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Welcome to the 7th International Conference in Vietham
on the Development of Biomedical Engineering

Vietnam is a rapidly developing, socially dynamic country, where interest in biomedical
engineering (BME) activities has grown considerably in recent years. The leadership of the
Vietnamese government, and of research and educational institutions, are well aware of the
importance of this field for the development of the country and have instituted policies to
promote its development. The political, economic, and social environment within the country
offers unique opportunities for the international community, and this conference was intended
to provide a vehicle for the sharing of experiences, development of support and collaboration
networks for research, and exchange of ideas on how to improve the educational and entre-
preneurial environment to better address the urgent needs of Vietnam. In the following, we
would like to share with you our history.

In January 2004, under the sponsorship of the U.S. National Science Foundation,
Prof. Vo Van Toi of the BME Department of Tufts University, Medford Massachusetts USA,
led a fact-finding U.S. delegation that consisted of BME professors from different universities
in the USA, and visited several universities and research institutions in Vietnam from North to
South to assess the state of development of this field. This delegation proposed a 5-year plan
that was enthusiastically embraced by the international scientific communities to actively
develop collaborations with Vietnam.

Within this framework, in July 2005, the First International Conference on the
Development of BME in Vietnam was held in Ho Chi Minh City. From that conference, a
Consortium of Vietnam-International Universities was created to advise and assist the
development of BME in Vietnamese universities.

In July 2007, the Second International Conference on the Development of BME in
Vietnam was held in Hanoi. During this event, the Vietnamese Association of Biomedical
Science and Engineering was endorsed by the Asia-Pacific International Molecular Biology
Network (AIMBN), BME Society Singapore (BESS), International Federation for Medical
and Biological Engineering (IFMBE), Société Francaise de Génie Biologique et Médical
(SFGBM), and IFMBE Asia-Pacific Working Group.

In March 2009, International University (IU) established its BME Department and the first
accredited Engineer in BME degree in Vietnam (code: 52.42.02.04). IU is a member of
Vietnam National Universities—Ho Chi Minh City (VNU-HCM), one of the two elite uni-
versity networks in Vietnam, and is the first public university in Vietnam that teaches all
courses in English. It was created as a new model to modernize the higher education in
Vietnam. The BME Department at IU has since coordinated with its national and international
counterparts to promote the activities of this field in Vietnam.

In January 2010, the Third International Conference on the Development of BME in
Vietnam was organized by IU in Ho Chi Minh City. It reflected the steady growth of the
activities in this field in Vietnam, and featured the contributions of researchers of 21 countries,
including Australia, Belgium, Canada, Denmark, France, India, Japan, Korea, Malaysia, New
Zealand, Philippines, Poland, Russia, Singapore, Spain, Switzerland, Taiwan, Thailand, UK,



USA, and Vietnam. The Conference was endorsed by the International Federation for Medical
and Biological Engineering IFMBE). It also hosted the Clinical Engineering Workshop of the
IFMBE Asia-Pacific Working Group. The contributed papers were published in the [IFMBE
Proceedings Series by Springer (ISBN 978-3-642-12019-0).

In January 2012, the Fourth International Conference on the Development of BME in
Vietnam was organized at IU of VNU-HCM as a Mega-conference. It was kicked off by the
Regenerative Medicine Conference (January 8-10, 2012) with the theme “BUILDING A
FACE” Using a Regenerative Medicine Approach, endorsed mainly by the Tissue Engineering
and Regenerative Medicine International Society (TERMIS) and co-organized by Prof.
Stephen E. Feinberg, University of Michigan Health System, USA, Prof. Anh Le, University of
Southern California, USA, and Prof. Vo Van Toi, International University-VNU-HCM,
Vietnam. It was followed by the Computational Medicine Conference, endorsed mainly by the
Computational Surgery International Network (COSINE) and the Computational Molecular
Medicine of German National Funding Agency; and the General BME Conference, endorsed
mainly by the International Federation for Medical and Biological Engineering (IFMBE)
(January 10-12) and co-organized by Prof. Paolo Carloni, German Research School for
Simulation Sciences GmbH, Germany, Prof. Marc Garbey, University of Houston, USA, and
Prof. Vo Van Toi, International University-VNU-HCM, Vietnam. It featured the contributions
of 435 scientists from 30 countries, including Australia, Austria, Belgium, Canada, China,
Finland, France, Germany, Hungary, India, Iran, Italy, Japan, Jordan, Korea, Malaysia, The
Netherlands, Pakistan, Poland, Russian Federation, Singapore, Spain, Switzerland, Taiwan,
Turkey, Ukraine, UK, USA, Uruguay, and Vietnam. Contributed papers were published in the
IFMBE Proceedings series, Vol. 40, Publisher: Springer, ISBN: 978-3-642-32183 in 2013.

The Fifth International Conference on the Development of BME was organized by [U
of VNU-HCM from June 16 to 18, 2014. Prof. Vo Van Toi of this institution was the
Conference General Chair. This Conference was a very special event. It officially opened the
season for celebration of the 20th Anniversary of VNU-HCM. It also marked the 10th
Anniversary of IU and the 5th Anniversary of the BME Department. This Conference featured
231 papers of 532 authors and co-authors from 26 countries including Australia, Bangladesh,
Belgium, Canada, China, Croatia, Czech Republic, Denmark, Finland, France, Germany,
India, Israel, Italy, Japan, Korea, Malaysia, Norway, Singapore, Slovenia, Switzerland, Tai-
wan, Turkey, UK, USA, and Vietnam. Almost all Vietnamese institutions have their dele-
gations. Besides Vietnam, the two countries that have the most contributors are the USA and
Australia. The plenary session featured the lectures from keynote speakers: (1) Prof. Ratko
Magjarevic, President of IFMBE; (2) Dr. Robert A. Lieberman, Vice-President of International
Society for Optics and Photonics SPIE; (3) Prof. Vo-Dinh Tuan, Director of Fitzpatrick
Institute for Photonics, Duke University, USA; (4) Prof. Christian Griesinger, Director of Max
Planck Institute for Biophysical Chemistry, Germany; (5) Prof. Anja Boisen, Director of VKR
Centre of Excellence ‘NAMEC’, Denmark; (6) Prof. Yin Xiao, Director of Australia-China
Centre for Tissue Engineering and Regenerative Medicine, Queensland University of Tech-
nology, Australia; (7) Prof. Yukio Nagasaki, Department of Materials Science and Medical
Sciences, University of Tsukuba, Japan; and (8) Prof. Fong-Chin Su, President of Taiwanese
Society of BME, Director, Medical Device Innovation Center, National Cheng Kung
University, Taiwan. The contributed papers were published in the IFMBE Proceedings Series
by Springer, Vol. 46, ISBN 978-3-319-11775 in 2015.

The social events were also organized to introduce to the international guests the Viet-
namese culture. Sponsors: Vietnam National Universities—HCMC and International
University Office of Naval Research Global, Arizona State University, Alberta University,
VikoMed, Trung Son (T.S.S.E.), Saigon Instrumentation Joint Stock Company (Saigon ISC),
ITS Vietnam, Saigon Scientists, and National Instruments. SPIE (USA), Technical
Co-sponsor, gave two awards to student papers in the field of Biophotonics.

The Sixth International Conference on the Development of BME in Vietnam was
organized from June 27 to 29, 2016 by IU, VNU-HCM and Saigon HiTech Park (SHTP). Prof.
Vo Van Toi was the Conference General Chair. The conference theme was Healthcare
Technology for Developing Countries. 417 authors and co-authors came from 23 countries
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including Australia, Canada, China, Finland, France, Germany, Hong Kong, India, Indonesia,
Italy, Japan, Korea, Malaysia, Norway, Portugal, Singapore, Spain, Taiwan, Thailand, UK,
USA, and Vietnam. Vietnam, Australia, USA, and Korea had the most contributors. Nine
distinguished Keynote Speakers gave their talks either in plenary sessions for the general
public or in parallel sessions with specific topics: (1) Prof. Jeff Bulte, Professor of Radiology,
Oncology, BME and Chemical & Biomolecular Engineering, Director, Cellular Imaging
Section, Institute for Cell Engineering, Johns Hopkins University School of Medicine, USA;
(2) Prof. Paolo Carloni, German Research School for Simulation Sciences GmbH and Institute
for Advanced Simulation (IAS), Germany; (3) Prof. John Huguenard, Director, Neuroscience
Graduate Program, Stanford University, Professional Advisory Board, Epilepsy Foundation,
USA; (4) Prof. Ryuji Kohno, Director, Medical Information and Communication Technology
Center, Yokohama National University, Japan, Distinguished Professor, University of Oulu,
Finland; (5) Dr. Sajeda Meghji, Emeritus Reader in Oral Biology, University College London
(UCL), UK; (6) Prof. Beom-Jin Lee, Dean of College of Pharmacy, Ajou University, Head
of the Pharmaceutical Research and Development Agency, Korean Pharmaceutical Manu-
facturing Associations, Korea; (7) Prof. Yu-Lung Lo, Distinguished Professor, Head of
Department of Mechanical Engineering, National Cheng Kung University, Taiwan; (8) Prof.
Yasuhiko Tabata, Chairman, Department of Biomaterials, Institute for Frontier Medical Sci-
ences, Kyoto University, Board of Governors, Tissue Engineering Society International,
Japanese Society of Biomaterials, Japanese Tissue Engineering Society, Society for Hard
Tissue Regenerative Medicine, Japanese Society of Inflammation and Regeneration, Japan
Society of Drug Delivery System, Japanese Regenerative Medicine Society, Japan; and
(9) Prof. Christopher Woods, Director of Master of Science in Global Health, Director of
Graduate Studies, Duke Global Health Institute, Duke University, Chief, Infectious Diseases
Division, Durham VA Medical Center, USA. Furthermore, 44 Invited Speakers gave their
talks or tutorial lectures in the parallel sessions including Materials for Biomedical Applica-
tions, Biomechanics, Lab-on-a-chip & Point-of-Care Technologies, Mathematical Modeling in
Medicine, Biophotonics, Public Health, Pharmaceutical Sciences and Biomedicine, Medical
Instrumentations, Healthcare Information Technology and Bioinformatics, Biomedical Signal
& Image Processing, Neuroscience and Neuroengineering, Advanced in Stem Cell and Cell
Reprogramming, Molecular and Cellular Techniques in Medicine, Ultrasonic Characterization
of Bone Tissues, and Advanced Molecular Simulation and Experimental Biophysical
Approaches for Drug Design.

In addition, the Vietnam—UK workshop in the BME field which was funded by the Newton
Fund Researcher Links of British Council, conjointly organized by Prof. Le Hoai Quoc
(SHTP), Dr. Le Chi Hieu (University of Greenwich), and Prof. Vo Van Toi (BME-IU), and
coordinated by Dr. Le Quoc Trung (BME-IU). Researchers from 10 UK universities:
(1) University of Greenwich, (2) Cardiff University, (3) North Umbria University, (4) Sheffield
University, (5) University of Hertfordshire, (6) Newcastle University, (7) Oxford University,
(8) London South Bank University, (9) University of Derby, and (10) Aston University, and
representatives of British Council participated. The last day of the workshop was devoted to a
round-table discussion among 21 Vietnamese and 12 UK researchers. Other activities included
a field trip to visit SHTP and a new medical device manufacturer, and social events were also
organized to introduce to the international guests Vietnamese culture. The contributed articles
were published in the “IFMBE Proceedings Series” by Springer, Vol. 63, ISBN:
978-981-10-4360-4, 2017. Sponsors included VNU-HCM, IU, Office of Naval Research
Global, US Army International Technology Center—Pacific, Springer, IFMBE, SHTP,
NAFOSTED, Newton Fund, Korea United Pharm. Inc., Global IMD Center, ESTC and others.

This Seventh International Conference in Vietnam on the Development of BME from
June 27 to 29, 2018 promotes the connections among research, entrepreneurship, and edu-
cation in BME with the theme Translational Health Science and Technology for Developing
Countries. It serves as a forum for researchers, educators, entrepreneurs, administrators, and
policy-makers to exchange intellectual ideas, discuss current problems, propose translational
solutions, and develop collaborative connections on translational research and technologies in
health care for developing countries. On behalf of the Organizing Committee, we would like to
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welcome all participants. Please peruse this book for useful information. The full-text accepted
articles are in the included USB. We wish you three happy and fruitful conference days. We
are looking forward to developing with you in-depth collaborations.

Ho Chi Minh, Vietnam Vo Van Toi
Trung Quoc Le

Hoan Thanh Ngo

Thi-Hiep Nguyen

Editing Team

Huynh Chan Khon Do Minh Thai

Pham Thi Thu Hien Nguyen Hoang Tuan
Nguyen Le Thanh An Nguyen Tu Khanh

Paul Milgram Nguyen Le Y

Le Thi Anh Tho Tu Thi Tuyet Nga
Nguyen Phuong Nam Truong Thi My Tien
Nguyen Thanh Tam Nguyen Ngoc Thao Quyen

Nguyen Hong Van Tran Thi Kim Ngan
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The International Federation for Medical and Biological Engineering (IFMBE) is primarily a
federation of national and transnational societies. These professional organizations represent
interests in medical and biological engineering. IFMBE is also a Non-Governmental Orga-
nization (NGO) for the United Nations and the World Health Organization (WHO), where we
are uniquely positioned to influence the delivery of health care to the world through
biomedical and clinical engineering.

The IFMBE’s objectives are scientific and technological as well as educational and literary.
Within the field of medical, biological, and clinical engineering, IFMBE’s aims are to
encourage research and application of knowledge and to disseminate information and promote
collaboration. The ways in which we disseminate information include the following: orga-
nizing World Congresses and Regional Conferences, publishing our flagship journal Medical
and Biological Engineering and Computing (MBEC), our Web-based newsletter—IFMBE
News, our Congress and Conference Proceedings, and books. The ways in which we promote
collaborations are through networking programs, workshops, and partnerships with other
professional groups, e.g., Engineering World Health.

Mission

The mission of IFMBE is to encourage, support, represent, and unify the worldwide medical
and biological engineering community in order to promote health and quality of life through
the advancement of research, development, application, and management of technology.

Objectives

The objectives of the International Federation for Medical and Biological Engineering shall be
scientific, technological, literary, and educational. Within the field of medical, clinical, and
biological engineering, its aims shall be to encourage research and the application of
knowledge and to disseminate information and promote collaboration.

In pursuit of these aims, the Federation may, in relation to its specific field of interest,
engage in any of the following activities: sponsorship of national and international meetings,
publication of official journals, cooperation with other societies and organizations, appoint-
ment of commissions on special problems, awarding of prizes and distinctions, establishment
of professional standards and ethics within the field, or in any other activities which in the
opinion of the General Assembly or the Administrative Council would further the cause of
medical, clinical, or biological engineering. It may promote the formation of regional, national,
international, or specialized societies, groups or boards, the coordination of bibliographic
or informational services, and the improvement of standards in terminology, equipment,
methods and safety practices, and the delivery of health care.

In general, the Federation shall work to promote improved communication and under-
standing in the world community of engineering, medicine, and biology.

XVii
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Abstract

Hemodynamic parameters play a very important role in
supporting physicians to diagnose and treat cardiovascular
diseases. This paper presents the results of the study on
designing of noninvasive hemodynamic monitoring
equipment using impedance cardiography (ICG). This is
a measurement method that shows many advantages and is
interested in the present. The equipment has ability of
measurement and monitoring hemodynamic parameters
include: heart rate HR; thoracic fluid content TFC; left
ventricular ejection time LVET; stroke volume SV;
cardiac output CO and ICG waveform. Results of
measurement between the research equipment BK-NICO
and the standard equipment of NICCOMO for 104
patients show that the hemodynamic parameters measured
by the two equipments are quite small difference. Specif-
ically, the average deviation of the parameters obtained,
HR is 0.16 bpm, TFC is 0.73 1/kQ, LVET is 5.95 ms, SV
is 0.17 ml, CO is 0.01 lpm. With the results of the
research, the device is fully capable of deploying the
application into practice in the hospitals to replace the
current invasive measurement method.
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1 Introduction

To assist with the diagnosis and intensive treatment of
existing cardiovascular diseases, hemodynamic parameters
such as heart rate HR; stroke volume SV; total fluid content
TFC; left ventricular ejection time LVET; cardiac output CO
and thoracic impedance cardiography waveform play a very
important role. Hemodynamic parameters will support doc-
tors in classifying the specific cause of a cardiovascular
disease, particularly those resulting from ischemia, blood
pressure disorders or heart attack. The continuous mea-
surement and monitoring of hemodynamic parameters will
also greatly assist the physician in emergency situation or
rehabilitation therapy to patients. For example, when the
patient is suffering from heart failure or low cardiac output
symptom, the physician will not be able to perform the
surgery immediately due to the loss of blood, the weakened
heart will become weaker [1].

Currently, there are two methods to measure hemody-
namic parameters including invasive and non-invasive
technique. Invasive techniques include: Fick’s method;
Dye-dilution; Thermodilution; and PiCCO. Non-invasive
techniques include: Doppler ultrasound; magnetic resonance
imaging; and impedance cardiography. Invasive techniques
have a lot of limitations such as causing pain for patients,
complicated manipulation, high risk of blood loss and
infection, inability for continuously monitoring, and
high-cost expenses. Non-invasive techniques have funda-
mentally overcome these limitations, but the accuracy of
their measuring results is low compared to invasive class.
Ultrasound or magnetic resonance imaging techniques can-
not be used to continuously monitor hemodynamic indices in
addition with high expense. In the meanwhile, ICG tech-
nique uses the same type of electrodes as ECG technique.
Indeed, impedance cardiography is a non-invasive, simple,
low-cost technique in accompany with ability to monitor
cardiac output continuously without demanding highly
skilled examiner [2].
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ICG technique has been developed based on the principle
of blood flow circulating in human heart during the opera-
tion of the circulatory system. Basically, blood is considered
as an electrical conductor with a certain resistivity for each
person. When the left ventricle pumps, the amount of this
blood flows out of the thoracic region to other parts of the
body. This operation leads to the change in the overall
impedance of thorax. According to bioelectricity, in order to
measure the patient’s thoracic impedance, the device will
inject a constant amplitude current through the thorax and
obtain the output voltage adhere to Ohm’s law:

U=1IR (1)

Thus, by applying constant amplitude current I, the
voltage drop across the thorax is proportional to the thoracic
impedance change. This sensed voltage U is then processed
in order to obtain impedance cardiography signal ICG. The
thoracic impedance is divided into two components:
(1) fixed impedance component Z, (base impedance) and
(2) variable impedance component AZ. The base impedance
Z, consists of the impedance of the fatty tissues, muscles,
bones, blood stored in the cells.... They are components that
have negligible movements during the blood pumping pro-
cess of the heart. Hence, the impedance of these components
can be considered to be invariable. The rest of thoracic
impedance is variable impedance AZ caused by the circu-
lation of blood through the thorax—which is represented as
variable impedance curve. Hence, the overall impedance of
thoracic region Z(t) is:

Z(t) = Zo — AZ 2)

To calculate hemodynamic parameters, people particularly
concern about the rate of thoracic impedance change dZ/dt (first
derivative of AZ signal), which is called impedance cardiog-
raphy ICG. ICG over time is a graph related to the heart’s
activity events; therefore, it will be foundation for calculating
hemodynamic indices, especially SV and CO indices [3].

Some researchers have proposed several formula for
calculating stroke volume SV parameter based on the ICG
waveform, in which Atzler and Lehman were the first people
to propose the theory of the correlation between the change
in thoracic impedance and the blood volume pumped by the
left ventricle during an operating cycle of human’s heart.
Nyboer developed this theory and introduced a formula for
calculating the blood volume variation in any parts of the
body based on its impedance changes as follow [4, 5]:

AV = pL2Z,*AZ (3)

where, AV is changes of the blood volume of the body
segment (em); p is blood resistivity (Q2cm); L, is distance
between receiving electrodes (cm); Z, is base impedance of
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the body segment limited by receiving electrodes (Q); AZ is
changes of the impedance of the segment limited by
receiving electrodes (€2). This formula (3) is generally
accepted to calculate AV. However, it is unable to specifi-
cally calculate stroke volume SV value of thorax.

Kubicek improved the formula (3) to become a formula
particular for chest region by replacing AZ = dZ/dt,,,,LVET
and AV = SV, then:

SV = pL2Z,2dZ | dtyux LVET (4)

where, SV is stroke volume (ml per beat); dZ/dt,,,x is the
maximum of the first derivative of the impedance signal (€2/
s); LVET is left ventricular ejection time (s). Kubicek for-
mula was used to be generally accepted to calculate SV value.
Sramek proposed another method of calculating stroke
volume using 3 components: volume of electrically partici-
pating tissues (VEPT which is a function of patient’s gender,
height and weight), ventricular ejection time (VET), which
hasthe similar meaning as LVET or ET in Kubicek formula
and the ejection phase contractility index (EPCI), which is a
product of maximal amplitude of the dZ/dt signal dZ/dt,,,x
and TFC (which is Zgl). His idea was to show in the formula
that SV is directly proportional to the physical size of a
patient (i.e., to VEPT body habitus scaling constant), directly
proportional to duration of delivery of blood into the aorta
(i.e., to VET), and (SV is directly proportional to the peak
aortic blood flow (i.e., to EPCI). This lead to the formula:

(5)

When substituting the above symbols by the expression
used in the Kubicek formula it gives:

SV = VEPT.VET.ECPI

(0.17H)*

SV=-— "/
4257,

dZ /dtmaxLVET (6)
where, H is the height of the patient in (cm). In comparison
with Kubicek formula, distance between receiving electrodes
is replaced by 0.17H. However, the Sramek formula is not
used frequently because it presents greater error and less
flexibility than Kubicek formula.

Sramek-Bernstein also proposed another formula to cal-
culate SV as follow:

(0.17H)?

V=0 4257,

dZ /dtyax LVET (7)
where, & = IBW/ABW, is a correction factor relating
ideal weight IBW) and actual weight (ABW) of the patient.
For male, IBW = 50(kg) + 2.3[H/2.54(cm) — 60]; for
female, IBW = 45.5(kg) + 2.3[H/2.54(cm) — 60]. Cur-
rently, Sramek-Bernstein’s formula (7) is being evaluated as
the most accurate formula in calculating the SV value.
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2 Design of Equipment

2.1 Design Hardware

Based on the measuring principle, the block diagram of the
device’s hardware was designed as Fig. 1. Accordingly, the
diagram consists of two main blocks as follows: (1) Analog
signal processing unit includes: 4 mA/100 kHz constant
amplitude current source circuit, amplifier circuit, 80—
120 kHz band pass filter, squared circuit, 350 Hz low-pass
filter, 2nd order arithmetic circuit (demodulator). The signal
is then split into two branches for processing. Put into
0.15 Hz high-pass filter circuit, amplifier circuit, and 1 V
subtractor circuit to extract AZ signal. Put into 0.2 Hz
low-pass filter, 16/5 voltage divider to extract Z, signal,
which is used to calculate the base impedance Z,,. (2) Digital
signal processing unit consists of: ADC circuit, central
processing circuit to calculate the hemodynamic parameters
and display results.

As described above, two critical signals received from
analog signal processing unit are AZ and Z,, after digital-
izing will be fed on the digital signal processing unit to
calculate the parameters. The following section will discuss
these algorithms. The AZ signal, after digitalizing, will be

Fig. 1 Block diagram of
device’s hardware design

differential (dZ/dt) to evaluate the rate of change of the
thorax impedance, which is called the ICG signal. The ICG
signal has the shape shown in Fig. 2 in accompany with
some important points used to calculate the hemodynamic
parameters [4, 6].

Point B: This point corresponds to the aortic valve opening.
This is the starting point for the upward curve of the ICG signal
before the value dZ/dt,,,x. B point can be defined as the zero
crossing of ICG signal. Determination of B point is very
important in calculating SV, LVET and CO parameters.

Point C: This point is the maximum point of ICG signal
each cycle representing the fastest rate of change in thoracic
impedance. The value dZ/dt,,, is the amplitude from point
B to point C.

Point X: This point corresponds to the closure of the
aortic valve. Thus, left ventricular ejection LVET is the time
interval from the occurrence of point B to the occurrence of
point X.

Point O: This point is associated with changing of the
volume during the diastolic phase of the cycle and opening
snap of the mitral valve. The high value of the O wave
(similar to E) might be the symptom of the bicuspid valve
malfunction or the heart inefficiency during heart acute
ischemia.
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Fig. 2 ICG signal and characteristic points

2.2 Build Software
Develop algorithm to determine C point

During a cycle of ICG signal, point C is the peak with the
greatest amplitude, representing the maximum change in
thoracic impedance. The most common way to find this
point is being used is the thresholding method. To find the
peak C, an initial threshold should be initialized based on the
first two cycles of the signal. Selecting two signal cycles
with a sampling frequency of 1.000 samples/s ensures that at
least one point C is present even in low heart rate situation.
The first highest amplitude point is taken as the initial
threshold. Then the two new thresholds are set as high
threshold TH and low threshold TL with amplitude of 70
and 50% the one of initial threshold respectively. Two
threshold are set up to warrant no missing in finding C points
occur in case of base-line drift in ICG signal. After two first
cycles of signal, the elements of signal data array are com-
pared with the thresholds to find the C point. The point with
amplitude higher than TH is marked as C point, and then
new thresholds are updated. In case of absence of exceeding
point, the algorithm will reverse to check whether there are
any points exceeding TL. If this point exists, it will be
considered as a C point, then new thresholds are updated [7,
8].

Develop algorithm to determine B point

Locating point C in one cycle is the reference for finding B
point in ICG signal. This point corresponds to the opening of
the aortic valve, or the beginning of blood ejection by the
left ventricle. It is the beginning of the ascending phase of
ICG trace before dZ/dt,.x value. Hence, B point can be
defined as the local minimum just before the C point. The
algorithm to detect B points can be divided into 2 steps. Step
1: Detect all local minimums in 2 cycles of signal (2.000
samples). Step 2: Locate the C point as the reference to
determine the position of B point, which is the local mini-
mum just before point C. In step 1, we use the first order
derivative to locate all local minimums. Assume that the
function y = f(x) has derivative on the domain D, x, is the
local minimal point if f'(x,) = 0 and the sign of f'(x) changes
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from negative to positive when it across X,. In step 2, after
finding the point C, compare positions of local minimums
with the C point in a signal segment, the local minimal point
just before the C point is defined B point [9, 10].

Develop algorithm to determine X point

Point X is defined as a lowest point of ICG signal on the
right of point C in a cardiac cycle corresponding to the
closing of the aortic valve. The point X is located within the
interval of 1/3 of signal cycle for low heart rate case and 1/2
of signal cycle for high heart rate case with taking C point as
the start of signal cycle. After determining C point as marker
and signal segment containing X point, the algorithm per-
forms comparisons to find the smallest amplitude point in
that segment to identify the X point [11].

Calculate hemodynamic parameters

After determining the characteristic points B, C, X of the
ICG signal according to the algorithms presented above, the
hemodynamic parameters are calculated as follows:
dZ/dt.«: This is the amplitude of the peak C with point B.
Left ventricular ejection: LVET = time interval between 2
adjacent points B and X. Heart rate: HR = 60/Tcc with
Tc.c is the time interval between two consecutive C points.
Base impedance Z,. Total fluid content TFC = 1/Z,. Stroke
volume SV is calculated by formula (6). Cardiac output:
CO = SV.HR.

3 Testing and Evaluation

3.1 Designing Results

The device was designed according to schematic diagram
and algorithms presented above. Hardware designing, soft-
ware developing, and the complete device are illustrated as
Fig. 3.

3.2 Testing and Evaluating Results
Testing objectives

Measurement results of hemodynamic parameters obtained
by designed BK-NICO device was assessed by using a
standard equipment of NICCOMO. This is a device that has
been licensed for use in Europe and USA. The method of
evaluation is to compare the measurement results of
parameters from two equipments simultaneously on the
same patient.
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Testing results

Designed equipment was commissioned for evaluating the
operation in 02 health facilities for 104 patients as illustrated
in Fig. 4.

Simultaneous measurement results from two equipments
of the most important hemodynamic indices including heart
rate HR, total fluid content TFC, left ventricular ejection
time LVET, stroke volume SV, and cardiac output CO are
illustrated as Figs. 5, 6, 7, 8 and 9.

Accordingly, the hemodynamic parameters measured on
the two devices are highly correlated with small deviations
between them. Specifically for HR, the mean deviation
between the two devices was 0.16 bpm, equivalent to
0.24%, with a mean squared error of 2.34 bpm. For TFC, the
average deviation between the two devices is 0.73 1/kQ,
equivalent to 2.5%, the mean squared error is 2.59 1/kQ.
For LVET, the average deviation between the two devices is
5.95 ms, or 2.69%, the squared error is 22.29 ms. For SV,
the average deviation between the two devices is 0.17 ml,
equivalent to 0.24%, the mean squared error is 2.56 ml. CO,
the average deviation between the two devices is 0.01 1 per
minute, equivalent to 0.04%, the mean squared error is
0.21 1 per minute. In addition, the recorded signals included
ICG signal, signal AZ and ECG signal are accurate, clear
and stable.

Fig. 3 Completely designed equipment BK-NICO

4 Conclusions

According to the above results, the equipment has achieved
the same accuracy and stability as the standard equipment of
NICCOMO. However, in some cases, there is a significant
difference between the two measurement results of the two
devices. Causes of these major deviations are determined as:
Fig. 4 Experiment at hospitals Some patients have abnormal spasms in the chest muscles

Fig. 5 Results of HR —+—BK-NICO —=—NICCOMO
measurement on 2 devices for 104 260

patients :: ! A
SATEAIOA i
v W Ny

HR (bpm)
2

20

1 11 21 3 41 51 61 8 81 91 101
Patients



V. D. Hai et al.

Fig. 6 Results of TFC
measurement on 2 devices for 104
patients

Fig. 7 Results of LVET
measurement on 2 devices for 104
patients

Fig. 8 Results of SV
measurement on 2 devices for 104
patients
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Tohru Tani, Shigeyuki Naka, Atsushi Yamada, Soichiro Tani,
Dang Tran Khiem, and Nguyen Quoc Vinh

Abstract

Our concept of “Less invasive treatment” is for both
patient and medical staffs. We have invented three
dimensional real-time MR image guided endoscopic
surgical system using microwave devices which does
not emit X-ray. This study aims to establish a less
invasive operation system mentioned above. Developed
Materials are as follows: (1) software for driving system,
imaging of 3T MR scanner and integration of them.
(2) MR compatible endoscope with position-direction
sensor. (3) microwave energy devices for flexible endo-
scope. (4) new bending mechanism for catheter and
guidewire. For (1) and (2), MR compatible flexible
endoscope was invented which could be applied to the
operation under 3T MR scanner. Its position and direction
of tip is able to be timely reflected on the MR image. For
(3), microwave energy was selected by the reason why
this frequency band does not interfere with MR imaging.
Microwave devices were developed not only MR com-
patible forceps for endoscope but also devices for open
surgery. Open surgery microwave devices, “Acrosurg”,
are already commercialized in Japan. For (4), new
bending mechanism for catheter has been invented. The
prototype catheter 0.58 mm in diameter could be bent
with this mechanism. This mechanism is applied to
endoscopic forceps, catheter for vessels and intestine. We
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evaluated the system integrated with developed technolo-
gies (1)—(3) using 5 mini pigs under general anesthesia.
Laparoscopic liver ablation was performed with 3D
real-time MR image guided. Now, we succeeded in a
laparoscopic ablation of virtual liver cancer with micro-
wave needle under this system.

Keywords
Microwave ¢ Laparoscopic surgery * Flexible
endoscope * MR image * MR compatible

1 Introduction

The greatest innovation of surgical field in 20th century is
thought the invention of endoscopic surgical system [1]. We
had performed percutaneous needle ablation of liver cancer
guided with real-time MR image at early 21st century. This
therapy was applied firstly in the world using the double
donuts type MR scanner [2]. 300 cases of liver cancer using
microwave ablation were treated. Five years survival rate was
20% higher than those of other institutes [3]. According to
this result, information of inner structure, real-time moni-
toring and 3-dimensional image were noticed to be the
essential technologies for the safe, precise and appropriate
surgery. MR scanner does not emit X-ray exposure, that
guarantees safety of both patient and medical staffs. Conse-
quently, three dimensional real-time MR image guided sys-
tem is able to realize our concept of “Less invasiveness” as a
new operation system with above conditions [4].

So we have started to development MR image guided
endoscopic surgical system since 2000. This system com-
poses of a system driving software as a brain (1),
3-dimensional real-time MR image monitor as an eye, newly
invented bending mechanism (4) and MR compatible
endoscopy as an arm (2), and microwave energy-based
surgical device as a hand (3). We have invented all of (1)-(4)
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for new system and each invention has been developed
respectively. In this paper, I would like to overview our
inventions relating new operation system.

2 Materials and Methods
2.1 Software for System Driving, Imaging of 3T
MR Scanner and Integration of Them

MR scanner is 3T wide bore (Verio 3T MRI: Siemens
Germany). Software for integration of images in workstation
connects with driving software of MR scanner, visual
information from endoscopy and information of location
sensor installed in an endoscope, and for integration those
information. Initially, modified 3D Slicer has been adapted.
Nowadays our own software has been installed. MR image
scanning speed is 0.21 s. It actually is real-time monitoring
as a movie. Those image information are re-constructed as
3D image with position and direction of endoscope
tip. Operator is able to observe all images with a large
monitoring panel in the MR scanner room during operation.

2.2 MR Compatible Endoscope with Location
Sensor

This endoscope connected with fiber cable can be applied
under strong magnetic field and is inserted in the inflamed
abdominal cavity via port site. The length of endoscope is
120 cm is sufficient for the 120 cm length of MR scanner
bore. Endoscope has the position and direction sensor [5] at
the tip, 4 working channels, light guide and water nozzle.
Operation are performed with microwave based forceps via
flexible endoscope. Endoscopic image is the same level as
high-vision using CMOS image sensor 700 x 700 pixels.

2.3 Microwave Energy Devices for Flexible
Endoscopic Surgery

Microwave does not interfere with the frequency of MR
image, and emits less smoke and no mist, and shows strong
hemostasis power. Needle type and forceps type were devel-
oped for the operation under MR image. Animal study for total
system evaluation was performed with the needle type device.
On the other hand, microwave devices have been developed
for ordinary operation, and devices for open surgery have been
sold by Nikkiso Ltd. as Acrosurg since summer of 2017.
Microwave devices will be presented two other papers.
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24 New Bending Mechanism for Catheter
and Guidewire

Bending mechanism of long channel has depended on wire
traction or gear. Dr. Yamada has invented new mechanism
[6] which a doubled up tape is inserted in the cannula. When
tape was slipped each other, cannula bent. This mechanism
realized to double up the thinnest catheter 0.58 mm in
diameter in the world. Application of this mechanism should
be extended to the guide wire and robot hand.

2.5 Animal Study

Five mini pigs, weight is 42-58 kg. They were intubated
under general anesthesia. Port site was made on the center of
abdomen. After pig was put in the MR bore, MR compatible
flexible endoscope was inserted into the abdominal cavity
via port site. Control MR image was scanned before abla-
tion. We have studied animal examination at 5 times until
now. Finally, all ablation manipulations under MR
image guided system were synthetically performed in a
series.

3 Results

In the ultimate studies, liver ablation using microwave
needle type forceps was succeeded under real-time MR
image.

(1) Motion of endoscope could be traced in real-time 3D
MR image. Ablation process could be monitored by
endoscopy. Ablation area were within 2 cm in
diameter, and this area could be detected by MR movie
image.

(2) MR compatible endoscope did not show artifact in MR
image during activation. The tissue change of liver
surface due to ablation could be inspected. The position
and direction of endoscope was real timely linked with
MR image.

(3) Microwave device and ablation with this device did not
show noise or artifact in the MR monitoring image, and
ablated liver sufficiently.

(4) The prototype of thin bending catheter and needle were
achieved [6]. Ultimately, this bending mechanism
might contribute to realize bending at all direction
and change of bending site in the thin catheter or soft
tube.



Overview of Our Less Invasive Operation System ...
4 Discussion

Laparoscopic surgical system has been a representative
technology of less invasive surgery [1], but cannot supply
visual information of inner body structure and its 3D image.
Robotic surgery is also the same. We have developed 3D
real-time MR image guided operation system which is cor-
respondent to our concept, “less invasive medical treat-
ment”. Four representative technologies composed of this
system were also invented (1)—(4). This prototype system
was evaluated by animal model. Actually, endoscopic
ablation process could be monitored with endoscopic view
and 3D MR image without X-ray exposure. Safe and accu-
racy of operation are secured with 3D image and real-time
monitor. And visualization of tissue ablation change realizes
appropriate surgery. Microwave devices well coagulated
without MR image interfere. Development of microwave
devices should bring more surgical strategies under this
system [7]. New bending mechanism also brings advanced
interventional medical treatments. Now, operation using MR
scanner is required long flexible endoscope. But in future,
this system might evolve to the new robotic surgery which
can monitor not only surface image but also an inner vision.
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Abstract

The aim of this study was to develop steerable needle
variations based on a simple loop shaped steering
mechanism and assess steering performances using a
tissue mimicking phantom. Two steerable needle types
were developed based on the proposed loop shaped
flexible mechanism, called Active Sheath. Each needle
consisted of a loop shaped stylet with a conical tip made
of superelastic metal alloy Beta-titanium inserted into a
fluororesin flexible cannula of a percutaneous transhepatic
cholangiodrainage (PTCD) tube with 1.3 mm outer
diameter. Push and pull inputs applied to one of the
proximal stylet ends can bend the needle right or left.
Stylet (A) was homogeneous whereas stylet (B) was
thinned around the tip. A robotic steerable system was
developed to ensure accurate and precise inputs. The
designs were implemented in agar phantom using two
input patterns: (1) push and (2) push and pull sequen-
tially. Needle paths with input pattern (1) could be curved
depending on input magnitude from 0-0.5 mm at 0.1 mm
intervals. Lateral distance for stylet (B) curved path with
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0.4 mm input was 35.9 mm from the standard straight
path and 16.9% longer than that for stylet (A). Compared
with stainless steel and flexible bevel tip needles, stylet
(B) distances were 3.1 times longer and 8.5% shorter,
respectively. The proposed steerable needles could follow
S shaped paths using input (2), and stylet (B) lateral
distances were 1.9 times those for stylet (A). Thus, the
proposed needles will enable physicians to plan curved
paths and extend the target range depending on path
shape flexibility.

Keywords
Steerable needles ¢ Loop shaped mechanisms e
Flexible mechanisms

1 Introduction

Medical needles enable minimally invasive procedures to
reach target lesions through a few skin entry points with
small diameters, reducing patient trauma. Several steerable
needles and procedures have been developed in medical
engineering and robotic fields to avoid deviation from the
desired trajectory during needle insertion and/or follow
curved paths to avoid organs and tissues sensitive to injury.
These steering mechanisms can be classified into passive and
active. Passive mechanisms include a flexible needle with a
bevel tip made of a superelastic material [1], flexible
bevel-tip needles with a flexure joint [2], or a sliding thin
part [3] to effectively deflect reaction forces. Programmable
bevel tips [4, 5] and combinations of concentric bevel tips
[6] to modulate bevel tip angles during insertion are also
considered passive mechanisms. Generally, bent-tip needles
create largest bending curvature paths [7]. However, passive
mechanisms require needle-tissue interaction to control
needle path curvature.

In contrast, active mechanisms do not require
needle-tissue interaction, and hence can create curved paths
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Fig. 1 Proposed steerable needle
based on Active Sheath
mechanism

adaptively during needle insertion even in inhomogeneous
tissues. Active mechanisms include pre-curved stylets [8],
multiple pre-curved concentric tubes [9, 10], and
tendon-driven cannulas [11-13]. Active needles with artic-
ulated joints [14], i.e., tendon-driven mechanisms compris-
ing cables, cannula with grooves to align the cables, and a
ball joint connected by the cables at the distal end of the
stylet, provide adaptive bent-tip needles. However,
mechanical robustness is inferior to passive mechanisms due
to the small mechanical components and their complicated
integration. The authors of this current study previously
proposed a loop shaped flexible mechanism called Active
Sheath [15-17] to bend a flexible tube from the inside and
applied the proposed mechanism to develop an active
steerable needle comprising a flexible loop shaped stylet
with homogeneous cross section and flexible cannula
(Fig. 1) [16, 17].

The objective of this paper was to design an alternative
active bent-tip needle based on Active Sheath by introducing
a flexible loop shaped stylet with inhomogeneous cross
section and develop a steerable needle prototype. Needle
prototype steering performances in a tissue mimicking
phantom were assessed using a robotic steering manipulator.
The technical contribution of the proposed mechanism

Fig. 2 Proposed needle

prototypes with two tip designs conflguratlon

I -

h

Loop-shaped stylet inserted

into flexible cannula Conical tip

Outer diameter: 1.30mm
Length: 208Bmm

confirms tip-bendable needle fabrication without mechanical
complexity or articulated joint that provides a potential
viable solution for surgical use.

2 Materials and Methods

2.1 Needle Prototypes Using Sheath Mechanism
Two steerable needle types were developed using Active
Sheath [17], as shown in Fig. 2. Each steerable needle
consisted of a flexible cannula and a loop shaped flexible
stylet. The stylet comprised two flexible columns connected
at their distal ends, with a conical tip. Column proximal ends
were connected with a pair of rigid segments to allow
manually manipulating the loop shaped stylet. The needle
can be assembled by simply inserting the loop-shaped stylet
into the flexible cannula without fixing or connecting the
stylet to the cannula. The loop shaped stylet acts as a flexible
backbone [17] to enhance shape stability and a drive
mechanism to transmit displacement motions to the distal
end as bending force. The pair of rigid segments provides
two-degrees-of-freedom (DOF) motion patterns to bend the
cannula from the inside, in other words, translational and

Needle tip design

Steerable Needle Prototype: (1) + (2)

(made by 0.1 mm width wire-cut electric
discharge machining)
535

R

(1) Loop-shaped stylet
(Outer diameter: 0.290mm)

Insertion
(no connection)

[=

[

(2) PTCD flexible cannula

(PN20G Medikit Co., Ltd.)
(Outer diameter: 1.30mm, Inner diameter: 0.91mm)}

B

(B) Inhomogeneous thickness
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rotational motions. Along one DOF, bending motion occurs
on a plane by pushing or pulling each rigid segment. Along
the other DOF, rotational motion occurs around the axial
direction of the cannula by rotating the two rigid segments
together, which can change the bending plane of the cannula.

The flexible cannula was composed of the fluororesin
tube part of a percutaneous transhepatic cholangiodrainage
(PTCD) needle kit (PN 20G, Medikit Co., Ltd., Tokyo,
Japan). Cannula outer and inner diameters were 1.3 and
0.94 mm, respectively. The loop shaped stylet was com-
posed of beta-titanium alloy (JIS80 Ti-22V-4AL, Daido
Steel Co., Ltd., Aichi, Japan) with Young’s modu-
lus = 85 GPa; fabricated by cutting a beta-titanium wire
with 0.1 mm wide electric discharge machining except
around the distal end. Rigid segments were composed of

pure titanium alloy. Stylet outer diameter = 0.9 mm,
length = 208 mm, and conical tip angle = 55°. Stylet
(A) type had columns with homogeneous thick-

ness = 0.37 mm, whereas stylet (B) had columns with the
same thickness but thinner parts (0.225 mm) around the
distal ends of each column (5.0 mm long), providing a vir-
tual articulated rotational joint.

2.2 Steering Manipulator

We used a previously developed robotic steering manipu-
lator [17] to push and pull the distal end of the loop shaped
stylet, hence precisely and accurately bending and pushing
the needle prototype. The manipulator components are
described elsewhere [17], and it provided push and pull
motions to the left rigid segment of the loop shaped stylet.

2.3 Tissue-Mimicking Phantom

A tissue mimicking phantom was created using 2% agar (010-
15815 agar powder, Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) in an acrylic box (175 mm X 318 mm X
173 mm (width x depth x height)). The acrylic box had
2 mm diameter holes at 10 mm intervals on one side panel for
needle insertion.

2.4 Comparative Needle

We compared steering performance for the two proposed
Active Sheath type needles with a flexible needle with bevel
tip (C) and a conventional stainless-steel needle with bevel
tip (D). Needle (C) was composed of beta-titanium alloy
with 30° bevel tip, 0.90 mm outer diameter and 200 mm
long. Needle (D) was the conventional needle component of
the usual PTCD kit, with 20° bevel tip, 0.91 mm outer
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diameter, and 200 mm long. Both needles were inserted into
the same flexible cannula used for the prototype needles for
needle insertions to ensure trial geometrical conditions were
as fair as possible.

2.5 Steering Performance

The steering performances were assessed from the path
shapes in the agar phantom, using feature points labeled on
the flexible cannula (black dots at 10 mm intervals). Path
shapes were recorded using a 3.3-megapixel camera
(HDR-CX 130, Sony Corporation of America, Inc., NY,
USA). The robotic manipulator for the steerable needle
prototypes and the agar phantom box were connected to
separate lab jacks (LJA-16223, OptoSigma Co., Ltd., CA,
USA) to adjust their relative heights and locations. The
manipulator was 100 mm from the phantom box, i.e., the
needles needed to be pushed 42 mm to encounter the agar
phantom through the holes on the side panel.
We employed two input protocols.

1. Needle insertions were performed applying one input.
The needle was pushed 100 mm without the input and
stopped. Then pushing input was applied at this position,
chosen sequentially from 0.0 to 0.5 mm at 0.1 mm
intervals for each trial. Finally, the needle was pushed a
further 100 mm under the applied input. All 4 needles
were inserted the same total distance. Each needle
insertion was repeated five times for each input.

2. Needle insertions were performed applying two inputs.
The needle was pushed 100 mm with 0.5 mm pulling
input and stopped. Then, 1.0 mm pushing input was
applied at this position. Finally, the needle was pushed
further 100 mm under the applied input. Two compara-
tive needles were pushed 100 mm, respectively. Then,
these needles were rotated 180° around their long axes to
change bevel tip directions and pushed 100 mm. Each
needle insertion was repeated five times.

After each full needle insertion, the cannula dot positions
were recorded and plotted on an XY plane.

3 Results and Discussion

Figure 3 shows needle paths obtained using protocol (1).
The needle paths curved depending on the pulling input
magnitude. Lateral distance for prototype (B) with 0.4 mm
input = 35.9 mm from the standard straight path, 16.9 and
310% larger, and 8.5% smaller than for prototype (A), and
needles (D) and (C), respectively. Figure 4 shows needle
paths obtained using protocol (2). Prototypes (A) and
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(B) followed S shaped paths, with prototype (B) lateral
distance 190% larger than prototype (A).

The prototype steerable needle (B) using the loop shaped
stylet with inhomogeneous cross sections succeeded in
bending the needle better than the needle (A). This result
implied that the thin part of the loop shaped stylet functioned
as a bent-tip needle with an acute angle by applying the
input. This result showed that the steerable needle based on
Active Sheath would be a potential solution to realize active
bent-tip needles with simple structures, which can create
curved needle paths adaptively during needle insertions.

4 Conclusion

This study aimed to develop steerable needles based on
Active Sheath, a flexible loop shaped steering mechanism.
Experimental results verified that the proposed needles could
enable physicians to plan curved paths and extend the

targeting range depending on planned path shape flexibility.
In the assessment study using the input protocol 2, the
bending directions were switched in a fixed bending plane.
However, when rotating the bending plane by rotating the
stylet, the ideal needle paths require the rotational accuracy.
The assessment of the rotational accuracy is a potential
future work direction.
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Atsushi Yamada®, Shigeyuki Naka, Khiem Tran Dang,
Shigehiro Morikawa, and Tohru Tani

Abstract

This study aims to develop a magnetic resonance (MR)-
compatible flexible endoscope for minimally invasive
real-time MR image-guided microwave ablation as pro-
posed by the author with a widely available 3-Tesla
close-bore MR scanner and to assess the feasibility of
including a position tracking sensor. A unique
MR-compatible high-definition (HD) endoscope was
developed to access a target organ from outside the
scanner bore by obtaining endoscope optical camera and
scan images simultaneously. The camera unit consists of a
CMOS image sensor with 400 x 400 pixels. The camera
head and the lens barrel are made of phosphor bronze and
a Pebax elastomer sheath with a 2.1 mm diameter
shielded by tin-plated copper wires. The image resolution
was up-converted to 700 x 700 pixels using a
high-resolution image processing technique. The endo-
scope had two working channels (2.0 mm in each outer
diameter) and two sensor ports (2.5 mm in each outer
diameter). One port had a gradient-magnetic-based
tracking sensor to identify the tip position and orientation;
the outer diameter and length of the endoscope were 11
and 1200 mm. A pig was scanned as a pre-procedural
MR image and the result was used as navigation images
to assess the endoscope’s feasibility. The camera image
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quality was sufficient to identify organs without critical
noise during scanning, and its resolution was 295 times
that of the conventional MR-compatible fiber endoscope
we developed. The refresh rates of the sensor position and
orientation were <0.5 s, which includes data transmission
from the scanner to the navigation software. The verifi-
cation study showed that the proposed MR-compatible
endoscope has the potential to enable a surgeon to access
target organs from the outside bore while simultaneously
obtaining optical and scanned images.

Keywords
Magnetic resonance compatibility ¢ Flexible
endoscope ¢ Navigation system

1 Introduction

Needle-based treatments such as cryotherapy, radiofre-
quency, and microwave ablation are widely performed as
minimally invasive procedures. These ablations require
pre-procedural and intra-procedural images to plan the ideal
needle paths to targets and monitor needle artifacts for tar-
geting because, in practice, targets may reside deep within
patients’ bodies and be adjacent to organs and tissues that
are sensitive to injury. Intra-operative magnetic resonance
imaging (MRI) is helpful for delineating soft tissue struc-
tures with needle artifacts and can be further enhanced in
open-configuration MRI scanners because physicians can
access the patient on the scanner bed during imaging.
A real-time MR image-guided navigation system dedicated
for needle insertions with a vertical open-configuration MRI
scanner (Signa SP2, GE Healthcare, Waukesha, WI, USA)
was developed to allow physicians to review two perpen-
dicular MR images that are updated continuously and always
display vertical cross-sections of a needle during needle
insertion. These intra-procedural real-time MR images could
be obtained by controlling the scan planes during scanning
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based on the orientation of a unique passive needle locator
[1, 2] that guides the needle. This navigation system was
applied in real-time MR image-guided microwave
needle-ablations of liver tumors [1-4] that were performed
successfully in the hospitals to which the authors belong
between 2000-2016 for more than 300 clinical cases,
including thoracoscopy-assisted coagulations [5, 6] and
laparoscopy-assisted coagulations [7].

Although the success of the clinical studies is encourag-
ing, applying the developed image-guided system to widely
available closed-bore MRI scanners was challenging
because inside the closed-bore scanner, inserting needles
manually into a liver obviously requires a shorter and wider
scanner bore or long assistive devices to access the patient
from outside the bore. This clinical challenge motivated us
to develop an MR-compatible high-definition (HD) flexible
endoscope and a dedicated viewer system for the endoscope
as a potential solution. The developed system’s feasibility
was assessed in an animal study. The contribution of this
study was to show a potential of microwave needle ablations
for a patient abdomen in an MRI bore by using an
MR-compatible HD flexible endoscope [8] and a flexible
microwave probe, and MR-compatible in-room monitor.

2 Materials and Methods

This section provides the proposed MR-compatible flexible
endoscope and the viewer system to allow physicians to
review endoscope camera images in a magnet room. The
viewer system consists of a wide closed-bore 3-Tesla

(T) MRI scanner (MAGNETOM Verio dot 3T, Siemens
Healthcare GmbH, Erlangen, Germany), an MR-compatible
flexible endoscope, MR-compatible in-room monitors, a
flexible microwave probe, a gradient-magnetic-field-based
tracking system (EndoScout II, RobinMedical Inc., Balti-
more, MD, USA) with a catheter-type sensor, and a navi-
gation console running custom-made navigation software.
The magnet room of the scanner has radiofrequency (RF)-
filtered penetration panels (Riken Electromagnetic Compat-
ibility Inc., Fukuoka, Japan) with waveguides of length
250 mm and inner and outer diameters respectively of 57.2
and 60.5 mm to provide power for the in-room monitors and
signal communication between the magnet room and oper-
ation room.

2.1 MR-Compatible Flexible Endoscope

The MR-compatible HD flexible endoscope was originally
developed for use inside the scanner bore during scanning or
outside the bore before and after scanning [8] (Fig. 1). The
endoscope employed an MR-compatible housing the outer
diameter and length of which were 11.0 and 1200 mm,
respectively. The distal end of the endoscope could be bent
controllably up to 100° in four directions using a conven-
tional tendon-driven mechanism. The endoscope has two
working channels (2.0 mm in each inner diameter) and two
sensor ports (2.5 mm in each inner diameter). A light guide
was wired through the center of the endoscope’s vertical
section and this was connected to an optical source
(RX-3300, Machida Endoscope Co., Ltd., Chiba, Japan).

Fig. 1 MR-compatible high-definition (HD) flexible endoscope prototype
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One sensor port included an installed camera unit that con-
sisted of an analog complementary metal oxide semicon-
ductor (CMOS) image sensor with 400 x 400 pixel
resolution, a camera head and lens barrel made of phosphor
bronze, and a Pebax elastomer sheath of diameter 2.1 mm
shielded by tin-plated soft copper wires. The image resolu-
tion was up-converted to 700 x 700 pixels using super
high-resolution image processing. The catheter-type tracking
sensor was installed in the other sensor port [9, 10], the outer
diameter of which was approximately 2.1 mm. The tracking
sensor could work during scanning by using a specific pulse
sequence that includes excitation pulses dedicated for the
Sensor.

2.2 MR-Compatible in-Room Monitors

MR-compatible in-room monitors (Prototype, Takashima
Prototype Engineering, Tokyo, Japan) were developed that
consist of two liquid-crystal flat-panel displays arranged
vertically and attached to an aluminum trolley with two
imaging-signal-converter boxes. This dual display system
uses two commercially available 32-inch light-emitting
diode (LED) color television systems (32LB6500, LG
Electronics Inc., Seoul, Korea) to display navigation images
including the endoscope camera image, a pre-procedural MR
image set, and a tracker model to represent the catheter
sensor location from a bird’s-eye view. The MR compati-
bility of the dual displays was developed by replacing the
original bezel and frames with custom aluminum bezel and
frames that are placed close to the MRI scanner in the
magnet room. Each imaging-signal-converter box has an
HDMI-cable output port to connect to one of the displays
and an optical-fiber-cable input port to transmit navigation
images. The optical fiber cable inserted into the input port
was connected to another signal converter placed in the
control room to relay navigation images from the endoscope
console workstation through the waveguide. A power supply
for the in-room monitors was placed in the control room and
connected through the penetration panel.

2.3 Flexible Microwave Probe

The flexible microwave probe prototype was originally
based on a coaxial cable structure to ablate targets through
an MR-compatible flexible endoscope. The outer diameter
and length are respectively 1.7 and 1820 mm, and the length
of the probe tip—which is the hard part—was 20 mm. The
probe prototype was installed into one of the endoscope’s
working channels. The distal end of the probe prototype was
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placed outside of the magnet room through the RF-filtered
penetration panel and connected to a microwave generator
(Microtaze HSD-20M, Alfresa Pharma Corp., Osaka, Japan)
that operated at 2.45 GHz.

