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This volume contains selected papers presented at the XXVII Brazilian Congress on
Biomedical Engineering (Congresso Brasileiro de Engenharia Biomédica—CBEB), held
virtually in Vitoria, Brazil, on October 26-30, 2020. The conference was organized by the
Federal University of Espirito Santo (Universidade Federal do Espirito Santo—UFES)
(Brazil).

CBEB 2020 is 27th edition of this conference organized by the Brazilian Society on
Biomedical Engineering (Sociedade Brasileira de Engenharia Biomédica—SBEB), with
biannual periodicity, organized by researchers of a local research institution, with the col-
laboration of the entire scientific community linked to the area of Biomedical Engineering in
Brazil. The conference has a tradition of bringing together academic communities, researchers,
scientists from various fields, undergraduate and postgraduate students, as well as represen-
tatives from industry, commerce and governments, so that everyone can discuss and present
their ideas about the main Biomedical Engineering problems in the country. This conference
addresses the following areas: Biomedical Signal and Image Processing; Bioengineering;
Biomaterials, Tissue Engineering and Artificial Organs; Biomechanics and Rehabilitation;
Biomedical Devices and Instrumentation; Clinical Engineering and Evaluation of Technology
in Health; Neuroengineering; Medical Robotic, Assistive Technology and Informatics in
Health; Biomedical Optics and Systems and Technologies for Therapy and Diagnosis; Basic
Industrial Technology in Health; and Special Topics in Biomedical Engineering.

The book was organized in eleven parts, according to the main conference topics of the
conference. Each part is devoted to research in different fields of biomedical engineering, in
the areas of (1) Biomedical Signal and Image Processing, (2) Bioengineering, (3) Biomaterials,
Tissue Engineering and Artificial Organs, (4) Biomechanics and Rehabilitation, (5) Biomedi-
cal Devices and Instrumentation, (6) Clinical Engineering and Evaluation of Technology in
Health, (7) Neuroengineering, (8) Medical Robotic, Assistive Technology and Informatics in
Health, (9) Biomedical Optics and Systems and Technologies for Therapy and Diagnosis,
(10) Basic Industrial Technology in Health and (11) Special Topics in Biomedical
Engineering.

CBEB 2020 received 665 contributions from authors of 19 countries around the world.
After a thorough peer-review process, the Program Committee accepted 358 papers to be
published in this book. We appreciate all authors for their contribution. These papers are
published in the present book, achieving an acceptance rate of about 53%.

We would like to take this opportunity to thank members of Program Committee and
invited external reviewers for their efforts and expertise in contribution to reviewing, without
which it would be impossible to maintain the high standards of peer-reviewed papers.
32 Program Committee members and 547 invited external reviewers devoted their time and
energy for peer-reviewing manuscripts. Our reviewers come from all over the world and
represent 19 countries.

We also would like to thank the following keynote speakers of CBEB 2020: Nitish Thakor
(USA), Sridhar Krishnan (Canada), André Fabio Kohn (Brazil), Vanderlei Salvador Bagnato
(Brazil), Edgard Morya (Brazil), Jodo Machado (Brazil) and Idagene Cestari (Brazil) for
sharing their knowledge and experience.
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We appreciate the partnership with Springer, EasyChair, SBEB, FEST and Softaliza as well
as our sponsors (CNPq, FAPES and Prolife) for their essential support during the preparation
of CBEB 2020.

Thank you very much to CBEB 2020 Team. Their involvement and hard work were crucial
to the success of the CBEB 2020 conference.

Vitoria, Brazil Teodiano Freire Bastos-Filho
February 2021 Anselmo Frizera-Neto
Eliete Maria de Oliveira Caldeira
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Abstract

Therapeutic ultrasound (TUS) is one of the most widely
used methods for treating musculoskeletal injuries, in
view of the benefits that this treatment provides: it speeds
up the tissue repair process, for example. However, when
TUS devices operate outside the range recommended by
International Standard IEC 61689:2013, they can cause
ineffective treatments or even aggravate the injury. This
study aims to analyze the acoustic power emitted by a
TUS device from Esquadrao de Satde de Pirassununga
and observe whether the values obtained are within the
range established by the IEC 61689:2013. An acoustic
radiation force balance was used to measure the power
emitted by the equipment. The results showed that on all
test days there was a divergence between the nominal and
the emitted powers, which exceeded the value recom-
mended by the IEC.

Keywords

Therapeutic ultrasound ¢ Injuries ¢ IEC 61689:2013
Acoustic power * Repeatability

1 Introduction

The use of therapeutic ultrasound devices (TUSD) is among
the most used options for the treatment by diathermy of
musculoskeletal injuries. Acoustic energy absorption by the
treated tissue promotes repair, accelerating the phases of
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inflammation and reducing the healing time [1]. Thermal
effects include increased blood flow in the treated region,
reduced muscle spasm, increased extensibility of collagen
fibers and reduced inflammatory process [2]. For these
effects to be achieved, it is necessary to maintain the tem-
perature of the treated region between 40 and 45 °C for at
least five minutes [1]. If the tissue temperature is below the
recommended temperature range, the treatment may be
ineffective. On the other hand, if the tissue temperature
exceeds 45 °C, the lesion may worsen and may occur pro-
tein denaturation, resulting in cell death [3].

It is possible to observe in the literature that since 1972,
researchers have been concerned with the output parameters of
TUSD, such as the rated output power (ROP) [4]. Despite these
concerns, many users of TUSD lack the skills, competences
and adequate instruments to analyze the functioning (acoustic
parameters) of these devices, so they merely perform a test
known as “cavitation method”, when they believe thata device
is malfunctioning [5]. This test subjectively indicates whether
ultrasound is being emitted. In general, physiotherapists are
unaware of the importance of testing and preventive mainte-
nance of this equipment or do not request the performance
check of these services due to the cost. Some professionals
send their equipments to companies to carry out these services,
but do not receive pre and post-maintenance and/or testing
reports to monitor the proper functioning of the TUSD. Shaw
and Hodnett [6] mentioned that the difference between the
output (real) and nominal (shown on the equipment display)
values of power, intensity and ERA (Effective Radiation Area)
can interfere with the treatment, and may even compromise the
safety of the patient, which can occur when the value of the
acoustic output power is very high or the ERA is much lower
than the nominal value. Some studies have shown that many of
the analyzed devices had ROP, ERA and/or intensity values
above the values recommended by the International Stan-
dard IEC 61689:2013 [5, 7, 8 and 9].

IEC 61689:2013 establishes the safety requirements for
TUSD [10]. It determines that the ROP, ERA and intensity
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can have a maximum variation of £20%, £20% and £30%,
respectively, in relation to the nominal values. In this way,
the temperature in the treated region is likely to be within the
desired temperature range (40 and 45 °C).

According to the Physiotherapy Section of the Esquadrao
de Saude de Pirassununga (ES-YS), in 2018, 6437 ultra-
sound treatments were performed on military personnel and
their dependents. In addition, many cadets (students) were
treated with therapy ultrasound (TUS) after joining the
Brazilian Air Force Academy (AFA), due to their partici-
pation in the Military Adaptation Stage (MAS) and the
cadets’ routine after the MAS. In the same year, 2,912
ultrasound treatments were performed on Cadets, repre-
senting 45.2% of the treatments with TUS performed in the
Physiotherapy Section.

The objective of this study was to perform accuracy tests
of the acoustic power emitted by a physiotherapy equipment
manufactured in Brazil and used by the Physiotherapy
Section of ES-YS over 5 consecutive Sundays and to ana-
lyze if the device had acoustic power values within the range
determined by the International Standard. In addition, the
repeatability of the measurements was evaluated. It is worth
mentioning that this TUSD was tested in May 2019, and its
next testing in May 2020. Additionally, preventive mainte-
nance and electrical safety inspection were carried out in
September 2019.

2 Materials and Methods

The materials used in this study were a TUSD model
Sonopulse (Amparo, SP, Brazil) configured to operate in
continuous mode, an acoustic radiation force balance
(ARFB) (UPMDT 1; Ohmic Instruments, Easton, MD,
USA) to directly measure the rated power output in 5 days
of testing, and a digital thermometer (MT-455A; Minipa do
Brasil Ltda, Sdo Paulo, SP, Brazil), which was used to
measure the ambient and water of the balance reservoir
temperatures. The TUSD has an ergonomic soundhead
applicator with dual function, which allows the user to select
a transducer with nominal ERA of 3.5 cm? (T,) or 1.0 cm?
(T). When T is used, the TUSD can operate at the nominal
frequency of 1 MHz or 3 MHz and with a maximum output
nominal power of 7 W. On the other hand, T, allows the use
of a nominal frequency of 1 MHz and maximum output
nominal power of 2 W.

Soundhead applicator was fixed on a support of the
ARFB itself, so that the radiation-emitting surface was
approximately 0.5 cm below the reservoir water level of the
balance, which contained 950 ml of a commercial mineral
water without gas “Qualitd”. The central axis of the trans-
ducer was visually aligned with the center of the metal cone
of the balance and the submerged face of the soundhead
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Fig. 1 Illustration of the experimental arrangement used to measure
the values of the acoustic power emitted by the TUSD

applicator was positioned parallel to the cone. The system
was assembled at the same location in the Physics and
Chemistry Laboratory of the AFA, on a stable surface, iso-
lated from airflow and with an ambient temperature of
24.5 £ 1.3 °C over the 5 days, in compliance with that
established by the manufacturer of the TUSD for the oper-
ation of the device (between 5 and 45 °C). During the
experiments, the absence of bubbles between the balance
cone and the transducer was observed.

After the assembly of the experimental apparatus shown
in the Fig. 1, the balance was activated and 5 min later, the
test to verify the calibration and programming of the
equipment began, which was performed using an object with
a mass of 1 g, equivalent to the rated output power of
14.650 W, but can vary by as much as £1% (furnished by
the manufacturer). The method used to measure the ROP by
the TUSD is described in subsections A and B. In these
subsections, the test used to assess whether the ROP values
were within the range recommended by IEC 61689:2013 and
the evaluation of the repeatability of the measurement of
ROP values obtained on 5 consecutive Sundays are
described.

2.1 Evaluation of the Relative Error of the ROP
The acoustic power emitted by the TUSD was measured
over the entire nominal range of the equipment. When T,
was used at the frequency of 1.0 MHz or 3.0 MHz, 10 ROP
measurements were made for each nominal power value, NP
(0.3,0.7, 1.0, 1.4, 1.7, 2.1, 2.4, 2.8, 3.1, 3.5, 3.8, 4.2, 4.5,
49,52,56,59, 63, 6.6 ¢ 7.0 W). In addition, 10 ROP
measurements were performed for each NP value (0.1, 0.2,
0.3,0.4,0.5,0.6,0.7,0.8,0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6,
1.7, 1.8, 1.9 and 2.0 W) with a frequency of 1.0 MHz and
ERA of 1.0 cm?, on 5 consecutive Sundays from the first
Sunday in November 2019.

The accuracy test was used in order to calculate the rel-
ative error, RE, (%) between the nominal power and the
ROP obtained with the radiation force balance, for this,
Eq. 1 was utilized:

RE = [(NP — ROP)/NP] - 100 (1)



Analysis of the Acoustic Power Emitted by a ...

