressure
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Training
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Figure 2: Flowchart of the clinical experiment.
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transmitter module used a green light-emitting diode
(AM2520ZGC09) with a peak wavelength of 515nm. The
pulse sensors were mainly designed for the multiple demands
of discrete backlight and the necessity of maintaining high
intensity and wide viewing angle radiation. In addition, the
receiver used a miniature surface-mount ambient light photo
sensor (APDS-9008) with a sensing peak wavelength of
565nm. Highly sensitive and similar peak response wave-
lengths of the transmitter and receiver enable the display of
a clearer pulse waveform.

The pulse sensor proposed in this study adopted a reflec-
tive light sensor, which was tightly attached to the finger with
a strap during measurement. The sensor was susceptible to a
range of signal interference because the frequency band of
the signal was generally between 0.05 and 200Hz and the
signal amplitude was extremely small (generally at the milli-
volt). Therefore, a general passive low-pass filter (model of
passive RC: R, 100; C, 4.7uF) and MCP6001 were installed
at the receiving end. An operational amplifier served as an
amplifying filter module, with the purpose of reducing noise,
increasing pulse wave amplitude, and amplifying the received
signal by 330 times. The DC bias was set to half of the power
supply voltage with a voltage divider, and the signal was

Raspberry pi captures
patient PPG waveform

characteristic parameters

Double PPG
amplitude Heart rate Pulse transit

time
Pulse wave

velocity
Double PPG 

trough Perfusion indexDouble PPG 
peak

Omron measures patient’s
blood pressure

(for training tagging)

Back-propagation network
training

Output storage training
model

Output training blood
pressure

𝜆1, 𝜆2 𝜆3, 𝜆4 𝜆5, 𝜆6 𝜆7 𝜆8 𝜆9 𝜆10

Figure 3: Flowchart of the proposed back propagation neural network.

Figure 4: Apparatus setup.
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Feature 
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Figure 5: System structure diagram.
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normalized near the reference point to facilitate the collec-
tion of the amplified PPG signal waveform by the Raspberry
Pi 3. An anti-electric-shock design was also employed to pro-
tect the participants. The front and back of the sensor ele-
ment are depicted in Figure 7.

2.4. Hardware System Design and Connection Method. This
experimental system connected the Raspberry Pi 3,
MCP3008, and PPG sensor through the SPI. Further details
are as follows:

(1) Digital Ground (DGND): the digital ground was con-
nected to the internal digital circuit of the Raspberry Pi

(2) Analog Inputs (CH0-CH7): analog inputs 0–7 corre-
sponded to the PPG sensor signal input pins

(3) Chip Select/Shutdown ( �CS/SHDN): the SPI could
start the communication between devices when it
was set to a low voltage. The communication between
the devices stopped and entered the wait state when
the SPI was set to a high voltage. During communica-
tion, it must be set to a high voltage to enable
communication

(4) Serial Data Output (DOUT): when SPI data were
output, the timing of the data changed because of
the communication changes between devices

(5) Serial Data Input (DIN): the SPI data that were input
were used to upload the setting data to the communi-
cation device

(6) Serial Clock (CLK): the SPI clock pin was used to
start communication

2.5. Calibration and Comparison with Standard Apparatus.
To verify the accuracy of the blood pressure converted by
the experimental system, this study adopted the Omron elec-
tronic blood pressure monitor as the standard apparatus for
comparison (Figure 8); its specifications are presented in
Table 3 [31]. In the experimental measurement, the dual
PPG signals were obtained, and the blood pressure was mea-
sured simultaneously; subsequently, the dual PPG signals
were extracted and converted to be used in training the
BPNN. Finally, test data of the two systems were compared
to determine their accuracy.

3. Physiological Parameters
Extracted from Experiments

Physiological parameters are crucial indicators for judging
the condition of the human body. The use of diverse physio-
logical parameters can assist physicians in judging the condi-
tion of their patients. This study mainly discussed the
physiological indicators related to blood pressure, including
HR, PWA, PTT, PWV, and PI as the training parameters of
BPNN to devise a noninvasive continuous blood pressure
measurement system.

3.1. Heart Rate. The heart is an essential organ in the human
body and plays a critical role in the blood circulation system.
The frequency of heart beats is called HR, which is a basic
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arterial blood
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Deoxygenated
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Skin, bone,
muscle, etc.

Time
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Figure 6: PPG signal composed of AC and DC components.
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indicator of the physiological condition of the human body.
HR is mostly measured in patients with hypertension, coro-
nary heart disease, heart failure, or in patients under anesthe-
sia or in the intensive care unit. It is also one of the vital signs
that clinicians use during monitoring and management.
Accurate and real-time HR monitoring can serve as a refer-
ence for the clinical assessment of a patient’s condition and
diagnosis as well as for treatment decisions.

The most common method to estimate HR is by using
ECG to extract the R peaks in the QRS complex generated
during each heartbeat (the QRS complex is regarded as the
criterion of a heartbeat); the heartbeat interval, called the
RR interval, occurs after two successive R peaks. According
to relevant literature [6], the PPG signal has the same charac-
teristics, and it can also extract P waves, which exhibit the

(a) (b)

Figure 7: PPG pulse sensor: (a) front; (b) back.

Figure 8: Experimental verification by Omron HEM-7000 blood
pressure monitor.

Table 3: Specification of blood pressure monitor.

OMRON HEM-7070 electronic blood pressure monitor

Measurement method Oscillometric

Measuring range
Pressure: 0–299mmHg
Pulse: 40–180 beats/min

Inflation Fully automatic

Deflation Electronic dynamic control

Precision
Pressure: within ±3mmHg

Pulse rate: within ±5% read value

Pressure detection Capacitive pressure sensor

Weight Approximately 990 g

Size 131 × 84 × 155mm (W ×H × L)

Cuff
120 × 480mm (W ×H)
Air tube length 660mm

P-P interval

Figure 9: Peak-peak interval diagram.

7Journal of Nanomaterials



same characteristics as the ECG and form peak-peak inter-
vals (Figure 9). A peak-peak interval in PPG is extracted by
identifying the peak of each complete PPG signal; the time
generated between each peak is the peak-peak interval. After
averaging the value, it is converted to beats/min; the calcula-
tion formula is as follows:

HR =
1

PPImean

� �
× 60: ð1Þ

3.2. Pulse Transit Time and Pulse Wave Velocity. PTT and
PWV refer to the time and flow rate of blood in the blood
vessel, respectively. The harder the vascular wall is, the faster
the blood flow becomes. By contrast, softer blood vessels can
absorb the effect of blood flow and, thus, reduce the flow rate.
Therefore, a larger PWV indicates a harder vascular wall,
which means arteriosclerosis is ongoing. According to related
studies, PTT is highly correlated with the incidence of cardio-
vascular disease. A higher PTT suggests a higher possibility
of coronary artery disease. The calculation formula of PTT
is as follows:

PWV =
D

PTT
, ð2Þ

where PTT is the pulse transit time and D is the distance
between the two sensors (its definition differs in other
methods). According to (2), PTT must be measured before
calculating PWV.

3.3. PPG Pulse Wave Analysis. An intact and undisturbed
PPG pulse wave can reflect the change in blood volume when
the heart beats; thus, PWA typically uses a single PPG signal
to estimate blood pressure. Most related studies have
extracted parameters such as systolic time, diastolic time,
1/2 pulse amplitude, and maximum-minimum interval to
estimate blood pressure. Although this technique improves
the accuracy of blood pressure estimation, it must estimate

blood pressure according to pulse arrival time, and that can
only be achieved when a complete and stable waveform is
obtained [14]. Therefore, continuous blood pressure estima-
tion is challenging with this technique. To solve the afore-
mentioned problem, this study simplified the waveform
characteristic acquisition method by extracting stable charac-
teristics that appear on the waveform (i.e., peak and trough
values of dual PPG and arbitrary amplitude value of the dual
PPG during the measurement) (as illustrated in Figure 10).

3.4. Perfusion Index. PI [32] represents the ratio of the AM to
the DC component in the PPG signal. Physiologically, this
index represents the change in blood volume at the measure-
ment location, which can be used to predict the change in
stroke volume caused by blood arterial circulation. Faster
pulsating blood flow can result in a greater pulsating compo-
nent and PI value. The PPG signal obtains the AM and DC.
Physiologically, AM relates to artery compliance, which is
proportional to the change in tissue blood pulsation; DC
(e.g., skin and veins) is related to the smallest end-diastolic
volume of blood pulsating in physiological tissues. The

Peak1
Peak2

Trough1
Trough2

Pulse 
amplitude 1

Pulse 
amplitude 2

Figure 10: Pulse wave characteristic acquisition and analysis.

AC

DC

Figure 11: Pulse AM and DC component in PPG.
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change in blood volume of all sections in the tissue is propor-
tional to the DC component. The AM is obtained by sub-
tracting the trough value (V) from the peak value (P), and
the DC component is acquired from V (Figure 11). There-
fore, the formula for PI is as follows:

PI =
AM
DC

: ð3Þ

4. Design of the Back Propagation
Neural Network

The BPNN adopted in this experiment used the characteris-
tics related to blood pressure on the dual PPG signals as
parameters; blood pressure, measured by a standard appara-
tus, was added as the reference value to obtain the blood pres-
sure optimized by the BPNN. The algorithm was classified

b b

SBP

DBP

x1

x2

x10

y1

y2

Input 
layer

First
hidden layer

Second 
hidden layer

Output 
layer

50 40

Learn = 0.001, correct = 0.001

Figure 12: Schematic of dual PPG multifeature extraction through the use of BPNN.
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Figure 13: Graph of actual dual PPG measurement of the system.
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into two processes: the feedforward process and the back
propagation and update process. Each iteration process for-
ward transmitted an instance in the training set as well as cal-
culated and saved the output of each neuron layer. The error
was obtained by comparing the output of the last layer with
the actual value, and the error rate of the output layer
obtained from the calculation formula was used to update
the weight and bias of each layer. The training sets were iter-
atively trained, and all the training sets were used in random

order in each iteration. Finally, the predicted value was out-
put, and the model was saved. The following network struc-
ture was designed for this experiment:

(1) Input layer

(i) Total of 10 nodes
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Figure 14: Measurement of dual PPG waveforms in participants without cardiovascular disease.
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Figure 15: Measurement of dual PPG waveforms in participants with cardiovascular disease.
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(ii) Used 10 eigenvalues extracted by PPG as the input layer

(2) First hidden layer

(i) Total of 50 nodes

(ii) Added a bias

(3) Second hidden layer

(i) Total of 40 nodes

(ii) Added a bias

(4) Output layer

(i) Total of two nodes

(ii) Output as SBP and DBP

The quite important issues are how to find the optimal
parameters and hyperparameters of BPNN model. We first
use single hidden layer BPNNmodel and modify the number
of neurons in each layer to find the optimal solutions. If the
performance is not good enough and then try to add the
number of hidden layers and modify each number of neu-
rons to decrease the errors of SBP and DBP values. After that,
a total of 10 eigenvalues was input into the input layer. The
activation function used to activate the first and second
hidden layers was called sigmoid, and the activation function
used in the process of back propagation and updating
weights was called sigmoid_derivative. Adding a bias into
each input layer can improve the activation of neurons. The
number of neurons used in the first and second hidden layer
were 50 and 40, respectively, with a learning rate of 0.001 and
momentum factor of 0.001. The output layer estimated both
SBP and DBP simultaneously; the number of iterations in
this study was limited to 100,000. See Figure 12 for the
network structure.

5. Selection and Analysis of
Experimental Eigenvalues

Blood pressure is defined as the force exerted on arteries
when blood enters the blood vessels. Therefore, this experi-
ment extracted the eigenvalues from the dual PPG signals.

Table 4: Relationship between heart rate and blood pressure.

HR SBP DBP

70 99 71

67 105 32

68 112 78

58 125 68

99 134 57

91 145 81

79 150 103

76 168 114

77 176 115

74 187 121

Table 5: Relationship between PTT, PWV, and blood pressure.

PTT PWV SBP DBP

0.044 52.273 99 71

0.043 53.488 105 32

0.036 63.889 112 78

0.018 127.778 125 68

0.007 328.571 134 57

0.007 328.571 145 81

0.005 460 150 103

0.003 657.142 168 114

0.003 766.666 176 115

0.002 1150 187 121

Table 6: Relationship between PWA and blood pressure.

PWA SBP DBP

472 498 479 579 483 579 99 71

487 508 477 533 490 551 105 32

453 491 467 579 492 572 112 78

498 509 505 524 492 579 125 68

472 488 458 578 482 579 134 57

493 497 451 516 478 579 145 81

562 640 426 574 482 564 150 103

534 787 415 572 473 579 168 114

647 728 424 578 470 576 176 115

559 844 384 579 463 578 187 121

Table 7: Relationship between PI and blood pressure.

PI SBP DBP

12 99 71

11 105 32

12 112 78

16 125 68

16 134 57

19 145 81

15 150 103

18 168 114

19 176 115

22 187 121
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The actual measurement on the graphical user interface is
illustrated in Figure 13, and the dual PPG waveform mea-
surement of healthy people and those with cardiovascular
disease are shown in Figures 14 and 15, respectively. This
study selected parameters that have a positive correlation
with blood pressure and blood vessel condition as the charac-
teristics to strengthen the full correlation of the neural
network; these parameters were used as the inputs of the

BPNN. The experiment extracted HR, PTT, PWV, two
PPG peaks, two PPG troughs, AM of the dual PPG during
measurement, PI, and 10 eigenvalues. Their relationship is
explained in the following sections.

5.1. HR. Under normal circumstances, people whose HR
exceeds 80 beats/min have increased risk of hypertension.
In 1998, a study noted that HR measurement can provide
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crucial information regarding cardiovascular risks [33].
Table 4 presents data on the relationship between HR, SBP,
and DBP of the 10 participants in that experiment. The data
reveal that HR increased as SBP and DBP increased.

5.2. PTT and PWV. PTT is generally defined as the time
interval between the pulse wave in the aorta and the periph-
eral arteries, which is the peak time difference measured by
two sensors simultaneously. PWV refers to the transit rate,
which is calculated by dividing the distance between the
two sensors by PTT. Both PTT and PWV have a strong cor-
relation with the degree of arterial stiffness and blood pres-
sure. Moreover, these methods have been clinically verified
by medical scientists, and they have been used in medical
diagnosis. Relevant studies have noted that blood pressure
and PTT are inversely proportional; that is, blood pressure
increases when PTT decreases [34]. Table 5 presents data
on the relationship between PTT, PWV, SBP, and DBP in
the 10 participants, as measured in the aforementioned
experiment. As SBP and DBP increased, PTT decreased,
otherwise PWV increased.

5.3. PWA. PWA involves PPG pulse wave analysis, which
mainly retrieves all the SBP and DBP data from the PPG
waveform. Some studies have analyzed related characteristic
parameters, but this method mostly relies on the complete-
ness and correctness of the waveform, which represents a
challenge for real-time measurement [35]. Therefore, this
experiment first used the sensor hardware to perform prelim-
inary filtering. Subsequently, the peak and trough values of
the two PPGs and the AM of the dual PPG during the mea-
surement were extracted under a stable waveform, which
represented the blood pressure-related characteristics with
stable and obvious change on the PPG waveform. Table 6
presents data on the relationship between PWA, SBP, and
DBP of the 10 participants measured in the aforementioned
experiment. The data reveal that PWA increased as SBP
and DBP increased.

5.4. PI. PI represents the change in blood volume, which can
be used to predict the change in stroke volume caused by
blood arterial circulation. PI refers to the ratio of pulsatile
flow to nonpulsatile blood, which is also one of the essential
indicators for judging the condition of blood vessels [36].
Table 7 lists data on the relationship between PI, SBP, and
DBP in the 10 participants measured in the aforementioned
experiment. The data reveal that PI increased as SBP and
DBP increased.

6. Experimental Results and Discussion

The current experiment involved 100 participants. Three
experimental samples were extracted from each participant,
and each sample had 10 eigenvalues; thus, 300 samples were
used for training the BPNN model. The 10 eigenvalues col-
lected from the dual PPG measurement, HR, PTT, PWV,
peak and trough values of dual PPGs, AM of the dual PPG
during measurement, and PI were input into the BPNN for
training. The results revealed that after 80,000 iterations,
the error trend stabilized; the convergence curve is illustrated

in Figure 16. After comparing the estimated and actual SBP
and DBP, the error (mean and standard deviation) between
the estimated and the actual SBP was 2:23 ± 2:24mmHg,
the mean squared error was 3.15mmHg, and the mean accu-
racy was 98.22%. Moreover, the error between the estimated
and the actual DBP was 3:5 ± 3:53mmHg, the mean squared
error was 4.96 mmHg, and the mean accuracy was 95.58%.
The p values calculated using the independent sample t
-test were 0.570992122 and 0.158303407, respectively, and
both were greater than 0.05. Figures 17 and 18 reveal the
scatter plots of the SBP and DBP estimated by the BPNN
and the actual SBP and DBP measured by the Omron
standard instrument.

7. Conclusions

The blood pressure measurement method proposed in this
study used dual PPG sensors, which were placed on the same
artery branch to simultaneously capture pulses from fingers.
The signals from both sensors were synchronized, and the
waveforms were recorded in real time. Moreover, cardiovas-
cular disease-related indicators such as the peak and trough
values of PPG pulse, HR, PI, PTT, and PWV were used in
the BPNN algorithm to estimate the SBP and DBP. The
BPNN was designed with robust experimental data and inte-
grated with blood pressure-related indicators; this enabled
the researchers to effectively train the model and complete
the continuous blood pressure measurement system. More-
over, to increase the robustness of the model, this study input
data of 100 Asian participants (including those with and
without cardiovascular disease, each with a proportion of
approximately 50%) into the BPNN training database. The
designed system only requires 10 eigenvalues to instantly
output blood pressure values. In the proposed real-time
blood pressure measurement system, the mean accuracy of
SBP and DBP was 98.22% and 95.58%, respectively.
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In this study, metal–semiconductor–metal-structured ultraviolet (UV) photodetectors (PDs) based on pure zinc oxide (ZnO) and
amorphous indium gallium zinc oxide (a-IGZO) thin films were fabricated and characterized. The ZnO seed layers were deposited
on Corning glass substrates via a radio frequency (RF) magnetron sputtering technique. Results showed that under a 5V applied
bias; the dark currents of the pure ZnO and a-IGZO thin films were 0.112 pA and 2.85 nA, respectively. Meanwhile, the UV-to-
visible rejection ratio of the pure ZnO and a-IGZO thin films were 14.33 and 256, respectively. Lastly, the PDs of thea-IGZO
thin films had a lower leakage current and higher rejection ratio than that of the pure ZnO thin films from the UV to visible
light region.