2.4 Navigation Software Configuration

Navigation software was developed based on 3D Slicer; free
open-source medical imaging software (3D Slicer release
4.4.0, SVN revision #23971) [11-13]. It consists of a
module of a 3D Slicer termed “EndoscopeConsole,” which
uses a free open-source computer vision library (OpenCV
2.4.8, Intel Corporation, Santa Clara, CA, USA) with
FFmpeg library to continually process the captured camera
images. The navigation software was executed on the nav-
igation console (Mac Pro, 3 GHz 8-core Intel Xeon E5
processor, 64 GB 1866 MHz DDR3 ECC RAM, AMD
FirePro D700 6144 MB, Apple Inc., Cupertino, CA, USA)
with a signal converter (DVI2USB 3.0, Epiphan Systems,
Ottawa, Canada) to capture the camera image. The signal
converter was connected to a camera control box that was
dedicated for the endoscope camera unit by an HDMI cable
that runs through the penetration panel. The navigation user
interface (UI) was displayed on the MR-compatible in-room
monitors to allow physicians to observe the magnet room.
The user interface was displayed on the in-room monitors
as shown in Fig. 2. For the top monitor, the user interface
displayed the endoscope camera image (a) and a bird’s-eye
view (b) including a volume rendering model which was
reconstructed from the pre-procedural image set, an endo-
scope model that represents the distal end location of the
endoscope. In the bottom monitor, the user interface dis-
played three perpendicular planes (c—e) and another bird’-
s-eye view (f). The reconstructed plane in the pane
(f) represents the pre-procedural MR image plane shown in
(d) which was reconstructed following the endoscope tip
orientation. In the pane (f), the reconstructed MR image
plane (d) enables surgeon to understand the endoscope ori-
entation and where the image plane (d) located in the animal
abdomen. Both panes (b) and (f) indicate bird’s eye views
but viewpoints are different from each other. Furthermore,
only the pane (f) has the reconstructed MR image plane.
Therefore, the pane (b) is used for identifying the endoscope
location and surrounded tissues and organs by the volume
rendering model. The pane (f) is used to identify where the
pane (c—e) are located, which allows physicians to under-
stand the orientation of the endoscope. Figure 2 shows a pig
abdomen which was used in an animal study in Sect. 2.5.
The pre-procedural MR image set was scanned by the
imaging protocol of the TI1-weighted dynamic images
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Fig. 2 Navigation software user
interface on MR-compatible
in-room monitors. a Endoscope
camera image and b virtual
bird’s-eye view for the top
monitor. The image pane

(a) displays a flexible microwave
probe (solid arrow). The
bird’s-eye pane (b) displays a
volume rendering model (solid
arrow) and an endoscope model
(dotted arrow). c—e Display three
orthogonal planes of
pre-procedural MRI reconstructed
according to a sensor location.

f Displays bird’s-eye view with a
reconstructed plane (solid arrow)
and the endoscope model (dotted
arrow)

A. Yamada et al.

acquired with a three-dimensional (3D) fast-acquisition
low-flip-angle  spoiled  gradient echo  sequence
(TR/TE:4.77/2.46 ms; matrix size 256 x 256 with 9.0° flip
angle; 1.5 mm section thickness; and 380 mm field of view)
using the spine matrix coil and 4ch large flex coil. The
obtained image set was transferred from the scanner console
to the navigation console through Orthanc, which is
open-source Picture Archiving and Communication System
(PACS) software, on a PACS server (Amphis bz SV5100,
3.1 GHz 4-core Intel Xeon E3-1220V2 Processor, 16 GB
1333 MHz DDR3 ECC RAM, UNIT.COM Inc., Osaka,
Japan) that was running the FreeBSD 11.1-RELEASE
operating system.

2.5 Feasibility Study of the Proposed System

An animal experiment was performed with the approval of
the committee on animal care of Shiga University of Medical
Science. A female pig that weighed 57.2 kg was involved in
this study. General anesthesia was administered to the pig
and a pre-procedural image set for the pig abdomen was
scanned and loaded on the navigation console. The volume
rendering model was generated by reconstructing the image
set and the navigation software displayed the endoscope
camera image.

One of this paper’s co-authors who is a surgeon and has
been involved in real-time MR image-guided microwave
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ablations performed in our hospital 2000-2016 inserted the
endoscope into the pig pneumoperitoneum through a trocar,
manipulated the endoscope, and then decided upon three
virtual targets in the liver. For these targets, the surgeon
performed microwave ablations while observing the navi-
gation Ul During the procedure, two types of verification
were performed as follows: the navigation interface was
subjectively assessed by the surgeon combining the camera
view and the virtual bird’s-eye view. In the first verification,
a specific scan sequence including excitation pulses dedi-
cated for the sensor was used to update the model position
and orientation so that the model was synchronized with the
camera image. The second was used to assess the potential
of obtaining continuous real-time imaging [9] with sufficient
quality to identify the target organ and adjacent structures for
microwave probe insertions and ablations; this was per-
formed by the same surgeon. The second verification used a
BEAT-IRT sequence that was dedicated for the SIEMENS
scanner.

3 Results and Discussion

The verification studies were performed successfully as
shown in Fig. 3. On the specification, the obtained image
resolution of the developed MR-compatible flexible endo-
scope was 295 times that of an MR-compatible fiberscope

that the authors had previously developed [9]. In the first
verification, the endoscope camera image was of sufficient
quality to observe organs including the liver thanks to the
super high-resolution image processing and lack of critical
noise for the endoscope camera. The in-room monitors also
worked to display the navigation UI. The sensor location
refresh rate was <0.5 s and the sensor accuracy was high
enough that the surgeon could identify the endoscope loca-
tion from the camera image and the bird’s-eye view model
simultaneously. In the second verification, there was no
critical noise on the real-time images during the ablation that
could have obscured the target areas and the real-time ima-
ge’s refresh rate was <1.5 s/slice.

In the studies, the sequence including the sensor excita-
tion pulses was different from BEAT-IRT for real-time MR
imaging and therefore, the three perpendicular planes of the
navigation Ul in the first verification displayed the planes of
the reconstructed pre-procedural MRI according to the sen-
sor location. However, if the sensor excitation pulses could
be combined with the real-time MR imaging sequence, the
scan planes could be controlled according to the sensor
location [8, 14].

The working channels of the endoscope could not only
install the passive device as a microwave flexible probe but
also active flexible devices including steerable needles [15]
to adaptively control the needle paths. These active devices
require extended scan plane control so that the real-time MR

Fig. 3 Experimental setup and trials using the developed MR-compatible endoscope, the navigation software displayed on the MR-compatible

in-room monitors, and a 3T MRI scanner
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images always display needle artifacts since the sensor was
not installed in the needle tip but instead in endoscope’s
distal end.

4 Conclusion

This study demonstrated the basic performance of the
developed MR-compatible flexible endoscope and the ded-
icated navigation software for the endoscope. The
MR-compatible HD flexible endoscope had the potential to
provide simultaneous imaging acquisition between the
endoscope camera view and real-time images with widely
available closed-bore 3T high-magnetic-filed MRI as a novel
option for safe and seamless minimally invasive surgeries.
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Abstract

There are many biological signal measurement systems
such as BIOPAC and evaluation boards for specific
signals. However, most of these boards and systems are
manufactured for research, not for educational purpose.
There are many limitations in adding or modifying
circuits directly. Therefore, we developed a bio-signal
acquisition and processing system (BMDAQ) that is
highly utilized in educational purpose. The BMDAQ
board consists of an analog board, a digital board and PC
application programs, as well as teaching materials of
educational lectures. We designed an analog board using
three Op-Amps instrumentation amplifiers instead of a
single chip for electrocardiogram (ECG). The digital
board is designed to convert the signal coming from the
analog board into digital and transmit the data to the PC
through serial communication. The application program
provides real-time filtering of biomedical signal and
display of original and filtered signal. BMDAQ board and
textbook were designed and produced for educational
purpose and have been used as teaching materials.

Keywords
Biological signal measurement * BMDAQ
Electrocardiogram

1 Introduction to BMDAQ

There are many systems and devices that acquire bio-signal,
such as Biopac (BIOPAC Systems Inc., USA) [1] and
evaluation boards for specific signals. These devices have
limitations in terms of education because it is difficult to
modify and add modules. Therefore, we developed a
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biological measurement and processing system for educa-
tional purpose.

As shown in Fig. 1, the BMDAQ system consists of
analog, digital boards, board-to-PC interface and PC appli-
cation software. We designed an analog board using three
Op-Amps instrumentation amplifiers instead of a single chip
for electrocardiogram (ECG) which is one of the most
important bio-signals, and also included several analog fil-
ters. This analog board is designed as a removable expansion
type for several other applications and is manufactured so
that students can do soldering for themselves. The digital
board is designed to convert the analog signal coming from
the analog board into digital and perform several signal
processing before transmit the data to the PC through serial
communication.

The microcontroller used in the digital board is MSP430
(Texas Instruments Inc., USA) and we basically used the
12-bit ADC built in the microcontroller. In addition, an
external 24-bit ADC was used to acquire a bio-signal with
high resolution. Also the BMDAAQ is designed to isolate the
signal and power from the human body for safety which is
the most important factor in medical devices.

Communication between BMDAQ and PC is performed
by UART communication via USB serial port. The appli-
cation program provides real-time filtering of biomedical
signal and display of original and filtered signal. We provide
the source code for the real-time filtering method including
the QRS complex detecting algorithm to students. The
textbook presents a method of designing a digital filter using
MATLAB and provides a method to implement the designed
filter to be driven in real time.

2 Characteristics of BMDAQ

2.1 BMDAQ

Figure 2a, b show an assembled BMDAQ and its block
diagram respectively. Dimension of the BMDAQ board is
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Fig. 1 Overall diagram of the BMDAQ system. BMDAQ system consists of analog and digital boards and PC application software
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Fig. 2 Board and block diagram for BMDAQ. a Assembled Analog and digital board, b block diagram for BMDAQ

12 cm x 8 cm and consist of two-layer, double-sided PCB.
The board is divided into a mounted analog and digital part,
which are connected to each other by connector (CON1) and
can be removable.

The analog part amplifies and filters the electrocardio-
gram signal coming through the electrode and sends it to the
digital part, and the switches are programmable switches that
can be used by the user. The power source uses the 5 V
supplied from the USB of the PC, and the microcontroller
used in the digital part is the MSP430 (Texas Instruments
Inc., USA).

The 24-bit ADC on the digital board is an external
high-resolution analog-to-digital converter which is used to
convert a weak electrical signal to a digital signal, which is
not amplified in the analog part and has an amplitude in the

order of microvolts to millivolts. The analog-to-digital
conversion is implemented through serial peripheral inter-
face (SPI) communication between the microcontroller and
the ADC chip.

The DC/DC converter converts the USB 5V voltage to
the required voltage from the BMDAQ board and isolates
the circuit from the power supply with an ISO (isolator).

The main features of BMDAQ are as follows.

— Use the popular microcontroller MSP430

— USB power supply (DC 5V)

— Firmware download and debug using JTAG

— Firmware download using serial port

— Separation design of power unit considering safety
(optical and electrical)
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— Input range of analog electric signal: £4.5 V

— MCU internal 12-bit 6-channel ADC and 24-bit 4-channel
ADC through SPI

— Easy to expand other analog module.

2.2 Analog Circuits for Electrocardiogram

We designed an analog board using three Op-Amps instru-
mentation amplifiers [2] instead of a single chip for elec-
trocardiogram (ECG) to help students understand analog
circuits.

Figure 3 shows the circuits of the analog board and is
divided into 8 functions. The input stage has a protection
circuit and a filter to reduce noise, and then passes through a
buffer to reduce the load effects of the input signal.

The common mode component of the signal passed
through the buffer is removed through the differential

1. Protection

& Noise Cutoff LPF 2. Buffer

29

amplifier. For the signal with the common mode component
removed, a high-pass filter is used to eliminate the signal
with a very low frequency component including DC. Then
the signal is largely amplified. Finally, it passes through a
second-order low-pass filter to remove high-frequency
components.

To summarize the characteristics of this circuits, ampli-
fication is performed 4.7 times in the differential amplifier
and 220 times in the amplifier, amplifying 1000 times in
total, and has a pass band of 0.5-150 Hz.

3 Conclusion

BMDAQ board and textbook were designed and produced
for educational purpose and have been used as teaching
materials and laboratory equipment in biomedical/electronic
related engineering department of many universities in
Korea for 10 years. We plan to upgrade BMDAQ to reflect

3. Differential Amplifier
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S He
4 10K 0.1%

5. Amplifier

4. HPF

8. Analog Multiplexer

Fig. 3 Circuits for analog board




30

new trends in these days, and will add new modules such as
pulse oximeter, EEG and IMU (Inertia Measurements
Units). We plan to publish 2nd edition containing new
contents in an international version (English).
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Abstract

Human body height and weight are the key factors for
personal health monitoring and many works have been
conducted to accurately and conveniently measure these
two physiology parameters. However, in many conditions
such as in the outer space, measuring human body weight
becomes impossible for traditional approaches such as
using weight scale. In this paper, we present a medical
instrument, called the Ultrasonic Measurer to measure
human body height and weight using a non-contact
approach. This is a low-cost, efficient device to estimate
human body sizes using an ultrasonic sensor, the SRF04.
This sensor provides good measurements in close
distance over a range up to 300 cm. Moreover, we
present a convenient approach to estimate human body
weight from the measured sizes using the close relation-
ship between a human body’s weight and its sizes, despite
the variation in shapes. The measurements and estima-
tions were implemented on a set of 50 men and women
with different body shapes. The proposed method proved
to give good results as the sizes are estimated with the
average error of less than 0.3% and weight is estimated
with the average error of less than 2.8%. The module is
currently designed to be used as a standalone device. In
the future, the module is equipped with the Internet of
Things (IoT) for various remote health monitoring
applications.
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1 Introduction

Human body parameters convey a lot of valuable informa-
tion about an individual’s physical status, shape, size, phy-
sique, and body composition [1]. Non-contact human body
measurement is playing an increasingly vital role in physical
healthcare, surveillance [2] and the demand for determining
these indexes is inevitable. Over the centuries, people use a
weight scale and a measuring tape to measure the human
weight and height. However, accuracy still stands as a
problem of these traditional methods. Although the advance
in technology such as digital measurement techniques can
minimize the error, there still exist many practical circum-
stances that need a specific tool. For instance, when an
astronaut is in space, which is nearly weightless, he/she
cannot use a scale to measure his/her weight.

Systematic attempts to characterize and estimate the main
anatomical and compartmental components of the human
body weight have been proposed and reviewed for a long
time [3]. Sendroy and Collison, in [4], determined the human
body volume from height and weight and then constructed a
diagram for the relationship of V/S (Volume/Surface area) to
We/H (Weight/Height) for male and female body and the
most acceptable relationship between V and S, Wg and H.
This approach gives an estimation of human body volume
from height and weight and proposes an idea of some rela-
tionship between the human body’s dimensions and its
weight, which is critical for the human body weight esti-
mation without using a weight scale. In the last decades,
researchers have begun to measure body parameters indi-
rectly using modern devices and methods.
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Recently, marker-less multi-view systems have become
proficient at obtaining human body models but these solu-
tions usually require large space and the measurements are
difficult to set up [2]. Some other devices such as laser or
Kinect camera [2] can present a convenient way to estimate
human body volume; however, these methods are quite
expensive since a three-dimensional laser scanner may cost
from $40.000 to $150.000 US dollar [2]; the Microsoft’s
Kinect sensor V2 costs more than $300. In addition to high
investment cost, the above system requires complicated
algorithm running on a computer to provide the measure-
ments. Choosing the ultra-sound transducers can solve this
problem because they are small, lightweight and cheap,
making them suitable for placing the sensors on several
human body segments [5], thus proposes a natural way to
determine the volume of an object. This paper describes the
development of a fairly accurate, cheap, and standalone
human body height and weight measuring using a system of
ultrasonic sensors SRF04 and the Arduino microcontroller.
The algorithm to calculate weight based on the study of the
relationship between a human body’s volume and its weight
is presented in the following sections.

The paper is organized into five sections. After the
introduction, Sect. 2 depicts the method to implement an
effective algorithm in a low-cost hardware. Section 3 shows
the results and the corresponding error rate. Section 4 pre-
sents the advantages and drawbacks of the work and then
propose further improvements. Finally, Sect. 5 contains
conclusion and scope for the future investigations.

2 Method and Material

2.1 Ultrasonic Sensor SRF04

This ultrasonic sensor is a product of Devantech Limited
company where SRF stands for ultraSonic Range Finder.
The ultrasonic range sensor SRF04 has 2 heads, one for
ultrasonic wave emission and the other for wave receiving.
The unit pinouts are connected to the microcontroller unit,
the Arduino Uno R3 in this case. These pins are responsible
for triggering and measuring the time-of-flight of the echo
[6]. The emission head emits ultrasonic wave whenever it is
triggered by a triggering pulse. The frequency of the ping
wave is 40 kHz [7]. The wave will reflect upon hitting an
obstacle along its transmission path and the other head
captures this reflection wave. The integrated timing circuit
looks for a 40 kHz return signal to identify it as an echo [7].
The distance between the sensor and the obstacle is calcu-
lated based on the time-of-flight and the velocity of the
ultrasonic wave. The sensor provides good measurements in
close distance over a range of [3, 300 cm] with approxi-
mately 99% accuracy [8] (Fig. 1).
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Fig. 1 Ultrasonic range sensor SRF04 [8]

2.2 The Integrated Circuit

The main circuit was designed as shown in Fig. 2. In
addition to the SRF04 sensor, one resistor, one microcon-
troller Arduino Uno R3 and a LCD (liquid crystal display)
screen are required. The sizes are first calculated by the
ultrasonic sensor and then the information is sent to the
Arduino microcontroller to calculate the weight based on the
volume information and the density of a human body.
Eventually, the weight and height are visually displayed on
the LCD.

2.3 Algorithm

Figure 3 shows the algorithm to estimate the human body’s
dimensions (i.e., height, frontage, and width). These values
are then used to calculate the volume and subsequently,
weight of a human body. The measured height and weight
results are then displayed on the LCD screen.

The dimension Height (H), Width (W), Frontage (F) of a
human are defined as illustrated in Fig. 4.

Height, Frontage and Width measurement. All of the
dimensions (height, frontage, width) are measured using one
common principle. For example, W (width) of a human body
equals the distance between the sensor and the reference
point, b, subtracts the distance between the sensor and the
body, a, provided that the human is standing just beside the
reference point:

W=b-a (1)

The principle is illustrated in Fig. 5. In order to have an
accurate result, the distance between the sensor and the
reference point is made unaltered. In other words, b is a
constant. Moreover, the body being measured needs to stand
right in the transmission path of the ultrasonic wave. As
illustrated in Fig. 6, the width W is measured many times
across the upper part of the body and the mean of these
values is calculated to get the estimated W value. Taking the
mean value would help reduce the error caused by the
instability of the body parameters because when human
takes breath, the parameter of the waist will increase while
the parameters of other parts will hardly change. To further
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increase the accuracy of the measurement, the beam width
should be narrowed by installing a paper tube around both
heads of the sensor [8].

Volume estimation. Volume V of a human body is
estimated as a first-order function of 3 independent
parameters:

V=HFW.u (2)

where o is the compact coefficient. We have determined the
value of this coefficient by measuring the body parameters
(height, weight, frontage) and the true value of the human
body volume (measured by water displacement technique
[3]) of a set of 50 men and women with the ages between 15
and 60 and infer the value of « from these measured values.

il

The estimated o value of the sampled human bodies is 0.385
and this value is used to estimate the volume of Vietnamese
human bodies since Asian population demonstrates signifi-
cantly small variation in key body measures within popu-
lation [9]. This value is critical for an accurate estimation of
the human body volume. Experimental measurements show
that although the value of o varies with the physical shape of
the body of interest, from person to person as well as from
men to women, the value lies in the range of [0.37; 0.41].
Weight estimation. After having an estimated value of
human body volume, we can easily get a quite accurate
estimation of human body weight (Wg) using the formula:

(3)

display on LCD

We = V.B
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A

Frontage

Fig. 4 Defined dimensions of a human body

Reference

sensor and reference point.f

Fig. 5 Dimension Width (W) estimation using sensor

where Weight is calculated in kg, Volume is calculated in m®
and B is human body density whose average value is
approximately 985 kg/m>, according to [3].

3 Experimental Result

Figure 7 is a photograph of the implemented circuit board
which contains 3 components: the Arduino microcontroller,
the ultrasonic sensor SRF04 and the LCD screen. The
measurements were conducted on 12 distinct individuals, (6
men, 6 women with the ages between 15 and 60). Each
subject was measured 3 times. The o value being used is
0.385. Tables 1 and 2 show the results of the experiments.

mean of the measured values

Fig. 6 Estimated W value is the

FeReRe RN

Fig. 7 The implemented board for the measurements with 1—the
ultrasonic sensor, 2—the Arduino Uno R3 and 3—the LCD screen

One can see that while the variance of the measured
height values is quite small and neglectable, the variance of
the measured weight values is quite high compared to other
electronic devices. This is due to the inaccuracy of the
dimension estimations (i.e., frontage estimation and width
estimation) when the individual who is under the test takes
in a breath and thus changes his/her overall body volume.
Height measurement is, in some senses, a simple measure-
ment compared to the weight measurement.
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Table 1 Measured heights and weights

Person Measured heights (cm)
Ist 2nd 3rd
1 174 175 175
2 174 173 172
3 171 169 172
4 157 160 159
5 173 176 174
6 165 168 169
7 175 176 177
8 164 167 168
9 169 171 171
10 180 181 181
11 185 185 184
12 192 193 192
Average variance 1.13
Table 2 Errors in the measurements
Person Average height Real height Error (%)
1 174.67 175 0.1
2 173.00 174 0.5
3 170.67 170 0.3
4 158.67 159 0.2
5 174.33 175 0.3
6 167.33 168 0.3
7 176.00 177 0.5
8 166.33 166 0.2
9 170.33 170 0.2
10 180.67 181 0.18
11 184.67 185 0.18
12 192.33 192 0.17
Average error 0.26

Table 2 shows the errors in the height and weight mea-
surements, which depend on the inaccuracy of the sensor,
the value of a (compact coefficient) and the value of B (hu-
man body density). A comprehensive inspection of the value
of o and B can help reduce the error to less than 2.3%.

4 Discussion
In this paper, we described the design and implementation of

a device which can estimate the human body height and
weight through a non-contact approach using the ultrasonic
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Measured weights (kg)

1st 2nd 3rd
57.74 59.93 61.32
78.92 67.84 75.01
57.87 54.67 56.13
64.78 63.23 62.76
60.24 64.97 65.61
59.67 66.83 65.55
52.51 5543 55.56
76.71 75.03 88.96
65.45 67.16 71.33
70.12 71.35 72.06
75.55 76.72 74.42
78.82 77.58 79.05
7.48
Average weight Real weight Error (%)
59.66 57 4.67
73.92 75 1.44
56.22 55 222
63.59 61 4.25
63.61 62 2.59
64.02 63 1.61
54.50 52 4.50
80.23 83 3.30
67.98 70 2.90
71.18 70 1.69
75.56 77 1.88
78.48 80 1.90
2.75

sensor. This method of measuring human body weight and
height does not outperform traditional methods (with less
than 0.1% lower accuracy in the height measurement and
less than 1.5% lower accuracy in the weight measurement).
However, this method overcomes one major drawback of
traditional weight measurement method (using weight scale)
is that the output measured weight changes with altitude due
to the change of the gravitational acceleration value with
altitude. When compared to other products to measure
human body’s height and weight such as the infrared laser of
Microsoft’s Kinect camera, our product cost is much lower.
The system cost will reduce drastically if it is in mass
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production. One of the ways to reduce the cost of the product
is to replace the Arduino microcontroller with specific ICs
(Integrated circuit), which are equivalent to the Arduino
microcontroller with a lower price. Although accuracy is not
one of the advantages of the product, we strongly believe
that we can improve its quality and accuracy in the future.
The following subsections discuss the advantages, draw-
backs and the ways to improve the accuracy of the system.

4.1 Advantages

Our product provides a simple approach for measuring
human body height and weight that differs from other tra-
ditional methods when the body weight is estimated through
its dimensions/sizes. It helps to:

e Overcomes one major drawback of traditional weight
measurement using weight scale: the output measured
weight changes with altitude due to the change of the
gravitational acceleration value with altitude.

e Integrate height measurement and weight measurement
in one measurement device.

e Measure human body parameters without any limitation
to the height and weight value range of the body being
measured.

It is easy to increase the range of the measurement by
switching to a better ultrasonic sensor.

4.2 Drawbacks

There still exists some shortcomings in the projects, some
major imperfections are:

e In order to have a reasonable result, the person needs to
stand just beside the reference point.

e His/her clothes should fit tightly to his/her body so that
the volume estimation step would give a reasonable
result.

4.3 Improvements

In the future, to improve the product’s performance, we
suggest some solutions:

M. H. Ly et al.

e Setting costume requirements for human body measure-
ment. People should wear tight clothes to reduce error in
estimations.

e Improving the accuracy of the sensor by replacing the
SRF04 sensor with a better, more advanced sensing
technologies such as laser, infrared or magnetic sensor.

e Improving the accuracy of the volume estimation by
providing a more accurate value of o and human body
density B using statistical analysis method.

e Programming the device to automatically taking mea-
surements and sending the measured data to the user
using IoT technology.

5 Conclusion

Using a system of ultrasonic sensor and Arduino develop-
ment platform, we can measure the height, the width and the
frontage of the human body, then calculate its volume and
subsequently, its weight based on the human body’s density
information. While the measured height is very close to the
real height with less than 0.3% error, in the weight mea-
surement operation, there are still some substantial errors. It
is understandable since the depth of a human body changes
when the person breaths. Breathing leads to the change in
the human body’s volume and subsequently, to the error in
the weight measurement. Moreover, clothing is one of the
elements that make the results inaccurate. Therefore, we
recommend that people should hold their breath and wear
tight clothes during the measurements.
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Hai Thanh Le and Hien Thi-Thu Pham

Abstract

Treatment planning plays an important role in improving
the quality of life of patients, especially in brain tumor
disease. Magnetic resonance imaging (MRI) is a widely
used imaging technique to assess these tumors, but the
large of data obtained by MRI makes manual segmenta-
tion in time-consuming, less precise quantitative
measurements in the clinical practice. We present an
automatic brain tumor segmentation method based on a
deep neural network with U-Net architecture to classify
tumorous tissues into four classes for necrosis, edema,
non-enhancing and enhancing tumor. Our network was
trained and validated on the Brain Tumor Segmentation
Challenge 2013 (BRATS 2013) dataset. Our method
obtained the high performance score with the metric
values Dice = 0.83 and sensitivity = 0.85. These results
were compared to the similar methods.

Keywords
Brain tumor ¢ Deep neural networks ¢ Segmentation *
U-Net

1 Introduction

Accurate brain tumor segmentation plays a key role in cancer
diagnosis, treatment planning, and treatment evaluation.
Since manual segmentation of brain tumors is laborious, the
development of semi-automatic or automatic brain tumor
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segmentation methods makes enormous demands on
researchers [1]. Ultrasound, computed tomography (CT) and
magnetic resonance imaging (MRI) acquisition protocols are
standard image modalities used clinically. Many previous
studies have shown that the multimodal MRI protocols can be
used to identified brain tumors for treatment strategy because
the different image contrasts of these MRI protocols can use
to extract important complementary information. The multi-
modal MRI protocols include T2-weighted fluid-attenuated
inversion recovery (FLAIR), T1-weighted (T1), T1-weighted
contrast-enhanced (T1c), and T2-weighted (T2).

In recent years, an annual workshop and challenge, called
Multimodal Brain Tumor Image Segmentation (BRATYS), is
held for different benchmark methods that developed to
segment the brain tumor [2]. Our previous method [3]
trained ExtraTrees classifier for brain tumor segmentation
based on a region of interest (ROI) of tumor in FLAIR
sequence. This method obtained 0.9 Dice score of the
complete tumor but remained the low score of enhancing
and core tumor with BRATS 2013 dataset [2].

Various deep learning methods have achieved the high
score in BRATS challenges [4-6]. A detailed review of
various medical image classification, segmentation and
registration methods can be found in [7]. Biomedical images
have many patterns of the object such as a tumor, and their
intensities are usually variable. Ronneberger el al. [§]
developed the U-Net based fully convolutional networks
(FCNs), which consisted of a down-sampling (encoding)
pathway and an up-sampling (encoding) pathway with
residual connections between the two that concatenate fea-
ture maps at different spatial scales, to segment the cell
cancer. Based on the original U-Net architecture, some
groups [9, 10] proposed a method for brain tumor segmen-
tation and achieved the competitive performance of those
built models with BRATS datasets.

In this study, we present a novel 2D segmentation method
that uses the fully convolutional neural networks (FCNNs)
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by U-Net architecture [8] to detect and segment tumorous
tissues in the brain. The proposed network has been evalu-
ated on BRATS 2013 dataset acquired for both LGG and
HGG patients.

2 Method

2.1 Dataset
The proposed method is trained and validated on the BRATS
2013 dataset [2] which consists of 30 patient MRI scans of
which are 20 HGG and 10 LGG. Each patient has four MRI
sequences including FLAIR, T1, Tlc, and T2 as shown in
Fig. 1. This dataset with multimodal MRI data that has been
already skull-stripped, registered into the Tlc scan and
interpolated into 1 x 1 x 1 mm® with a sequence size of
240 x 240 x 155. In addition, the ground truth images of
dataset were manually labeled into four types of
intra-tumoral classes (labels): 1-necrosis (red), 2-edema
(green), 3-non-enhancing (blue) and 4-enhancing tumor
(yellow) and the others are 0-normal (healthy) tissue (black).
The ground truth data have been used in two steps, model
training, and final segmentation performance evaluation.
However, in this study we build a segmentation network
using three MRI modalities with FLAIR, Tlc and T2 to
reduce the memory and training time but it still achieves
competitive performance as proved by Zhao et al. [11].
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Fig. 1 Four MRI modalities in imaging data from HGG patient 0001
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2.2 Preprocessing

In this study, we applied the N4ITK method [12] to reduce
inhomogeneity in MR images. A histogram normalization
method [13] was then employed to address data hetero-
geneity caused by multi-scanners acquisitions of MR ima-
ges. Finally, the intensities of each MRI sequence are
normalized by subtracting the average of intensities of each
sequence and dividing by its standard deviation.

2.3 U-Net Based Deep Convolutional Neural
Networks

Our network is similar in spirit to the U-Net [9] which is
different from the original U-Net [8]. The U-Net architecture
[9] as shown in Fig. 2, uses deconvolution operator instead
of an up-sampling operator in the decoding path and applies
zero padding to keep the same resolution of output images as
the input images. Therefore, the network does not require a
cropping operator of the border regions. Our network is then
added the batch normalization [14] layer after each convo-
lutional layer for regularization purposes. On the other hand,
our model also has a slight difference from [9] for inputting
the full slices of three modalities of BRATS dataset with a
size 240 x 240 x 3.

For batch optimization, we use the stochastic gradient
descent (SGD) algorithm to update the parameters at each
iteration. The SGD simply gets rid of the expectation in the
parameter update and calculates the gradient of the param-
eters using only a few training examples that help to reduce
the variance in the update and get more stable convergence.
The parameters of our SGD optimizer are set as: learning
rate = 0.0001, decay = 0.01 and the maximum number of
epochs = 100.

2.4 Training Set and Test Set

From BRATS 2013 dataset, we used the first half of HGG
and LGG cases with three MRI modalities (FLAIR, T1c, T2)
for the training set and the second half of dataset including 10
HGG and 5 LGG cases are used to validate the performance
of our method. In this study, the HGG and LGG training sets
are combined, trained and cross-validated together.

2.5 Performance Evaluation

The final step of segmentation is an evaluation of the
obtained results. In this study, we evaluate the tumor seg-
mentation on three sub-tumoral regions followed [2] as the
enhancing tumor, the core (necrosis + non-enhancing
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tumor + enhancing tumor), and the complete tumor (all
classes combined) by the measurements of Dice coefficient
and Sensitivity as described in [15].

3 Results and Discussion

In this study, we proposed the 2D segmentation model based
fully convolutional neural networks using U-Net architecture
with three MRI modalities for solving the brain tumor seg-
mentation challenge. For HGG and LGG training sets, the
images were selected from each MRI sequence that depen-
ded on their ground truth’s energy with a threshold value of
HGG greater than LGG. Therefore, this step helped to
reduce the number of images which are put into U-Net
model to extract features for training data.

Our U-Net model was implemented in Keras [16] with a
TensorFlow [17] backend. The most advantage of our pro-
posed method is that the training time is only around one
hour, but for the prediction, the computation time is about
2 <+ 3 min per case. Compared to some studies, our com-
putational time is less than [5, 6] and longer than [9].

The results of our proposed method which is applied on
BRATS 2013 dataset and the recent the state-of-the-art
methods validates on the same dataset are shown in Table 1.
Table 1 shows that our method achieves the promising
results in Dice score and performs slightly better in sensi-
tivity measurement for all types of brain tumor with the
smaller data for learning.

Figure 3 shows some examples of our qualitative overlaid
segmentation results for both HGG and LGG patients on
FLAIR MR images compared to the ground truth images.
The segmented results are colored as described in Dataset

Table 1 Dice and sensitivity scores of our proposed method compared to the results from other groups recently published ExtraTrees and U-Net

based methods for BRATS 2013 dataset

Method Dice score Sensitivity

Complete Core Enhancing Complete Core Enhancing
Proposed 0.83 0.81 0.72 0.85 0.83 0.75
Our previous [3] 0.90 0.63 0.61 0.87 0.72 0.65
Dong [9] 0.86 0.86 0.81 0.88 0.90 0.78
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Fig. 3 Segmentation results for the HGG and LGG patients compared to their ground truth

section. Due to the limitation of resource, our model is only
trained and evaluated on the BRATS 2013 dataset, which
contains much less HGG and LGG patient cases than the
BRATS 2015 dataset. Besides, our model segmenting the
enhancing tumor for LGG cases is less successful than for
HGG cases because there are fewer LGG cases than HGG
cases and in most of LGG cases rarely have regions of
enhancing tumor.

4 Conclusion

In this paper, we developed a learning-based automatic
method for brain tumor segmentation in three MRI modalities
(FLAIR, Tlc, T2). This method uses the U-Net based deep
convolutional networks to segment the brain tumor. Based on
the experiment results on the BRATS 2013 dataset, our model
can obtain robust segmentation with efficient memory and
training time compared to the manual ground truth. Further-
more, in comparing to other state-of-the-art methods, we
demonstrated that our approach could achieve comparable
results with average Dice scores of 0.83, 0.81, 0.72 for whole
tumor, tumor core and enhancing tumor core, respectively.
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N. T. Hang, P. T. N. Thao, Tin T. Dang, and Anh Dinh

Abstract

Our study aims to design the prototype system, which
includes the non-contact temperature sensor, embedded
system, and database. Using a specialized mechanical
fixture and a simple calibration technique, preliminary
results show desirable temperature measurement perfor-
mance. To reduce the inconvenience caused during direct
measurement to the users such as having the thermometer
clamped to one part of the body (mouth, armpit, or
rectum) and kept fixed for a certain period, our device
provides a new measuring method without the need for
contact and quickly displays results with high accuracy
compare with other devices. Moreover, our purpose is to
use this device for making the timely diagnosis of malaria
through the human temperature in households, schools,
and hospitals.

Keywords
Non-contact * Infrared thermal ¢ Temperature
Microcontroller * Reducing noise

1 Introduction

The temperature of the human body is one of four main vital
signs which must be observed daily to ensure safe, effective
care and is being applied in all healthcare environments [1].
Consequently, recent years have seen increased attention
being given to automatic temperature monitoring technol-
ogy. In comparison with traditional techniques including
the Digital Axillary Thermometer (DAT), the automatic
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thermometer can reduce the labor cost and capture contin-
uous, reliable and rapid recording.

This paper deals with non-contact measurement methods,
using the infrared sensor. Everything emits infrared light.
Infrared sensor detects infrared light and microcontroller
analyze them to get the temperature. Non-contact ther-
mometers use infrared thermal allow measure body’s tem-
perature with minimal (tympanic membrane) or no
(Non-contact Infrared thermometer NCIT) contact with the
body [2]. Moreover, allowing for easier and faster use when
monitoring huge numbers of individuals like in school, in
hospital, in airports or in border crossings (limit the disin-
fection of the thermometer process), apply widespread fol-
lowing the SARS(Severe Acute Respiratory Syndrome)
infection, and particularly during the pandemic HIN1 out-
break [3]. In a similar situation when the outbreak of the
disease in Hong Kong, the student was required to measure
their body temperature at the entrance of the school. The
design of an automatic and rapid measuring device is an
urgent demand. However, the accuracy of the device is a
matter to be considered and it also causes a lot of discomfort
when users wear the device like a forehead mask [4]. In the
researching process, we found that infrared sensors give
inaccurate results due to the effect of external factors such as
ambient temperature and distance from the sensor to the
object.

Consequently, in our paper, we find an approximately
function to reduce noise. Besides the infrared sensor
MLX90614 [5] for non-contact temperature measurement,
we use (SONAR) sensor [6] to measure distance and the
thermal sensor LM35 [7] to capture the environment tem-
perature. The approximation functions based on the distance,
environment temperature and body temperature will be cal-
culated by excel. Then, we applied them to the Arduino
IDE’s program to gain the exact temperature for each cir-
cumstance and display in the LCD [8]. By taking into
account the influence of environmental factors, the approx-
imation gives a more realistic result, respond flexibly to
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Fig. 1 Operational principle

changes in the environment and contributes to simplifying
the measurement process.

2 Hardware Design and Operating Principle

2.1 Hardware Design
According to the method described above, the components
on the board are divided into four main units:

® Receiver, transmitter, data processor: LM35 thermal
sensor, ultrasonic sensor HC-SRO04, infrared sensor
MLX90614.

e Control Device: Arduino Nano [9], LCD Contrast Ratio
Switch, On/Off Switch.

e Display Device: LCD.

e Independent DC power supply: source 9 V DC.

The relationship between the components is shown in the
diagram. We use the power 9 V to power all the devices in
our system. The environmental temperature is measured by
the LM35 sensor. To determine the human temperature, we
use the Infrared sensor. The other essential data is the dis-
tance between the human and the sensor which is measured
by the ultrasonic sensor. All data is transmitted to the
Arduino Nano, which will combine, process, output the
result to the user. When all data is processed, we use LCD to
display the result (Fig. 1).

Arduino with LCD: The Arduino Nano is complete,
small, board-friendly board base on the ATmega328
(Arduino Nano 3.0) or ATmegal68 (Arduino Nano 2.x), in
this product, we use Arduino 3.0. This board is easy to use

Ultrasonic sensor HC-SR04

LM35 thermal sensor

Arduino Nano

Infrared sensor MLX90614.

Source

and programming (using Arduino IDE software based on C
programming language) and connected to LCD through 12,
11, 5, 4, 3, 2 pins. We use LCD 16 x 2, with 2 rows on the
screen, each row has a maximum of 16 characters. During
measurement, the LCD shows the distance, ambient tem-
perature, and temperature from the IR sensor. After calcu-
lating the influence of environment, the value of the MLX is
replaced by the body temperature (Fig. 2).

Thermal sensor LM35: LM35 [7] is an analog, linear
temperature sensor. The voltage output of the LM35
increases 10 mV per degree Celsius rise in temperature. The
accuracy is high and depends on the temperature range, at a
temperature of 25 °C, the error is +1 °C, the room tem-
perature accuracy is 0.25 and the error between —55 and 150
is 1.5 °C. We can calculate the temperature:

U=txk (1)
t=U/k = 1.1/1024/0.01 = 0.10742188°C  (2)

where U is the value read from the analog-Read function and
U = 1.1 is the maximum value of the reference voltage,
connected to Arduino via AO pin and k = 0.01. This means
that it will map input voltages between 0 and 1.1 volts into
integer values between 0 and 1023. This yields a resolution
between readings of 1.1 volts/1024 units or 0.0010742188
volts (1.0742 mV) per unit. So, the temperature is 1.0742/10
equal to 0.10742188 per unit.

Infrared sensor: Infrared sensor MLX90614 [5] uses
12C interface. It has a compact design, high precision ther-
mal sensor. This sensor calibrated in wide range: —40 to
125 °C for sensor temperature and —70 to 380 °C for the
object temperature, high accuracy of 0.5 °C within the range
of 0-50 °C for both T ambient and T object. This sensor can
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Fig. 2 Arduino nano [9] and
LCD 16x2 [8]

transmit continuously the measured object temperature for
an object temperature range of —20 to 120 °C with an output
resolution of 0.14 °C by the 10-bit PWM. Supported by the
Adafruit-library Master [10] and is communicated with
Arduino by two pins A4 and AS. Follow is the image of
MLX90614 sensor (Fig. 3).

Ultrasonic (SONAR): Module Ultrasonic sensor
HC-SR04 [6] is able to measure the range from 2 to 400 cm,
precision 3 mm and effectual angle is smaller than 15°. The
working principle of the ultrasonic sensor is as follows: the
high-level signal is sent at least 10 ps by using 10 Trigger.
The module sends eight 40 kHz signal automatically and
then detects whether a pulse is received or not. If the signal
is received, through high level, time of high duration is the
time gap between sending and receiving the signal.

Distance = (Time x Speedof Sound € Air)/2  (3)

In the circuit connections, “TRIGGER” an “ECHO” pins
are connected to pin (A4) and (AS) of Arduino. This sensor

Fig. 3 MLX90614 sensor [5]

(a) Arduino nano.

Fig. 4 Ultrasonic sensor [6]

measures precisely the distance without actual contact and
used at several places like water level measurement, small
distance measurement (Fig. 4).

2.2 Operating Principle

Figure 5 is the flow chart which talks about the method that
we can define and calculate the approximating function. At
first, we have to measure the body temperature in twelve
times by the IR sensor, so we create a counter begins at 1
and finish at 12, the initial distance is 10 cm (measured by
the Ultrasonic sensor). Then, the LM35 sensor is used to
measure the ambient temperature, each time the value of Ta
and T is saved, we calculate AT with AT = T — Ta, increase
the distance to about 20 cm, and increase the counter to 1,
while the counter is smaller than 12, we continue to measure
and collect the data from the device. If the variable counts to
the last value, we perform the function approximation by
excel. Typically, this function is a quadratic or a fifth
polynomial of the variable that is the distance between the
device and the meter. The accuracy of this function will be
checked by comparing the error with 3%. We have to do this
process until found the logical result. On the contrary, saving
the function. We divide the ambient temperature into a
variety of gap, from 23 to 34, increase one degree for one
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Fig. 5 Operating system algorithm

step, so we have an approximating function corresponding
with each Ta. So, the final result quite exactly with the error
is smaller than 3%, this rate is the optimal value that we
chose from the experimental process. Our final product is
shown in Fig. 6.

Body temperature measurement by the infrared sensor
(IR sensor) depends on factors such as angle of measure-
ment, vibration, ambient light, ambient temperature. Thus,
the result we get is not accurate. In order to have good
results, we have to reduce the noise, we made a small tube at
the head of infrared sensor to allow transfer directly to the
infrared sensor. This tube is presented in Fig. 3b. Next, we
remove noise caused by environmental distance and tem-
perature by set function AT with L varies at different
ambient temperature ranges.

AT =T,—T (4)

N. T. Hang et al.

e T, (°C) is the body temperature measured with a mercury
thermometer.

e T (°C) is the temperature measured by the LMX90614
Sensor.

e L (cm) is the distance from the device to the object
defined by the Ultrasonic.

e The ambient temperature is determined by LM35.

Table 1 shows the temperature of the hand measured by 2
devices at an ambient temperature of 28.36 °C, where L is
the distance from the device to the object, T is the temper-
ature obtained from IR sensor MLX90614, T, is the tem-
perature measured from the mercury thermometer.

Before reducing noise, the result is far from with the
reality, which the average is approximately 19.7%. So, we
calculate the function by the distance and environmental
factors to minimize the error. Table 2 is the list of AT
functions at different ranges of ambient temperature.

Figure 7 that is the flow chart, represents the operation of
the device. At first, we measure the ambient temperature 7,
if 23 < T, < 34, we continue to measure the distance L and
receive the temperature from the IR sensor which named T.
Then, calculating T, = (T, AT) =T + AT, which the
approximating function AT corresponding with T, and L.
Finally, presenting 7, to the LCD. If not, we print 7, =0
into the LCD screen and finish this process.

3 Experimental Results

Figure 8 shows that the hand temperature measured by this
device is 35 °C, the result is not much different from the
actual temperature. Ta is the environmental temperature, T is
the body temperature from our product and L is the distance
from the user to the equipment.

Table 3 shows the results after eliminating the noise. The
correct operating range of device is at an ambient tempera-
ture from 23 to 28 °C, an error rate from 1 to 3%. IN this
table, the error 1 is the error of REFCO LP-79 which is one
of the IR thermometer in the market and the error 2 is the
error of our product. So, in this case, the result is precise
with the small error-approximately 0.9%.

4 Discussion
4.1

Advantage

Non-contact temperature measuring methods are used to
overcome the limitations of mercury and electronic



Noncontact-Body-Temperature-Measurement 47

Fig. 6 The final package

(a) The front side of package.

(b) The back side of package with small tube
around the IR sensor.

Table 1 The temperature of the hand is measured by IR sensor at 28.36 °C (with noise)

L (cm) T T, Error

10.13 29.85 35.8 16.62011173
20 29.19 35.8 18.46368715
30.03 28.91 35.8 19.24581006
39.97 28.63 35.8 20.02793296
50.03 28.63 35.8 20.02793296
60.1 28.51 35.8 20.36312849
70.19 28.51 35.8 20.36312849
80 28.57 35.8 20.19553073
89.53 28.59 35.8 20.1396648
99.78 28.53 35.8 20.30726257
110.61 28.53 35.8 20.30726257
120.37 28.59 35.8 20.1396648

Average error 19.68342644
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Fig. 7 Operation of device

Fig. 8 Temperature measuring device

Receive temperature from
LM35 thermometer (T,)

I Measure distance(L) |

Receive temperature
from IR thermometer
MLX90614 (T)

! v

T =fr,(T.L) Print the result (T;) to LCD

v

Table 2 The approximating function AT at different ambient temperature (T,)

T, (°O)
23-24
24-25
25-26
26-27
27-28
28-29
29-30.5
30.5-32
32-34

AT

—6E-05L% + 2E—07L* — 2E—05L° + 0.0005 L — 0.0127L + 5.824
—3E—-10L°> + 9E—08L"* — 7E—06L> — 0.0002L? + 0.0359L + 5.6334
2E-06L° — 0.0006L% + 0.0478L + 3.8664

—2E—08L* + 7E-06L> — 0.0009L* + 0.0512L + 3.8116

—3E-09L3 + 9E-07L* — 9E—05L* + 0.0038 L? — 0.0279L + 6.1046
—3E—08L* + 1E-05L° — 0.0012L% + 0.0796L + 4.9914

—4E—08L* + 1E-05L> — 0.0014 L* + 0.081L + 4.8359

—3E—08L* + 9E—06L> — 0.001L? + 0.0531L + 3.7695

1E-07L* + 3E—06L° — 0.002L? + 0.1423L + 1.2785
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Ta L (cm) Electronic thermometer REFCO LP-79 Error 1 Device Error 2
23.85 80.46 32 31 3.125 31.27 2.335
24.17 68.59 32 29 9.375 31.92 0.251
25.89 60.34 32 31 3.125 31.68 1.01
26.43 56.83 32 32 0 31.8 0.629
27.61 64.07 36 32 11.111 36.1 0.277
28.36 68.68 36.1 32 11.357 35.88 0.613
28.47 97.83 36.1 32 11.357 36.48 1.042
28.57 36.89 36.1 32 11.357 35.63 1.319
Average error 7.601 Average error 0.934
thermometers. They could avoid cross-contamination Conflict of Interest The authors declare that they have no conflict of

because it is non-contact with the object and also have
shorter measuring time. In this product, we concentrate on
the noise reduce and bring the convenience to the user. Our
product obtains certain enhancements such as, it can mea-
sure in longer distance with limiting the effect of some
environmental factors (ambient temperature and distance) to
the result from the sensors, and its cost is lower than the
Infrared thermometer on the market.

4.2 Disadvantage

Our product has some shortcoming, such as, the professional
infrared sensor hasn’t been used because of its shortage in
Vietnam market, the range of temperature is still small.

5 Conclusion and Future Work

Nowadays, there are some better IR sensors such as the
medical version and new thermometer sensors which the
fresh technique, thus, the results will be more accurate.
Moreover, the precision can be improved by increasing the
number of sampling times. With industrial scale, we can
reduce the size as well as the price of this product.

interest.
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Thi Hai Mien Pham, Bao Ngoc Tran, Ngoc Minh Thinh Nguyen,
Tran Khanh Tran Nguyen, Phu Duong Le, and Quang Linh Huynh

Abstract

Dental diseases are ranked the third disaster after cancer
and cardiovascular by World Health Organization. The
early diagnosis of decay is important for children and
adults to treat and prevent diseases. In this study, a
fluorescence device was designed and manufactured for
this purpose. Device used a 380-nm LED, which
stimulates the luminescence of porphyrins—a product
of Streptococcus Mutans bacteria in plaque or caries. This
equipment was included camera which can record images
in real time as well as the fluorescence image was
processed by a designed software. The test results showed
that the fluorescence camera can detect numerous types of
the carious lesions including dental plaque, dental caries,
hidden caries and the early stage of caries. In this
research, a statistic software was applied for this research
in order to show the device’s sensitivity and specificity.

Keywords
Camera * Dental caries * Diagnosis * Fluorescence

1 Introduction

Nowadays, in many countries, the knowledge of the oral
health is not still concerned properly. Specially, decay is one
of the most popular dental diseases. Moreover, it is impor-
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tant to detect the early stage of the carious lesions and still a
big challenge for dentist at this moment.

Currently, there are a lot of common diagnostic methods
for detecting dental problems such as: clinical inspection,
X-rays, optical methods, etc. Traditional method which is
the most widespread is the clinical examination; however,
this method is not sensitive enough, especially for early
lesions and those affecting the proximal tooth surfaces.
Bitewing radiographs have also been used for a long time for
the detection of proximal lesions, but they are not reliable for
occlusal defects, especially when only the enamel is
involved [1]. Moreover, the effect on pediatric and pregnant
women’s health is still existed in X-rays methods. In sum-
marize, a great challenge is being asked to study a new
method for detecting dental caries in the early stage that is
more accurate and not harmful to patients. As the technology
developments, some new diagnostic tools are constantly
being researched and developed. One of the new developed
diagnostic procedures employs fluorescence diagnostics.
Many investigators have shown that under UVA light (near
ultraviolet), such as 380 nm, sound teeth emit blue—green
color, while caries teeth emit the red fluorescence [2—-10].
Based on the difference in the color of the teeth fluorescence
caries lesions can be detected.

The fluorescence technique using 380 nm LED is
non-destructive, non-invasive, and non-ionizing radiation.
Furthermore, this method also showed high sensitivity in the
detection of the early demineralization and early dental
caries. In this study, a fluorescence camera with 380-nm
LED was designed and tested, database was created as well
as the sample for ROC curve in order to evaluate the diag-
nostic capabilities of the device in a medical manner. Last
but not least, a software was designed and built to enhance
the image’s fluorescence contrast and quality by Matlab.
Especially, recording and processing image in real time was
also supported to observe and evaluate by a designed
software.
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Fig. 1 Device diagram

Source

2 Materials and Methods

2.1 Materials for Device

The device for detecting dental caries is a system that con-
sists of a light source, optical filters, camera, power source
and stable voltage circuit, as shown schematically in Fig. 1.

LED. The wavelength and power of light play an important
role in stimulating fluorescence. The device used
3W-SMD-LED emitting 380 nm wavelength with 3 W power
for exciting teeth fluorescence. The field of view of 380-nm
LED had to provide the full overview of the oral cavity in the
inspection process. Besides, the device was ensured that
device temperature was low to avoid destroying LED.

In addition, the device should be had a radiator because
LED was usually operated with high temperature (~ 100 °C).
The temperature does not affect the course of the survey and
the quality of fluorescence images but shortens the life span of
LEDs. A 10 mm-thickness bronze plate combined with ther-
mal compound was set up to the backside of LED. With using
this radiator, the temperature was down quickly.

Filters. The light emitted from the 380 nm LED is not
monochromatic with a spectrum from 370 to 390 nm.
Besides that, the edge of the LED spectrum in the visible
region causes the overlap with the fluorescence spectrum of
teeth. In this case, one band-pass filter (UG-1, Edmund
Optics) was used for passing only wavelengths shorter than
400 nm and eliminating unwanted visible light from the
LED.

The 380-nm LED was arranged close to the camera so the
LED light can scatter and decrease the quality of fluores-
cence images recorded by camera. Therefore, a JB490 filter
was placed in front of the camera to block the scattered light
from LED and pass the fluorescence signals from teeth into
camera.

Fig. 2 Full device
(length x width x height =
233 x 35 x 29)

T. H. M. Pham et al.

Teeth
Fiter Fiter
Circuit LED Camera

Camera. The fluorescence images of the teeth can be
directly observed with the naked eye or through the camera.
Due to the poorness of the light and space condition in the
oral cavity, the camera should have a short focal length and
high sensitive for recording fluorescence image. ORC-03
camera was connected to computer by USB cable 2.0. The
distance between camera and teeth is about 1-2 cm for
obtaining images with high quality.

Source and stable voltage circuit. LED is provided with
3.3 V-DC-power from batteries or USB port of the computer
through a stable voltage circuit and source selector switch.
The power of LED is controlled by hand in a flexible
manner. The stable voltage circuit receives input from 3.7 to
4.2 V and the output voltage is 3.3 V and makes sure the
direct current 280 mA to match the performance parameters
of the LED. The used battery was Lipo 1 cell 1000 mAh that
can be used for 3 h (Fig. 2).

2.2 Design of Device

The aim of this study was to design a portable fluorescence
camera for observation in the oral cavity. Therefore, the
device must be easy to use: the camera header is small for
comfortable manipulation in the visual inspection, the body
of device should be light and fit for hand, and the LED
controller in a convenient location for controlling LED
intensity. Solidworks software and 3D printing technique
were used to manufacture the device body. The body color
was black to decrease the scattering from LED light.

2.3 Image Processing

One part of this research is image processing due to the
poorness of the light in oral cavity, so that the image quality
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Fig. 3 Default image (left) and processed image (right)

is not high. Thus, the software was designed to enhance the
image quality. It was designed by Matlab and can adjust
image contrast; segment separately one tooth from others in
fluorescence image and record real-time video. By using
real-time video, we can observe decay teeth immediately
without capturing by camera.

Firstly, we should adjust the contrast image. Matlab has a
function that can adjust image intensity values or col-
ormap. This function is imadjust, it has structure s=imadjust
(image,[low_in, high_in], [low_out, high_out]) [11], image
is matrix picture elements, low_in=0 and high_in=1, we will
input low_out and high_out to adjust contrast of picture
(Fig. 3).

Secondly, when an image was captured in mouth, it could
have several teeth in an image. If we want to focus on only
one carious tooth for more detailed observation or saving
medical record, we will cut this area from whole image. We
have 2 choices to cut the image: automatic or by hand. In
automatic segmentation, it depends on threshold from Otsu’s
method [12]. But this way is unusually to use because if 2
teeth were side by side, that method cannot separate them.
Thus, we have another choice to segment. By hand, we use
computer mouse to cut this area by imcrop function in
Matlab.

Finally, the last advantage of our device is real time
video. Camera was used to capture continuously picture and
combine them to create a video. In Matlab, we have a
function snapshot to do it. Besides, video could be adjusted
immediately by using imadjust function.
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3 Experimental Results and Discussion

All samples, without dental restorations to ensure the pres-
ence of questionable occlusal caries, were classified
according to the visual criteria of the International Caries
Detection and Assessment System (ICDAS).

In the first case, Fig. 4 shows a sound teeth specimen.
Under UVA excitation, as can be seen in Fig. 4b, this
sample emitted the blue-green color on a white background.
As known that the healthy teeth emit blue or green
fluorescence when irradiated with near ultraviolet or
violet-blue light, respectively [9]. For many years,

(a)

(b)

Fig. 4 Sound tooth: white light image (a), fluorescence image (b)



54

researchers have studied the origin of natural fluorescence in
dental hard tissue. Thus, the determination of fluorophores
emitting blue—green color in sound teeth requires further
investigation.

In the second case, Fig. 5 displays a carious tooth that
absorbed energy from LED then emitted spectrum in visible
region, including blue and red color. Basically, the higher
density of carious bacterium, the stronger red fluorescence.
To explain “Why do we see blue-white or red colors on
teeth”, we should answer the question “Where is this caries
cavity from”? Note that the enamel layer (thickness 1-
3 mm) is a filtering membrane allowing the transit of sub-
stances from the exterior to the interior, and vice versa.
These zones allow the flow of acids from bacterial plaque,
giving rise to disintegration of the organic material and
posteriorly conditioning demineralization of the inorganic
component-thus supporting the proteolysis-chelation theory
of dental caries. Thus, these teeth will appear Streptococcus
mutans bacterium and Lactobacilli bacterium which are
main reasons why our teeth were destroyed. The mouth
contains a wide variety of oral bacteria, but only a few
specific species of bacteria are believed to cause dental
caries: Streptococcus mutans and Lactobacillus species
among them. The difference of them is Streptococcus
mutans bacterium producing special substance called Por-
phyrin, but Lactobacilli bacterium is not.

Next, we will answer the question “Why do we see
blue-white or red colors on teeth”: it depends on teeth sub-
stance. In lesions, Streptococcus mutans bacterium produces
special substance called Porphyrin which increasing strongly
in our plaque and tartar. Porphyrins are the native fluor-
ophores that strongly emits red light under UVA excitation.
This fluorescence is detected in some studies [1, 2, 9]. When
these areas were stimulated and absorbed by 380 nm LED,
these emit longer wavelength in visible region, from 630 to
740 nm wavelength. If density of these areas is high, teeth
will clearly show red color. In sound teeth, there are no
porphyrin so the healthy teeth emits blue or green fluores-
cence when irradiated with near ultraviolet or violet-blue
light, respectively [7].