According to the IEC 61689:2013 [10], the acoustic
powers emitted by TUSD with a RE above +20% must be
considered outside the tolerance limit and the equipment
must be sent for maintenance and/or testing.

2.2 Repeatability Analysis of ROP Measurement

According to JCGM 200:2012 [11], repeatability consists of
making measurements using the same measurement system,
the same experimental protocol, the same operator, the same
location and a repetition over a short period of time. In this
study, measurement repeatability was performed using sta-
tistical tests to compare measurements made on 5 consecutive
Sundays by the same operator, using the same measurement
system, at the same location in the Physics and Chemistry
Laboratory and using the same experimental protocol.
Initially, the Shapiro—Wilk test was used to assess the
normality of the distribution of each subgroup (10 mea-
surements on 5 consecutive Sundays, for each NP value,
total of 300 subgroups) considering the use of T; (1 and
3 MHz) and T, (1 MHz). This test was chosen as it is the
most powerful test, when compared to the Kolmogorov—
Smirnov, Lilliefors and Anderson—Darling tests [12]. Then,
the Bartllet test was applied to the data that showed normal
distribution as it presents better performance than the others
[13]. The aim was to evaluate the homogeneity of the vari-
ances of the data that presented a normal distribution, as
these are the necessary conditions for the use of the one-way
analysis of variance (ANOVA) for repeated measures.
When ANOVA was not possible, the Kruskal-Wallis test
was employed. Statistical analyzes were performed with the
Action Stat 3.7 software (ESTATCAMP, Campinas, SP,
Brazil) and the significance level of 5% was adopted.

2.3 Estimation of the ROP Variation Coefficient

The coefficient of variation (CV) was utilized to indicate the
precision in estimating the rated output power values for

each nominal power, using the equation below:
CV(%) == [STDROP/MROP] . 100 (2)

where STDgop and Mpop represent the standard deviation
and the mean of ROP values obtained in the experiments.

3 Results
3.1 Evaluation of Rated Output Power (ROP)

The mean (column) and standard deviation (vertical bar) of
the ROP values obtained on 5 consecutive Sundays (A, B, C,

Rated Output Power (W)

38 42 45

49 52 56 59
Nominal Power (W)

63 66 70 bb)

Fig.2 Mean (column) and standard deviation (vertical bar) of the ROP
obtained with T at the frequencies of 3 MHz (aa and ab) and 1 MHz
(ba and bb)

D and E) using T; and T, can be seen in Figs. 2 and 3,
respectively. Figures 2aa and ab show the ROP values
obtained with the frequency of 3 MHz, and Figs. 2ba and bb
present the results obtained with 1 MHz.

Table 1 shows the mean and standard deviation of the RE
values obtained over the five test days (A, B, C, D and E),
using T, and the entire NP range. The mean and standard
deviation of the relative error obtained with T; in the fre-
quencies of 1.0 W and 3.0 MHz can be seen in Table 2. The
highlighted data (bold) represents the day and the nominal
power value in which the relative error (%) measured is
outside the range established by the International Stan-
dard IEC 61689:2013 (& 20 %). The values of the relative
error with a negative sign indicate that the acoustic power
emitted is higher than the value of the nominal power, which
may represent a risk of tissue damage.

3.2 Repeatability Analysis of ROP Measurement

The Shapiro—Wilk test indicated that 33.0% and 31.0% of
the 100 T; subgroups at frequencies of 1 and 3 MHz,
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Fig. 3 Mean (column) and

standard deviation (vertical bar)

of the ROP obtained with T, at

the frequencies of 1 MHz

Rated Output Power (W)

Nominal Power (W)

Table 1 Mean and standard deviation of the RE (%) values obtained over the five test days (A, B, C, D and E) using T, and the entire range of NP

Nominal power (W) A B

0.1 —87.80 + 5.61 —130.20 + 1.48
0.2 -31.20 + 1.81 —54.90 + 0.74
0.3 —12.53 £ 2.39 —31.00 £ 0.57
0.4 —5.05 £ 0.93 —20.55 + 0.37
0.5 —2.80 £+ 0.82 —14.72 £ 0.41
0.6 —0.37 £ 043 —12.50 + 0.18
0.7 3.40 £ 1.55 —11.37 £ 0.30
0.8 4.85 £ 1.12 —11.20 + 0.26
0.9 2.73 £ 0.32 —11.69 + 0.28
1.0 9.16 £+ 1.07 -0.42 £ 0.15
1.1 9.20 £+ 0.38 1.36 £ 0.10
1.2 10.68 £+ 0.18 298 + 0.12
1.3 12.17 £ 0.38 4.32 4+ 0.23
1.4 12.90 £+ 0.58 547 £ 0.12
1.5 13.48 £ 0.25 6.01 + 0.10
1.6 13.59 £ 0.19 6.84 £ 0.28
1.7 13.61 £ 0.10 7.92 £+ 0.25
1.8 13.81 £ 0.15 7.99 £ 0.15
1.9 13.76 £ 0.15 7.67 £ 0.16
2.0 9.59 £ 0.20 3.90 + 0.45

C D E

—120.60 + 6.47 —120.80 + 3.68 -107.60 + 3.24
—49.30 + 1.95 —50.70 + 1.16 —40.20 + 1.40
—28.93 + 1.18 —27.93 + 0.58 —20.07 £ 0.58
—18.65 + 0.24 —17.80 & 0.42 —12.15 £ 1.58
—14.60 + 1.28 —13.80 &= 0.34 =9.20 &+ 0.33
—12.90 &+ 0.50 —11.00 &+ 0.22 =717 £ 0.18
—11.94 + 0.38 —9.89 £+ 0.24 —5.89 £ 0.54
—12.38 + 0.18 -9.45 £ 0.23 =542 +£0.21
—12.71 £ 0.65 —9.18 £ 0.74 —5.80 &£ 0.27
-1.18 £ 0.18 1.38 £+ 0.45 4.40 £+ 0.16
0.05 £ 0.32 3.44 £ 042 6.84 £+ 0.39
232 £ 045 6.90 £ 0.36 8.82 £ 0.38
5.32 +£0.90 7.42 £ 0.14 9.29 £ 0.19
5.20 + 0.96 8.10 £ 0.25 10.47 £ 0.34
5.16 £ 0.18 731 £4.21 11.77 £ 0.33
6.10 + 1.73 8.85 £ 0.10 12.59 + 0.57
551 £0.16 9.09 £ 0.16 13.28 £ 0.24
5.73 £ 0.20 9.18 £ 0.22 13.34 £ 0.26
6.32 + 0.16 9.63 + 0.17 14.56 + 0.38
231 £0.20 6.28 £ 0.17 12.22 £ 0.13

respectively, did not present a normal distribution. In addi-
tion, 42% of the 100 T, subgroups did not have a normal
distribution. In view of these results, it was only possible to
apply the Bartllet test to assess the homogeneity of the
variances of the ROP values obtained in the 5 days for NP:
2.8 W, 3.1 W and 6.3 W with T, at the frequency of 1 MHz

(p-value < 0.05 in all cases), 0.3 W, 0.7 W and 2.8 W with
T, at the frequency of 3 MHz (p-value = 0.24, 0.96 and
0.31, respectively), and 0.7 W with T, (p value < 0.05).
This test indicated that only the data obtained with T at the
frequency of 3 MHz (0.3, 0.7 and 2.8 W) were not signifi-
cantly different.
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Table 2 Mean and standard deviation of the RE values obtained over the five test days (A, B, C, D and E) using T; and the entire range of NP

Frequéncia MHz NP W A B C D E

1 MHz 0.3 —5.73 £ 3.00 —7.67 £ 4.02 -433 £ 11.36 —-1327 £ 1.11 —2.13 £ 4.72
0.7 19.80 £ 0.62 21.14 + 0.54 31.49 + 5.46 16.17 £ 0.41 21.94 £ 0.76
1.0 15.30 £ 1.08 17.54 £ 0.37 26.16 * 0.62 13.34 £ 0.58 18.96 + 0.71
14 17.47 £ 0.79 19.70 £ 0.30 28.13 +£ 0.33 17.84 £ 0.42 20.60 + 0.51
1.7 11.61 £ 0.54 13.87 £ 1.59 23.46 + 0.28 12.2 £ 0.19 15.44 £ 0.17
2.1 13.70 £ 0.26 13.19 £ 0.27 22.92 + (.22 11.23 £ 0.17 14.41 £ 0.50
24 12.23 £ 0.51 7.21 £ 042 18.53 + 0.39 6.09 £ 0.13 8.76 + 0.38
2.8 11.84 £+ 0.81 420 £ 0.44 17.27 £ 0.29 4.36 £ 0.11 6.14 £ 0.18
3.1 7.21 £ 0.77 -2.61 + 0.39 13.15 £ 0.23 —1.33 £ 0.05 1.35 £ 0.35
35 13.11 £ 0.52 2.90 £ 0.97 17.01 £ 0.29 2.82 £0.12 4.49 £+ 0.07
3.8 15.15 £ 2.62 0.46 £+ 0.51 16.93 £ 0.31 2.07 £ 0.19 4.07 £ 0.16
4.2 34.80 + 14.18 0.29 £ 0.29 18.88 £ 0.35 3.60 £ 0.11 6.13 + 1.01
4.5 41.22 + 0.60 —2.55 £ 0.36 19.63 + 1.26 278 £ 0.71 6.37 £ 0.34
4.9 53.87 + 8.01 —2.51 £ 0.93 21.84 + 0.26 3.44 £ 0.20 9.51 £ 4.27
5.2 59.82 + 1.82 —0.95 £ 6.01 21.43 + 0.43 2.35 £ 0.18 6.28 + 2.76
5.6 57.93 + 1.80 —2.15 £ 0.69 22.37 + 0.30 424 £ 572 7.35 £0.20
5.9 45.87 + 2.63 —3.07 £ 0.26 22.59 + 3.03 1.05 £ 0.26 5.71 £ 0.10
6.3 47.63 = 3.55 —2.12 £ 0.48 21.94 + 0.14 1.54 £ 0.18 552 £0.11
6.6 16.03 £ 5.47 -10.96 + 1.12 20.89 + 0.19 1.23 £332 3.30 £ 045
7.0 23.08 + 8.76 —1.05 + 0.61 25.92 + 0.12 13.54 £ 0.38 9.75 £ 0.72