1. Introduction

In recent years, ultraviolet (UV) photodetectors (PDs) have
played an important role in human health, ozone layer mon-
itoring, and flame detection [1, 2]. Zinc oxide (ZnO) is a
novel metal oxide semiconductor material that is used as an
integral part of UV PDs [3, 4]. ZnO is an n-type and II-VI
material; its bandgap is approximately 3.37 eV, and its excita-
tion binding energy is 60meV at room temperature [5, 6].
ZnO is a good crystallinity material. It has a hexagonal struc-
ture, and the lattice constants are a = 3:24 – 3:26Å and c =
5:13 – 5:43Å [7–9]. In addition, the lowest surface free
energy of ZnO thin films lies on the (002) plane, and a good
c-axis orientation can be obtained at a low temperature when
ZnO thin films are grown. In addition to having good carrier

mobility and photoelectric properties, crystalline metal oxide
semiconductors are amorphous oxide semiconductor mate-
rials and thus have attracted considerable attention; more-
over, the inclusion of ZnO compounds has led to extensive
research. The type of material consists of various transition
metals and oxygen atoms, such as zinc tin oxide (ZnSnO)
[10], indium zinc oxide (InZnO) [11], and indium gallium
zinc oxide (InGaZnO) [12], to enhance overall carrier
mobility and photoelectric properties. Among them, the
InGaZnO (IGZO) is a ternary oxide semiconductor. Its com-
position includes In2O3, Ga2O3, and ZnO. Amorphous
IGZO oxide semiconductors have high carrier mobility,
good uniformity, and wide energy bandgap, which offers
good transparency in the visible spectrum; its peculiar chem-
ical bonding instigates high field mobility and displays
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improved electrical characteristics, such as high ION/IOFF
ratio, enhanced lifetime, improved transmittance, and opti-
mum large-area uniform integration [13–15]. The character-
istics of transparency can be applied to the optical field.

In this study, the difference between crystalline ZnO thin-
film PDs and amorphous IGZO thin-film PDs is discussed.

2. Experimental

Before UV PDs were manufactured, 1 cm × 1 cm Corning
glass substrates were, respectively, cleaned for 10min with
acetone, isopropyl alcohol, and deionized water in an ultra-
sonic cleaner. Afterward, they were dried with flowing nitro-
gen and then placed in an oven for approximately 10min at
45°C. Three-inch-diameter targets of pure ZnO and a-
IGZO (atomic ratio In :Ga : Zn= 1 : 1 : 1) with a purity of
99.99% were used. The pure ZnO and a-IGZO thin films
were grown using the radio frequency magnetron sputtering

technique under a sputtering power of 100W, a gas mixing
ratio of Ar/O2 (10/1), and a maintained chamber pressure
at 5 × 10−2 Torr. The thickness was approximately 40 nm.
Afterward, the film was annealed in a vacuum furnace at
450°C for 1 h to improve crystal quality. The resistivity of
the pure ZnO thin films was ~10−5 (ohm-cm), and that of
the a-IGZO thin films is approximately 1 × 10−3 (ohm-cm).
The surface morphology, surface roughness, and crystallo-
graphic of the pure ZnO and a-IGZO thin films were charac-
terized and explored by field-emission scanning electron
microscopy (FE-SEM, JEOL JSM-6700F), atomic force
microscopy (AFM, NT-MDT), and X-ray diffraction spec-
trum analysis with Cu Kα-1 radiation and λ = 0:15405nm
(XRD, MO3XHF22 MAC-Science), respectively. The optical
characteristic was measured using a UV/visible spectrometer
(UV-VIS, Hitachi U-2800).

In part of devices, the standard photolithography and lift-
off were then performed to define the interdigitated (IDT)
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Figure 1: (Color online) (a) Side- and (b) top-view images of the IDT electrode.
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Figure 2: (a, b) SEM images of pure ZnO and a-IGZO thin films. (c, d) AFM images of 40 nm pure ZnO and 40 nm a-IGZO thin films. (e)
XRD spectra of pure ZnO and a-IGZO thin films.
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mask region. The IDT electrode measured 146, 10, and
10μmin length, width, and space, respectively. The sensing
active region was 150 μm× 160 μm. Subsequently, the silver
(Ag) electrode was deposited by e-gun evaporation and used
as contact electrode to form a metal–semiconductor–metal
(MSM) structure, as shown in Figures 1(a) and 1(b). The
light and dark currents of MSM UV PDs were measured by
a semiconductor parameter analyzer (Agilent HP 4156C)
system. The photoresponse was measured by a light source,
i.e., a 300W Xe lamp and a monochromator, from a 300–
600nm range. In this work, two MSM UV PD devices were
fabricated to identify which is better.

3. Results and Discussion

Figures 2(a) and 2(b) show the surface morphology of pure
ZnO and a-IGZO thin films by FE-SEM analysis and clearly
indicate the difference between the surfaces of pure ZnO and
a-IGZO. The pure ZnO film underwent grain formation,
whereas the a-IGZO film did not. According to the AFM

images shown in Figures 2(c) and 2(d), the surface roughness
RMS value of the ZnO film was 2.91 nm, and that of the a-
IGZO film was 0.238 nm, indicating that the overall surface
of the pure ZnO film was rougher than the a-IGZO film
because of grain formation. Figure 2(e) depicts the typical
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Figure 3: (a, b) Transmittance and UV-VIS spectra of pure ZnO and a-IGZO thin films.
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Figure 4: (a) Dark current–voltage (I–V) characteristics of the pure ZnO and a-IGZO thin films for UV PDs. (b) Photocurrent of pure ZnO
and a-IGZO thin films at a wavelength 310 and 370 nm.

Table 1: Dark current and photocurrent of the pure ZnO and
a-IGZO thin films for UV PDs at 310 and 370 nm wavelengths.

Current (A) Pure ZnO a-IGZO

Idark 2.85 nA 0.112 pA

Iph 310 nmð Þ 0.82μA 36.3 nA

Iph 370 nmð Þ 1.1 μA 6.6 nA

Iph ZnOð Þ/Idark ZnOð Þ 370 nmð Þ 385.9

Iph IGZOð Þ/Idark IGZOð Þ 370 nmð Þ 589.2

Iph ZnOð Þ/Iph IGZOð Þ 310 nmð Þ 22.53

Iph ZnOð Þ/Iph IGZOð Þ 370 nmð Þ 166.6
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XRD results of the pure ZnO NRs and a-IGZO thin films that
were prepared on the Corning glass substrate. The results
indicated that the diffraction peak corresponded with the
(002) planes. The peak revealed the hexagonal wurtzite struc-
ture of ZnO (JCPDS Card No. 36-1451) [16]. On the con-
trary, IGZO films showed amorphous phenomena [17].

Figures 3(a) and 3(b) show the spectrum of transmission
and absorption of pure ZnO and a-IGZO thin films. Both had
the same thickness of thin films, and the transmission could
reach approximately 80% in the visible wavelength [18, 19].
However, the main difference was that the pure ZnO thin
films slightly decayed in the 300–400 nm wavelengths. In
the absorption spectrum, the absorption of the a-IGZO thin
films was deeper than that of the pure ZnO thin films.

The measurements of the current–voltage (I–V) charac-
teristics in pure ZnO and a-IGZO in the absence of light
are shown in Figure 4(a). The dark current of the pure ZnO
films was larger than that of the a-IGZO thin films because
the a-IGZO thin films were amorphous. Therefore, in the a-
IGZO thin films, the transmission path of relative current
decreased, and the dark current would become relatively
small under no effect by grain boundaries [20–22]. In the
red parts of the figure, they are magnified to 102 times; the
dark current was 0.112 pA under a 5V applied bias. The
black parts show the pure ZnO thin films; the dark current
was 2.85 nA under a 5V bias voltage. Similarly, the dark cur-
rent of the former was larger than the latter by 256 times.
Meanwhile, the pure ZnO thin films were in the (002) lattice
direction. Therefore, the dark current would be evident
under the transmission path of grain boundaries, indicating
that the dark current would be restrained by an amorphous
morphology. It was photocurrent in Figure 4(b). In the pure
ZnO thin films, it was transferred in grain boundaries. There-
fore, the dark current and the photocurrent became larger.
As shown in Table 1, the semiconductor photocurrent Iph
is expressed as follows [23]:

Iph = qηAΦphG ð1Þ

where q is the electronic charge, η is the quantum effi-
ciency, A is the active area, Фph is the photon flux, and G is
the photoconductive gain. The ratio of light current to dark
current Iph/Idark was 589.2 in a-IGZO and 385.9 in pure
ZnO; the former was larger than the latter. In addition, the
photocurrent of the pure ZnO films was larger than the a-
IGZO thin films, that is, approximately 166.6 times of
IphðZnOÞ/IphðIGZOÞ.

Figure 5(a) shows the current response value of pure ZnO
and a-IGZO thin films at 310 and 370nm wavelengths under
a bias voltage of 0–5V. Figure 5(b) shows the main photore-
sponsivity of parameter values in PDs. The UV-to-visible
rejection ratio of a-IGZO PD was two orders more than that
of pure ZnOPD from UV light to visible light, because the a-
IGZO thin films were amorphous. This result indicates that
the dark current and photocurrent would be restrained by
an amorphous morphology, thus affecting the entire
response. As shown in Table 2, the responsivity (R) of a PD
is defined as follows [24, 25]:

R = Ilight – Idark
� �

/Popt = Iph/Popt, ð2Þ

where Idark is the dark current, Ilight is the photocurrent,
and Popt is the incident optical power. The UV-to-visible rejec-
tion ratio of a-IGZO PD (½R310nm ðIGZOÞ/R450nm ðIGZOÞ� = 256)
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Figure 5: (a) Current responsivities of pure ZnO and a-IGZO thin films under different bias voltages. (b) Photoresponsivities of pure ZnO
and a-IGZO thin films based on UV PDs at different wavelengths.

Table 2: Photoresponsivities of the pure ZnO and a-IGZO thin
films for UV PDs.

Responsivity (R) Pure ZnO/a-IGZO

R310 nm ZnOð Þ/R370 nm ZnOð Þ 1.22

R310 nm IGZOð Þ/R370 nm IGZOð Þ 10

R310 nm ZnOð Þ/R450 nm ZnOð Þ 14.33

R310 nm IGZOð Þ/R450 nm IGZOð Þ 256
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was larger than that of pure ZnOPD (½R310nmðZnOÞ/R450nmðZnOÞ�
= 14:33); in addition, the absorbance of UV light in the
a-IGZO was deeper at a 310nm wavelength.

4. Conclusion

The MSM structure of UVPDs based on pure ZnO and a-
IGZO thin films was fabricated and characterized. Results
showed that the dark currents of the pure ZnO and a-IGZO
thin films were 0.112 pA and 2.85 nA, respectively, under a
5V applied bias. Meanwhile, the UV-to-visible rejection
ratios of the pure ZnO and a-IGZO thin film were 14.33
and 256, respectively. In the pure ZnO thin films, the dark
current was evident under the transmission path of grain
boundaries. Therefore, the dark current and photocurrent
became larger. This result indicated that the dark current
could be restrained by an amorphous morphology. Lastly,
the PDs of the a-IGZO thin films had a lower leakage current
and higher rejection ratio than that of the pure ZnO thin
films from the UV to visible light region. In the future tech-
nology, the UV PDs can be combined with the Internet of
Things and applied it to human skin to avoid skin aging
and skin cancer.

Data Availability

All the data results in our article, we can provide them if
requested.

Conflicts of Interest

The authors declare there are no competing interests.

Authors’ Contributions

Yen-Lin Chu and Chi-Nan Tsai performed the experiments;
Kin-Tak Lam, Sheng-Joue Young, and Liang-Wen Ji con-
ceived the experiments; Tung-Te Chu and Ting-SungLu par-
ticipated in data analysis.

Acknowledgments

This work was financially supported by the Ministry of
Science and Technology of Taiwan (Project numbers
MOST 107-2221-E-150-032, MOST 108-2221-E-024-006,
MOST 108-2221-E-150-013-MY2, MOST109-2221-E-239-
031-MY2, and MOST 106-2221-E-239-037-MY3). The
authors would like to thank the Common Laboratory for
Micro/Nano Science and Technology of the National For-
mosa University for the use of their measurement equip-
ment and their assistance in this work; the Center for
Micro/NanoScience and Technology, National Cheng Kung
University, for device characterization; and C. N. Tsai for
device fabrication and equipment support.

References

[1] M. Liao and Y. Koide, “High-performance metal-
semiconductor-metal deep-ultraviolet photodetectors based

on homoepitaxial diamond thin film,” Applied Physics Letters,
vol. 89, no. 11, article 113509, 2006.

[2] M. Razeghi and A. Rogalski, “Semiconductor ultraviolet detec-
tors,” Journal of Applied Physics, vol. 79, no. 10, pp. 7433–7473,
1996.

[3] Y.-L. Chu, S.-J. Young, R.-J. Ding, T.-T. Chu, T.-S. Lu, and L.-
W. Ji, “Improving ZnO nanorod humidity sensors with Pt
nanoparticle adsorption,” ECS Journal of Solid State Science
and Technology, vol. 10, no. 3, article 037003, 2021.

[4] Y. L. Chu, L. W. Ji, H. Y. Lu et al., “Fabrication and character-
ization of UV photodetectors with Cu-doped ZnO nanorod
arrays,” Journal of The Electrochemical Society, vol. 167,
no. 2, article 027522, 2020.

[5] Y. L. Chu, S. J. Young, L. W. Ji, T. T. Chu, and C. H. Wu, “UV-
enhanced field-emission performances of Pd-adsorbed ZnO
nanorods through photochemical synthesis,” ECS Journal of
Solid State Science and Technology, vol. 10, no. 1, article
017001, 2021.

[6] Y.-L. Chu, S.-J. Young, L.-W. Ji et al., “Characteristics of gas
sensors based on co-doped ZnO nanorod arrays,” Journal of
The Electrochemical Society, vol. 167, no. 11, article 117503,
2020.

[7] Y. L. Chu, S. J. Young, L. W. Ji, I. T. Tang, and T. T. Chu, “Fab-
rication of ultraviolet photodetectors based on Fe-doped ZnO
nanorod structures,” Sensors, vol. 20, no. 14, p. 3861, 2020.

[8] Y. L. Chu, S. J. Young, L. W. Ji, T. T. Chu, and P. H. Chen,
“Synthesis of Ni-doped ZnO nanorod arrays by chemical bath
deposition and their application to nanogenerators,” Energies,
vol. 13, no. 11, p. 2731, 2020.

[9] Y. L. Chu, L. W. Ji, Y. J. Hsiao et al., “Fabrication and charac-
terization of Ni-doped ZnO nanorod arrays for UV photode-
tector application,” Journal of The Electrochemical Society,
vol. 167, no. 6, article 067506, 2020.

[10] L. Feng, G. Yu, X. Li, J. Zhang, Z. Ye, and J. Lu, “Solution proc-
essed amorphous ZnSnO thin-film phototransistors,” IEEE
Transactions on Electron Devices, vol. 64, no. 1, pp. 206–210,
2017.

[11] S. Sugumaran, M. N. B. Ahmad, M. F. Jamlos et al., “Transpar-
ent with wide band gap InZnO nano thin film: preparation and
characterizations,” Optical Materials, vol. 49, pp. 348–356,
2015.

[12] H. C. Wu and C. H. Chien, “Highly Transparent, high-
performance IGZO-TFTs using the selective formation of
IGZO source and drain electrodes,” IEEE Electron Device Let-
ters, vol. 35, no. 6, pp. 645–647, 2014.

[13] K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, and
H. Hosono, “Room-temperature fabrication of transparent
flexible thin-film transistors using amorphous oxide semicon-
ductors,” Nature, vol. 432, no. 7016, pp. 488–492, 2004.

[14] J. Jeong, G. J. Lee, J. Kim, and B. Choi, “Electrical characteriza-
tion of a-InGaZnO thin-film transistors with Cu source/drain
electrodes,” Applied Physics Letters, vol. 100, no. 11, article
112109, 2012.

[15] E. Fortunato, P. Barquinha, and R. Martins, “Oxide semi-
conductor thin-film transistors: a review of recent
advances,” Advanced Materials, vol. 24, no. 22, pp. 2945–
2986, 2012.

[16] M. Suchea, S. Christoulakis, M. Katharakis, N. Katsarakis, and
G. Kiriakidis, “Surface characterization of ZnO transparent
thin films,” Journal of Physics: Conference Series, vol. 10,
pp. 147–150, 2005.

5Journal of Nanomaterials



[17] C. M. Hsu, W. C. Tzou, C. F. Yang, and Y. J. Liou, “Investiga-
tion of the high mobility IGZO thin films by using co-
sputtering method,” Materials, vol. 8, no. 5, pp. 2769–2781,
2015.

[18] Y. Zhang, L.-X. Qian, Z. Wu, and X. Liu, “Amorphous
InGaMgO ultraviolet photo-TFT with ultrahigh photosensi-
tivity and extremely large responsivity,” Materials, vol. 10,
no. 2, p. 168, 2017.

[19] A. F. A. Razak, S. Devadason, C. Sanjeeviraja, and
V. Swaminathan, “Effect of annealing on structural and optical
properties of ZnO thin films by sol gel technique,” Chalcogen-
ide Letters, vol. 8, pp. 511–519, 2011.

[20] K. Nomura, A. Takagi, T. Kamiya, H. Ohta, M. Hirano, and
H. Hosono, “Amorphous oxide semiconductors for high-
performance flexible thin-film transistors,” Japanese Journal
of Applied Physics, vol. 45, no. 5B, pp. 4303–4308, 2006.

[21] H. Arora, P. E. Malinowski, A. Chasin et al., “Amorphous
indium-gallium-zinc-oxide as electron transport layer in
organic photodetectors,” Applied Physics Letters, vol. 106,
no. 14, article 143301, 2015.

[22] G. Wakimura, Y. Yamauchi, and Y. Kamakura, “Simulation
and modeling of off-leakage current in InGaZnO thin-film
transistors,” Journal of Advanced Simulation in Science and
Engineering, vol. 2, no. 1, pp. 201–210, 2015.

[23] S.-M. Peng, Y.-K. Su, L.-W. Ji et al., “Transparent ZnO
nanowire-network ultraviolet photosensor,” IEEE Transac-
tions on Electron Devices, vol. 58, no. 7, pp. 2036–2040, 2011.