(a)

Fig. 5 Carious tooth: white light image (a), fluorescence image (b)

T. H. M. Pham et al.

In the last case, Fig. 6 illustrates that red color didn’t
appear on lesions when stimulated by 380 nm LED. Decay
teeth by Lactobacilli bacterium also have demineralization
but doesn’t produce Porphyrin so teeth are not red color.
Lactobacilli is a saprophile bacteria, it lives in saprophytic
plants and animal’s product (example: milk). It can absorb
acid, if absorbable time is longer, bacterium will convert
more sugar into acid. It leads to lose mineral on teeth’s
surface but not producing porphyrin. Besides, in experi-
mental process the porphyrin density was lost due to that
these teeth maybe were preserved not very well. ROC—
Receiver operating characteristic. ROC is a figure that shows
sensitivity and specificity. In this study it was used for
evaluating efficiency of diagnostic device in detecting dental
caries. It is based on a curve line, sensitivity and specificity
have value from O to 1. If the ROC line is above 45°—Iine
and closed to top and left edges of figure, it means our device
is effective. Otherwise, if ROC line is near by 45°—line, it
means our device is not effective. An area under the curve
line approximate 1 value that means our tests are exact and
not exact if 0.5 value.

In our research, we used SPSS software (Statistical
Package for the Social Sciences) to draw curve line. SPSS is
a statistic software, it helps us to draw ROC line and eval-
uate the results. In the first step, we should create a dental
sample database which included 30 samples. The sample
included 13 sound teeth and 17 carious teeth that were
evaluated by a dentist (Table 1).

Sensitivity and specificity mean diagnostic probability of
caries and diagnostic probability of sound teeth, respec-
tively. In the second step, we used SPSS software to draw
ROC line with 3 variables: number, caries and emitting red
color. Number is a value from 1 to 30 that help us to mark on
teeth. Caries is O value for healthy teeth and 1 value for

(a)

Fig. 6 Carious tooth but not emitting red color: white light image (a),
fluorescence image (b)
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Table 1 Sensitivity and specificity of device

Fluorescence property Dental status Total
Dental sample
Carious Not carious
Red color fluorescence 15 6 21
Not red color fluorescence 2 7 9
Total 17 13 30

Sensitivity = 15/17 = 0.882, specificity = 7/13 = 0.538

decay teeth. Emitting red color is O value if tooth did not
emit red color and 1 value if it emitted. After entering the
data table to SPSS software, this program will analyze the
data and draw ROC curve line.

This study shows value of Area under curve (AUC).
According to AUC classification, value from 0.9 to 1 show
excellent, 0.8-0.9 show good, 0.7-0.8 show medium, 0.6—
0.7 show poor and 0.5-0.6 show insignificant value.
Our AUC result is 0.71 that shows medium. Software shows
the value of sensitivity, specificity and evaluation. The
sensitivity value is 0.882 corresponding with 15 teeth
emitting red color on 17 carious teeth, the specificity is 0.538
corresponding with 7 healthy teeth not emitting red color on
13 sound teeth.

4 Conclusion

In conclusion, the aim of this research is manufacturing the
fluorescence device that supports to diagnose tooth lesions;
design the image processing software; and appreciation of
experimental results. Firstly, device was designed and man-
ufactured by using 380 nm LED to stimulate teeth, using
camera to capture and record image or video from excited
teeth. Secondly, image processing software was designed to
enhance the image quality. The software has 3 functions:
adjusting image contrast, segmenting image by hand and
automatic; recording real-time image processing that we can
adjust contrast immediately. Besides, experimental results
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were applied on 30 teeth including sound and decayed. The
fluorescence images had good quality at normal condition:
sound teeth emitted blue-white fluorescent image and high
intensity while carious teeth emitted red color.
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Abstract

NIR technique depends on scattering and absorption of
sound enamel, dentin and damaged tissues in NIR
wavelengths. Several researches have indicated that the
optical properties of sound and demineralized
enamel-dentin in NIR wavelengths are so different. In
this study, two optical systems consisting of the transil-
lumination and scattering methods were built to observe
the approximal and occlusal of teeth in that order by
850 nm. The NIR images detected from these systems
have high contrast. The areas suspected to be the
demineralized enamel are distinctly distinguished from
the stain and pigmentation because the demineralization
areas are a lot darker than the surrounding areas in NIR
images. In the clinical examination by using visible light,
the early tooth lesions will be difficult to detect if they do
not appear on the surface of the tooth. But under NIR
illumination, the early tooth lesions are observed clearly
in NIR images.

Keywords
Demineralization * Dental ¢ Near-infrared

1 Introduction

Dental lesions are one of the most popular diseases affecting
all ages on over the world, especially for children. Dental
lesions are formed from a shift in the ecology and metabolic
activity of the biofilm, whereby causes an ecological
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imbalance in the physiological equilibrium between tooth
minerals and oral microbial biofilms by increasing acid
concentration (pH < 5) [1]. Some dental lesions like lesions
on occlusal surfaces (proximal, buccal and lingual surfaces;
cavitation) [2]. Nowadays, the diagnosis for damaged
structure of tooth in general and early dental caries in par-
ticular are still a challenge for dentistry. Failure to detect
dental lesions may leave the clinician with no option but
restorative treatment rather than the application of
non-invasive measures to reverse or arrest the lesion. Some
diagnostic methods of dental lesions including X-rays,
clinical visual inspection, caries indicator dyes, fluorescent
methods, electrical conductance measurements (ECM), etc.,
are available.

The visual method is based on the combination of light,
mirror, and the probe for detailed examination of every tooth
surface, is by far the most commonly applied method in
general practice worldwide [3]. With low sensitivity and
high specificity, it may be possible to detect noncavitated
enamel lesions on the free smooth surfaces (buccal and
lingual), most anterior proximal surfaces, and the opening of
some fissures [3]. However, this method is not sensitive
enough, especially for early lesions and those affecting the
proximal tooth surfaces [4].

X-rays is one of the most common diagnostic tool in
dentistry. When X-rays pass through the oral cavity, much of
the X-rays are absorbed by hard tissues like teeth and bones
[3]. The absorbed X-rays will pass through the film or a
digital sensor, creation a radiographic image of the tooth.
This method makes to observe structure of hard tissue and
surrounding soft tissues that cannot be observed by clinical
examination methods, for example proximal tooth surfaces.
However, this method also produces many adverse effects
especially for children and pregnant women by the use of
ionizing radiation.

Today, near-infrared method is new research, that is
being investigated for the detection of early damages without
using of ionizing radiation [5, 6]. NIR method shows tooth
structure image detected by NIR camera. The created images
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are based on the optical properties of the tooth due to the
transmission, absorption and scattering of dental tissues in
NIR wavelength. For enamel, the absorption coefficients are
very small in visible light and near [7, 8], while scattering is
strong in visible light and weak in NIR [9]. Scattering in
enamel decreases, this value is only 2-3 cm ! at wave-
lengths 1310 and 1550 nm [8, 9]. It is 20-30 times lower
than in visible light [9]. For dentin, the absorption is inde-
pendent on wavelength in between wavelengths 400 and
700 nm [8]. Dentin strongly absorbs the 543—-1060 nm
wavelengths [8]. This translates to a mean free path of
3.2 mm for 1310 nm photons, indicating that enamel is
transparent in the near infrared [10]. Therefore, near infrared
method can observe the tooth structure lesions without the
use of ionizing radiation (X-rays).

The damaged tooth structure is mostly demineralized
enamel in which mineral density is reduced. Demineraliza-
tion creates gaps scattering strongly in near infrared at the
wall of gaps [10]. For demineralization, the scattering
coefficient of demineralized enamel increases by 1-2 orders
of magnitude at wavelength 1300 nm [11]. Because of the
optical properties difference of sound enamel and deminer-
alized enamel, the contrast between sound enamel and
demineralized enamel in the near infrared image is high. In
X-rays method, the contrast between sound enamel and
demineralized enamel isn’t clear [6, 10].

The purpose of this study was to build the optical system
observing tooth structure in wavelength 850 nm. Many
researches have indicated that wavelength 1300 nm is more
effective than 850 nm, it’s extinction and absorption of
water is nearly 0 cm ™' but performance is so hard because of
the limited equipment (LED and camera). Therefore, the
system used wavelength 850 nm whose extinction is lower
than 40 cm™ " in enamel and absorption of water is negligible
[10]. 850-nm LED and NIR camera are available to get with
affordable cost. In this study, the transillumination and the
scattering NIR optical systems were designed to record the
approximal and occlusal images of teeth.

2 Materials and Methods

2.1 The Transillumination System

The transillumination system shown in Fig. 1 consists of a
light source, tooth sample and NIR camera. Approximal
image of tooth was observed clearly by this system. tran-
sillumination method suits for thin teeth such as incisor and
canine. Samples were illuminated at visible light and
850 nm wavelength, operated with an illumination source.
In the NIR region, the wavelength and power play an
important role in providing image quality. In this study, the
850 nm LED with 3 W power was chosen. An oral camera
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Camera
Light source

i

Fig. 1 Schematic diagram of the transillumination system

was used for image acquisition. The camera was connected
to computer with USB cable 2.0. The illuminating light
intensity and source—to—sample distance (~1-1.5 cm)
were adjusted for each sample to obtain the maximum
contrast of images.

2.2 The Scattering System

The optical scattering system is shown schematically in
Fig. 2. It consists of light source, specimen and NIR camera.
System used two symmetrical light sources on two opposite
sides of the sample. Scattering system was used for
observing occlusal surface. This method is an effective way
to observe molar tooth because of their thickness. Camera
was put above the tooth and perpendicularly to the light
path. Samples were illuminated in visible and NIR light
respectively. The distance between the camera and sample
was adjusted to suit each sample. Quality of tooth structure
image depends on position of camera, light sources and
tooth. Distance between sample and camera is 1-1.5 cm and
light sources was located below the gum line of tooth. Power
of light sources are also an important factor. If LED power is
too high, the recorded images will be overwhelmed by light
and no detail of teeth can be seen. For this system, the power
of each LEDs was 1.5 W.

3 Results and Discussion

3.1 Tooth Discoloration

Figure 3 shows the result of a caries tooth specimen with
dental discoloration (sample 1) taken by the designed sys-
tems. Figure 3a—c show a stained defect that is visible over a
large portion of the tooth crown. In contrast, the transillu-
mination image at wavelength 850 nm shows the lesion
localized in the red circle (Fig. 1b). The appearance of dis-
coloration on the tooth is caused by many factors such as
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Camera

Light source

Fig. 2 Schematic diagram of the scattering system

smoking, fluorosis, etc., or demineralization. Smoking or
fluorosis origins of stained teeth do not make change in
crystal structure of tooth, but demineralization do. Dem-
ineralization is the process of removing minerals, in the form
of mineral ions, from dental enamel.

As above mentioned, scattering of enamel is strong in
visible wavelength region and weak in NIR, thereby
increasing the transparency under NIR illuminating. Upon
demineralization the scattering coefficient of enamel
increases to yield high contrast between sound and dem-
ineralized teeth. The more demineralization is, the more
scattering is, so the higher contrast between sound and
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demineralized teeth is [5]. The images recorded by this
method allow differentiating between the various degrees of
tooth demineralization because and the contrast in NIR
images increases according to the disease evolution.

The similar result of the discolored specimen on the
surface is shown in Fig. 4 (sample 2). Inside the enamel,
there is a small area showing sign of demineralization. In the
clinical visual inspection, the signs of the discolored speci-
men on the surface are often difficult to be determined due to
exogenous factor (cafein, smoking, etc.) or endogenous
factors (tetracycline, fluor, demineralization, etc.). This
result shows that the NIR method is able to determine
exactly the demineralized locations and the early treatment is
more effective. The researches show that staining and pig-
mentation do not interfere with observation in the NIR
images, so the demineralization is easily discriminated
between stains as well as between pigmentation [6].

3.2 Occlusal Lesions

Figure 5 shows a molar tooth (sample 3) with the occlusal
lesion. In the molar tooth, the central and the distal fossae
usually are sites that typically accumulate plaque and hence
are also sites where caries most often occurs. In general
terms, the initiation of occlusal lesion takes place in loca-
tions where bacterial accumulations are best protected
against functional wear.

In the white light image, it is difficult to locate the posi-
tion of the demineralization due to the similar color between
the sound enamel and the graduation of pigmentation. Under
white light (Fig. 5a—c) there is not sign of demineralization.
But under NIR, as the red circle in Fig. 5d, a dark area
appeared with high contrast that is suspected of the

Fig. 3 Sample 1 taken by transillumination system (a—b) and scatter-
ing system (c—d) under white (left) and NIR (right) light

Fig. 4 Sample 2 taken by transillumination system (a—b) and scatter-
ing system (c—d) under white (left) and NIR (right) light
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Fig. 5 Sample 3 taken by transillumination system (a—b) and scatter-
ing system (c—d) under white (left) and NIR (right) light

Fig. 6 Sample 4 taken by transillumination system (a—b) and scatter-
ing system (c—d) under white (left) and NIR (right) light

demineralization. Demineralization begins at the atomic
level at the crystal surface inside the enamel or dentine and
can continue unless halted with the end-point being cavita-
tion. There are many possibilities to intervene in this con-
tinuing process to arrest or reverse the progress of the lesion.
The similar result of the discolored specimen on the surface
is shown in Fig. 6 (sample 4).

The radiograph of the tooth is difficult to determine the
dental lesions because of the overlapping images of dental
tissues in X-rays method [6]. Because enamel is transparent
in the near infrared, the occlusal lesions inside the enamel
are easily detected without the use of ionizing radiation. NIR
method is an effective way to observe entire tooth in general
and occlusal surface in particular.

T. H. M. Pham et al.
4 Conclusions

This study has designed and built two optical systems with
transillumination and scattering techniques using 850 nm
LED. These systems were used to observe the approximal
and occlusal of teeth and they had the ability to discriminate
between the demineralized and discolored tooth. The result
shows the possibility to apply NIR technique in the devel-
opment of a specificity and sensitivity dental screening tool
without the use of ionizing radiation. This dental device can
support clinician to detect the early dental lesions. In the
future, a photo processing software will be built to increase
the image quality.
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Abstract

Electromyogram (EMG)—called myoelectric activity—
representing the neuromuscular activity measuring elec-
trical currents in the muscle. The current related studies
show the potentials in applications of controlling periph-
eral devices, especially for handicapped people. This
paper demonstrates a low-cost and non-invasive EMG
acquisition system that collects and amplifies EMG
signals from three surface EMG electrodes. The process
of the acquired signal consists of 4 stages: amplification,
filter, rectification, and low pass filter. The system also
has an accelerometer sensor to detect hand movements,
which improves the flexibility of control. Next, the
processed signal is then analyzed and digitalized by a
microcontroller (Arduino) to manipulate the external
appliance, which can lead to further researches and
studies to perform the application on other devices. For
initial results, the system has been tested with 16 male
and 15 female volunteers to validate the accuracy of the
EMG sensor as well as compared it to EMG sensor in NI
Toolkit. The results show both high accuracy and
sensitivity of the designed system. The final product
contains EMG acquisition system and code source for
bio-signal processing and controlling the peripheral
device.

Keywords
EMG signals * Bio-signal processing * EMG
acquisition system
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1 Introduction

1.1 A Subsection Sample

Electromyogram (EMG) is a physiological signal that mea-
sures the electrical activity of muscles generated during their
contraction. This signal depends on the anatomic and
physiologic properties of the muscles. Acquiring the EMG
signal and its analysis are widely used in clinical diagnosis
and biomedical applications.

In 1666, the development of the electromyogram began
with the documentation of Francesco Redi. The document
states that electric ray fish particular muscles produce elec-
tricity [1]. The publication was written by A. Galvani,
named ‘De Viribus Electricitatis in Motu Musculari Com-
mentarius,” demonstrated that electricity could launch con-
tractions of muscle in 1792 [2]. To treatment of more
specific disorders, the clinical utility of surface Elec-
tromyogram was started in the 1960s [3]. Surface EMG was
utilized by Hardyck and his researchers in 1966 as the first
practitioners [3].

Skeletal muscle is composed of thousands of muscle
fibers; each fiber is a multi-nucleated cell. The muscle fiber
that is supplied by one motor-neuron through its single axon
along with branches is called a motor unit, which is the
fundamental of generating EMG [4].

When the motor unit is activated, it produces a ‘Motor
Unit Action Potential’ (MUAP). The aggregate electric
signal generated from all of the MUAPs in a detected area is
referred as the myoelectric signal, which is also called
electromyogram (EMG) [5]. The amplitude of EMG signals
can be ranged from 0 to 1.5 mV (RMS) [6].

There are two favorite products for acquiring EMG cur-
rently available on the market those are MyoWare Muscle
Sensor and Myo Gesture Control Armband. The former has
a small size, low price, and adjustable gain. However, it
needs an external power supply and has no other value
except receiving EMG signal. The latter has a simple setup,
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expandable design, broad compatibility, and fast response.
However, it is expensive, and the calibration takes times.
In this study, we improved the peripheral communication
of existing systems. We detected and analyzed EMG signal
and the angular position of the arm and then transmit signals
to control peripheral devices through a Bluetooth connec-
tion. We inherit the advantages of both current products: low
price, real-time response, and flexibility while improving the
wireless connection for an easier way to control the devices.

2 Acquisition System Process Flow

2.1 General System Process Flow

To activate the system, the user bends the arm actively to
produce the EMG signal. The system checks the voltage
whether it is higher than the pre-set peak value to begin
collecting and processing the EMG signal and angular
position to control the device. As shown in Fig. 1, the
positions of the user’s arm directly control the device to
move forward, backward, left and right, corresponding with
the arm movements. To turn off the system, the user can
repeat the procedure that he/she used to activate the system:
bending the arm to create enough high voltage to overtake
the peak value to turn off the system.

2.2 EMG Signal Acquisition Process

The sensor collects EMG signal from biceps by three elec-
trodes. Two electrodes are placed firmly on the skin of the
user dominant hand biceps the other is placed at the elbow.

The first stage is a signal acquisition. In this stage, the
body nervous system’s electrical impulses used to active
muscle fibers are acquired. The collected EMG signal is then
amplified with an instrumental amplifier with the gain 100.

Fig. 1 The whole system implemented on the subject
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Because the raw EMG signal is minimal, it is hard to utilize
for detection. Thus, the amplification stage for EMG signal
with high gain is essential.

Next, the acquired EMG signal goes through two steps of
signal processing. The first is inverting amplifier which
amplifies and inverts the signal. It has the gain of —15. In this
stage, a capacitor is added to AC couple the signal and remove
DC error offset in a signal. DC offset and low-frequency noise
are also get rid of by another active high pass filter.

The next step is rectification by using an active full-wave
rectifier. The rectifier takes the negative portion of the EMG
signal and turns it positive, so the entire signal is in the
affirmative voltage region. AC signal into DC voltage is
converted by this coupled with a low pass filter.

The final stage is smoothing and amplification. The
humps in the EMG signal are filtered by using an active
low-pass filter. This stage produces a smooth signal to send
to the microcontroller. Since this is an active filter, there is a
side effect of inverting the signal. Therefore, the signal needs
to be inverted one more time using another inverting
amplifier circuit with a trimmer configured as a variable
resistor. With this trimmer, the gain can be adjusted for
different signal strengths from different subjects.

A three-axis accelerometer gyroscope module is used to
sense angular velocity and angular position. For this study,
we are only interested in the angular position. Both the EMG
signal and hand posture are processed simultaneously in
real-time by the microcontroller. Moreover, then the results
are used to control peripheral device through a wireless
connection.

3 Components of the Acquisition System

3.1 EMG Signal (INA128 and TL072)
Input EMG signal detected is fed into acquisition system with
some signal pre-processing component as shown in Fig. 2.

The acquisition system has two main components:
instrumental amplifier INA128 and operational amplifier
TLO72.

The INAI128 is a 3 op-amp design, multi-purpose
instrumental amplifier. Among the plenty of ICs, we
decide to choose the INA128 because of its relative price
and design, excellent accuracy and high gain creation (up to
100 times), which is primarily essential to amplify the
minimal EMG signal from the human body. Furthermore, it
can operate with the power supply up to £40 V so that it can
work stably in our system without damage.

After being acquired and amplified by the INA128, the
EMG signal is sent to the rectification, amplification and
smoothing stages, which is operated by 3 operational
amplifier TLO72. The TLO72 JFET operational amplifier can
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Signal Acquisition Signal Conditioning

— 1* Amplification

Fig. 2 Circuit diagram EMG acquisition system

undertake with many options. The signal going through the
TLO72 is acceptably low harmonic distortion. Before the
relatively low price, low power supply requirement,
multi-tasking ability, and easy-to-operate with another
component, we decide to choose this IC as our main filter
and rectifier.

The raw EMG signal is collected and enter the amplified
system through three electrodes attached to the bicep mus-
cle. In fact, the real EMG signal from the human body is
minimal, so amplification and rectification are needed. The
amplified system divides into two main parts. The instru-
ment amplifier (INA128) acquires and amplify the raw
EMG, with the gain can be set with a single resistor RG. In
this case, the RG of the INA128 is equal to 470 Q, making
the gain of the amplifier:

50 x 10°
_1_7

G=1
470

= 107.38(~110) times (1)

Three operational amplifiers (TL072s) amplify and rectify
the signal after go through the instrument amplifier. The first
TLO72, with the gain of —15 (inverting amplifier), amplifies
the acquired signal from the INA128. The amplified signal is
now rectified by the second TLO72, connected with the
diodes, to eliminate the negative part of the EMG signal
(full-wave rectifier). In this last phase of the circuit assem-
bly, we are using an active low-pass filter to filter out the
humps of our signal to produce a smooth signal for our
microcontroller. However, since this is an active filter, we
need to invert the signal one more time (and have the ability
to amplify it more if desired) using another inverting
amplifier circuit with a 100 kQ trimmer configured as a
variable resistor. The trimmer can control the amplification
with gain from O to 20. Then, the final signal is sent to the
Arduino microcontroller for processing.

Signal Conditioning
- Rectification

Signal Conditioning —
Smoothing and 224
Amplification

3.2 Angular Position (MPU6050)

The MPUG6050 has an integrated 3-axis MEMS (Micro
Electrical Mechanical Systems) accelerometer and 3-axis
MEMS gyroscope. It is a 6 DOF (Degree of Freedom) which
give 6 values in the output. Three values of the accelerom-
eter are angular velocity, and three of the gyroscope are the
angular position. This module also has embedded algorithms
for run-time bias and compass calibration. Thus, it can give
highly accurate data but requires no user intervention.

3.3 Microcontroller

Arduino is one of the most popular MCU family that is very
easy to use, especially for student’s research. In our project,
Arduino Uno R3 is used to receive, analyze data and control
peripheral devices. The code had already uploaded to the
board. Thus, Arduino executes the code automatically once
powered up the circuit.

3.4 Wireless Signal Transmission

The HCOS5 module is an easy to use Bluetooth SPP (Serial
Port Protocol) module, designed for transparent wireless
connection setup. Serial port Bluetooth module is fully
qualified Bluetooth V2.0 + EDR (Enhanced Data Rate)
3 Mbps Modulation with complete 2.4 GHz radio transcei-
ver and baseband. The effective range of connection of
HCO05 to Arduino is about 10 m or 30 feet. This module is
chosen because it has a reasonable price, low power con-
sumption, relative accuracy and high compatible with
Arduino and other devices.
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4 Controlling Process

The user needs to press a power button to turn the system on.
When turned on, the device begins to collect EMG signal
and angular position value continuously. To be able to
control the device, the user needs to produce EMG signal
more significant than the threshold value, which is set to be
equal to one-fourth of the maximum EMG signal and can be
adjustable busing the potentiometer. The purpose of setting
the threshold value is to help user avoiding action acciden-
tally while they are relaxing or doing other things which can
distort the signal and produce noise, leading to unwanted
control (Fig. 3).

At o angle greater than 15° with respect to the ground, the
system is able to detect the arm’s angular position at four
states: forward, backward, left and right (as shown in Fig. 4).

Whether the EMG signal satisfies the controlling condition,
the system can divert the remote-controlled car to the cor-
responding direction. Finally, the user presses the power
button again to turn off the system.

5 Results

The system has been developed as shown in Fig. 5. EMG
signal is collected from user biceps with three surface EMG
electrodes. Two electrodes are placed on the biceps, and the
other on the elbow. The gyroscope module is placed on the
wrist. The wrist must be parallel to the ground and faced up
to make sure it works correctly. At the end of the study,
Arduino can control the remote-controlled car with four
commands: forward, backward, turn left and right.

EMG signal & Angular
position

I

EMG signal > Threshold
values?
Angular position: Forward?
Backward? Left? Right?

I

Device
controlling

Fig. 3 Control process flowchart
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(a)

Fig. 4 Hand position to control device. a Forward, b backward, c left, d right

Fig. 5 Schematic view of EMG and angular position acquisition
system

Table 1 EMG signal acquisition results

Number of subjects Mean (V)
Male subject 16 1.636
Female subject 15 1.535

The system has been tested with 31 subjects to have the
most suitable calibration.

In the test, subjects were asked to use the system to
control a remote-controlled car. Subjects were instructed in
advance, and the system was adjusted to be suitable for
each before the test. Subjects had to use the system to
control the car to go more than twice for each direction.
The average duration of the test is about 3 min. The results
showed that subjects were able to control the car ade-
quately. There were still a few errors occurred during the
testing phase. The possible reasons are their force are too
weak so that the system cannot detect signals or the cali-
bration is not suitable for that specific individual. The
average threshold value is set to be in ranged from 0.384
to 0409 V based on the results obtained in Table 1
(Fig. 6).

Average threshold value SD
0.409 0.04626
0.384 0.04565
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Fig. 6 EMG signal plotted by B Cons edars Genuans
Arduino Serial Plotter
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6 Conclusion and Discussion

In this study, we have developed a low price, the real-time
Bluetooth communication system utilizing EMG signal and
angular position. The system has successfully used EMG
signal and angular position to control the peripheral device.
The system has also addressed the problem of non-use
period of usage, by allowing users to put the system into a
rest state and activate it by doing specific requirements. It
has great potential for the system to develop further by
adding more gesture using the velocity angular, which
makes the controlling more flexible. With a flexible control,
this system can be used to control many other devices
through wireless communication.

Although the research has reached our aims, there are still
some limitations. First, because of the time limit, the
research was conducted only on a small size of the popu-
lation. Therefore, to generalize the peak value suitable for
larger group, the study should have involved more partici-
pants at various ages. Second, the system needs to have a
portable and stable power supply. Finally, the system also
needs to be redesigned to reduce the overall size and
enhance the wearing experience.
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Abstract

The oxygen plays crucial role in our life. Especially, the
brain and heart have a variety of sensitive with limited
oxygen in the blood. If the limited oxygen which is called
hypoxia in human body happens in several minutes, the
human will be died immediately. Therefore, the pulse
oximeter is compulsory for research and development. In
this paper, we designed a new pulse oximetry which has a
special function called telemedicine and a software
program in the server for obtaining results of this device
by using HL7 Standard. In this way, the patients can be
supported and treated from far a distance. Indeed, it can
be called a system of Internet of Thing (IoT) in health
cares. By means of calibrating with SpO, FLUKE
simulator, the Tele-Pulse Oximeter works effectively as
our expecting, and the result of patients on the server
software is received accurately as well. In the near future,
this device has a vast potential in Vietnam E-Health
system.

Keywords
Pulse oximeter * Telemedicine * Oxygen saturation

1 Introduction

Telemedicine is the use of telecommunications and infor-
mation technologies in order to supply clinical health care
from a distance. It helps eliminate distance barriers of doc-
tors and patients, and it also can improve access to medical
services in distant rural communities [1]. Nowadays, Tele-
medicine is more captivated by scientists. Due to its effi-
ciency, Telemedicine has been used in huge variety of home
health care which is health services delivered to patients’
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homes in part by telecommunication devices such as
smartphone, tablet, and etc. [2]. In additionally, Tele-
medicine is very useful because it can save lives in critical
care and emergency situations [1]. Especially, the govern-
ment of Viet Nam focuses on improvement of health care
ability in Viet Nam’s hospitals. With this new method, it can
help to reduce the workload of central hospitals, and the
doctor can take care of many patients at the same time
immediately.

Oxygen is very important in our lives. People always
need it to breathe and live. Therefore, the monitoring of
saturation oxygen in blood is necessary with the patients
concerning with a problem of limited oxygen. In this paper,
we introduce a design for Telemedicine of home healthcare
for monitoring oxygen saturation in the blood which
includes hardware and software of having a capability of
transmitting data over the internet. This device allows
patients to measure SpO, index on their finger at home using
a non-invasive technique continuously.

2 Designing of the Tele-Oximeter System

Home Tele-healthcare services for oxygen saturation mea-
surement are based on Client-Server architecture [3].
Therefore, it contains server applications that receive
in-coming SpO, results from the clients and then storages
into database. The device client is responsible in real-time
for measuring SpO, and heart rate from patients and trans-
mitting them through internet; The data of SpO, are packed
in HL7 international standard. This system is shown in
Fig. 1.

2.1 Implement Hardware of the Tele-Oximeter

in Client Side

In the client side, it contains hardware devices of a pulse
oximeter having a special function with sending the SpO,
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Fig. 1 Demonstrated a
Tele-oximeter system including
server and client side

Tele-Oximeter Device

587

Tele-Oximeter Device

index and heart rate via Wi-Fi communication to a central
server. It is called the Tele-Oximeter. The firmware in this
device is programmed to measure blood oxygen saturation
level (SpO,) and Pulse rate using of non-invasive method.
This approach is based on altering intensity of light of Red
and Infrared LED which transmit through tissue. This signal
is obtained in arterial blood pulse and it is called photo-
plethysmography(PPG) [4].

Principal of measuring SpO, index.

The SpO, index is calculated from monitoring the percent-
age concentration of hemoglobin saturation with oxygen
which is called oxyhaemoglobin, to the total haemoglobin
concentration. The pulse oximetry has a foundation of
spectrophotometric measurements of alternatives in blood
color; oxygenated blood is typically red. In contrast,
deoxygenated blood is dark blue coloration. In the visible,
the optical property of blood (between 400 and 700 nm) and
near-infrared (between 700 and 1000 nm). The special
regions concern strongly with the amount of oxygen con-
centration in the blood [5]. The graph of haemoglobin light
absorption is shown in Fig. 2.

In Fig. 2, it is illustrated the absorption process of two
light wavelengths transported through blood. This process
depends on whether Hb(haemoglobin) is bound to oxygen in
blood [4]. The Hb reaches a higher optical absorption
coefficient in the red line of spectrum some 660 nm when
comparing to HbO,. In addition, the region of near-infrared
of spectrum is around 940 nm, and the optical absorption of
Hb is less than HbO, [5].

The light absorbance of haemoglobin solution is deter-
mined by the Beer-Lambert’s Law, by using the below
formula:

I, = Iy.e ™

(1)

@ 8-
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Fig. 2 Oxygenated versus de-oxygenated blood light absorption at
different wavelengths [5]

where: I; is the transmitted light intensity, I is the incident
light intensity, o is the specific absorption coefficient of the
sample, c is the concentration of the sample, and d is the path
length of light transmission.

By using two different wavelengths, Red and infrared, the
ratio of absorption of these light wavelengths is made use of
determining the fraction of saturated haemoglobin. Because
of different optical attenuation at hemoglobin and deoxy-
haemoglobin. The pulse oximeter is usually to use the light
with wavelengths: 660 nm(R) and 940 nm(IR). The measure
of oxygen concentration can be calculated in Eq. (2).

H;0,

2100
HbO, + Hb

Sp0O, = (2)
By means of calculating R/IR, called “ratio of ratios”, It
has a concerning with SpO, concentration. This ratio is

calculated in the following equation:
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R [ ACgr/DCg 3
IR~ (AC,R/DC,R) 3)

In the Eq. (3), the “AC” component is described the
pulsatile part of PPG signal, and the “DC” component is
concerned with venous blood, skin, and tissue. Both of
signals are shown in Fig. 3.

With normalization for both Red and infrared wave-
lengths, the component signal due to venous blood and
surrounding tissues does not influence to the measurement of
SpO,. Consequently, the ratio of ratios can be concerned
with SpO, index as shown in Fig. 4.

This algorithm is performed with the help of altering one
of the two intensity of transmitter LEDs until the DC com-
ponents of the red and infrared signals are equal as Fig. 4.
The ratio of ratios is simplified in the below formula (4) [6]

R (ACg
IR \ACp
Because of correlation between SpO, and Sa0,, the SpO,

index can calculate by using the relationship of estimation in
Sa02 and Ratio (R/IR). It is shown in the Eq. (5)

(4)

Sa0, = A — B.(R/IR) (5)

The constants A and B in the Eq. (5) derived practically
during calibration by correlation between Ratio of Ratios
and SaO2. This process is demonstrated in Fig. 5.

Hardware Design of the Oximeter device.
In this project, we designed the Tele-oximeter device for

keeping track of SpO, index and heart rate supporting for
hypoxia patients who suffer from limiting oxygen in the
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blood. In terms of hardware diagram in this device, the
microcontroller with ARM-32 bit architecture is taken
advantage of controlling the system of device. With the help
of ARM cortex-M3 technology, it has enough performance
for calculating the algorithm of SpO, index. In Fig. 6, it is
illustrated for diagram of hardware design. In detail, the
AFE4490 IC is utilized for key solution of SpO, measuring.
With using SpO, Nellcor sensor and DB9 connector, signals
in the device become better and calculating of results is more
reliable.

From Fig. 6, There are three data connections in the
oximeter device: GPRS, WiFi, and Bluetooth. The SpO,
index and heart rate after measuring will be sent to a server
by using wireless communication as GPRS or WiFi. In terms
of configuration for users, the Bluetooth interface is utilized,
and it is also used for transferring data of PPG signals into
Personal Computer. All information of configuration such as
username, user ID, and etc. will be saved in a ROM IC. In
regarding to display results, the LCD 20 * 4 is made use of
showing these results.

In related to controlling LED (Red and infrared) and
receiver (Photodiode), the AFE IC can change LED current
by means of an H-bridge configuration capable of driving
up to 150 mA. In Fig. 7, the photodiode circuitry in the
AFE can amplify currents less than 1uA with resolution 13
bit [5].

Sensor of SpO,.

In this device, we chose SpO, Sensor via a DB9 connector
and accompanied by a standard of Nellcor Company. In
detail, the rules of connector are named in the pins demon-
strated in Fig. 8.

Fig. 3 Variations of light 1
attenuation by tissue [5]
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Fig. 4 Normalization of R and IR wavelengths to eliminate the influences of DC components [6]
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Fig. 5 Empirical relationship between arterial SaO2 and normalized
(R/IR) ratio [5]

Digital signal processing in the SpO, device.

Because there is a huge amount of noise in received pho-
todiode signals, the techniques of digital filter are applied to
eliminating the noise. The processing data flow is displayed
in Fig. 9.

In the acquisition of data, the AFE IC is configured with
1 ms period span of interrupt for collecting data. When time
of ADC conversion finishes, ADC_RDY pin of AFE IC
have a pulse that indicates the completion of ADC conver-
sion. This pin is connected to an external microcontroller.
With external interrupt, the MCU is programmed to read
data of PPG signals with 1 ms. Then, these signals are
limited with a FIR Filter for removing noise signals, and the
IIR Filter is used for eliminating a DC component in the

PPG signal. In order to reducing effect of DC components in
calculating Ratio R/IR, an algorithm of DC correction is
developed. It means that MCU have to manipulate the
intensity of LED in transmitter side until the difference of
DC component in Red and infrared is lowest.

2.2 Develop Software Programs for Collecting
Directly Data and Central Server Side

The software program in the server will collect all data sent
from the Tele-Oximeter and it stores these data in the
database of patients. Every physician has an account and
password to access this database. In addition, they also view
the graph of measured results over time. Because of the
access permissions of system, the doctor can only see the
results of their tracking. The platform software programs are
capable working on Personal Computer, smartphone, and
website. With the help of these software programs, the
doctor can easily take care of the patient from a distance.
Even though, they can also give guidelines related to treat-
ment or diagnosis for the patient.

3 Results of Experiment

We consider designing of the SpO, device with high com-
patibility for customers, because our target is that we want to
manufacture mass-production of this device. Therefore, it is
mandatory designing with small, comfortable, and reliable.
In regards to the calibration, we make use of Simulator
Fluke Index 2 for finding the relationship of SpO, value
and ratio of R/IR. The process of calibration is shown in
Fig. 10.
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Fig. 9 The data flow and digital processing in the oximeter device

Fig. 10 Calibrated the SpO,
device with Simulator Fluke
Index 2

CERT o

Tele-Pulsec

Because the Simulator of Fuke Index has oxygen simu- and calculate ratios of R/IR. Then, the slope of relationship
lations with saturation levels from 50 to 100%, and each of is estimated with a linear function of —38.68. This function
steps is with 1%, we investigate this range of SpO, value of blue line is displayed in Fig. 11.
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Fig. 11 The relationship
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In regarding to comparing with FLUKE Simulation index
2, we utilized the Tele-Oximeter device to measure with the
range saturation lever of Simulator. These results are pre-
sented in Fig. 12.

As results in Fig. 12, with a range from 100% reducing to
73%, we can easily see that

The error of oxygen saturation is lower than 1%. With the
range of 73 and 50%, the error is reached up 2%. Explaining
for this result is cause of the first range of relationship
between Ratio of R/IR and SpO, saturation more linear than
the other described in Fig. 11.

Beside the SpO, device is implemented and designed for
a cyber-medical system, the software program running on
PC is also developed for acquiring PPG signals of Red and

1 12 14 16 18
(Ratio R/R)

IRed; The communication of this transmission is Bluetooth
interface. All information as Ratio, heart rate, and etc. are
also gained such as Fig. 13.

In Fig. 14, we developed two software program for an
e-health system, the first case of a is software on server side
by obtaining data from the Tele-oximeter device using HL.7
standard and then saving these data into a database. On the
other hand, the other software on client side is to access the
server to display SpO, index and heart rate.

To prove the quality of our device, we carried out an
experiment of measuring on human subjects. With com-
paring with the results of Nonin SpO, device in Table 1, we
can draw some conclusions that the errors of SpO, are pretty
precise with 1% as well as heart rate with around +2 bpm.

SpO2 Errors

2.5

N < o 00 1D oD
a O O 0 0 o0 ™~

100

Fig. 12 The errors when calibrating with FLUKE Simulator Index 2
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Table 1 Errors of measurement between a Nonin device and the Tele-Oximeter

Person Nonin SpO, device The tele-oximeter Error (%) Error (bpm)
SpO; (%) Heat rate (bpm) SpO; (%) Heat rate (bpm)
1 98 73 99 71 1 2
2 98 78 99 77 1 1
3 98 70 98 72 0 1
4 98 88 99 87 1 1
5 98 75 99 75 1 0
Maximum error 1 2
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Because it is difficult for us to find the patients with hypoxia,
the range of low SpO, saturation not verified effectively in
human subject experiments. So, This will be studied in the
future.

4 Conclusions

In this paper, we developed a pulse oximeter which is called
Tele-Oximeter. This device is compulsory for the people
suffered from diseases of hypoxia due to having tele-
medicine functions. In regarding to software, we developed
some programs on server and client side for telemedicine
system, and a software program running MATLAB to plot
PPG Signals on PC. Consequently, the errors when com-
paring with simulator Fluke index 2 is less than £1% in the
range 100% down to 73, and £2% in the range of 73-50%.
With respect to performing a human subject experiment, we
have just studied on the good healthy subject; the results are
pretty accurate with 1% for SpO, saturation and £2 bpm
for heart rate. Although the number of human subjects is
small, we will increase numbers of sample subjects and
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testing on real diseases of limiting oxygen saturation in the
blood in the future.
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Loc Luu and Anh Dinh

Abstract

Seismocardiogram (SCG) is a cardio-mechanical signal
generated by the heart activities. The waveform is
obtained by placing an accelerometer on the chest. This
work proposes a low complex algorithm to identify the
systolic and diastolic regions of the SCG in real time
without referencing to the ECG as in the traditional
methods. The technique uses the slope, an interpolation
threshold, and systolic interval constraint to identify the
regions. The method has an average detection error rate of
2.3% for systolic and 7.3% for diastolic on the eight
testing subjects. The average processing time is 83.5 ms
for one-minute of data which can be implemented in
real-time wearable devices.

Keywords
Seismocardiogram ¢ Analysis * Interpolation ¢
Systole ¢ Diastole

1 Introduction

Seismocardiogram (SCG) is obtained from the vibrations
picked up by an accelerometer attached to the chest. The
waveform contains cardiac activities and their timing.
Readers can find the timing relationship between the ECG’s
components and the SCG’s events in [1]. The events hap-
pening in the heart are identified on the SCG waveform by
collating the manual annotation of the echocardiogram with
SCG signal peaks. As shown in [2], the QRS complex
corresponds to the valve operations and status of the heart
during the systole period. The diastolic phase relates to the
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aortic and mitral valves movements for refilling. As long as
the systolic and diastolic regions are correctly recognized,
the events in the SCG waveform can be identified. In the
past, ECG is collecting at the same time with the SCG and is
used as a reference for the region identification [2—4]. A re-
cent study detected the regions without the referenced ECG
but the technique is complicated due to the use of wavelet
transform [5]. In this work, we use the total acceleration of a
tri-axial accelerometer to automatically locate systolic and
diastolic zones without the aide of the ECG.

2 Methodology

For Data collection and testing subjects, a wireless data
acquisition system was used to collect the data. Two
non-contact ECG sensors—PS25451 (Plessey Semiconduc-
tor) were attached horizontally on the subject’s chest to
capture the modified Lead I ECG for ground truth checking.
The SCG sensor is a tri-axis accelerometer with a range of
42 gravity. The signals from the sensors were amplified and
bandpass filtered (5-50 Hz) using op-amp. The DAQ was
designed to simultaneously collect 8 channels at 16-bit res-
olution and 1 kHz sampling rate. All data were sent wire-
lessly to Matlab in a laptop for saving and processing.
The SCG and ECG were simultaneously recorded. The
experimental procedures involving human subjects were
approved by the University of Saskatchewan Research
Ethics Board. The tests were on eight volunteers who have
no previous record relating to heart diseases: age
32.1 £ 4.5 years, weight 78.2 £ 12.7 kg and height
171.1 &£ 7.5 cm. The accelerometer was placed at the ster-
num and each subject performed one minute stationary, one
minute walking on a treadmill with a speed around 5 km/h,
and one minute running with a speed approximately 8 km/h.
Figure 1 illustrates the processing steps of the detection. For
Data pre-processing, as the tri-axial sensor provides accel-
eration in three different planes, the total acceleration rep-
resents the 3D SCG (which is different from the z-axis only
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waveform as in other previous studies). The Total acceler-
ation (TOTAL_ACC) was calculated from all the three axes
data using Eq. (1). Because the accelerometer is powered at
3.3 V, the zero acceleration point is at the center (1.65 V)
for an equivalent of 1650 in the ADC data.

TOTAL_ACC = \/ (x — 1650)* + (y — 1650)* + (z — 1650)*
(1)

The Bandpass filter was designed to have an effective
frequency range from 20 to 50 Hz. This was based on
experimental data with signal and noise analysis in addition
to the noise frequencies determined from [6, 7]. For Absolute
finding, the filtered TOTAL_ACC contains high frequency
components and distributed mostly in the systolic and
diastolic regions. To concentrate all energy of those zones in
positive domain, the filtered TOTAL_ACC is taken abso-
lute. The Low-pass filter was designed based on the con-
straints of the heart beat per minute and the systolic and
diastolic ratio (S:D) of less than 1.2 claimed in [8]. The FIR
low-pass filter was designed by Matlab with configurations
of 330 orders, 6 dB cut-off frequency at 6.7 Hz, 60 dB of
stopband attenuation, and 1 dB of passband ripple. The
signal is also applied zero-phase filtering to maintain the
timing. For Detection, the process includes interpolation,
find minima, and detection of systole and diastole. The SCG
signal has a maxima pattern very close to a sinewave as
indicated in Fig. 1. Then, interpolation of maxima is taken to

L. Luu and A. Dinh

obtain the sine wave pattern. The sample points of interpo-
lation are the maxima of the SCG energy signal, and the
coordinates of the query points are the coordinates of the
signal. The method to interpolate is spline. All minimum
peaks of interpolation waveform are detected using a custom
function with condition:

y(nT —T) > y(nT) <y(nT+T) forminimum aty(nT)

(2)

It was also found that between two minima, there con-
tains one systole which has the highest amplitude among
maxima. All the maxima which reside in the range between
two minima of interpolation waveform are searched. The
largest amplitude peak is marked as systole. The next high
level amplitude is ticked as diastole. Figure 2 illustrates the
interpolation algorithm with the blue line is the interpolation
waveform.

3 Results and Discussion

The location of each systole or diastole of automatic detec-
tion method and search backward and forward within an
interval (70 ms) called tolerance provides the error rate. If
there is one manual annotated systole or diastole inside that
range, that detected systole or diastole will be marked as
correct; otherwise, it is marked as a fault. To calculate the
missing rate, we base on the location of each systole or
diastole of manual annotation and look backward and
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Fig. 1 Top: System and algorithm overview. Bottom: Pre-processing steps: a 5-15 Hz Filtered ECG as reference, b total acceleration of the SCG,
¢ bandpass filtered SCG, d absolute, e low-pass filtered signal (SCG energy signal) with maxima (red circles)
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Fig. 2 Detection using interpolation. a Detection at the 3rd second.
b Detection at the 4th second. (i) ECG, (ii) Searching intervals
(red = systoles, blue = diastole), detected events and processing buffer
(cyan rectangle) in 8-second window view. (iii) Detected events in

forward within the same tolerant interval. The total of
missing count was compared with the total manual annotated
systoles or diastoles to obtain the missing rate. The calcu-
lation time is also measured to estimate the performance.
Table 1 shows the results of eight subjects including the
error rate and the missing rate. The average shows the mean
error and missing rates is under 3% for systolic detection and
5% for diastolic detection. The error and missing rate of
diastolic detection are higher than systolic detection. The
algorithm has an excellent result on subject 1. Subject 8 is a
special case who has very weak diastolic signal, so it causes
the high error and missing rate of the diastolic detection. The
average calculation time of the interpolation algorithm is
83 ms. Because the method is not too complicated, it can be
implemented in real-time applications.

processing buffer. (iv) Detected phases using interpolation (Red
diamonds = systolic phases, Blue triangles = diastolic phases, Green =
SCG energy signal, Red and black circles = maxima and minima of
SCG energy signal, Stars = minima of the interpolation)

4 Conclusions

The method uses total acceleration of the SCG signal to
detect the systolic and diastolic regions based on the
detection of aortic valve open and mitral valve open peaks.
Because both peaks have stiff slope and high amplitude, they
can be located by finding the peaks of the SCG energy
signal. The recognition of the systole and diastole algorithm
is based on the interpolation and the systolic interval con-
straint. To improve the overall performance, an adaptive
systolic interval should be used instead of a fixed interval.
A regression line between the heart rate and the systolic
interval should be determined. Cut-off frequency of the
low-pass filter should also be adaptive to the heart rate to
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Table 1 Error and missing rate on 8 subjects (subject #8 has very low diastolic signal)

Subjects Manual
Heart rate S:D ratio Total sys.

1 78.7 £ 2.7 0.50 & 0.06 84
2 88.7 £ 3.8 0.55 + 0.09 90
3 752 +£29 0.57 + 0.09 76
4 98.9 + 4.3 0.65 = 0.10 100
5 764 £ 43 0.55 £+ 0.04 80
6 79.7 £ 2.3 0.67 + 0.10 84
7 70.6 £ 4.5 0.53 £ 0.12 72
8 102.0 £ 3.2 0.72 £ 0.11 105
Ave. (w/o #8) 83.77 0.59 76.8
G (wlo #8) 11.52 0.07 114

maximize accuracy. From the regression line, one can also
divide the heart rate into small ranges, then each range has a
different cut-off frequency.
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N. V. T. Kien, T. M. Linh, Tin T. Dang, and Anh Dinh

Abstract

Computational anatomy refers to the study field of
anatomical geometry and the visible scale of the form
and structure of organisms. It greatly benefits cardiac
experts by exposing the visual structure of the heart: by
modelling internal organ in its three-dimension image,
general conclusions can be drawn from observing its
shape, taking its measurements, calculating its volume,
and so on. This method has minimized the time taken as
well as the cost needed to diagnose accurately. The goal
of this paper is to create a software which allows to
construct a 3D cardiac image from patient’s CT scan or
MRI. Through this model, several data can be extracted
and used to make the first-stage deduction whether the
heart is in its healthy state. The state is determined by
applying computer graphics and data analysis methods for
modelling and computing.

Keywords

Cardiac diagnosis through images ¢ 3D model
from CT scans * Application of computational
anatomy ¢ Healthy heart features * Common
properties of a normal heart

1 Introduction

Located at the center of the chest, the heart possesses various
significant functions essential for a healthy, living body as its
malfunction can create critical, even lethal, effects. As an
organ, the heart is also vulnerable to ailments as well as
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maladies. According to World Health Organization (WHO),
nearly one-third of all deaths worldwide is caused by car-
diovascular disease (CVD), which includes cardiac mal-
function or structure disorder such as stroke, cardiovascular
disease, cardiac valve disease, peripheral artery disease, etc.
A recent report [1] from the American Heart Association in
2017 about heart disease and stroke statistics claims that
approximately 800,000 strokes take place in the United
States yearly. This apparently means nearly every four
minutes pass, a person in America dies of a stroke. Globally,
stroke becomes the second-leading cause of death after
ischemic heart disease.

Nonetheless, 90% of CVD is curable if early detection
and timely medication are applied. Since the invention of CT
scan, research, diagnosis, and treatment of heart diseases
have achieved numerous significant results. CT scan images
(DICOM images) provide physicians a better view of the
internal parts of a human body, thus allowing them the
means to analyse the organs in a more effective and accurate
way. To further improve the analysis results, rendering a 3D
image is necessary.

This work aims to apply computational methods into
visualizing the 3D anatomy of the heart and estimating a
number of cardiac data for further determination its health-
iness by a professional. The entire process in this report
consists of three parts.

First, a number of healthy heart CT scan data are col-
lected and thoroughly analysed. Average values of those
sample data are calculated and few of cardiac properties are
chosen. One of the easiest calculable properties to state a
heart healthy is its volume. Another essential characteristic
of the heart can include the roughness index of its surface.
The ratio of the inner part of heart should also be mentioned.
While there are other criteria to define a well-functioned
heart, this paper focuses on presenting those three features:
the volume, the surface roughness and the ratio.

Second, based on these mean values from sample data, a
‘model’ heart is displayed in 3D. To construct this
three-dimensional image of the heart, these following steps
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must be carried out respectively: Extract part of CT image,
which contains cardiac data -> Use Hysteresis threshold to
set the chosen parts to binary value -> Extract all blobs from
segmented data (Connected-component labelling) -> Find
and fill the maxima blob and delete other smaller ones ->
Render 3D model.

Third, the CT cardiac scan images from a patient are read.
Similar processes are applied on this set of data, as the
crucial values (volume, surface roughness index, ratio, etc.)
are measured and compared with its sample counterpart to
conclude its healthiness. To give out a vividly visual view, a
3D image of this heart is also produced and displayed along
with the ‘model’ ones.

Criteria of a healthy heart depends on many biology
factors. Therefore, a ‘model’ heart with its standard features
should only be applied to a determined group of people who
bear similar physical traits. In this paper, due to lack of
access to authentic cardiac CT data, only one set of data (188
slices) is used to present the final results. Nevertheless, it is
believed that the theoretical conclusion should be accurately
reached if sufficient data are gathered.

2 Algorithms

2.1 Three Dimensions-Model of the Heart
Normally, CT images that contain data of the heart are the
scans of the chest. To be more exact, it is located in the
central part of each slice, surrounded by other organs such as
ribs and lungs. Distinguishing one organ from the others is
possible due to the principle that intensity values are usually
similar for each organ but different from their neighbour
ones. Primary segmentation is still required, however, since
it allows for extracting useful data from the whole slice
without mixing with other parts having same intensity val-
ues. By manually selecting the necessary area on the slice
that shows the largest data, the same operation can be
practiced on the rest of the CT set.

The second step of image analysing process strengthens
the boundary differences through the threshold. CT scan
images are grey-level, thus the threshold can convert them
into binary by setting all pixels whose intensity value are
above a certain degree to ‘one’ (or ‘zero’) and the rest to
‘zero’ (or ‘one’). To give out clearer results, multiple
thresholds are used. In this report, Hysteresis Threshold is
applied:

1. Determine 2 thresholds T,y and Thgh.
2. For all pixels whose value T is between Toy, and Thigh,
set T to 1.

N. V. T. Kien et al.

3. For all pixels whose value T is lower than T),,, or higher
than Thigh: set T to O.

Different thresholds being chosen lead to diverse binary
images. Therefore, appropriate parameters should only be
reached after various attempts.

Thirdly, extracting blobs [2] is conducted. A blob is
defined as a part of the image whose certain properties are
constant or nearly constant. All pixels in one blob are con-
sidered as the same organ. There are many methods for
extracting blob, labelling connected-component (Two-pass)
is utilized in this work since the previous step has made the
data into ‘0’ and ‘1’. From relevant input data, a graph is
constructed which contains vertices (store information
required by the comparison heuristic) and connecting edges
(inform about connected ‘neighbor’). The algorithm scans
the whole graph through each pixel respectively and labels
the vertices based on their neighbour’s connectivity and
relative values.

The next step is to delete the unwanted blobs to retain
precisely only the data needed. This is the last step to
exclude any other information on CT slice. Calculating
every blob’s pixel number and comparing them is the fastest
way to determine the most significant ones. Then the smaller
blobs are omitted, as the largest one’s inner part is filled. The
output of this step is a set of binary images, in which each
slice contains only a single blob illustrated parts of the heart.

Finally, 3D model is constructed by a lot of polygons
through the Marching Cubes technique [3], which aims to
generate an iso-surface (contour). The Marching Cubes
algorithm includes:

1. A lookup table of iso-surface is prepared.

2. Retrieve iso-surface boundary of every grid cube.

3. Apply linear interpolation to calculate iso-surface vertex
coordinates.

2.2 Volume of the Heart

After image analysis process, the volume of the heart can be
computed by simple mathematical calculation. Having
known the length of gaps between CT slices, a unit cube can
be determined with its precise parameters a X b x c. The
description of this step consists of three minor actions:

1. Measure a, b, c.

2. Scan through slices to count the non-background pixels,
store in a variable.

3. Multiply the value of that variable with the volume of the
determined unit cube.
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Fig. 1 Front view of heart [5]
(left) and side view of heart from
left side [6] (right)

2.3 Surface Roughness of the Heart

Digitalizing the characteristics of surface roughness [4] is the
most effective method to compare and diagnose defects or
tumours of the heart. Numerous parameters are defined and
widely applied to characterize this property of the surface.
They are listed in BS EN ISO 4287:2000 British standard,
which is based on the mean line (the average height of a
surface) system. Three of the most common ones is the
arithmetic average of absolute values, the root-mean-squared
and the peak-to-valley values.

1. The arithmetic average of absolute value:

l n
Ra = _Z|Yi|
n i=1

where y; is the distance from the mean line running across
the measurement i, and n describe the number of
measurements.

2. The root mean squared:

(1)

1 n
_ 2
Rrus = “Z;yi (2)
3. The peak-to-valley values:
1 n
de = _Z (Rpi - Rvi) (3)

)
where Ry,; and R,; are the maximal distance from the mean
line toward directions of up and down relatively for each of
n number of measurements.

Thoracic diameter

2.4 The Ratio of a Healthy Heart

Among various ratio to judge the healthiness of the heart,
diameter ratio [5] and side ratio [6] comes primarily. Based
on these numbers, cardiac examiners can confidently diag-
nose many cases of abnormality such as boot-shaped heart,
egg-on-side appearance, snowman appearance, triangular
heart, cascade right heart border, and water-bottle appear-
ance. Therefore, patients can receive timely treatment as the
diseases are still in its developing stages.

By comparing the horizontal diameter of the heart with
the horizontal diameter of the thoracic cage seen on the
frontal of the model constructed from CT images, the
approximate value of diameter ratio can be estimated. If this
value is less than 50%, the conclusion of ‘normal’ can be
drawn. Side ratio is taken from the side view of the heart.
This number is the comparison of AB and AC. As illustrated
in Fig. 1, AB is the largest distance traversed through the
organ and AC is the straight line extended from AB to the
end of the spinal cord (point C). According to [6], any value
of this ratio remains less than 42% is acceptable as ‘normal’.