3 MHz 0.3 —-1.67 £2.23 9.53 + 2.09 2.80 £ 1.50 253 £ 1.12 1.07 + 1.38
0.7 28.23 + 0.57 36.97 = 0.51 32.26 + 0.46 34.49 = 0.57 33.40 = 0.51
1.0 34.10 + 0.38 36.20 + 2.57 29.74 + 0.53 34.32 + 0.14 34.04 + 0.23
1.4 37.89 + 0.44 39.00 + 0.21 33.10 £ 0.35 36.49 + 0.12 36.71 + 0.10
1.7 31.99 + 0.57 35.40 = 0.61 28.98 + 0.08 32.53 £ 0.41 33.00 + 0.58
2.1 30.41 + 0.26 34.70 £ 0.19 28.91 % 0.54 32.02 £ 0.19 31.70 + 0.41
24 26.56 *+ 0.35 30.42 + 0.29 24.05 + 0.44 27.29 + 0.22 27.88 + 0.47
2.8 23.42 + 0.28 28.41 + 0.24 22.56 + 0.32 25.64 = 0.35 26.43 + 0.48
3.1 18.03 £+ 0.31 22.49 * 0.64 19.03 £ 3.56 20.90 = 0.33 20.88 + 0.31
35 21.82 + 0.38 26.29 * 0.67 22.75 + 0.16 26.55 + 0.18 26.26 + 0.20
3.8 20.25 + 0.53 27.18 £ 0.79 2241 % 0.32 25.21 £ 0.79 26.19 + 0.18
4.2 21.53 £ 0.23 26.91 + 0.58 23.46  0.47 26.27 £ 0.10 27.74 £ 0.17
4.5 24.01 + 0.24 2522 £ 0.23 21.52 £ 0.24 25.19 £ 0.20 26.90 £ 0.17
4.9 24.31 £ 0.33 24.98 + 0.33 21.32 + 0.22 25.42 + (.22 26.79 + 0.40
5.2 18.29 £+ 0.37 23.90 + 0.16 19.74 £ 0.10 27.09 + 8.78 26.10 + 0.41
5.6 22.53 + 0.63 24.26 + 0.43 20.34 + 1.90 25.11 = 0.05 26.33 + 0.52
59 23.49 + 0.43 22.29 +0.17 20.89 + 0.52 23.88 + 0.17 24.22 + 0.51
6.3 20.87 + 0.42 22.76 = 0.41 20.73 + 0.28 23.98 + 0.15 23.19 + 0.18
6.6 19.41 £ 0.15 21.86 = 0.57 19.25 £ 0.61 22.31 + 0.27 24.12 + 4.81

7.0 22.77 £ 0.61 26.16 = 0.22 24.69 = 0.35 27.60 = 0.86 27.43 £ 0.33



The Kruskal-Wallis test indicated that there was a sig-
nificant difference between the power values measured on 5
consecutive Sundays, regardless of the nominal power and
the equipment configuration. ANOVA also showed that
there was a significant difference between the measurements
made in the 5 days when T; with a frequency of 3 MHz was
used with NP of 0.3 W, 0.7 W or 2.8 W.

3.3 Estimation of the ROP Variation Coefficient

Considering the data obtained in the 5 days of experiments,
the use of 3.5 cm*ERA with a frequency of 1 MHz resulted
in a CV in the range from 5.09% to 7.66% for ROP values
related to the NP in the range of 0.3 W to 3.8 W, except for
1.4 and 2.1 W. Accuracy was worse in the range of 4.2 to
7.0 W, as the CV varied from 12.23 to 27.72%. When only
the transducer frequency was changed to 3 MHz, the CV
variation was from 1.67% to 4.41% for the NP from 0.3 W
to 7.0 W, except for the nominal power of 5.2 W (6.68%).

The highest precision obtained with the use of the other
face of the soundhead applicator, with ERA of 1.0 cm? and
frequency of 1 MHz, was from 3.12% to 4.35% for the NP
range from 0.5 W to 2.0 W, except for NP of 0.7 W, 0.8 W
and 0.9 W (5.26% to 5.93%). There was a change in the CV
from 5.01% to 7.23% for a NP variation from 0.1 to 0.4 W.

4 Discussion

The testing and programming test of the radiation balance
carried out in the 5 days of experiments resulted in the
average of the PAE of 14.651 & 0.001 W (5 measurements
per day), so it was observed that the balance was working
properly, because the power equivalent to mass of the 1 g
disk is 14.650 W and the acceptable range recommended by
the manufacturer is 14.504 to 14.796 W.

The mass calibration of a radiation force balance can just
assure that the balance is working to measure mass, so it is
important that the user choose the “custom mode” (Watts)
option on the front panel to check the calibration and pro-
gramming of the ARFB. If the reading on the ARFB display
is not stable, the user can employ the “grams” mode and
multiply the readings by 14.650 to obtain Watts.

The ultrasonic energy emitted by the transducer is
reflected in the conic-shaped metallic target and is then
absorbed by the reservoir rubber lining (thus avoiding
reflections and reverberations inside the reservoir).

The radiant power is directly proportional to the total
down-ward force (weight) on the target. The weight on the
target is transferred to an electromechanical load cell inside
the balance. This cell is part of a dedicated electronic system

J. G. S. N. Cavalcanti et al.

to perform a digital reading in watts of power (custom units)
or grams of force.

Although the device had preventive maintenance, elec-
trical safety inspection and testing up to date, there were
discrepancies between the ROP values obtained on 5 con-
secutive Sundays, regardless of the nominal power used. It
can be seen in Table 1 that 93% of the RE values of the ROP
in the 5 days showed values higher than the established by
IEC 61689:2013, for nominal powers of 0.1, 0.2 and 0.3 W.
In addition, the RE values obtained are negative, which
implies that the rated output power is greater than the
nominal power, which could potentially damage the bio-
logical tissue. Despite of that, the Physiotherapy Sec-
tion mentioned that these values are not used in the treatment
of musculoskeletal injuries.

The use of T, with a frequency of 3 MHz showed that
this equipment must be tested, since 89% of the ROP values
are above that established by IEC 61689:2013, regardless of
the NP values used. When T, was used with a frequency of
1 MHz, only 23% of the 100 values of the RE were above
the limit of +20% (See Table 1).

In general, the equipment showed good accuracy, as the
variation coefficient was less than 7.7%, except when T
with a frequency of 1 MHz and the following NP values
were used: 4.2, 4.5,4.9,5.2,5.6,5.9, 6.3, 6.6 and 7.0 W.

The results obtained in this study are not surprising, since
several studies found in the literature show that many ther-
apy ultrasound devices operate outside the range recom-
mended by the International Standard [5, 8, 14]. Pye and
Milford [14], for example, analyzed 85 TUSD, of which 59
devices (about 69.4%) had at least one acoustic power value
exceeding the £30% margin, and the IEC 61689:2013 rec-
ommends that this variation is a maximum of +20%. The
difference between the paper of these researchers and the
present study is the quality of the services provided by the
company that carried out the preventive and corrective
maintenance and the testing of the equipments, as they
observed that after the repair and testing, all measurements
performed with 76 devices were less than +30% of the
nominal power, and 95% of the measurements were within
the +20% range. The results showed that 42.6% of the 3000
measurements were outside the previously mentioned range
and 13.5% of the ROP measurements were outside the
+30% range. It is also worth mentioning that 88.9% of the
1000 measurements made with T; at the frequency of
3 MHz were outside the range recommended by IEC
61689:2013.

Martins et al. [7] evaluated the ROP of two nationally
manufactured devices that had just left the corrective
maintenance and calibration and observed that some ROP
values (16.3% of 80 measurements) were higher than that
recommended by IEC 61689.



Analysis of the Acoustic Power Emitted by a ...

Guirro e Santos [15] analyzed 8 TUSD produced in
Brazil and found that 5 models (Sonamed I, Sonacel,
Sonacel Plus, Sonacel III and Avatar I) had relative errors
above +30% of the intensity selected on the device panel in
more than one measured intensity. It is worth mentioning
that this result was surprising, since the devices with a
testing and/or maintenance problem were new. The acoustic
intensity (/) is related to the rated output power through the
equation I = ROP/ERA.

The cited authors observed that the majority of the TUSD
analyzed had some discrepancy between the nominal and
measured powers, even when using new devices or after
returning from maintenance and/or testing.

5 Conclusion

The accuracy test of the acoustic power emitted by a physio-
therapy equipment manufactured in Brazil and used by the
Physiotherapy Section of ES-YS over 5 consecutive Sundays
showed that the device requires corrective maintenance and/or
testing, especially when the ERA of 3.5 cm? is used with a
frequency of 3 MHz, as many measured values are outside the
range recommended by IEC 61689:2013, even if the device is
within the maintenance deadlines. The rated output power
values obtained showed good precision, because, in general,
the coefficient of variation was less than 7.7%, but the devices
analyzed showed deficiency in the question of repeatability.

This fact demonstrates a deficiency in relation to the
TUSD manufactured in Brazil and/or the maintenance of the
device, considering that the equipment was analyzed under
temperature circumstances consistent with that required by
the manufacturer (between 5 and 45 °C) and in accordance
with the established by the IEC 61689:2013.

As a future study, it is intended to evaluate other thera-
peutic ultrasound devices of the Physiotherapy Section, to
observe a possible failure in the company that performs the
maintenance of the equipments.
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Abstract

Previous studies have shown that cyclic imides and their
subclasses have obtained positive results in biological
activities, showing antimicrobial, analgesic and antifungal
therapeutic potential. Arousing the interest of the scien-
tific community and the pharmaceutical industry, sur-
passing expectations in relation to certain drugs used in
the market. In this work we specifically perform the
synthesis of one of the subclasses of cyclic imides, called
maleimides, as they are easy to obtain and with good
yields, in addition to being versatile for conjugation with
other molecules. The synthesized compounds were iden-
tified by 1H and 13C nuclear magnetic resonance, mass
spectroscopy and antibacterial activity was analyzed. In
this work, a maleimide platform was obtained with
different functional groups. These molecules showed
synthesis yields (90%) and the activity was superior to the
antibiotic streptomycin.

Keywords

Maleimides ¢ Drugs ¢ Antibacterial activity

1 Introduction

With the development of humanity, new diseases have
emerged, which may be of a bacteriological, fungal or viral
nature. Generally, of a complex nature such as AIDS and
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Covid-19. The emergence of new diseases requires inge-
nious studies in the sense of designing, synthesizing and
determining the biological activity of new molecules. In this
sense, organic synthesis has been a great ally with the sci-
entific community, favoring the significant growth of new
drugs. Which can show promising results in biological
effects and in advancing pre-clinical and clinical studies.
Among these compounds, cyclic imides stand out [1]. In
order to enhance the biological activity, chemical processes
are used that imply molecular changes, this depends on the
pharmacological and pharmacophobic groups present in the
molecule. In this way, we seek to insert groups that can alter
the physico chemical properties, such as: hydrophobicity of
the substance; alteration of the potential of pharmacological
groups. This change occurs through the insertion of groups
of donors and/or electron acceptors. This allows the appli-
cation of qualitative and quantitative methods and can be
correlated with chemical structure and biological activity [2].

These methods make it possible to verify the interaction
between the chemical structure and biological activity, or the
chemical structure and some physical chemical properties.
Additionally, it is possible to verify its effects caused in a
substance (ligand) during the interaction with the biological
receptor, justifying the main factors of this interaction [3].
The introduction of substituents produces changes in the
physicochemical properties of the molecule (hydrophobicity,
electronic density and structural conformation) and may lead
to new syntheses [4]. Several methods have been developed
to obtain a better understanding of the different physical
chemical parameters, in a small series of substances or test
group, which we mention the methods of Hansch [5], Craig
[6], Topliss [7]., and the modified Topliss method [7].

In this sense, cyclic imides are compounds that have great
therapeutic potential. This family of compounds has the
functional group characteristic of imides —CO-N (R) (Fig. 1),
where R can be a hydrogen atom, an alkyl or aryl group
linked to a carbon chain. Among the cyclic imides we can
highlight:  Maleimides,  Succinimides,  Glutarimides,
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Fig. 1 General structure of o) R
cyclic Imides

Phthalimides, Naphtha-limides and their derivatives [1].
With relevance to Maleimides, for being inhibitors of
Prostaglandin Endoperoxide Synthase (PGHS). This process
occurs by enzymatic attack on olefinic and carbonyl carbons
[8]. Proving the importance of studying the biological
activity of maleimides, as they are closely related to
antimicrobial processes.