[24] Z.-H. Wang, H.-C. Yu, C.-C. Yang, H.-T. Yeh, and Y.-K. Su,
“Low-frequency noise performance of Al-doped ZnO nanorod
photosensors by a low-temperature hydrothermal method,”
IEEE Transactions on Electron Devices, vol. 64, no. 8,
pp. 3206–3212, 2017.

[25] W. S. Shih, S. J. Young, L. W. Ji, W. Water, T. H. Meen, and
H. W. Shiu, “Effect of oxygen plasma treatment on character-
istics of TiO$_{2}$ photodetectors,” IEEE Sensors Journal,
vol. 11, no. 11, pp. 3031–3035, 2011.

6 Journal of Nanomaterials



Research Article
Development of Detection Equipment for a Polymerase Chain
Reaction with a Loop-Mediated Isothermal
Amplification Reaction

Wei-Chien Weng and Yu-Cheng Lin

Department of Engineering Science, National Cheng Kung University, Tainan, Taiwan

Correspondence should be addressed to Yu-Cheng Lin; yuclin@mail.ncku.edu.tw

Received 6 January 2021; Revised 3 March 2021; Accepted 17 March 2021; Published 30 March 2021

Academic Editor: Sheng-Joue Young

Copyright © 2021 Wei-Chien Weng and Yu-Cheng Lin. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.

In this research, low-cost detection equipment intended to carry out a polymerase chain reaction (PCR) through a loop-mediated
isothermal amplification (LAMP) reaction is presented. We designed the internal structure with SolidWorks and AutoCAD. The
equipment comprised a Raspberry Pi development board, a temperature control module, and a fluorescent optical detection
module. The main program, temperature control, florescent signal processing, signal analysis, and screen display were
programmed with Java. We applied the digital temperature controller module to obtain precise temperature control of the
equipment. The experimental results showed that the heating rate of the testing equipment could reach 65°C within 4 minutes
and could be accurately controlled to within 1°C. The duration of the LAMP PCR experiment was found to be significantly
shorter than that of the conventional PCR. The results also revealed that with LAMP PCR, the temperature could be accurately
controlled within a specific range, and the designed heating tasks could be completed within 15 minutes to one hour, depending
on the specimen. The equipment could also correctly read both the positive and negative reactions with fluorescent signals.
Thus, the proposed LAMP PCR detection equipment is more sensitive, more stable, and more cost-effective than other
conventional alternatives and can be used in numerous clinical applications.

1. Introduction

The detection of many infectious diseases including tubercu-
losis, AIDS, bacterial and viral infections, genetic diseases,
foodborne diseases, SARS, MERS, and COVID-19 mostly
depends on a specific detection technique—a polymerase
chain reaction (PCR). A PCR is a relatively simple, inexpen-
sive tool that can be used to focus on a DNA segment in order
to duplicate the specified segment many times [1–4]. Loop-
mediated isothermal amplification (LAMP) PCR is a nucleic
acid amplification technology developed by Japanese scien-
tist Notomi and his team in 2000 [5, 6]. This DNA amplifica-
tion method can react at a constant temperature and form a
circular loop. Different from the conventional PCR, LAMP
PCR does not require multistage temperature control. It only
requires a constant temperature environment within a range

of 60-65°C, which can be provided by a water bath or a drying
hot plate environment.

Because there are as many as three pairs of primers
employed in LAMP PCR, its specificity and sensitivity are
higher than ordinary PCRs. Furthermore, the number of
molecules can be increased to 1E10 after LAMP PCR is com-
pleted and that quantity is even 1E4 times more than the
quantity of 1E6 molecules generated by conventional PCR.
Moreover, in the amplification process, the enzyme used in
LAMP PCR will generate pyrophosphoric acid, which will
then combine with magnesium irons and generate a large
amount of white precipitate visible to the naked eye. Thus,
there is no need to employ agarose gel electrophoresis and
UV light to detect and interpret the analyte.

After pure DNA is extracted from an organism, the
most common analytical method used to separate and
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analyze macromolecules and their fragments based on
their size and charge is a gel electrophoresis analysis.
There are two types of gel electrophoresis commonly used
to analyze DNA: agarose gel electrophoresis (AGE) and
polyacrylamide gel electrophoresis (PAGE) [7].

PCR can also be used in many other ways, including for
diagnosing diseases, identifying bacteria and viruses [8–12],
and matching criminals with crime scenes. However, most
PCR detection operations are time consuming, so developing
more effective and faster LAMP PCR detection equipment is,
thus, essential.

This research is aimed at developing LAMP PCR
detection equipment intended to establish the proper tem-
perature conditions for the reaction of detected specimens
and to use a precise temperature control technology to
shorten the reaction time for conventional PCR. After
the reaction is completed, photoresistors are used to detect
the fluorescent signals and the results are shown on a
screen.

In 2000, Yasuda et al. applied infrared laser beams and
noncontact heating methods to the PCR thermal cycle and
successfully detected the results of PCR with fluorescence
detection [13]. In 2009, Sappat et al. used a light-
dependent resistor (LDR) to detect the white precipitate
from magnesium pyrophosphate (Mg2P2O7) produced by

the reverse transcription loop-mediated isothermal amplifi-
cation (RT-LAMP) method for the detection of the Taura
syndrome virus (TSV) in Thai shrimp [14]. In 2015, Zhou
et al. used LAMP PCR for 15 different strains and then
used three detection methods to verify them, including
SYBR Green I fluorescence detection, colloidal electropho-
resis analysis, and turbidity detection. Finally, it was veri-
fied that LAMP PCR is simpler, faster, and more
sensitive than conventional PCR [15].

In March 2020, due to the SARS-CoV-2 (COVID-19)
pandemic, Kashir and Yaqinuddin used LAMP PCR to
reduce the cost of coronavirus detection. The results
showed the sensitivity using LAMP assay to be 100-fold
higher than that of conventional RT-PCR methods [16].
Furthermore, Rödel et al. used reverse transcription-
LAMP (RT-LAMP) for rapid diagnosis of the severe acute
respiratory syndrome Coronavirus-2 (SARS-CoV-2)
because of the ease of operation and the option to bypass
RNA extraction. Combining the RT-PCR and RT-LAMP
increased the diagnostic sensitivity to 92–100% [17].

2. Materials and Methods

The LAMP PCR detection equipment developed in this
work consisted of a Raspberry Pi small single-board

Temperature and time controller
Cooling fan

Temperature sensor

High-temperature ceramic heater

(a)

(b)

Figure 1: Temperature control: (a) exploded photo of the components of the temperature control system and (b) perspective of the
combination of the optical detection subsystem, the copper block, and the optical detection dark box.
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Figure 2: Simulation of the temperature distribution of the metal heating block: (a) overall temperature distribution and (b) a cross-sectional
view of the temperature distribution.
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Figure 3: Illustration of the differences in heating control between LAMP PCR and traditional PCR, (a) Traditional PCR requires shifting
between three temperatures and as many as 25 repeated temperature shift operations. (b) LAMP PCR simply requires fixing at one
temperature.
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computer, a power supply, a temperature controller, and a
fluorescent signal detector. The equipment case was
designed with SolidWorks and AutoCAD. The total size
of the unit, including the temperature control system, the
fluorescent signal detecting system, and a copper block,
was 18:6 cm × 8:0 cm × 6:6 cm. The temperature control
system comprised a thin high-temperature ceramic heater,
a temperature sensor, a digital temperature time controller,
and a cooling fan, as shown in Figure 1(a). We used a

GCC C180II laser engraver to cut the PMMA plates and
then combined the assembled optical detection dark box
with the copper block and the temperature control system.
The combination is shown in Figure 1(b).

The Raspberry Pi was the core piece of hardware, which
was used for the output calculation of the temperature con-
troller to operate the heating, control the photoresistors used
to capture the fluorescent signals, analyze the fluorescent sig-
nals, and store the results, which were displayed on the
screen.

The software used in the LAMP PCR detection equip-
ment, including the main program, the stable temperature
control, and the fluorescent signal detection, was pro-
grammed with Java. For the LAMP PCR heating system,
we used the time and temperature controller to shorten
the experimental time and improve the heating efficiency
and stability. To enhance the heating efficiency, a high-
temperature ceramic heater was used. With the help of a
heating device, the copper block could rapidly increase
the temperature to the target temperature and keep it con-
stant. The temperature distribution of the metal block was
simulated using ANSYS software. Figure 2(a) shows that
the overall temperature difference was less than 0.3°C.

Reaction tube insertion hole

Fixture for
receiving fluorescence

Fixture hole for
metal heating block

High-temperature ceramic heater
and temperature sensor

installation area

UV LED irradiation area
UV LED circuit guide hole

(a)

Reaction tube insertion hole

Fixture for
receiving fluorescence

Fixture hole for
metal heating block

High-temperature ceramic heater
and temperature sensor

installation area

UV LED irradiation area
UV LED circuit guide hole

(b)

Figure 4: Design of the metal heating block: (a) external view of the metal heating block and its compartments and (b) a cross-sectional view
of the metal heating block and its compartments.

MCP3008

R

5 V

Photoresistor

Raspberry Pi
GPIO

Figure 5: The detection circuit with a photoresistor.
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The cross-sectional temperature distribution in Figure 2(b)
also shows that the temperature difference between the
reaction tube placement area and the high-temperature

ceramic heater was within 0.1°C. Since the temperature
in the chamber during LAMP PCR only had to be kept
between 60 and 65°C, it was much easier to control the
temperature with LAMP PCR than with conventional
PCR, which requires adjusting the thermal cycling control
more than 25 times to shift between three different tem-
peratures. Therefore, LAMP PCR can greatly reduce the
costs of hardware development and production. The dif-
ferences in the LAMP PCR and conventional PCR heating
processes are shown in Figure 3.

For the experiment, we used three chemicals produced
by Eiken Chemical Co., Ltd., Japan: a DNA amplification
kit, a fluorescent detection reagent, and the DNA control
set. In terms of fluorescent signals, we first used 365nm
ultraviolet light-emitting diodes to excite the specimens.
The specimens then emitted fluorescent signals. All of
these signals could be detected with photoresistors, for
which the detection process is illustrated in Figure 4.
MCP3008 IC is an 8-channel, 10-bit analog-to-digital con-
verter (ADC), as shown in Figure 5. The analog signals are
transformed into digital signals and transmitted to the
Raspberry Pi for the detection data analysis. The detection
circuit with a photoresistor is illustrated in Figure 5.

This LAMP PCR detection equipment employs photo-
resistors to read the fluorescent signals emitted from an
amplified DNA sample excited with a 365nm UV light.
When the fluorescent signal is brighter, the voltage value
of the photoresistor will be higher. A photoresistor has
to be in series with a fixed resistor R, highlighted as a
red circle in Figure 5, to be able to measure the voltage
variances across the photoresistor. However, the resistance
value of resistor R will affect the photoresistor voltage var-
iances. Therefore, we had to obtain the optimal resistance
value of the connected resistor R. The relationship
between the photoresistor and resistor R was measured
before and after the photoresistor was excited with UV
light, for which the recorded data are shown in Tables 1
and 2, respectively. Both tables indicate that a 150 kΩ
resistor resistance in series exhibits good stability based
on the data performance before and after the photoresistor
was excited with UV light.

3. Results and Discussion

After completing the entire 60-minute heating reaction, we
used UV LEDs to excite the specimens in order to produce
fluorescent signals. Then, the positive and negative control
specimens were detected using photoresistors to detect the
emitted fluorescent signals. The data are shown in Table 3
and Figure 6.

As shown in Figure 6, the emitted fluorescent signals
for the positive control specimen after amplification were
brighter than that of the unamplified original sample,
and the photoresistor voltage signal of the amplified one
was 0.145V higher than the unamplified original sample
after a reaction time of 25 minutes, which means that
amplified DNA successfully began to bond with fluores-
cent detection reagent and produced a clone. Furthermore,
after reacting for 60 minutes, the brightness of the signal

Table 1: Relationship between the resistance value of resistor R and
the voltage of the photoresistor when the photoresistor was not
illuminated with UV light.

Resistor R (Ω)

Voltage of the
photoresistor

(V)
Average (V) STDEV CV

1st 2nd 3rd

10 k 0.18 0.22 0.23 0.210 0.02160 10.287%

30 k 0.57 0.58 0.69 0.613 0.05437 8.864%

50 k 0.58 0.55 0.67 0.600 0.05099 8.498%

100 k 0.91 0.99 0.93 0.943 0.03399 3.604%

150 k 1.19 1.21 1.27 1.223 0.03399 2.779%

200 k 1.53 1.62 1.49 1.547 0.05437 3.515%

250 k 2.48 2.2 2.25 2.310 0.12193 5.278%

300 k 2.49 2.41 2.55 2.483 0.05735 2.309%

Table 2: Relationship between the resistance value of resistor R and
the voltage of the photoresistor when the photoresistor was
illuminated with UV light.

Resistor R (Ω)

Voltage of the
photoresistor

(V)
Average (V) STDEV CV

1st 2nd 3rd

10 k 1.27 1.25 1.24 1.253 0.01247 0.995%

30 k 2.49 2.5 2.54 2.510 0.02160 0.861%

50 k 3.31 3.33 3.35 3.330 0.01633 0.490%

100 k 4.04 4.04 4.05 4.043 0.00471 0.117%

150 k 4.33 4.34 4.34 4.337 0.00471 0.109%

200 k 4.48 4.49 4.49 4.487 0.00471 0.105%

250 k 4.59 4.57 4.59 4.583 0.00943 0.206%

300 k 4.66 4.67 4.67 4.667 0.00471 0.101%

Table 3: Results for LAMP PCR heating and the optical detection
experiment.

Time (min) Positive (V) Negative (V)

0 2.702 3.499

5 2.778 3.570

10 2.755 3.627

15 2.718 3.582

20 2.729 3.550

25 2.843 3.476

30 2.787 3.467

35 2.864 3.432

40 2.882 3.591

45 3.013 3.585

50 3.043 3.529

55 3.015 3.554

60 3.153 3.540
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for the positive control specimen was obviously brighter
than that of the negative control specimen. And the volt-
age signal detection value of the photoresistor of the pos-
itive control specimen was higher than negative control
specimen by 0.41V. We conducted a test by randomly

inserting three tubes of positive samples and three tubes
of negative samples in the insertion holes of the reaction
tube. The data in Figure 7 clearly show that the detection
system could clearly distinguish between the positive and
negative samples.
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Figure 6: Optical detection graph of the LAMP PCR heating process.
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By the end of the experiment, both the positive and the
negative control specimens were directly excited by the
365nm UV LED wavelengths. From the image shown in
Figure 8, it can be observed that after amplification, the pos-
itive control specimen produced a very bright fluorescent sig-
nal with a wavelength of 515 nm. This result indicates the
developed LAMP PCR can amplify the DNA successfully.

In this experiment, a gel electrophoresis analysis was con-
ducted to verify whether the developed LAMP PCR equip-
ment and the LAMP PCR designed specimens would have
actual reactions. A gel electrophoresis analysis is a process
of separating large molecules from their fragments in order
to correctly analyze them. The negatively charged nucleic
acid molecules pass through the gel grid influenced by an
electric field. This separates the nucleic acid molecules [18].
After the LAMP PCR, the amplified DNA from the positive
control specimen produced several different DNA fragments,
whereas the negative control specimen did not, as shown in
Figure 9.

4. Conclusion

This paper presents LAMP PCR detection equipment. The
hardware included a metal heating block designed with
SolidWorks and manufactured by a computer numerical

control machine and a fluorescent light detection system
based on an optical detection dark box designed with Auto-
CAD and processed with a laser engraver. The software
included an internal control and testing programs written
in Java, including the main program and programs used to
stabilize the temperature and detect fluorescent signals. After
the integration of the detection equipment with the pro-
grams, the equipment activated the heating system of the
polymerase chain reaction in a period ranging from 15
minutes to one hour. The signals from the fluorescent sample
were detected accurately in the optical detection subsystem,
where the brightness signals of the positive and negative sam-
ples had a difference of 0.41V. Therefore, compared with
current commercial detection products, the developed equip-
ment costs less and works more efficiently. Furthermore, it
has more applications. The detection equipment can be used
in clinical testing in the future to improve the efficiency of
disease screening. Hence, patients with infections can receive
proper treatment rapidly, thereby greatly reducing mortality
rates.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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Figure 8: The florescence of the positive control is brighter than that of the negative control after the successful amplification.
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Surgical site infection (SSI), mainly caused by Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli), is considered the most
frequent complication in a surgical patient. Globally, surgical site infection accounts for 2.5%-41.9% and even higher rates in
developing countries. SSI affects not only the patient’s health but also the development of society. Like previous reports, a
surgical suture increases the hazard of SSI due to its structure. The antibacterial suture is the most effective solution to decrease
the SSI. Due to some unique properties, nano-zinc oxide (ZnO NPs) is one of the promising antibacterial agents for coating on
the suture. In this study, we aim to synthesize the ZnO NPs using Piper betle leaf extract and used it to coat the suture. The
effect of synthesis parameters on the size and morphology of ZnO NPs was studied as well. The UV-Vis spectrum indicated the
formation of ZnO NPs with λmax at around 370 nm. The volume of leaf extract plays a role in controlling the size and
morphology of zinc oxide nanoparticles. The average particle size of as-synthesized ZnO NPs was around 112 nm with a
hexagonal and spherical shape. Other than that, the results proved that ZnO NPs performed a high antibacterial activity against
S. aureus and E. coli with its antibacterial effectiveness up to 5 days. The ZnO NP-coated sutures also exhibited a high
performance on bacterial inactivation. With key findings, this study made a tremendous contribution to lowering the burden on
medical services in terms of medical treatment cost in developing countries.

1. Introduction

Surgical site infections (SSIs) are one of the most common
healthcare-associated infections (HAI) in developing coun-
tries, with up to 30 days of infection after surgery (or up
to one year in patients receiving implants) [1–5]. SSIs are
usually caused by Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli) [3, 4]. These bacteria can be found
from a patient’s own body (endogenous infection) or from
the external environment (exogenous infection) during the
surgery or after that. Almost all SSIs are due to the invasion

of bacteria during surgery, leading to more serious conse-
quences within 5-7 days after surgery.

Although hospitals have been implementing preventions
strictly, there is no significant effect. It is reported that the
invasion of external bacteria from surgical sutures, especially
braided multifilament sutures, is one of the factors to increase
rates of surgical infection [6–10]. Braided multifilament
sutures provide a larger surface area than monofilament
sutures, resulting in greater bacterial adherence.