3 Result

In the result table (Fig. 2), four features of the patient’s heart
are computed and shown respectively, along with the preset
standard values. The first two features (volume and surface
roughness) are calculated based on the 3D model, which
indicates that their errors are corresponded to and accumu-
lated from every step of the image processing method.
Among those steps, choosing threshold levels is significantly
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Feature | Healthy Heart|Patient's heart Judgement
Volume ~3000000 ' 3054933 Healthy '
Roughness ~0.2 0.1762 Healthy
Diameter ratio <=0.5 0.4843 Healthy
Side ratio <=0.42 0.5291 Unhealthy

Fig. 2 Final diagnosis results

contributed to the loss of data. The choice of threshold levels
is highly dependent on the quality of input data. It is
well-known that different scanners produce varying image
qualities, and each set of data has its own optimal threshold
levels. Thus, the practical performance of thresholding
algorithms such as Adaptive thresholding and Otsu thresh-
olding is inferior to that of the manual technique of choosing
threshold levels. This manual technique shows its domina-
tion in the case of processing multiple sets of data that are
collected from different scanners. Most of the lost data points
are then interpolated by filling the image holes and using the
gaussian filter technique. The accuracy in image processing
can be thoroughly determined by comparing the
cross-sectional area of the extracted image with that of the
original image. The other two features (diameter ratio and
side ratio) have smaller error range as they are determined
directly from the CT scan images without any relates to the
image processing method. Their precision solely depends on
the user’s measurement and usually has tolerable error.
The final 3D model can be displayed in both rigid form and
polygon mesh form which gives the user a clear vision on the

defects or tumors, by setting the standard heart model in rigid
form and the diagnosing heart in the mesh form and displaying
both at the same time. It can be seen from the model that the
segmentation is at the acceptable level in the middle
part. However, the upper part and the lower part still contain
flaws such as the discontinued regions. These errors can be
reduced in further research by applying other algorithms.

4 Conclusions

The primary diagnosis process of cardiac status through
computational anatomy has been simulated in MATLAB.
Results have shown that 3D model of hearts are successfully
built and four features of healthiness are computed and
analyzed. In theory, a large amount of CT sets is used to
determine healthy features of heart. In this work, due to the
lack of available data, statistic results from medical research
are used to define ‘normal’ instead. However, the display of
a patient’s heart along with standard one is achievable by
demonstrating the former in mesh form and the latter in rigid
form (Fig. 3). This technique can be applied to other organs
as well.

In further research, the quality of the 3D model can be
improved by applying better image processing method. The
number of features to prove the healthiness of heart can also
increase to draw out more precise diagnosis.

Conflict of Interest The authors declare that they have no conflict of
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Fig. 3 Final 3D display (left)
and display model in polygon
grid (right)
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Abstract

In this project, we implemented a pilot cyber medical
system which consists of 100 devices to measure blood
pressures and heart rate, and a core software to collect and
manage obtained data. We developed a special Manufac-
turing and Quality Test System to test and control the
device’s quality during their manufacturing. The final
products were tested for precision and reliability against a
mercury device and a simulator. We developed a core
software based on the Cloud Telemedicine Information
System. It runs on personal computer and/or smartphone
to provide considerable utilities for physicians to monitor
patient’s blood pressures online. The healthcare providers
will take care of patients from distance and intervene
immediately, if necessary. Each patient has his/her own
website. This allows patients to get access to their
measurement history and exchange messages with the
doctors when needed. The healthcare providers have also
their own website to monitor their patients. To protect the
confidentiality all data were coded using Advanced
Encryption Standard 128 bit. This cyber medical system
was implemented in Binh Duong province (in Vietnam)
to test its efficacy. To this end, 100 patients will use the
device and another 100 will not use it (control group).
Both groups will be monitored by the same healthcare
providers. The obtained results will be compared using
paired t-test.

Keywords
Telemedicine ¢ Blood pressure * Heart rate

T. N. Viet (<) - D. M. Thai - N. P. Nam - V. Van Toi
Department of Biomedical Engineering, International
University—VNU, HCM, Ho Chi Minh City, Vietnam
e-mail: tranngocviet93 @gmail.com

© Springer Nature Singapore Pte Ltd. 2020

1 Introduction

Diseases related to blood pressure such as hypertension and
hypotension have become a great burden in either economy
or sociality, they are also the leading cause of human death
in the world. The World Health Organization (WHO) has
recorded 7.5 million cases of death, which accounted 12.8%
of the cases of total death in 2008 [1]. In Viet Nam, there are
more than 90 million people and a large part of them live in
remote areas where the healthcare services are quite limited.
According to official statistics from the Vietnam Cardio-
vascular National Institute the rate of high blood pressure
among adult population increases rapidly from 1.5% in 1960
to more than 10% in 1970, 16% in 2000 and 25% in 2012
[2]. An important aspect is that most of them do not realize
that they have high blood pressure.

The reasons for this situation are lack of adequate
healthcare establishments, lack of competent health care
providers and lack of appropriate medical devices. Because
high quality telecommunication covers the whole country,
the aforementioned lacks would not be so severe if there is a
system that links together healthcare establishments, health-
care providers by means of appropriate medical devices.
Therefore, we proposed to develop a cyber-physical system
for healthcare for Binh Duong province (Vietnam) and this
model can be expanded to other third world countries.

Figure 1 illustrates the basic cyber medical system in Binh
Duong province. In the first process, the patients use the
tele-blood pressure devices to measure their blood pres-sure
results, with the help of internet accessing of the device, this
result will be sent and stored in a central server for long-term
observation of patients and doctors in the second process. In
cases of having any problem concerning with patient’s
hypertension, the server system will automatically send an
alert to the doctor who has responsibility to take care of that
patient. This alarm process is displayed by means of laptop
(process 3, 4) or smartphone (process 4, 6). Then, the doctor
can recognize and give a soon diagnosis by using cell phone
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Fig. 1 The cyber medical system
is performed in Binh Duong
province
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showed in process 7. Evidences show that effects of hyper-
tension can be prevented by soon diagnosis, prognosis and
proper treatment. Therefore, monitoring of patient’s blood
pressure result is mandatory to eliminated diseases with
respect to cardiovascular.

2 Designing of the Cyber Medical Healthcare
System

2.1 Design and Manufacture Tele-Blood

Pressure Device

We design a Tele-Blood Pressure device with characteristics
that fit in the environment of developing countries such as
affordable, sturdy, fixable, durable, reliable, easy to use, and
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energy efficient. Because the device will be mass produced
therefore its design will take into account the human factors,
cost-effectiveness and local capacity of production. The
diagram of hardware design is displayed in Fig. 2, the
STM32 is chosen to design for microcontroller, with the aid
of ARM cortex- M3 insight in MCU, this IC can calculate
the algorithm of measuring blood pressure by oscillometric
method. In addition, we designed analog filter circuits to
remove noise signals from a cuff.

Specially, the Tele-blood pressure has three data con-
nection: GPRS, WiFi, and USB. The result of blood pressure
will be sent to a central server via wireless connection as
GPRS or Wifi. The direct connection of USB is used for
configuration of the device via particular software. And all
information config is saved in ROM IC. In regarding to
display indexes as Systolic, Diastolic, and Heart rate, the
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Fig. 2 Diagram of tele-blood pressure device
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Fig. 3 The LCD with 320 x 240 in tele-blood pressure

touch LCD with 320 x 240 resolutions is used to show that
results. This LCD is illustrated in Fig. 3.

Implement of MQTS Tester for manufacturing

The production will follow the Manufacturing and Quality
Test System (MQTS). We carry out the tester illustrated in
Fig. 4 to manipulate factors of PCB main board manufac-
tured by a factory for instances: cut frequency of analog filter
block, LCD display, battery charger, and etc. To ensure the
quality of the circuit and the accuracy of the specification,
the final product will be applied for public using permission.
As this is a standard non-invasive device, we foresee there
will be no issue.

Calibration process of the blood pressure device

The product will be tested for accuracy and reliability fol-
lowing a standard test protocol e.g., European Society of
Hypertension International Protocol, with the standard
mercury sphygmomanometer. In addition, it is difficult to
calibrate follow in this protocol; we have proposed the new
procedure demonstrated in Fig. 5 for calibrating Tele-blood
pressure device.

In Fig. 5, the acoustic signal in cuff is recorded by ana-
lyzing software in PC. At the same time, we also acquire the

Fig. 4 Demonstrated the tester system is performed

pressure signal in sphygmomanometer. The results in the
blood pressure device are compared to the result of calcu-
lating by Korotkoff sound in the audio signal on analyzing
software. In terms of Simulator, we use FLUKE Pump2 to
calibrate the quality of the devices. We will apply standard
tests to make our system reliable and compatible with other
systems and to be developed devices. It allows connecting to
systems in developed countries to benefit their latest
progress.

2.2 Build a Cloud Telemedicine Information
System—CTIS

CTIS is a core of infrastructure platform capable of imple-
menting Tele-healthcare applications for hospitals, doctors
and patients. It includes:

— CTIS Server: based on cloud computing, it allows the
Tele-blood Pressure Device to measure blood pressure of
patients at home or anywhere, connect and send results
via the Internet. It also saves the results in a database
system helping doctors to diagnose and treat patients
from distance using HL7 international standard. This
system is shown in Fig. 6.

— Application software development: The software con-
nects doctors and patients, and allows them to commu-
nicate together in real time. Each patient has a personal
and protected website displaying results history in charts,
patient and doctor information and communications, and
patient medical history. Each doctor has his/her own
website to manage the current state of patients for
immediate intervention, if necessary. Patient records will
be processed, protected, stored and retrieved. Efforts will
be made to protect confidentiality and avoid hacking,
errors and loss of data. We also developed software
running on smartphone or tablet of Android/iOS with
data transferring based on GPRS or Wifi technology. It
will allow the doctors to access easily the internet to
receive notifications of abnormal results from their
patients for immediate intervention. The technology used
in this system has become more and more accessible,
popular and affordable.

2.3 Establish a Network of Patients in Binh
Duong and Healthcare Providers
in Well-Established Hospitals to Test
the Efficiency of the System

This system will support diagnosing and monitoring and
take care of hypertension patients remotely. So, our subjects



90

T. N. Viet et al.

to calibrate pressure
for sensor

The tele-blood pressure by
oscillometry method

The software

Stethescope

analysis acoustic
signal in Cuff

Fig. 5 The method of calibration between sphygmomanometer and our devices

are 100 patients suffering from cardiovascular disease at
Binh Duong. In addition, the system will also connect
doctors of Board of Health Care for Binh Duong Leader and
outpatients in order to remote keep tracking. In difficult
treatment cases, it allows that the doctor of the Binh Duong
Hospital needed to hold a consultation or remote diagnosing
from the central hospital.

Total of research time is 12 months, and randomized
controlled clinical trial (RCT) method is used for estimate
two groups pretest and posttest randomized experiment
design. Therefore, this research is performed in 2 parts of 2
patient groups:

— Part 1: before intervention, in 6 months, when the Tele-
medicine is developed, two patient groups will be kept
track and treatment using traditional method at clinical
rooms in order to estimate the condition of patients.

— Part 2: in the next 6 months, the Tele-Health is already to
implement in practice, the intervention group will be

monitor by using the Tele-Blood Pressure Device while
the other group is still used normal method of treatment.

The innovation of this project is application of new
technologies in medical device design in order to increase
their value in treatment and diagnose patients remotely,
transferring the Technology to companies, and training of
technical person. Regarding to statistics, all data of patient
will be processed according to t-test model.

3 Result of Experiment

We designed Tele-Blood Pressure device with high com-
patibility to customers, because our purpose is that we will
create industrial mold completely with small, comfortable,
and reliable. In additional, PCBs of the device are optimized
for mass production by using by using our MQTS Tester.
We also develop firmware of blood pressure device suitable
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Fig. 7 The tele-blood pressure after assembly successfully

to our CTIS System. Consequently, we manufactured 100
Tele-Blood pressure devices uniformity quality successfully,
and this device is shown in Fig. 7.

In related to comparing with BP pump2 FLUKE Simu-
lation, we use a random device of blood pressure to measure
with the simulator. These results are displayed in Fig. 8.

Form results presented in Fig. 8, with a range from
80/40 mmHg (Systolic/Diastolic) to 150/110 mmHg, we can

Fig. 8 The errors when calibrating with FLUKE Pump2 Simulator

see that if the pressure of systolic in the simulator is greater
than 46 mmHg, the total errors of systolic and diastolic is
smaller or equal than 2 mmHg. This error is acceptable in
manufacturing digital blood pressure devices.

In terms of CTIS system, we developed amounts of
software for tracking and monitoring the patients’ data of
blood pressure. There are three main software systems: CTIS
AppServer, CTIS AdminStation, and CTIS HISViewer.
More importantly, the Graphic User Interface (GUI) and
functions of aforementioned software programs adequate the
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requirements of initial design target. These GUIs are
demonstrated in Figs. 9, 10 and 11.

The admin software showed in Fig. 10 is used by
Administrator, an account having the highest level control in
the system. It can enable or disable any user account and
accessing and monitoring all data in the system.

Bellowing the accounts of administrator and super mod-
erator in the CTIS system, there are numbers of accounts of
doctor and user-patient. Every doctor account is divided to
take care of patients by above accounts of admin and mod.
The GUI of HISViewer is illustrated in Fig. 11.

Because of developing of portable connected device, we
also performed a software for iOS on Apple Device such as
iPhone, iPad, and iPod in Fig. 12. This software is pro-
grammed in Swift language of Apple. Basically, this soft-
ware is similar to PC software in Fig. 11. This software can
monitor data for instances: systolic with red line, diastolic
with blue line, and heart rate with green line. Indeed, it can
run on iOS operating system, the convenient of the system is

(AT GRAZ MICTIS Servee L7 Literng 1P 108200021100 Seckmt OOOY &
(232 0 42 4] CTIS ServeeAccess staried on port 5000
[23/02/ 02 43 13] UseeCon{1} [7352] Chert connected hom 27 2127115

(2302 0846 00) Message tme: 201 10102102633

[21/02 0 46: 004 Close the HL7 connection on SocketiD DCO1 1o 27.2127.115

[23/02/ (52 47.02] Open & ML connection on SocketiD DCOZ bom 27.2127.115 [

2202/ 02 47 02) CTIS ServerHLT Listerwig P 108202021170  Sacket DCDY

202/ 8 A7-02) Mas2age b 2011002100623

2302/ 0847 -02] Secumty.

2202/ 08 47-02) Login HLT Measage fom 272127115

mmummwhn mms«mnncm anans
A2 08 4750 Open & HLT connechion on uu-2:l'2i2}||a

Lmtﬁu cnsmanmpmsmmu 0 - Socket DO

22702/ 0 47 50) Message tme: 2010102102633

(2302 (4T

(2202 08 4750 Logn HL7 Message hrom 27 2127115
ﬂ%gf 50| Metage e 201 SIC2004TS0

2202/ 08 47-50) PA-0042 106/

22012/ 0 47 50} Mesmre HLT Mestage bow 27 2127115
(22402 02 47 50{ Metsage tme: 20180223084750
232/ 08 47 50 Secuedy

LI W
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Fig. 12 Illustrated HISViewer software for Apple devices

expanded considerably, because the doctor can use their
phone to look after of the patient anywhere.

The CTIS system can store the patient’s blood pressure
from a distance, improve their health and save their time.
Therefore, the long-term data storage can help the doctor
pre-diagnosis the patient’s problem by the soon alert in the
health indicators sent from the device. The system also helps
doctors share experience of treatment methods, the use of
medicine with each other.
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4 Conclusions

In this paper, we developed a cyber-medical system which is
telemedicine system for Binh Duong province for pilot
research. If it success, this model can be extended to third
world country to eliminate some health care problems.
Basically, this system contains implementing hardware of
Tele-blood pressure devices, developing of software pro-
grams for CTIS system, and establishing a network between
patients and healthcare providers. As a result, with the aid of
designing MQTS Tester, we measured a number of factor
related to quality of PCB board, and manufactured 100
blood pressure devices with uniformity quality successfully.
With respect to calibration, we use two methods: the first one
is calibration with BP pump2 FLUKE Simulator, and the
other is checked by comparison with a standard of blood
pressure, a sphygmomanometer. In implement of CTIS
system, we developed a huge numbers of software programs
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on many infrastructures for instances: computer, Apple
devices, and etc. Concerning with establishing the network
to test performance of our system, we will divide two groups
of patients: traditional group and controlled group. All data
of these groups will analyze by using t-test model in statistic.
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Abstract

Nowadays, Researching in the electrospinning field has
expanded significantly because electrospinning can create
nanofiber scaffolds for the flourish of tissue engineering.
The scaffold is essential a platform that supports the
migration, proliferation of cells and formation of tissues
for wound healing applications. Therefore, the developing
of electrospinning is also mandatory for spreading of
tissue engineering field at Vietnam. In electrospinning
machines, the main components include a high voltage
DC source, a syringe pump and a grounded collector. In
this study, we designed a low-cost high voltage power for
electrospinning process by using a Zero Cross Voltage
Switching (ZVS) driver circuit and a flyback transformer.
As a result, the power worked effectively and stably as
well as we expected. To prove its advantage quality, we
do an experiment and investigation to examining the high
voltage in an electrospinning system; we found out a set
of parameters in our conditions that give a good
membrane of structure morphology at 15% (w/v) PCL,
1 ml/h, 17 KVDC, and 20 cm in distance between needle
tip and collector.
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Flyback transformer
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1 Introduction

Because the material on the nano-size has a great deal of
potential in huge applications such as biology, engineering
disciplines and space applications, the scientists are inter-
ested in researching and developing nanotechnology [1].
One of the more popular processes to create nanofibers, a
form of nanotechnology, is through electrospinning. Elec-
trospinning is used to create nanofibers by means of appli-
cation of a very high electric field [2]. The nanofibers of
electrospinning have an essential role because of the simi-
larities of the properties of the extracellular matrix within
tissue human [1].

1.1 Some Methods to Treat Wound Healing
For the treatment of skin lesions, there are some methods to
be studied extensively, such as the application of
“auto-grafts”, a method of implantation of the patient’s own
tissue on their wound; or “allograft”, implanting the raw
tissue of the donor on the wound of the patient. Although
these methods have solved most of the problems concerning
with skin lesions, the results of autografts are costly, painful,
limited by surgical tasking, and localized tissue grafts. The
treatments can result in blood infections and hematoma.
Similarly, the allograft method also has serious limitations,
as the problem of finding a donor, risk of rejection by the
immune system of patients and disease from the donor [3].
With the help of advances in tissue technology, the
manufacture and research of synthetic cellular by scaffolds,
created by biocompatible materials that support wound
healing. It is a good way for effective skin regeneration [4].
The scaffold is essentially a scaffold that supports the for-
mation of tissues and usually implanted with high growth
factor. The new tissue of scaffold is rapidly replaced a huge
of venerable tissue. Therefore, the scaffold of implant cells
can be used to synthesize tissues, and then it be injected

95

V. Van Toi et al. (eds.), 7th International Conference on the Development of Biomedical Engineering
in Vietham (BME?7), IFMBE Proceedings 69, https://doi.org/10.1007/978-981-13-5859-3_16

)

Check for
updates


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-5859-3_16&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-5859-3_16&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-5859-3_16&amp;domain=pdf
mailto:dmthai@hcmiu.edu.vn
https://doi.org/10.1007/978-981-13-5859-3_16

96

l\:n};_\'_\\

&& A:Jl:ml:ltlml

>~ -
“‘{’3.-..“ ®

Zell izolan
tissne developement Cell izolation

e | /
= g s

Cell cultivation

Cell proliferation

Fig. 1 Illustrated the process of artificial skin formation on the
scaffold [4]

in vitro to remove loss tissues in particular. The implantation
is directly into the wound by means of the patient’s tissue to
self-regenerate the lost tissue [4]. This process is demon-
strated in Fig. 1.

1.2 Basic Components of Electrospinning
Machines

The main components of an electrospinning system con-tent
a high voltage DC supply, a syringe pump system and a
collector connected to ground of the DC source. This system
is illustrated in Fig. 2. In regarding to research of the elec-
trospinning machine, it has been very successful in over the
word. However, in Vietnam, there is a few research related
to developing electrospinning machines.

Syringe

Polymer solution Taylor cone

Spinneret

Liquid jet

High voltage
power supply

.___/—",/

=] / Collector

Fig. 2 Principles of operation of electrospinning machines [5]
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In this situation, this machine that we want to create is
obligatory for Vietnam, and it will play an important role
and considerably affects to make a break through in Viet-
nam’s tissue engineering field.

2 Designing of the High Voltage Power
Supply for the Electrospinning Machine

2.1 Design High Voltage Power

In Fig. 3, the 220 V AC RMS source is conversed to 26 V
AC RMS source by using a transformer with 240 W. Then,
this 26 V. AC RMS source will be rectified to 33 VDC
source. This power is continuously used to supply the boost
circuit to creating the high voltage power with 0—-40 KVDC,
2 mA for electrospinning.

Regulator circuit with adjustment output.

This is a basic circuit that as the main source of power for
flyback transformer and its driver. The XL.406 IC is selected
to make buck circuit, because the requirement of this block
is converted from 33VDC to the adjustment output with
0 -> 32 VDC, 8A [6]. By using the variable resistor of R10
in Fig. 4, the output voltage of the regulator can be changed.

ZVS Driver and Flyback transformer.
ZNS (Zero Cross Voltage Switching) Driver is a mazilli
oscillator—a basic circuit that can oscillate a various of power

with 90% efficiency. For explanation of the oscillator, a sim-
plified version of the mazilli oscillator is demonstrated in Fig. 5.

220VAC Power

220VAC *
Transformer and
Rectifier
L -
‘ +33vVDC ‘ *
2 Regulator circuit with SEarr Regulator circuit
Switch t R lat sit
W10 Ll adjustable output SpN AN cIu with 5 VDC-14

enable output 0-33VDC, 8A

0->+33VDC ;

ZV5 Driver with
Flyback Transfarmer
0-40KVDC

0->+30KV }

Voltage meterd
Current meter

'

DC High voltage
output

0->+40KV

with 12 VDC-1A

'

Fan of heating system

!

Microcontroller
System

Fig. 3 Diagram of the designed DC high voltage power
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where: f is the frequency in Hertz, L is the inductance of the
primary in Henries, C is the capacitance of the capacitor in
Farads.

Because flyback transformers are high frequency trans-
formers, it is very useful to generate high output voltages at
relatively low currents. The essential applications are in tele-
visions, monitors, and high voltage power supplies. For this
reason, we decided to choose the flyback transformer for this
project. It is it is possible to get high voltage with low cost.

f= (1)

ADC of Microcontroller system.

With the help of internal ADC in the MCU, the voltages of
circuits will be recorded; this family has one ADC in-sight
with 10-bit resolutions. Because MCU can multiplex
between ADC channels, we designed four voltage dividers

with buffer opamp s to monitor the operation of power. The
circuits of the voltage divider are described in Fig. 6.

Voltage and current meter.

In relation to voltage indicator, we used the 44C2 m with
100 kV/100 pA to display the high voltage output of the
power. Because the internal wire resistance is too small, we
must use a shunt resistor for this indicator. To enlarge the
scale of the voltmeter, this resistor is connected to the
indicator in serial. This circuit is demonstrated in Fig. 7.

R U, 100kV
shunt — - Ry =
A 100 pA

~ 1000 MQ

= 1000MQ — 1 KQ

(2)

In this case, we choose two high voltage resistors of glaze
film technology with 10 W. Each of resistors is 500 MJ—
30 kV. When they are connected in serial, the maximum of
voltage is 60 kV more than 40 kV which is required in this
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Fig. 6 The divider is used for measuring high voltage in STM8’s
ADC

shunt .

AMA—7)
1,=100u4

R, =1KQ

O [ M—
Us

Fig. 7 By using a shunt resistor to expand the measured voltage

project. The PCB main board after soldering all components
is displayed in Fig. 8.

Firmware design.

This flow chart in Fig. 9 shows the program in the
STMS8FO003S. In the first processes, MCU is programmed to
initial some basic tasks such as input or output for GPIOs,
turn on some mandatory timers, and choice an operation
mode of ADC. Because of limiting a number of GPIOs in
MCU with 32 pins, we must design 7-segment LED circuit
with scanning technique. There are three 7-segment LEDs
on the PCB, so we can program to display all mode of the
high voltage power.

The power after resembling all components: the main
PCB of high voltage supply, voltage and current meter, and
etc. is described in Fig. 10.

2.2 Implement of an Electrospinning Machine

To prove working of our electrospinning effectively, we set
up a system with the high voltage power, a syringe pump,
and a rum collector described in Fig. 11. We conduct some
experiments with PCLs and acetone solvents.

Fig. 8 The PCB main board after soldering all
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Fig. 9 Flowchart of the program in the MCU
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Fig. 10 The high voltage power source after finishing

Fig. 11 Designing the electrospinning machine by using our power
supply

Fig. 12 Photographs of EsPCL

membrane at different flow rates.
a8 b5 ,¢c2andd 1 ml/h (with
the other conditions: 17 kV, 15%,
and 20 cm)

3 Result of Experiment

Because each laboratory conditions and environmental fac-
tors are different, in the future we will re-investigated how to
get required fibers’s morphology. In this experiment, we
chose Polycaprolactone (PCL) to use as polymer solution for
the investigation. Then, the scanning electron microscopy
(SEM) is applied to study the nano-fibers’ structure, mor-
phology and diameter size.

In Fig. 12, after electrospinning process, photos of PCL
membrane on aluminum foil at different flow rates of syringe
pump are taken. It is easy to observe that at very fast flow
rates as 8 and 5 ml/h the PCL membrane looks rough too
much. When the flow rate is reduced at 2 and 1 ml/h, the
surface of PCL membrane become smoother. Consequently,
because PCL polymer solutions have enough time for
polarization in lower flow rate cases, the fibers of membrane
will be smoother and eliminated beads.

Form Fig. 13, we can see that concentrations of poly-
mer solution play an essential role in the fiber of the
membrane while the electrospinning process. At the low
concentration 8% and 10%, there are greatly numbers of
mixture of beads in the membrane. When increasing a little
higher amount of concentration as 12% and 15%, smoother
nanofibers can be obtained. As a result, the concentration
with 15% is rather than suitable for this electrospinning
process.
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Fig. 13 SEM morphology of
EsPCL fibers at different
concentrations. a 8%, b 10%,

¢ 12% and d 15% (17 kV, 1 ml/h,
20 c¢cm) at 1000 x

4 Conclusions

In this study, the high voltage source is developed to use in
the electrospinning system. The main principle contents
conversing 220 VAC to low 26 VAC by a step-down
transformer, this low AC energy is rectified and filtered to
generate +33 VDC. From the +33 VDC, the buck circuit
with high current is offered to get the adjust voltage output
0 -> +33 VDC. With the help of ZVS Driver and Flyback
transformer, it can transfer from the low voltage and high
current to the high voltage and low current. This power is a
low-cost power for research and study of electrospinning
machine effectively.

Continuously, not only did we design the high voltage power
but also implemented the electrospinning machine. When
decreasing flow rate of PCL solution in syringe pump, the
membrane of fiber is smoother. Thank to using 15% PCL
solution, 1 ml slow rate, 17 kV, and 20 m in distance, this
machine gives a good result of structure morphology membrane.
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Abstract

Falls are a major global health problem that may result in
long-term health issues, disabilities, and even death
(~650,000 fatalities each year). Each year approximately
37.3 million elderly worldwide experience a fall event
that is severe enough to require medical attention. This
research proposes a system for activity assessment and
fall detection intended for in-home applications using the
Internet of Things (IoT) for real-time detection of falls
events and potentially fall prevention using a low-cost,
wearable sensor system. While the proposed system uses
an integrated MEMS sensor (i.e. accelerometer, gyro-
scope) for biomechanical monitoring and event detection,
the developed algorithms can also be deployed onto other
smart devices. The system communicates periodically
with a cloud server system for uploading, archiving, and
analyzing sensor data. Data is transferred to the cloud.
Once data is received, the cloud server can provide alerts
(i.e. automated calls, SMS, EMAIL) to formal and
informal caregivers as well as emergency services when
falls or other emergencies occur. Additionally, individuals
and their caregivers can access and review personalized
activity information to assess health, wellness and
independence. Preliminary tests using healthy subjects
performing Activity Daily Living (ADL) is quite promis-
ing, with specificity to detect fall of 100% in about 200 h
normal activities in real-world setting. This research will
also present practical challenges to deployment of the
proposed system in real-world settings including usabil-
ity, performance, and feedback from end-users.
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1 Introduction

According to World Health Organization (WHO) statistics
[1], there are about 37.3 million elderly individuals aged 65
and over worldwide experience a fall event severe enough to
require medical attention. Of these fall events, 80% of these
incidents occur in low and middle-income countries with
limited resources [2]. Falls are a major global health problem
that may result in long-term health issues, disabilities, and
even death (~650,000 fatalities each year). In 2015, the
Centers for Disease Control and Prevention (CDC) estimated
that total medical costs of fall events totaled more than $50
billion in US [3]. However, it is estimated that timely
response to detected fall events can dramatically decrease
risk of hospitalization by 26% and fatalities by 80% [4].
Technological innovation such as mobile health, wearable
sensors, and smart environments may potentially provide a
cost-effective solution to the problem of falls in the elderly if
a highly accurate and robust (i.e. high sensitivity and high
specificity) fall detection device with communications
capabilities can be developed to contact caregivers, provi-
ders and emergency services, as warranted. Research by
Bertera et al. [5] have shown that the elderly are interested in
new technologies to support their health, independence, and
safety, especially as it supports their desire to age-in-place.

This paper presents a cloud based system for activity
assessment and fall detection using a low-cost, wearable
sensor or other low-power network strategies such as LoRa
networks and cloud computing server. The proposed system
can be used for timely detection and alerting in the case of
residential fall events and potentially can potentially be used
in combination with other fall prevention strategies.
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2 Related Work

Recent advances in micro-electromechanical systems
(MEMS) have opened up great opportunities for the imple-
mentation of smart environments, especially in the healthcare
area. Many studies already use of the biomechanical sensors
(accelerometer and gyroscope) for fall detection and daily
activity monitoring. They have achieved high accuracy in
detecting falls in the lab with test subjects performing pre-
scribed activities [4, 6-8]. We have demonstrated wearable
sensors systems using a combination accelerometer and
gyroscope for fall detection can achieve 96.3% sensitivity
and 96.2% specificity in the lab. However, there is a lack of
studies validating accuracy of these systems in the real-world
over long time frames in which activities are unscripted and
experience much more variability and activity noise (i.e.
bumping). In this study, we validate and the accuracy of a
wearable fall detection system while test subjects performed
daily activities in real-world settings. Accuracy and efficacy
of a hierarchical neural network algorithm [9] for classifica-
tion of daily activity is also tested on collected data.
Currently, health care systems store and analyze data
either on a local device or computer in an user’s residence.
However, trends such as the Internet of Things (IoT), cloud
computing, and artificial intelligence can potentially provide
alternate and/or additional solutions for a wide range of
health applications and services. Luo et al. [10] have
developed a platform to manage and monitor medical health
information and behavioral state information of patients of
hypertension and other diseases such as stroke, heart disease,
kidney disease, chronic lung disease, disorders of con-
sciousness, etc. Doukas and Maglogiannis [11] implemented
a smartphone system for collecting motion and heartbeat
data via Bluetooth and cloud-based store-and-forward

Fig. 1 Architecture of residential
fall detection system with local
activity data collection
component (left) and cloud-based
computing and services
component (right)
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strategies for subsequent analysis. These systems show
potential applications of novel and emerging technologies
for supporting health and wellness in at-home -elderly
populations.

3 System Architecture Overview

In this work, we further advance and propose a technological
architecture for fall detection and notification of caregivers.
Figure 1 provides an illustration of the proposed architec-
ture. This system consists mainly of two parts: the activity
data collection unit and cloud server computing part.

3.1 Activity Data Collection Component

The activity data collection unit is developed to continuously
measure biomechanical and physiological data while users
are performing daily activities. The device can detect and
immediately send alerts to a cloud server when a fall event is
detected following our optimized fall detection algorithm
[12]. The algorithm uses a combined accelerometer and
gyroscope sensor strategy for robust fall detection. While the
accelerometer provides valuable information regarding body
inertial changes due to impact, the gyroscope provides
unique information regarding the body’s rotational velocity
during a fall event. A fall event produces both high accel-
eration and angular velocity, the combination of which is not
observed during normal daily activities. Table 1 [13] shows
summary data of acceleration and angular velocity for var-
ious daily activities and fall events. Using an optimization
approach, critical thresholds (lower and upper fall threshold
of acceleration, and upper fall threshold of angular velocity)

Cloud-based Computing and Services
Component

|
I
I
|
|
|

amazon
webservices™

bW
> e

EC2 DynamoDB
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Table 1 Summary of acceleration and angular velocity of ADLs and fall

Activities Negative peak acceleration (g)
Standing 0.98

Walking 0.55-0.66

Sitting down/standing up 0.47-0.58

Lying down/sitting up 0.6-0.85

Stepping 0.3-0.45

Running 0.2-0.34

Falling 0.15-0.35

were empirically determined from experimental data. When
both of signals exceed these thresholds, a fall event is
detected. The optimized fall algorithm is illustrated in Fig. 2.
It was able to detect falls with high sensitivity (96.3%) and
specificity (96.2%) compared to prior strategies by other
researchers who were able to achieve either high sensitiv-
ity or high specificity, but not both. In addition, information
features of daily activities from sensor data are extracted and
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|
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Fig. 2 The optimized fall detection algorithm

Positive peak acceleration (g) Peak angular velocity (°/s)

1 0
1.5-1.9 10-20
1.6-2.1 50-170
1.3-14 130-260
1.8-2.3 40-80
2.3-2.8 60-120
25-54 200-320

uploaded to a cloud server periodically for later analysis and
daily activities classification. In our system, a wearable
device (i.e. smartwatch, sensor unit) or smart phone can
flexibly serve as the activity data collection unit.

Wearable device shown in Fig. 3, is a small device
(3.2 cm x 3.4 cm) designed to be worn continuously while
users perform regular daily activities. It can be wristworn (i.e.
watchlike) or clipped on the waist (i.e. pedometer-like). The
sensor device uses a motion processing unit (MPU-9250;
Invensense, San Jose, CA) to measure 3-axes of acceleration
and angular velocity to classify ADLs and detect fall events.
The unit also uses an ultra low-power STM32L microcon-
troller (STMicroelectronics; Geneva, Switzerland). Depend-
ing on the demand and the user’s environment, either a Wi-Fi
module or LoRa module is integrated into with the wearable
device for data communications.

Currently, Wi-Fi is a popular choice for IoT connectivity
because its coverage is almost ubiquitous in a typical home.
A wearable device using Wi-Fi can be easily setup and
deployed. However, Wi-Fi has some drawbacks and is not
always the appropriate choice. These drawbacks include the
short-range connectivity between device and access point
(AP), limitations to possible number of devices connected to
an AP, and, most prominently, low efficiency and high
battery consumption. These last limitations are particularly
relevant for this intended fall detection application for
usability and effectiveness reasons. LoRa technology is a
new trend for building IoT networks which is already widely
available in European countries and increasingly used in the
United States. The advantage of LoRa networks is its
combination long-range capabilities and low-power con-
sumption that is especially useful with IoT. A wearable
device can operate between 2 and 10 km from a LoRa base
station with optimized device battery life lasting week
between charging. This LoRa base station would then need
to be initially connected to the Internet in order to forward
data to a cloud-based server.

The wearable fall detection device communicates with the
cloud server by utilizing established techniques for IoT
communication directly via Wi-Fi or forwarded to the
Internet via the LoRa network. The device has a small
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Fig. 3 Wearable sensor device
electronics unit with imbedded
fall detection algorithms (left) and
graphical user interface for fall
detection app using built-in
sensors with a smartphone (right)

OLED screen for displaying information directly to the
end-user and a SOS button for user-activated, immediate call
to a response center in case of emergency. In addition,
wireless charging is integrated in the device for ease-of-use.
Smartphone: The use of smartphones among elderly
populations with numerous built-in sensors such as
accelerometer, gyroscope, etc. is growing at a remarkable
rate [14]. As with the general population, smartphones will
become an increasingly familiar tool for the elderly popu-
lation for managing their daily needs, including health and
wellness information, communications, and scheduling. For
this project, a fall detection and activity assessment appli-
cation was developed on the Android platform. Taking
advantage of the built-in smartphone sensors, we implement
the algorithms previously developed in our lab for fall
detection and activity classification. Figure 3 (right) shows a
graphical user interface for the fall detection application.

3.2 Cloud-Based Computing and Services
Component

Our cloud service component was developed using Amazon
Web Services (AWS), a platform that allows researchers to
perform large-scale storage, management, and analysis of
remotely collected data. Figure 1 (right) illustrates our cloud
service component. For this application, standard

@HEOHE (e

FALL is detected 1!

Do you need help?
9

infrastructure services, such as Amazon DynamoDB, S3 and
EC2 are used.

First, Amazon DynamoDB is a fast and flexible SQL
database service for all applications. It stores key user
information, device ID and contact information for care-
givers (i.e. neighbor, family member, friends, etc.). Second,
Amazon S3 (Simple Storage Service) is flexible cloud
storage. All of raw daily activity’s data are easily and
quickly uploaded to S3 from devices using Wi-Fi or LoRa
for later analysis by the research team. Finally, Amazon EC2
(Elastic Compute Cloud) is central part of cloud service that
can be utilized for data processing and alert management. It
is used to issue alarm and notification via SMS, automated
call and/or Email to caregivers, prior to initiating a call for
emergency services when emergent events such as a fall is
detected. Additionally, EC2 is used for analysis and classi-
fication of daily activities based upon key data features
extracted and upload from the sensor device or smartphone
app. This cloud-based analysis strategy can reduce the local
computing burden of analyzing non-essential, real-time data,
thereby extending battery life of the wearable device or
smartphone. EC2 also provides a website interface to facil-
itate fast setup of user accounts, devices, and caregiver
contact information. The users and their caregivers can
access and review personalized activity information to assess
health, wellness and independence (like history of emer-
gency case, location, activity status, etc.).
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4 Real-World Experimental Setup

In this study, the IoT fall detection system is validated in
real-world. Following an institutional review board
(IRB) approved protocol; ten (10) healthy, adult subjects
(18-50 years old) wore the fall sensor device while per-
forming normal daily activities. The device was worn at the
waist and continuously collected activity data in real-time. In
the event the wearable device detects a fall event, an
immediate alert was sent over Wi-Fi or LoRa to AWS for
alert notification. For normal activities, all sensor data and
information are sent periodically (every 30 min) to AWS for
storage and analysis. Each subject was provided a notecard
and asked to log and record timing related to rigorous
activities or critical events including falls and near falls.
These logs were used to validate and confirm falls detected
by the algorithm. In the event falls were detected, subjects
were contacted and interviewed further relating to the time
of detected event.

For this study, approximately 200 h of activities of daily
living were recorded in all subjects. No subjects reported
having experienced a fall. No fall events were detected from
the wearable device after 190 h normal activities and 7 h of
rigorous (exercise) activities. However, our system showed
no false positive detection of fall event (specificity 100%)
during 342,000 windows of normal daily activities (time
duration each window is 2 s). With high rigorous activities
i.e. walking up stair, down stair, run, workout in gym, etc.,
five (5) false positives were identified from 12,545 event
windows. These incidents were validated against activities
reported by subjects on note cards. Subjects were further
contacted and interviewed regarding detected events. How-
ever, they can be eliminated by incorporating posture
detection with our algorithm. It showed high accuracy and
robustness of our system and its ability to accurately gen-
erate alert notification in the event of a fall.

5 Discussion and Conclusion

The primary advantage of this IoT enabled fall event mon-
itoring system is its focus on the targeted end-user, elderly
individuals, and usability in the home environment. The
system is flexible in incorporating stand-alone wearable
sensors with embedded fall detection algorithms or integra-
tion with existing smartphone platforms running the fall
detection app in order to collect biomechanical data for
detection of fall events and daily activities. Because of the
ubiquity of smartphones in today’s society and its on-board
communications capabilities, there are strategic advantages
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to its use for continuous fall monitoring. This work
demonstrates the feasibility of deployment of an integrated
IoT solution for fall detection and activity assessment using
wearable sensors, cloud-based services using AWS to col-
lect, store, analyze and provide alert notification in the event
a fall is detected. Real-time alert notification to caregivers
and emergency service providers, as appropriate, is partic-
ularly important in this application as long-lies resulting
from falls have been directly associated with hospitalization
risk and fatalities [4], as well as increased cost.

Performance testing of the system in real-world settings
provide valuable information regarding the efficacy of fall
detection systems and potential barriers to adoption of the
technology. Data collected from ~200 h of field testing
reveals the robustness and specificity (i.e. low false posi-
tives) of the fall detection system.

Technological and usability issues remain challenges to
future implementation and adoption of in-home fall detec-
tion systems. For example, variability of sensor placement
may affect accuracy of fall detection algorithms. Wrist-worn
and waist-worn sensor devices ensure consistent placement
and orientation of sensors and are directly related to
biomechanical motion during performance of daily activi-
ties. While waist or chest worn sensors remain the best
locations for fall detection, wrist-worn devices may be the
most convenient and acceptable by end-users who are used
to wearing watchlike devices or activity sensors (i.e. FitBit).
However, signals from wrist-worn sensors may exhibit extra
noise due to arm swing during gait and activity or occasional
bumping during daily activity. Further testing in real-world
settings is warranted.

Another key challenge for consumer adoption is battery
life and frequency of charging devices. Fall monitoring and
activity assessment requires the sensor to be “always on” for
24/7 fall surveillance as falls can happen at any time, day or
night. This utilization results in continuous battery con-
sumption by the sensor unit (i.e. stand-alone device or
smartphone) and therefore frequent re-charging. When the
sensor device is charging, it is not available for fall moni-
toring and therefore may miss fall events. Further, when an
user removes a device for charging, there is increased
potential to forget to wear the device again after it is fully
charged. Thus, strategies for reducing battery consumption
for extended use between charges is critically essential for
this application.

In our system, this is done in hardware using low-power
electronics as well through the use of more advanced
strategies such as LoRa and cloud-based analysis of
non-emergent data. Using the proposed strategies men-
tioned, the wearable device is designed to be lightweight,
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small and low cost (<$50). The battery can last for more than
a week to a month with continuous monitoring and data
transmission using LoRa. We have also implemented the fall
detection algorithm on a commercially available smartwatch.
However, battery life remains a critical problem lasting only
3-5 h between charge.

Cloud server AWS had shown performance efficiency,
reliability and cost-effectively.

It can reduce burden of computing and storage data on the
device that can extend battery life.

The last aspect of the system relates to presentation a
utilization of the collected data to enhance health and well-
ness. Users and their caregivers can easily access and review
personalized activity information using developed website or
applications. Gamification to motivate increased activity,
exercise, and healthy behaviors may enhance strength,
endurance, and cognitive function as evidenced in the liter-
ature. Further, through machine learning and artificial
intelligence strategies, there is potential for IoT based
activity monitoring to enable sensitive measures of longi-
tudinal declines in activity levels and changes resulting from
chronic illness and disease. This area requires further study
and development as more sensors are deployed in real-world
settings.

In conclusion, the work proposes an IoT-based architec-
ture for fall monitoring and alert notification that can be used
to assess health and independence of at-home elderly indi-
viduals. Based on IoT functional principles and design, it
allows communication of wearable sensor devices with a
cloud server for data collection, storage and advance ana-
lytics. The architecture can be extended to incorporate
periodic measurements from Bluetooth enabled devices (i.e.
blood pressure, weight scale, glucometers, etc.) for moni-
toring and management of chronic illnesses.
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Abstract

Uroflowmetry is a simple test measuring the volume of
voided urine in a period of time. Being the only
non-invasive test among urodynamic methods, it is most
commonly ordered by urologists to evaluate the urination
of patients, especially in males over 50 years old with
lower urinary tract symptoms (LUTS). In Vietnam,
however, the test is only available in urology department
in large hospitals or medical diagnostic centers as it is
relatively new in the field and the cost of a uroflowmeter
device is still very high. Aiming to make the device more
affordable to urologists and clinics and thus increase
accessibility of Vietnamese patients to the test, the
engineers from Biomedical Engineering Department, Ho
Chi Minh International University have developed
IUROF, an electronic uroflowmeter. This device allows
patients to perform the uroflowmetry at home; the results
and data are collected in a memory card and sent to
physicians. The objective of this study is to evaluate the
accuracy and reliability of IUROF by comparing it with
the Andromeda Helix, a commercialized uroflowmeter
device currently used in hospitals. The study was
conducted at MEDIC Healthcare Center (Vietnam) in
three months. A total of 40 males (57.6 £ 10.1 years of
age) with LUTS were eligible and agreed to participate in
the study. After signing the informed consent, the patients
took turn to urinate into the IUROF and Andromeda
Helix. The order of testing by the two devices altered
across patients. As a result, the mean difference of Q.
was 0.05 ml/s, Quye was 0.6 ml/s, Vyuq was 0.9 ml, and
tvoia Was 0.2 s between the two devices. All of these
differences were not statistically significant (p > 0.05).
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The Intra-class Correlation Coefficient (ICC) of Q,,.x Was
0.891, showing the high level of reliability of the [IUROF
as compared to the Andromeda Helix. The results show
that the IUROF is technically comparable to the
Andromeda Helix. This has an important implication for
a product developed in a university laboratory to be
commercialized in the market.
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1 Introduction

Uroflowmetry is a useful urodynamic tool for the assessment
of intravesical obstruction and is helpful in the
decision-making process and management of benign pro-
static hyperplasia (BPH) and other urinary disorders [1].
Uroflowmetry provides physicians a simple and
non-invasive way to evaluate the urination of patients by
detecting flowrate parameters.

The electronic uroflowmeters based upon the gravimetric
method are widely developed and used in clinics and hos-
pitals. However, the price of those devices is pretty high,
thus, the accessibility of uroflowmeter is limited for the
clinics and district hospitals in Vietnam, although
uroflowmetry is an essential test for Lower Tract Urinary
Symptoms (LUTS) patients.

IUROF (International University Uroflowmeter) is an
ATmega328 MCU-based device using the gravimetric
method of the load cell. It is specifically designed to monitor
micturition parameters including maximum flow rate and
voided volume. When the process of data logging initiates,
the volume change is continuously detected and stored into
the volume break; at the end of micturition process, the
microcontroller-based device is programmed to determine
the desired parameters which are related to urinary flow.
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These parameters are used to determine whether or not the
patient is emptying their bladder normally [2].

In this study, the IUROF uroflowmeter is tested in the
clinical setting, and its accuracy and reliability are evaluated
by comparing with the already commercialized device—
Andromeda Helix used in MEDIC Healthcare Center
(Vietnam).

2 Methodology

The cross-sectional study was designed and conducted by the
Biomedical Engineering Department, International Univer-
sity, Vietnam. The project was approved by The Institutional
Review Board (IRB) established by the collaboration with
Hoa Hao (MEDIC) Healthcare Center, Vietnam.

A total of 43 male patients with LUTS were enrolled in
the study after they signed the consent form. The
uroflowmetry data of patients were collected from two dif-
ferent devices within the same day. The Andromeda Helix
and IUROF were alternatively used. The order of using
Andromeda or IUROF was changed patient to patient to
avoid bias. Three participants were excluded as the voided
volume was under the standard of International Continence
Society (ICS) for uroflowmetry test (which must be
> 150 ml) [3-5]. The parameters to be compared were
voided volume (V,4iq), maximum flowrate (Q,.x), average
flowrate (Q...), and voiding time (t,uq). The difference
among the results of Andromeda Helix and IUROF device
were evaluated by Paired t-test method. The reliability of
IUROF was calculated using the Intra-class Correlation
Coefficient (ICC) and its 95% confidence interval [The
coefficient has the range from 0 to 1; therein 1 shows the
absolute reliability of the test with no error in measurement,
and 0 gives a complete unreliability]. The statistical software
IBM SPSS V22 was employed to analyze and test the
parameters.

The results were also used to diagnose whether the
patients had Bladder Outlet Obstruction (BOO) or not. The

Table 1 Parameters of uroflowmetry in [UROF and Andromeda Helix

Qmax (ml/s) Qave (ml/s)

U Andro U Andro
N 40 40 40 40
Mean 15.1 15.0 7.2 7.8
Median 14.6 13.8 5.7 6.7
s.d. 6.06 5.17 322 3.36
s.e. 0.96 0.82 0.51 0.53
Min 59 7.1 3.0 2.7
Max 31.1 25.9 16.7 17.0

T. P. Nguyen et al.

agreement in BOO diagnosis by IUROF and Andromeda
Helix results is also explored to evaluate the graph quality
produced by the IUROF.

3 Results

There were 40 out of 43 male patients eligible for the
analysis. The mean age was 57.6, ranging from 27 to 73.
There were 25 patients (62.5%) reported to have the LUTS,
and 15 (37.5%) men were diagnosed with Benign Prostatic
Hyperplasia (BPH).

Table 1 reports the values of uroflow parameters by
IUROF and Andromeda Helix. The mean Qmax values were
15.1 £ 6.06 ml/s and 15.0 £ 5.17 ml/s, respectively. The
corresponding mean of Q.. were 7.2 + 3.22 ml/s and
7.8 £ 3.36 ml/s. The mean volume (V,uq) and time of
urination collected in IUROF were 58.5 s and 366.5 ml; in
Andromeda Helix were 58.3 s and 365.6 ml.

In comparison using Paired sample t-test, the results
showed in Table 2 indicated the mean Q,,,, of [UROF was
0.05 ml/s higher than the one in Andromeda Helix, V4 of
IUROF was higher 0.9 m, and t,u;q was higher 0.2 s. With
the 5% significant differences, those disparities were not sta-
tistically significant (p = 0.931, p = 0.957, and p = 0.960).
Similarly, the difference in the average flowrate measured
in both devices was not statistically significant although
the results in Andromeda Helix was 0.6 ml/s greater than
ITUROF.

Additionally, the order measurement of patients was also
recorded for further specific analysis in Table 3. The results
showed that there was no significant difference between
devices though patients urinated into the IUROF first or
Andromeda Helix first.

The reliability evaluation of the [UROF by the Intra-class
Correlation Coefficient (ICC with Two-way mixed, absolute
agreement, single rater) was described in Table 4. To the Q,.x,
Qave> Vvoia, the ICC was pretty high with the 95% confi-
dence interval [0.793; 0.942], [0.768; 0.936]; [0.790; 0.941],

Voia (ml) tyoid (8)

U Andro U Andro
40 40 40 40
366.5 365.6 58.5 583
311.5 344.0 559 54.7
169.77 151.65 21.30 20.78
26.84 23.98 3.37 3.29
151.4 151.0 24.1 20.1
742.4 655.0 104.9 107.8
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Table 2 The difference between IUROF and Andromeda Helix in general

Mean s.d. s.e. 95% CI of the difference p-value
Lower Upper
Qumax (ml/s) 0.05 3.57 0.56 -1.1 1.2 0.931
Qave (ml/s) —-0.6 2.12 0.33 -1.3 0.1 0.073
Vyoia (ml) 0.9 102.69 16.24 -31.9 33.7 0.957
tyoid (8) 0.2 22.71 3.59 =71 7.4 0.960
Table 3 The difference between IUROF and Andromeda Helix in measurement order
Mean s.d. s.e. 95% CI of the p-value
difference
Lower Upper
Andromeda—IUROF Qumax (ml/s) -0.5 3.31 0.71 -2.0 0.95 0.468
(S;‘Ibi - Quve (mlls) ~14 1.81 0.39 22 -0.6 0.002
Vyoia (ml) -3.0 90.13 19.22 -42.9 37.0 0.878
tyoid (8) 4.5 20.04 4.27 —4.4 13.4 0.304
IU-ROF—Andromeda Qmax (ml/s) 0.75 3.85 0.91 -1.2 2.7 0.422
(Sl’\‘IbE ) Quve (ml/s) 03 2.11 0.50 ~0.7 14 0.504
Vyoia (ml) 5.6 118.80 28.00 -53.4 64.7 0.843
tyoid (S) =5.1 25.16 5.93 -17.6 7.4 0.402
Table 4 Intra-class correlation coefficient between IUROF and Andromeda Helix
Intra-class correlation 95% confidence interval F test with true value O
Lower bound Upper bound Value dfl df2 sig.
Qumax 0.891 0.793 0.942 8.944 39 39 0.000
Quve 0.878 0.768 0.936 8.643 39 39 0.000
Vyoid 0.889 0.790 0.941 8.828 39 39 0.000
tyoid 0.595 0.228 0.787 2.435 39 39 0.003

respectively. This proved the reliability was in range from good
to excellent. However, ICC of urination time was moderate
with 0.595 and in the 95% confident interval from 0.228 to
0.787.

The agreement on BOO diagnostic between two devices
was also explored. We found that most of the results give the
same diagnosis (70.8% with BOO, and 81.3% without
BOO). Furthermore, in the cases where BOO diagnoses are
different between devices, we noted that the mean difference
of uroflow parameters was high as compared to the mean
difference of the whole sample (Table 5).

This indicated that the difference of Quax, Qaves Vvoid,
Vyoid» tvoia @aMong measurements strongly affect to result of a
patient. The BOO diagnostic value based only on one
measurement was not precise due to the moderate sensitiv-
ity, and specificity of uroflowmetry. Particularly, in a
research of Reynard et al. the sensitivity and specificity of

Table 5 The mean difference of cases that are different in BOO
diagnosis

Parameters | Difference between two Difference of whole
measurements sample

Qumax 1.01 ml/s 0.05 ml/s

Qave 0.04 ml/s 0.6 ml/s

Qvoid 10.5 ml 0.9 ml

Loid 24s 0.2s

BOO were 47 and 70% within the threshold value of Q. of
10 ml/s; and 82 and 38% within the threshold Qu.x = 15
ml/s, respectively. Therefore, the developing of home devi-
ces to collect multi-result uroflowmetry in normal routine
will have a huge impact on improving the diagnosis of this
simple and non-invasive method.
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4 Discussion

In this study, the statistical testing method proved there was
no difference between two devices regarding uroflow
parameters. Ozgur et al. investigated the effect of repeating
uroflowmetry test on 79 male patients and noted no signif-
icant change in measured results except the micturition time
(tyoia)- To our study, we also found no statistical difference
between two measurements, except the Q,,. when using the
Andromeda Helix in the first measurement. Ozgur also
identified the need for a large clinical multicenter trial for the
evaluation of multiple uroflowmetry tests and the impact
factors for the probable changes [6]. Thus, the process of
sequent performing two uroflowmetries on patients was not
the factor that affected the difference between IUROF and
Andromeda Helix. However, for further evaluation studies to
firm the accuracy and reliability of IU-ROF, the considera-
tion to enlarge the scale and clinic-base of research is
essential.

Recently, many researchers found that the environmental
factors affected the result of uroflowmetry such as the find-
ing suitable venue, spending enough time on each test,
psychological factors. The devices that can be used at home
were invented to reduce the artifacts of clinical measure-
ment. The changes in the results of home uroflow tests were
proved. Particularly, it was shown that Q. varies typically
by up to 10 ml/s in an individual by home uroflowmetry
studies [6]. Sonke et al. analyzed the Q,,x and V4 results
by collecting multiple home flows and found them to differ
considerably among individuals. It was shown that one way
to determine a single measurement of Q,,,,« is to calculate the
standard deviation (s.d.) of multiple reading [7]. In many
home following-up studies of uroflowmetry have found that
the s.d. of multiple measurements of Q,,.x in an individual
range up to 6.0 ml/s [8]. In our results, the s.d. of the Qpax
was less than 4 ml/s for twice urinations. In combination
with the information collected in previous researches, we
could anticipate the difference upon comparing the clinic and
home uroflowmetry in future.

The changes of different uroflowmetry parameters have
been evaluated by many authors. Golomb et al. indicated the
variability of uroflowmetry in the patient with BPH [9]. In
their study samples, the uroflow parameters fluctuated more
in men with BPH than in healthy controls. In our study,
although the medical records of patients were collected
(37.5% with BPH), we could not conclude more effect on
any group of patients since we did not group our patients
based on BPH. Porru et al. found significant circadian dif-
ferences in multiple measurements of Q,,.x at home in more
than a hundred patients with LUTS [10]. Our patients were
invited to conduct the test consecutively in the most
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comfortable time for them of the same day, and we could not
conclude about the circadian changes since exact time for
testing varied (all the test was performed between 8 am and
4 pm). Many other factors affecting the variabilities have
been mentioned by different authors. Significant systematic
variability in Q. was found in the clinic with voiding
position (e.g., sitting versus standing), ambient light, and
temperature [8, 11]. Our study lasted four months (from
April to August 2017) and the temperature of the testing
room was stable at 27 °C. All of the joined patients were
accustomed to voiding in standing position. However, our
study does not focus on the variations in temperature or
voiding position. In another study that supports the idea of
changing of uroflowmetric test, Caffarel et al. invited 22
patients to perform two uroflow and record home uroflows
for two weeks and concluded considerable variation between
the two clinic readings meanwhile the comparison of aver-
age Q.x from multiple home flow recordings showed little
variation [12].