Cyclic imides and their subclasses have biological effects
of great importance which we cite as maleimide as the main
representative in antifungal, antibacterial and insecticidal
activities [1]. The main objective of this work was to obtain
a maleimide platform with different functional groups
(R) and to determine the antibacterial activity of the com-
pounds obtained against Escherichia coli ATCC 055,
Pseudomonas aureginosas ATCC 27853, Staphylococcus
aureus ATCC 25923 and Listeria monocytogenes ATCC
15313.

2 Material and Methods

2.1 Syntesis

Anilines and anhydride came from Sigma Aldrich; high
purity analytical reagents. The solvents ethyl ether, acetic
anhydride, chloroform, methanol and sodium acetate from
Sinthya. Maleimides were synthesized in two stages: 1) the
addition of anilines to maleic anhydride for the formation of
the corresponding acid and 2) reflux in acetic anhydride for
the cyclization of the imide ring. This procedure was per-
formed according to the process described in the literature
[8], with a yield between 32 and 78%. The characterization
was performed by nuclear magnetic resonance at 500 MHz,
using deuterated chloroform (CDCI3) as a solvent and TMS
as a reference.

2.2 Antimicrobial Activity

The radial diffusion method on nutrient agar was used, where
the bacteria were grown in Brain Heart Infusion. After acti-
vation, the turbidity was corrected using the McFarland 0.5
scale. The sterile paper discs were immersed in a solution of
the compounds dissolved in DMSO, at a concentration of
250 mMol/mL. These plates were incubated at 37 °C for 24
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hours and the inhibition halos (mm) were read. Controls were
performed with solvent (DMSO) and antibiotic (Strepto-
mycin). The tests were carried out with the following bacteria:
Pseudomonas aureginosas ATCC 27853 (gram negative),
Escherichia coli Enteropatogénica ATCC 055 (gram nega-
tive), Staphylococcus aureus ATCC 25923 (gram positive) e
Listeria monocytogenes ATCC 15313 (gram positive).

3 Results

3.1 Synthesis and Structural Characterization
In this research, 11 compounds were obtained, compound 1
has recognized antibacterial activity. Compounds 2, 3 and 4,
have already been synthesized, but never had their biological
activities determined. The remaining compounds (5-11) are
new. Figure 2 shows the synthetic scheme for obtaining
these compounds.

The 11 compounds were perfectly purified on a column
with silica gel and characterized by high resolution mass
spectrometry, and nuclear magnetic resonance of Hydrogen
(NMR1H) and carbon 13 (NMR13C). Only the spectra
referring to methyl 4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl) benzoate (compound 9), are presented in Figs. 3, 4 and 5,
respectively.

3.2 Biological Activity

Antibacterial activity was determined in four strains of
bacteria. Two gram positive (Staphylococcus aureus ATCC
25923 e Listeria monocytogenes ATCC two gram negative
(Pseudomonas aureginosas ATCC 27853 e Escherichia coli
ATCC 055 (Table 1).

Since it is known that the biological activity of mal-
eimides is related to structural factors and their physio-
chemical properties, in this work a platform of maleimides
with different functional groups was synthesized, which
provided a study of the chemical structure related to bio-
logical activity. In P. aureginosas bacteria ATCC 27853,
E. coli ATCC 055, S. aureus ATCC 25923 and L. mono-
cytogenes ATCC 15313. The Fig. 1 presents a scheme of the
synthesis strategy of the compounds that were used to study
biological activity.

Within the concentrations used, no activity was observed
for experiments. DMSO. The antibiotic Streptomycin did not
show selectivity between gram positive and gram negative
bacteria. For gram negative bacteria, compounds 11 and 1
showed a potential close to Streptomycin. The same was
observed for compounds 10, 5, 1 and 3 in P. aureginosas.
On the other hand, the gram positive results showed an
inhibitory potential of the compounds in the following order
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Fig. 2 Compound platform structure: (1) 1-phenyl-1H-pyrrole-2,5-
dione; (2) 1l-octyl-1H-pyrrole-2,5-dione, (3)  1-(4-nitrophenyl)-
1H-pyrrole-2,5-dione; (4) 1-(4-mercaptophenyl)-1H-pyrrole-2,5-dione;
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1H-pyrrole-2,5-dione; (7) 1-(4-octadecylphenyl)-1H-pyrrole-2,5-dione;
(8) 1-(4-henicosylphenyl)-1H-pyrrole-2,5-dione
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1-(4-butylphenyl)-1H-pyrrole-2,5-dione;  (6)1-(4-dodecylphenyl)-
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Fig. 3 Mass spectrum of methyl 4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1

1, 11, and 5, higher than Streptomycin when applied to S.
aureus. For L. monocytogenes, compounds 1, 5, and 10 also
showed an inhibitory potential greater than Streptomycin.
Considering that these compounds have the maleimide
ring as a pharmacological group, and that the mechanism of
action occurs by enzymatic attack on the vinyl group

-yl) benzoate

conjugated to carbonyls and / or carbonyl group, and that
they are present in all compounds; In this work, that the
differences between the activities seem to be related to the
hydro/lipophilic balance.

The solvent (DMSO) had no inhibitory effect. Strepto-
mycin (control) showed a regular inhibition pattern within
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the group of bacteria analyzed. With zone of inhibition of
15.2-16.4 mm for gram negative and 13.5-13.2 mm for
gram positive. For gram negative bacteria, E. coli was most
affected by compounds 1 and 11 (15.0-15.8 mm) and 5
(13.0 mm). P. aureginosas was more affected by com-
pounds 1, 3, 5 and 10 (13.47-13.98 mm). For gram positive
S. aureus was more affected by 5, 11 and 1 (16.7-18.4 mm).
L. monocytogenes was more affected by 10, 5 and 1 (17.0—
20.3 mm).

4 Discussion

The 1-octyl-1H-pyrrole-2,5-dione (compound 2) was
obtained from octan-1-amine, with 38% yield. On the other
hand, those obtained by anilines, showed much higher
yields, between 78 and 92%. This reaction yield is related to
the nucleophilicity of the amines. The higher yields were
obtained for the alkylated anilines of compounds 4, 5, 6, 7
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Table 1 Antibacterial activity of

maleimides by the agar diffusion
method; Data are presented as
mean and standard error of three
independent

Compound

Streptomycin
DMSO

NeRENCC RN e Y R O N S R

—_ =
—_ o

Escherichia coli
250 mMol/mL

16.4 £ 0.00
0 £ 0.00
15.8 £ 0.24
8.43 £2.27
8.4 +0.28
9.0 £ 1.24
13.3 £ 0.38
42 £ 1.70
54 £ 231
8.8 £ 0.61
47 £ 194
9.6 £ 0.46
15.0 £ 0.71

Inhibition zone (mm)

Pseudomonas Staphylococcus Listeria
aeruginosa aureus monocytogenes
250 mMol/mL 250 mMol/mL 250 mMol/mL
15.23 4+ 0.00 13.51 4+ 0.00 13.6 &+ 0.00
0 £ 0.00 0 £ 0.00 0 £ 0.00
13.73 £ 0.84 18.4 + 1.09 20.3 £ 0.57
4.60 + 1.88 0+ 0.00 6.6 +0.13
13.93 £+ 0.67 10.5 + 1.03 14.0 £ 0.75
10.05 £ 1.44 8.1 £ 0.69 7.8 £ 0.60
13.98 &+ 1.05 16.7 + 0.17 17.8 + 0.09
0 £ 0.00 21+ 174 8.1 £ 0.36
7.25 £0.18 0 £ 0.00 75 +0.14
12.44 £+ 0.95 11.2 + 0.16 9.6 + 1.01
0 £ 0.00 6.4 +0.14 0.0 &+ 0.00
13.47 £+ 0.82 13.6 + 0.31 17.0 + 0.46
12.04 £+ 0.59 16.8 + 0.54 125 £ 1.25

and 8, all with yields greater than 85%. The higher yield of
these compounds is related to the greater reactivity of these
anilines, which was increased by the inductive effect of the
alkyl chain donor. These compounds were perfectly purified
by chromatography on silica gel, since the polarity of the
products differs significantly from the reaction reagents and
by-products. The characterization was performed unequiv-
ocally by mass spectrometry and nuclear magnetic resonance
(‘H NMR) and >CNMR at 500 MHz and 125 MHz,
respectively. The NMRI1H spectra show a characteristic
singlet in chemical displacement (c) of 6.8 ppm for the 2H
vinyls, characteristic of the maleimide ring. In the ">CNMR
the carbons of carbonyls 1 and 4 appear in ¢ ~ 170 ppm.
This relationship seems to be maximalized for compound 1,
5, 10 and 11 in gram positive.

5 Conclusions

For the synthetic process, it was found that the compounds
obtained from anilines present a much higher yield than those
obtained by aliphatic amines. Compounds 1, 5, 10 and 11
were the ones with the greatest potential. Since, the phar-
macological group is the maleimide ring, and the mechanism
of enzymatic attack on this ring is dependent on an inter-
nalization in microorganisms and specific structures, it is
concluded that this biological activity is dependent on the
functionalization group, because allows adequate perme-
ability, which is dependent on the hydro/lipophilic balance.
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Abstract

The aim of the present study is to investigate the
therapeutic effect of wearing compressive socks com-
posed of synthetic fibers with IR- emitting ceramic
particulates on patients with edema of inferior member
extremities. Thirty patients of both genders and age
ranging from 30 to 70 years old (54.9 £ 13.3 years) were
enrolled in the study and separated into two groups: C*
and placebo. The C* group wore the compressive socks
with embedded ceramic powder for at least 8 h a day for
four weeks. The placebo group wore compressive socks
made with fabrics of same material but without the
ceramic particulate. The evolution of the treatment was
assessed through plethysmographic measurements. The
statistical analysis was done using the Kolmogorov—
Smirnov normality test and a parametric two-tailed t-test
with Welch correction at the significant level of o = 0.05.
The Prism 8.0 software (GraphPad Software Inc., La
Jolla, CA, USA) was used for the analysis. The exper-
imental data showed a statistically significant reduction in
edema volume for the ceramic-active group C+, as
compared to the placebo group. The treatment of leg
edema using compressive socks containing ceramic
particulate in its fabrics seemed to be more effective
when compared with placebo socks.
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1 Introduction

Biological effects resulting from the occlusion of body parts
by pieces of clothes and devices containing ceramic partic-
ulates have been reported [1-7]. Those published results
indicate that the presence of inorganic particulates in the
composition of occluding devices and fabrics modulates the
radiation exchange between the human body and the
surrounding medium. Increment in the local tissue temper-
ature and vasodilatation seems to be the primary effects
attributed to creams and garments containing inorganic
particulates and other ceramic devices as well.