To reduce bacterial colonization, scientists and manufac-
turers have introduced a coating that contains antiseptic
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agents such as triclosan (TC), chlorhexidine, polyhexamethy-
lene biguanide (PHMB), and octenidine. The TC-coated
surgical suture has been approved by the Food and Drug
Administration (FDA) as an effective antibacterial surgical
suture [8–11] and commercialised since 2002. However, there
are arguments about the impact of TC on human health.
Triclosan affects immune responses, ROS production, and car-
diovascular functions which were reported somewhere [12].

The development of nanotechnology has distributed
astonishing progress in industry, computing, medicine,
etc., and even in the health care system. Silver nanoparticles
(Ag NPs) have been widely used as an effective antimicro-
bial agent coating on wound dressing, catheter, etc. [13].
Nevertheless, there is no regulation which is clear enough
for risk management of silver nanoparticles in implant
medical devices. On the other hand, the human body is
not able to discrete silver or silver ions, resulting in an accu-
mulation of silver as well as destruction of DNA and red
blood cells [14–16].

Unlike other metals or metal oxides, zinc oxide (ZnO) or
zinc oxide nanoparticle (ZnONP) is approved by FDA due to
its biodegradability, low toxicity, and economy so it has been
used in an increasing number of industrial products such as
paint, coating, cosmetic, and biomedicine in the past two
decades, especially in the discipline of anticancer or antibac-
terial fields [17, 18]. Nowadays, increasing studies demon-
strate the good antibacterial properties and biocompatibility
of ZnO NPs [19–27]. Because of the limitation of chemical
reagents as well as their residue after reaction, physical and
chemical methods are not the priority for ZnO NP prepara-
tion in the medical field. The development of green chemistry
has attracted increasing attention since it is believed to be
nontoxic, eco-friendly, and biocompatible. Recently, many
reviews on green technology-based synthesis of nanoparticles
have shown that they are promising methods for large-scale
production of metal nanoparticles for biomedical applica-
tions. A wide variety of plant extracts are used for the biosyn-
thesis of ZnO NPs, and the results proved that ZnO NPs are
safe for human use alternative to Ag NPs or other metal
nanoparticles [28–34]. Piper betle L. known as a traditional
herbal medicinal plant is associated with the control of caries
and periodontal disease, inflammation, antimicrobial activ-
ity, etc. [35–42]. Recently, Piper betle L. has been used as a
reductant and capping agent in metal nanoparticles such as
Ag NPs, gold nanoparticles (Au NPs), and copper oxide
nanoparticles (CuO NPs) [43–45] owing to organic com-
pounds in Piper betle extract (hereinafter called as ET) [35].
Until now, there are only a few studies using Piper betle L.
extract to fabricate the ZnO NPs and evaluate its biocompat-
ibility in vitro such as those by Song and Yang and Shubha
et al. [28, 46]. From the aspect of medical implants, we
aim to synthesize ZnO NPs using Piper betle leaf extract
and investigate the effect of parameters on the ZnO NP
formation. Then, the antibacterial activity of as-prepared
ZnO NPs was investigated against E. coli and S. aureus.
Finally, ZnO NPs were coated on the braided multifila-
ment surgical suture.

As mentioned above, Song and Yang [28] evaluated the
cytotoxicity towards human osteoarthritic chondrocytes of

ZnO NPs using Piper betle leaf extract. Zinc nitrate (ZnNO3)
and aqueous Piper betle leaf extract were used as precursors.
In this study, water was used as a solvent during extraction
instead of other solvents. It was explained that water is
favourable for extracting polyphenols contained in Piper
betle leaves. Besides, water is known as a green solvent, so it
is safe for human use. The result showed that the plant
extract is of negligible cytotoxicity, indicating that the
cytotoxicity is due to the ZnO NPs. The NPs exhibited
concentration-dependent cytotoxicity, but even at high
concentrations (80-100 ppm), biocompatibility of ZnO NPs
was still proved. In 2018, Shubha and his colleagues [46] also
studied ZnO NPS synthesized by using aqueous Piper betle
leaf extract against dental pathogens. As a result, ZnO NPs
with smaller size (~69 nm) exhibited more potent antibacte-
rial activity to bacteria, namely, Streptococcus mutans (S.
mutans) and Lactobacillus acidophilus (L. acidophilus).

Based on these references, water and ZnNO3 were chosen
as extracting solvents and precursors, respectively. Although
previous studies showed good to excellent antimicrobial
activity, the effectiveness of ZnO NPs which plays an impor-
tant role in the prevention of surgical site infection was still
unknown. Therefore, this property is investigated in this
study as well.

2. Materials and Methods

2.1. Materials. Zinc nitrate hexahydrate (CAS 10196-18-6,
AR Grade) and ethanol absolute (CAS 64-17-5, AR Grade)
were purchased from TCI, Japan. Piper betle leaves were pur-
chased from the local market and cleaned with deionized
water, followed by drying under sunlight. The dry leaves were
then crushed into powder and stored in air-tight containers.

2.2. Preparation of Piper betle Leaf Extract (ET). This study is
aimed at finding out the optimum parameters for the extrac-
tion of components from Piper betle leaf using deionized
water (18.2mΩ·cm resistivity) [28, 42, 46–48]. The optimum
conditions were selected based on the extract yield by varying
parameters: (1) ratio between material amount (g) and sol-
vent volume (ml) (1 : 5, 1 : 10, and 1 : 15, w/v), (2) extraction
temperature (70, 80, and 90°C), and (3) extraction time (15,
30, and 60 minutes). Briefly, a given amount of powder (2,
1, and 0.67 g) was mixed with deionized water to obtain the
ratio 1 : 5, 1 : 10, and 1 : 15 (w/v). The mixture was then boiled
for a specific time (15, 30, and 60 minutes) at different tem-
peratures (70, 80, and 90°C). After cooling, the solution was
filtered through a 0.45μm filter membrane (Whatman filter
paper). The extract was freeze-dried for 48h to obtain
the solid extract. The extract was weighed and recorded.
The dried and solution extract was stored in a refrigerator
for further use.

2.3. Biosynthesis of Zinc Oxide Nanoparticles. In brief, a
measured volume of leaf extract was dropped-wise into
100ml of zinc nitrate solution at different concentrations
under ultrasonic bath, obtaining the ratio between volume
of extract and Zn2+ solution as 1 : 1, 1 : 5, and 1 : 10. The aque-
ous reaction solution was then sonicated until a pale yellow
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precipitate was observed. The precipitate was centrifuged and
washed several times with double distilled water and absolute
ethanol before drying and annealing at 600°C to obtain a
white powder of ZnO NPs.

According to previous reports, the concentration of zinc
salt, volume of extract, and pH affect the formation of ZnO
NPs [30, 49–51]. It was noted that the ZnO NPs were formed
only at pH5-7 or pH8 [49, 52]. While a total reduction of
zinc nitrate to zinc oxide nanoparticles occurred at pH8, an
aggregation of zinc oxide nanoparticles to form larger nano-
particles was proceeded at pH5-7. The pH of the extract is
usually about 6–6.5, so it is necessary to use more chemical
reagents to reach pH8, leading to probable cytotoxicity as
mentioned in Shubha et al.’s study [46]. Therefore, pH5-7
was chosen in this study.

Nagarajan and Kuppusamy [52] concluded that the for-
mation of ZnO NPs starts since the concentration of zinc
ion (Zn2+) is 1mM. When the concentration of Zn2+ goes
up to 0.01M, a pale precipitate appears. This could be
explained due to more nanoparticles formed, leading to the
aggregation of the larger size of nanoparticles [53, 54].
Hence, the concentration of Zn2+ in this study was 0.001,
0.01, and 0.1M, respectively.

The particle size of ZnO NPs depends on the volume
of plant extract [50, 51]; the more volume of plant extract,
the smaller the size of ZnO NPs. The size dependence was
evaluated through the ratio between volume of extract and
volume of Zn2+. The ratios 1 : 1, 1 : 5, and 1 : 10 were
selected in this study.

2.4. Characterization. The optical absorbance of samples was
analysed using a UV-Vis spectrophotometer (UV-1900,
Shimadzu, Japan). Morphology of ZnO NPs was determined
using a Scanning Electron Microscope (SEM) at Saigon Hi-
tech Park Laboratory (SHTP Lab), Ho Chi Minh, Viet Nam
(HiTachi S-4800, Tokyo, Japan). The crystal structures of
ZnO NPs were analysed using XRD (LabX XRD-6100,
Shimadzu, Japan) from 10° to 80° in 2θ steps using Cu Kα

radiation. FT-IR spectroscopy instrument (Tensor 27,
Bruker, Germany, 4000-400 cm-1) was used to measure the
surface capping groups on NPs. A small amount of sample
was mixed with KBr and finely ground; then, this mixture
was pressed to get a homogeneous and transparent film.
The size distribution of ZnO NPs was determined using a
DLS instrument (SZ 100, Horiba, Japan).

2.5. Bacteriological Studies. The antibacterial activity and its
effectiveness were determined using the agar disk diffusion
method [46, 55]. In order to identify how the extract influ-
ences the antibacterial ability of the material, both extract
and ZnO NPs were used. Agar plates were inoculated with
bacteria (E. coli ATCC 25922 or S. aureus ATCC 25923) or
control (gentamicin antibiotic 10μg). Then, filter paper disks
(about 6mm in diameter), containing ZnO NP solution or
extract, were placed on the agar surface. The Petri dishes
were then incubated at 37°C for 24 h and observed for growth
or inhibition. The sample positions are illustrated in Figure 1.

After investigating the bactericidal ability, the antibacte-
rial effectiveness was conducted. The agar diffusion method

was also used. The results were recorded after 48 (2 days),
72 (3 days), and 120 (5 days) hours of incubation. Figure 2
exhibits the sample position on the disk.

For the coated surgical suture, the AATTC Test Method
147-2004 Parallel Streak Method was applied. Specimens of
the test suture (about 5 cm in length) including the corre-
sponding untreated suture of the same material (control)
were placed in intimate contact with the agar surface which
has been previously streaked with inoculums of bacteria (E.
coli ATCC 25922 or S. aureus ATCC 25923) (Figure 3). After
incubation at 37°C for 24 h, the zone of inhibition (ZOI) was
observed.

The ZOI is calculated using the following equation:

W =
T −Dð Þ
2

, ð1Þ

in whichW is the width of ZOI (mm), T is the total diameter
of the test specimen and ZOI (mm), and D is the diameter of
the test specimen (mm).

2.6. Statistical Analysis. Experiments were performed in trip-
let for each parameter. Differences between the mean values
were analysed using one-way analysis of variance (ANOVA)
with p < 0:05.

3. Results and Discussion

3.1. Preparation of Piper betle Leaf Extract. As reported, the
extraction yield was affected by various parameters such as
the ratio of solid to liquid (w/v), extraction time, and
extracted temperatures. In 2015, Foo and his colleagues
[48] revealed that the yield of extraction of aqueous-based
solvent Piper betle extract was higher than that of ethanol-
based solvent extract. Therefore, water was used as a solvent
in this study.

As shown in Figure 4, the color of the filtrated solution
was transparent yellow and changed to brown powder after
solvent evaporation. Figure 5 exhibits the optical absorption

Control

ZnO NPs

Extract (ET)

Figure 1: Illustration of sample position on the agar disk in
bactericidal ability test.
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peak of ET at 280 and 325nm as a previous report [28]. After
freeze-drying, a brown powder was observed (Figure 4(c)),
and the mass extraction and corresponding yield (%) are
assumed in Table 1.

3.2. Effect of Parameters on the Extraction Yield. Various
parameters ((1) ratio of solid-liquid (1 : 5, 1 : 10, and 1 : 15)
(w/v), (2) extraction temperature (70-90°C), and (3) extrac-
tion time (15-60 minutes)) were investigated to obtain the
maximum percentage of the extract (ET).

3.2.1. Effect of Ratio of Solid-Liquid and Time. To evaluate the
effect of the ratio of solid-liquid on extraction yield, the tem-
perature was kept constant at 90°C due to the higher solubil-
ity of polyphenols in water for a short time [28].

As seen in Figure 6, the yield of extraction increased
when the ratio of solid-liquid decreased and reached to max-
imum after 30-minute extraction. Then, the yield started
decreasing. It could be due to the competition of interaction
between the solvents and material and/or because of the
solvent evaporation during extraction.

It was noted that when the material mass was 2 grams per
10ml (equilibrating to a ratio of 1 : 5), it was difficult for the
solvent to assess the material which resulted in the low
efficiency of extraction.

Last but not least, when the ratio of solid to liquidwas 1 : 10
(1 gram per 10ml), the yield was likely unchanged after 30-
minute extraction which was chosen for further experiments.

3.2.2. Effect of Temperature. To investigate the effect of tem-
perature on the yield extraction, the ratio 1 : 10 and time of 30
minutes were kept constant. The results from Table 2 and
Figure 7 exhibited that the extraction yield increases with
the increase of temperature. In a short period, the yield of
extraction mainly depended on the temperature. It has been
observed that the higher the temperature, the higher the yield
of extraction. It could be because the temperature promotes
the solubility of organic compounds in water [28].

From the point of view of the production scale, the opti-
mal extraction conditions corresponded to the ratio between
solid and liquid, temperature, and time which are 1 : 10, 90°C,
and 30min, respectively.

3.3. Biosynthesis of Zinc Oxide Nanoparticles. The formation
of ZnO NPs was confirmed by the appearance of precipitate
(Figure 8(a)). This precipitate was in brown powder after
freeze-drying (Figure 10(a)) due to the coverage of
phytochemicals in the extract, which evaporated under
high-temperature calcination leaving the white powder
(Figure 8(c)). TheUV-Vis spectrum showed sharp absorption
peaks at 358, 368, and 378nm (Figure 9), indicating the pres-
ence of as-prepared ZnO NPs. This result was in agreement
with other references [46].

3.3.1. Effect of Zinc Salt Concentration on the Formation of
ZnO NPs. Various parameters were selected to investigate
their effect on ZnO NP formation. The experimental param-
eters are summarized in Table 3. The results in Figure 10
confirmed the statement that ZnO NPs started to form since
the concentration of Zn2+ is 0.001M, and the precipitate was
observed when the concentration of Zn2+ was equal to or
larger than 0.01M.

Particle size measurement was conducted by using the
DLS technique. Table 3 summarizes the average particle size
of as-prepared ZnONPs. When the concentration of zinc salt
was less than 0.1M, zinc ions acted as a controller of nucle-
ation; the particles distributed from 100 to 200 nm with aver-
age size (Z-average) of 112.9 nm. Besides, its polydispersity
index (PDI) was in the average range (0:3 < PDI < 0:5)
(Figure 11). Once the concentration reached 0.1M, PDI
increased (PDI > 1), resulting in the aggregation of smaller
particles to form bigger particles. For this reason, the DLS
technique was not appropriate.

It has been established earlier that larger size nanoparti-
cles of ZnO showed comparatively lower toxicity [46]. Other
than that, the storage of the solid state was more favourable
in comparison with the liquid state. Therefore, the concen-
tration of 0.1M of Zn2+ was selected for further experiments.

3.3.2. Effect of Liquid to Liquid Ratio on the Size and
Morphology of ZnO NPs. To understand how the extract

Control: ZnO uncoated surgical suture

Sample: ZnO coated surgical suture

Figure 3: Illustration of sample position of surgical sutures on the
agar disk in antibacterial test.

Control

ZnO NPs

Figure 2: Illustration of sample position on the agar disk in
antibacterial effectiveness test.
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volume affects the size and the morphology of ZnO NPs, 10,
20, and 100ml of extract were added to 100ml of aqueous
Zn2+ solution under ultrasonic bath for 4 hours. The weights
of dried ZnO NPs and sintered ZnO NPs are summarized in
Table 4. It was clear that the product weight increases when
the volume of extract increases. Hence, the ratio 1 : 1 was cho-
sen to maximize the product quantity.

As shown in SEM results, the volume of extract played a
role in controlling the size and morphology of ZnO NPs
(Figure 12). When the volume of ET increased from 10 to
100ml, the size of particles reduced and specific morphology
was formed [50, 51]. Besides, the aggregation due to the pH
at 5-7 was clearly observed. Figure 13 exhibits the morphol-
ogy of ZnO NPs sintered at a higher temperature (600°C).

Piper betle
leaf extract
(DC)

(a) (b) (c)

Figure 4: The color change of Piper betle extract: (a) color of extract before filtration, (b) color of extract after filtration, and (c) color of dried
extract.
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Figure 5: UV-Vis spectrum of Piper betle leaf extract.
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ZnO NPs had a nearly hexagonal shape and spherical shape
which could be explained by the functional group of
compounds in the extract [30, 49].

FT-IR analysis was used to measure the functional groups
in ET and ZnO NPs. Figure 14(a) confirms the presence of
organic compounds such as amines, carboxylic acids,
alkanes, esters, and alkenes with the absorption peaks at
3477.51, 2888.25, and 1637.27 cm-1, ranging from 1416.62
to 956.62 cm-1. In the spectrum of ZnO NPs (Figure 14(b)),
the absence of peaks from 1416.62 to 956.62 cm-1 demon-
strated the removal of almost all organic compounds after
sintering. It is noted that the presence of a peak at
463.92 cm-1 contributed to the formation of ZnO NPs which

complies with the color change of product after calcination
(Figure 8).

Diffraction peaks of ZnO NPs were observed at 2θ values
of 33.6°, 34.5°, 35.2°, 56.8°, 62.6°, 69.5°, and 70.2° correspond-
ing to lattice planes (100), (002), (101), (103), (200), (112),
and (201), respectively (Figure 15). The peaks are attributed
to the hexagonal phase of ZnO (JCPDS 36-1451). There were
still some impurity peaks due to the plant extract residues.
Crystallite size (D) of NPs calculated by Scherrer’s equation
was 6.87 nm.

3.4. Bacteriological Studies

3.4.1. Role of ET and ZnO NPs in the Bacterial Ability. The
antibacterial activity of ZnO NPs and its effectiveness was
assayed against two major bacteria E. coli and S. aureus,
respectively, by the agar disk diffusion method. The mini-
mum inhibitory concentration for zinc oxide nanoparticles
was 0.41mg/ml for E. coli and 0.81mg/ml for S. aureus,
respectively. The minimum bactericidal concentration was
0.81mg/ml for E. coli and 1.62mg/ml for S. aureus, respec-
tively. The ZOI of ZnO NPs was determined and calculated
from equation (1) with the diameter of filter paper being
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Figure 6: Effect of material quantity on extraction yield (a) ratio of 1 : 15, (b) ratio of 1 : 10, and (c) ratio of 1 : 5.

Table 2: Effectiveness of temperature on yield extract.