The increase of Quax, When measured at clinics, was
reported in several studies [13, 14]. The reason was proved
that the patients got familiar with the environment of
examination [15]. Feneley invited 147 patients voided twice
on two separate clinic visits. The average reading from the
second void was statistically higher than the first on both
visit, with a difference of approximately 0.5 ml/s [13].
Reynard observed the same experiment in larger scale,
where the mean Q,,,x of voids one to four clinic voids in 165
men with LUTS rose progressively from 10.2 to 14.9 ml/s
[14].

To avoid the psychological effects, in our study, the
clinic’s condition remained unchanged, and we recruited the
patients to urinate with the sequentially changing order of
the devices using. However, patients who experienced
uroflowmetry before joining our study was not differenti-
ated; thus, this is also a drawback that we must control in
future research.

As discussed above, most of the previous studies relied
on Qp.x in the results and ignored all the other parameters.
However, the interpretation of Qaye, Vyoid, vVOiding time,
flow time, time to start voiding are all crucial parameters and
should be discussed [16]. In our study, those parameters
were identified with no difference between two devices. The
clinical meaning of those index should be investigated and
examined to enhance the accuracy and reliability of the
uroflow test.

The further limitations of our study must be considered.
Since we focused on the male volunteers, the results cannot
be generalized to the female ones. Additionally, the present
study had a small sample size in only one venue. These two
issues should be addressed in the further study.
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5 Conclusion

Through this comparison study, we found no difference
between the two uroflowmetry findings (Qmax, Qaves Vvoids
tyoia) between IU-ROF and Andromeda Helix device.
The ICC showed the reliability of Quax, Qaves Vvoia Of
IUROF were high (0.891, 0.878, 0.889), and the ICC of
tvoid was intermediate (0.595). The agreement on the BOO
diagnosis between devices is greater than 70%. Our low cost
device is proved to be comparable with a commercialized
device, although a larger clinical multicenter and home use
studies for the evaluation of multiple uroflowmetry may be
more desirable.
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Dang Tran Khiem, Tohru Tani, Shigeyuki Naka, Atsushi Yamada,

and Soichiro Tani

Abstract

Background The concept of a multitasking surgical
device used microwave energy has been developed over
a decade. Then, a microwave scissor-shaped surgical
instrument (Acrosurg.®) has been invented and employed
for pre-clinical experiments. Methods An animal study
using specific pathogen-free pigs was conducted to
compare surgical functions of newly developed micro-
wave coagulation surgical instrument (Acrosurg.®) with
current electrosurgical devices such as the electric
current-based LigaSureTM Small Jaw Sealer (LS) and
the ultrasound-based Harmonic Focus® Shears (HF). The
Acrosurg.® was tested on 5 mm vessels with regard to
seal time, burst pressure (BP), lateral thermal injury
(LTT), cutting time for hepatectomy and mesenterectomy.
Results In the Acrosurg.®’s group, the seal time for 5 mm
vessels was shorter and LTI was narrower in comparison
with the outcomes in the  LigaSure™"s
group. Although BP in the Acrosurg.®’s group was lower
than BP in the LigaSure™s group, it reached approx-
imately 900 mmHg. Cutting time for hepatectomy was
not different in both groups (Acrosurg.® and Harmonic
Focus®) but time consumption for mesenterectomy in the
Acrosurg.®’s group was significantly shorter. There were
some bleedings existing in both groups but achieving
complete hemostasis. Conclusion Novel microwave
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coagulation surgical instrument has the same effective-
ness as compared to other commercialized energy
devices. Moreover, it is more advantageous to some
specific tissues and could be considered on clinical trial.

Keywords

Electrosurgical device * Microwave * High
frequency e Ultrasound ¢ Microwave
coagulation surgical instrument

1 Introduction

In modern surgery, electrosurgical instruments gradually play
an important role. Beside traditional sources of energy which
have been applied throughout a long era such as high fre-
quency electric current, radio frequency and ultrasound,
microwave is recognized as a notable source which can be
broadly used for surgical devices. From the 1970s, micro-
wave tissue coagulator had been used to perform hepatec-
tomy and to ablate liver tumors with positive results [1-3].
Over a decade, a concept of multitasking surgical device
powered by microwave energy has been developed under a
general name Microwave Coagulation Surgical Intrument
[4]. Henceforth, some prototypes have been invented con-
sisting of a scissor-shaped device (Acrosurg.®’s prototype)
which is focused on cutting and dissecting tissues. Based on
their unique mechanism and impact on various tissues,
microwave devices are considered to succeed other electro-
surgical devices in the future surgery. In order to evaluate
their surgical functions including coagulation ability, vas-
cular sealing and tissue resection speed, an example of novel
microwave devices, Acrosurg.® (Nikkiso Co., Ltd., Tokyo,
Japan), was employed to a comparative experiment with
other current energy devices that are widely being used in
routine operations: Harmonic Focus® Shears and LigaSure™
Small Jaw Sealer.
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2 Materials and Methods

The protocol of this experiment was reviewed and approved
by the Ethical Research Committee for Animal Life Science
at Shiga University of Medical Science (SUMS).

2.1 Instruments

A scissor-shaped device (Acrosurg.®) powered by microwave
energy were used for this experiment. It is developed from the
last generation of the so-called Microwave Coagulation Sur-
gical Instrument invented by Tani’s team at Shiga University of
Medical Science [4]. Nikkiso Co., Ltd. (Tokyo, Japan) has
manufactured and commercialized this product within Japan
market from June, 2017. The device was connected via a
coaxial flexible cable to a generator which radiated microwaves
at a frequency of 2450 MHz (12 cm wavelength) (Fig. 1). The
power output is adjustable from 10 to 100 W. The other
commercialized energy devices used as comparative groups
were the bipolar electric current-based LigaSure™ Small Jaw
Sealer (LS; Covidien, USA) and the ultrasound-based Har-
monic Focus® Shears (HF; Ethicon Endo-Surgery Inc., USA).
In this experiment, power output was set at 60 W for Acro-
surg.®. The energy level was set at 3 for LS and at 5 for HF
according to each manufacturer’s manual.

2.2 Animals

Six domestic pigs weighed from 38 to 42 kg were raised in a
pathogen-free environment in the Research Center for Ani-
mal Life Science of SUMS for this experiment. The pigs
were anesthesized with an intramuscular injection of keta-
mine hydrochloride (10 mg/kg) and medetomidine chloride
(20 pg/kg). Anesthesia was maintained by inhaled isoflurane
5% through a facemask.

2.3 Procedure

Under general anesthesia, the pig was placed in a supine
to expose the

position. Laparotomy was performed

Fig. 1 Microwave device
(Acrosurg.®) and its generator

abdominal cavity. The liver was cut through 2 cm from the
free edge by Acrosurg.® and HF to evaluate the cutting time.
Similarly, the mesentery was exhibited and cut for each
10 cm long segment by Acrosurg.® and HF, respectively.
Cutting time, bleeding cases and hemostasis time were
measured for each group. The pig was then sacrificed to
harvest the iliac arteries, aorta and carotid arteries which
were measured the diameter at the simulated physiologic
blood pressure. The 5 mm arteries were used for ex vivo
experiments. The 5 mm group was subsequently sealed by
Acrosurg.® and LS. Intraluminal pressure was created by an
electric pump using physiologic saline 0.9% via a small
catheter which was introduced into the open lumen of the
vessel. The BP measured by the KDJ20 manometer (KD
Scientific, Inc. Holliston, MA, USA) was defined as the
intraluminal pressure at the leaking point. Sealed samples
were collected and underwent Hematoxylin-eosin stain. LTI
was measured from the sealed edge to the closest margin of
the intact tissue under a light microscopy. We conducted the
comparative studies as follow: Acrosurg.® versus LS in
5 mm artery group; Acrosurg.® versus HF in the liver
resection group and Acrosurg.® versus HF in the mesen-
terectomy group.

2.4 Statistics

Quantitative variables were presented as mean £+ SD. Stu-
dent t-test was used to compare the difference of the means
between the two groups. The results were recognized as
statistical significance if p value was less than 0.05.

3 Results

In the 5 mm artery group, Acrosurg.® need shorter time for
complete coagulation than LigaSure™ (5.1 & 0.4 vs.
5.9 £ 4.0 s, p < 0.05). Although burst pressure (BP) at the
sealed edges created by LigaSure™ was significantly higher
(1000 mmHg), BP in the Acrosurg.®’s group reached
approximately 900 mmHg (882.6 & 165.9 mmHg). The
LTI affected by Acrosurg.® was also statistically narrower
(2.8 £ 0.5 vs. 3.3 + 0.4 mm, p < 0.05) (Table 1).
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Table 1 Functional comparison of Acrosurg.® with currently-used LigaSure™ Sealer in 5 mm artery group

Device No. of sample

5 mm artery group

Acrosurg.® 5 51+£04
LigaSure™ 5 59 + 4.0
p <0.05

LTI: Laterall Thermal Injury (area)

Mean seal time (s)

Burst pressure (mmHg) LTI (mm)
882.6 £ 165.9 2.8+ 0.5
1000 £+ 0.0 334+04
p <0.05 p <0.05

Table 2 Summary of comparative studies between Acrosurg.® and widely-used Harmonic Focus® Shears on tissue resection

Device No. of sample Mean cutting time (s)

Mesentery (10-cm-long segment each)

Acrosurg.® 9 21.3 +49

Harmonic focus® 9 29.0 £5.6
p <0.05

Liver resection

Acrosurg.® 40.1 £ 6.9

Harmonic focus® 9 412 £62
NS

NS: not significant, NC: not comparative

To perform mesenterectomy in a 10 cm long segment
(each segment contains about 17-18 vasa recta), the Acro-
surg.® cut faster than HF (21.3 £ 4.9 vs. 29.0 £ 5.6 s,
p < 0.05). Meanwhile, when applying for liver resection,
both Acrosurg.® and HF did not show any statistical dif-
ference in cutting time (40.1 & 6.9 vs. 41.2 4+ 6.2 s, not
significant) (Table 2).

Regarding mesenterectomy, the number of bleeding cases
out of total vasa recta in Acrosurg.®’s group and in HF’s
group were 1/154 (0.7%) and 2/169 (1.2%), respectively.
Acrosurg.® took about 1.7 s while HF took about 1.9 s for
hemostasis. Each group had one of 9 cases bled during liver
resection and the new Acrosurg.® device needed more time
for hemostasis than Harmonic Focus® (19.2 vs. 2.4 s)
(Table 2). Because of the very low quantity of bleeding and
hemostasis cases in both groups, case reports were con-
ducted instead of statistical comparison.

4 Discussion

LigaSureTM Small Jaw Sealer (LS) and Harmonic Focus®
Shears (HF) are two most commonly used electrosurgical
devices in recent years. They are widely accepted in many
surgical procedures because of their easy-to-use handling.
The notable features of both devices are quick dissection
with stable hemostasis and safe vessel control even in
moderate-to-large  size arteries. In previous studies,

Mean no. of vessels

Bleeding case Hemostasis time (s)

17.1 1/154 (0.7%) 1.7
18.8 2/169 (1.2%) 1.9
NC NC
- 1/9 19.2
- 1/9 2.4
NC NC

Harold KL et al. (2003) demonstrated that the mean burst
pressure of electrothermal bipolar vessel sealer (a type of
LigaSure’s family) was statistically higher than the burst
pressure created by ultrasonic coagulating shears at 4 or
5 mm arteries [5]. Newcomb et al. (2008) showed the same
result in a later study. Currently, LS reaches the peak pres-
sure of 1261 mmHg on 5 mm vessels and is considered as a
reliable device for arteries up to 7 mm [5-7]. Therefore, we
conducted the comparative study between the Acrosurg.®
and LS but not HS when testing vascular sealing function. In
our study, BP by LS also achieved a record of 1000 mmHg
and it tended to decrease with vessel size elevation whereas
the Acrosurg.®, a device tailored to resection, could also
approach a burst pressure of 882 mmHg. The pressure at the
vascular sealed edge was definitely higher than any maximal
physiologic blood pressure. Such an endurance could secure
any in vivo sealed vessel. Moreover, the scissor-shaped
design helped microwave device resect tissues faster with
less thermal injury. When applying for mesenterectomy, the
Acrosurg.® expressed a significant performance not only in
cutting speed but also in bleeding control. Besides, both
Acrosurg.® and HF resulted in the same outcome in liver
resection. In case of bleeding after liver resection, Acro-
surg.® spent longer time for hemostasis. Nevertheless,
because there was only one bleeding case out of total series
for each group, it is impossible to attribute the longer
hemostasis time to any reasonable factor. A larger sample
size would be needed for statistical comparison. In fact, the
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microwave devices impact on tissues quite differently in
comparison with other electrosurgical devices which trans-
mit mechanical vibration (HF) or electric current (LS) di-
rectly to the tissue surface. Like electric oven, they provide
electromagnetic energy to agitate water molecules inside,
then heat the surrounding tissues and all portions of the
given organ, therefore, will be coagulated at the same level
concomitantly [8]. In the previous study, the microwave
scissor-shaped prototypes were proved to be equivalent to
LS and HF for lymphatic vessel sealing [9]. They also cre-
ated effective coagulation and limited thermal spread in a rat
hepatectomy [10]. Combined with relevant outcomes from
this study, it is undeniable that microwave device can
replace current electrosurgical products in many surgical
procedures.

5 Conclusion

Microwave scissors (Acrosurg.”) achieved faster resection
and similar coagulation in various types of tissue. Especially,
it seems to be more effective on some specific tissues like the
bowel mesentery when compared with one of the most
secure surgical devices Harmonic Focus®. Therefore,
microwave device can be a potential candidate for clinical
trial.
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Abstract

Atrial fibrillation is the most common arrhythmia, which
substantially increases the risk of stroke and other
heart-related complications. Hence, forecasting the onset
of paroxysmal atrial fibrillation (PAF) has become
increasingly paramount and influential in AF manage-
ments and preventive treatments. Previous studies
mainly focused on utilizing the morphological-temporal
or time-frequency features from the surface electrocar-
diogram (ECG) to heighten the accuracy of PAF classi-
fication but not truely yielded onset predictions. To
address this issue, this paper proposes a model that
deploys the adaptive neuro-fuzzy inference system
(ANFIS) and Unscented Kalman Filter to approximate
the nonlinear-system state distribution for PAF onset
prediction. The model is based on a combination of
Kalman filter algorithm and a neural fuzzy network to
predict PAF onset in 70 patients. Initially, we extracted
the feature AWSUM to quantify the accumulation of
extrasystolic beats within 30-min ECG recordings prior
to the PAF onset of 24 patients. The extracted features
then were utilized to reconstruct the dynamic-system
state space, on which neural fuzzy based UKF algo-
rithm were performed. The forecasting results
highlighted low-level prediction errors averaged over 24
patients, by which RMSE = 0.42 £ 0.24 for the training
data and RMSE = 0.34 £ 0.46 for the testing data; the
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testing-error had large variance due to the interpatient
variabilities and abrupt changes in the system.

Keywords

Unscented Kalman filter * Paroxysmal atrial fibrillation *
Adaptive neuro-fuzzy inference system * Onset
prediction ¢ Predictive modeling

1 Introduction

Atrial fibrillation (AF) is the most prevalent sustained type
of tachyarrhythmia, which delineates shivering or irregular
heartbeat that may result in stroke and other heart-related
complications. In the United States, AF is diagnosed in 2.2
million individuals with a large proportion of middle-aged
and senior patients [1]. Based on the duration of manifes-
tation, AF is classified into two major types: paroxysmal AF
and chronic AF [2]. Paroxysmal AFs (PAFs) are AF attacks
enduring from 2 min to less than 7 days, while chronic AFs
are pathological episodes that have the duration of 7 days or
even longer. Chronic AFs may be the consequence of
PAF development in almost 30% of the group of PAF
patients [3].

In short-term forecasting, time-series forecasting and
analysis techniques [4] have been successfully employed to
serve cardiovascular disease diagnostics, prognostics, and
preventive treatments. In those techniques, future values of
random variables are estimated using mathematical and
statistical models based on the past observations and prior
knowledge under certain assumptions about data probability
distributions, noise behaviors, and stochastic processes.
Short-term forecasting is divided into two main branches,
namely  mathematical modeling and  physiological-
based modeling. Mathematical models include dynamical
systems, statistical models, and differential equations;
whereas physiological-based models represent a human
body system of interest with the consideration into various
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physiological factors, which govern complex behaviors in
the system.

Researchers have extensively employed the mathematical
models to representing the system dynamics of cardiovas-
cular diseases. Those models utilized the input data from
Electrocardiography (ECG) and other bio-signals (namely
blood pressure, pulse rate, and respiration) to capturing the
behaviors of the complex system [5, 6]. However, multiple
mismatches between the realistic system and the modeled
system were discovered due to the hardly-captured nonlinear
dynamics and non-stationary physiological processes of
cardiac activities. Several methods [7, 8] have attempted to
adjust their techniques to derive a more plausible
physiological-based model, which accounts for the coupling
effects provoked from various biological processes and
causal temporal dependencies, but their current solutions
were inconsistent in model performance, which produced
significant error difference between the training and testing
set.

Therefore, in this paper, we seek to address this challenge
by proposing neural-fuzzy-based UKF framework for PAF
onset k-step forecasting that combines the adaptive
neuro-fuzzy inference system (ANFIS) and the UKF statis-
tical model, to optimizing the process of state-measurement
estimation under the assumptions of statistical Gaus-
sian noise and monitoring the transient dynamics while the
system undergoes different phases.

2 Literature Review and Background

In the literature, various approaches have been proposed to
address the challenge of predicting PAF onset, which can be
categorized into premature atrial complexes (PAC) investi-
gations and heart rate variability (HRV) analysis. Zong et al.
[9] investigated the number and timing of PACs in the ECG
episodes. Thong et al. [5] conducted a systematic study
using the number of isolated PACs followed by a regular
RR interval, runs of atrial bigeminy and trigeminy. In
addition, Lynn and Chiang [6] analyzed non-linear features
estimated from return map and difference map of HRV
signal. In 2009, Maryam and Hassan [7] together developed
novel HRV features including spectrum features, bispectrum
features, and non-linear features to predict the occurrence
PAF attacks. Shumway [8] presented a predictive method
through dynamic modeling of the PR interval of ECG sig-
nals with the ultilization of a artificial neural net-
work. Despite the fruitful achievements, “prediction” term,
for those studies particularly, is reffered to as yielding PAF
classification results between close-onset and distant-onset
cases on new data not literally performing the onset fore-
casting [10, 11].
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Being sucessfully applied concept in time series fore-
casting and analysis, Kalman filtering (KF—linear quadratic
estimation) [12] is a set of recursive equations for deter-
mining the estimates of unknown variables given a series of
measurements observed over time. Yet, the main drawback
of the KF algorithm is that it is only applied for linear
systems, which limits the plausibility of applications on the
nonlinear system. One possibility is to linearize dynamic
equations, which presented in the Extended Kalman Filter
(EKF) [13]. This approximation, however, can induce large
errors in the true posterior mean and covariance of the
state variables leading to the divergence in the estimation
process. Hence, the Unscented Kalman Filter (UKF) [13,
14] was introduced to address the approximation issues of
the EKF, where the states’ probability distribution is defined
over a set of Gaussian Random Variables (GRVs) [15], but
instead of performing solely mean estimation the GRVs’
mean and covariance are determined using a minimal set of
carefully chosen sample points called Sigma points.

Adaptive Neuro-Fuzzy Inference System (ANFIS) [16,
17] is an algorithm developed in the early 1990s originating
from Takagi-Sugeno fuzzy inference system. Since it
incorporates both the neural network and the fuzzy logic
principles into a single framework, its inference system that
is comprised of a set of fuzzy If-Then rules empowers the
learning capability to constructing the nonlinear map-
ping functions, which makes ANFIS become a universal
estimator. When combined with the UKF algorithm, statis-
tics of the GRVs (the mean and covariance) are estimated
through ANFIS after performing a nonlinear transformation
on the GRVs. Our method presents a novel algorithm, which
is a fusion of UKF framework and ANFIS to investigate
about the behaviors of PAF before the onset and derive
predictions correspondingly.

The outline of the paper is as follows. The first and
second section gives a brief overview of PAF, the relevant
background, and various proposed methods that addressed
prediction challenge of PAF onsets. Section 3- Methodol-
ogy elaborates on the mathematical problem formulation and
the neuro-fuzzy-based UKF framework. Section 4 consists
of detailed implementations of the established model and
statistical preliminary results. Section 5 concludes with
the justification of unexpected results and the highlights of
the contributions and future work of this paper.

3 Methods

The block diagram of our method is illustrated in Fig. 1
comprising of four steps: (1) PAF database of ECG
recordings selection from Physionet.org website, (2) Phase
space reconstruction step generated a state space using the
extracted feature AWSUM from ECG signal, (3) ANFIS



Developing Neural-fuzzy-based Unscented Kalman Filter Algorithm .

Database selection
from Physionet

1

Phase space reconstruction

1

ANFIS training

ﬂ

Unscented Kalman Filter prediction

Fig. 1 Block diagram of the proposed algorithm

training, which estimated the hyperparameters of ANFIS and
parameters of neuro-fuzzy rules deriving from the
AWSUM-feature reconstructed state space, (4) Unscented
Kalman Filter prediction step performed state-measurement
estimations and state predictions iteratively from which
k-step forecastings were obtained. In continue, each block is
described in more details.

3.1 Database Description

We selected the PAF Prediction Challenge [18] to be the
benchmark database to performing comparative validation
with other methods. This two-channel ECG database was
established for the Computers in Cardiology Challenge in
2001 with the intention of developing automated method-
ologies for predicting PAF. The database is further divided
into a learning set (sufficiently provided the onset annota-
tions) and a test set without annotations. Therefore, the
learning set was used to train and validate our model, which
contains 24 sets of PAF-patient ECG records. Each set is
further partitioned into two 30-minute records, by which
one record is precisely 30 minutes prior to the PAF onset
(abnormal episode), while the other record is distant from
the onset (normal episode).

3.2 Prediction Model

State-space Reconstruction

The features AWSUM, which was extracted from
the PAF-patient ECG recordings of the Physionet database
above, was considered as a state variable evolving over
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time represented by a time-series for each 30-min episode
preceding the PAF onset. For a window of size w, the
proposed AWSUM feature is expressed as:

n

AWSUM(t) = 3 lexp(t/n) — exp((t; = t1-1)/0)u(t

L

—li+W) (1)

Where u(t) is the unit step function, t (t > 0) is the current
time, t; € [0, t] denotes the time of the ith detected Prema-
ture Atrial Complexes (PACs) [5, 9] with respect to t, which
are clinical indicator of PAF onset, n is the total number of
detected PAC beats within the sliding window, and ¢, 7 are

free scale parameters. The first term exp (%) accounts for the
exponential increase of the feature AWSUM as the time of
detected PACs t; approaches the current time t, whereas the
latter term exp (“==!) penalizes the large distance between
successive detected PAC peaks. The feature aims to quantify
the behaviors of the system during that time, but insuffi-
ciently capture the intrinsic dynamics of it. Therefore, we
applied time-delay reconstruction [19] on the time series
AWSUM (t) containing K data points with a pre-specified
pair of embedding dimension M and time delay 7 resulting in
K M-dimensional state vectors S(K,M).

ANFIS: Adaptive Neuro-Fuzzy Inference System

The number of inputs to the network is equal to the number
of state variables, i.e. the chosen dimension M of the re-
constructed phase space, then the corresponding mapping
function f between two consecutive states is obtained after
propagating inputs through all layers in the ANFIS net-
work. To estimate the membership functions and linear
parameters, the ANFIS was trained using K-1 input-output
pairs of 2M-tuples, where the first M values are the state
vector values of the previous time step as opposed to that of
the current step for the latter M values. For simplicity, we
assumed that there are two inputs (m = 2) Inl and In2 and
one integrated output f from two fuzzy rules f1 and f2. Two
rules were used in the method of “If-Then” for Takagi—
Sugeno model, as follows:

Rulel = If InlisAl and In2is Bl Thenf1 = pl % Inl +q1 % In1 +rl
Rule?2 = If In2is A2 and In2 is B2 Thenf2 = p2 * In2 + g2 x In2 4+ r2

Where Al, A2 and B1, B2 are the membership functions
of each input Inl and In2 (part of the premises), while pl,
ql, r1 and p2, g2, 12 are linear parameters in part-Then
(consequent part) of Takagi—Sugeno fuzzy inference
model. Subsequently, all those hyperparameters and
parameters were learned through the reconstructed state
vectors S(K,M).

ANFIS architecture consists of five layers. An adaptive
node is integrated in the first and fourth layer, while the other
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layers contain a stationary node. A brief description of each
layer illustrated in Fig. 2 is as follows:

The ANFIS network established a set of rules to
approximate the feature AWSUM progression according to
fuzzy logics. When combined with ANN, the fuzzy rules are
effectively deduced through a fuzzy inference system (FIS),
which is able to adaptively learn, adjust the membership
functions (Mfs), and reduce the percentage of errors in the
specification of rules in fuzzy logic. This unique character-
istic conforms neatly to the temporal state-measurement
estimation process in the UKF framework.

The Unscented Kalman filter (UKF)

To elaborate on our performace, the basic framework of
mathematics is expressed for a general discrete-time non-
linear dynamic system as follows:

Xey1 = F(x, ve, ug, w)

Vi = H(x, ng, w)

Where x; represents the unobserved state at time k, uy, is a
known exogenous input (control input), and y, denotes
the observed measurement signal. The process noise vi
governs the dynamic system, whereas the observation noise
given by n; accounts for the noise variance within the

process noise

measurement system. F and H are dynamic models to derive
the next state and the measurement signal respectively
through nonlinear functions, which are assumed to be
known. The set of parameters w is simultaneously estimated
from the observed noisy signal y;. A visualization of a
discrete time nonlinear dynamic system is shown in Fig. 3.

Regarding our system, each time-delay embedding vari-
able in the reconstructed phase space served as a state
variable under statistical noise v, which was assumed to be
the Gaussian white noise. The control input #; was omitted,
as there existed no external input in the system. To explicitly
specify F, ANFIS generated a nonlinear function of
M-dimensional state vector x; , which enabled for a candid
representation in terms of fuzzy rules rendering the rela-
tionship between the current state and the next one. Thus,
w fundamentally consisted of the required parameters of
ANFIS, namely the membership function types, the number
of membership functions, and the training set size; and UKF
parameters (parameters control the spread of sigma points
and the state distribution). H was set to be the identity
function associated with the Gaussian noise n;. The means
and covariances of process noise v, and measurement noise
ny were adjusted based on the estimation residuals derived
from the ANFIS algorithm.

measurement noise
n,
output
i

b

v,
input l
u
L 2 Xk41
F
X,

state

H

Fig. 3 Discrete-time nonlinear dynamic system diagram
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4 Implementations and Results

4.1 ANFIS System

Parameter tuning

The Sugeno fuzzy inference system were implemented using
the built-in toolbox ANFIS of MATLAB 8.0, the main
function to train the ANFIS required the selection of a set of
hyperparameters (arguments). Table 1 below represents the
empirically chosen values of the hyperparameters and the
diagram in Fig. 4 demonstrates the diagram of the infer-
ence system being used.

The function displays a representative high-level diagram
of a fuzzy inference system trained by the feature AWSUM
of an arbitrarily selected PAF patient, to which the
time-delay embedding inputs are propagated. However, the
sample membership functions shown in the boxes do not
explicitly depict the actual shapes of the membership func-
tions. There were totally 27 fuzzy rules being learned from
the ANFIS system to characterize the relationship between
successive states.

Output surface of the system

To visualize the linear dependence of each rule on the input
variables, we examined the output surface of the system.
Figure 5 below illustrates a surface plot, which generates a
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3-D surface from two input variables and the output of a
FIS (Fuzzy Inference System).

The output surface appeared to be uniformly linear with
the slope of the surface as increasing toward the upper left
corner. As seen, the shape of the surface revealed a positive
linear mapping between the current state and the next state,
but the elevation of the surface was more likely accounted
for by the second variable dim2 as comparing the steepness
between two input variables with respect to the output
variable.

4.2 Unscented Kalman Filter

The Neural-fuzzy-based UKF was implemented to perform
1-step prediction for the AWSUM time series corrupted by
additive Gaussian white noise. Figure 6 shows the results of
our algorithm applied on one representative patient data with
100 training data points, and the remaining 106 points were
used for testing.

The forecasting results exhibited low-level prediction
errors averaged over 24 patients, in which RMSE = 0.42 +
0.24 for the re-evaluation process, which performed 1-step
prediction on the training data, and the testing data error
reduced to RMSE = 0.34 + 0.46 but possessed higher

Table 1 The list of ANFIS hyperparameters and their corresponding assignments

Hyperparameters

Number of epochs 300
Number of membership functions 3
Number of training data points (L) L2

Input membership functions type

Optimal values

Gbellmf (Generalized bell-shaped membership function)

Output membership function type Linear
S S
P W
dim1 (3) .
anfis
N
e e (sugeno) x(k+1)
dim2 (3) 27 rules
— output
/ =74
N
dim3 (3)

Fig. 4 The diagram of the fuzzy inference system of a representative
patient after the training process with the names of the input variables
on the left (dim1, dim2, dim3), which obtained from the 3-dimensional
state vector at time t, and the output variable of the next state vector x

(k + 1) on the right. For each input variable, three Gbellmf membership
functions’ parameters were tuned in response to the training data
influencing their shapes as shown in the green boxes. The next state
vector x(k+1) was determined using 27 learned rules of ANFIS
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Fig. 5 The surface view of the
constructed rule base

Fig. 6 Neural-fuzzy based
Unscented Kalman filter

1-step prediction of the AWSUM
time series of one representitive
specific patient was represented
in the first figure, in which blue
line is one dimension of the state
vector AWSUM, green line and
red line are the predicted values
on the training set and testing set
respectively. The bottom graph
shows the RMSE estimation of
1-step prediction and the original
data
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variance; this might be due to the variabilities among
patients and abrupt changes (shown by the overshootings) in
the system.

5 Conclusion

In this study, we aim to develop a short-term forecasting
method, in which we integrate the principles of Neuro-fuzzy
logic inference system and Unscented Kalman Filter. The
method assists physicians in making clinical decisions for
the accurate PAF interventions and preventive treatments.
Furthermore, it attempts to confirm the hypothesis proposed
in a vast PAF clinical population and established a robust
and reliable framework of prediction method depending on
the aforementioned-extracted feature. With previous work
on the localization to myocardial infarction [20], the present
findings have important implications for understanding the
dynamic rules in the cardiovascular system under PAF
inferred from ANFIS system, and track the nonlinearity
variations associated with noise through UKF. However,
there are potential shortcomings need to be considered,
namely the generalization of the model and the justification
of the underlying assumptions. Future studies should target
to address this emerging challenge.
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Abstract

Acoustic waves can hover and manipulate particles by the
trapping effect. Since this energy has good penetration
through the human tissues, acoustic manipulation have
potential prospects for in vivo environments. However,
previous attempts are constrained to the common physical
host fluids like air, water or oil. In this paper, we delineate
the generation of acoustic traps to levitate a particle in a
single and composite biological layer. Furthermore, we
also provide a thorough analysis of the behavior of the
acoustic traps subjecting to the increase of frequency for
the single medium case. The formation of acoustic traps in
human-imitating fluids plays a major role for non-invasive
treatment, target-drug delivery, and in vivo translation.

Keywords
Acoustic waves ¢ Hover and manipulation *
Biological ¢ In vivo

1 Introduction

Acoustic manipulation has been received with considerable
interest during the last decades. Many studies have been
conducted towards sound’s capabilities of levitating and
manipulating various targets without physical contact. The
rapid development of this technology has resulted in various
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applications such as crystallography [1], microfluidic fabri-
cation [2], cell manipulation and separation [3], material
transportation [4—6], biomaterials [7], and levitation of small
living organisms [8]. Additionally, due to acoustic’s good
penetration and safety properties, in vivo operations are
prospectively executable. This is of paramount importance
for biomedical applications, namely controlling capsules to
specified organs or treating diseases by non-invasive tack-
ling the disease-causing agent, etc. Despite this unlimited
potential, previous studies have only focused on manipu-
lating targets immersed in ex vivo medium (air, water or oil).
Therefore, demonstrating the acoustic manipulation process
in an in vivo condition is highly desirable.

Traditionally, hovering and translating microscopic par-
ticles require the generation of the complex energetic fields
(referred to as “tweezers”) to trap them. The energies used to
cause trapping effect historically originates from optics and
magnetics [9, 10]. It is until the past decade that acoustics
tweezers have emerged and popularly practiced. Among the
earliest acoustic levitating system is of the dual-beam con-
figuration. Dual opposite transducers (or transducer arrays)
generate standing-wave field whose nodes behave as traps to
maintain the particles in suspended positions [1, 5, 11, 12].
Later studies have witnessed single-beam acoustic tweezers
[13, 14], which are preferable due to its simple design and
promising prospects for maneuvering applications. Single-
beam systems configured as one single transducer or an
ultrasonic phased-array generate acoustic tweezers that share
similar characteristics with the optical tweezers [13]. Diverse
single-beam acoustic tweezers have been reported. Refer-
ences [15, 16] demonstrated the capability of trapping par-
ticles through a single-focused acoustic beam utilizing a
highly-focused ultrasonic emitter. Reference [13, 17] illus-
trated using a phased-array to form a vortex-based trap
characterized by a helicoidal pattern and constituted by
gradual phase change from O to 27 along the center axis; the
x-y plane of this trap shows a high amplitude well sur-
rounding a null-core where particles are trapped. Due to
twister trap’s nature of exerting angular momentum, the
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trapped particle spins around its own axis. Reference [13]
discussed the generation of a twin trap utilizing various
phased-array configurations. This trap, characterized by
opposite phases between two halves of the array, is composed
of two cylindrical fields of high amplitude that exposes
tweezing force on the trapped expanded-polystyrene
(EPS) spheres in the x-direction. Trapped particles under
the twin trap’s complex field can be rotated by adjusting its
corresponding so-called signature.

Based on these achievements, we generalized acoustic
manipulation process in different biological host fluids using
single-beam tweezers. In detail, we model the complex fields
of these acoustic traps in surrounding artificial media imi-
tating human biological environments, namely blood (for
single-medium), and fat-muscle complex (for dual-layered
media). We also varied the driving frequency to investigate
its effect on the morphology of the acoustic traps, potential
energy and the radiation force on the same size particle.
Moreover, we generate acoustic traps in idealized
two-layered media of fat-muscle divided by a planar inter-
face. This study provides insight into the creation of acoustic
traps in the various biological media settings and suggest
promising in vivo acoustic trapping and manipulation uti-
lizing the single-beam acoustic traps.

2 Methods
2.1 Determination of Phase Delays
Characteristic Acoustic Tweezers

To create these single-beam acoustic tweezers, estimating
appropriate phase inputs to drive an ultrasonic phased-array
is of special importance. The phase modulation to drive the
ultrasonic array emitting the acoustic traps are estimated as
follows. The transmitting time from the individual loud-
speaker to the focal point is calculated and referenced with a
standard to derive the corresponding time-delay; separate
sources then radiate the time-delay wavefronts to form the
focused beam. This technique ensures that the compressional
or shear bulk waves to arrive instantaneously at the desired
focal point. The focal structure is subsequently added with
the so-called trap signatures identifying the morphology of
the corresponding traps. Here, we select two most preferred
traps, namely twin trap and vortex trap. These traps have
been reported experimentally to lure expanded polystyrene
(EPS) particles stably thus serve as a foundation for acoustic
manipulation process [13, 14]. Twin trap’s signature is
characterized by opposite phase modulation between two
halves of the array and shown to enforce rotation motion on
the trapped particle. The signature of vortex trap is defined
by a helicoidal phase alteration around the center axis,
resulting in the particle’s spinning action due to momentum
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exertion. By adding the phase values forming the focused
beam with those representing the trap signatures, the com-
bined phase modulation that shapes the steady acoustic traps
are computed. Determining the phase modulation for
dual-layered media is based on the same principle but
necessitates the incident point positions at the interface,
which can be computed by using an algebraic manipulation
equation of the Snell’s Law equation with a 3-D coordinate
transformation technique [18].

2.2 Theory of Potential Energy and Acoustic
Radiation Force

The simulation models justify the acoustic radiation force on
the particles. Originally, particles suspended in the acoustic
fields exhibit the so-called potential energy. Though several
theories on this energy were discussed very early in the work
of [19, 20], it is until Gor’kov that the theory is more
approachable thus widely practiced for manipulation appli-
cations. Bruus then once again explained the theory clearly
with a complete demonstration of the underlying equations
of the phenomenon [21]. The potential energy generated by
a particle under the expectation of complex acoustic field is
expressed as [13, 14]:

v=20(IpP) = 26:(In:P + | +1p:P) (1)
where p and py, py, p; denote the incident pressure and its
first order spatial derivatives at the location of the particle;
Cy, C, are two physical constants and expressed as:

1 1 1
Ci=-V,[——— (2a
47 <¢%Pf c%%) :
3 Pr— Pp
C=2v,|—H T (2b)
470 <(Pf +2p,)0?p;

where V), represents the volume of the object; Prs Cf
demonstrate the density and the speed of sound in fluid,
respectively; p, and c, represent the density of the particle
and its compressional speed of sound. The volume and the
difference in acoustic properties between the particle and the
surrounding fluid contribute to decide the magnitude and
sign of the potential energy. This implies that particles varied
in size and properties under the same acoustics field behave
distinctly [17].

The radiation force emerges because of the interference
between the incident and the scattered waves. This force
impacting on the spherical object equals to the negative
gradient of the potential, which is denoted by:
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Table 1 Acoustic characteristics of the media in the models

Medium Density (kg/m®) Speed of sound (m/s)
Blood 1042.8 1570
Fat 909.4 1450
Muscle 1060 1585
F,=-VU (3)

For our simulations, the conditional parameters are
demonstrated as follows. Biological-imitating host fluids are
selected as blood (for single medium) and fat-muscle
aggregate (for dual-layered media). The acoustic character-
istics of these media are summarized in Table 1.

These media are assumed to be ideal without resorting to
the viscosity effect, energy absorption, and drag force. To
simplify the discussion, we choose the particles with the
radiuses significantly smaller than the driving wavelength
(i.e.: the Rayleigh regime). Hence, cellulose particles of
0.56 mm diameter with density 1400 kg/m® and speed of
sound 2973 m/s are chosen for these simulations.

2.3 Finite Element Analysis

The acoustics fields are determined and visualized using finite
element method (COMSOL Multiphysics 5.2). We use
“Pressure Acoustics” interface to solve for the pressure

Fig. 1 Generation of acoustic
traps a, b Focus beam. ¢, d Twin
trap. e, f Vortex trap in blood

Z:150 mm

—
-

—

¥:125.36 mm
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defined in the Helmholtz equation. The array of 8 x 8 loud-
speakers (9.9 mm diameter each) are positioned side-by-side
without distance and operated with a frequency of 40 kHz.
“Plane wave” boundary condition is used to define each
loudspeaker with fixed pressure value over its surface area.
The loudspeakers are defined with constant pressure ampli-
tude and different phase delay. “Perfectly matched layer” is
used to model the non-reflecting effect of acoustic waves. For
the case of dual-layered media, the continuity condition of
acoustic pressure and velocity are automatically enforced
when waves pass through the refractive interface.

3 Results
3.1 Acoustic Manipulation in Single Biological
Medium-Blood

Acoustic manipulation originates from the creation of the
acoustic tweezers that act as traps to hold the particles. Gen-
eration of the typical acoustic traps has been demonstrated in
[13, 14]. The focused beam can theoretically trap the particles;
however, tends to push out dense particles. The capabilities of
twin trap and vortex trap for levitating and manipulating
particles were discussed and share similar characteristics with
their optical counterparts. Figure 1 shows the three acoustic
structures generated in blood as host fluid.

Amplitude Pressure: 0 - 8000 Pa
I 0 ]

(e)

X:125.36 mm
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Fig. 2 Acoustic radiation force
acting on the 0.56 diameter
cellulose particles of a, b Focus
beam. ¢, d Twin trap and e, f
Vortex trap at z = 40 mm. Force
contours illustrate the magnitude
of the force and the arrows
indicate the forces directions

Fig. 3 The cross-sectional view

at the x-y plane at z = 40 mm of
twin trap subjecting to increment
of the driving frequency:

a 60 kHz, b 80 kHz, ¢ 100 kHz

and d 120 kHz

Force: 0.22 - 403 (pN)

Z: 150 mm

AMa)

—
r

b)

(d)

¥:125.36 mm

Q. B. Huynh et al.

)

X:125.36 mm

x10°

=10

0.9
0.8
0.7
10.6

0.5
0.4
0.3
0.2
0.1



Modeling of Acoustic Tweezers for the Manipulation ...

Fig. 4 The x-z plane view of
twin trap at y = 0 subjecting to
increment of the driving
frequency: a 60 kHz, b 80 kHz,
¢ 100 kHz and d 120 kHz

The existence of particles in the acoustic fields creates the
potential energy (Gor’kov potential). The cellulose particles
tend to be attracted to the points where this energy is
smallest. When the potential energy varies, the acoustic
radiation force is formed and considered as the underlying
force for levitation and manipulation phenomenon. Figure 2
shows the trend of the cellulose particles to move to the
center of the twin trap and vortex trap.

Here, we increase the frequency to 120 kHz with a step
number of 20 kHz to investigate what parameters are
affected and how these changes correlate with the force
acting on the cellulose particles. As can be seen from
Figs. 3,4, 5 and 6, with the increase of the driving frequency
from 60 to 120 kHz with a step number of 20 kHz, the
structures of acoustic traps (twin trap and vortex trap) tends
to be smaller and more concentrating to the levitation point.
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Additionally, the overall amplitude pressure also increases
proportionally with the frequency rise.

The Gor’kov potential and total radiation force also rises
with the frequency increment. These are expressed clearly in
Tables 2 and 3. This trend shows that a suitable driving
frequency is required to accomplish the desired radiation
force. This is extremely necessary when the user clearly
knows his wanting force and can alter the frequency
parameter.

3.2 Acoustic Manipulation in Idealized Dual
Biological Layers—Fat and Muscle

To levitate the cellulose particles in the idealized
dual-layered media consisting of fat and muscle, we utilize
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Fig. 5 The cross-sectional view
at the x-y plane at z = 40 mm of
vortex trap gets smaller
subjecting to the increase of the
driving frequency: a 60 kHz,

b 80 kHz, ¢ 100 kHz and

d 120 kHz

the Focal Law for an ultrasonic phased-array but accounting
the Snell’s Law of refraction to precisely represent the ray
paths from the sources to the focal point (levitation point).
Figure 7 demonstrates the travelling pathway of each
acoustic source to the focal point. As can be seen, the rays
are bent due to the refraction effect.

The phase retardation represent the acoustic traps are
calculated based on the information of these incident points.
As a result, the acoustic traps in the two immiscible tissues
of fat and muscle are formed (Fig. 8).

The magnitude and morphology of the acoustic traps
generated in the fat-muscle complex media are nearly the
same with the blood fluid because the phase retardation
driving the loudspeakers for these two cases are rather
similar. It is noted that to estimate the phase delays requires
the information of the acoustic properties (density and speed
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of sound) of the surrounding fluids. These parameters almost
equal for blood, fat, and muscle and thus the computed
phase delays for both cases are likely to be close to each
other. The fact that insignificant refraction effect between
fat-muscle is also another reason for the slight consistency in
phase delays between two cases.
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4 Discussion and Conclusion

In this paper, we provide a thorough description on the
acoustic manipulation procedures in various biological
human tissues: a single blood medium and dual-layered
media of fat-muscle. Additionally, we also demonstrate the
effects of driving frequency on the behaviour of acoustic
traps in a homogeneous medium. Our study suggests that
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Fig. 6 The x-z plane view of vortex trap at y = 0 subjecting to increment of the driving frequency: a 60 kHz. b 80 kHz. ¢ 100 kHz and

d 120 kHz

Table 2 Change in Gor’kov potential and force (twin trap)

Frequency (kHz)

40
60
80
100
120

Parameters

Gor’kov potential (pJ)
0.014

0.031

0.044

0.052

0.058

Force (pN)

0.784
0.499
1.055
6.536
10.906

Table 3 Change in Gor’kov potential and force (vortex trap)

Frequency (kHz)

Parameters

Gor’kov potential (pJ)

0.016626
0.034174
0.050769
0.059991
0.068499

Force (pN)

0.72017
1.3166
1.6375
7.4414
12.531
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in vivo acoustic manipulation can be theoretically exe-
cutable, provide potential prospects for biomedical applica-
tions. However, there are still several factors that must be
considered for appropriate clinical use. Factors like energy
absorption and attenuation; existence of many contributing
forces like drag force due to acoustic streaming, frictional
force between the particles and the fluid etc.; and the con-
version from sound to heat energy leading to tissue
destruction.

Conflict of Interests The authors declare that there are no conflicts of
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Abstract

Cancellous bovine bone represents an inexhaustible
source of material for bone tissue engineering. However,
its natural marrow-filled structure can greatly limit the
efficacy and prolong the duration of the decellularization
procedure. Here this research formulates an efficient,
shorten decellularization protocol for cancellous bovine
bone with an initial delipidation step to improve the effect
of following methods. The samples were then treated with
a series of physical and chemical treatments including
thermal shock and detergent wash. The samples acquired
from this protocol have shown effective removal of
cellular materials and fat while maintaining the essential
bone extracellular matrix, which was confirmed through
scanning electron microscopy observation and histolog-
ical staining results. The decellularized bone showed
potential to be further investigated, developed and
combined with other material to create biocompatible
scaffold for bone tissue engineering application.
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1 Introduction

In many cases of bone loss due to diseases or injuries,
adjunctive measures to fill the defect site and stimulate
bone-healing are required. Thus, bone grafting is introduced
and become an usual surgical procedure to serve these
purposes [1, 2]. With roughly two million bone grafting
performed worldwide every year [3], interest in finding the
ideal material for the procedure is still continuously growing.
An ideal bone graft needs to (1) replace the missing bone,
(2) accelerate bone regeneration as an osteoconductive
scaffold and (3) provide osteogenic and osteoinductive
molecules [4].

Even though autograft is still considered the “gold stan-
dard” for bone grafting material, the use of xenogeneic bone
for human bone reconstruction is rising with advancement in
biomaterials research [5]. Cancellous bone, although lack of
mechanical strength, is more osteogenic than cortical bone
thanks to its porous structure and the large surface area [6].
Thus, materials derived from this type of bone are mostly
preferred as a space filler where neo-osteogenesis is
emphasized [7].

With an appropriate process to eliminate the risk of
immunological and inflammatory host reactions, grafting
made from xenogeneic cancellous bone promise an unlim-
ited, accessible and inexpensive supply of material [8].
Among proposed procedure, decellularization, which aims to
completely remove the cellular component of the native
tissue, while preserving the original extracellular matrix
(ECM) at most, is considered advantageous. Since the ECM
and its osteoinductive molecules are maintained, decellu-
larized bone would be more beneficial than synthesized bone
graft in terms of osteoconduction and osteoinduction [9].
However, the native cancellous bone structure is filled with
fat and red bone marrow. These obstructing substances
might block the pathway of detergents used in the decellu-
larization process and subside their effect. If these matters
are not removed completely during the procedure, they form
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a barrier which limits cell invasion and reduce the osseoin-
tegration of the graft [10]. The risk of bone resorption and
encapsulating fibrosis caused by triggered giant cells reac-
tion is also present when fat remained in bone graft [11].
Thus, delipidation at the beginning of the decellularization
procedure is essential to reduce the required amount of used
chemicals and processing time as well as to yield an
osseointegration material.

Therefore, this study conceived a combination of physical
and chemical methods with an initial delipidation step using
absolute ethanol to create an acellular scaffold for bone tis-
sue engineering application. Morphological and histological
analyses had been conducted to investigate the structural
features of the material.

2 Materials and Methods

2.1 Materials

Fresh bovine femurs were collected from local slaughter-
house. The cylindrical bone blocks (thickness of 1 cm,
diameter of 1 cm) were then harvested from the epiphysis
and stored at —80 °C until use.

Triton-X100 was purchased from Sigma (USA). Mayer’s
Hematoxylin solution and Eosin solution were bought from
Sigma-Aldrich (USA). Absolute ethanol was obtained from
Xilong Chemicals (China). All other chemicals used were
analytic grade without further purification.

2.2 Methods

Cancellous bovine bone decellularization. The extracted
bovine cancellous bones were processed as previously
described in the literature with modification [12]. Decellu-
larization of bovine bone blocks started with a wash in PBS.
Then, the bones were immersed and shaken in absolute
EtOH until the lipid was mostly removed. Then, four cycles
of thermal shock, each comprising a step at 121 °C for
20 min, followed by freezing in liquid nitrogen (=196 °C)
for 8 h, were carried out. During these passages, bone blocks
were immersed in distilled water (DW); the solution was
changed after every cycle. After the thermal shock cycle, the
bone blocks were washed with the following procedure.
Cellular debris was removed by washing bone blocks in 1%
Triton X-100 for 8 h, followed by a second wash in 0.1%
Triton X-100 for 16 h. Triton X-100 was dissolved in DW.
To remove residual detergent, bone samples were washed in
DW for 24 h. Finally, the samples were dehydrated by a
graded ethanol series with 2 h for each step (50, 70, 96 and
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100%) before being stored in vacuum oven at room
temperature.

Scanning electron microscopy observation. The surface
structure of the decellularized bone and native bone was
examined using a scanning electron microscopy (SEM,
JSM-IT100, JEOL, Japan). The bone was sputter-coated
with gold. An accelerating voltage of 10 kV was used to
acquire the SEM images.

Hematoxylin & Eosin and Masson’s Trichrome
staining. The decellularized bones were decalcified by
immersed in 10% (v/v) acetic acid for 48 h. The decalcifi-
cation solution is 5 times the volume of the bone specimens
and it was changed after 24 h. After the decalcification was
completed, the bones are rinsed in running tap water thor-
oughly for 2 h.

The samples were objected to serial sectioning of 4—-6 pm
thickness using a cryotome (ThermoFisher). The sections
were stained with Hematoxylin and Eosin (H&E) and
Masson’s Trichrome stain before images of tissue sections
were captured using an inverted microscope (Nikon, Japan).

3 Results and Discussion

3.1 Morphology Observation

After the combination of treatments, the decellularized bones
were tested to examine the efficacy of the proposed protocol.
As shown in Fig. 1, fat and red bone marrow located in the
space between the cancellous bone structure had been
removed to expose the porous morphology.

To further examine the surface of the processed samples,
SEM images of the bones were captured at high magnifi-
cation. Figure 2a, b showed the native bones at 5000x and
1000x, respectively. The underneath bone structures were
covered completely by a layer of fat. In contrast, the bare
surface of decellularized bone can be seen clearly in Fig. 2c,
d. The bone ECM (composed mainly of hydroxyapatite
crystals and long collagen chains) and the lacuna (indicated
by the arrows) were exposed as the lipid has been eliminated
efficiently. Even though no bone cells were found, few
unidentified debris were observed on the exterior of the bone
in Fig. 2c. Overall, the results initially suggested that this
protocol removed fat and cells, while preserving successfully
the microscopic structure of the ECM as well as the organic
components of the bone, which is critical to the osteocon-
ductivity and osteoinductivity of the processed bone. Such
result suggested that the use of absolute ethanol could be a
convenient and accessible alternative delipidation treatment.
The treatment also left no toxic residues in the graft and did
not required expensive equipment.
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Fig. 1 Images of bone blocks
a before and b after
decellularization

Fig. 2 SEM images of native
bovine cancellous bone at

a 5000x. b 1000x and
decellularized bone at ¢ 5000x.
d 1000 x

3.2 Histological Analysis

Histological staining was used to provide deeper evaluation
of the decellularized bone. Both the Masson’s Trichrome
stained and H&E stained sections revealed normal, preserved
bone ECM with well-observed lacunae. In addition, the
lacunae (empty holes situated inside the bone structure) were
found empty with no observable osteocyte inside as well as
no detectable osteoblasts or osteoclast around the periphery

of the bones. The Masson’s Trichrome section (Fig. 3a) also
showed that the cytoplasm was eliminated as no red-hue
region was seen while the collagen (blue stained) were kept
well. As foreign cells and cellular materials are the main
factors that trigger immune response in clinical application
[13], this excellent removal is promising in terms of creating
biocompatible material for bone substitute application. Also,
the preserved ECM might provide an advantageous osteo-
conductivity and osteoinductivity to this material.
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100 pm

Fig. 3 Histological observation of decellularized bovine bone. a Masson’s Trichrome staining; b H&E staining. The lacunae (white holes) were

found empty with no visibly-stained nucleus of osteocytes

4 Conclusion

The study initially developed a bone substitute from bovine
bone using multiple treatments including delipidation by
ethanol, thermal shock cycles and detergent wash. The
findings demonstrated high efficiency in terms of cellular
materials removal and ECM preservation. Positive results
suggested that ethanol would be an efficient, non-toxic and
cost-effective defat reagent. Thus, the processed sample is
appropriate for further investigations and developments to
examine and enhance its biocompatibility in vitro and
in vivo as well as its clinical practicability.
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Abstract

Dentin hypersensitivity, a common and painful dental
condition, can be treated by the promotion of dentin
tubule occlusion. The objective of this study is to evaluate
tubule occlusion capacity of Biphasic calcium phosphate
(BCP) with the available hydroxyapatite/p-tricalcium
phosphate (HA/B-TCP) content ratios comprising of
80/20, 40/60 and 20/80. The experimental BCP samples
were daily brushed on the demineralized bovine dentin
for 7 days. Then, the dentin surface was observed by
SEM. These results show that a decrease in the number of
exposed dentin tubules varied ac-cording to different
HA/B-TCP ratios in BCP powders.

Keywords
Dentin hypersensitivity ¢ Biphasic calcium
phosphate ¢ Demineralization

1 Introduction

Dentin, a calcified tissue, has a numerical density of tubules
which are usually covered by enamel in the crown surface
and by a thin layer of cementum in the root surface of the
tooth [1]. In dental problems, the loss of these overlying
layer by attrition, abrasion, erosion, or gingival recession
increases the risks of several common dental diseases such
as dentin hypersensitivity, a transient pain resulted from
nerve ending activation by oral chemical, thermal tactile or
osmotic stimuli when the dentinal surfaces were exposed [2,
3]. Therefore, blocking the open dentin orifices is one of the
strategies for preventing irritant invasion, reducing dentin
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tubule permeability, and subsequently preventing from other
dental diseases like tooth decay and pulp inflammation [4]. It
is preferable to develop biomimetic barriers by similar
mineral components of dentin, calcium phosphates
(CaP) substances, to infiltrate into the tubular orifices with-
out irritating the pulp and provide tubule occlusion in dentin.

Among the CaP ceramics, hydroxyapatite (HA) and
B-tricalcium phosphate (B-TCP) are both bioactive,
non-toxic materials and frequently used in many medical and
dental applications [5, 6]. HA with its chemical formula of
Ca;o(PO4)s(OH), and Ca/P ratio of 1.67, is an abundant
mineral component in hard tissues comprising 60-70% of
bone and 98% of dental enamel [7, 8]. HA is the most stable
phase in the body fluid, it provides mechanical bone strength
and has bioactive property to form direct chemical bonding
to native bone [9, 10]. About B-TCP, it possesses the
chemical formula of B-Ca3(PO,), and the Ca/P ratio of 1.52
[11]. In contrast with HA, B-TCP is a bioabsorbable material
and permits bone ingrowth on their surface, into pores,
channels, or pipes [12]. In clinical trials of dental health, the
HA containing dentifrice was demonstrated its effectiveness
in reducing dentin tubule occlusion [13] while the addition
of functionalized TCP to a dentifrice enhances the ability of
dentifrice fluoride in reducing den-tine sensitivity [14].
Therefore, BCP in this study, which contains both HA and
B-TCP, is considered to have a potential of occluding the
exposed dentin tubules. Consequently, the purpose of this
research was to evaluate tubule occlusion capacity of BCP
with three available HA/B-TCP ratios by using the fully
demineralized bovine dentin models. BCP powders were
topically applied to the bovine dentin specimens three times
per day and the specimens then were examined with a
scanning electron microscope (SEM) after 7 days.
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2 Materials and Methods

2.1 Materials

The calcium nitrate tetrahydrate [Ca(NOs3),.4H,0]
(GuanghuaSci-tech, China) and diammonium phosphate
[(NH4),HPO,4] (GuanghuaSci-tech, China) were used as the
starting materials. Sodium hydroxide (NaOH), sodium
hypochlorite (NaOCl) and acid phosphoric (H3PO,) were
purchased from GuanghuaSci-Tech Company (China).