In the last decades, the interest for studying IR ceramic
garment therapies has been increased and reports of suc-
cessful treatments for a variety of diseases are numerous.
Among the diseases treated with garments embedded with
ceramic particulates it can be mentioned Raynaud’s syn-
drome (thermo flow gloves) [5]; chronic foot pain (poly-
ethylene  terephthalate  fiber  socks) [6];  primary
dysmenorrhea (far infrared-emitting sericite belt) [8, 9];
cellulite reduction (bioceramic-coated neoprene shorts) [1,
2]; impairment of limb movements in post-polio syndrome
(Infrared MIG3 bioceramic fabrics) [7]; postoperative effu-
sion after total knee arthroplasty (knee pad of Nexus-ES
fiber) [10]. Likewise, studies on the reduction of body
measurements of individuals wearing bioceramic high-waist
undershorts were reported [3, 4]. It was also found that some
bioceramic appliances improve athlete’s performance, such
as reduction in time recovery of futsal players by using
bioceramic pants [11], control bacterial load in runners by
wearing socks embedded with ceramic particulates [12], and
performance improvement of gymnast when wearing
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modified suits with ceramic materials [13]. The effects of
bioceramic textiles used in sports activities are disclosed in a
recently published review [14].

All materials in the nature emit electromagnetic radiation
that depends on the temperature and composition of the
material. If the material were perfectly absorbing (black
body) the spectrum of the emitted radiation presents a
maximum wavelength (A,.x) given by Wien’s law and a
total power per unit area (P/A) that satisfy the
Stefan-Boltzmann Law:

lnax = [2.897/T)] x 10°m

P/A =sT*

where T is the absolute temperature in degrees Kelvin
(K) (273 + °C) and o = 5.67040 x 10® W/m?K* is the
Stefan’ constant. For real materials in the nature (not black
body), the A .« does not depend on the material properties,
being only a function of its temperature. On the other hand,
the total power per unit area depends also on the material
properties.

P/A = eoT*

where ¢ is the emissivity of the material and ranges from
zero (non-absorbing material) to 1 (black body). For bioce-
ramic particulates the emissivity is 0.9 or even higher. At
room temperature that emission falls into the infrared range
(IR) of the spectrum. Figure 1 displays the value of A, as a
function of the temperature T. It can be observed that for a
human skin temperature of 33 °C the ceramic particulates
emit radiation with a maximum at 9,47 um and receives
from the environment, at an average temperature of 23 °C,
radiation with a maximum wavelength around 9.8 pm.

The aim of the present study is to elucidate if wearing
socks with embedded ceramic particulates is effective for
reducing edema of the legs in persons with chronic

Spectral maximum (um)

—— —r—
300 350
Temperature (K)

—
250

Fig. 1 Maximum wavelength of the black body radiation as a function
of the body temperature (Wien’s Law)
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inflammation of vascular origin. The edema reduction will
be assessed using a plethysmographic method.

2 Materials and Methods

The study protocol was in accordance with the Declaration
of Helsinki, and it was approved by the University Ethics
Committee (Universidade do Vale do Paraiba - Ethics
Committee approval number H42/CEP2010). All subjects
provided written informed consent before data collection.

The subjects of this research were 30 patients of both
sexes, who ranged from 30 to 70 years old, suffering from
edema of vascular or lymphatic origin in the extremities of
the inferior members, presenting symptoms diagnosed for
more than one year. The 30 patients were equally distributed
in two groups. The group C+ wore socks with particulate
ceramic embedded in the fabrics and the placebo group wore
socks of the same fabrics without ceramic material. Since
some patients presented edema in both legs, a total of 48
inferior members were diagnosed with edema, in such a way
that each group contained 24 edematous members. The
patients were advised not to apply cosmetics on the ede-
matous site, and neither to perform massage nor lymphatic
drainage.

Exclusion criteria: pregnant or lactating women, endo-
crine disease, disorders of diabetic origin, venous ulcers and
arterial disorders, being under treatment with anti-
inflammatory drugs.

Each of the volunteers of both groups received a set of
two socks with compression factor of 20 mmHg, containing
or not the ceramic particulates. The socks were manufac-
tured with Emana™ polyamide yarns with embedded cera-
mic particulates containing oxides of Al, Si, Zn e Ca, and
were provided by BIOS (Sao José dos Campos, Brazil). The
volunteers were requested to wear the socks daily for eight
consecutive daytime hours, during four weeks, and were
evaluated weekly.

The edema reduction from before to after treatment was
assessed by a homemade plethysmograph, which consisted
of a rigid boot made with fiberglass containing 2.5 L of
water. The edema volume was determined by measuring the
volume of water displaced when the patients inserted their
leg into the boot with water. The research subjects did not
move or shake their legs, to reduce measurement errors.

The edema size evolution over the time of treatment was
assessed by plethysmographic measurements of the leg
volume weekly for four weeks. A quantitative evaluation
parameter was defined by AV = V — Vo, where V is the leg
volume at each week and V, is the leg volume before
treatment. The negative value of AV indicates that there was
a reduction of the edema.
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2.1 Statistical Analysis

The statistical analysis of the data was done using the Kol-
mogorov—Smirnov test for normality of the data and a
parametric two-tailed t-test with Welch correction for ana-
lyzing the difference between the means of C* and placebo
groups, at the significant level of o = 0.05. The Prism 8.0
software (GraphPad Software Inc., La Jolla, CA, USA) was
used for the analysis. Data is expressed as mean =SEM.

3 Results

The mean age of the thirty volunteers that participated in the
study was 54.9 + 13.3 years (mean + SD). The age dis-
persion of the patients in both groups showed to be statis-
tically homogenous (mean £ SD): 50.7 £ 12.0 years
(placebo group) versus 59.1 £ 13.7 years (C* group),
p = 0.831.

Figure 2 depicted the results of the edema volumetric
change (AV) obtained by plethysmographic measurements
from before to after treatment. The initial volume Vo covers
the range: placebo from 838 to 1388 mL and C* from 898 to
1520 mL The statistical box plot of Fig. 2 gives a perception
of data dispersion and shows that the mean volumetric
reduction for the group that wore socks containing ceramic
particulates in the fabrics composition was (=78.9 £ 10.7)
mL, while for the placebo group the mean volumetric
reduction was only (—41.3 £ 5.6) mL.

Intragroup analysis of both groups using the Kol-
mogorov—Smirnov normality test indicates that data of each
group pass the normality test. A statistical comparison
among the experimental data for the two study groups with
parametric unpaired t test returned a two-tailed p value of
0.003, pointing out that the difference among the group
means is very significant.

Figure 3 displays the frequency as a function of edema
volumetric change at the end of the treatment for the two
groups. The histograms of Fig. 3 show that, for the group
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Fig. 2 Edema reduction from before to after treatment as quantified by
Plethysmographic measurements disclosed in statistical box plot
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Fig. 3 Frequency histogram chart for C* and placebo groups

that wore socks containing ceramic particulate, the distri-
bution of measured values for edema volumetric change is
clearly shifted toward higher volume reductions, as com-
pared to the distribution achieved for the placebo group.

The time evolution of the edema volumetric change (AV)
over the treatment is an important information, since it
indicates if the reduction is consistent. It is displayed in
Table 1 the data about the edema change for the placebo and
the C* groups at each week of treatment and the corre-
sponding p-value obtained from the intergroup statistical
analysis. It is possible to see that the edema volume under-
goes a systematic reduction along the treatment for the two
groups, although the reduction is larger for the group that
wore socks with ceramic particles. It can be observed that
the values of p consistently decrease from the Ist to the 4th
week reaching a statistically significant difference at the 3rd
and 4th weeks. The results indicate that treatment by wear-
ing socks containing ceramic particulates becomes more
efficient with continued use when compared to wearing
socks without ceramics.

4 Discussion

The better clinical results observed in the present study that
are promoted using ceramic-containing socks may be
attributed to a stimulation of blood perfusion and lymphatic
drainage, as a consequence of an increment in the local
tissue temperature produced by the topical occluding gar-
ment containing ceramic particulates. This hypothesis is
strengthened by the work reported by Ko and Berbrayer [5],
who treated Raynaud’s syndrome patients with
ceramic-containing gloves. A mean temperature increases of
1 °C in the finger dorsum of the patients who wore the
ceramic gloves was reported, suggesting that the gloves,
active by the incorporated ceramic, were beneficial in the
management of Raynaud’s symptoms. Other study on the
thermal effects of wearable ceramic materials was reported
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Table 1 Edema volumetric Edema volumetric change (AV) p value

change for each week of =

treatment expressed as Placebo C

mean + SEM for placebo and Ist week 202 + 5.8 —-34.6 + 11.4 0.260

C

* groups 2nd week ~302 % 6.7 ~52.5 & 11.2 0.080

3rd week —383 + 7.1 -66.1 + 11.5 0.040"
4th week —413 +£5.6 —78.9 + 10,7 0.003*

The value of p corresponds to the weekly intergroup statistical analysis of group means
“Mean difference statistically significant

recently by Papacharalambous et al. [15]. They introduced
the hands of healthy voluntaries first in cold water and then
in pouches, being one pouch bioceramic-active and the other
one a placebo. It was found a percentage temperature
increase of 6.34% (dorsal side) and 4.74% (palm side) when
the use of an active pouch is compared to a placebo one [15].

The data presented in this work show that compressive
socks are beneficial in the treatment of edema of the lower
member extremities and that the addition of particulate
ceramics in the fabrics from which the socks are manufac-
tured enhances the clinical results even further. The exper-
imental data for the time evolution of edema volume
reduction over the four weeks of treatment reveal an increase
of edema reduction capacity of the socks containing bioce-
ramic particulates, as compared with the placebo ones: 1st
week 14.4 mL, 2nd week 22.3 mL, 3rd week 27.8 mL, and
at the 4th week 37.6 mL. The difference between mean
values of both groups increases in a monotonic way over
time, and at 3rd and 4th weeks that difference becomes
statistically ~ significant, p=0.04 and p = 0.003,
respectively.

The frequency histograms of Fig. 3 show that, for the
group that wore socks containing ceramic particulate, the
distribution of measured values for edema volumetric
change is clearly shifted toward higher absolute volumes, as
compared to the distribution achieved for the placebo group.

Anderson et al. [16] disclosed a thorough study about the
radiative interactions between the body, garments and
ambient, and the energy flux formed by the reflected,
transmitted and emitted IR radiation. They discussed the
way how the IR energy is transferred back and forth between
the three elements: body, fabric and surrounding medium.

More recently, Washington et al. [17] presented a care-
fully investigation about the possible mechanism for the
phototherapy using IR radiation produced by Bioceramic
materials embedded in fabrics, which are used for wearable
garments such as the compressive socks of the present study.
Ceramic particulates embedded in the garments absorb
energy that comes from the body by radiative process and by
conductive/convective heat transfer, and then re emit back to
the body. The radiation emitted by the body is centered at
about 9 pum, assuming a skin temperature of 33 °C (Fig. 1),

however the ceramic particles emit with a slightly longer
wavelength, because the garment temperature is lower than
that of the skin.

Other point to be considered is whether the clothing
change the body’s boundary conditions and interfere with
the radiant heat exchange between the body and the sur-
rounding medium [3]. They considered that the garments
might be working as a radiation trap that sends reflected IR
radiation back to the body [3].

An interest question was raised by the work of Vatan-
sever and Hamblin [18] about the correlation between non-
heating IR phototherapy and the visible-NIR low power
phototherapy. They asserted that the effect of both therapies
may be due to vasodilation by NO release from cytochrome
c oxidase or NO bound to hemoglobin, among other possible
mechanisms.