No. Code
Extraction temperature

(°C)
Mass of extract

(g)
Yield
(%)

1 ET10 70 0.12 12

2 ET11 80 0.21 21

3 ET12 90 0.24 24

Table 1: Experimental results for preparation of Piper betle leaf extract using water solvent.

No. Code Material quantity (g) Extraction time (min) Mass of extract (g) Yield (%)

1 ET1 2 15 0.23 11.5

2 ET2 2 30 0.3 15

3 ET3 2 60 0.13 6.5

4 ET4 1 15 0.21 21

5 ET5 1 30 0.24 24

6 ET6 1 60 0.23 23

7 ET7 0.67 15 0.15 22.4

8 ET8 0.67 30 0.2 29.9

9 ET9 0.67 60 0.17 25.4
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(a) (b) (c)

Figure 8: (a) The presence of as-synthesized ZnO NPs; (b) color of ZnO NPs before calcination; (c) color of ZnO NPs before calcination.
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Figure 9: UV-Vis spectra of ET and ZnO NPs.
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Figure 7: Effect of temperature on extraction yield.
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ZnO1

(a) ZnO NPs 1: transparent solution

ZnO2

(b) ZnO NPs 2: precipitate starts to be observed

ZnO3

(c) ZnO NPs 3: precipitate was observed clearly

Figure 10: Effectiveness of zinc ion concentration on ZnO NP formation.

Table 3: Experimental parameters used in ZnO NP synthesis.

No. Code [Zn2+] (M) VET
VZn2+

Reaction time (h) (Z-average) (nm) PDI

1 ZnO NPs 1 0.001 1 : 1 4 112.9 0.330

2 ZnO NPs 2 0.01 1 : 1 4 3640.2 1.018

3 ZnO NPs 3 0.1 1 : 1 4 3791.8 5.161
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Figure 11: Dynamic light scattering (DLS) of ZnO NPs at a concentration of 0.001M.
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6mm and that of suture (USP 1) being 0.4mm. As seen in
Figure 16, the bactericidal properties were due to ZnO NPs.
The extract only played a role as reductants and capping
agents and morphology controller.

As a result in Table 5, the ZOI of ZnO NPs on E. coli after
24 h incubation were quite small; it could be because of differ-
ences in the structure of bacteria [50]. In this study, the par-
ticle size of ZnO was bigger than 10nm so the particles had
adhered to the outer layer of bacteria plasma membranes,
increased the surface tension, and inhibited the polarization
of the membrane, allowing ZnO NP molecules to internalize
into the cell. However, the cell membrane of E. coli has an
additional outer plasma membrane, leading to slower diffu-
sion of nanoparticles into the cell structure compared with
the S. aureus. Therefore, the number of ZnO NPs that
entered E. coli was less than that of S. aureus in 24 h.

3.4.2. Antibacterial Effectiveness of ZnO NPs. As seen in
Figure 17, the bactericidal effectiveness of ZnO NPs could
reach five days on both E. coli and S. aureus. The ZOI of
nanoparticles increased after 48 h of incubation and main-
tained until five days (Table 5). This result met our require-

ment expectation that ZnO NPs could reduce the SSI
within 5-7 days after surgery. It was noted that the ZOI of
ZnO NPs after 48, 72, and 120 h of incubation on E. coli
was better than that of the first 24 h. It might be explained
as follows.

As the peptidoglycan of E. coli is thinner compared with
that of S. aureus, ZnO NPs passed through the outer mem-
brane of the bacteria cell easier. Here, the nanoparticles gen-
erate free electrons, which react with oxygen inside the
bacteria cell. As a result, reagent oxygen species (ROS) are
formed according to equations (2)–(4). These ROS will
destroy protein structures and DNA structure leading to cell
death. ROS was considered the antibacterial mechanism in
this study:

O2 + e− ⟶O2 ð2Þ

O2 + H2O⟶HO2 + HO− ð3Þ
HO2 + HO⋅

2 ⟶H2O2 + O2 ð4Þ
H2O2 + O⋅

2 ⟶HO⋅ +HO− + O2 ð5Þ

Table 4: The experiment results of ZnO NP synthesis using various volumes of ET and time.

No. Code [Zn2+] (M) VET (ml) VET
VZn2+

Reaction time (h) Mass of dried ZnO NPs (g) Mass of sintered ZnO NPs (g)

1 ZnO NPs 4 0.1 10 1 : 10 4 0.005 0.003

2 ZnO NPs 5 0.1 20 1 : 5 4 0.030 0.010

3 ZnO NPs 6 0.1 100 1 : 1 4 1.158 0.080

(a) (b)

(c) (d)

Figure 12: SEM images of synthesized ZnO NPs using different volumes of ET. SEM images of ZNO NPs using 10ml of ET at magnification
of (a) 60k and (c) 150k. SEM images of ZNO NPs using 100ml of ET at magnification of (b) 60k and (d) 150k.
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Figure 13: The morphology of ZnO NPs under SEM spectroscopy at a magnification of (a) 60 k và (b) 150 k; (c) EDX spectrum.
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3.4.3. Bactericidal Test of ZnO NPs Coated on Surgical Sutures.
Figure 18 exhibits that the ZnO-coated surgical suture has
antibacterial ability compared with the control even after coat-
ing one time. This promising result proved that ZnO NPs are
able to be applied in the medical device category.

4. Conclusions

In this study, a simple, low-costmethod for the preparation of
ZnO NPs using Piper betle leaf extract has been successfully
achieved. There have been some evidences suggesting that
green synthesis of ZnO NPs has enhanced the use in implan-

tation. High-tech analysis has been used to demonstrate the
formation of ZnO NPs. Apart from that, this study evaluated
the size andmorphology control based on the volume of Piper
betle leaf extract. The ZnO NPs showed good antibacterial
performance on E. coli and S. aureus, which are the main rea-
sons for surgical site infection. The antibacterial effectiveness
of ZnONPs was observed up to 5 days, which is able to reduce
the rate of SSI significantly. The results from bacteriological
studies also confirmed that the antibacterial property of the
ZnO NP-coated suture is better than that of the uncoated
one, which is promising for applying ZnONPs in the medical
category.
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Figure 15: XRD pattern of ZnO NPs.
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Figure 16: Antibacterial result of ET and ZnO NPs: (a) control, (b) ZnO NPs, and (c) extract.

Table 5: Zone of inhibition of ZnO NPs and ZnO NP-coated surgical sutures (hereinafter referred to as plus suture).

Bacteria
ZOI of ZnO NPs (mm)

24 h 48 h 72 h 120 h

E. coli 1 4 4 4

S. aureus 2 3 3 3
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E.coli S.aureus
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72h
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(a)
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(a)
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Figure 17: Zone of inhibition of ZnO NPs on E. coli and S. aureus at different times: (a) control and (b) ZnO NPs.

Control Sample
Sample

Figure 18: Zone of inhibition of control (ZnO-uncoated suture) and sample (ZnO-coated suture).
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Background. Immunoglobulins (Ig) are glycoprotein molecules produced by plasma cells in response to antigenic stimuli involved
in various physiological and pathological conditions. Intravenous immunoglobulin (IVIG) is a compound whose composition
corresponds to Ig concentrations in human plasma, predominantly IgG. It is used as a replacement treatment in
immunodeficiencies and as an immunomodulator in inflammatory and autoimmune diseases. The determination of IgG
concentrations is useful in the diagnosis of these immunodeficiencies. Surface-enhanced Raman spectroscopy (SERS) is a
technique that allows protein quantification in a fast and straightforward way. Objective. This study is aimed at determining the
Raman spectrum of IgG at physiological concentrations using quasispherical gold nanoparticles as a SERS substrate. Methods.
We initially determined the Raman spectrum of IVIG at 5%. Subsequently, for SERS’ characterization, decreasing dilutions of
the protein were made by adding deionized water and an equal volume of the 5 nm gold quasispherical nanoparticle colloid. For
each protein concentration, the Raman spectrum was determined using a 10x objective; we focused the 532 and 785 nm laser on
the sample surface, in a range of 500-1800 cm-1, with five acquisitions and an acquisition time of 30 seconds. Results. We
obtained the IVIG spectrum using SERS up to a concentration of 75mg/dl. The Raman bands correspond to aromatic amino
acid side chains and the characteristic beta-sheet structure of IgG. Conclusion. The use of 5 nm quasispherical gold nanoparticles
as a SERS substrate allows for detecting the Raman spectrum of IVIG at physiological concentrations.

1. Introduction

Immunoglobulins (Ig), also known as antibodies, are glyco-
protein molecules produced by plasma cells in response to
antigenic stimuli involved in various physiological and
pathological conditions. The primary function of immuno-
globulins corresponds to the adaptive immune response.
They are subdivided, depending on the structure of the heavy

chains they contain, into several classes: IgM, IgG, IgD, IgA,
and IgE. IgG is also subdivided into IgG1, IgG2, IgG3, IgG4
(decreasing order of abundance), and IgA in IgA1 and
IgA2. IgG is the most abundant, with a plasma concentration
of 700-1600mg/dl, and constitutes 75 to 80% of all Ig. IgA
corresponds to about 15%, with a plasma concentration of
70-400mg/dl, while IgM’s plasma concentration varies from
40 to 230mg/dl. The determination of immunoglobulin
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concentrations is useful in diagnosing immunodeficiencies and
evaluating the response to treatment in these patients [1, 2].

Intravenous immunoglobulin (IVIG) is an immunoglob-
ulin concentrate derived from thousands of healthy donors
(no fewer than 3500). IgG plays a fundamental role in adap-
tive humoral immunity. Therefore, IVIG reflects the donor
population’s collective exposure to the environment and is
expected to contain a repertoire of multiple specific antibod-
ies against a broad spectrum of infectious agents (bacterial
and viral), self-antigens, and anti-idiotype antibodies.

The IVIG composition corresponds to the Ig concentra-
tions in human plasma, mainly IgG, IgA, and traces of other
Ig, cytokines, and soluble receptors.

IVIG is prepared using the Cohn-Oncley fractionation
procedure, precipitating donor plasma with cold ethanol to
enrich the IgG fraction, followed by chromatography purifi-
cation [3]. Commercial products vary concerning the pres-
ence of excipients used to stabilize proteins and prevent
the aggregation of IgG (sugars such as glucose, maltose, D-
sorbitol, or amino acids such as glycine or proline), as well
as the levels of sodium, pH, osmolarity, and the presence
of another Ig [4].

IgG comprises more than 90% of the different commer-
cial IVIG preparations and is the main component required
to observe this drug’s therapeutic effects [5]. IVIG treatment
is aimed at providing sufficient IgG antibodies that passively
neutralize or opsonize a broad spectrum of infectious path-
ogens and trigger the activation of cell-mediated immunity.
The indications for IVIG administration can be classified
according to the mechanism of action and the underlying
disease: replacement therapy in immunodeficiencies, immu-
nomodulatory therapy (in hematological and organ-specific
autoimmune diseases), an anti-inflammatory agent (in
rheumatic, infectious, inflammatory, and neurological
conditions).

Different doses are administered according to the medi-
cal condition being treated. In general, low doses are used
in replacement therapies and higher doses when an immuno-
modulatory or anti-inflammatory effect is required [6].

Raman spectroscopy is a nanocharacterization technique
based on the inelastic dispersion of molecular systems, which
are illuminated with monochromatic radiation; it changes
frequency due to the energy exchange that exists with the
matter [7, 8]. Raman spectroscopy provides information on
the primary, secondary, and tertiary structure of proteins
by identifying associated characteristic bands. By allowing
the structural characterization of proteins, it can detect path-
ological changes in them [9]. The application of the Raman
characterization technique in biomedicine is an advance in
the detection of biomarkers through noninvasive methods;
however, it shows limitations because the signal from various
proteins is weak. Due to this, the technique of surface-
enhanced Raman spectroscopy (SERS) uses nanostructured
surfaces of noble metals such as gold and silver. This tech-
nique allows the standard Raman scattering signal to be
amplified in a factor from 104 to 1016 [10]. It has been used
to diagnose some diseases and identify contaminants and
pathogens, among other applications [8, 10, 11]. It is a non-
destructive characterization technique that can be used in

aqueous media [12]. SERS could be an alternative to the
ELISA test, an immunological assay in which an enzyme is
used as a biomarker [13]. The first protein spectra reported
were the spectra of hemoglobin and cytochrome C in 1972
[14]; later, spectra of other biological molecules were
reported [15].

This study is aimed at determining the Raman spectrum
of IgG (IVIG) using 5nm quasispherical gold nanoparticles
as a SERS substrate.

2. Material and Methods

We purchased intravenous normal human immunoglobulin
5% (Octagam® 5%, Octapharma Pharmazeutika Produk-
tionsgesellschaft, m.b.H. Vienna, Austria). It contains 6 g of
total protein, 95% unmodified IgG, 12 g of maltose, 600μg
of octoxynol (Triton X-100), 120μg of tri-N butyl phosphate
(TNBP), and 120ml of injectable water. The antibody con-
tent is 0.5 IU per g of immunoglobulin. We kept it at a tem-
perature of 4°C until use. The experiments were carried out
at a temperature of 24°C, maintaining a pH in the colloidal
suspension of 5.5 to keep it stable and avoid the protein’s
aggregation. We used deionized water (AE), with a
resistivity ≥ 18:2MΩ;cm-1 at 25°C; and quasispherical gold
nanoparticles (AuNPs), 5 nm in diameter, with a concentra-
tion of 5:5 × 1013 particles/ml, 0.052mg/ml; and citrate coat-
ing (nanoComposix, Inc., San Diego, CA). Characterization
of AuNPs are shown in Supplemental Material Section A.
Raman experiments were conducted in a Horiba Jobin Yvon
XploRA ONE Raman spectrometer coupled to an Olympus
BX41 optical microscope, using a laser source at 532nm
(green) and 785nm (red).

We initially determined the Raman spectrum of IVIG at
5 g/100ml (5%). Subsequently, for SERS’ characterization,
dilutions of the protein were made in the mentioned concen-
tration, adding deionized water and an equal volume of the
nanoparticle colloid, as discussed below. When preparing
the dilutions in this way, all samples have a final concentra-
tion of AuNPs of 0.026 mg/ml, and a total concentration of
IVIG decreasing from 2.5% to 0.075%.

(1) 20μl IVIG 5% + 20μl AE
(2) 20μl IVIG 5% + 20μl AuNP 50nm

(3) 20μl IVIG 5% + 20μl AuNP 5nm

(4) 20μl IVIG 2:5% + 20μl AuNP 5nm

(5) 20μl IVIG 1:25% + 20μl AuNP 5nm

(6) 20μl IVIG 0:62% + 20μl AuNP 5nm

(7) 20μl IVIG 0:31% + 20μl AuNP 5nm

(8) 20μl IVIG 0:15% + 20μl AuNP 5nm

We prepared each of the dilutions and immediately car-
ried out the measurements without requiring additional
incubation time. We placed the mixtures in an aluminum cell
and obtained the SERS spectrum using a 785 nm laser, in a
range of 500-1800 cm-1, with five acquisitions and an

2 Journal of Nanomaterials



Raman shi� (cm−1)
600 800 1000 1200 1400 1600 1800

71
0

85
2

10
01

11
30

12
37

13
96

14
49

14
97

16
49

In
te

ns
ity

 (a
.u

.)

IVIG (5%)
IVIG (2.5%) +AuNPs
IVIG (1.2%) +AuNPs

IVIG (0.6%) +AuNPs
IVIG (0.3%) +AuNPs
IVIG (0.1%) +AuNPs

Figure 1: Characteristic Raman bands of the IVIG.

Table 1: Characteristic Raman bands of IVIG.

Raman shift (cm-1) Proposed band assignment Reference

710
Tyrosine (642, 640-650) [17]

Tryptophan (707)-in IgG- [18]

852

Carbon backbone v (Cα-C, Cα-Cβ y Cα-N) (870-1150) [19]

Glycine, alanine v (CNC) (850-900) assigned to the
symmetric CNC stretch mode

[20]

Tyrosine (852)-in IgG- [21]

Tyrosine (843) v (ring)-in IgG- [18]

Tyrosine out of plane ring bending mode at 853 [22]

Hydrogen bonding state of tyrosine [23]

1001
Phenylalanine (1003, 1000-1010) [17, 23]

Symmetric breathing mode of phenylalanine (1003) [22]

1130
Cysteine (CH bend) (1142) [20]

Glutamine (1122) (NH3 bend and rock modes) [20]

1237

Amide III region (1230-1340) δ (N-H, Cα-H), v (Cα-N) [19]

β-Sheet structure (1239) [24]

β-sheet structure, amide III (1230-1240) [23]

Glutamine (1225) (CH2 bend and twist) [20]

Tryptophan, tyrosine δ (ring) (1225)-in IgG- [18]

Amide III, β-sheet and random coils (1242) [25]

1396

Histidine (1400-1420) [17]

Tryptophan v ring stretching-in IgG-(1366) [21]

Tyrosine v (ring) (1385)-in IgG- [18]

Glycine (1411) CH2 scissor mode [20]

1449

Tryptophan CH2 scissors-in IgG- [21]

Tryptophan or δ (CH2) (1455)-in IgG- [18]

Glutamine (CH2 bend and scissors modes) (1462) [20]

C-H vibration (1449); CH functional groups in amino
acid side chains of proteins

[25]

1497
Glycine (CH2 and OH bending modes) (1495) [20]

Tryptophan, tyrosine v (ring) (1487)-in IgG- [18]

δ: deformation; v: stretching.
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acquisition time of 30 seconds. We focus the laser on the
surface of the sample with a 10x objective.

We calculated the SERS enhancement factor in MatLab
software using the estimation of surface-enhanced Raman
spectroscopy (SERS) enhancement factor [16].

3. Results

It was possible to determine the IVIG spectrum by SERS up
to a protein concentration of 0.075%, using quasispherical
gold nanoparticles at 0.026mg/ml and 785nm laser. The
characteristic Raman bands of the IVIG spectrum obtained
are shown in Figure 1 and described in Table 1.

Signals from different molecules can constitute Raman
bands [26]. In the spectrum, these bands may appear broad-
ened, and therefore, the contribution of various components
cannot be easily recognized, causing this to be misinterpreted
as noise. In SERS, some signals that conform to the band may
be more evident due to the amplification [27].

We perform a spectral truncate in the region of 980 to
1020 cm-1. The band at 1001 cm-1 is consistent in all concen-
trations evaluated and corresponds to the phenylalanine
ring’s C-C bond. It is shown in red in Figure 2.