2.2 Methods

BCP powders synthesis. Three BCP samples (BCP9, BCP7
and BCP6) with respective ratios of HA/B-TCP (80/20,
40/60 and 20/80) were synthesized by following previous
study [15]. Besides, the powder properties had been com-
pletely analyzed by X-Ray Diffraction (XRD) and Fourier
Transform Infrared Spectroscopy (FT-IR) in that earlier
study. In this research, the particle size and agglomeration of
BCP particles were investigated by SEM (JEOL,
JSM-IT100, Japan).

The preparation of bovine dentin specimens. The bovine
incisors were obtained from a local slaughterhouse. Root
segments of 15 mm in 1 mm-thick slices were prepared by a
diamond disc. The dentin specimens were then immersed in
a solution containing 37% H;PO, for 2 min to mimic dentin
hypersensitivity and remove the smear plugs. After that, they
were rinsed in running water and sonicated for 15 min to
eliminate the excess acidic. The distribution of dentin
tubules and their size were observed by SEM observation.
Dentine specimens treated BCP. To evaluate tubule
occlusion ability of different BCP samples, the treatment was
performed by directly applying three synthesized BCP
powders on the specimen surfaces in triplicate for each
powder. These were mixed with distilled water to make

slurry and brushed over the surface using a spatula lab spoon
for a minute and three times per day. The specimens were
then rinsed in distilled water after each brushing session to
remove weakly adsorbed materials and stored in a closed
container containing artificial saliva (AS) which was refre-
shed every day. After a 7 day treatment, the specimens were
examined for the tubule occlusion capacity by using SEM.

3 Results and Discussion

In Fig. 1, the SEM micrographs show the particle sizes of
the synthesized BCP powders at the magnification of
x10,000. Overall, the agglomeration of powder particles
was observed in all BCP samples after calcination. The
particle diameters of BCP9 ranged from 0.5 to 1.0 pm while
those of BCP7 varied between 1.0 and 2.0 um. BCP6
powders clearly had the highest degree of particle agglom-
eration with the diameters of clusters varying between 2.0 to
4.0 um. It was, therefore, difficult to distinguish separate
grain, and the size of BCP6 particles could not be estimated
by SEM.

Figure 2 presents the SEM of the root canal dentin sur-
face at coronal, middle, and apical levels at x500 of mag-
nification. These results illustrated that debris and the smear
layer were absent and dentin tubules were highly visible on
dentin surface. During the root preparation by instrumenta-
tion, it was inevitable to form a smear layer composed dentin
debris, organic materials and microorganisms on the dentin
wall [16]. In this study, as the smear layer acted as a loosely
adherent structure which temporarily blocked the dentin
tubules and limited the penetration of CaP particles, it should
be completely removed from the surface of the root canal
wall. In terms of the diameters of dentin orifices at different
levels, they ranged from 2.0 to 5.0 um. The dentin tubules
were oriented parallel to each other and radially from the

Fig. 1 SEM image of BCP particles at x 10,000 of magnification
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Fig. 3 SEM of the bovine dentine after BCP treatment for 7 days

pulp toward the dentin-enamel junction. Therefore, as
observed in cross-section, the round orifices of tubules
appeared in the middle and apical area while oblique ones
were found on the fractured surface of coronal.

The dentin surfaces after 7 days of BCP treatment were
illustrated in Fig. 3. SEM examination showed a decrease in
the number of visible dentin orifices the after BCP treatment,
which confirmed that all BCP samples had the ability to
promote the blocking of open tubules. To be more specific,
the root surfaces treated with BCP6, containing the highest
rate of B-TCP content, were still noticeably observed the
almost peritubular dentin with the obvious infiltration of
particles into the tubules, comparing to the others by BCP9
and BCP7. Besides, many prominent parts located between
the two adjacent dentine tubules, the inter-tubular dentin,
were still highly detected in specimens treated with BCP6
while the majority of those were partially disappeared in
specimens treated with BCP9 and BCP7. It was, therefore,

induced that there formed a new mineral protective layers
covering the dentin surfaces treated with BCP9 and BCP7,
which contain 80/20 and 40/60 of HA/B-TCP in turn.
However, there have been required the further analysis to
figure out the unique characteristics of blocking dentin
tubule by these BCP samples.

In dentistry field, the regeneration of damaged
enamel/dentin by HA containing in dentifrices to reduce
hypersensitivity has been studied in the recent years. As the
results, the present study showed that effective tubule
occlusion by BCP powder containing 80% of HA in com-
position could have possibly occurred. However, a new
outcome of the current research was the effect of BCP on
occlusion of dentin tubules by the steady increase of -TCP
content rather than HA only. These results can serve as the
primary evaluation that the extent of coverage onto or the
degree of occlusion into the dentin tubules varied among the
BCP samples with different ratios of HA/B-TCP. This shows
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the potential affinity and the enhancement new biological
apatite of by the combination of HA and B-TCP particles as
the dental repairing agents.

4 Conclusion

In conclusion, the ability of BCP for blocking dentinal
tubules varied with different HA/B-TCP. The SEM obser-
vations in 20/80 of HA/B-TCP ratio (BCP6) clearly showed
the particle infiltration into dentine tubule orifices while the
surface micrographs of the specimens treated with 80/20 of
HA/B-TCP ratio (BCP9) and 40/60 of HA/B-TCP ratio
(BCP7) suggested a new crystalline layer firmly attaching to
the root surface. This strategy may have prospective appli-
cations in dentistry as it offers an easy but effective method
to compensate for the mineral loss by reconstructing tooth
protective barrier. Further investigations should be con-
ducted in order to evaluate the dental restoring capacity
corresponding to HA/B-TCP ratio.
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Abstract

The regeneration of bone tissue via tissue engineering
procedures is a challenging task that requires the selection
of materials/scaffolds, with tailored biological and phys-
ical properties, and possibly the use of osteogenic
additives that can stimulate cells to produce and miner-
alize collagen. Apart from growth factors, whose use is
restricted by their high cost, inorganic compounds, such
as calcium phosphates or silicates, have demonstrated
intrinsic ability to facilitate the collagen mineralization
and to address the differentiation of cells towards
osteoblast lineage. Silicon, in particular, is considered to
have a great relevance in the early stages of bone
formation. In the past, we investigated the use of silk
fibroin scaffolds, in form of sponges or gels, for bone
tissue engineering. In this paper we have combined silk
fibroin with diatoms, that are silica-based organisms, and
we have evaluated the biological response of human
mesenchymal stem cells (hMSCs) cultured on diatom
loaded fibroin sponges. We found proofs of the improved
osteogenic activity of the diatoms loaded scaffolds in the
increase of alkaline phosphatase activity (ALP) and in the
early fibronectin and collagen type I formation.
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1 Introduction

Tissue engineering combines principles of engineering and
life sciences to create tissue substitutes that can facilitate
tissue regeneration and repair. Bone tissue engineering
(BTE) field achieved a great success in the last decades,
from complete repair of non-union bone fractures to the
recovery of bone mass in the case of large—size bone defects.
In order to facilitate bone regeneration, BTE relies on three
main components, including scaffold, cells and bioactive
factors [1]. In the last decades, a large attention was paid to
the development of ideal materials for bone repair with
osteoconductive and osteoinductive potential, in order to
support cells differentiation and bone tissue growth [2, 3].

Silk fibroin was shown to be an excellent candidate for
BTE applications due to its biocompatibility, biodegrad-
ability, tunable mechanical properties, and osteoconductive
characteristics [4, 5]. However, silk alone did not show
osteoinductive properties that are crucial for bone regrowth
[6]. So, inorganic fillers, such as silicate nanoclay, hydrox-
yapatite, calcium phosphate [7], and biomaterials containing
silica can be used as additives to improve SF osteoinductive
properties [8]. In the previous study, we demonstrated that
the incorporation of diatom particles, as a source of silica,
into SF scaffold improves both bioactivity and early bone
specific markers expression of human osteosarcoma cell
lines MG-63 [9]; however, the effect of composite
silk/diatom particles scaffolds on the bioactivity of osteo-
progenitor cells has never been studied.

For bone graft application, the induction of osteogenesis
is considered as a critical point for a successful bone healing
process [10]. Hence, the aim of this study was to investigate
osteoinductive properties of the composite silk/diatom
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particles scaffolds. Here scaffold systems were studied with
human mesenchymal stem cells (hMSC); moreover, scaffold
osteinductive ability were assessed through fibronectin,
collagen type I and ALP markers expression.

2 Materials and Methods

2.1 Materials and Scaffold Fabrication

Reagents including phosphate buffer solution (PBS), sodium
hydroxide (NaOH), hydrochloric acid (HCI), lithium
bromide (LiBr), Triton X-100, sodium chloride (NaCl),
formalin, bovine serum albumin (BSA), 4-6 diamidino-2-
phenyindole, dilactate (DAPI), polyethylene glycol (PEG)
and ethanol were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Diatom particles, including both diatom microparticles
(DMPs) and diatom nanoparticles (DNPs), were obtained
following Le et al. [11]. Silk fibroin solution and scaffold
fabrication have been prepared following Le et al. [9]. In this
work, two groups of porous scaffolds were fabricated by
solvent casting-particulate leaching method, as described in
reference Le et al. [9]. Names and compositions of the
scaffolds were given in Table 1.

After fabrication, scaffolds were cut into cylinders
2 x 6 mm of height versus diameter, and autoclaved at
1 bar, 121 °C for 45 min before use.

2.2 In Vitro Experiment

Human mesenchymal stem cells (hMSCs) were subcultured
in 175 mm? culture flask coated with collagen in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with
20% of fetal bovine serum (FBS) and 1% of penicillin/
Streptomycin (P/S). The cells were then incubated at 37 °C
with 5% CO, until cells reached around 80% of confluency.
Medium was changed every three days.

Scaffolds were fully immersed in the medium for 30 min
and then dried into hood for 1.5 h before seeding cells.
Subsequently, scaffolds were placed into a 48-well-plate and
aliquots of media (30 pl) containing 10° cells were seeded
on the top of each scaffold with the addition of 400 pl of
medium. Seeded scaffolds were transferred into a new plate

Table 1 Type and content of porous scaffold

Scaffold name DNPs, %wt. DMPs, %wt.
SF 0 0
SF-(N+M)3.2 1.6 1.6

T.D. H. Le et al.

after 24 h of incubation and added the medium. Medium
was replaced every 3 days until the testing points.

Cell proliferation

Cell proliferation in the seeded scaffolds was determined
with DNA quantification by using Quant-iTPicoGreen®
dsDNA Assay Kit (Invitrogen, Molecular Probes, Oregon,
USA). At selected time points, scaffolds were washed in
PBS and then total DNA content was collected with 0.5 ml
of Triton-X 0.05%. All the DNA samples were stored at
—20 °C before quantification. Prior assay, all samples were
thawed at room temperature (RT) and sonicated for 20 s.
Afterwards PicoGreen was used to quantify DNA content
measured in 96-well black plates with a fluorescent plate
reader (Safire, Tecan, Austria). To calculate DNA concen-
tration, a calibration curve was built up by using the DNA
standard provided with the kit to correlate with the studied
samples.

Immunocytochemistry

Immunocytochemistry against fibronectin and collagen I
were used to evaluate the capacity of hMSCs differentiation.
Seeded scaffolds were collected at every tested time points.
The scaffolds were washed with PBS (without Ca** and
Mg®*) and then fixed with 4% of formalin for 30 min at
room temperature (RT). Subsequently, the samples were
incubated in blocking and permeabilizing buffer containing
1% of BSA and 0.3% of Triton-X in PBS for 1 h at RT, then
stained with the diluted primary antibody against collagen
type I (1:200, Meridian Life Science, Saco, ME, USA) and
fibronectin (ab23751—abcam, Cambridge, UK) overnight at
4 °C. After washing with PBS, the samples were incubated
with secondary antibodies (1: 500, anti-rabbit Alexa Fluor
568, Molecular Probes, Grand Island, NY) for both fibro-
nectin and collagen type I for 1 h. The stained scaffolds were
washed again in PBS. Afterwards, the samples were incu-
bated with DAPI solution (1:1000) for 10 min at RT. After
final rinses with PBS, samples were visualized with the
confocal microscope (Al, Nikon Instruments, Amsterdam,
the Netherlands).

Alkaline phosphatase quantification

The alkaline phosphatase (ALP) activity was measured on
the cell lysates. At each time point, cell culture medium was
removed, followed by washing with PBS. Then, 500 pl of
Triton X—0.05% was added into per well and incubated for
30 min at RT. Samples were frozen at —20 °C. Before
measurement, samples were thawed and sonicated on ice for
20 s with a Virsonic ultrasonic cell disrupter (Virtis,
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Warminster, PA). The ALP activity was tested following the
manufacturer’s instructions (ab83371 ALP assay Fluoro-
metric, Cambridge, UK). Fluorescence intensity was mea-
sured with a Tecan (Austria) microplate reader.

Statistical analysis

All in vitro assays were performed on three biological
replicates with triple technical replicates. Data are expressed
as mean =+ standard error. To determine the statistical sig-
nificant difference among two scaffold groups, Two Way of
variance (ANOVA, origin Pro 8.5.1) was used. A signifi-
cance was defined at p value less than 0.05.
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Fig. 1 Cell proliferation up to 21 days of culture of two scaffold
groups: pure silk fibroin (SF) and SF-(N+M)3.2 silk fibroin loading
3.2% of diatom particles *: p < 0.05

Fig. 2 Fibronectin (green)
synthesized: after day 7, 14 and
21 of hMSCs culture and DAPI
for nuclei (blue) of SF-silk
fibroin, and SF-(N+M)3.2—silk
fibroin loading 3.2% of diatom
particles (scale bar = 50 um)
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3 Results and Discussion

3.1 Cell Proliferation

Proliferation of human mesenchymal stem cells presents in
Fig. 1. No difference in hMSCs proliferation was observed
during the first 14 days between SF-(N+M)3.2 scaffolds and
control group. Generally, small increase in cell number was
detected for both groups; however, by 21 day of growth,
proliferation rate of hMSCs in composite scaffolds was
significantly higher compared to the control group (pure silk
fibroin).

An increased growth rate of hMSCs in SF-(N+M)3.2
scaffolds can be explained by the effect of silicon released
from composite scaffolds in media, as previous literature
reported [12].

3.2 Immunocytochemistry

Fibronectin

Fibronectin is one of the proteins that composes extracellular
matrix (ECM) together with collagen, elastin and laminin.
Fibronectin is considered to be the key factor inducing bone
cell differentiation and one of the earliest proteins synthe-
sized by osteoblasts [13].

Figure 2 summarizes FN production in both SF-(N+M)
3.2 and the control groups. At day7 SF-(N+M)3.2 group
showed significantly higher expression of fibronectin
comparing to the control group. By third week of cell

Day 14 Day 21
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Fig. 3 Confocal scanning laser Dav 7 Day 14 Day 21
microscopy images of collagen .
type I (red) observation of hMCSs
culture after day 7, 14 and 21 of
incubation and DAPI for nuclei
(blue): SF—pure silk fibroin, and
SF-(N+M)3.2—silk fibroin =
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(scale bar = 50 pm)
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Type I collagen is a major component of bone ECM,
accounting for 80% of total bone protein content. Type I
collagen is also an important bone marker due to involve-
ment in many critical processes for healthy bone develop-
ment and functionality [16].

The obtained results (Fig. 3) showed a general increase of
collagen I synthesis in both groups; however, SF-(N+M)3.2
group presented significantly higher level of collagen type I
secretion at all experimental time points.

As already demonstrated by previous studies, the increase
of fibronectin and collagen type I synthesis can explain the
osteogenic commitment of hMSCs®.

Day 14

Fig. 4 Alkaline phosphatase activity induced by hMSCs seeded into
pure silk fibroin (SF) and silk fibroin loading 3.2% of diatom particles
(SF-(N+M)3.2) up to 21 days

3.3 Alkaline Phosphatase Quantification

Alkaline phosphatase (ALP) plays an important role on
osteogenesis, and commonly used to predict bone maturation
and mineralization in in vitro studies [15].

ALP production steadily upregulated during experimental
time points of cell growth (Fig. 4). As anticipated, the
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amount of ALP produced in the composite scaffold was
generally higher than in the control group (silk only scaffold)
after three weeks of culture; however, no statistical signifi-
cance was observed.

We hypothesize that the release of silicon from DPs
dissolution may contribute to the ALP production, as the
previous reported in the case of osteoblasts [17].

4 Conclusion

This pilot study demonstrated that the silk fibroin loaded
with diatom particles could be used as osteogenic enhancer
for hMSCs differentiation. Increased early production of
fibronectin and collagen type I together with elevated ALP
production in composite scaffolds supported the original
hypothesis of silica critical contribution to osteogenic
differentiation.

The conducted study could provide early evidence for
diatom particles application as promising osteoinductive
additives for bone healing.
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Abstract

Local recurrent cancer remains a challenge for breast
cancer patients receiving implants after mastectomy or
lumpectomy. The use of radiotherapy and/or systemic
administration of chemotherapeutic agents post-surgery
can be beneficial yet they also kill healthy cells and
introduce systemic side effects. In this study, a new
method was introduced to utilize 3D printed microporous
polycaprolactone (PCL) scaffolds as a multifunctional
device—an implant and a drug delivery vehicle for
targeted local delivery. Their microporous structure was
characterized by scanning electron  microscopy
(SEM) and atomic force microscopy (AFM). The depen-
dence of release profiles of Doxorubicin (DOX) loaded
scaffolds on pH and ionic strength of the environment was
demonstrated. Lastly, their chemotherapeutic effect was
characterized by in vitro. Overall, the results demon-
strated the utility of the microporosity and surface charge
of PCL scaffolds to immobilize DOX for local, targeted
drug delivery.
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1 Introduction

The concept of drug encapsulation in polymer system has
been developed for long time with the initial use of micro-
sphere or polymer conjugating combined with local injection
[1, 2]. Other methods include DOX loaded silk film [3] and
modified hydrogels for pH and photo triggered release [4].
Though the results are promising, the systems are only
limited to simple structure and the use of patient-customized
scaffolds in drug delivery is mainly for bone regeneration
[5]. 3D printed scaffolds if can be used as a breast implant
and a local delivery method will give breast cancer patients a
better choice to regain their body images and prevent
recurrent cancer.

In this study, a new method was proposed to fabricate 3D
scaffold with microporous struts for both breast reconstruc-
tion and chemotherapy drug delivery. The scaffolds were
characterized by SEM and AFM. DOX loaded scaffolds
were used to study the release profile in different pH and
ionic strength conditions. Lastly, chemotherapeutic effect of
DOX loaded scaffolds was evaluated in vitro.

2 Methodology
2.1 Scaffold Fabrication and Surface
Characterization

PCL (PURASORB® PC12) was mixed with porogen
(38-um PBS particles) in chloroform at the weight ratio of
5:0 (nonporous, nPCL) and 5:4 (microporous, pPCL), casted
into films, dried out at room temperature, fed into a Dual
BioExtruder and printed at 100 °C with 6 layers of
40 x 40 mm?, bar diameter of 0.3 mm, bar distance of
1 mm and 0-90° orientation. The porogen was leached in
NaOH 0.01 M for 14 days.

Surface and liquid nitrogen fractured crossection of PCL
scaffolds were gold coated, imaged using a Zeiss FESEM
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(Zeiss, Germany) and analyzed using Image] (NIH, US).
Surface roughness of struts was characterized scanning areas
of 20 x 20 pum? using a NT-MDT Solver SPM apparatus
with Ted Pella Tap300-G cantilevers (US).

2.2 Drug Loading and Release

2 x 1 x 1.5 mm? scaffolds were sterilized by ethanol 70%
in Eppendorf tubes, immersed in DOX (doxorubicin
hydrochloride, Sigma-Aldrich, US) solutions according to 2
doses: 0.4 and 2 pg DOX/mg PCL (low dose (LD) and high
dose (HD), respectively) and left dried out overnight. DOX
loaded scaffolds were transferred to new tubes and the drug
lost amounts in the previous tubes were dissolved by
methanol 60% for measurement at 480 nm using an xMark
microplate absorbance spectrophotometer (Bio-Rad, US).
Drug loading efficacy was calculated following Eq. (1),
where E is loading efficacy, I is initial drug amount and L is
drug lost amount.

E(%):IfL

x100% (1)

DOX loaded scaffolds were imaged using a Nikon
SMZ25 stereomicroscope (Japan) and their crossection were
imaged using a Leica TCS SP5 confocal fluorescent
microscope (US). Their release profiles in PBS solution with
pH 7.4 and 5.5 and simulated body fluid (SBF) solution with
pH 7.4 were performed at 37 °C in shaking incubator at
200 rpm. The solutions were completely collected (200 pL)
and refreshed at each timepoint. The collected solutions were
measured as previously described.

2.3 In Vitro Cell Proliferation Assay

MDA-MB-231 cells were seeded in 24-well plate at
15 x 10® cells/well and cultured in DMEM supplemented
with 10% FBS and 1% penicillin/streptomycin overnight.
Samples were placed into each well containing cells and
1 mL of fresh full culture media and incubated at 37 °C for
2 days. Then the culture medium and scaffolds were removed
and the plates were frozen at —80 °C for 48 h. After that,
proteinase K was added (300 pL/well) and cultured overnight
at 37 °C. Then, the cell-proteinase suspensions were trans-
ferred into Eppendorf tubes and incubated at 56 °C for 8§ h.
The samples were then diluted in PBE buffer and transferred
into black 96-well plates. picogreen 1X (Sigma-Aldrich, US)
was added at 1:1 volume ratio, the plates were wrapped with
aluminum foil and incubated for 10 min at room temperature
before reading using a POLARstar Optima plate-reader
(BMG Labtech, Germany) at excitation and emission
wavelengths of 480 and 520 nm, respectively.

H. P. Dang et al.

3 Results

Scaffold Fabrication and Surface
Characterization

3.1

SEM micrographs confirmed complete leach out of porogen.
The Results showed surfaces of pPCL had similar porosity,
yet with smaller pores than that of nPCL (Fig. 1a). pPCL
pores was produced from empty space of leached porogen
whereas pores on surface of nPCL were produced from the
arrangement of PCL grains. In pPCL, the crossection
porosity (16.0 £ 1.2%) was more than 10 times higher than
that of the surface (1.3 & 1.1%), of which 63% of pores
were less than 200 pm? and few pores with area larger than
500 um?” due to porogen aggregation (Fig. 1b). AFM results
showed similar root-mean-square (RMS) surface roughness
between 2 groups (Fig. lc).

3.2 Drug Loading and Release

The results of drug loading efficacy showed microporous
structure significantly increased the efficacy from 86 £ 2%
to 97 £+ 1%. Stereomicroscopy images illustrated DOX was
distributed evenly in both nPCL and pPCL scaffolds
(Fig. 2a). Besides, confocal images indicated the even dis-
tribution of DOX on the surface of bars of nPCL scaffolds
whereas in pPCL scaffolds, DOX was also distributed on
surface and into the inner porous structure of pPCL struts
(Fig. 2b).

The effects of pH and ionic strength on the release profile
of DOX were characterized. Results after 2 weeks indicated
pH had stronger effect on release profile of pPCL than that of
nPCL (Fig. 3a). In pPCL group, the release amount was
significantly increased when the pH decrease in all doses.
For nPCL, they also showed the same trend of increasing in
the amount released when the pH decreased, however the
increase was much lower as compared to pPCL.

About burst release properties, thanks to the microporous
structure, the burst releases of pPCL were minimized and
significantly lower than that of nPCL. Besides reducing burst
release, microporous structure also gave sustain release
profile for pPCL. After burst release, pPCL was sustainably
release until day 5 and then started to significantly slow
down; whereas, nPCL only showed the small increase in the
first 3 days and then significantly dropped in the releasing
rate.

Then, the drug release results in different ionic strength
conditions indicated the stronger the ionic strength, which
mean higher ion concentration, the higher the release amount
of DOX from scaffolds (Fig. 3b). After 14 days, there was a
significant increase in the amount released in SBF as
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Fig. 1 a SEM micrographs of surface and crossection of nPCL and

software imageJ ¢ Data are expressed as mean £ SEM (n = 8). AFM

pPCL struts and their porosity b Pore size distribution of surface and  micrographs of nPCL and pPCL surfaces and their RMS surface
roughness (RMS). Data are expressed as mean = SEM (n = 6)

crossection of nPCL and pPCL analyzed using image processing

Fig. 2 a Bright field images of
nPCL and pPCL with/without
DOX loading and b fluorescence
images of nPCL and pPCL loaded
with DOX
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&
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compared to that of PBS solution. Comparing the burst
release, pPCL showed lower burst release as compared with
nPCL. Last but not least, SBF strongly enhance the sus-
tainable release of pPCL from 5 days in PBS up to 14 days.
All in all, it can be said that the porous structure helped
reduced the burst release and increase the sustainability for
PCL scaffolds and low pH and high ionic strength could
enhance the release of DOX.
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In Vitro Cell Proliferation Assay

The results from PicoGreen DNA quantification showed a
strong dependence of cell proliferation on DOX concentra-
tion (Fig. 4). As DOX concentration increased, DNA
amount per pg DOX significantly decreased. Compared
between nPCL and pPCL, PicoGreen results showed DOX
loaded pPCL still maintained chemotherapeutic effect
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against MDA-MB-231 cells, yet less than DOX loaded
nPCL thanks to the reduction of initial burst release.

4 Discussion

The purpose of this research was to introduce a new method
to fabricate and characterize 3D printed scaffolds with
microporous struts for breast reconstruction and chemother-
apy drug delivery applications. PCL, an FDA approved
biocompatible polymer with low melting temperature, which
makes it easy to be customized, was chosen as an input
material. The SEM micrograph and PBS turbidity confirmed
the validity of this method to generate microporous structure
by the completion of porogen leached out and even distri-
bution of micropores throughout the strut structure. Results

from DOX loading showed microporous structures can
improve drug loading efficacy up to 97%. Besides, pPCL also
had higher interaction with DOX thanks to the increase in
surface area generated from the microporous structure. DOX
are macromolecules positively charged by their amine groups
and are expected to form ionic interaction with carboxyl
group of PCL molecules [6, 7]. The interaction makes DOX
loaded pPCL more sensitive to pH, which is very beneficial
to target the micro environment of tumour, which has low pH
down to 5.5. Moreover, under complex ionic condition in
SBF, pPCL also had a better release profiles with the sub-
stantial release up to 14 days whereas the release of DOX
from nPCL was significantly slowed down after 4-5 days.
In PBS pH 7.4, the ionic strength in the solution was not
strong enough to breakdown DOX-PCL interaction in on
surface of strut and also pores’ surface; therefore, pPCL,
which had higher surface area thanks to the porous structure,
release less as compared to nPCL. Low burst release and long
substantial release were strong advantages of pPCL as they
could prolong the DOX concentration in the effective range.
Lastly, the cell proliferation results indicated DOX loaded
pPCL could maintain chemotherapeutic effect and reduce
cytotoxicity. Though rapid anticancer effect would be more
favorable, other factors including cell viability of normal cell
and maximum tolerate dose should also be considered when
choosing the doses.

5 Conclusion

Local drug delivery for postmastectomy patients with breast
reconstruction remains a challenge due to the lack of local
drug delivery systems, the systemic cytotoxic of
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chemotherapeutic drugs and the risk of cancer recurrence
which may require implant removal. By using the implant as
the drug carrier, it can solve the problem of local delivery,
decrease the systemic side effects and prevent recurrent
cancer. In this study, 3D printed scaffolds with microporous
struts were fabricated and characterized as a drug carrier for
DOX. The microporous scaffolds were sufficiently fabricated
and their surface roughness was not altered. The drug release
profiles indicated pPCL had potential for local targeted drug
delivery application. However, further study need to be done
to determine the optimum doses that would have sufficient
chemotherapeutic effects with minimum cytotoxic to healthy
cells.
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Abstract

Pericardial tissues have been studied and applied in
biomedicine, especially in the cardiovascular field as
vascular grafts for their advantages of availability,
excellent biocompatibility, and low rate of infection.
Porcine pericardial tissues with similar adequate biolog-
ical and mechanical properties have also recently been in
great interest for cardiovascular transplantation. Our study
focused on the fabrication of vascular patch from acellular
porcine pericardium. Porcine pericardium was collected
and decellularized, which were then undergone the
treatment in glutaraldehyde for sterilization and
cross-linking. The results demonstrated that glutaralde-
hyde presented a great effectiveness in sterilization and
increase the tensile strength of pericardium, which was
also confirmed by the degradation resistance in plasma
and collagenase solution. MTT assay confirmed liquid
extracts from the glutaraldehyde treated pericardium
caused no cytotoxicity towards human fibroblasts. Addi-
tionally, SEM image indicated that the treated peri-
cardium can support an appropriate attachment of human
endothelial progenitor cells. Taken together, our results
demonstrated the glutaraldehyde treated pericardium to be
a suitable patch material for further application in
cardiovascular field as vascular grafts.
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1 Introduction

Cardiovascular diseases remain the leading cause of death
for both men and women in the world, such diseases killed
approximately 17.5 million people in 2012, that is 3 in every
10 deaths [1]. For patients, taking medication can help
alleviate symptoms, but there are several possible side
effects associated with the medicine. Based on the fact that it
is more beneficial to treat the root cause by repairing injured
tissues, there has been much study aiming at determining a
new patch material with potential advantages for the heart
and blood vessels repair. In terms of cardiovascular patch-
ing, animal originated pericardium with advantage of ready
availability, excellent biocompatibility, and a low rate of
infection, has been developed and tested in preclinical and
clinical studies [2—4]. Porcine pericardial tissues were
demonstrated for adequate biological and mechanical prop-
erties [5], and also represented a great interest for cardio-
vascular transplantation recently. Previous reports of Gauvin
et al. (2013) suggested that due to their structure and
cross-linking of the collagen bundles, the porcine peri-
cardium might be regarded as an suitable alternative for
cardiovascular disease treatments [S5]. In the present study,
we focus on developing an efficient procedure for vascular
patch preparation from porcine pericardium.

2 Materials & Methods
2.1 Preparation of Glutaraldehyde Treated
Acellular Porcine Pericardium

Porcine pericardium samples were harvested and decellu-
larized according to our previous publication [6]. Briefly,
pericardium samples were washed thoroughly with PBS,
followed by the decellularization in 10 mm Tris-HC] (Mer-
ck, USA) for 8 h, and 0.1% SDS (Sigma, USA) for 12 h.
Finally, all specimens were rinsed for 90 min in PBS to
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remove residual chemicals and cellular remnants. The acel-
lular pericardium samples were then treated in 0.05% glu-
taraldehyde for 24 h for the vascular patch (porcine
pericardium derived vascular patch—PPVP) preparation,
which was followed by washing in NH,Cl1 and PBS for 24 h.

2.2 Mechanical Testing

5 x 2 cm PPVP strips were mounted into holders and
mechanically examined for response to stress relaxation and
fracture behavior by extending to fracture at an extension
rate of 50 mm/min as described previously (Sung et al.
1999). The mechanical testing was conducted in an EZ50
universal testing machine (Lloyd Instruments, UK) equipped
with NEXYGENPIus material test and data analysis soft-
ware. The native pericardium tissues were used as the con-
trol group.

2.3 In Vitro Enzyme Degradation Resistance
PPVP samples were freeze-dried and incubated in collage-
nase solution (Sigma, USA) (100 mg of dried sample per
1 ml of collagenase solution), at 37 °C for 24 h, followed by
washing in PBS and the 2nd freeze-dried to determine the
percentage of losing mass. Additionally, PPVP samples were
tested for enzyme resistance in an in vivo mimicking envi-
ronment by incubating in human plasma at 37 °C for up to
14 days. Mechanical properties of the incubated samples
were recorded to evaluate enzyme degradation resistance.

24 MTT Assay

Liquid extract was prepared by incubating PPVP in culture
medium (6 cm? per ml) at 37 °C for 24 h according to ISO
10993/12. Meanwhile, human fibroblasts were seeded into
96 well-plate with 4 x 103 cell per well, and cultured for
24 h. Liquid extract was harvested and added as test
group. Culture medium as used as a blank group, and liquid
extract from Latex gloves was used as positive group which
caused cytotoxic towards cells. After incubation for 24 h, the
liquids were replaced by culture medium containing
0.5 mg/ml MTT (Sigma, USA), and cultured for another
4 h. Medium was removed, 100 pl DMSO (Sigma, USA)
was added into each well. The absorbance at 575 nm was
determined using a spectrophotometer (Perkin, USA). Rel-
ative growth rate (RGR) was calculated upon ODS575 values
according to ISO 10993/5 protocol as RGR (%) = (ODtest
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group/ODblank group) x 100). If RGR value as reduced
more than 30%, liquid extract would be considered to cause
cytotoxic effect (ISO 10993/5).

2.5 Evaluation of Cell Attachment
and Proliferation on the Membrane

Human endothelial progenitor cells (hEPCs) were seeded at
a density of 10% cells'em® on PPVP. The attachment and
morphology of hEPCs on the PPVP were observed at 24 h
by scanning electron microscope (SEM). Furthermore,
hEPCs proliferation on PPVP was monitored by MTT assay.

3 Results
3.1 Properties of Porcine Pericardium Derived
Vascular Patch (PPVP)

Acellular porcine pericardium was prepared by our previous
protocol, and was demonstrated to be cell-free which indi-
cated via the absence of nuclei remnants in Hematoxylin and
Eosin section, and a extremely low DNA content (which
must be less than 50 ng DNA per mg dried weight of
sample) (Data not shown). The use of Glutaraldehyde rep-
resented a great effect on sterilization of porcine peri-
cardium. There was no bacterial colonies presenting
surrounding 0.05% glutaraldehyde treated porcine peri-
cardium, which was found with a great amount in native
samples (see Fig. 1a). Mechanical properties of PPVP (strain
in percentage) was significant increased in comparation with
native tissue (see Fig. 1b).

3.2 In Vitro Enzyme Degradation Resistance

The native pericardium samples were completely degraded
in collagenase solution (see Fig. 2a), whereas, PPVP
remained the intact appearance and more that 85% dried
mass after 24 h incubation in collagenase (see Fig. 2b).
PPVP also preserved its mechanical properties in plasma
solution, which was indicated by a limitation in strain
change after 14 days of plasma incubation (see Fig. 2c).

3.3 In Vitro Cytotoxicity

Liquid extract of PPVP had no effect on cell viability indi-
cated by normal cell morphology after incubation for 24 h
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Fig. 1 Properties of porcine pericardium derived vascular patch
(PPVP). a Sterilization testing on bacterial culture agar. b Mechanical
testing. nP: native pericardium. 0.01%: 0.01% glutaraldehyde treated

porcine pericardium. 0.05%: 0.05% glutaraldehyde treated porcine
pericardium. gR: gamma irradiated pericardium as control

ns

Strain (%)

0 14
Incubation day

Fig. 2 In vitro degradation of PPVP. a Native pericardium incubated in collagenase. b PPVP incubated in collagenase. ¢ Strain (%) of PPVP at

day O and day 14 incubation in plasma

Fig. 3 In vitro cytotoxicity assay. a Human fibroblast in culture medium. b Human fibroblast in liquid extract from PPVP. ¢ Human fibroblast in

liquid extract from Latex as positive control

(see Fig. 3a, b), and RGR value which was found to be as
high as RGR value of group treated with culture medium
(see Table 1). On the other hand, liquid extract from latex
gloves as positive control expectedly caused cytotoxic to
cells after incubation for 24 h (see Fig. 3c).

3.4 hEPC Attachment and Proliferation on PPVP

hEPCs were used to examine cell attachment support of
PPVP. EPCs were seeded onto PPVP samples and visualized
by SEM. SEM images revealed EPCs morphology on
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Table 1 Relative growth rate (RGR - %) evaluation of human fibroblasts incubated in tested liquid extracts

Liquid extract samples

Blank
OD 575 nm 0.412
0.502
0.517
%RGR 100%

In vitro cytotoxicity

PPVP Latex

0.518 0.087

0.346 0.053

0.521 0.054

94.99 £+ 11.90 13.31 £ 2.298
No Yes

Blank — Culture medium; PPVP — Porcine pericardium derived vascular patch

Fig. 4 hEPC cultured on

PPVP. a SEM image of hEPCs on
PPVP. b hEPC proliferation on
PPVP

PPVP. EPCs attached onto pericardial matrix and speaded
into polygonal-rounded appearance after culturing for 48 h
(see Fig. 4. A white arrow). EPCs were demonstrated to
proliferate on PPVP which was shown in the increase OD
value from day 1 to 7 by MTT assay (see Fig. 4b).
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Abstract

Zinc based alloys possess a number of attractive charac-
teristics that make alloys potential candidates to use as
implants for load bearing applications in the medical
industry due to its good biocompatibility and biodegrad-
ability. In this current work, a number of binary Zn-Mg
alloys were investigated in term of phase constitutions,
microstructure, and mechanical properties. Magnesium
was selected to tune mechanical properties of pure Zn.
The microstructures of alloys were inspected by an
optical metallographic microscope and SEM equipped
with EDS analyser. Mechanical properties were tested
using standard tensile testing instruments. While the Zn
alloys with different wt% Mg are shown here, the
influence of different content of Mg elements on
mechanical properties also will present here.

Keywords
Implant * Mechanical properties * Microstructure ©
Zinc alloy

1 Introduction

Biomaterials are intended to be implanted in the human body
as constituents of devices to perform certain biological
functions by substituting or repairing tissues [1]. The adverse
effects of the conventional permanent implant materials, such
as migration, mechanical mismatches between bone and
implant, chronic inflammation or infection of body tissue
caused by the toxic corrosion products and wear debris
effects on a cellular level often accompany the use of the
implant materials [2]. To mitigate the long-term side effects
associated with permanent implants, a new generation of
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biodegradable metal implants are currently being developed
[3, 4]. The concept of this kind of biodegradable metals is
providing a temporary support for the healing process of
diseased tissue and progressively degrades thereafter [2—4].
Implants made from biodegradable metals possess three
distinguishing features including (1) temporary support;
(2) degradation and (3) positive interaction (bioactive). They
offer many advantages in load-bearing applications compared
to the nondegradable ones including the elimination of a
second removal surgery that could be required otherwise,
facilitation of tissue regeneration and healing by providing
temporary mechanical support as diseased tissues restore
their functions or new cells gradually replace the defects
produced through biodegradation. Investigations in this field
are ongoing as researchers strive for optimized materials that
can fulfil clinical requirements, including controllable
degradation rates, prolonged mechanical stability, and
excellent biocompatibility.

Zn and Zn-based alloys have been recognized as highly
promising biodegradable materials for clinical applications,
for example, orthopedic implants and cardiovascular stents
due to their proved biocompatibility and proper degradable
behaviours [3, 5-10]. Bowen et al. [3, 5] conducted an
animal trial by implanting Zn wire in rat abdominal aorta for
up to 6 months and found that it remains intact for 4 months,
degradation accelerated after 4 months thus ensuring timely
degradation of the implant. Drelich et al. [6] characterised a
20 months surveillance of zinc implant in the murine artery,
and found that zinc wires implanted in the murine artery
exhibit steady corrosion without local toxicity for up to at
least 20 months post-implantation. Another recent research
[7] on the degradation mechanism of pure zinc stent has
shown that the pure zinc stent remained its mechanical
integrity for 6 months and degraded 42 + 30% of stent
volume after 12 months implantation. The degradation of
pure zinc stent showed an excellent biocompatibility with no
severe inflammation, platelet aggregation, thrombosis for-
mation or obvious intimal hyperplasia. With these favorable
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physiological degradation behaviours, it is believed that zinc
has a great potential for developing biodegradable stents.

The major drawback of the pure Zn as a structural
material for biodegradable implant application is its low
mechanical properties. Developing high strength and duc-
tility zinc with sufficient hardness, while retaining its bio-
compatibility, is one of the main goals of metallurgical
engineering. A considerable number of researches have been
conducted in order to achieve the desired mechanical prop-
erties through alloying chemistry and thermomechanical
processing [8—12]. Mechanical properties and in vitro
biodegradation behaviours of as-cast Zn—-Mg alloys with Mg
ranging from 0.5 to 3 wt% have been investigated by Voj-
tech et al. [9]. It was found that degradation rate of Zn-Mg
alloy in the BSF did not change significantly with various
Mg percentages, and through Mg alloying chemistry, the
strength and elongation reached around 190 MPa and 1.8%
in the as cast condition. Li et al. [10] have investigated the
Zn-1X binary alloys with nutrient alloying elements Mg, Ca
and Sr. their experimental study showed adding Mg, Ca and
Sr, the UTS and elongation of as-cast Zn—1X binary alloys
are significantly improved to 185 MPa and 1.82% (Zn-
1 Mg); 165 MPa and 2.1% (Zn-1Ca); and 171 MPa and
2.03% (Zn—1Sr). After hot rolling or hot extrusion, the YS,
UTS and elongation of Zn-1X binary alloys are further
improved. Gong et al. [11] compared in vitro biodegradation
behavior, mechanical properties, and cytotoxicity of
biodegradable Zn—1 Mg alloy, revealed that as-cast Zn-—
1 Mg suffered from significant nonuniform microgalvanic
corrosion and extruded Zn—1 Mg alloy with homogenous
microstructure, uniform and slow biodegradation, improved
mechanical properties and good biocompatibility is a suit-
able candidate material for load-bearing biodegradable
implant application. Kafri et al. [12] have investigated
as-cast Zn—1.3% Fe alloy to identify the corrosion rate
affected by adding Fe elements and found the corrosion rate
of Zn—1.3%Fe nearly doubled in vitro and vivo conditions
since the formation of Delta phase (Zn; Fe) generates the
microgalvanic effect. Sikora-Jasinska et al. [13] indicate that
Ag has a positive influence on mechanical properties,
antibacterial properties and biocompatibility of Zn matrix.

In this research, we sought to systematically investigate
the suitability of as-cast and as rolled Zn—-Mg alloys as a
biodegradable implant material in terms of mechanical
properties. Zn—-Mg alloys with addition of Mg from 0.1-
0.8% were selected due to their good mechanical properties
as shown in the previous study.

2 Materials and Methods

Pure Zn (99.99%) and a Zn-30 Mg master alloy were melted
in an induction furnace to make designed alloys of pure Zn,
Zn-0.1 Mg, Zn-0.2 Mg, Zn-0.3 Mg, Zn-04 Mg, Zn—
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0.5 Mg, and Zn—-0.8 Mg. The alloyed melt was casted in a
steel mould to make Zn—Mg alloy plate with a dimension of
150 mm (Length) x 100 mm (Height) x 20 mm (Depth).
The selected cast plates for pure Zn, Zn—-0.4 Mg alloy and
Zn—0.8 Mg alloy were hot rolled to 1 mm thick sheet
through multiple rolling passes at 250 °C. Tensile test
specimens were cut using EDM wire method according to
ASTM-E8-04. The tensile tests were performed on an
Instron single axis servo-hydraulic testing system with a load
rate of 0.1 mm/min. Fracture morphology was observed
using a desktop SEM (Hitachi TM3030) equipped with
energy-dispersive X-ray spectrometers. Specimens for met-
allographic inspection were ground by silicon carbide
abrasive papers with successive grades from 400 to 2000 and
polished with 0.5 pm diamond suspension. Micrographs
were obtained by a Leica Polyvar microscope with polarized
light after anodizing using a 4.6% HBF4 solution for about
25sat 15 V.

3 Results and Discussions

3.1 Microstructure

Macrostructure and microstructure of as cast pure zinc as
shown in Fig. 1 consists of very coarse grain structures with
the average grain size of 3094.96 & 841.44 pm.

With the addition of the 0.1% of Mg, grain size of the
Zn-Mg alloy was significantly refined to around 180 pum as
shown in Fig. 2a, grain size was further reduced to160, 100,
80, 70 and 65 pm with the further increase the Mg content to
0.2, 0.3, 0.4 and 0.5%. At the same time, the increase vol-
ume ratio of the eutectic phase at grain boundary can be
observed because the solid solubility of Mg in Zn is lower
than 0.1 wt% (Fig. 2b—e). With the addition of the 0.8%Mg,
grain size was increased to about 100 um as shown in
Fig. 2f, a typical hypoeutectic microstructure consisting of
primary Zn dendrites and a eutectic mixture was observed.

Figure 3 showed the microstructure of the as hot rolled
pure Zn, Zn-0.4 Mg alloy and Zn—0.8 Mg alloy. After hot
rolled, the grain structure became more homogeneous and
smaller compared with their as-cast counterparts, and large
dendritic grains of as-cast Zn—Mg disappeared and uniform
small equiaxial grains formed. At the same time, eutectic
phase transformed into smaller precipitates due to high shear
stress generated during the rolling process and recrystal-
lization at high temperature.

3.2 Maechanical Properties and Fracture
Morphology

Figure 4a shows the effect of Mg addition on tensile prop-
erties of the as-cast Zn—-Mg alloys, and the tensile properties
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(b)

10mm

Fig. 1 a Macro- and b Micro- structure of pure zinc

C) (b)

Fig. 2 Microstructure of the as cast Zn-Mg alloys, a Zn—0.1 Mg, b Zn-0.2 Mg, ¢ Zn-0.3 Mg, d Zn-0.4 Mg, e Zn-0.5 Mg and f Zn-0.8 Mg

of the as-cast pure Zn are very low with ultimate tensile
strength (UTS) 29.7 MPa, yield strength (YS) 27.5 MPa,
and elongation of 0.62%, respectively. With the addition of
the alloying elements Mg, the UTS and YS of the as-cast Zn
alloy samples were significantly improved, for instance, the
UTS and YS of the as-cast Zn—0.1 Mg alloy were increased
to 81.5 and 72 MPa. With the addition of 0.8% Mg, the UTS
and YS of the as-cast Zn-Mg alloy were reached to 120 and
112 MPa. On the other hand, no noticeable improvement to
the elongation of the Zn—Mg alloys can be observed with the
increase of Mg addition.

Tensile strain-stress curves of the as-rolled pure Zn, Zn—
0.4 Mg and Zn-0.8 Mg alloy samples were shown in
Fig. 4b. After hot rolling, the YS, UTS and elongation of
Zn-based ternary alloy samples are remarkably improved.
UTS, YS and elongation for unalloyed pure Zn were reached
to 118, 85 MPa and 26.8%, which represented 4.0, 3.1, and
48.7 times improvement respectively compared to the as cast
unalloyed pure Zn. For both Zn-0.4 Mg and Zn-0.8 Mg
alloys, the UTS, YS, and elongation in the as hot rolled
condition were reached to 230, 225 MPa, 23%; and 268,
260 MPa, and 7.2%, which were also increased significantly.
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Fig. 3 Microstructure of as hot rolled a pure Zn b Zn-0.4 Mg and ¢ Zn-0.8 Mg
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Fig. 4 a The effect of the Mg addition on tensile properties of the as-cast Zn—Mg alloys and b Tensile strain-stress curves of the as-rolled pure Zn,

Zn-0.4 Mg and Zn-0.8 Mg alloy

However the reduction of the elongation of the as rolled Zn—
Mg alloys were noticeable with the increase of the Mg
addition.

Figure 5 shows the tensile fracture surface of (a) as cast
Zn-0.4 Mg alloy, as-rolled (b) pure Zn, (c) Zn—0.4 Mg alloy,
and (d) Zn—0.8 Mg alloy samples. The fracture surface of the
as cast Zn-0.4 Mg alloy (Fig. 5a) showed a typical brittle
features characterised transgranular fracture with faceted
texture and relatively smooth with some tiny voids, the
fracture surface shown little or no plastic deformation prior
to failure. As rolled pure Zn exhibited typical dimple fracture
features, and this is consistent with its excellent elongation
performance (Fig. 5b). Tearing edges can be evidently

observed on the fracture surface of the pure Zn. Small and
uniform dimples can be obviously observed on the fracture
surface. Figure 5 The fracture morphology of as rolled Zn—
0.4 Mg and Zn—0.8 Mg was the quasi-cleavage fracture, a
mixture of brittle and ductile fracture (Fig. 5c, d).

Figure 5b indicated that the thermomechanical processing
such as hot rolled significantly improve the microstructure
and mechanical properties of the Zn—-Mg binary alloys. This
is mainly attributed to (1) thermal deformation process
results in a great reduction of the grain size through work
hardening, dynamic recovery and recrystallization; (2) elim-
ination of the cast void defects; and (3) homogeneous of the
grain structure.
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Fig. 5 SEM fracture surface for
tensile specimens of a the as cast
Zn-0.4 Mg alloy, the as rolled

b pure Zn, ¢ Zn-0.4 Mg alloy and
d Zn-0.8 Mg alloy

3.3 Discussions

The implants are used to substitute for the human tissue, and
their mechanical performance play an incredible role in order
to support a damaged biological structure, or enhance an
existing biological structure. As the 4th most common metal
in use, Zn is most commonly used as an anti-corrosion agent
rather than structure application. Only structure application
of the Zn alloys is under the name of Zamak, the Zn alloying
with Al, Cu and Mg. Even the YS of these alloys is in the
range of 200-360 MPa, their low ductility at around 2% and
the addition of about 4 wt% Al make them unsuitable for the
implant applications. Therefore there is emergent require-
ment to develop new alloy system for medical application.

Pure zinc has a lattice structure of Hexagonal Close
Packed (HCP), with the Lattice c/a ratio of 1.856, higher
than the ideal HCP ratio of 1.633, and very low basal critical
resolved shear stresses (CRSS) of 0.2 MPa [14]. Therefore
pure Zn presents a low yield strength. Mg has been con-
sidered as a potential alloying element to improve the
mechanical properties of Zn and also to tailor the degradable
rate and profile for various implant applications. According
to Zn-Mg phase diagram, the Zn-Mg alloys are in a eutectic
system with the eutectic point corresponding to about 3 wt%
of Mg, and the solid solubility of Mg in Zinc is in less than
0.1 wt%. Such low solid solubility of Mg in Zinc means a

very limited solid solution strengthening can be achieved in
the alloy system.

The enhanced constitute phase for the hypoeutectic Zn—
Mg alloys is the intermetallic compound Mg,Zn;;. The
hardness of the Mg,Zny; is 4.7 time of the pure Zn, and
Young’s modules is 42% higher than pure Zn [15]. The
increase of Mg,Zn;; will improve the strength the Zn alloy,
as revealed in Fig. 5 Mg alloying exhibited effective
strengthening effect for Zn alloy. The significantly refined
and dimple-like morphologies are shown on Pure Zn and
Zn-0.4 Mg, which are holes made around the hard and
brittle Mg,Zn,; -intermetallic  particles, and the
well-developed plastic Zn phase surround these holes. The
highly improved elongation of pure Zn and Zn-0.4 Mg
attributed to the plastic zone.

However, with the low eutectic point of 3% Mg, the
window for enhancement of the Zn-Mg alloy is relatively
small. As concluded by Vojtech et al. Mg concentration
must be lower than 3 wt%, otherwise Zn—Mg alloy will
mainly contain brittle eutectic phase [9].

Mg has a very high growth restriction factor in Zn,
therefore Mg refines the as cast grain structure of Zn effec-
tively. As demonstrated in Figs. 1 and 2, even with as low as
0.1% Mg concentration, it can still refine the grain structure
from around 3000 to 160 um. based on the Hall Petch
relation, the yield strength has an inverse square root relation
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with grain size. The strengthening of the refined grain is
associated to the fact of more grain boundaries, more barriers
to slip. The other problem for the as cast Zn-Mg alloys is
their low ductility with less than 1% elongation, the addition
of Mg has almost no effect on the ductility, this is probably
due to the cast defect, residual stress, etc. So it is obvious
that the unsatisfactory mechanical properties of the as cast
Zn—-Mg alloys need further modification in order to meet the
requirement of the various biomedical applications, for
example develop more complicated alloy system.

4 Conclusion

The mechanical properties and microstructure of casted Zn
with the low content of Mg have been investigated, the
results of the experiment demonstrated:

1. The formation of intermetallic compound Mg,Zn;
played an important role in the improvement of
mechanical properties of Zn alloys. The hardness and
Young’s modules of Mg,Zn,; are significantly better
than pure Zn, so the increase of Mg,Zn;; will enhance
the strength of Zn alloy.

2. As cast grain structure of Zn has refined by Mg effectively,
since the high growth restriction factor of Mg in Zn.

Therefore, the Zn—0.4 Mg alloy has profoundly modified
the mechanical properties and biodegradability of pure Zn.
The alloy showed a good potential for use in a new gener-
ation of biodegradable implants.
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Abstract

Although autologous and artificial grafts are commonly
used to solve cardiovascular disease or trauma, decellu-
larized vessels scaffolds are recent promising materials for
vascular transplantation. The purpose of this study was to
introduce a simple and effective protocol to prepare
decellularized porcine vessels. Porcine carotid arteries
(pCA) were decellularized by 4 methods including 3
commonly protocols: SDS 0.5% for 24 h or distilled
water for 24 h or Triton X100 0.1% for 24 h and our
protocol, combination of SDS 0.5% 24 h and distilled
water for 24 h. After removing the cells, structure and
collagen were determined by Heamatoxylin/Eosin
(HE) and Trichrome staining. In vitro cytotoxicity test
on fibroblasts was performed according to ISO 10993-5.
Additionally, mesenchymal stem cells (MSCs) were
seeded on the acellular porcine carotid arteries
(aCA) pieces to examine their attachment and growth
for 11 days. To investigate in vivo behaviors, aCA were
implanted subcutaneously into mouse dorsal skin (Dacron
grafts were used as control) and grafts were then isolated
and stained with HE after 7, 14, 28 days. The results
showed that our protocol removed all cells and maximally
preserve extracellular matrix (ECM) comparing to other
basis methods. aCA are non-toxic to fibroblast (level 0)
and evoked weak inflammation in vivo which was absent
in week 4 (similar to Dacron grafts). MSCs attached and
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grow successfully on the lumen of aCA. Conclusion: Our
research may provide a promising protocol to prepare a
potential vascular graft with its quality is suitable for
cardiovascular surgery.

Keywords

Porcine carotid ¢ Decellularization * Vascular
grafts * Dacron ¢ Xenogenic/allogenic
transplantation

1 Introduction

Extracellular matrix (ECM) is composed of extracellular
molecules secreted by resident cells of each tissue, organ.
Decellularization is a process to obtain ECM of tissues/
organs by removing all native cells [1, 2]. Removal of
cellular components can reduce immunogenicity of tissues/
organs; component  and structure of ECM
(decellularizedtissues/organs) is similar to its native [3]. So,
this process is commonly used in allogeneic and xenogeneic
tissues/organs and ECM can be used as biological scaffold in
regenerative medicine for replacement of damaged
tissues/organs. Thus, decellularization is a useful method to
face the greatest challenge of organ transplantation, defi-
ciency of donated organs/tissues. Some commercial products
are AlloDerm®, Oasis®, CopiOs®....

In vascular tissue engineering, carotids are suitable arter-
ies for decellularization because of their size and mechanical
resistance [4, 5]. Decellularized carotids can be used in
bypass surgery or used as vascular patches for healing leaky
blood vessels. Some common decelluarizing reagents such
as sodium dodecyl sulfate (SDS), Triton X100, distilled
water... are intended to alter ultra structure and composition
of carotids. The intent of decellularizing protocols is to
combine many different reagents to retain maximally
ECM. In this study, we aim to make a simple and effective
decel-lularization protocol for porcine carotids (pCA).
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2 Method

Decellularization methods: pCA were obtained from a local
slaughter house and transferred to laboratory in cold phos-
phate buffer saline (PBS). Adjacent tissues such were
removed carefully. pCA were shaken in one of these
methods (5 arteries/method): SDS (Sigma) 0.5% (in PBS)
for 24 h at room temperature (RT), distilled water for 24 h,
Triton X100 (Sigma) 0.1% (in PBS) for 24 h at RT, and
combination of SDS 0.5% (in PBS) 24 h with then distilled
water for 24 h at RT. Efficiency was evaluated by
Heamatoxylin/Eosin (HE) and Trichrome staining.

In vitro cytotoxicity test was performed according to ISO
10993-5. Fibroblast cells were seeded into 10 wells of 4-well
plate with concentration of 3 x 10* cells/well and incubated at
37 °C, 5% CO, for 1 day. After 1 day, these wells were
divided to 2 groups: sample group included five pieces
(3 x 3 mm?) of acellular pCA (aCA) were placed on the
fibroblast layer of 5 wells; and second group for control in
other 10 wells which contained only fibroblast layer. 1 day
after, cell appearance and viability were observed by micro-
scope and performed by MTT assay (MTT 5 mg/ml was
added into wells of both groups (10 pl/well) and incubated in
dark, 37 °C for 4 h) at wave length of 495 nm. Then, for-
mazan crystals were dissolved in absolute DMSO for 4 h and
optical density (OD) was measured at wavelength of 495 nm.