Further studies will be necessary for a better under-
standing of the IR phototherapy processes responsible for
the results presented herein.

5 Conclusion

The present study seems to indicate the effectiveness of
wearing compressive socks with embedded ceramic material
for edema volumetric reduction in individuals suffering from
edema of vascular or lymphatic origin in the extremities of
the inferior members.
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Analysis of the Electric Field Behavior
on a Stimulation Chamber Applying
the Superposition Principle

L.A.Sa, E.M.S.Bortolazzo, J. A. Costa JR and P.X.de Oliveira

Abstract

This paper investigates the possibility of applying electric
fields in different directions in a circular chamber using two
insulated electrical pairs of electrodes positioned in orthog-
onal directions. Controlling the current on each axis—with
two independent stimulator channels—we would be able
to stimulate the central area in different direction accord-
ing to superposition principle. This physical hypothesis
is reasonable, and the work was focused on investigat-
ing if the resulting electric fields would be homogeneous
in a small work area in a circular chamber. The electric
field magnitude and orientation was determined with the
measured electric potential data, and then the homogene-
ity tested with monofactorial ANOVA. A computational
model was developed, based on the experimental setup,
using finite element method to solve the electric field distri-
bution within the chamber, in order to compare the experi-
mental results. We tested the resulting electric field for the-
oretical orientations of 0° and 31.7°, and our results shows
a electric field magnitude of 6.31 + 0.11 V/m with p =
0.07 and 6.74 £ 0.40 V/m with p = 0.7032, and orientation
of 0° with p = 0.9997 and 31.7° with p = 0.9999, respec-
tively. Comparing the results with the analytical solution
and the computational model, we observed that there was
no statistical difference between them, which allows future
biological experiment.
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1 Introduction

Among the cardiac arrhythmias, the ventricular arrhythmias
represent a higher risk of life, because they interfere directly
in the ejection of blood into the systemic circulation [1].
The only existing therapy for ventricular fibrillation (VF)
is defibrillation, that stimulates a critical mass—between 75
and 90%—of the heart tissue, applying electric fields (E) on
the patient’s chest, in order to stop fibrillation [2]. However,
high levels of intensity of defibrillatory shocks can injure, or
even be lethal [3], to heart cells, which makes it necessary to
research ways to stimulate the heart using a lower E.

One way to minimize the intensity of the applied E in
the heart would be varying the direction of the electric field
vector (E)! with sequential application of stimuli within the
refractory period, through several pairs of electrodes in differ-
ent orientations—known as multidirectional stimulation [4].
A previous study allowed to observe that, in a cell popula-
tion, 80% of cardiomyocytes were recruited using multidirec-
tional stimuli with three pairs of electrodes [4]. Also, there
was a 30% decrease in the required energy to reverse 50%
of induced VF protocols in a pig population through multi-
directional stimuli, using three pairs of electrodes [5], when
comparing with unidirectional protocols.

Howeyver, it is reasonable that the use of three, or more,
pairs of electrodes is not always clinically viable, since time
and space allocation are critical on an emergency protocol.
We hypothesize that is possible to stimulate and defibrillate
a heart using multidirectional stimuli with only two pairs of
electrically isolated electrodes, using the superposition prin-
ciple.

The superposition principle is illustrated in Fig. 1 for the
case of a cylindrical chamber with two orthogonal pairs of
electrodes. Stimuli are applied concomitantly in both pairs.
The resulting electric field vector (ER) is equal to the vector

IThe bold font notation denotes a vector element.
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sum of the two E that would be separately generated by each
pair of electrodes.

Previous studies had employed a cylindrical chamber to
analyse electrical stimulation on isolated cells with a single
pair of electrodes at a x-axis, and E at any point of the chamber
can be calculated by [6]. In that study, a concentric work area
with a 10% radius was determined and was verified that E
varied less than 1% in magnitude and 1° in phase. Let x4
and yw 4 be all the coordinates inside the work area, E can be
considered constant and given by

2.1

E(xwa, ywa) =E(0,0) = mﬁx (D

where E(0, 0) is the electric field given by [6] for a single
pair of stimulation electrode, [ is the stimulation current, b
is the chamber inner radius, /4 is the height of solution, o
is the aqueous solution conductivity in chamber and &y is the
versor that indicates the stimulation axis. E(0, 0) has the same
direction as the stimulation axis defined by the electrodes line.
We propose that, when two electrically insulated pair of
electrodes are used, as can be seen on Fig. 1, Ej can be given
exactly by the same solution determined by [6] and E; deter-
mined using the same equation but orthogonally to the first.
Assuming that the uniformity of E within the work area is not
affected by the second electrode pair, and that the system is
linear [6], the superposition principle says that Er within the
work area can be determined by Egs. (2) and (3), given by

Channel 2
Electrode (+)

Channel 1
Electrode (+)

Channel 1
Electrode (-)

Channel 2
Electrode (-)

Fig.1 Top view of a cylindrical chamber. Eq and E; (red) are the elec-
tric fields generated considering just one pair of electrode (small filled
circles) are active. When stimuli are applied concomitantly in both pairs,
Eg (blue) is the resultant electric field and equals the vector sum of Eq
and E;. « is the angle of Ep to channel 1 axis. The work area, where Eg
is considered uniform, is represented (out of scale) as the shaded area

[ER|(xwa, ywa) = \/(El(XWA, ywa)? + Ex(xwa, ywa)?)
2)

E>(xwa, YWA)> 3)

a(xwa, Yywa) = arctan <
Ei(xwa, ywa)

where |ER|(xw 4, ywa) is the |ER | magnitude within the work
area, E1(Xwa, Ywa) and Ez (Xwa, ywa ) are the linear contri-
bution of electric field intensity of channel 1 and channel 2
at the work area, respectively, and a(xw 4, ywa) is the angle
that Eg is positioned in reference to the channel 1 axis, within
the work area.

By varying the amplitude of current stimulus in the two
insulated electrical pairs of electrode positioned in orthog-
onal directions, we hypothesised that is possible to apply a
multidirectional stimulus with any amount of stimulus, inten-
sity and in any direction.

Our aim in this work was focused on investigating if the
resulting electric fields would be homogeneous in a small
work area in a circular chamber, and compare with a com-
putational model developed at this work and the analytical
solution determined by [6].

2 Materials and Methods

This section was divided in two complementary parts to test
the superposition principle of E in a cylindrical chamber with
two orthogonal electrode pairs. First, a experimental study is
presented to test our hypothesis and homogeneity of E inside
a delimited area of the chamber. A special case with a single
electrode pair being stimulated is also analysed. Second, a
computational model is developed and simulated to validate
the study with the same conditions of the experimental study.
In both studies we took advantage of the relationship given
by:

E=-vo “)
where E is the electric field in V/m, V is the gradient operator,
and @ is the electric potential in Volts.

2.1 Experimental Study

The experimental setup is presented as a block diagram in
Fig. 2. A cylindrical chamber made of polylactic acid, 9cm
radius and 1cm height was built in a 3D printer. The first
pair of stainless steel electrodes, with 1 mm in diameter and
2 cm long, was positioned at diametrically opposite points of
the chamber and reaching perpendicularly the bottom of the
chamber. A second pair of identical electrodes was also posi-
tioned at diametrically opposite points but perpendicularly to
the line determined by the first pair. Next, the chamber was
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Fig.2 Experimental setup for CHANNEL 1

OSCILLOSCOPE 1

validation of the superposition

principle. Two insulated voltage
stimulators are connected to two
pairs of orthogonally displaced
electrodes. Oscilloscopes 1 and 2
used for current sensing through
series resistor, and oscilloscope 3
used for electric field mapping.
The scanning points presented as
black bullets on the chamber

CURRENT CH1 11

L0

OSCILLOSCOPE 2
CURRENT CH2 2

o

center (out of scale) were scanned
with the scanning electrode (red).
A reference electrode (blue) and a
auxiliary electrode for differential
acquisition (purple) are also
represented

LOW-INTENSITY ELECTRICAL STIMULATOR

CHANNEL 2

partially filled with Tyrode’s solution [6] at 23°C, and the
height was measured since it is a parameter of the chamber
conductivity and ER.

A low-intensity electrical voltage stimulator—developed
for this work—with two insulated channels, was connected to
the pairs of electrodes. The stimulator channels were adjusted
to provide symmetrical rectangular bipolar pulses with 25 ms
duration in each phase and frequency 0.3 Hz, in order to avoid
electrode polarization. Simultaneously, the current in each
channel was continuously measured with electrically isolated
oscilloscopes through 22.2 2 series resistors.

We delimited a 10 mm edge square-shape concentric work
area for experimental mapping of ER, and we assume that
ER is constant inside this area and determined by the set of
Egs. (1), (2) and (3). For the first experiment set, the cur-
rent in the second pair of electrodes was adjusted to zero so
the theoretical phase «(Xwa, Ywa) had a value of 0° accord-
ing to Eq. (3), reducing to a one single channel stimulation
case. At the second experiment set, the voltage amplitude
was adjusted to obtain a measured current at each channel so
the phase o (xwa , Yywa ) had a theoretical value approximately
33°, according to Eqgs. (1) and (3). Next, we started to per-
form the actual E mapping. This can be achieved indirectly
by mapping the electric potential (®) as indicated by Eq. (4).

Hence, a third electrically insulated oscilloscope and three
Ag-AgClelectrodes, with 0.2 mm diameter, were used to mea-
sure @ in a 36-point matrix (black bullet points in Fig. 2). The
edge of the collection data was coincident with the 10 mm
edge square-shape concentric work area and the measure-
ment points were spaced with 2 mm on each direction. Next,
the points were sequentially scanned by the first Ag-AgCl

OSCILLOSCOPE 3
MAPPING 13

XX

I
SCANNING
ELECTRODE

REFERENCE
ELECTRODE
AUXILIARY ELECTRODE

electrode, a scanning electrode coupled to a microscope char-
iot (Zeiss, Jena, Germany) with resolution of 0.05 mm. The
second electrode was used as a reference for the oscillo-
scope and positioned close to the chamber edge, at a point
where we observed a maximum amplitude of the signal. A
third electrode was used to obtain a differential signal and
reduce noise, and it was positioned close to the reference
electrode.

After completing the data collection for @, we derived ER.
Since our data are not continuous, we did not directly apply
Equation (4), but we derived Eg within a smallest square-
shape scanning points with the edge potential measurements.
First, we calculated E at the main diagonal by taking the neg-
ative difference of that two main diagonal points and divided
by the distance. Next, we do the same approach for the E in
the secondary diagonal. This operation was applied for the
36-point matrix, and results on a 25-point vector matrix that
can be decomposed in intensity |Er|(x,y) and phase a(x, y).

The scanning process was repeated 10 times (N = 10) and
each of the 25 points was considered a single group for sta-
tistical analysis. Since we expected |Er|(x,y) and a(x, y)
to be uniform within the measured area, each group was
analyzed using three normality tests: Kolmogorov-Smirnov,
D’ Agostino & Pearson and Shapiro-Wilk. The distribution of
a group was considered normal if at least two tests had p >
0.05. Under the null hypothesis test, the samples of each group
were compared with the expected value, given by Egs. (1), (2)
and (3), using monofactorial ANOVA. A p-value lower than
0.05 was indicative of statistical difference. The absence of
any statistical difference between the groups was indicative
of uniformity of the Er(x,y).
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2.2 Computational Study

The computational model was built using COMSOL Multi-
physics 5.3 (COMSOL, Burlington, MA, USA), a software
for solving partial differential equations (PDE) based on finite
elements method (FEM).