Using MatLab, we perform the calculation of the
enhancement factor (EF). The values used are listed as fol-
lows: wavenumber (Raman Shift), Raman spectrum, SERS
spectrum, characteristic Raman band (1001 cm-1), the wave-
length of the incident laser (785 nm), molecular weight of the
molecule under test (150 g/mol), the density of the molecule
(0.05 g/cm3), the numerical aperture of the objective
(0.471), and surface area of the molecule under test
(27.7 nm). This calculation results in an EF = 2:3726 × 105
(Supplemental Material Section B).

4. Discussion

The vibrations of the peptide structure in proteins are gener-
ally associated with three main regions in the Raman spec-
trum: (1) the region of carbon backbone (870-1150 cm-1),
comprising the narrowing corresponding to Cα-C, Cα-Cβ,
and Cα-N, (2) the extended amide III region (1230-
1340 cm-1), which mainly involves the interface combination
of the deformation in the NH plane and the narrowing of Cα-
N, as well as a mixture between the deformations of NH and
Cα-H, and (3) the amide I region (1630-1700 cm-1) causes
the C=O narrowing [20]. Aromatic amino acids are the dom-
inant characteristics in the Raman spectrum of peptides and
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Figure 2: Deconvolutions of the IVIG Raman and SERS spectra were performed in the region of 980 to 1020 cm-1. The band at 1001 cm-1,
corresponding to the phenylalanine ring, is shown in red.
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proteins [22]. In fact, in previous work [18, 21], the spectrum
of immunoglobulin G on silver surfaces was represented only
by the side chains of aromatic amino acids; this is probably
because, in the absence of carboxylate bonds, aromatic amino
acids have a higher affinity for the metal surface than nonar-
omatic amino acids. In contrast, under our experimental
conditions and using AuNPs as SERS substrate, it was
possible to obtain Raman bands corresponding to the β-sheet
conformation (1237 cm-1), characteristics of the IgG protein
secondary structure. Using Raman spectroscopy and ampli-
fying the signal with 5 nm gold quasispherical nanoparticles,
it was possible to determine the IVIG spectrum at a concen-
tration of 0.075%, 75mg/dl (normal range in healthy subjects
700-1600mg/dl) [28]. So, it is possible to propose the use of
SERS in the diagnosis of certain immunodeficiencies, for
example, severe hypogammaglobulinemia (a condition in
which IgG levels are less than or equal to 150mg/dl and there
is a lack of antibody response to vaccination), as well as in the
evaluation of treatment after IVIG administration [29].

5. Limitations

This study has several limitations. We are determining the
spectrum of purified IgG in an aqueous solution. For the
SERS technique to be used in clinical laboratories, it will be
necessary for the spectrum to be determined in complex mix-
tures, such as those found in human serum. Another limita-
tion is that when found in serum, IgG could be associated
with other molecules. These interactions may modify the
spectrum of the protein when trying to obtain it in experi-
mental models. This mixture with other molecules could also
interfere with IgG interaction and the metallic nanoparticles
used to amplify the Raman spectrum. Modifying the protein
corona on the nanoparticles will indeed affect the spectrum
obtained. Further research on this topic is required to
consider in the future the application of the SERS technique
in the clinical setting.

6. Conclusion

The use of 5 nm quasispherical gold nanoparticles as a SERS
substrate allows the Raman spectrum of IVIG to be detected
at a concentration ten times lower than normal levels.
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There has been an increasing demand for the development of sensor devices with improved characteristics such as sensitivity, low
cost, faster response, reliability, rapider recovery, reduced size, in situ analysis, and simple operation. Nanostructured materials
have shown great potential in improving these properties for chemical and biological sensors. There are different nanostructured
materials which have been used in manufacturing nanosensors which include nanoscale wires (capability of high detection
sensitivity), carbon nanotubes (very high surface area and high electron conductivity), thin films, metal and metal oxide
nanoparticles, polymer, and biomaterials. This review provides different methods which have been used in the synthesis and
fabrication of these nanostructured materials followed by an extensive review of the recent developments of metal, metal oxides,
carbon nanotubes, and polymer nanostructured materials in sensor applications.

1. Introduction

Nanostructures are materials which have a nanometer scale
sizes in one, two, or three dimensions typically between 1
and 100nm range [1–3]. They bring forth innovative mate-
rial applications due to their superior physicochemical and
plasmonic properties, and as such, they have generated a
great deal of interest from basic scientific research to com-
mercial development [1]. They have obtained prominence
in technological developments due to their extraordinary
physicochemical properties such as their melting points, elec-
trical and thermal conductivities, light absorption and scat-
tering properties, optical sensitivity, catalytic activity, and
wettability resulting in their significantly enhanced perfor-
mance over their bulk counterparts [2, 4]. These properties
have enabled new applications ranging from energy conser-
vation and structural strength enhancement to antimicrobial
characteristics and self-cleaning surfaces as well as in sensor
applications [1, 4]. Generally, nanostructures are divided into
surface and bulk nanostructures, where the surface nano-
structures refer to nanoscale patterns created on the surface

of a substrate while bulk nanostructures refer to individual
nanomaterial’s or an assembly of nanomaterial’s [1]. There is
a wide variety of nanostructured materials with different
dimensions which range from zero-dimensional (0D) nanopar-
ticles, one-dimensional (1D) nanorods and nanowires, two-
dimensional (2D) nanosheets and films, three-dimensional
(3D) polycrystals and ultraporous nanostructures, and nanos-
caffolds [3, 5] as illustrated in Figure 1.

The most promising features of these structures are their
size-dependent properties. For example, metallic nanoparti-
cles exhibit tunable radiation and absorption wavelength
depending on their aspect ratio [6] and coating [7]. These
unique properties are attributed to the phenomenon called
localized surface plasmon resonance (LPSR). Each particle
can effectively produce photoluminescence equivalent to a
million dye molecules. Additionally, they are photo stable
and do not suffer from photo bleaching [8]. Owing to their
superior optical properties, they can produce better signal over
ordinary dye molecules. After coating with probe molecules,
the optical properties of nanostructures allow the detection
of specific target molecules. Numerous physical and chemical
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methods have been developed for the fabrication of
nanostructured materials [9–12], and they are described in
the next section.

2. Fabrication of Nanostructured Materials

Various syntheses and processing techniques have been
established for the fabrication of nanostructured materials
with a higher degree tailored specifically to the material to
be produced which might be considered to be more restric-
tive than the conventional production methods [13]. Gener-
ally, the fabrication of nanostructured materials is considered
to proceed via two main strategies which include the
“bottom-up” and “top-down” approaches [1, 13]. The differ-
ence between these two general strategies is based on the pro-
cesses involved in the construction of the nanostructures
[14]. In the bottom-up approach, a structure is normally built
up of small units while in top-down approach, a larger unit is
reduced in size to a finished structure [1] as shown in
Figure 2. While the top-down approach comprises a few via-
ble fabrication techniques which stem from experience and
technology developed in other industries, many fabrication
methods use the bottom up approach where building blocks
of nanoparticles or clusters are first prepared by an appropri-
ate technique and then assembled into composites, coatings,
and layers or consolidated into bulk under well-controlled
conditions [13]. The fabrication of nanostructured materials
can also be achieved through a combination of the two
approaches which are discussed in more details below.

2.1. Top-Down Approach. In top-down approach, large mate-
rials are normally deconstructed by a chain of physical and
chemical processes [1, 3, 14]. The physical top-down
approach employs the use of photons, electrons, and ions
while the chemical top-down strategy relies essentially on
chemical reactions that are brought about by chemical etch-
ants or by application of heat [14]. This approach can be used
to fabricate a varied selection of devices with high reliability
and integrity and is therefore common in the semiconductor
device industry [3]. Many novel structures such as nanowires
which can be used to detect biological samples without
labelling have been fabricated using this approach [15].
Nanopores used to detect and measure biophysical proper-
ties of deoxyribonucleic acid (DNA), proteins, and other
molecules passing through the nanopores have also been fab-
ricated using the top-down approach [16]. The basic fabrica-
tion steps in top-down approach include (i) lithography, (ii)
laser ablation, (iii) chemical etching, (iv) milling process, and
(v) thermal decomposition which are described in more
details below.

2.1.1. Lithography. Lithography is a physical top-down
approach which employs the use of photons (optical lithog-
raphy), electrons (electron beam lithography), and ions (ion
beam lithography) to fabricate nanostructures [14]. It has
been a method of choice for producing patterned nanostruc-
tures in the microelectronics industry since it transfers a pat-
tern from a mask on a substrate [3, 14]. The most common
method is optical lithography which uses ultraviolet light to
transfer the desired pattern from a mask to a light-sensitive

Zero dimensional
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Figure 1: (a) Typical TEM image of ZnO quantum dots (QDs) obtained through a wet synthesis method. (b) SEM images of ZnO nanorods.
(c) SEM image of ZnO nanosheets formed through a simple mixed hydrothermal synthesis method. (d) SEM images of acid-washed porous
SnO2 microcubes after calcination at 900°C for 2 h. Inset: TEM image of the as-prepared porous SnO2 microcubes. (e) ZnO ultra porous film
made by flame spray pyrolysis. Adapted from [5], an open access article.
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material known as photoresist that coats the semiconductor
substrate [3, 14]. The substrate undergoes changes in chemi-
cal composition when exposed to a specific wavelength of
light through the mask to create a pattern which is subse-
quently transferred to the substrate often by etching [1, 3,
14] as illustrated in Figure 3. Electron beam lithography on
the other hand uses electrons instead of photons to achieve
nanostructures at a resolution beyond the diffraction limit
of light [14, 17]. It is a maskless techniques which generates
the pattern directly using a tightly focused beam of
accelerated electrons to scan the substrate coated with an
electron-reactive resist [14]. The ion beam lithography [18]
and laser writing [19] are also maskless approaches which
use a focused beam of high energy ions and multiphoton
absorption-induced photochemical transformation of the
photoresist, respectively.

2.1.2. Chemical/Template Etching. This is a subtractive chem-
ical top-down nanofabrication technique that selectively
removes materials from a substrate. It uses a template to
direct the chemical etching of a substrate resulting to a nano-
scale pattern crafted on the substrate surface. The etching can
be done in dry or wet conditions [3, 14]. For example, a sili-
con substrate as shown in Figure 4 [20] has been fabricated
using a block of copolymer template prepared by spin coating
a solution of a copolymer consisting of a poly-(4-vinylpyri-
dine) core and a polystyrene corona prepared in toluene on
the silicon substrate [14, 20]. Upon spin coating, the amphi-
philic polymer micelles of the copolymer spontaneously self-
assembled into a monolayer of pseudohexagonal array on the
substrate surface, forming the template [14, 20]. The nano-
scale pattern of the polymer template is then transferred to
the underlying substrate by selective etching with an aqueous
solution of hydrofluoric acid (HF) [14, 20]. Fluoride-based

etching of the silicon surface takes place exclusively beneath
the poly-(4-vinylpyridine) cores due to the protonation of
the pyridyl groups by HF that results in selective localization
of fluoride ions within the micellar cores [14, 20]. The silicon
etch pit array is finally obtained after removal of the polymer
template through ultrasonication in toluene [20]. The result-
ing etched features on the silicon surface can be functional-
ized with other materials (e.g., gold nanoparticles), allowing
for the generation of more complex architectures [20, 21].

Bulk material Fragments Clusters Atoms

Nanostructured
materials

Top-down approach Bottom up approach

Chemical etching

Laser ablation

Lithography

Thermal decomposition

Sputtering Aerosol process

Molecular
condensation

Spray method

Sol-gel

Green synthesisChemical vapor
deposition

Figure 2: A schematic representation of the top-down and bottom-up approaches for the fabrication of nanostructures.
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Film
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Figure 3: A schematic representation of optical lithography using
negative and positive photoresist [3].
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2.1.3. Thermal Decomposition. Thermal decomposition also
known as thermolysis is a process where heat is used to sep-
arate chemical bonds in a compound [14]. This process pro-
vides a simple one-step strategy to fabricate nanostructures
with controlled porosity which is an advantage as compared
to other methods. This method was demonstrated by Yu and
team where they used it to fabricate nanoporous cadmium
oxide (CdO) from cadmium carbonate (CdCO3) microcrys-
tals [22]. In their work, high-quality CdCO3 microcrystals
were transformed as they were continuously heat treated at
500°C for 30 minutes. This led to a decomposition process
which began at the sharp edges and corners and continued
to the flat surfaces of the crystals resulting in a core-shell
microstructure wherein the newly formed CdO densely
coated the partially decomposed CdCO3 crystals releasing
carbon dioxide (CO2) [22] as illustrated in Figure 5. As ther-
molysis continued, more and more CO2 molecules accumu-
lated inside the microstructure until the pressure was high
enough that tiny pores nucleated to allow the escape of the
trapped gas. These tiny pores eventually grew into continu-
ous channels as the decomposition of CdCO3 went to com-
pletion [22].

2.1.4. Selective Dealloying. Selective dealloying normally pro-
duces nanoporous metals by utilizing chemical or electro-
chemical reactions to remove the most chemically active
metal in the alloy. As the less noble metal is removed, atoms
of the more noble metal reorganize into a 3D network of por-
es/channels and ligaments [14].

2.1.5. Mechanical Milling. A mechanical milling technique
has been utilized to produce amorphous and nanocrystalline
alloys as well as metal/nonmetal nanocomposite materials by
milling and post annealing, of elemental or compound pow-
ders in an inert atmosphere [23]. It is a nonequilibrium pro-
cessing technique whereby different elemental powders are
milled in an inert atmosphere to create one mixed powder
with the same composition as the constituents [23]. Mechan-
ical milling has been utilized to synthesize various nanoalloys
and many nanocomposites in very high yield. The mechani-
cal milling has been utilized for the synthesis of nanomater-

ials either by milling and postannealing or by mechanical
activation and then applying some other process on these
activated materials [23].

2.2. Bottom-Up Approach. The bottom-up approach involves
the assembly of the building blocks (atoms or molecules) into
nanostructured arrays due to attractive forces [1, 3, 24]. This
approach has the potential to generate functional multicom-
ponent devices by self-assembly of the atoms and molecules
without wasting them or the need for eliminating parts of
the system [17]. The assembly of the elementary building
blocks is usually manipulated by either physical aggregation,
chemical reaction, or use of templates [3, 24] where con-
trolled chemical reactions manipulate the building blocks to
self-assemble and make nanostructures such as nanotubes,
nanoribbons, and quantum dots [1, 25, 26]. This approach
has the potential to assemble nanostructured materials where
the top-down approach fails though one of its major chal-
lenges is to ensure predefined structures with precise shapes
and sizes [3]. Some of the most common bottom-up nano-
fabrication methods are described below.

2.2.1. Chemical Vapor Deposition. Chemical vapor deposi-
tion (CVD) is a process where a substrate is exposed to one
or more volatile precursors, which react and/or decompose
on the surface of the substrate to produce a thin film deposit
[27, 28]. By changing various experimental conditions such
as the substrate material, substrate temperature, and compo-
sition of the reaction gas mixture, total pressure gas flows and
other materials with a wide range of physical, tribological,
and chemical properties can be produced [27, 28] as illus-
trated in Figure 6 [29]. All chemical vapour deposition reac-
tions involve a number of steps. The main steps are as
follows: precursor, generation of active gaseous reactant spe-
cies; transport, delivering the precursor into the reaction
chamber; adsorption of the precursor onto the hot surface;
decomposition of the precursor to give the atom needed for
the film and organic waste; migration of atoms to a strong
binding site; nucleation that leads to the growth of the thin
film; desorption of unwanted side products; and removal of
unwanted products [30, 31]. However, it is possible to

Block copolymer
micellars in toluene Block copolymer template on silicon

Spin coating

Top view

+
SiOx

Si

Side view

SEM images Array of 3D etch pits on silicon

(i) Selective etching with HF
(ii) Polymer template removal

Figure 4: A schematic diagram representing the fabrication of a 3D etch pit array on silicon using a block copolymer as a template and an
aqueous solution of hydrofluoric acid (HF) as an etchant. SEM images displaying the etch pit arrays on silicon are also shown
(scale bar = 100 nm). Adapted with permission from ref. [20]. Copyright © 2007, American Chemical Society.
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achieve this in two steps especially using rotary chemical
vapor deposition (RCVP) [32]. This method has an excellent
throwing power which enables the production of coatings of
uniform thickness and properties with a low porosity [26,
27]. This method is also capable to offer localized, or selective
deposition, on patterned substrates [27, 28]. CVD processes
are employed in many thin film applications, such as dielec-
trics, conductors, passivation layers, oxidation barriers, con-
ductive oxides, tribological and corrosion-resistant coatings,
heat-resistant coatings, and epitaxial layers for microelec-
tronics [27]. They are also used in the preparation of high-
temperature materials (tungsten, ceramics, etc.) and the
production of solar cells, high-temperature fiber composites,
and particles of well-defined sizes [26, 27]. CVD techniques
have been developed to produce 2D nanosheets, such as
graphene [33], h-BN nanosheets [34], metal carbides [35],
and borophenes [36] among others.

2.2.2. Sol-gel Nanofabrication. Sol-gel is a wet-chemical pro-
cess that involves the formation of an inorganic colloidal sus-
pension (sol) and gelation of the sol in a continuous liquid
phase (gel) to form a three-dimensional network structure
[37]. In sol-gel nanofabrication, a metal precursor in solution
is deposited on suitable substrates and then heat treated to

cause oxidation and/or sintering of the final products [17]
as illustrated in Figure 7 [38]. It has been widely used for
the fabrication of nanostructured functional metal oxide
materials and alloys because it is cost effective and it offers
the superiority of chemical reaction at molecular level, which
is favorable to improve the chemical homogeneity of the final
products [17, 39–42]. This process allows for the synthesis of
pure and homogenous ceramic materials by means of prepa-
ration techniques different from the traditional process of
fusion of oxides [43] which makes this method to stand
out. By capping the particles with appropriate ligands, the
dispersion can be stabilized in this liquid phase synthesis.
For example, Moncada and coworkers reported the prepara-
tion of hybrid layered aluminosilicate nanoparticles (NPs)
containing octadecyl amine (ODA) as the organic part and
SiO2 NPs with spherical morphology containing ODA or
without ODA by the sol-gel method and used for the forma-
tion of nanocomposites with polypropylene [43, 44].

2.2.3. Laser Pyrolysis Synthesis. Laser pyrolysis involves reso-
nant energy transfer between laser photons and a gaseous
species, reactant, or sensitizer [45]. This technique is com-
monly categorized as a vapor-phase synthesis process utilized
for producing a nanomaterials (NMs) [43, 46]. In a typical

Temperature gradient

N2

MoO3

S

Resistance heater

AuNP/Si

Au (111)

Figure 6: A schematic representation of CVD process of MoS2 shell growth on Au nanoparticles. Reproduced with permission from [29].
Copyright © 2020, American Chemical Society.