Adipose—derived stem cells (ADSC) were cultured in
DMEM//F12 containing 10% FBS (fetal bovine serum).
ADSC were isolated by Trypsin/EDTA and adjusted to
2 x 10° cells/ml, then seeded onto lumen of aCA pieces
(10 pl/piece) and incubated in 37 °C for 2 h. After that,
these pieces were cultured in 37 °C, 5% CO, through
experimental period. On the 1st, 3rd, Sth, 7th, and 9th days,
MTT assay was performed with 5 aCA pieces with
ADSC-seeded and 5 aCA pieces without ADSC for control.

In vivo cytotoxicity test was performed by using one
piece of aCA (3 x 3 mm?), which was implanted subcuta-
neously into one side of mouse dorsal skin, other side was
implanted by Dacron graft (control group). On the 7th, 14th
and 28th days, grafts were isolated and tested by HE staining
(3 mouse per day).

3 Result

Decellularization: HE and Trichrome staining of treated
pCA were shown in Fig. 1. The results showed that native
pCA composed of 3 layers contained extensively cellular
components. When using separately, SDS 0.5% (24 h),
Triton X100 0.1% (24 h), distilled water (2 h) removed
cellular components and retained 3 layer structure of ECM
with different levels and none of these methods removed all

M. Q. To et al.

resident cells. When combining together, 2-step protocol
(Fig. 1i, j) including SDS 0.5% (24 h) and distilled water
(2 h) completely removed native cells and retained structure
integrity and collagen of ECM. This method was used to
create aCA for next examination.

In vitro cytotoxicity test: The results showed: in sample
group, few fibroblast cells were dead or detached from dish,
most of cultured cells hold elongated appearance similar to
cells in control group. MTT assay showed that OD rate of
sample (0.226) and positive control (0.235) was 96%
(level 0). According to ISO 10993-5, cytotoxicity of aCA
is 0. Thus, aCA are non-toxic in vitro (Fig. 2).

ADSCs growth: HE staining and MTT assay showed that
cells were attached to aCA on day 1, grew from day 1st to
7th, declined from day 7th to 9th (Fig. 3).

In vivo cytotoxicity: After implanting, suture was healed
after 4-5 days, some inflammation signs such as swelling,
redness didn’t appear after 28 days. HE staining showed that
inflammation evoked by aCA was similar to Dacron grafts
during a period of 28 days. On day 7, hemorrhage, lympho-
cytes (T and B) and fibrous connective tissue appeared around
the grafts (both aCA and Dacron). On day 28, lymphocyte was
absent, hemorrhages went away and fibrous connective tissue
invaded more deeply to aCAand Dacron grafts (Fig. 4).

4 Discussion

More 116,000 people around the world are on national
waiting list until August 2017. In 2016, only 33.611 trans-
plants were performed all over the world and 20 people pass
away every day while waiting a suitable organ [6]. Decel-
lularization can create biological scaffolds composed of
ECM to overcome the challenge of organ shortage for
transplantation. In vascular tissue engineering, in 2017, over
600,000 coronary arterial bypass grafting were performed.
About 1/3 patients don’t have suitable blood vessels for
grafting [6, 7]. So, vascular tissue engineering play an
important role in regenerative medicine to make artificial
blood vessels for artery bypass grafting and for leaky blood
vessels. Nowadays, to make acellular artery composed of
ECM is one of many main trend in vascular tissue engi-
neering. In this study, we used 3 common decellularizing
agents such as SDS, Triton X100 and distilled water to
remove porcine carotids’ cells. SDS is an ion detergent,
Triton X100 is a non-ion detergent and distilled water is a
hypotonic agent. We aimed to find out a simple and efficient
protocol for decellularization of pCA by combining these
reagents. First, pCA were decellularized by SDS 0.5% for
24 h or Triton X100 0.1% for 24 h or distilled water for 24 h
at RT to examine decellularization efficiency of each
reagent. Histological results showed that none of these
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Fig. 1 HE and Trichrome
staining of treated CAs (x100).
a, ¢, e, i HE staining. b, d, f,

j Trichrome staining. a, b control.
¢, d Triton X100 0.1% (24 h).

e, f Distilled water (24 h).

g, h: SDS 0.5% (24 h). i, j SDS
0.5% (24 h) + distilled water

(24 h). Arrow: cells
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Fig. 3 Growth of MSC on aCAs. a, b HE staining (x200). a Day 1. b Day 7. Chart: growth curve Arrow: ADSC, arrowhead: aCAs

methods removed all native cell of pCA, SDS is the stron-
gest decellularizing reagent and distilled water is the weak-
est. HE and Trichrome staining are convenient and required
methods to examine decellularizationeffieciency. They show
the structure, cell component and collagen in carotids before
and after treatment. Based on these results, we made a
combination method including SDS 0.5% for 24 h and
distilled water for 24 h. This process removed all cells and
maximally preserved ECM. The next results showed that
aCA is non-toxic for cells and is an appropriate substrate for
the growth of MSC in vitro. In vascular tissue engineering,

endothelial and smooth muscle cells are important cell lines.
EC can make an antithrombotic layer and SMC enhance
mechanical properties of vascular grafts but the disadvan-
tages of these cells are the limited number of autologous cell
and proliferation capacity [8]. Mesenchymal stem cells have
higher proliferation capacity and ability to differentiate to EC
and SMC in vitro, so application of MSC in vascular tissue
engineering is increasing rapidly [9, 10]. When grafting
subcutaneously into mouse skin, aCA evoke inflammatory
responses similar to Dacron grafts (biocompatible commer-
cial grafts in bypass surgery) throughout the experimental
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(a) (b)

Fig. 4 Results of in vivo cytotoxicity test. a aCA and Dacron in a  implanted Dacron (200x). ¢, d day 7. e, f day 14. g, h day 28. h:
mouse. b Histological result of Dacron (200x). ¢, e, g histological  heamarage, con: connective tissue, lym: lymphocyte
results of implanted aCA (200x). d, f, h histological results of
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period. Although this study has some limitations: residual
DNA in treated pCA should be quantified, other proteins of
ECM such as elastin should be determined, some inflam-
matory cytokines in mouse should be measured ..., this
study provides initial results of decellularization of pCA.
The final protocol uses only cheap and common chemicals
including SDS, distilled water and phosphor buffer saline.
This protocol is composed of 3 steps: shaking in SDS 0.5%
for 24 h, rinsing in PBS 36 h and shaking in distilled water
for 24 h. Cycle time is relatively short (84 h) compared to
other authors such as Boer’s cycle time (86 h) or
Daugs’cycle time (several days) [4, 5].

5 Conclusion

The simple and effective decellularization method was suc-
cessfully created for porcine carotids.
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Abstract

Hydroxyapatite (HA), a mineral component of bones and
teeth, has been widely studied for various medical
applications. The purpose of this research is to compare
the HA from diverse bovine sources and chemical
synthetic in the respectively physical and chemical
powder properties such as grain size, morphology,
crystallinity, phase stability and chemical functional
groups. Bovine HA (B-HA) were extracted from the
fresh femur bones of adult bovine, calf and bovine bone
bio-waste. Synthesized HA (S-HA) were prepared by
chemical precipitation method with the pH 6.0 and 12.0
of mother liquor. All of HA samples then were calcined at
800 °C. The TEM observation illustrated that particle
shapes and sizes of HA differed depending on their
bovine sources. In addition, XRD and FT-IR results
implied that pure HA have been successfully obtained in
B-HA group while S-HA with high pH value of 12.0
occurred the phrase transformation after thermal
treatment.

Keywords
Hydroxyapatite * Chemical reaction * Bovine bone

1 Introduction

HA is an abundant mineral part of human hard tissue with its
chemical formula of Cas(PO4);(OH), and molar ratio Ca/P
of 1.67 [1, 2]. HA can directly bond with native bone
without formation of collagen interface layer, which usually
appear in cases of many bio-inert material implantations [3].
Due to these properties, HA has been used for decades as an
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alternative biomaterial for bone grafting [4, 5]. In fact, HA
can either be synthesized from the chemical reactions or
derived from the natural sources [6]. The laboratory syn-
thesized HA can be obtained by using precipitation [7],
ultrasonic [8], spray drying [9], sol-gel [10], multiple
emulsion [11] and microwave assistant [12]. It is worth
noting that the structural and the mechanical properties of
synthetic HA can be modified by varying the processing
method. However, these synthesis procedures might be
complicated because of dependence on many factors such as
the starting chemicals, concentration of the initial solution,
pH maintenance and synthetic method. About the natural
HA, it can be directly taken from common bio-waste sources
such as eggshell [13], porcine [14], bovine [15], fish bone
[16] by the one of the following methods as thermal
decomposition [17], subcritical water process [18] or alka-
line hydrolysis [19]. Besides, HA extracted from animal
bone could be a non-stoichiometric material due to the
presence of other calcium phosphate (CaP) phases or the
trace ions such as Na, Mg, and Zn [20, 21].

Therefore, the manufacturing stage of HA from diverse
sources and its final powder properties have been investi-
gated as crucial factors to produce the desired biomaterials.
There was some evidence that demonstrated the powder
properties of nature HA corresponding to the different strains
of animals. However, the factors influencing animal physi-
que such as age have not been considered. Consequently, the
primary purpose of this research is to compare the HA from
different bovine sources in the respective physical and
chemical properties such as grain size, morphology, crys-
tallinity, phase stability, and chemical functional groups.
The natural HA powders were obtained from fresh femur
bones of adult bovine (HA-A), calf (HA-C) and bovine
bones bio-waste (HA-W). In addition, the synthetic HA
group with influencing factor of varying pH value at 6.0 and
12.0 were also prepared for the comparison.”
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2 Materials and Methods

2.1 Materials

Calcium hydroxide (Ca(OH),, 98%) and phosphoric acid
(H5PO,4, 85-87%) was purchased from GuangDong Guan-
gHua Sci-Tech Co., Ltd, China. The fresh femur bones of
adult bovine (2-3 years old) and calf (10-12 months old)
were collected from a slaughterhouse while the bovine bone
bio-waste was from a local animal boneyard

2.2 Methods

Hydroxyapatite synthesized by chemical reaction. S-HA
samples were obtained from chemical substances through a
4-step process included stirring, pH adjustment, microwave
irradiation and calcination. Firstly, Ca(OH), was mixed with
H3PO, at 1.67 of Ca/P ratio to produce a precursor precip-
itation. Throughout the mixing process for 2 h, the pH of the
system was maintained at pH 6.0 and 12.0. After that, these
mixtures were placed in a micro-wave at the power of
750 W for 25 min and then calcined at 800 °C for 3 h under
ambient condition.

Hydroxyapatite derived from bovine bone. HA was
extracted from bovine bone by the same method in the
previous research [22]. Briefly, the fresh femur bones were
washed and went to the 5-h boiling process in ambient
condition and then 2-h boiling process under pressure. The
boiling procedure was repeated three times. After that, they

Fig. 1 TEM images of HA with
apH 6.0, b pH 12.0, ¢ HA-D,

d HA-C and e HA-W at the
magnification of 50.0 k times
with scale bar of 100.0 nm

(a)

N.-T. N. Dang et al.

were calcined at 800°C for 3 h. The HA obtained from
femur of adult bovine, calf, and waste bone was labeled as
HA-A, HA-C, HA-W in turn.

Characterization. Firstly, the morphology and particle
size of HA samples were analyzed by transmission electron
microscopy (TEM) observation. Then, the crystal structure
of each sample was characterized by X-ray diffractometer
(XRD). Data were collected over the diffraction angles (20)
from 20° to 80° with scanning speed of 2°/min. Fourier
transform infrared (FT-IR) spectra of the samples were

obtained with wave number from 4000 to 400 cm ™.

3 Results and Discussion

In the Fig. 1, the TEM images show the size and morphol-
ogy of HA particles with the magnification of 50.0 k times.
HA at pH 6.0 and 12.0 had non-uniform shape distribution
with early high agglomeration by forming neck between HA
particles, bonding them together. It was, therefore, difficult
to distinguish separate grain and the size of S-HA particles
could not temporarily be estimated. In contrast with S-HA
group, HA particles in B-HA groups had uniform spherical
shape with their diameters varied according to the different
bovine sources. In specific, the particle diameters of HA-A,
HA-C and HA-W were approximately 200, 100, and
170 nm, respectively.

From these results, they suggested that S-HA would be
easy to achieve the interconnection in microstructure under
the thermal treatment. About the B-HA, the bovine sources
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clearly had an impact on the calcination behavior such as the
grain sizes of HA particles, which required for further
investigations. Besides, the uniform spherical shape of HA
particles, along with particle size, could be one of the
important effect on their interactions with live cells [23].

The successful synthesis of HA from chemical reaction
and bovine bone was confirmed by XRD and FT-IR analy-
sis. In Fig. 2, the XRD patterns of all HA samples calcined
at 800 °C exhibited in sharp diffraction peaks, indicating a
high crystallinity, and well matched with standard peaks of
HA (JCDS File No.9-432) [24]. Briefly, the peaks of pure
HA at diffraction angles as 20 of 21°, 25°, 28°, 29°, 31°, 32°,
35°,36°, 37°, 39°, 40°, 42°, 43°, 45°, 46°, 48°, and 49° were
fully showed in the spectra in both S-HA and B-HA.
However, those of HA with pH 12.0 appeared strange peaks
at the diffraction angle 20 of 29.2°, 43°, 47.3°, and 48.3°,
which suggested the generation of tri-calcium phosphate
(TCP) as by-product after the calcination.

In Fig. 3, B-HA presents the FT-IR spectra of chemical
functional groups in HA structure, which consists of
hydroxyl (OH™) and phosphate (PO,””) band. For the
(OH™) band, two peaks at 3572 cm™ " and 631 cm ™" rep-
resented for hydroxyl stretching mode and vibrational mode
(v1), respectively. Next, for the PO,>~ group consists of four
vibrational modes v1, v2, v3, and v4. In detail, a peak at
954 cm™! represented for vl vibration, a weak peak at
471 cm™! represented for v2 vibration, two peaks at 1087
and 1046 cm™! represented for v3 vibration, and a set of
peaks at 638, 599, and 574 cm ™' represented for v4 vibra-
tion. In addition, the carbonate (CO32_) group can also be
seen in the infrared spectrum. For v2 and v3 vibrations of
CO5”™ group, a peak at 875 cm™ " indicated for v2 vibration
and two peaks at 1650 and 1300 cm™' indicated for v3
vibration [25]. The peak for v4 vibration of this group had
very low intensity and hence it was not able to be seen.
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Fig. 2 XRD results of all HA samples. Blue asterisks indicate not HA
peaks at the 26 angles of 29.2°, 43°, 47.3°, and 48.3°
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Fig. 3 FTIR results of all HA samples. The red ellipse indicates the
lack of hydroxyl band in the spectrum of HA with pH 12.0

Beside the peaks of the main structure of HA but lack of
(OH™) peak at 3572 cm™ ' as indicated by the red ellipse,
the spectrum of HA with pH 12.0 noticeably presented the
bands of PO,>" stretch v1 at 960 cm™ ' and PO, bend V3 at
1122 cm™" corresponding to TCP [26].

From the XRD and the FT-IR results, HA derived from
bovine bones had no signs of HA phase decomposition into
secondary phases such as o-TCP, B-TCP, TTCP or CaO
after calcination. In opposition to S-HA, although the tem-
perature of 800 °C had been carefully chosen to transform
the precursor precipitation into HA and prevent the
appearances of other calcium phosphate (CaP) phases, these
results indicated that decomposition into other CaP phrases
in S-HA group has still considerably occurred. Thus, this
was not in agreement with some reports those had mentioned
the decomposition of HA into secondary phases proceeded
above 1100 °C [27], thereby suggesting that HA synthesized
with high pH is thermodynamically less stable than bovine
HA.

4 Conclusion

In this study, the different routes of HA was a critical factor
influencing grain size, formation of microstructure and phase
stability. Under the heat treatment, TEM images illustrated
that S-HA group was accessible to achieve the microstruc-
ture by the grain interconnection while HA particles in
B-HA group varied their uniform spherical shape according
to the different bovine sources. XRD and FI-IR demon-
strated that B-HA was beneficial in producing thermally
stable phase of stoichiometric HA whereas the phrase
decomposition took place in S-HA after calcination below
1000 °C. Thus, these primary results in this study suggest
that the unique characterizations of natural and synthetic HA
must be significantly considered to achieve the desired HA
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properties and the suitable stability sources for biomedical
applications.
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Abstract

The enormous potential of a hydrogel from Aldehyde
Hyaluronic Acid (AHA)—a modification of Hyaluronan,
and N,O-Carboxymethyl Chitosan (NOCC)—a polymer
derived from Chitosan, has been discussed in our previous
study. This research presents two approaches to combine
silver nanoparticles (AgNPs) with the hydrogel in order to
yield a bioglue with higher antimicrobial property. The first
one utilized the reaction between reactive aldehyde groups
in D-glucuronic acid units of the AHA molecular chain and
Tollens’ reagent, which is known as silver mirror reaction,
while the latter attempted to synthesize NOCC-AHA
hydrogel loading AgNPs through thermal decomposition
of silver nitrate (AgNO;) with NOCC and AHA respec-
tively. From primary results, heating a mixture of AgNOz;—
NOCC appeared to attain the best hydrogel in terms of
gelation time and elasticity, broadening the application of
the hydrogels in the medical field.

Keywords
Chitosan * Hyaluronan ¢ Hydrogel * Silver
nanoparticles

1 Introduction

Antibiotic resistance has always been one of the most sig-
nificant health threats. The reason is apparent as microbes
“adapt” to existing antibiotics too fast while the development
of new antibiotics takes decades. This problem, however,
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has stimulated the attention for metallic drugs, which were
used to treat infections before the total dominance of
antibiotics [1]. Consequently, many researchers conducted
experiments to study thoroughly not only the properties of
those metals such as silver (Ag), copper (Cu), zinc (Zn), and
magnesium (Mg), but also the application of them in current
treatments. Recently, antimicrobial metallic studies have
been associated with the term nanoparticles [2-4].
Nanoparticles are defined as particulate dispersions or solid
particles that can still have the same properties and transport
as the whole entity. Although their sizes range from 1 to
1000 nm, the 1-100 nm scale is preferable with regard to
biological interfaces [5]. Silver nanoparticles (AgNPs) are
among the most widely investigated nanoparticles in
biomedical field because of their antimicrobial activity and
therapeutic potential [6, 7]. AgNPs protect the wound and
facilitate healing process by promoting the proliferation and
migration of keratinocytes, decreasing the collagen formed
by fibroblasts, regulating cytokines generation, and effec-
tively preventing fungi and virus [8]. However, like any
other drugs, AgNPs only express effectively when there is a
loading system stabilizing the structure and controlling the
release of AgNPs.

Hydrogel has been considered as one of the major
methods to synthesize scaffold for application in wound
healing [9]. Excluding the properties of materials used,
hydrogel form has many advantages such as the extracellular
matrix (ECM) resembling structure and composition, filling
properties, and even being able to act as a physical loading
system. In our previous study, synthesis of the hydrogel
from Hyaluronic Acid (HA) and Chitosan (Cs) has been
introduced [10]. HA, a major component of the skin ECM,
possesses essential position in wound reconstruction and
various medical applications [11]. Chitosan, the deacetylated
derivative of chitin, has the properties of biocompatibility,
biodegradability and antibacterial activity which are widely
used in drug delivery, gene therapy, as well as tissue engi-
neering [12]. However, HA exhibits rapid erosion and
degradation whereas Cs displays poor solubility in
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physiological solvents. By introducing carboxymethyl
groups to the N, O-position of chitosan (NOCC) to solubi-
lize it, and by cleaving carbon-carbon bonds of the cisdiol
group of HA to create aldehyde groups (AHA), a hydrogel
can be formed via Schiff’s base linkage between the amino
groups in NOCC solution and aldehyde groups in AHA
solution [10]. On the other hand, Cs and HA are proven to be
both stabilizers of the silver colloidal solution and reducing
agents [13-21], which means that the hydrogel is a potential
loading system of AgNPs.

Chemical reduction is the most common way to synthe-
size AgNPs [22]. Tollens’ reagent, which consists of silver
nitrate (AgNO3) and ammonia solution (NH3), was an oxi-
dizing agent well known for its silver mirror reaction with
aldehyde groups. It is shown in previous studies that this
reagent can be utilized to synthesize AgNPs [22-25]. The
reactive aldehyde groups in D-glucuronic acid units of the
AHA reduce Ag* ion to form AgNPs. However, these
aldehyde groups also greatly contribute to the formation of
hydrogel. Therefore, in this experiment, AHA with the
highest theoretical oxidation rate (50%) available in the
laboratory was used. Furthermore, NOCC and AHA are
expected to maintain their origins’ critical properties in high
temperature. Therefore, thermal decomposition of AgNO; is
considered a possible method.

In brief, the combination of AgNPs and the NOCC-AHA
hydrogel probably yields a more suitable biomaterial with
desirable properties for wound healing application. This
study demonstrates two methods that were attempted to
synthesize NOCC-AHA hydrogel loading AgNPs and their
results, including evaluation of the gelation time and its
elasticity.

2 Materials and Method

2.1 Materials
Chitosan (>75% deacetylated), hyaluronan and silver nitrate
(99%) were obtained from Sigma (USA). Dialysis membrane
(Spectra/Por 4, Standard RC Tubing, WCO: 12-14 kDa) was
from Spectrum Laboratories, Inc., United States.
Chloroacetic acid was bought from HiMedia Laboratories
Pvt. Ltd., India. Sodium periodate, ethylene glycol, iso-
propyl alcohol, ethanol, sodium hydroxide, hydrochloric
acid, ammonia solution (25%) were from Xilong Chemical
Co., Ltd., China.

2.2 Synthesis of AHA and NOCC

AHA was synthesized with trivial modifications from our
previous research [10]. HA 1% was prepared by adding

T. N.-T. Nguyen et al.

0.4 g HA into 40 mL distilled. Then, 0.084 and 0.105 g
NalO4 in 2 mL distilled water were added dropwise to HA
solution respectively to create 40 (AHA40) and 50 (AHAS0)
oxidation degrees. After 2 h, 0.2 mL ethylene glycol was
added and the mixture was stirred for another hour before
being dialyzed using dialysis bag (MWCO 10,000) against
distilled water for 3 days. The water was changed 3 times
per day. The solution was then kept at —80 °C overnight
before being freeze dried to obtain the final product.

NOCC was synthesized with slight changes. First, Cs was
dissolved in 10 mL isopropanol and 10 mL of NaOH 13 M
was added. The mixture was kept stirring for 1 h before
being supplemented with 5.2 g chloroacetic acid in 10 mL
isopropanol. The mixture was stirred for 3 h at 60 °C. The
obtained solid was rinsed 3 times with 80% (v/v)
ethanol/water and dissolved in 67 mL distilled water to form
a homogenous solution. Later, pH value of the solution was
slowly adjusted by HCl 2.5 M until it reached 7.5. The
resulting solution was undergone dialysis process using
dialysis bag (MWCO 10,000) against distilled water for
3 days. The water was changed 3 times per day. The solu-
tion was kept at —80 °C overnight before being freeze-dried
to obtain the final product.

AHA samples were stored at —20 °C, while NOCC
samples were placed in vacuum at room temperature.

2.3 Synthesis of AHA/Ag by Silver Mirror
Reaction

First, 50 mg of AHAS0 was dissolved in 5 mL of distilled
water. Then, 66.67 pL of AgNO5 0.1% solution was mixed
carefully with 50 pLL of NH5 25% solution in 5 min before
adding to the prepared AHA solution. The final solution was
stirred for another 5 min and let stand afterward. After 24 h,
the solution turned into a light yellow color which marks the
existence of AgNPs. It was then stored at —80 °C to prepare
for the lyophilization. After lyophilization, the residual NH3
was completely removed and the sample was stored in
vacuum oven at room temperature.

2.4 Synthesis of AHA/Ag and NOCC/Ag
by Thermal Decomposition

For AHA/Ag synthesis, first 66.67 pL of AgNO; 0.1%
solution was added into 5 mL of AHA (10 mg/mL) solution.
The solution was vigorously stirred in the dark for 30 min at
room temperature, then it was kept stirring at 60 °C for
30 min.

For NOCC/Ag synthesis, briefly, 133.34 uL. of AgNO;
0.1% was added into 10 mL of NOCC (10 mg/mL). The
solution was vigorously stirred in the dark for 30 min in
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room temperature, then, it was divided into two parts:
(1) 56 pLL of NaOH 0.028% was added into the solution and
(2) nothing was added into the solution. After that, the
temperature of both samples was raised to 60 °C and kept
stirring for 8 h. The control solution was the mixture of
5 mL of distilled water and 66.67 pL. of AgNO; 0.1%.

3 Results and Discussion

The color of AHA/Ag solution after the silver mirror reac-
tion became light yellow, which proves that there was a
reaction (Fig. 1). Noticeably, when AHA/Ag was dissolved
in distilled water, the solution was opaque and light yellow,
however, when it was dissolved in normal saline, the solu-
tion was cloudy. This is because the AgNPs were unstable in
normal saline and they aggregate together. The instability of
AgNPs causing by the presence of electrolytes is one major
obstacle needing to avoid [14]. The AHA/Ag sample solu-
tion was stirred with 0.5 mL of NOCC solution to form
hydrogel. However, the hydrogels were more like a cloudy
viscous solution with darker yellow color. This may be due
to the lack of aldehyde groups in AHA/Ag making the
Schiff’s base linkage in the hydrogels weaker.

For thermal decomposition experiment, the AHA/Ag
solution changed from crystal clear color to muddy form
with no sign of yellow color at the end of the process. This
suggests that the molecular weight of AHA may have
decreased and its properties may have changed with respect
to its origin HA, which is the main reason led to the failure
of silver reduction.

In normal saline

In distilled water

Fig. 1 The difference between samples while they were dissolved in
normal saline and in distilled water
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NaOH was used as a reagent as a factor to make sure that
AgNOj; reacted thoroughly with NOCC. Because the origi-
nal NOCC solution has light yellow color, reaction indica-
tion needs a control to compare. Hence, a solution of
distilled water and AgNO; served as a control. After the
reaction, both NOCC/Ag samples were muddy light yellow,
while the indicator solutions turned into light transparent
yellow with tiny small yellow dust on their surface. This
again proves the role of NOCC as a stabilizer for AgNPs and
as a reducing agent in the reaction. After being freeze-dried,
the samples showed no difference in color or texture, which
could be observed in Fig. 2. The samples were then dis-
solved in 0.5 mL. normal saline with concentration
30 mg/mL, and finally mixed with AHA40 and AHAS0
solution (30 mg/mL with normal saline as a solvent) to form
hydrogel with volume ratio 1:1 (Fig. 3.).

The properties of the hydrogels were summarized in
Table 1. The desired hydrogel requires clear color, low
gelation time and a soft to little hard texture, therefore, the
sample AHAS50/NOCC/Ag(2) appeared to be the best out of
the four samples.

Fig. 2 Samples after being freeze-dried: a NOCC/Ag with NaOH and
b NOCC/Ag without NaOH

Fig. 3 Hydrogels

made from AHA and NOCC/Ag
a AHA40/NOCC/Ag(1). b AHA40/NOCC/Ag(2). ¢ AHAS50/NOCC/
Ag(1l). d AHA50/NOCC/Ag(2)

samples:
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Table 1 Properties of the hydrogels from NOCC/Ag samples

Samples Gelation time (s) Elasticity
AHA40/NOCC/Ag(1) 47 Too low
AHA40/NOCC/Ag(2) 41 Moderate
AHAS50/NOCC/Ag(1) 74 Low
AHAS50/NOCC/Ag(2) 42 Moderate

4 Conclusion

The study introduced two approaches to combine
NOCC/AHA hydrogel and AgNPs: the first one was via
Tollens’ reagent and the other employed thermal decompo-
sition. Early results showed succession in merging the two
materials, which opened up a path for an application of AgNPs
and NOCC/AHA hydrogel in wound healing applications.
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Long Binh Vong and Yukio Nagasaki

Abstract

Excess generation of reactive oxygen species (ROS) in
colonic mucosa of patients with ulcerative colitis (UC), a
type of inflammatory bowel disease, causes the inflam-
mation, risk of colitis-associated colon cancer (CAC),
and drug resistance. Oral administration is more conve-
nient for patients; however, current medications for UC
are not effective due to instability in the gastrointestinal
(GD) tract, non-specific distribution, and adverse effects.
To address these issues, we have developed novel oral
redox nanoparticles (RNP), which was prepared by
self-assembly of an amphiphilic block copolymer with
stable nitroxide radicals, ROS scavengers, in a hydropho-
bic segment as a side chain via an ether linkage. After
oral administration, RNP highly accumulated in colon
region, and specifically diffused into colonic mucosa of
inflamed sites. Orally administered RNP effectively
scavenged overproduced ROS in the inflamed colon,
resulting in suppression of inflammation in mice model
of colitis. Interestingly, when anticancer drug irinotecan
(Iri) was administered in combination with RNP, a
remarkable suppression of tumor growth was observed in
CAC model mice treated with combination compared to
mice treated with Iri alone. Iri-induced adverse effects,
such as diarrhea and GI inflammation, were remarkably
reduced by RNP treatment. Toxicity evaluation on
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zebrafish embryos showed that TEMPOL induces severe
mitochondrial dysfunction, leading to the dead of all
zebrafish embryos while RNP did not cause mitochon-
drial dysfunction in zebrafish embryos, and no zebrafish
dead was observed, indicating that RNP did not disturb
intracelluar redox balance. RNP is a promising nanoth-
erapeutics for treatment of UC and other ROS-related
diseases.

Keywords
Redox nanoparticles  Oral drug delivery * Ulcerative
colitis * Reactive oxygen species

1 Introduction

Excessive generation of reactive oxygen species (ROS) is
strongly related to gastrointestinal (GI) disorders including
inflammatory bowel disease (IBD) and cancer [1]. In fact,
oxidative stress has been proposed as a critical mechanism
underlying pathophysiology of IBD and number of
antioxidants/free radical scavengers have been studied
exhibiting therapeutic efficacies in animal models of IBD to
some extent [2, 3]. Although oral drug administration route
is preferable for patients, the use of low-molecular-weight
(LMW) drugs is limited due to low stability, non-specific
distribution in GI tract, and causing undesired adverse
effects. Nanomedicine has recently developed as promising
drug carriers; however, these nanocarriers themselves often
cause toxic adverse effects. In this study, we have devel-
oped a novel redox nanoparticle (RNP) prepared by
self-assembly of an amphiphilic block copolymer possess-
ing stable nitroxide radical TEMPO, an ROS scavenger
(Fig. 1), as an oral nanotherapeutics for treatment of GI
disorders [4, 5].
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Fig. 1 Design of redox nanoparticles (RNP). (Adopted by Ref. T)

2 Methods

RNP was prepared by self-assembly of methoxy-poly(ethy-
lene glycol)-b-poly(4-[2,2,6,6-tetramethylpiperidine-1-oxyl]
oxymethylstyrene) (MeO-PEG-b-PMOT), which is an
amphiphilic block copolymer with stable nitroxide radicals
in a hydrophobic segment as a side chain via an ether linkage
(Fig. 1). Cellular uptake of RNP in vitro/in vivo and its
accumulation in colon were determined using
rhodamine-labeled RNP by fluorescent microscope and
electron spin resonance. Therapeutic efficacy of RNP was
evaluated using dextran sodium sulfate (DSS)-induced col-
itis and azoxymethane (AOM) combining DSS-induced
CAC model in mice.

3 Results and Discussion

The size of RNP is approximately 40 nm in diameter with
high colloidal stability owing to the poly(ethylene glycol)
(PEG) shell layer maintaining the micelle form and ROS
scavenging activity under physiological and GI environ-
ments without their aggregation. To evaluate the accumu-
lation of nanoparticles in colon, we firstly investigated the
size-dependent character using different sizes of commer-
cially available polystyrene latex particles and found the
size-dependent accumulation in colon, in which polystyrene
latex particles with 40 and 100 nm in size accumulated
higher than large-sized particles (0.5 and 1 pm) [5]. Inter-
estingly, a considerable high accumulation of RNP in colon
was observed, as compared to TEMPOL and polystyrene
latex particles, even though the same size (40 nm) due to
high stability of RNP in GI tract (Fig. 2). Importantly, we
did not observe the uptake of RNP into the bloodstream,
preventing the side effects of nitroxide radical to entire body.
Since orally administered RNP remarkably accumulated in
the colonic mucosa of mice and was not absorbed into the
bloodstream, it is anticipated to be an ideal nanomedicine for
treatment of ulcerative colitis (UC), which is well-known as
main type of IBD. Alternatively, we found that orally
administered RNP tended to accumulate in inflamed colon of
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Fig. 2 Accumulation of RNP and polystyrene latex particles with
different sizes in colon mucosa after oral administration. (Adopted by
Ref. 5)

DSS-induced colitis mice, resulting in an effective ROS
scavenging in colonic mucosa of colitis mice. As compared
to LMW TEMPOL and mesalamine, a commercially avail-
able drug for UC treatment, the mice treated with RNP
significantly suppressed the pro-inflammatory mediators in
the colon and improved survival rate in colitis mice [5, 6].

We next confirmed the efficacy of RNP on colon cancer
model mice chemically induced by AOM and DSS.
Although anticancer efficacy was not observed at low dose
treatments (1 and 2 mg/mL of free drinking), the mice given
higher dose of RNP (5 mg/mL) for a month had slightly
reduced tumor scores compared to AOM/DSS-treated mice.
Since overproduced ROS is reported to induce anticancer
drug resistance and RNP clearly suppressed ROS/
inflammation around tumor microenvironment, a combina-
tion treatment with RNP and conventional cancer drugs is a
robust strategy. Therefore, when an anticancer drug
Irinotecan (Iri) was administered in combination with free
drinking RNP, a remarkable suppression of tumor growth
was observed in mice treated with combination compared to
mice treated with Iri alone (Fig. 3) [7]. It should be noticed
that the Iri-induce adverse effects, such as diarrhea and GI
toxicity, were remarkably reduced in RNP-treated mice
(Fig. 3). These results indicate that oral administration of
RNP® not only significantly enhances the anticancer efficacy
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Fig. 3 Combination therapy of RNP and Irinotecan in
colitis-associated colon cancer mice. (Adopted by Ref. 7)
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of Iri against colon cancer development, but also effectively
suppresses the severe adverse effects of Iri. In another study,
combinative therapy of RNP and conventional drug, Dox-
orubicine (Dox) showed that RNP enhanced the uptake of
Dox in the cancer cells, significantly improved chemother-
apeutic effect of Dox and suppressing the Dox-induced
cardiotoxicity in the colon cancer model mice [8].

Eventually, the adequate assessment of toxicity and safety
of our nanotherapeutics must be addressed for pre-clinical
and clinical applications. In fact, there were no noticeable
toxicities in tissues from the GI tract, hematology and other
organs, even in mice treated with a high concentration
(5 mg/mL) of free drinking RNP for a month [7]. On the
other hand, orally administered RNP did not change the
population of intestinal microbiota [9]. Alternatively, the
zebrafish (Danio rerio) has been widely utilized as a cor-
relative and predictive model for evaluation of nanoparticle
toxicity for the past decades. Therefore, we also utilized this
zebrafish embryo model to confirm the toxicity of RNP and
compared to LMW TEMPOL and control polymeric
nanoparticle without ROS scavenging character. The results
showed that all zebrafish was died after few days treatment
with  TEMPOL (3 mM dose) or control polymeric
nanoparticle, while no zebrafish death was observed by
treatment with RNP under even high concentrations
(30 mm), indicating an extremely low toxicity of RNP [10].
It is important to note that almost all mitochondria were
damaged for the LMW TEMPOL treatment, while no
damage was observed for RNP treatment, indicating a pro-
tection of healthy mitochondria is one of important mecha-
nism for our nanoparticle antioxidant [10].

4 Conclusions

In summary, in this study we have developed an oral redox
nanotherapeutics to specifically scavenge ROS in diseased
tissues, particularly in inflamed and cancer tissues in GI
tract. Based on the obtained results, RNP is a promising and
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safe nanomedicine for treating not only GI disorders but also
other ROS-related diseases.
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Abstract

An emerging approach in development of nanocarriers for
the delivery of hydrophobic anticancer drugs has recently
been paid much attention. In this study, a redox-sensitive
Heparin-ss-Pluronic F127 (Hep-ss-Plul27) nanogel was
fabricated for paclitaxel (PTX) delivery. In the synthetic
process, Plul27 was mono-activated by 4-Nitrophenyl
chloroformate (NPC) and conjugated with Hep via
redox-sensitive disulfide bond of cystamine. The chem-
ical structure of the resulting product was characterized
by fourier transform infrared (FTIR) and proton nuclear
magnetic resonance (‘H-NMR) spectroscopy. The
PTX-loaded Hep-ss-Plul27 nanogels were formed by
solvent dialysis method and showed the hydrodynamic
diameter of 91.4 £ 0.3 nm, determined by dynamic light
scattering (DLS) instrument. Size and morphology of
PTX-loaded Hep-ss-Plul27 nanogels were shown to be
104 nm and spherical in shape by transmission electron
microscopy (TEM). In addition, PTX was effectively
encapsulated into Hep-ss-Plul27 nanogels, which was
around 66.2 + 4.7% for drug loading efficiency and
13.2 + 0.9% for drug loading content, determined by
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high performance liquid chromatography (HPLC). Over-
all, the redox-sensitive Pluronic F127-based nanogel was
successfully synthesized and could be an effective
nanocarrier that holds a great potential to enhance the
redox responsiveness and efficacy for the delivery of PTX
in cancer treatment.

Keywords
Pluronic F127 « Heparin * Redox-sensitive
nanogel * Paclitaxel * Delivery system

1 Introduction

Paclitaxel (PTX) is one of the most outstanding
chemotherapeutic drugs having been extensively used to
treat a broad range of tumor types including breast, ovarian,
lung, colon cancer, etc. [1, 2]. However, its use in cancer
treatment is restricted due to its poor water solubility and
low therapeutic index. Many adverse effects such as hair
loss, nausea, neurotoxicity, nephrotoxicity, ocular toxicity,
and hemolysis have been observed in clinic when using
currently commercial PTX formulation [3]. Thus, the
development of drug delivery systems (DDSs) with the
ability to overcome these limitations is necessary.

Among various nanosized-DDSs, nanogels are promising
carriers for hydrophobic therapeutic agent delivery, such as
PTX, thanks to their low toxicity and ability to improve the
solubility and therapeutic index of the loaded drug. These
advantages of nanogels are based on the relatively high drug
loading capacity, great colloidal stability, high cellular
uptake efficiency, and the ability to escape the entrapment of
reticuloendothelial system [4, 5]. Moreover, their size range
is also suitable for intracellular delivery and cancer
chemotherapy by facilitating the passive accumulation of
drug within tumor site through enhanced permeation
and retention (EPR) effect, hence reduces side effects of drug
[6, 71.
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Pluronic F127, an amphiphilic tri-block copolymer of
polyethylene oxide (PEO) and polypropylene oxide (PPO),
has been well-utilized as formulated material for DDSs. The
hydrophobic PPO is capable of incorporating hydrophobic
drugs and protecting them from degradation while the
hydrophilic PEO benefits their solubilizing capacity to better
stabilizes and improves the retention time of drug in the
circulatory system [4]. Besides, heparin is known for the
ability to self-assemble into nanoparticles for the effective
delivery of anticancer drugs. It is able to improve the drug
bioactivity via intra- and extra-cellular interaction and pro-
long the circulation time by hindering complement activa-
tion and suppressing phagocytosis [6, 8].

In present work, redox-sensitive Hep-ss-Plul27 nanogels,
in which Pluronic F127 was mono-activated and then grafted
onto heparin via redox-sensitive disulfide bond of cystamine,
were developed for effective PTX delivery. Notably, disul-
fide linkages are selectively cleaved under the reductive
condition of cytoplasm, which contains higher concentration
of a reducing agent called glutathione (GSH) [9, 10].
Therefore, disulfide linkage-containing nanogels would
facilitate the site-specific delivery of anticancer drugs only
when the drugs are uptaken by tumor cells. The character-
istics of Hep-ss-Plul27 nanogels including chemical struc-
ture, size, morphology, redox sensitivity, and drug loading
efficacy were examined in this study.

2 Materials and Methods

2.1 Materials

Pluronic F127 (Plul27) and cystamine (Cys) were purchased
from Sigma (USA). Heparin (Hep) was purchased from TCI
(Japan). 4-Nitrophenyl chloroformate (NPO),
3-amino-1-propanol, and ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) were purchased from Acros Organics
(Belgium). Tetrahydrofuran (THF) and triethylamine
(TEA) were obtained from Scharlau (Sentmenat, Spain).
Diethyl ether was received from Fisher Scientific (Houston,
TX). Dimethyl sulfoxide (DMSO) was purchased from
VWR (USA). Paclitaxel was received from Samyang Cor-
poration (Korea). All reagents and solvents were used as
received without further purification.

2.2 Preparation of Hep-Ss-Plu127

Hep-ss-Plu127 was prepared through three steps, in which
Plul27 was mono-activating using NPC and then was con-
jugated with Cys to obtain Plu127-Cys (Plu-Cys), followed
by the coupling of carboxyl groups of Hep with amino
groups of Plu-Cys. Briefly, a mixture of Plul27 (5 g) and

D. H. T. Nguyen et al.

NPC (0.18 g), in a three-necked flask, was molten and
stirred at 65 °C for 5 h under nitrogen atmosphere with HCI
entrapment equipment. To solubilize the mixture, 10 ml of
THF was added after the mixture was cooled out to 40 °C.
The reaction was maintained overnight at room temperature.
After that, 30 pL of 3-amino-1-propanol was added; then the
reaction mixture was stirred for another 5 h. The resulting
solution was precipitated by diethyl ether, filtered and dried
under vacuum to obtain the powdery mono-activated
Plul27.

To obtain Plu-Cys conjugate, Cys (0.1 g) and TEA (130
pL) was dissolved completely in DMSO at room tempera-
ture and mixed with the mono-activated Plul27 (5 g) solu-
tion. The mixture was kept under stirring for 24 h, then
precipitated in diethyl ether and dried under vacuum to give
Plu-Cys.

For the preparation of Hep-ss-Plul27, 0.1 g of Hep was
prepared in distilled water, followed by immediate addition
of 0.02 g EDC. Thereafter, Plu-Cys solution was added to
Hep solution in drop-wise manner. The reaction was carried
out at room temperature for 24 h under constant stirring.
Then, the solution was dialyzed against distilled water with
dialysis membrane (MWCO 12-14 kDa, Spectrum Labora-
tories, Inc., USA) before freeze-drying to obtain
Hep-ss-Plul27 copolymer.

2.3 Preparation of PTX-Loaded Hep-Ss-Plu127
Nanogels

To Hep-ss-Plul27 (50 mg) dissolved in deH,O, PTX
(10 mg) dissolved in methanol was added. Subsequently, the
mixture was stirred and dialyzed (dialysis membrane
MWCO 3.5 kDa) to remove un-loaded PTX, then lyophi-
lized to obtain PTX-loaded Hep-ss-Plul27 nanogels. Drug
loading efficiency (DLE) and drug Iloading content
(DLC) were measured using HPLC system (PerkinElmer,
US) and presented by the following equations:

DLE (%) = weight of drug in particles/weight of drug feed initially x 100
(1)

DLC(%) = weight of drug in particles/weight of particles and drug x 100

(2)

2.4 Characterization

Synthesized copolymer was characterized by 'H-NMR
(Bruker Avance, USA) and FTIR (PerkinElmer, USA).
Size and morphology of PTX-loaded Hep-ss-Plul27 were
evaluated by TEM (JEOL, Japan) at an accelerating voltage
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of 100 kV. The hydrodynamic diameter was determined
using DLS (Horiba, Japan). The stability of PTX-loaded
nanogels was examined by DLS under reductive environ-
ment by treating samples with GSH (10 mM).

3 Results and Discussion

The chemical structure of Hep-ss-Plul27 was determined by
"H-NMR. As shown in Fig. 1, signals at 3.40-3.65 ppm and
1.24 ppm are assigned to the PEO and PPO blocks of
Plul27. Signals at 3.27 ppm and 4.23 ppm are attributed to
CH-CH,-O and NH-SO; from Hep. Particularly, signals at
2.1, 298, and 3.14 ppm, respectively assigned to NH,
S—-CH,, and N-CH,, confirming the successful conjugation
of Hep-Plul27 via redox-sensitive disulfide linkage of Cys.
Additionally, FTIR was carried out to further confirm the
structure of synthesized polymers. The characteristic band of
C=0 stretching appeared at 1630 cm ' in the
Hep-ss-Plul27 spectrum, are not observed in other spectra,
indicating the amide formation between Hep and Plu-Cys.
Moreover, typical bands of C—-O-C and —-SO,-O- at 1110
and 1245 cm™! indicate the presence of both Plul27 and
Hep, respectively, in the conjugate.

The size and morphology of PTX-loaded Hep-ss-Plul27
nanogels were analyzed by TEM and DLS (Fig. 2). From the

and spherical in shape with the average diameter of 104 nm.
As reported by previous studies, nanoparticles that are
ranging from 10 to 200 nm in size can be easily entrapped
by endosome during endocytosis, thus facilitate the passive
targeting of nanoparticles to tumor cells through the EPR
effect and reduce toxicity to healthy tissues [11, 12].
Therefore, the obtained PTX-loaded Hep-ss-Plul27 nano-
gels have a high potential to be delivered more effectively to
tumor cells. In DLS, the hydrodynamic size of the nanogels
is 91.4 £ 0.3 nm. The difference between the size obtained
from TEM and DLS is due to the difference in processing, in
which DLS analysis is performed in aqueous solution
whereas TEM is performed on dried sample.

The redox sensitivity of PTX-loaded Hep-ss-Plul27
nanogels was confirmed by examining the particle size
under the reductive environment. Result revealed that the
size of nanogels is quickly reduced to 88.4+ 0.8 nm after
60-min treatment of GSH, demonstrating the redox-sensitive
dissociation of disulfide-containing nanogels in intracellular
environment. Thus, Hep-ss-Plul27 nanogels can enhance
the redox responsiveness for the selective intracellular
delivery of PTX in cancer treatment.

Regarding DDSs, DLE is a critical factor influencing their
therapeutic efficacy. In this study, the amounts of
loaded-PTX in Hep-ss-Plul27 nanogels were quantified by
HPLC; and the DLE (%) as well as DLC (%) were found to

TEM image, it is clear that the nanogels are well separated be 66.2% 4+ 4.7% and 13.2% 4+ 0.9%, respectively.
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Meanwhile, in a prior study where Hep-Plu nanogels were
prepared by straightly coupling of carboxylated Plu127 onto
Hep backbone, DLE was shown to be around 10% after PTX
loading [3]. Therefore, Hep-ss-Plul27 nanogels with high
loading efficiency could possibly enhance the therapeutic
efficacy of PTX delivery.

4 Conclusion

Redox-sensitive Plul27-based nanogel was successfully
prepared and characterized for the delivery of
water-insoluble PTX, with a suitable size range, spherical
shape, and high loading capacity (up to 66.2 £ 4.7% for
DLE). Furthermore, disulfide bonds benefit these nanogels
in terms of site-specific drug delivery, resulting in enhanced
therapeutic index. These obtained results give insights into
the potential of redox-sensitive Hep-ss-Plul27 nanogels as
an efficient nanocarrier for PTX delivery.
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Abstract

Paclitaxel (PTX), a compound extracted from the Pacific
yew tree (Taxus brevifolia), is widely used as a
natural-source cancer drug in the treatment of ovarian,
breast and lung cancers. Previous studies showed that
PTX had obvious effects on cancer cells, it blocks the cell
cycle in its Gl or M phases by stabilizing the micro-
tubules and preventing depolymerization. However, the
use of PTX is inconvenient and associated with signif-
icant and poorly predictable side effects, due to its low
bioavailability and poor water solubility. The aim of this
study was to develop PTX-loaded soy lecithin nanolipo-
somes (PTX-LP) to improve its bioavailability. In this
study, PTX-LP was prepared by thin film hydration
method. The average size, polydispersity index (PDI),
zeta potential and encapsulation efficiency (EE) of the
PTX-LP were characterized. Results indicated that
PTX-LP was able to loaded with suitable encapsulation
efficiency values, nanometric particle size (100200 nm),
low polydispersity (less than 0.5), negative zeta potential,
and slowly released up to 96 h. Therefore, the study
expected that PTX-LP developed herein would serve as a
potent drug carrier system for PTX in cancer therapy.
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1 Introduction

Cancer is one of the hardest problem to understand and solve
in the medical field. To against this disease, different healing
methods are exercised depending on the cancer stage and the
recidivism risks. Among these choices, chemotherapy is the
most exploited for advanced cancers [1]. However, cancer
chemotherapeutics need a high pharmacokinetic volume of
distribution and a rapid elimination rates, requiring more
frequent and high dose administration, causing unacceptable
damage to normal tissue [1]. In order to overcome this
drawback, soybean lecithin-based liposomes (LP) have been
developed. LP are spherical vesicles with a one or two
phospholipid bilayer, biocompatible and presenting a low
toxicity to the human body. The rigidity/fluidity and the
charge of the bilayer depend on the characteristics of the
bilayer components [2]. They are mostly saturated or
non-saturated phospholipids such as soybean lecithin.
Indeed Soy Lecithin, a phospholipid extracted from soy-
beans, facilitates large-scale industrial production because of
the production costs as compared with saturated phospho-
lipids and they don’t present any problem owing to their
toxicity in the human body [3]. Thus, liposomes will be used
to overcome cancer chemotherapeutic drawbacks and also
target to the tumor area.

Herein, our study aimed to develop a paclitaxel-loaded
soy lecithin nanoliposome system (PTX-LP), which could
enhance the delivery of PTX. PTX-LP was prepared by thin
film hydration method and characterized by dynamic light
scattering (DLS) and transmission electron microscopy
(TEM). Moreover, high performance liquid chromatography
(HPLC) evaluated the drug loading content, the drug loading
efficiency and the release behavior of the PTX-LP. This
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study tends to demonstrate the stability of a drug soy lecithin
nanoliposome for a safety and efficacy of chemotherapy and
their ability to improve PTX delivery in cancer therapy.

2 Materials and Method

PTX was purchased from Samyang Corporation (Seoul,
Korea). Lecithin from soybean and Tween 80 (Poly-
oxyethylene sorbitan monooleate) were procured from TCI
Co., LTD (Tokyo, Japan). Cholesterol and Mannitol were
purchased from Sigma-Aldrich (St Louis, MO, USA).
Cetyltrimethylammonium bromide (CTAB) was obtained
from Merck (Darmstadt, Germany). All chemicals and sol-
vents were either highest analytical grade or the best possible
pharma grade and were used as supplied.

2.1 Preparation of PTX-Loaded Liposomes

(PTX-LP)

Liposomes (LP) were prepared by thin film hydration
method with using soy lecithin, cholesterol, CTAB and
Tween 80. Firstly, soy lecithin and cholesterol (9:1) and
CTAB were dissolved using chloroform-methanol (2:1, v/v)
at room temperature. Then, the mixture was dried to a thin
film at 45°C by using a rotary evaporator (Biichi
Rotavapor R-114, Essen, Germany) and maintained over-
night under vacuum condition to remove trace of solvents.
The obtained film was hydrated with deionized water
(deH,0) containing Tween 80 (0.5%, v/v) by stirring at
60 °C until the lipid film was completely hydrated. After-
wards, five techniques (sonicated, extruded, homogenized,
sonicated and extruded or sonicated and homogenized) for
narrowing down the particle size distribution were tested.
Method resulted in a significant decrease in particle size
distribution was chosen as the size reducing technique in
the PTX-LP preparation.

PTX, soybean lecithin, cholesterol and CTAB were dis-
solved in chloroform-methanol, dried in a rotary evaporator,
and then reduced particle size distribution by size reducing
method for the preparation of PTX-LP. Unencapsulated PTX
was removed from the liposome dispersion by centrifuging
at 16,000 rpm for 30 min and filtered through 0.1 pm filter.
The PTX-LP sample was then lyophilized in distilled water
containing mannitol (mannitol:lipid = 1:2) and freeze-dried.
The PTX-LP powders were stored at 2—8 °C.
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2.2 Characterization

The particle size, polydispersity index (PDI) and zeta
potential of liposomal dispersions were analyzed by DLS.
The samples were diluted with distilled water (I mg/mL)
and measured by Nanosizer (SZ-100, Horiba Ltd., Japan)
with a detection angle and the temperature were 90 and 25 °
C, respectively. The morphology of the PTX-LP sample was
examined (TEM; JEM-1400, Jeol, Tokyo, Japan) at an
accelerating voltage of 300 kV.

2.3 Determination of Encapsulation Efficiency
of PTX

Briefly, 1 mL of LP dispersions diluted to 11 mL by deH,O
were centrifuged at 16,000 rpm for 30 min and filtered
through 0.1 pum filter to remove unencapsulated PTX. After
removing the unencapsulated PTX by filtration, the PTX-LP
was then dissolved with 6 mL mobile phase (HPLC). The
total amount of PTX in LP was measured by 1 mL of LP
dispersion was dissolved with the same mobile phase
(6 mL). The drug loading content (DL) and encapsulation
efficiency (EE) was calculated according to the equation:

_ weight of PTXencapsulatedin LP

EE = 100
%) weight of PTX in LP dispersion %
ight of PTX lated in LP
DL(%) = wellg 0 encap.su ated in
weight of freeze - dried PTX - LP
24 In Vitro Drug Release

The release studies of free PTX and PTX-LP was assessed
by using HPLC system and the rate of PTX releasing was
obtained following the standard curve. The in vitro drug
release experiments were performed in Phosphate buffer pH
7.4 at 37 °C using dialysis membrane method. Briefly, a
dialysis membrane (MWCO 6-8 kDa) which was filled with
an amount of PTX suspended in PBS including 2% Tween
80 was immersed into 20 mL of the release environment in
vial. The vial was assembled on a magnetic stirrer and the
medium was equilibrated at 37 °C. At several time intervals,
2 mL of the release medium was gathered and an equal
volume of fresh buffer medium was added. The withdrawn
samples were filtered through 0.2 um filter before high
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performance liquid chromatography analysis. Finally,
cumulative percentage drug release was calculated by
absorbance values.

3 Results and Discussion
3.1 Effect of Different Techniques Used
for Nanosizing LP

Results in Table 1 showed that LP prepared by sonication
followed by homogenization techniques was found to be the
most efficient in reducing LP size, followed by sonication
followed by extrusion, homogenization, extrusion and son-
ication. The average particle size was approximately
135.6 &+ 3.9 nm with a uniform size distribution (PDI =
0.398 &+ 0.028) and zeta potential was —64.3 & 2.6 mV,
whereas LP before treatment with size reducing techniques
(control) was 2311.0 £ 183.4 nm (PDI = 1491 + 0.120)
and —81.5 £ 0.9 mV, respectively. The size of extruded
liposomes was found to be influenced by the extrusion flow
rate and membrane pore size. This indicates the flow rate
reduced the size of LP.

3.2 Characterization of LP and PTX-LP

The particle size of LP and PTX-LP and their particle size
distribution were 136.2 & 7.9 and 127.3 &£ 0.7 nm, whereas
the polydispersity index values were 0.297 £ 0.04 and

195

0.285 £ 0.30, respectively. These results indicated that the
particle sizes of LP and PTX-LP were in a close interval
measurement. Otherwise, zeta potential of LP was
—61.5 £ 2.9 mV and pointed out an decrease in the surface
intensity in accordance with the encapsulation of PTX where
the zeta potential was —55.5 £ 2.4 mV but still negative and
enable PTX-LP was stable (Fig. 1).

According to morphological evaluation analysis, TEM
images showed spherically-shaped LP and confirmed an
average size beneath 200 nm. Thus, PTX-LP might serve as
stable spherical nanocarriers with longterm circulation in the
bloodstream.

3.3 Drug Loading and Encapsulation Efficiency

Herein, the amount of PTX encapsulated in LP and the total
amount of PTX in LP were calculated according to the
standard curve for PTX. Using the EE (%) and DL (%)
formula, the results demonstrated that the percent was
98.14% and 3.06% for EE and DL, respectively. These
results showed a satisfying encapsulation rate for PTX.

3.4 In Vitro Drug Release

PTX solubility in a medium containing a surfactant such as
Tween 80 is reported to be much higher. In this study,
in vitro release profiles of free PTX and PTX from PTX-LP
were evaluated in PBS (pH 7.4) containing 2% Tween 80.