As it can be seen in our experimental setup, it can
be divided in two different electrical systems: an electri-
cal circuit—used for electrodes stimulation and current
sensing—and electric field distribution in the chamber. The
major concern in modeling the proposed system is to assure
that both stimulation channels are isolated from each other.

The electrical circuit was built using 0D space dimension
geometry. Two physics of Electrical Circuit were added—
one per channel—to solve circuits using Kirchhoff’s Laws,
including a voltage source Vj, a sensing resistor Rg.,s and
an external I vs. U block—-used for connect the electrical
circuit to a circuit terminal in other space dimension. Each
circuit has its own ground signal, due to channels isolation,
and the external block is connected to the electrodes.

We assume that our conductive solution is isotropic and
that only the inner chamber geometry influences the elec-
tric field. Thus, we used a 2D space dimension geometry to
represent the inner stimulation chamber just like in our exper-
imental method.

Electric field was calculated by Equation (4) using two
Electric Currents physics—one per channel—of the AC/DC
module in a stationary study.

Besides that, the outer circle, that represents the chamber
boundaries, is modeled as an electric insulator, and the elec-
trodes as terminals—connected to external I vs. U block from
Electrical Circuit.

The mesh was generated automatically using the physics-
controlled mesh builder (available on COMSOL), for extra
fine element size, which resulted in approximately 6800 finite
triangular elements.

The parameters values used on simulation are chamber
radius R = 9cm, Tyrode’s electrical conductivity oyyrode =
1.46 S/m [6], height of solution and current in each channel
are obtained from the experimental results.

Table 1 Experimental results

3 Results

3.1 Experimental Results

We performed the mapping first for 0° and, sequentially, for
33°. Due to the low precision on the electric stimulator, we
were unable to fine adjust the phase to 33°, resulting in a
phase of 31.7°. For each case, the values of measured and
adjusted current at each channel, the measured height of the
solution, the p-value from the statistical analysis derived for
the |ER|(X,y), and @ (x, y) (E) distributions, as well the value
of the theoretical |ER| and « are presented in Table 1. The
values of mean =+ standard error of the mean (SEM) of electric
field magnitude and phase for each point in our mesh, derived
from the mapping explained in the section Experimental Study
are presented in Fig. 3.

3.2 Computational Results

We measured the sensing current /g5 on each channel sens-
ing resistor, in order to determine the voltage sources Vi1 and
Vi2. The voltage sources were calculated by:

Vs = (Rsal + Rsens) Isens (5)

where Ry, is the solution resistance, and Rj.,s is the sensing
resistor. The current measurement was done by adding a very
small resistor value, R.,s = 100€2, so that the voltage drop
on Rj.,s is negligible and Eq. 5 can be approximated to Vy =
Lsens Rsor. Thus, a first simulation for each case was run to
determine Ry,; to the measured height of solution, and then
Ry and I.,s were used to estimate the voltage source.

As mentioned on section Computational Study, two elec-
tric currents were added to isolate channels, and the resulting
electric field | Er| and measured phase o was calculated as in
Eqgs.2 and 3, respectively, where E; and E; are the electric
fields due to channel 1 and channel 2, respectively.

The computational results are summarized on Table 2.

Parameter (Unit) a =0 o =317
Height of solution / (mm)? 6.0 £0.1 8.0+ 0.1
Current in X-axis Isens, (MA) 7.82 9.46
Current in y-axis Igens, (MA) 0 5.86
ANOVA p-value for magnitude 0.069335 0.9997
ANOVA p-value for phase 0.7032 0.9999
Electric field | Eg| (V/m)*P 6.31 £0.11 6.74 £ 0.40

4Measured value + accuracy from charriot

bTheorically values given by Egs. (1) and (3) & accuracy given the height accuracy



4 Analysis of the Electric Field Behavior on a Stimulation ...

29

Es

2. 221 p=0.06935 £ 15
819, REREE thyyatig e 8%
iy O o R S, I R pro b b1 “ 5
56.0 f -i 1 theoretical value = 6.31 Wim 5 0
2 554—4—ttttt—tttt—t—+—t—t—+——+————++++
* TSNS yYNENSTNSTFYTSNSESNSTSNSYT =5

b e o 38, 0, T T T T T S N R TR 0 R

Position (x,y) [mm,mm]
(a)
Eo 45
E.a p=0.9997 540 p=0.9999
= L w J
w L]
35 |

a7 }-{--1--i-;-{--{--i-i-{--k-r-;-s--;-;-x--[-- O M 2 _{_-L}_ -1--1..--i-l-.i_-i-;-z-.l--;_.E- i o
c ] theoretical value = 6.74 Vim 2 30 ¥ thearetical value = 31.7
gs —t—t —t —ttt =25 —t—t + + + + + +—t

R - A~ SessF§SsaNSaSsFTFENTETSET

TiifyysdddSsssonddidTE s A A BRI B RS NP N B T R R

Position (x,y) [mm,mm] Position (x,y) [mm,mm;

(c)

(d)

Fig. 3 Experimental results. The red dashed represents the theoretical value. Fig (a) and (b) are the electric field module and phase « = 0°,
respectively. Fig (c) and (d) are the electric field module and phase para o = 31.7°, respectively

Table 2 Computational results

Parameter (Unit) a=0° a=31.7°
Chamber resistance in x-axis Rep, (£2) 441.42 331.07
Chamber resistance in y-axis Rep, (£2) 438.40 328.79
Voltage source in x-axis V, (V) 3.45 3.13
Voltage source in y-axis Vj, (V) 0 1.92
Electric field |Eg| (V/m)? 6.31 6.74
Phase o (°)? 0 31.7

#Numerically calculated by Eq. (4)

4 Discussion

To validate the superposition principle in a circular chamber
using two insulated electrical pairs of electrodes positioned
in orthogonal directions, we mapped the E in the work area
so we could compare the result with the analytical solution,
obtained in [6]. Since the work area that we defined is smaller
than in [6], E should vary less than 1% in module, and 1° in
phase. This was confirmed in our computational study where
E varies less than 0,31%. Further, the simulation outcomes
at the work area were identical to the analytical solution for
electric field intensity and phase.

Moreover, we measured 36 points inside the chamber for
simulations at 0° and 31.7°. The expected result for the val-
ues found in the work area were 6.31 V/m, for ¢ = 0° and
6.74 V/m, for o = 31.7°. When performing the monofactorial
ANOVA there was no statistical difference between them,
which indicates that the superposition principle is valid when
applying stimuli on two pairs of electrodes.

A significant dispersion in the experimental values was
noticed, and there were local means that diverged more than
1% or 1°, in magnitude and phase, respectively. Those errors
are noticed in the 0° and the 31.7° setup. However, previ-

ous works validated the E within the work area of 10% of
the chamber radius, and they show that there was no dif-
ferences in E greater than 1% and 1° for a single stimu-
lation pair of electrode [6]. Since the errors were noticed
for the 0° setup, they should not be given due the superpo-
sition principle. We obtained a p-value very close to 0.05
in the 0° setup, which is the case where we are apply-
ing stimulus with just one pair of electrodes. The maxi-
mum variation in the 0° direction, approximately 14% in
magnitude, and the fact that more points varied more than
1% in magnitude, may have contributed to the fact that
the p-value is so close to 0.05, which did not occur in the
31.7° direction. Despite this, statistical analysis indicated
that there is no significant difference between the data. The
errors can be attributed to several factors, such as: elec-
trodes positioning in the reruns of the experiment, elec-
trodes polarization during the experiment, error in determin-
ing the height of the solution, the fact that we considered
the solution as isotropic, as well as the inherent errors of
instrumentation.

Therefore, the fact that there is no statistical difference
shows us that the applied model is acceptable, with the excep-
tion that the setup developed for this experiment requires
improvement to reduce standard error.
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5 Conclusions

With this developed work, one can observe that it is possi-
ble to apply multidirectional stimuli with only two pairs of
electrodes. The electric field was mapped analytically, numer-
ically, and experimentally, applying simultaneous stimuli in
two different directions, and we can conclude that the super-
position principle was validated inside the work area for 0°
and 31.7°. We believe that these results endorse the hypoth-
esis that it is possible to apply a stimuli of any magnitude in
any direction, with only two pairs of electrodes. Although itis
necessary to improve the experimental setup, we can conclude
that our hypothesis is valid, so we can further investigate and
develop a setup that allows analyze the electric field for any
angle within the four quadrants, for future biological experi-
ments.
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Abstract

Regarding the cardiovascular system, in-vitro studies
appears as an alternative for experimental assessment of
blood flow parameters, in order to validating numerical
simulation through particle imaging velocimetry (PIV) or
laser Doppler velocimetry (LDV), and assist health
professionals in clinical procedure. The aim of this study
is to develop a methodology for manufacturing optical
silicone models of blood vessels, life size, for the
purposes described. A process similar to casting was
used. A bipartite mold and a core were manufactured
through of the 3D print after the geometry be acquired by
computed tomography. The optical silicone was used to
manufacture the model. After the cure of the silicone, it
was observed that the model showed great transparency
and compliance. This procedure showed up a simple and
fast way for the manufacturing of optical silicone
specimen of blood vessels. The results obtained were
ideal for the purpose of the study, however the final
model still lacks mechanical characterization for specific
applications.
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1 Introduction

Standard hemodynamic in blood vessels can be changed for
flow features itself, for example, local vortex generation and
turbulence. The flow can also be disturbed due to geometric
changes of the lumen or because of pathologic conditions, as
aneurysms formation, among other factors. Moreover,
instruments and clinical devices insertion, like central
venous catheter (CVC) and endoprosthesis, can also cause
these disturbances. Furthermore, there may be a variation in
shear stress to which blood cells are subjected, changing the
hemolytic and thrombogenic potential, which can cause
others more grave adversities, like thrombosis [1, 2].

Numerical models based on computational fluid dynam-
ics (CFD) can be used in order to predict these changes [2].
This tool has the advantage of being non-invasive and rel-
atively low cost. The use of CFD has provided useful
information to help understand atherosclerosis formation by
computing the velocity field and wall shear stress associated
with that velocity field in cardiovascular system [3].

However, it is necessary to validate the numeric models
by experimental techniques. In-vivo experiments have some
disadvantages, for example: issues involving patient integ-
rity, in case of invasive technique; and in magnetic reso-
nance imaging (MRI) procedure, where the patient must be
immobile during the measurement. Besides, it is not always
possible to measure the necessary physical quantities [3, 4].
Thus, in-vitro studies, which use materials that mimic the
vascular tissue behavior appears as an alternative [5, 6].
These studies can be performed using a pulsatile flow pump
to better simulate the flow and a fluid with the same or
similar properties of blood (as a solution of water and
glycerin) [7]. This is done in order to compare it with the
numerical results for a better understanding of the hemo-
dynamic behavior [8].