CdCO3
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CdCO3

CO2

CO2

1 2 3

CdO
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Thermal decomposition reaction

CdO with trapped CO2

CdCO3 CdO + CO2⇆

Figure 5: A schematic illustration of the mechanism of formation of nanoporous CdO upon thermal decomposition of high-quality CdCO3
microcrystals at 500°C for 30min. Also shown are the SEM images of the starting CdCO3 microcrystals and the resulting nanoporous CdO
(scale bar = 1mm). Reproduced with permission from ref. [22]. Copyright © 2007, American Chemical Society.
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laser pyrolysis process, the gaseous-phase precursors are
introduced to a chamber by a carrier gas (e.g., argon) where
the gaseous-phase precursors meet the laser beam. The
high-power laser beam (e.g., 2400W) generates elevated
localized temperatures which trigger the nucleation and
growth of nanoparticles [43, 45]. The nanoparticles are then
collected by a catcher equipped with a filter.

2.2.4. Green Synthesis. Green synthesis uses reducing agents
obtained from plant extracts to reduce aqueous species of
the metal in solution. An example is the reduction of Ag+

from an aqueous solution of AgNO3 using plant extracts such
as Clitoria ternatea, plants (green tea (Camellia sinensis),
alfalfa (Medicago sativa), lemongrass (Cymbopogon flexuo-
sus), and geranium (Pelargonium graveolens)) [47], Citrus
paradisi (Grapefruit red) [48], and Solanum nigrum as reduc-
ing agents [49]. Other biological agents such as bacteria
(Pseudomonas stutzeri AG259, Lactobacillus strains, etc.),
fungi (Fusarium oxysporum, Aspergillus flavus), and algae
(Lyngbya majuscula, Spirulina subsalsa, Rhizoclonium hiero-
glyphicum, and Chlorella vulgaris) may also be used as reduc-
ing agents for silver [47]. These agents present cost-effective
and environmentally friendly pathways for nanoparticle syn-
thesis. Silver nanoparticles, like magnesium oxide nanoparti-
cles, exhibit antimicrobial properties [50]. The antimicrobial
activity results from the interaction of silver ions with sul-
phuric groups in the cell membranes of bacteria and other
microorganism [51]. Pure silver nanoparticles are character-
ized by high toxicity and low stability, an aspect that limits
their antimicrobial activity and consequently their applica-
tion in water purification systems. For this reason, synthesis
of silver nanoparticles for water filtration is designed in such
a way that they are stabilized through surface engineering,
impregnated with other materials placed on substrates [52].
Some of the substrates that support silver nanoparticles
include sand, zeolites [53], fiberglass [54], activated carbon
[55], blotter paper [56], cellulose filters [57], ceramic filters
[58], or polyurethane foams [59] among others. Materials
used for impregnation of silver nanoparticles include
polyamide-66 [60] and chitosan [48] among others. Some
stabilizing agents are amine functionalized hydrosoluble
silicone wax [60], chitosan, gelatin hydrogel [61], or dithio-
carbamate ligands [62].

3. Characterization of Nanostructures

The most common characterization of nanostructures is in
terms of shape and morphology and due to their exceedingly

small size, dedicated tools and special techniques are usually
required [1]. This information is usually obtained by various
imaging techniques. For example, X-ray diffraction spectros-
copy is usually used to give information on the crystalline
structure of the nanostructured material synthesized and to
determine the particle size. It therefore presents a suitable
technique for studying size modulation of nanoparticles as
a function of changes in dopants, temperature, and synthesis
time among other parameters [63]. Further, changes in the
crystallinity of synthesized nanostructures with changing
degree of doping can be studied using Raman spectroscopy.
This is inferred from changes in the vibration modes of the
nanomaterial as a result of structural distortions (surface
defects) caused by various dopant compositions. The changes
may include signal resolution, broadening, or shifting [64].
Likewise, transmission electronmicroscopy (TEM) and scan-
ning electron microscopy (SEM) can provide microstructural
elucidation with varying dopant percentages and also give an
estimate of the particle sizes [65]. Furthermore, both TEM
and SEM can offer information on the level of aggregation
or nonaggregation of the synthesized nanostructures. For
instance, it is found that synthesized MnFe2O4 form aggre-
gates but when coated with a Mn–Co oxide layer, the nano-
particles become nonaggregated [66].

X-ray photoelectron spectroscopy (XPS) is another
technique used in the characterization of nanostructures to
provide their atomic composition. Since the properties of
nanomaterials can significantly be modified by altering
atomic composition of the core material or the dopant, the
use of XPS can enable one to optimize the respective rations
of each species in the nanomaterial. A further understanding
of inner architectural properties of nanocomposites is impor-
tant since they determine the amount of adsorption sites
available. These can be inferred from the study of micropo-
rosity and specific surface areas using suitable adsorption
isotherms such as the Langmuir adsorption isotherm, Freun-
dlich adsorption models, or Brunauer-Dening-Dening-Teller
[63, 65]. To probe the interaction between nanostructures
and bacteria, atomic force microscopy (AFM), transmission
electron microscopy (TEM), and laser confocal microscopy
(LCM) are used. This is confirmed by observing changes in
the integrity of the cell membranes, resulting in the death
of the bacteria. Inductively coupled plasma mass spectrome-
try (ICP-MS) may be used to quantify the concentration of
silver ions leached from the nanocomposite matrix after a
specified contact time with water samples containing the tar-
get microorganism [60]. Fourier transform infrared (FTIR) is
also used to study the chemical interaction of various
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Figure 7: A schematic representation of sol-gel synthesis [38].
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functional groups during synthesis and also to confirm suc-
cessful surface modification of the nanocomposites [67].

4. Application of Nanostructures in Sensors

A sensor is a device which can detect variable quantities,
usually electronically, and converts the measurement into
specific signals [68, 69]. The most important requirements
of sensors are diversity, sensitivity, accuracy of information
extracted, selectivity, and stability [68] which can enable us
to monitor the environment around us and to use that
information for different purposes [69]. There has been an
increasing demand for the development of new sensor
devices with specific characteristics such as improved sensi-
tivity, low cost, faster response, reliability, rapider recovery,
reduced size, in situ analysis, and simple operation [70] [71,
72]. Nanostructured materials have shown great potential
in improving these properties for chemical and biological
sensors [73]. Various nanostructured materials have been
used in manufacturing nanosensors. For example, nanoscale
wires (capability of high detection sensitivity), carbon nano-
tubes (very high surface area and high electron conductivity),
thin films, metal and metal oxide nanoparticles, polymer, and
biomaterials [74]. Since very many nanostructured materials
have been used in sensors, in the next section, we provide an
extensive review of the recent developments of metal, metal
oxides, carbon nanotubes, and polymer nanostructured
materials in sensors.

4.1. Metal Nanostructures in Sensors.Metal nanoparticles are
known to have unique physical and chemical properties
which make them extremely suitable for designing new and
improved sensing devices especially electrochemical sensors
and biosensors [75, 76]. Various metal nanoparticles such
as gold (Au), silver (Ag), platinum (Pt), palladium (Pd), cop-
per (Cu), and cobalt (Co), including rare earth metals, have
been used in fabricating electrochemical sensors and biosen-
sors, and they normally play different roles in diverse sensing
systems [75]. The importance of these roles includes the
immobilization of biomolecules, the catalysis of electrochem-
ical reactions, and the enhancement of electron transfer
between electrode surfaces and proteins, labeling biomole-
cules as well as acting as a reactant [75]. Metal nanoparticles
can be used as analytical transducers in various sensing
principles as well as signal amplification elements [77]. The
combination of greatly resourceful nanoparticle sensing
principles with recognition elements has resulted in bioas-
says with fast responses and visual outcome, appropriate
for use in resource constrained environments [77]. For exam-
ple, silver and gold nanoparticles have been used in the devel-
opment of biosensors for point of care disease diagnosis [12].

The interparticle plasmon coupling of the nanoparticles
leads to color changes which have been widely used in bio-
sensors based on aggregation of the nanoparticles. For exam-
ple, small gold nanoparticles are red and well dispersed but
turn blue or purple on aggregation [78] while silver nanopar-
ticles are yellowish brownish when dispersed but turn black
when they aggregate [79]. The fundamental property of these
nanoparticles has been used in the development of colori-

metric sensor arrays with the potential of rapidity of analysis,
which are cost effective and easy to use since they can provide
naked eye observations [80]. A number of biosensors based
on this predictable color changes such as biosensors for
detection of α-1-fetoprotein [81], antihepatitis B virus anti-
bodies in human serum [82], breast cancer biomarkers [83],
mycobacterial of the Mycobacterium tuberculosis complex
[84], human immunodeficiency virus type 1 DNA [85], toxic
metal pollutants [86], and organochlorine endosulfan pesti-
cide (ESP) [87] as shown in Figure 8 have been developed.

Graphene sheets which were decorated with green
synthesized gold nanoparticles have been reported for label-
free electrochemical impedance hybridization sensing of
biomolecules such as HCG hormone in pregnant women
due to their plasmon resonance [88–90]. By mixing 500μl
of biosynthesized gold nanoparticle solution with the same
volume of the test sample and testing the solution using a
pregnancy test strip, the authors found that the gold nano-
particles changed color into pink when pregnancy was posi-
tive and gray when negative. They further claimed that the
method was 100% accurate for pregnancy diagnosis and
can be used as an alternative method for a urine pregnancy
test [89, 90].

Gold nanoparticles synthesized from patuletin isolated
from Tagetes patula which was used as a capping and reduc-
ing agent as reported by Muhammad et al. were used as a
chemosensor for piroxicam. In their work, they conjugated
the gold nanoparticles with the patuletin, and the conjugate
was found to be 63.2 by weight. They then examined the
conjugate as a potential chemosensor with different drugs,
but only one drug, piroxicam, was found to quench lumines-
cence which followed Beer’s law in a concentration range of
20–60μM. The quenching was also found to be stable at dif-
ferent pH, elevated temperatures, or addition of other drugs,
and hence, they concluded that it could be important for
molecular recognition applications [91].

Green synthesized silver nanoparticles from the aqueous
solution of polysaccharide of guar gum (Cyamopsis tetrago-
noloba) plants displayed exceptional optical property
towards ammonia with a very short response time of between
2 and 3 seconds and a detection limit of 1 ppm at room tem-
perature [92, 93], and hence, this optical property towards
ammonia at can be used as a sensor for the detection of
ammonia level in biological fluids such as plasma, saliva,
cerebrospinal liquid, and sweat [92, 93]. Silver nanoparticles
embedded in polymers have also been used in sensors as
reported in a study by Kariuki and coworkers [94] where they
embedded silver nanoparticles in poly (amic) acid (PAA)
polymer matrix (PAA-Ag NPs) for the detection of nitroben-
zene. They found that the PAA–Ag nanoparticles based sen-
sor showed a detection limit of 1.68mM with a wide linear
range of 10–600mM and a high sensitivity of 7.88mAmM−1

with low interference on structurally similar nitroaromatic
compounds [94].

Silver nanoparticles can also enable sensing of various
analytes by tagging them with the nanoparticles. In a study
reported by Sepunaru et al. [95], silver nanoparticles were
used to tag influenza virus which led to efficient electrochem-
ical detection of the virus since the magnitude and frequency
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of the current increased linearly with the increasing virus
concentration as well as the increasing surface coverage of
the silver nanoparticles [95].

Platinum nanoparticles usually reveal good catalytic
properties and have also been used in sensors or various ana-
lytes. For example, they have been used in sensors developed
for the detection of hydrogen peroxide [96–99], cholesterol
[100], mercury ions [101], and hydrogen [102].

Palladium nanoparticles are also characterized by their
extensive catalytic properties and hence have found sensor
applications towards gases, biomolecules, and hazardous
toxic molecules [74]. Palladium nanoparticle-based materials
are said to exhibit high electrocatalytic activity towards dif-
ferent target analytes. Palladium is also abundant over other
noble metals such as platinum and gold, and this is making it
a cheaper substitute for developing a number of electrochem-
ical sensors [74]. Palladium in combination with other mate-
rials such as graphene forms nanocomposites which have
been found to improve the mass diffusion of analytes. The
nanocomposites normally offer electron tunneling which
enables electron transfer between the active site and the elec-

trode hence leading to effective electrochemical sensing per-
formance [74]. A nanocomposite of pd and pt has been used
to develop a sensor for nitrite [103, 104]. Another study
reported a nanocomposite of palladium nanoparticles with
polypyrrole which was used to develop a sensor for the detec-
tion of nitrates [105], while another study reported a nanocom-
posite of palladium nanoparticle with polyvinylpyrrolidone to
detect hydrogen peroxide [106].

Copper is also another metal which has fascinated many
researchers as an ideal material for use in sensors since it has
good stability, outstanding electrical conductivity, electrocat-
alytic properties, and low cost when compared with noble
metal such as platinum, gold, and silver [74]. Copper-based
nanostructured materials have very many exceptional prop-
erties which include high mass-transport rate, high surface
to volume ratio, and the improved signal-to-noise ratio in
electroanalytical measurements [74]. For example, copper
nanoclusters prepared via a simple one-step electrodeposi-
tion process on platinum electrode were used to determine
nitrates [107]. Also, cetyltrimethylammonium bromide-
(CTAB-) capped copper nanoparticles (CTAB-Cups) have
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been used as a colorimetric probe for the detection of dithio-
carbamate pesticides [108]. Another study reports colorimet-
ric copper-based sensors for the detection of mercury-(ii)
ions [109].

4.2. Metal Oxide Nanostructures in Sensors. Semiconductor
metal oxide-based nanostructured materials have been
expansively used as sensors in numerous applications since
they can enhance the sensor’s performance due to their small
crystallite size [110]. Semiconducting metal oxide- (SMOX-)
based sensors are small, robust, inexpensive, and sensitive
and easy to produce, making them highly attractive for hand-
held portable medical diagnostic detectors [110, 111]. They
have been used to produce highly sensitive gas sensors
mainly because of their good chemical reliability, real-time
monitoring, and easy fabrication [112]. For example, a 3D
nanoheterojunction layout of nickel oxide-zinc oxide (NiO-
Zn) p-n semiconductors with a grain size of ≈20 nm nano-
meters and a porosity of ≈98% for the rapid room tempera-
ture chemical sensing of volatile organic compounds has
been reported by Chen and coworkers [113]. In their work,
they observed the sensor response was increased by more
than four times, while the limit of detection was improved
by decorating the ZnO nanoparticle networks with NiO.
Under solar light irradiation, the optimal NiO–ZnO nanohe-
terojunction networks demonstrated a strong and selective
room temperature response to two important volatile organic
compounds utilized for breath analysis. Likewise, ZnO/gra-
phene oxide (GO) nanosheets, synthesized using the wet-
chemical method with an additional calcining treatment,
for the tremendous sensing of acetone as a target gas have
been reported [114]. The excellent sensing performance was
ascribed to the synergistic effects between ZnO nanosheets
and GO, which included a unique 2D structure, large specific
surface area, suitable particle size, and abundant in-plane
mesopores [114]. A ZnO/In2O3 heterostructure-based sensor
for ethanol gas at 240°C has been reported [115]. The sensor
was found to exhibit a response as high as 170 toward 50 ppm
of ethanol, which is about 3.3 times higher than that of pure
In2O3-based sensor as well as excellent selectivity, good long-
term stability, and moderate response and recovery speed
(35/46 s) toward ethanol [115].

Tungsten trioxide (WO3), the second most commonly
used semiconducting metal oxide in gas sensors, has been
reported to show high sensor responses to several biomarkers
found in breath, e.g., acetone, ammonia, carbon monoxide,
hydrogen sulfide, toluene, and nitric oxide since the modern
material science allowsWO₃ samples to be tailored to address
certain sensing needs [111]. For example, Pt-functionalized
WO3 hemitubes and graphene-functionalized WO3 hemi-
tubes for the detection of acetone (CH3COCH3) and hydro-
gen sulfide (H2S) which are biomarkers for the diagnosis of
diabetes and halitosis have been reported [116, 117]. Both
studies reported remarkable selectivity, enhanced sensitivity,
and low detection limits offering a potential platform for
application in diabetes and halitosis diagnosis. These
superior sensing properties were ascribed to the electronic
sensitization of graphene and platinum-based materials by
modulating space-charged layers at the interfaces between

n-type WO3 hemitubes and p-type graphene-based mate-
rials, as identified by Kelvin Probe Force Microscopy
(KPFM). The rapid response and superior sensitivity of the
proposed sensing materials was found to follow cyclic
thermal aging which demonstrated a good potential for
real-time exhaled breath diagnosis of diseases [116, 117].

Graphene-functionalized tin oxide (SnO2) nanofibers
(NF)/nanosheets (NS) have also been reported in the detec-
tion of acetone and hydrogen sulfide levels in exhaled human
breath as biomarkers for diabetes and halitosis [118] as well
as for the detection of formaldehyde (HCHO) [119, 120].
The sensors exhibited high sensitivity and low detection
limits which was ascribed to the high specific area, suitable
electron transfer channels, and the synergistic effect of the
SnO2 NF/NSs and the graphene oxide network [118–120].
Another study reports a 3D hierarchical In2O3@SnO2 core-
shell nanofiber (In2O3@SnO2) designed using vertically
aligned SnO2 nanosheets uniformly grown on the outside
surface of In2O3 nanofibers and tested for the sensing
performance of formaldehyde (HCHO) [121]. The sensing
performance of the In2O3@SnO2 nanocomposite was found
to possess the highest response value, fast response/recovery
speed, best selectivity, and lowest HCHO detection limit
which were attributed to the synergistic effect of large specific
surface areas of SnO2 nanosheet arrays, abundant adsorbed
oxygen species on the surface, unique electron transformation
between core-shell heterogeneous materials, and long elec-
tronic transmission channel of SnO2 transition layer [121].

Another study reports chromium (III) oxide nanoparti-
cles coated with tin oxide nanofibers (Cr2O3 NPs. coated
SnO2 NFs.) synthesized using a sol-gel process and an elec-
trospinning method and characterized by X-ray diffraction
(XRD), scanning electron microscope (SEM), X-ray energy
dispersive spectroscopy (EDS), and X-ray photoelectron
spectroscopy (XPS) [112]. The Cr2O3 NPs. coated SnO2
NFs were found to exhibit low optimal operating tempera-
ture, high sensing response, excellent response-recovery
time, and long-term stability to C2H2 [112].