Table 1 Physical characterization of liposomes after treatment with size reduction techniques

Sample Particle size (nm)
Control 2311.0 + 183.4
Sonication 196.5 £ 4.9
Extrusion 166.7 £+ 2.2
Homogenization 1649 + 8.4
Sonication followed by extrusion 146.5 £ 0.4
Sonication followed by homogenization 135.6 +£ 3.9

Fig. 1 a TEM images of LP and
b PTX-LP
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Frequency (%)

PDI Zeta potential (mV)
1.491 £+ 0.120 —81.5 £ 0.9
0.622 £+ 0.024 =73.1 £ 0.8
0.332 £+ 0.011 —74.0 £ 2.2
0.339 £ 0.020 -76.8 £ 0,9
0.376 £+ 0.043 —68.1 &£ 0.7
0.398 £ 0.028 —64.3 £ 2.6
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Fig. 2 In vitro release profiles of free PTX and PTX from PTX-LP in
PBS buffer (pH 7.4; 2% Tween 80) at 37 °C up to 96 h

As seen in Fig. 2. PTX exhibited a distinct and sequential
release pattern, with free PTX released faster than PTX-LP.
Approximately 60% of PTX was released within 24 h,
whereas less than <50% of PTX was released during the
same period. By 96 h, nearly 95% of PTX was released,
compared to 70% of PTX from PTX-LP. Our results are then
compared to the results of previous studies. Similar findings
were noted previously by Thi Lan Nguyen et al. reported
that the initial release of PTX from the targeting PTX-loaded
soy lecithin liposome prepared by thin film method and
narrowed down the particle size distribution by high pressure
homogenizer was less than 60% in 96 h [4]. In other words,
the releasing of drug-loaded LP is significantly slower than
free drug. Therefore, drug-LP can keep the drug stable,
prolong drug inside body and increase drug accumulation
into tumor sites as an efficient drug delivery system.

N.T.T. Le et al.
4 Conclusions

LP from soy lecithin has been successfully fabricated for
PTX loading by thin film method and narrowed down the
particle size distribution by sonication followed by homog-
enization. The physical properties of PTX-LP were of ideal
range, with spherical shapes, particle size around 127.3 nm
and surface charge around —55.5 mV, which would be
suitable in vivo drug delivery. The EE calculation as well as
a sustained release profile of around 70% after 96 h suggest
that LP formulation from soy lecithin is a promising can-
didate for a safe, biocompatible and stable delivery system
for PTX as an anticancer agent.
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Abstract

Hollow mesoporous silica nanoparticle (HMSN) has been
rec-ognized as an outstanding candidate for improving the
drug loading capacity of silica nanoplatforms. This study
reports the synthesis of hollow mesoporous silica
nanoparticles (HMSN) as a potential bioactive to improve
the drug loading capacity of the nanoparticles delivery
systems. Herein, HMSN was success-fully synthesized by
using tetraethyl orthosilicate (TEOS) and cetyltrimethyl
ammonium bromide (CTAB). The prepared HMSN
nanocarriers were characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM), nitro-
gen absorption-desorption isotherms, dynamic light scat-
tering (DLS), thermogravimetric analysis (TGA), and
fourier trans-form infrared (FTIR). In aqueous solution,
HMSN existed as nanoparticles with morphology, spher-
ical shape and the diam-eter range of 180-200 nm.
Especially, RhB was effectively en-capsulated into
HMSN nanoparticles to form RhB-loaded nanocarriers
(RhB/HMSN) with high loading efficiency. These results
demonstrated that this prepared HMSN nanocarrier may
serve as a promising nanocarrier with high drug loading
capacity for its potential applications in drug delivery.
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1 Introduction

Silica nanoparticles have received growing attention as a
promising nanocarrier for drug delivery applications due to
its large surface areas, high pore volume, good chemical and
thermal stability, excellent biocompatibility, and easy sur-
face functionalization [1]. Hollow mesoporous silica
nanoparticle (HMSN), with a large of cavity inside each
original mesoporous silica nano-particle, provides a
promising approach to address the challenge. In this regard,
solid SiO; core (sSi0,) is initially prepared as hard templates
using a modified Stober method. Thus, as-prepared sSiO,
spheres are coated by controllable PNS layer, which is
formed through sol-gel process of tetrathylorthorsilicate
(TEOs) catalyzed by acid or base in the presence of
hexa-decyltrimethylammnomium bromide (CTAB). Finally,
the silica cores were removed via Na,COs-ectching process
at elevated temperature or selective etching in an appropriate
solvent. Liu et al. grafted 3-(3, 4-dihydroxypheneyl) propi-
onic acid (DHPA)-functionalized beta-cyclodextrin (b-CD)
onto the surface of HMSNs to form HMSNs-b-CD
nanocarrier and further anchored polyethylene glycol
(PEG)-conjugated adamantane (Ada) on HMSNs-b-CD via
host-gust interaction for doxorubicin (DOX) delivery.
The TGA result of this study indicated that around 10 wt%
of DOX was encapsulated into HMSNs-b-CD/Ada-PEG
system, which was higher than that of PNSs (approximately
5 wt%) with similar dimensions, mainly due to the hollow
cavity structure of HMSNs [2]. Zhao et al. grafted positively
charged CDpg; nanoparticles on the pore openings of HMSN
through disulfide bonds, which was later loaded with DOX
and grafted with hyaluronic acid (HA) to form a more
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complex structure DOX/HMSN-SS-CDpg;@HA. The result
of drug loading capacity of DOX showed that the loading
efficiency of DOX/HMSN-SS-CDpg;@HA  was  30.5%,
which was significant larger than that of DOX loaded in the
PNS nanocarrier (12.5%). This phenomenon was attributed
to the high specific surface area, mesoporous structure, and
especially the hollow cavity of the prepared HMNS
nanoparticle [3]. More importantly, the prepared HMSN-SS-
CDpgi@HA nanoparticles exhibited excellent biocompati-
bility. Consequently, the use of HNMS can indeed be
valuable tool for developing nanocarriers with high drug
loading [4].

Herein, we report the synthesis process of HMSN
nanocarriers and its applications in Rhodamine (RhB) load-
ing. In order to evaluate the successful preparation and the
drug loading properties of HMSN nanocarriers, X-ray
diffraction (XRD), transmission electron microscopy
(TEM), nitrogen absorption-desorption isotherms, dynamic
light scattering (DLS), thermogravimetric analysis (TGA),
and Fourier transform infrared (FTIR) were used.

2 Experimental

2.1 Materials

Tetraethyl orthosilicate (TEOS, 98%) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Cetyltrime-
thylammonium bromide (CTAB, 99%) was purchased
from Merck (USA). Ammonia solution (NH3 (aq), 28%),
ethanol, Rhodamine B was purchased from HiMedia (India).
All chemicals were of reagent grade and used without further
purification.

2.2 Preparation of HMSN

HMSN was synthesized using the protocol reported in the
literature with minor modification [5]. The synthesis inclu-
ded three main steps: (1) sSiO, spheres were prepared as
hard templates using a modified Stober method
(2) Thickness-controllable PNS layer was coated on each
sSi0, using CTAB as the soft templates to form a core@-
shell structure sSiO,/PNS@CTAB. (3) As-synthesized
sSi0, @PNS(CTAB) together with free CTAB in the solu-
tion was mixed with aqueous Na,COj solution for 9 h at
50 °C. The mixture was later freeze-dried to obtain HMSN
spheres, which were washed several times to remove the
CTAB template.
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2.3 Characterization

XRD measurement was performed using a Bruker D2 Phaser
diffractometer. Morphology and size of sSiO,, sSiO,/
PNS@CTAB and HMSN were imaged by TEM. N,
adsorption-desorption isotherms were measured using a
TRISTAR 3000 apparatus. The surface charge of HMSN
were measured at 37 °C using a Zetasizer Nano ZS and the
loading content of HMNS with RhB was determined by
UV-Vis spectroscopy with a wavelength of 544 nm.

2.4 Preparation of RhB/HMSN

RhB was loaded in HMSN using equilibrium dialysis
method as reported earlier. Initially, 16 mg of HMSN was
separately added into RhB solution (10 pg/mL), and thus
these solution were stirred, sonicated and centrifuged to
remove non-encapsulated RhB. The amount of unloaded
RhB (Wy.rng) in dialysis solution was determined using
UV-Vis absorbance method. Briefly, fresh RhB was dis-
solved in deH,O to obtain a serious of known concentration
solutions (0-5 pg/mL), which were used a standard samples.
Absorbance of the standard and dialysis solution samples
was recorded at 544 nm using a UV/Vis spectrophotometer
(Shimadzu, Japan). The concentration of RhB in the samples
was calculated using a standard curve, which was estab-
lished based on the relationship between RhB concentrations
and absorbance of standard solutions. RhB loading effi-
ciency (LE) was calculated by LE (%) = (100 — Wy_rn)/
100*100. The RhB loading capacity (LC) was also calcu-
lated using the equation, LC (%) = (100 — Wyrgns)
(WHMSN + 100 — WU—RhB)*IOO’ in which 100 (mg) is the
initial amount of RhB for loading experiment, Wy gy is the
total amount of unloaded RhB in the dialysis solution, and
Whamsn is the dried weight of HMSN nanocarriers.

3 Result and Discussion

3.1 Characterization of HMSN

HMSN was synthesized following the literature procedures
with minor modification, as shown in Fig. 1. In this regard,
the preparation of HMSN was carried out in three main
steps, preparing of sSiO, core, porous shell (sSiO,@PNS
(CTAB)) and hollow core (HMSN), as described in Fig. 1b.
The morphology and size of these prepared nanoparticles
were further examined using TEM (Fig. 1). We obtained
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average sSiO, (114 £ 13.11 nm) in Fig. la. and HMSN
nanoparticles possessed spherical shape with 191.12 £+
15.94 nm for HMSN (Fig. 1c). Thus, the selective etching
solid silica core and protecting the integrity of silica shell
were our first two priorities of the synthesis of HMSN.
During the etching process, positively charged CTAB
(CTAB") would absorb to the surface of sSiO,@PNS
(CTAB) via electronic attraction, leaving behind the shell

Fig. 1 a, a’ TEM images and
particle size distribution of sSiO,.
b, b’ sSi0,@PNS(CTAB) and ¢,
¢ HMSN respectively

(b)
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intact. Subsequently, this process started and would be
accelerated in the presence of Na,COs in the solution,
CTAB in the porous shell, and free CTAB in the media.
After the etching process, acid acetic/ethanol (1:1, v/v)
solution was used to remove CTAB in mesopore.

As shown in Fig. 2, the broad XRD patterns reflection
peaks of HMSN (20 = 23.0°) is indicate the amorphous
nature of silica nanoparticles. Futhermore, HMSN has a
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Fig. 2 a XRD patterns and
b NO, adsorption—desorption
isotherms of HMSN
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specific area of 983.7 m*/g and pore volume of 2.33 cm’/g.
These results indicate that the synthesized HMSN with lar-
ger surface area and high pore volume.In this report, the
surface charge of the sSiO, was found to be —43.3 +
0.87 mV, and sSiO,/PNS@CTAB increased dramatically to
32.5 £ 0.66 mV. By contrast, the zeta potential of HMSN
was —25.45 £ 0.07 mV, as compared with sSiO,/PNS
(CTAB). The TGA curve of HMSN displayed the following
mass loss of HMSN was only 13%.

The FTIR spectra HMSN are shown in Fig. 3, a band at
1640 cm ™" was attributed to the OH stretching vibration of
water molecules present in HMSN. The strong peaks
appeared at around 1089, 973 and 836 cm™' were assigned
to the stretching vibration of Si—O-Si, Si—-OH and Si-O,
respectively [1], which are typical infrared characteristic
peaks of the silica nanoparticles. Besides, the broad band
observed at around 3444 cm™' was associated with OH
stretching frequency for the silanol group. Similarly, these
peaks were also observed in the FTIR spectrum of HMSN.

Wavenumber (cm-)

3.2 Drug Loading Capacity Analysis

The RhB/HMSN was prepared by using equilibrium dialysis
method. The LE was calculated indirectly from the amount
of non-encapsulated RhB. The LE, LC of HMSN was
51.67 £ 0.11% and 10.44 £ 0.02%, respectively. These
results showed that introducing hollow form resulted in high
LE and LC of nanoparticles, which may also help to enhance
tumor-targeted delivery of loaded drug from RhB/HMSN
nanocarriers.

4 Conclusion

In this study, HMSN nanoparticles has been successfully
prepared via sol-gel method in spherical shape with average
particle size of 191.12 + 15.94 nm and acted as potential
nanocarriers for effectively loading of anticancer drugs. RhB
was effectively encapsulated into the HMSN nanoparticles
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with 51.67% of LE. The developed HMSN nanoparticles
could be a promising candidate for control the release of
anticancer drug with high drug loading efficiency.
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Abstract

In this study, a scaffold comprising of curcumin (Cur) and
silver nanoparticles (AgNPs) with gelatin (Gel) as carrier
matrix was fabricated to develop a novel system potential
of antibacterial, anti-inflammatory, and antioxidant prop-
erties to aid in wound healing process. UV irradiation was
employed in the synthesis of GelAg matrix, followed by
the utilization of sonoprecipitation method to encapsulate
Cur into GelAg matrix. Since Gel is a polyelectrolyte
which possesses different charge when varying pH of
solution, the interaction of Gel and AgNPs strongly
affects to characteristics of fabricated scaffold. This study
aims to investigate the effect of this interaction on
morphology of GelAgCur scaffold by varying the amount
of AgNPs. The results suggested that at AgNPs equaled to
75 ppm, the system obtained the most potential topogra-
phy with highly porous structure and even distribution of
pores and interconnected pores.

Keywords
Gelatin (Gel) * Curcumin (Cur) ¢ Silver nanoparticles
(AgNPs)  Morphology observation

1 Introduction

Wound healing is a dynamic and complex process of tissue
regeneration and growth progress through four different
phases. During inflammatory phase, abundant neutrophil
infiltration at the wounded site and through respiratory burst
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activity, these cells release proteases, oxygen free-radicals
and inflammatory mediators. These radicals contribute to
oxidative stress, which has been recognized as a significant
feature in the pathogenesis of chronic non-healing wounds
[1, 2]. Meanwhile, perpetuation of inflammation subse-
quently damages the growing tissue at the repair site, finally
resulting in the non-healing state [3]. Furthermore, antimi-
crobial property is another crucial factor to prevent wound
from microorganism for a long healing process [4]. This
leads to a need of a distinctive composite which possesses
great antibacterial, anti-inflammatory, and antioxidant
properties with a controlled release rate specialized for cer-
tain applications to fight against microorganisms and stim-
ulate skin regeneration within wounded site.

Silver is one of the most prevalent metallic materials to
tackle infectious problems owning to its strong bactericidal
effects and a broad spectrum antimicrobial activity [5]. The
antibacterial activity of silver nanoparticles (AgNPs) is
associated with the release of Ag ions, in which small silver
ions released from AgNPs carry positive charges can easily
attracted to negatively charged cell membrane of bacteria,
then entrap, penetrate into the bacteria, disrupt respiratory
processes and cause bacterial death [6, 7]. In order to control
the release of antibacterial agents, AgNPs loaded on cross-
linked Gel fiber mats to control the release by varying the
immersing time in cross-linker can be a potential approach
[8]. Curcumin (Cur) has been widely used in the topical
treatment due to its biological potential of anticancer,
antioxidant, anti-inflammatory, antibacterial, and supportive
wound healing properties [9-11]. However, the therapeutic
efficacy of curcumin is limited due to its low solubility,
short half-life, poor bioavailability hydrophobic, light-
sensitive and practically instable in alkaline and in vivo
environment [12].

In order to control release of AgNPs and overcome the
disadvantages of Cur, Gelatin (Gel) which is a natural pro-
tein obtained from the hydrolysis of collagen and widely
known its biodegradability, biocompatibility, and
non-toxicity, has emerged as a potential carrier matrix [8].
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The diverse in functional groups in Gel structure offers many
benefits for chemical modification and covalent drug
attachment [8]. When drug is encapsulated in gelatin, not
only can the drug possess site-specific delivery but also
increase drug stability and control drug release effectively. In
this study, GelAg complex was prepared using green syn-
thesis approach involving the use of UV irradiation. Sub-
sequently, Cur was incorporated into GelAg complex using
sonoprecipitation method. The particle characteristics
including size, stability and scaffold morphology were
investigated among different GelCurAg formulations to
obtain the most potential system for further research.

2 Materials and Methods

2.1 Materials

Curcumin powders were supplied by Shanghai Zhanyun
Chemical Co. Ltd. Silver nitrate (AgNO; > 99%), and
methanol (CH30H) were purchased from Xilong chemical
Co., Ltd (China). Gelatin (porcine skin, type A), Glu-
taraldehyde 25% (GA), and poloxamer 407 (POX 407) were
obtained from Sigma-Aldrich Co., St Louis, MO (USA). All
other chemicals used in this study were purchased from
major suppliers. Ultraviolet light source came from
fluorescent lighting fixture (FLF-48, 40w—220v, 50-60 Hz).

2.2 Methods

Fabrication of gelatin loaded silver nanoparticles matrix.
The process of synthesis AgNPs using Gel as green stabi-
lizer and employing UV light was described in previous
research [13]. Briefly, Gel solution 1 wt% was stirred at
40 °C for 1 h until obtaining transparent solution. After that,
different amount of AgNO3; 1 wt% were added into Gel
solutions and stirred at room temperature for 10 min. Then
Gel-AgNO; mixtures were exposed under ultraviolet light
using fluorescent lighting fixture for 6 h to synthesize Gel
loaded AgNPs (GelAg) solutions.

Encapsulation of curcumin using gelatin loaded silver
particles. Transparent solution containing Cur and POX 407
in 5 ml methanol was prepared and quickly wise-dropped
into 20 ml of prepared GelAg solution while stirring. The
mixture was sonicated for 20 min using probe sonication
(QSONICA, USA) with amplitude of 30 and temperature
was kept at 25 = 1 °C in an ice-water bath. Then, 30 ul of
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glutaraldehyde (GA) 5% was added into the mixture and left
stirring for 2 h. After that, the mixture was centrifuged at
1000 rpm for 30 min. Finally, the supernatant was collected
and lyophilized at =50 °C for 24 h.

UV-Visible absorbance. In order to confirm the presence of
AgNPs within GelAg complex, Multi-plate reader (Var-
ioskan™ LUX multimode microplate reader) was employed
for spectrum absorbance measurement.

Particle size and zeta potential. The particle size and zeta
potential of GelCurAg system were analyzed by Zetasizer
Nano Series (Malvern Instrument Limited, UK) (n = 3).

Morphological observation. A scanning electron micro-
scope (SEM, JEOL JSM-IT100) was employed to observe
the morphology of GelCurAg scaffold at 7 and 14 kV.
Before SEM observation, the samples were coated with
platinum using the coating machine (Cressington Sputter
Coater 108 auto).

3 Results and Discussion

3.1 UV-Visible Absorbance

Figure 1 displays the change in color of GelAg solution, in
which the color of GelAg solution changed from colorless to
yellowish due to the excitation of surface plasmon reso-
nance, a characteristic feature of synthesized AgNPs [14].
The more the amount of AgNPs resided in solution, the
darker the color of GelAg solution is.

Figure 2 illustrates the UV-Visible spectrum of GelAg
complex. The absorption peak was recorded at around 430-
450 nm in the UV-Visible spectrum confirming the forma-
tion of AgNPs [13]. Aquatic solution containing AgNO; and
Gel under the effect of UV irradiation can produce solvated
electrons which in turn reduce the metallic cations to the
metallic atoms and finally coalesce to form agglomerates
[15]. Then AgNPs are stabilized by the amine pendant
groups on the gelatin backbone, ultimately leading to the
formation of gelatin-stabilized AgNPs. After the synthesis of
GelAg complex, Cur was loaded into this system using
sonoprecipitation method. Cur and POX 407 were dissolved
in methanol and to form solvent phase, which was then
dropwised into anti-solvent phase (GelAg complex) to form
an oil-in-water emulsion. Then, POX 407 with a
hydrophobic portion and a hydrophilic one was employed as
emulsifier to stabilize this system.
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Fig. 1 Fabricated GelAg
solution with different AgNPs
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Fig. 2 Corresponding UV-visible spectrums of GelAg complexes

Table 1 Zeta sizer analytical results of different formulations
GelCurAg scaffold (n = 3)

Code Particle size PdI Zeta potential
(nm) (mV)
GelCur 217.0 + 164 0.21 £ 0.06 29.1 £0.5
GelCurAg;so  207.5 + 47.8 031 £0.03 257 £0.7
GelCurAg;s 2389 4 40.8 0.13 £0.07 329+ 19
GelCurAggy  230.2 &+ 39.8 0.11 £ 0.06 33.5£0.8
GelCurAgys 2625 = 71.8 0.14 £ 0.09 27.1 £0.6
GelCurAgs, 387.7 £ 674 0.18 £ 0.13 329 £ 0.9

3.2 Particle Size and Zeta Potential Analysis

Shown in Table 1 are various analyzed parameters obtained
by Zeta sizer. The presence of AgNPs inside the system
slightly increased the size of GelCurAgNPs, except for
GelCurAgso, while there was no significant difference in
stability among different formulations. The formation of
AgNPs did not alter the size of the NPs significantly and the
nano-suspension remained stable for two weeks before the

oil-in-water emulsion collapsing, leading to the separation of
oil and water phase. However, since the gel strength of Gel
type A used was high, ~300 g Bloom, the system was more
in the gel form and could be utilized for topical treatment
(Fig. 3).

3.3 Morphology Observation

SEM was employed to observe the differences in morphol-
ogy of GelCurAg scaffold of different formulations. Poly-
meric scaffolds are substrates for the implanted cells with
good physical support to control the tissue restoration or
improve the functional tissue regeneration. The 3D poly-
meric scaffolds with highly porous and well-interconnected
open pore structure can also support cell adhesion, migra-
tion, proliferation, and differentiation. Gel loaded Cur alone
obtained the largest pore size and when AgNPs were loaded,
the pore size of GelCurAg became smaller due to the
interaction between AgNPs and Gel backbone. While at
150 ppm, the GelAg interaction created a disoriented
structure due to the dominance in negative charge of
AgNPs. After reducing the amount of AgNPs the system
became more even in distribution of smaller size pores and
interconnected pores. When decreasing AgNPs loaded to
45 ppm, the system became disorient again and larger pores
3D structure was observed, this might due to the lack of
AgNPs leading to the unbalance in solution electrolyte
charge and altered the topography of GelCurAg scaffold.
Based on SEM observation, GelCurAg;s seems to possess
the most promising structure with the pore size ranging from
100 to 200 pm, which is suitable to support cells to migrate
and adhere (Table 2).
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Fig. 3 SEM morphology of fabricated GelCurAg scaffold at different AgNPs: a 0. b 150. ¢ 75. d 60. e 45. f 30 ppm. Scale bar: 100 pm

Table 2 Formulation compositions (weight basis) for the preparation of GelCurAg scaffold

Code UV time
GelCur -
GelCurAg;so 6h
GelCurAgys 6 h
GelCurAgg 6 h
GelCurAgys 6h
GelCurAgs 6 h

4 Conclusion

In this initial study, GelAg complex was utilized to encap-
sulate Cur to achieve a novel system which is anticipated to
possess outstanding antibacterial property and aim to stim-
ulate wound healing capacity. The results suggest that at
AgNPs equaled to 75 ppm, the system obtained the most
potential topography due to highly porous structure and even
distribution of pores and interconnected pores. Thus, the
processed sample is appropriate for further investigations
and developments to examine and enhance its characteristics
and in vitro performance to achieve the most optimal
formulation.
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Abstract

Nanoneedles are a materials platform that facilitates
intimate tissue- and cell-interfacing, and drug and
nanoparticle delivery. Engineering silicon needles,
with <100 nm sharpened tips, allows the response of
cells to be studied when the cell membrane and nucleus is
placed under extreme curvature. Different cell types
respond differently, and are influenced by the geometry of
the nanostructures. Topography, material mechanical
properties, and surface chemistry all play important
roles—with the challenge understanding the impact of
each. Here, we briefly review the use of nanoneedles in
multiple applications within the Stevens Group, and
present the fabrication method used to create biologically
relevant nanostructured surfaces. We also discuss the
current challenges and future opportunities for
nanoneedles.
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1 Biological Applications for Nanoneedles

1.1 Introduction to Nanoneedles

Nanoneedles are high-aspect-ratio nanostructures, patterned
on flat surfaces, with typical heights of one to ten
micrometres [1-3]. They are conical in nature, and tapered to
a sharp point less than 100 nm in radius of curvature (see
Fig. 1). This sharp point is the defining feature of a nano-
needle, differentiating it from blunter high-aspect-ratio
structures such as nanopillars [4]. In the literature, nano-
needles are often referred to by the synonym nanowires,
which is used somewhat interchangeably, and often to refer
to less conical, vertically-aligned needles with sharp tips [5].

Silicon is a common material choice for nanoneedles. It
offers several advantages: silicon processing is
well-established thanks to the extensive investment in tools
to fabricate silicon-based microprocessors; silicon is readily
available as near-atomically flat wafers, providing a smooth
surface which helps yield uniform nanoneedles; crystalline
silicon can be converted into porous silicon, dramatically
altering the material properties, and enabling biodegradable
nanoneedles. While other material systems, such as carbon
fibres and quartz have been explored [4, 6], silicon remains
the most-widely used.

Nanoneedles and other nanostructured materials have
been developed for a wide-range of research activities. In the
case of biological interfacing, the research impetus has been
to stimulate biological responses and access to the intracel-
lular environment. The most common areas are: delivery of
biorelevant cargoes into cells [2, 5, 7]; sensing of the bio-
chemical intracellular environment [2, 8, 9]; providing
topographical cues to guide cell expression [10]; sensing and
stimulating the electrophysiological cellular environment
[11]; and, in the case of prokaryotic cells, acting as an
anti-bacterial surface [12].
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Fig. 1 A scanning-electron microscopy micrograph showing an array
of 2 um spaced silicon nanoneedles. Sample prepared by S.G. Higgins,
Stevens Group

1.2 Nanoneedles for Studying Cellular
and Nuclear Mechnotransduction

Cells are highly sensitive to their environment, and suscep-
tible to mechanical and physical cues. In the case of
pluripotent and multipotent stem cells, understanding and
controlling this behaviour is an area of great interest, aiding
the development of new regenerative therapies and disease
models [13]. Microstructured topographical surfaces have
been explored extensively: microgrooved and microcontact
printed substrates can guide stem cell fate [14, 15]; the
formation of focal adhesions between the cell membrane and
surrounding material can be modified by patterning regions
of different material stiffness [16].

The sharpness of nanoneedles presents an opportunity to
probe cellular mechanotransduction with even greater pre-
cision. Recent studies have suggested that membrane cur-
vature is intimately linked to fundamental processes such as
endocytosis [17], where modulating curvature may influence
endocytotic behaviour. Nanoneedles are the ideal platform
for probing this type of behaviour, as surfaces can be readily
tailored using microfabrication processes to yield a range of
geometries and test structures.

1.3 A Materials Platform for Delivery

Nanoneedles have been demonstrated as an effective tech-
nology for delivering a wide variety of cargoes into cells.
Different biorelevant molecules can be physisorbed onto the
needle surface. Typically, the surface is prepared using an
oxygen plasma treatment and/or treatment with an
amino-silane self-assembled monolayer, both of which

promote binding. This approach has been used to attach
nucleic acids, nanoparticles, proteins and peptides to the
surface of silicon nanoneedles [1, 2, 5, 8]. Diced silicon
chips of nanoneedles are immersed in a solution or sus-
pension of the target molecule, and incubated. Cell inter-
facing is achieved either by seeding cells directly onto
loaded nanoneedles, or by placing the inverted chip onto a
cell culture. In the latter case, penetration can be enhanced
by centrifuging the chip in situ on top of the cells.

Within the Stevens Group, Gopal, Hansel and Chiappini
et al. have used this approach to demonstrate how nano-
needles modulate endocytotic machinery [22], inhibit
membrane focal adhesion maturation [23], and deliver
hydrophilic cadmium telluride quantum dots into HeLa cells
[2]; quantum dots were dispersed throughout the cytosol in
less than one hour after interfacing. Nanoneedles can also
deliver molecules in vivo; nanoneedles loaded with a human
VEGF165 plasmid DNA transfected muscle cells in a mouse
model, inducing neovascularisation in the tissue [1]. This
behaviour was more pronounced than a direct injection of
the same plasmid. Such approaches could help deliver rel-
evant factors to aid wound-healing, and for encouraging
tissue to graft to implanted structures.

1.4 A Materials Platform for Sensing

Nanoneedles can sense the intracellular environment. By
covalently binding a pH-sensitive fluorophore (fluorescein
isothiocyanate) and a reference fluorophore (AlexaFluor
633), the ratio of the two fluorescent signals can be used to
map the intracellular pH in different cell-culture regions [2].
Two cell lines were investigated: the cancerous esophageal
adenocarcinoma cell line OE33 and a healthy esophageal
cell line HET-1A. The more acidic cytosolic environment of
the cancerous cells was sensed as a quenching of the
fluorescence of the fluorescein isothiocyanate marker, and
corresponding shift in the ratiometric fluorescence.

Enzymatic activity can also be sensed by conjugating a
fluorescently-tagged peptide to the surface of a nanoneedle
array [8]. This peptide can be cleaved by Cathepsin B, a
cysteine protease, releasing the fluorescent marker into the
cytosol. Cathepsin B is upregulated under several circum-
stances, including in cancerous tissues, and is used as a
biomarker for some solid tumours. This approach showed
that seeding both healthy and cancerous esophageal cell
lines onto labelled needles, allows enzymatic activity to be
mapped using fluorescent microscopy. This approach could
be used to develop a sensor capable of assisting with eso-
phageal cancer diagnoses.
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2 Manufacturing Approach for Silicon
Nanoneedles

2.1 Microfabrication Technique

Within the Stevens Group, a p-type boron-doped silicon
wafer is first coated with a layer of low-stress silicon nitride
using low-pressure-vapor deposition. Use of a low-stress
layer is particularly important for providing a continuous,
hard-etch mask, chemically resistant to subsequent wet
etching. An array of disks, nominally of ~600 nm diameter
is patterned onto the surface using photolithography. The
array dimensions are a function of the patterning mask
design; commonly, 2 pm spaced nanoneedles provide a
good needle-to-cell ratio for the average eukaryotic cell size,
although the precise relationship between spacing and cell
response is still under study.

The disk pattern is transferred into the silicon nitride etch
mask using reactive-ion etching, by exposing the substrate to
a directed CF; plasma. After transfer, the photoresist is
removed and a descum step carried out.

The negative of the flat disk pattern is etched into the
substrate to form three-dimensional cylinders. While this
step can be performed by a variety of techniques, a wet
etching process known as metal-assisted chemical etching
(MACE) allows the formation of biodegradable nanonee-
dles. Metallic silver nanoparticles are coated onto the
patterned surface using electroless deposition. The
metal-coated substrate is then immersed in a bath of
hydrofluoric acid and hydrogen peroxide. The silver
catalyses the etching of silicon by the hydrofluoric acid,
preferentially increasing the etch rate on flat silicon areas.
As the surface is slowly eroded, the exposed sidewalls of
the silicon pillars are not coated with silver and therefore
etch slower. This makes the process highly anisotropic. By
using an appropriately conductive silicon wafer, and by
tuning the concentration of hydrogen peroxide, the
remaining material is converted from solid into porous
silicon. This gives the nanoneedles their biodegradable
nature. Upon exposure to aqueous conditions, porous sili-
con reacts to form orthosilicic acid, a product found
natively in the body, and readily excreted [18].

After wet-etching, the remaining silver metal is chemi-
cally removed, and the substrate exposed to another
reactive-ion-etching plasma, SFq. This step: removes the
silicon nitride etch mask, tapers the cylinders into sharpened
needles, and strips very thin residual silicon structures left
between nanoneedles by the MACE process. The silicon
wafer is diced into the desired size, and oxygen plasma
cleaned before use (Fig. 2).
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3 Future Challenges for Nanoneedles
3.1 Understanding the Mechanism
of the Cell-Material Interface

The interfacing behavior of nanoneedles has been a topic of
much discussion. Nanoneedle tips are an order of magnitude
smaller than most eukaryotic cells. As needles are interfaced
with the cell, the cell membrane is contorted by the sharp
tip. Whether the nanoneedle penetrates the cell, or merely
convolutes the membrane, has been a topic of much discussion
throughout the literature [1, 3, 7, 19]. As well as being highly
dependent upon nanoneedle geometry, most reports of pene-
tration require that cells be electroporated before intracellular
access is observed. For example: nanoneedle electrodes show
a reduction in the electrical resistance between electrode and
cell after electroporation [11], and cells on hollow nano-
needles similarly show greater delivery of a fluorescently-
tagged marker after electroporation [20]. Studies using
focussed ion-beam milling scanning electron microscopy
(FIB-SEM) have suggest that in the absence of electroporation
the membrane is strongly perturbed, but not penetrated [21].
Recently, we have shown using a combination of electron- and
scanning-ion-conductance microscopy that porous silicon
nanoneedles stimulate endocytotic pathways in cells, resulting
in an increase in cellular uptake [22].

3.2 Impact of Geometry and Material Choices

Another area for further investigation is developing a clearer
understanding of the impact of nanoneedle geometry on cell
response. While studies have shown that the deformation of
the cell membrane of fibroblast cells (NIH-3T3) to
nanopillars is strongly dependent upon pitch spacing and
nanopillar radius [4], it is unclear if the same behaviour
applies to sharp nanoneedles. Cells mechanically interact
with their environment through the formation of focal
adhesions, protein complexes embedded in the cell mem-
brane, which form a direct mechanical contact between the
extracellular environment and internal actin cytoskeleton.
Different cell types also exhibit different responses, adding a
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further complication. Investigating a wider range of needle
geometries and cell types will provide better insight into the
underlying mechanisms.

To date, the majority of nanoneedles have focussed on the use
of silicon and other mechanically-hard inorganic materials such
as quartz or alumina, for practical processing reasons. Although
technically challenging, developing systems from softer mate-
rials, such as organic polymers, present an opportunity to
explore the impact of both the topographical nanoneedle cues,
and material properties. This would also have implications for
the practical application and adoption of nanoneedles as a
delivery and sensing system in the clinical environment.

3.3 Summary

Nanoneedles are an exciting technology platform that enable
a wide-range of sensing, delivery applications, as well as
providing a means to study fundamental cellular behaviours.
Within the Stevens Group, we have already demonstrated
the value of nanoneedles by transfecting tissue in vivo,
delivering quantum dots to cells, and sensing intracellular
pH and enzyme activity. Moving forward, questions remain
over the precise impact of nanoneedle geometry and material
cues, providing a new set of research challenges.
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Abstract

Tribology is an important factor (among other factors)
during biological interactions of devices and tissues. The
paper discusses how new computational and experimental
methods can be used to understand and improve the
design and development of medical devices at macro and
micro scales to sustain life beyond 50 years. We have
used pre-clinical experiments and computational methods
to understand interactions between orthopaedic implants
at the macro scale. The computational model has been
validated with experiments. Now this computational
model can predict damage in implants for different
patients. One such application was successfully tried
and tested in collaboration with University National
Autonomous Mexico. This methodology can be used in
future to design patient specific, affordable (using 3D
printing) and robust implants which will be useful for
developing countries like Vietnam, India and Mexico.
Improvement of catheter designs is important to reduce
damage to the internal tissues while being used for
cardiovascular problems. We are developing new exper-
imental techniques (in micro scale) that can be used to
understand the interaction of cells with the catheter
material. These will help reduce the hospital costs
incurred during longer stay of the patients admitted for
cardiovascular related problems.
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1 Introduction

Experimental work is robust, however, it is time consuming
and costly [1, 2]. The experimental investigations of kine-
matics for artificial patella femoral joint replacements for
new samples and samples after 15 million cycles took more
than 15 months to complete [3]. On the other hand, com-
putational modelling is not costly and explain quasi-static
conditions of any interactions, however, requires validation
with the experiments [3]. The same kinematics generated
using multi-body dynamic simulations took 2 h. The kine-
matics generated using the multi-body dynamic simulations
were validated with experimental methods [3]. This paper
outlines the two methods (namely computational and
experimental) for understanding surface to surface interac-
tions at macro and micro scales. These methods are useful in
conditions where great in-depth knowledge is required for
design and development of medical devices. The paper is
divided into two studies. The first study compares the
damage/contact maps generated by experimental, computa-
tional and retrieval studies of artificial patella femoral joint
replacements at the macro scale. The second study highlights
a frictional study between a glass bead (representing a
catheter tip) against a fibronectin layer on a glass plate
(representing tissues without the endothelial cells). Compu-
tational studies have been planned in future. However, the
micro cellular interactions will be beneficial to understand
tribology at the micro level.
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2 Materials and Methods
2.1 Experimental and Computational

Tribological Studies at the Macroscopic
Scale

For the studies at the macroscopic scale, artificial patella
femoral joint components (38 mm dome moderately linked
ultra-high molecular weight polyethylene patella and Cobalt
Chrome Molybdenum size 3 right femoral) were acquired
from DePuy International. Experimental tests were carried
out in Knee Sim I (Leeds) at gait cycle [1, 2] for 12 million
cycles. The damage maps generated due the tribological
interactions were compared with retrievals [4]. More details
on the kinematics associated with the gait cycle, lubrication
used during the pre-clinical testing are reported
elsewhere [1].

A computational study was carried out using Multi-body
Dynamic  Simulations (MBDS) platform  namely,
MSC ADAMS (Siemens Inc., USA). The model was gen-
erated by importing the computer aided design (in STL
formats). More details on the design and development of the
model is reported elsewhere [3]. The tracks generated by any
elements of femoral component were mapped on the patella
component. Joining the highest superior and lowest inferior
points of the tracks resulted in generation of a contact
map. The contact map generated was validated against
experimental and retrieval studies.

2.2 Experimental and Computational
Tribological Studies
at the Microscopic Scale

The experimental studies were carried out using a Universal
Material tester (UMT-2). An interaction of engineered tissue
with endothelial cells and a catheter tip. Hence, the first step
to understand the complete tribological interaction between
catheter and engineered tissue was to investigate the effect
on fibronectin. A glass bead of 1000 pm diameter was slid
(0.20 mm/s) against HiLyte FluorTM 488 Fibronectin
(Cytoskeleton Inc., USA) coated on a glass petri dish to
generate a contact pressure of 350 kPa. The tribological
interaction was submerged in PBS solution. Images of the
fibronectin layer before and after the interaction with the
glass bead were captured using inverted microscopy (Nikon
Eclipse Ti, Amsterdam). Due to the complexity in the tissue
being poroelastic and viscoelastic, a computational model
will be developed in the future.

R. Maiti et al.
3 Results and Discussion
3.1 Experimental and Computational

Tribological Studies at the Macroscopic
Scale

Good correlation between the experimental damage and
MBDS contact maps were achieved (see Fig. 1). The dam-
age and contact maps were covering 40% of the total surface
area. However, the contact map was stretched towards the
inferior side and the damage map was stretched towards the
medial lateral side. This is due to the presence of limited
medial lateral patellar motion (<1 mm) in the MBDS.

Further studies to include medial lateral motion (up to
6 mm) will be conducted in future. The sensitivity analysis
show that the medial lateral motion and flexion extension
angles are important parameters influencing the size of
contact maps generated by the MBDS computational model.
These studies will help be helpful to design right implant for
right patients for developing countries like Vietnam, India
and Mexico.

Fig. 1 Comparison of experimental damage map (in black short dash)
and computational contact map (in red long dash). Sensitivity analysis
of the contact maps with change in kinematics are presented in solid
green and solid blue. The star represents the centroid of the damage
map. S: Superior, I: Inferior, M: Medial and L: Lateral side of the
patella component
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3.2 Experimental Tribological Studies

in Microscopic Scale

The tribological interaction of a glass bead on a fibronectin
layer generated a frictional graph as shown in Fig. 2a. The
coefficient of friction is constant at 0.2 for most of the
interaction. After a certain point, there is a drop in coefficient
friction. This is due to the accumulation of fibronectin
between the contacts resulting in lubrication and decrease in
the coefficient friction as shown in Fig. 2b, c. Due to the
presence of PBS and buffer solution, the scratch boundaries
can be easily located at 40x scale.

Frictional studies with hydrogel will be conducted in
future to assess the effect of hydrogel on the tribological
properties. The computational studies will be conducted and
validated in parallel to understand the catheter tissue inter-
action. We predict the changes in catheter design in future
based on the studies which will save a lot of money for
developing countries in terms of number of days a patient
takes to recover after the surgery in a hospital.
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4 Conclusion

Experimental and computational methods are useful for
understanding the interaction between two interacting sur-
faces in macro and micro scales. The paper describes two
such studies: artificial patella femoral joint replacements and
catheter tissue interactions. These studies will generate
substantial knowledge to improve design and development
of medical devices in future.
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Abstract

In recent years, there has been a wide range of studies about
demonstration of micro-plasma safety on cells. This study
emphasizes micro-plasma effects on cells, especially pro-
liferation and migration, by using Western Blot technique
and Image J analysis software determines the relative
density of protein y-H2AX (the protein marks a deoxyri-
bonucleic acid—DNA breaks) in groups of muscle cell of
mice (L929) treated by N,/Ar micro-plasma in different
exposure time (0, 5, 10 and 15 s) with capacity 17 W.
Analysis of results aims to evaluate and compare micro-
plasma safety in various exposure time. In conclusion, by
those results lead to confirm the safety of micro-plasma at
the molecular level in terms of cell viability, proliferation
and migration. Thanks to micro-plasma effects on cell,
micro-plasma is used in wound healing, sterilization, and
can even be used to kill cancer cells.

Keywords
N,/Ar micro-plasma ¢ Cell proliferation * Cell
migration * Western blot * Protein y-H2AX

1 Introduction

The term plasma in physics refers to a partially ionized
medium, usually gas. Importantly, plasma not only produces
electrons and various ions, but also neutral (uncharged)
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atoms and molecules, such as free radicals and electronically
excited atoms having high chemical reactivity and the
capability to emit UV [1]. Plasma-based electrosurgical
devices have long been employed for tissue coagulation,
cutting, desiccation, and cauterizing [2]. Recently, there
have been significant developments in cold atmospheric
pressure plasma science and engineering. New sources of
cold atmospheric pressure plasma with well-controlled
temperatures below 40 °C have been designed, permitting
safe plasma application on animal and human bodies [3]. In
the last decade, a new innovative field, often referred to as
plasma medicine, which combines plasma physics, life sci-
ence, and clinical medicine has emerged. This field aims to
exploit effects of plasma by controlling the interactions
between plasma components (and other secondary species
that can be formed from these components) with specific
structural elements and functionalities of living cells [4].

Micro-plasma is a cold atmospheric pressure plasma. The
size of micro-plasma depends on the distance between the
two electrodes, ranging from tens, hundreds, even thousands
of micrometers. In micro-plasma, gas can be maintained
close to room temperature [5]. By virtue of outstanding
features such as reactive oxygen nitrogen species production
at the atmospheric pressure and room temperature condi-
tions, micro-plasma becomes the best choice for wound
healing, sterilization, blood coagulation, Studies on the
application of micro-plasma for cells and animals have
determined that a certain amount of plasma can promote
wound healing, cell proliferation and migration, etc.

However, detailed mechanisms at the cellular and
molecular level are not yet fully understood. Is it really safe
to use micro-plasma for treatment on cells, animals and
humans? This study will test the safety of micro-plasma
effects on L929 mouse skin fibroblasts through the deter-
mination of y-H2AX protein content (the protein marks a
DNA breaks) by Western Blot technique. From there, reaf-
firmed the safety of micro-plasma in the stimulation of cell
proliferation and migration.
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2 Materials and Methods

2.1 Fibroblast Cell (L929) Culture

Fibroblast cells derived from an immortalized mouse
fibroblast cell line were preserved in alpha modified Eagle’s
medium (a-MEM) with 10% horse serum (Gibco, Invitro-
gen, CA, USA) and 10 ml 10,000-U ml ! penicillin—
10,000 mgml™"  streptomycin (Sigma, St. Louis, MO).
Before the experiments, fibroblast cells were washed with
phosphate buffered saline (PBS), and detached with trypsin
(Gibco, Invitrogen). In the cell coverage model, fibroblast
cells were placed consistently in a 24-well plate (Nunc,
Thermal Scientific), with 7.5 x 10° cells/ml in a complete
medium, and maintained at 37 °C under 5% CO, for 24 h.
Fibroblast cells with two different cell densities were pre-
pared for the various experiments, and these are denoted as
“the test cells”.

2.2 Protein y-H2AX

In recent years, a new biomarker, the phosphorylated histone
H2AX, has become a powerful tool to monitor DNA breaks.
When DNA damage, whether it is endogenous or exoge-
nous, forms double stranded breaks (DSBs) or single
stranded breaks (SSBs) which are in chromatin. They
promptly initiate the phosphorylation of the histone H2A
variant, H2AX, at Serine 139 to generate y-H2AX [6]. This
newly phosphorylated protein, y-H2AX, is the first step in
recruiting and localizing DNA repair proteins. DNA breaks
can be induced by mechanisms such as ionizing radiation or
cytotoxic agents and subsequently, y- H2AX foci quickly
form. These foci represent the DNA breaks in a 1:1 manner
and can be used as a biomarker for damage.

Given the nexus between DNA breaks and the y-H2AX
response, as well as the allowable conditions of the study,
we used the Western Blot technique to obtain y-H2AX
protein density to determine DNA breaks.

2.3 Micro-plasma System

A custom-made micro-plasma jet source was driven by a
radio-frequency power supply of 13.56 MHz (ENI ACG-3B,
MKS Instruments Inc., Rochester, New York, USA) with a
matching device (ACG-3B, ENI Corp., Rochester, USA).
This jet source was a capillary electrode through which the
additive N,. The micro-plasma device used in this work
contained a quartz tube as the gas channel and a dielectric
layer with an outer diameter of 2 mm. At the center of the
quartz tube, a stainless steel capillary tube (with a diameter
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of 0.2 mm, fixed by a perforated Teflon fitting) was used as
the inner electrode as well as the N, or O, feeding tube.
A copper chip was used as the outer electrode, and this was
connected to a generator (Fig. 1).

2.4 Temperature Measuring

Plasma plume temperature was estimated using a fiber optic
thermometer. The distance from the fiber to micro-plasma jet
nozzle was about 4 mm. The temperature was measured in a
range of applied powers from 13 to 17 W with a flow rate
of 5 standard litre per minute (slm) Ar. To produce
N-containing radials in an excited phase, 0.1, 0.5, and 1%
(2.5, 12.5, and 50 sccm) of N, were poured into Ar plasma
in the capillary tube.

For a given supplied power, an increase in N, content
significantly decreased the average temperature, in particular
for the cases with relatively high supplied powers. In the
following studies, a supplied power of 13 W and a distance
of about 4 mm between the target substance and micro-
plasma jet nozzle were used in order to maintain the desired
temperature (Fig. 2).

2.5 Ultraviolet Detection

Plasma UVA and UVB were estimated using a UV sensor.
Micro-plasma device was placed on an X-Y coordinated

. Hollow inner electrode.

. Dielectric quartz tube.

. Outer copper electrode.

. 48-well plate

. Fiber optic thermometer.

. Optical Emission Spectroscopy-OES system.
. RF power supply with matching network.

. Mass flow control.

o N e Y AR S

Fig. 1 Illustration of non-thermal atmospheric N,/Ar micro-plasma
applied for the stimulation of fibroblast cells in medium
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table and the distance from micro-plasma jet nozzle to the
UV sensor was varied from 3 to 9 mm. The UV intensity
was measured in applied powers from 13 W with a flow rate
of 5 slm Ar. To produce N-containing radials in an excited
phase, 0.1, 0.3, and 0.5% of N, were poured into Ar plasma
in the capillary tube.

UVA and UVB intensity were significantly decreased
with the different distance from the plasma jet to UV sensor.
The result of the UVA and UVB in the case of 0.5% N,/Ar
micro-plasma, the UV intensity with the distance vary from
3 to 9 mm also smaller than the UV standard (1000 J/cm?),
therefore this result is confirm the bio-safety of micro-
plasma device for biomedical applications (Fig. 3).

2.6 Cell Proliferation and Cell Coverage Tests

The test-cell viability with and without plasma exposure was
assessed via MTS assay (CellTiter 96 AQueous One

XX\t

15
Supplied Power (W)

Solution proliferation, Promega). In the experiments,
plasma-exposed cells were cultured for 24 or 48 h (two
groups). The reagent Aqueous One solution (=60 pl) was
directly added to the culture wells containing both groups of
cells. After 3 h incubation at 37 °C under 5% CO,, the
solution (=100 pl) in each culture well was transferred to
96-well plates (Nunc, Thermal Scientific). The absorbance at
492 nm for the solution in 96-well plates as measured with a
standard microplate reader (Multiskan EX Labsystems,
Finland). The quantity of formazan product in association
with the intensity of absorbance was directly proportional to
the number of cultured living cells. The migration ability of
the plasma-exposed cells was assessed.

The test cells were first exposed to N/Ar micro-plasma
for 5, 10, or 15 s. The gaps filled by the test cells and
plasma-exposed cells were observed using an optical
microscope and evaluated with the WIMASIS image anal-
ysis software. Cell coverage tests were carried out every 3 h
until the gaps were fully covered.

Fig. 3 The UVA and UVB vary 1010
with the addition of N, (0.1, 0.3,
and 0.5%, respectively) to the Ar
micro-plasma
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2.7 Analysis of H2AX Phosphorylation
by Western Blot

Protein extraction and quantification:

Wash cells with cold PBS and then lyse with ice cold
RIPA buffer for 45 min at 4 °C. Centrifuge the extracts at
12,000 g for 15 min at 4 °C. Collect the supernatant con-
taining total extracted proteins. BCA protein assay kit (Pierce
Scientific Ltd.) will be used for protein quantification.

SDS-PAGE and Western blot:

e Load samples (30-50 pg protein) on a polyacrylamid gel
(4.0% stacking gel and 15% running gel).

e Run gel at 100 V (Bio-Rad Mini-Protean gel elec-
trophoresis system will be used).

e Transfer proteins from the gel to the membrane.

e Equilibrate gel in transfer buffer for 15 min.

e During equilibration, cut nitrocellulose to the size of the
gel; wet in water and soak in transfer buffer.

e For each gel, cut 2 pieces of 3 mm paper to size of gel
and soak in transfer buffer.

e Wet pads with transfer buffer.

e Assemble transfer unit as outlined below: (Red) pos. pole
—clear plate—pad—3 mm-—nitrocellulose—gel—
3 mm—pad—black plate—neg. pole (Black). Make sure
no bubbles are trapped.

¢ Close the sandwich board and dunk into partially filled
transfer chamber.

e Put in “Biolce” and fill chamber to top, but do not over
fill.

e Run transfer at 30 V overnight in a cold room.

e Verify transfer by staining with Ponceau S dye.

e Block membrane for 1 h at room temperature on an
orbital shaker using 5% (w/v) non-fat milk in TBST.

e Incubate with primary antibody diluted in TBST
(1:1000-Phospho-Histone H2A.X (Ser139) (20E3) Rab-
bit mAb#9718 Cell Signaling) overnight at 4 °C on an
orbital shaker.

e Pour off primary antibody solution and wash 3 x 10 min
in TBST at room temperature.

e Incubate with secondary antibody (Anti-rabbit IgG,
HRP-linked Antibody #7074—Cell Signaling) diluted
(1:2000) in 5% milk in TBST for 1 h at room tempera-
ture on an orbital shaker.

e Pour off secondary antibody solution and wash 3 x 10
min in TBST at room temperature.

o ECL chemi-luminescence [Amersham Biosciences (GE)]
will be used to detect protein bands. Manual band
quantification will be carried out using Image J.

N. T. M. Hien et al.
3 Results

3.1 Stimulation of Fibroblast Cell Proliferation
Figure 4a shows images taken during the cell coverage tests
for the plasma-exposed cells after incubation for 6 or 12 h.
Figure 4b further examines the cells coverage rates in
association with the cell migration ability. Significant
increases in cell migration were found for the plasma
exposed cells (5, 10, or 15 s) after incubation for 6 or 12 h
(p < 0.05 or 0.01), as compared with the untreated ones.

For example, there was ~80% increase in the cell cov-
erage rate (=60% increase for the untreated cells) for the test
cells after 10 s plasma exposure and 6 h incubation. For a
similar plasma exposure time and 12 h incubation, ~98%
increase of cells coverage rate (=87% increase for the
untreated cells) was estimated.

3.2 The Relative Density (y-H2AX/a-Tubulin)
Corresponds to Proliferation and Cell
Migration from the Results in Sect. 3.1

Based on the results of the y-H2AX protein concentration
obtained, the DNA breakages at different dose times are
different (Fig. 5).

In this primary result, the amount of DNA breakage in
the groups is not too large. Correspondingly, the relative
density of the y-H2AX protein of the cell group which is
exposed for 5s, is 0.5. It is 0.1 unit lower than the cell
group not exposed by micro-plasma. It is the same with the
cell group exposed to micro-plasma for 10 s, the relative
density of the y-H2AX protein was 0.52. It is 0.12 unit
lower comparing to the untreated group. This proves that
the rate of DNA breakages in the 5-s and 10-s groups are
lower than in the untreated group. There might be cell
deaths exit due to the effects of ROS on DNA fragmenta-
tion, but the amount is not significant. Essentially, the
amount of DNA that breaks down is still within the DNA
repair range. The amount of cells observed during these
periods proliferate, due to the mechanism of action of RNS.
The reasonable dose time (5 and 10 s) can be considered
reasonable for cell proliferation with the power of 0.5% Ny/
Ar at 13 W.

At 15-s duration, the relative density of the y-H2AX
protein increases by 0.1 compared to the untreated cell
group. This may be due to DNA repair does not respond fast
enough to DNA damage, resulting in cell death in the form
of apoptosis but there is no signs of necrosis.
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Fig. 4 a The progression of cell coverage, 6 and 12 h after plasma exposure times of 5, 10, and 15 s, were recorded with an optical microscope
and b plotted for statistical analyses. Error bars indicate the standard error of the mean for n = 6 independent experiments
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Fig. 5 The graph showing the relative density of the y-H2AX protein
derived from 1929 cell samples treated by 0.5% N,/Ar micro-plasma at
different exposure times

4 Conclusions

From the results of the experiment, the level of safety of the
micro-plasma is confirmed again. It is possible to see that the
effective time of cell exposure micro plasma to stimulate cell
proliferation is from 5 to 10 s with 13 W capacity. The
reason is that many components of micro-plasma interact
with cells, especially ROS/RNS concentration generated
from micro-plasma is enough to stimulate proliferates cells.

Evidence is that the number of cells observed under the
microscope increases and that the relative density obtained is
very low. Without a DNA repair mechanism, DNA breakage
will cause cell death.

When the dosage of micro-plasma exceeds the allowable
safety threshold (high power, long exposure time), the
number of DNA breaks increases (due to excessive ROS
oxidative stress, high levels of ultraviolet rays, etc.). As can
be seen in the results with a 15-s exposed-time, the number
of cells decreases significantly and the relative density
increases. This primary result demonstrates that with a low
dosage, micro plasma can minimize DNA damage, restore
cells, proliferate cells (heals wounds), but with a higher dose
level, micro-plasma can cause cell death in the form of
apoptosis. As a consequence, it can be said that
micro-plasma is safe for cells with low dosage.
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Abstract

The prosthetic hand is used to replace a missing part of a
hand, which may be lost through trauma, disease, or
congenital conditions in order to restore the normal
functions of the hand. The state of the art design and
development of prosthetic hands has been well studied
and documented. The modern prosthetic hands which are
computer-controlled via the means of electromyogram
(EMG) signals are very helpful for amputees; however,
they are expensive, not always available for low-income
populations. This study presents a cost-effective solution
for innovative design and development of a prosthetic
hand for a patient who lost both hands due to the work
accident. Design concepts of the prosthetic hand were
successfully developed and tested. Different strategies for
cost-effective design and development of the high-value
added prosthetic hand are also discussed, including
mass-customization  and  design  for  additive
manufacturing.
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1 Introduction

A prosthetic hand is an artificial device that replaces a
missing part of a hand, which may be lost through trauma,
disease, or congenital conditions, in order to restore the
normal functions of the hand. The prosthetic hands can be
divided into cosmetic hand, body-powered hand and elec-
tromyogram (EMG) prosthetic hand or bionic prosthetic
hand [1, 2]. There has been a lot of effort working on design
and development of the smart prosthetic hand which is
computer-controlled by the means of EMG surface elec-
trodes [1-5].

The EMG technology allows the amputees to conve-
niently control and use the prosthetic hand for the daily
activities. However, most of the EMG prosthetic hands are
expensive for the low-income populations. In addition, the
use and maintenance issues of the prosthetic hands need to
be taken into account, especially for cases where amputees
have to work and use the prosthetic hands in different
working environments and weather conditions.

In this study, cost-effective solutions for innovative
design and development of a prosthetic hand for a patient
who lost both hands due to the work accident are presented
and discussed, with the focus on the meeting well the daily
need of a patient, and the use of the state of the art design
and product development to obtain the added-values.

The rest of the paper is organized as follows. Section 2
presents materials and methods used for cost-effec