All the examples described above clearly show that incor-
porating nanostructured materials into the sensors led to
improved performances in terms of increased sensitivity,
selectivity, stability, and detection limits.

4.3. Carbon Nanotubes in Sensors. Carbon nanotubes (CNTs)
are theoretically cylindrical fabricated rolled up graphene
sheets which can be classified single walled carbon nanotubes
(SWCNTs) or multiwalled carbon nanotubes (MWCNTs)
[122, 123]. The SWCNTs normally consist of a single graph-
ite sheet flawlessly wrapped into a cylindrical tube, while
multiwalled carbon nanotube (MWCNTs) comprise an array
of such nanotubes [124]. Although CNTs are made of carbon
with similar dimension aspect ratio, they can be either metal-
lic or semiconducting depending on the rolling up of the gra-
phene layers [123]. They normally have a high aspect ratio
which makes them suitable for functionalization through
chemical or physical methods [123]. They can be produced
via the chemical vapor deposition method which has the
advantage to be scalable, to allow large-area deposition, and
to provide CNTs that are already attached onto a substrate
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and hence easy to be collected [125]. They are said to have
amazing electrical, mechanical, and thermal properties as
well as partial antibacterial activity due to their high aspect
ratio and high surface area [126]. The high sensitivity of the
electronic properties of nanotubes to molecules adsorbed
on their surface and the unparalleled unit surface providing
for this high sensitivity make CNT a promising starting
material for the development of super miniaturized chemical
and biological sensors [127, 128]. The operation of the CNT-
based sensors is established on the changes in the V-I curve
of the nanotube as a result of adsorption of specific molecules
on their surface [127] which is one of their most promising
applications in electronics. The sensors should have a high
sensitivity as well as fast response and recovery [127]. Carbon
nanotubes have been used in gas sensors, biosensors, photo-
sensors, and pressure sensors among others. In this section,
we will provide a review of the current advances of carbon
nanotubes in sensor application.

4.3.1. Carbon Nanotubes in Gas Sensors. Gas sensors are
chemical sensors, which have found widespread applications
in industry, environmental monitoring, space exploration,
biomedicine, and pharmaceutics [129]. Highly sensitive and
selective gas sensors are required to detect leakage of explo-
sive gases such as hydrogen and also for real-time detections
of lethal or pathogenic gases in industries [129]. Due to the
increasing global warming, there is also a strong demand of
sensitive and selective gas sensors which can monitor and
control our ambient environment [129]. The most common
gas sensing principle is said to be the adsorption and desorp-
tion of gas molecules on the sensing materials, and therefore,
increasing the contact interfaces between analyte and the
sensing material can significantly enhance the sensitivity of
gas sensors [129]. The CNTs are known to possess a huge
specific surface and a robust van der Waals binding energy,
which can provide well-defined adsorption sites for gas
molecules which enable the application of CNTs to be an
adsorbent to remove some undesirable gases and a sensor
to react with target gases reflected by self-changes of
physiochemical properties [129, 130] as illustrated in
Figure 9. Carbon nanotube-based gas sensors have been
widely considered due to their prominent properties such
as faster response, enhanced sensitivity, and lower operating
temperature [131, 132].

The adsorption ability of the CNTs has been found to
change through doping metal or nonmetals on the sidewalls
[130]. When the dopant atom(s) are coupled with the carbon
can cage, they constitute a mutual area which exerts a great
influence on the adsorption behaviors of the as-produced
CNTs for gas [130]. Sensing of gas molecules using the
adsorption properties of CNTs doped with different metals
such as Pt [134], Au [135], Pd [136], Ni [137], Al [138],
and nonmetals such as B and N [139] has been reported. In
a study reported by Zhang et al. [140] where they studied
the gas-sensitive response of Pd-SWCNT sensors to five dif-
ferent kinds of SF6 decomposition gases (SO2F2, SOF2, SO2,
H2S, and CF4), they found that the conductivity of the
nanotube increases once exposed to adsorbed gases with
SO2 having the highest conductivity while CF4 decreased

[140]. An Au-CNT-based sensor has also been shown to
selectively detect H2S and SO2 as reported by Zhang et al.
[141]. In their study, they found that Au-SWCNTs had better
sensitivity than non-doped SWCNT in response to H2S and
SO2. They also found that the Au-SWCNT possessed a
rewarding response to the two analytes where an increase
in conductivity was realized in response to SO2 since there
was a plentiful electron transfer to SO2 from the Au-
SWCNTs as opposed to a decline in tube conductivity for
the case of H2S where there was an electron shift from the
H2S to the SWCNTs. These results indicated that, based on
the change of the nanotube conductivity, the Au-SWCNT-
based sensors can selectively SO2 and H2S gases.

Likewise, NiCl2-doped MWCNT sensors prepared by
ultrasonic NiCl2·6H2O crystal suspension liquid of carbon
nanotubes when tested for the gas response of SF6 decompo-
sition products have been reported [142], and the sensor was
found to have a high sensitivity and fast response to SO2F2
and SOF2, compared to SO2. Their results also indicated that
MWCNTs modified by functional groups are sensitive to
H2S, and MWCNTs modified by metal have a strong
response to SO2F2 confirming that the selectivity of CNT-
based materials in detecting such gases can be achieved
[142]. Other than doping the CNTs using metals, studies
have also shown that modified CNTs using the hydroxyl
and carboxyl functional groups have the potential to detect
H2S as well as SO2 [143, 144].

Nitrogen dioxide (NO2), a highly reactive gas and used
mostly as a catalyst in oxidative reactions, for manufacturing
explosives, as a polymerization inhibitor, and as rocket fuel,
has been detected using SWCNTs and MWCNTs. SWCNTs
functionalized with poly(m-aminobenzene sulfonic acid)
have been reported to detect NO2 and ammonia NH3 gases
at low concentrations with the lowest detected concentration

Groove

E
B
 = 0.119 eV

𝜎 = 45 m2/g

E
B
 = 0.062 eV

𝜎 = 783 m2/g

E
B
 = 0.089 eV

𝜎 = 22 m2/g

E
B
 = 0.049 eV

𝜎 = 483 m2/g

Pore

Channel

Surface

Figure 9: Schematic structure of a SWNT bundle showing the
available sites for gas adsorption. Dashed line indicates the nuclear
skeleton of the nanotubes. Adapted from [129], an open access
article. Binding energies EB and specific surface area contributions
(σ) for H2 adsorption on these sites are as indicated in [133].

10 Journal of Nanomaterials



for NO2 being 20ppb [145]. This was attributed to the func-
tionalization of SWCNTs which was found to improve the
processing capability and sensitivity of the sensors. Multi-
walled carbon nanotubes (MCNTs) have also been used to
develop NO2 gas sensors which are capable of measuring
low concentration going down to 0.1 ppm [146]. Another
work has reported the detection of NO2 using a combination
of SWCNTs and MWCNTs on porous silicon wafers which
was done at different temperatures [147]. Their results
indicated that the equal sensitivity for the two types of CNTs
was achieved with higher temperatures for the SWCNTs as
compared to theMWCNTs. A nanocomposite withMWCNTs
using poly(thiophene-3-[2-(2-meth-oxyethoxy)ethoxy]-2,5-
diyl) (PThME) and 3-thiopheneacetate additive has also been
reported to detect NO2 [148]. The detection range for
NO and NO2 from this study was found to be between
2 and 5ppm while sensitivity in the response of these
nanocomposite-based devices increased with the increase
in temperature ranging between 25°C and 100°C [148].

Other gases which have been detected using carbon
nanotubes include ammonia NH3 [149–152] gas, carbon
monoxide (CO) gas [153–157], and chlorine gas [158–160]
among others.

4.3.2. Carbon Nanotubes in Biosensors. A biosensor can be
defined as a device that uses biochemical reactions to detect
an analyte and a physiochemical component to produce a
measurable signal [161]. It is normally composed of three
components, the biological element or biomolecules, trans-
ducers, and detector as illustrated in Figure 10. The biological
element is responsible for detecting the analyte and generat-
ing a response signal which is then transformed into a detect-
able response while the detector amplifies the processes and
the signals before displaying it using a display system [162].
The biological elements are normally immobilized on the
sensor surface, and their interaction with the analyte of
interest generates a response signal which can be either an
electrochemical signal, optical signal, or colorimetric signal.

The sensitivity and selectivity of the biosensors depend on
the immobilization of the biological elements. Due to their
unique properties described earlier, carbon nanotubes
(CNTs) can serve as platforms for immobilization of biomol-
ecules at their surface, combining their exceptional physical,
chemical, electrical, and optical characteristics which make
them one of the best suited materials for the transduction
of signals associated with the recognition of analytes, metab-
olites, or disease biomarkers [123, 163, 164] as illustrated in
Figure 9 [163]. For example, CNTs have been used to develop
electrochemical biosensors whose principle of action is based
on oxidation and reduction reactions between the biomole-
cules and the analytes. Carbon nanotubes modified by redox
polymers serving as a catalyst for the interaction of the
biomolecules and the analyte have been reported [165]. The
combination of CNTs with the polymers has been found to
improve the electrical conductivity and mechanical strength
of the hybrid material and hence the sensitivity of the
biosensor [165]. Such combinations have been reported in
biosensors for the detection of glucose, uric acid, hydrogen
peroxide, ascorbic acid, dopamine, folic acid, cancer cells,
and deoxyribonucleic acid (DNA) [163, 166–171].

Optical carbon nanotube-based biosensors have also
been reported on the detection of cancer cells through
changes in the emission of light (ultraviolet, visible, or infra-
red) [172, 173]. In all the applications described above, the
CNTs have been used to improve the immobilization of the
biological elements which in turn led to an enhanced sensi-
tivity, selectivity, and response time of the target analytes.

4.3.3. Carbon Nanotubes in Photo Sensors. A photo sensor
can be defined as an electronic component that can detect
the presence of visible light, infrared transmission, and/or
ultraviolet (UV) energy [174]. They consist of semiconduc-
tors with photoconductivity in which electrical conductance
can vary depending on the intensity of the radiation striking
the material. They can be used for integrating natural and
electrical lighting [175]. Due to their optical properties,

Electrochemical
detection

Fluorescent
microscopy

BSA

Cancer cells

Folic
acid

CNT

Substrate

(a)

Ta substrate
Self-assembly

CNT

Hybridization
+ –

Dehybridization

Au NP
Probe DNA
Target DNA

(b)

Figure 10: (a) Schematic illustration of carbon nanotubes immobilized on a sensor surface for an enhanced electrochemical detection of
cancer cells. (b) Schematic representation of gold nanoparticles/aligned CNTs immobilized for an electrochemical DNA biosensor for
cancer detection. Adapted from [163], an open access article.

11Journal of Nanomaterials



CNTs have been used in photo sensors since when a high
energy photon hits a semiconducting CNT, it generates an
electron/hole pair within the nanostructure. A built-in
potential then separates the two charge carriers enabling a
photocurrent to be measured which is the concept behind
CNT-based photo sensors [123].

A flexible CNTs photo sensor array for light detection has
been reported [176]. In this study, the CNTs for light detec-
tion were embedded into a flexible parylene-C film and the
photo sensor array fabricated using micromachining pro-
cesses. Their results indicated an output photocurrent which
varied linearly with the input light intensity [176]. A fabri-
cated visible photo sensor based on the on double-walled
carbon nanotube (DWCNT) film/Cu2O nanoparticle (NP)
film/TiO2 nanotube array (TNA) heterojunctions has been
reported [177]. Their results indicated an enhanced optoelec-
tronic performance when compared to that of the heterojunc-
tions without Cu2O nanoparticles. Carbon nanotubes can also
be used to improve the selectivity of photo sensors. For exam-
ple, perovskite/carbon nanotube hybrids were used to develop
a photo sensor which could distinguish between ultraviolet, vis-
ible, and infrared spectrum [178]. In this study, the authors used
organo-lead halide perovskites (CH3NH3PbX3) which possess
remarkable optoelectronic properties and tunable optical band
gaps by changing the halogens and when integrated with
SWCNTs can further improve their photoresponsivity [178].
The CH3NH3PbCl3-based photo sensor showed a responsivity
up to 105AW−1 to ultraviolet and no obvious response to visi-
ble light, which is superior to that of most ultraviolet sensors
[178] while the CH3NH3PbBr3-based photo sensor was found
to exhibit a high responsivity to visible light [178], and there-
fore, by changing the halogen, the photo sensor is able to distin-
guish between the different electromagnetic radiations.

4.3.4. Carbon Nanotubes in Pressure Sensors. A pressure sen-
sor is a device that can sense pressure and convert it into an

electric signal where the amount depends upon the pressure
applied [179]. Freestanding films containing vertically
aligned CNTs are said to exhibit supercompressible foam-
like behavior [180], whereas ultralong CNT blocks can act
as pressure or strain sensors, exhibiting reversible electrical
conductivities and a compressive strain response [181] and
therefore can be used in pressure sensors. For example, a
pressure sensor based on the arrangement of vertically
aligned carbon nanotubes (VACNTs) which was supported
by a polydimethylsiloxane (PDMS) matrix has been reported
[182]. In this study, the VACNTs embedded in the PDMS
matrix were structurally flexible and were able to provide a
repeated sensing operation due to the high elasticities of both
the polymer and the carbon nanotubes (CNTs) [182]. To
accomplish flexible functional electronics, the VACNT-
based pressure sensor was incorporated into a field-effect
transistor, fabricated using sprayed semiconducting carbon
nanotubes on plastic substrate [182]. In another study, func-
tionalized carbon nanotubes on nonconductive fibers coated
by electrophoretic deposition (EPD) onto a backing electrode
followed by film formation onto the fibers creating a conduc-
tive network have been used to develop a pressure sensor
[183]. The pressure sensor displayed a large in-plane change
in electrical conductivity with applied out-of-plane pressure
[183] indicating resilience of the nanocomposite interphase
which enabled sensing of high pressures without permanent
changes to the sensor response as well as showing high
repeatability [183].

4.4. Polymer Nanocomposites in Sensors. Polymer nanocom-
posites comprise a class of materials formed by at least finely
dispersed phase with nanomaterials such as nanoparticles,
nanotubes, or nanosheets [184–186]. They are superior type
of tools in which the nanomaterials are spread in a polymer
matrix resulting in innovative materials with unique physical
and chemical properties [184, 185, 187–193]. The polymer

Table 1: Sensors based on polymer nanocomposites.

Polymer nanocomposite (sensory material) Analyte Detection limit Reference

Zinc oxide nanoparticles intercalated into polypyrrole (ZnO-PPy) Xanthine 0.8 μM [196]

Polypyrrole nanosheets decorated with platinum nanoparticles (PPy-Pt) Hydrogen peroxide 0.6 μM [197]

NiCo2O4-polyaniline (NiCo2O4-PANI) Glucose 0.3833μM [198]

Graphene polyaniline nanocomposite- (GR–PANI-) modified glassy
carbon electrode (GCE) (GR-PANI-GCE)

4-Aminophenol 6:5 × 10−8M [199]

Graphene-polyaniline-horseradish peroxidase (Grp-PANI-HRP) Malaria drug Artesunate 0.012 ngmL−1 [200]

Polyaniline and zirconia nanocomposite film (PANI-ZrO2) Esomeprazole 97.21 ngmL−1 [201]

Gold-polyaniline-graphene nanocomposites (Au-Grp-PANI) Nitrite 0.01 μmol L−1 [202]

Polypyrrole/graphene nanocomposite (PPy-Grp-GCE) Adenine, guanine 0.02 μM and 0.01μM [203]

Polypyrrole/graphene oxide nanosheets (PPy-GrpO) Dopamine 73.3 nM [204]

Praphene-poly(3,4-ethylenedioxythiophene) (graphene–PEDOT)
nanocomposite film with ascorbate oxidase (AO) entrapped
(Grp-PEDOT-AO)

Ascorbic acid 2.0 μM [205]

Graphene-polyaniline-Bi2O3 (Grp-PANI-Bi2O3) composite
Anti-inflammatory drug

Etodolac
10.03 ngmL−1 [206]

Copper phosphate nanospheres, polymerized dopamine
hydrochloride (Cu3(PO4)2/PDA/Ab2|GCE)

C-reactive protein 0.13 pgmL−1 [207]
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matrix can be made from a variety of polymers such as
polyamides, polyethersulfone, polyurethanes, polyamic acid,
poly(vinylidene fluoride) (PVDF), poly(vinyl alcohol)
(PVA), polyacrylonitrile, or polytetrafluoroethylene (PTFE)
among others [184, 194]. Polymer nanocomposites (PNCs)
have electrochemical properties and can be used as transduc-
ers in the development of electrochemical sensors and
biosensors since they have high electrical conductivity rate,
large surface area and fast electron rate leading to high sensi-
tivity, and selectivity and low detection limits of the sensors
[195]. In addition, the interactive fillers in the PNCs facilitate
ion diffusion that impacts the sensing applications through
intercalation into the PNC matrices leading to better stability
of active electron transfer sites and detection limits [195].
These active fillers help in reducing the layer thickness in
PNC leading to ultrathin electrochemical detector technol-
ogy [195]. Based on these properties of PNC, they have been
used in the development of sensors for various analytes some
of which are summarized in Table 1.

5. Conclusions and Future Perspectives

In this review article, we have discussed fabrication tech-
niques of different nanostructures as well as their applica-
tions of in the field of sensors. Owing to their superior
physicochemical and plasmonic properties of nanostruc-
tured materials, they have generated a great deal of interest
in many sensing applications. Though the potential uses of
these nanostructures in sensors applications are numerous,
there are a few limitations which might hinder these applica-
tions. For example, gas sensors based on carbon nanotubes
have been found to lack selectivity [123]. This lack of selectiv-
ity is a major roadblock which can hamper further usage of
these CNT-based devices; though this can be mitigated by
coupling of the CNTs with other materials, more work needs
to be done to improve their selectivity. There are also techni-
cal difficulties of nanostructure fabrication as well as serious
concerns about nanostructure toxicity which might vary
depending on the physical characteristics of each new parti-
cle type. Further research is therefore required to evaluate
and solve these issues. The sustainability of the nanostruc-
tured materials which is very important has not been fully
investigated, and therefore, it would be important to look
into their sustainability in sensor applications. If the issues
can be overcome, the high sensitivity, specificity, reduced
cost, portability, and reusability of nanostructures which
has been described in this review will make nanostructured
materials an appealing alternative to current sensors. This is
however achievable since there has been a continued progress
in the field of nanotechnology with increasing research in the
nanoscale which can lead to enhanced performance of the
existing sensors as well as the development of newer sensors
based on novel mechanisms.
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