Recent researches are using rigid models to perform
in-vitro experimentations with several objectives. These
models have the advantages of being transparent which
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allows the visualization and assessment of clinical devices
prototypes inserted in specimen. Furthermore, the use of
optical techniques to assess the blood flow field is facilitated.
Nevertheless, from the engineering point of view, the rigid
models are only suitable for fluid dynamics studies, because
they do not simulate the behavior of vessels wall due to the
blood flow [9-11].

There are many different experimental techniques for
measuring flow quantities, however, the most systematically
used are optics, such as particle image velocimetry (PIV) and
laser Doppler velocimetry (LDV), and acoustics ones, such
as ultrasound imaging velocimetry (UIV) [12]. Optical
experiments need that the geometry has optical access, that
is, the manufacturing material must be transparent and does
not exhibits optical deviation, like optical silicone or poly-
urethane [3]. On the other hand, acoustic tests can employ
latex and polyvinyl alcohol, since they do not require optical
access [5, 13].

Moreover, these specimens are being used by healthcare
professionals as well. Studies about these experimental
models are being accomplished with the aim of simulate
surgical procedures, as aortic aneurysms, and tests of clinical
devices, like robotic catheter for aortic valve implantation
[14, 15]. The physical replica of patient-specific anatomy
can be used for the training of novice surgeons in robotic
surgery. It is fundamental that the model correctly resembles
the morphological properties of the vessel [16].

The present study aims to develop a protocol to manu-
facture simplified models in optical silicone, motivated by
the increase of need for anatomical geometric models of the
circulatory system. The model used was composed by the
right internal jugular vein, left internal jugular vein and
superior vena cava.

M. C. B. Costa et al.
2 Materials and Methods

The construction of the replica of blood vessel followed the
steps below.

2.1 Geometric Model

The geometry used in this work was obtained by the
methodology proposed in [17]. Initially, the geometry was
acquired by Computed Tomography (CT) of a male healthy
patient, 74 years old. The procedure was approved by the
Comité de Etica em Pesquisa/Universidade Federal de Minas
Gerais (CEP-UFMG) under process number CAAE
02,405,712.5.1001.5149.

In the InVersalius3®, a medical image processing soft-
ware, it was imported the DICOM (Digital Imaging and
Communications in Medicine) files. The file data were
processed to acquire only the region of interest. Figure 1
illustrates the procedure, with the region of interest high-
lighted in green.

The next step was to edit the geometry in Steriolithog-
raphy (STL) format in the Autodesk Meshmixer®. This step
consisted of smoothing and removing some imperfections on
the geometry surface, to improve the surface quality. The
subclavian and external jugulars veins were removed to
reduce the complexity of the model, since it would be dif-
ficult to reproduce an experimental bench. The treated
geometry is indicated in Fig. 2a.

With the aim of facilitating the manufacturing process by
the silicone casting method (a process similar to casting, but
using silicone), the edited geometry of the venous system
was simplified in order to make it symmetrical in relation to

Fig. 1 Image acquisition
methodology from CT scan
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the XZ plane, represented by Fig. 2b. In this figure, the
original geometry is indicated in orange and the simplified
geometry in green. The ANSYS SpaceClaim software was
used to perform this procedure.

2.2 Bipartite Molds Manufacturing

The geometry acquired by the process previously described
was employed to generate the cavity of the bipartite mold,
that is, the external surface of the specimen. In the ANSYS
SpaceClaim software were inserted cylindrical connections
at the inlets and outlet, with standard sizes of 4" at the
border of the internal jugulars and 1” at the end of the
superior vena cava, in order to fixate the models on exper-
imental benches. In addition, fittings were added to ensure
that the core was fixed and aligned in the mold during the
injection of the silicone. Figure 2c shows the final mold.

For the molds manufacture, a three-dimensional print of
Fused Deposition Modeling (FDP) technology, model P350
(3D Factor) was used. The maximum print size is
350 x 350 x 350 mm and the resolution in the vertical
direction is 0.01 mm. The printing tolerance is 0.25 mm in
all directions. The final molds, in STL format, were con-
verted to Gcode language by Slic3r software. The molds
were printed using the lactic polyacid plastic (PLA).

After the mold printing procedure, the cavities, which
will be filled with silicone, were sanded and polished in
order to reduce the surface roughness with the aim to give
the specimen a better transparency and avoid optical devi-
ations to be used in optical tests or flow field visualization
technique. Figure 2d indicates the printed mold.

2.3 Core Manufacturing

For manufacturing the core, an offset of 3.0 mm in the
geometry acquired in section A was made (mean thickness
of the analyzed system). The surface generated through this
offset corresponds to the internal surface of the specimen,
that is, the external surface of the core. For the core were
inserted cylindrical connections, with diameter less than the
geometry used to create the molds by 3.0 mm, and fittings as
well.

The core was manufactured similarly to the mold. It was
used the same printer machine, and the files in STL format
were converted to Geode language. However, the polyvinyl
alcohol (PVA), a water-soluble material, was used. This
material was employed by ease of removal of the model after
of the silicone cure.

After printing procedure, the core was also sanded and
polished to ensure that the internal surface of the model has
low roughness. Figure 2d shows the printed core.
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2.4 Silicone Preparation

In this study, the silicone used for casting procedure was the
polydimethylsiloxane (PDMS) of the Sylgard 184 kit (Dow
Corning). This material was chosen due to the high degree of
transparency.

A curing agent provided by the kit was added in pro-
portion of 10:1 to accelerate the curing reaction. The prod-
ucts were mixed at room temperature.

After preparation, the mixture was taken to a vacuum
chamber to eliminate the bubbles that appeared during the
process. Figure 2e shows the before and after of the silicone
being placed in the vacuum chamber.

2.5 Silicone Injection

First, the core was correctly positioned in the mold, which
was closed and properly sealed. The silicone was injected
into the injection channel of the mold and filling exclusively
due to the gravitational effect.

The mold was left to stand for approximately 24 h, sili-
cone curing time.

3 Results

After the curing process and the removal of the PVA core,
by immersing the body in water, the specimen in optical
silicone was obtained. Figure 3 indicate the results obtained.
It is observed that, the model showed an excellent degree of
transparency and a great surface finish. The body also
showed good elasticity and compliance.

4 Discussion

The manufacturing of specimens in life sizes is a useful tool
in the field of medicine, because they can be used for
training trauma correction and surgical simulations. These
models help professionals to better understand the patient’s
anatomy [12]. Furthermore, the specimens can be an alter-
native for in-vitro experiments, as a way of validating
numerical computer simulation.

The transparency and surface finish acquired in the model,
Fig. 3, allows medical training to take place in a more didactic
way. Visualization of the inside of vessel facilitates the posi-
tioning of clinical devices. In addition, it becomes possible to
monitor the behavior of the device inserted in the model.
Moreover, the transparency is suitable for experimental methods
to obtain flow field parameters in the study region, which use
optical fundamentals, such as the PIV or LDV. Tests that use
only qualitative analysis, such as the use of dyes, can also be
performed.
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Fig. 2 a Edited geometry after
CT scan acquisition a
b Simplification of geometry

¢ Three-dimensional design of the
bipartite mold d Bipartite mold
and core already printed

e Removing bubbles in the
preparation of the optical silicone
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Fig. 3 a Result of the process after curing the silicone. b Dissolution
of the PVA core. ¢ Final model of the optical silicone
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With respect to elasticity and compliance, the model had
plausible results. The specimen showed an appropriate
technical feature to be used in practices described above.
Thus, the model obtained allows professionals, who work
with numerical simulations, to validate their studies from the
fluid dynamics point of view. Nevertheless, there is a need
for a mechanical characterization to determine a relationship
with the real blood vessel wall, because the material used in
the manufacture of the model may not have the actual
hyperelastic characteristic of the vascular tissue. During the
training of surgical procedure, the incision in the specimen is
also properly simulated.

In the procedure of manufacturing there is a possibility of
leakage during the injection of the silicone in the mold and
bubbles formation during the mixing of the silicone with the
curing agent. The first problem can be corrected by making
the seal more efficient and improving the mold fitting. The
second can be adjusted by taking care in the preparing the
silicone and using the vacuum chamber.

Finally, the methodology described, presents a limitation
because it needs the geometries to be symmetrical in relation
to a plane to manufacture the bipartite molds, that is, there
cannot be three-dimensional anatomical curvatures.

5 Conclusion

Computational fluid dynamics analysis and in-vitro tests
appears as an alternative tool to assess changes in the
physical parameters of blood flow due to clinical devices
insertions, like CVC and endoprosthesis, furthermore, due to
pathologic condition, as aneurysms formation. In this con-
text, is necessary to manufacture models that represent the
studied blood vessel and mimics the vascular tissue behav-
ior. Throughout this research, several tests were carried out
to develop a methodology capable of manufacturing a
specimen in optical silicone, to realize the proposed
objective.

Using the silicone casting technique, together with the
use of 3D printing, the manufacture of an optical silicone
replica of a blood vessel proved to be viable and inexpen-
sive. The developed model allows physiological accuracy
for the validation of numerical fluid dynamic studies carried
out. In addition, it allows the improvement of surgical pro-
cedures, since these models are used to assist surgeons
during their training. Finally, tests can be carried out to
check whether the presented methodology can be applied to
other materials, such as polyurethane, and to other vessels in
the circulatory system.
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Comparative Study of Rheological Models
for Pulsatile Blood Flow in Realistic Aortic
Arch Aneurysm Geometry by Numerical
Computer Simulation
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Abstract

In numerical simulations of blood flow in the aorta, shear
rates tend to be higher than 100 s~ making blood behave
as a Newtonian fluid, with constant dynamic viscosity.
This study proposes a comparative analysis via compu-
tational fluid dynamics (CFD) of the Newtonian, Carreau-
Yasuda, Power-Law and Casson rheological models for a
realistic geometry of the aortic arch obtained by computed
tomography (CT) and adapted with an aneurysm. It has
been shown that there are instants of time throughout the
cardiac cycle in which the blood exhibits non-Newtonian
behavior. This behavior leads to a considerable variation
in the dynamic viscosity that can influence the flow hemo-
dynamics. It was also possible to detect that the effective
viscosity varies over the cardiac cycle, including the New-
tonian model, which suggests that the turbulent viscosity is
variable. In general, the Carreau-Yasuda and Power-Law
models show similar behavior, whereas the Casson model
tends to be more closely to the Newtonian model.

Keywords
Rheology ¢ Blood flow * Aneurysm * Non-newtonian
models ¢ Aortic arch

1 Introduction

From a rheological point of view, blood has a non-Newtonian
behavior of the viscoplastic type. It has characteristics of pseu-
doplastic fluids, where the apparent viscosity decreases with
the increase in the deformation rate, and in addition, it requires
an initial shear stress (yield stress), to start its flow [1]. How-
ever, the value of the yield stress is very small in a way that the
blood throughout the circulation will be fluid and not solid [2].
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At low shear rates, blood viscosity decreases due to the
“rouleaux” effect, which consists in the aggregation of red
cells. On the other hand, above approximately 100s™!, the
aggregations are broken by the velocity gradient and the blood
assumes Newtonian fluid behavior [3].

Although the shear rate in large arteries is generally high,
certain aortic conditions induce flow disorders. This generates
regions of recirculation and stagnation that are accompanied
by a significant reduction in the shear rate, which may induce
non-Newtonian behavior [4].

The shear stress in the artery wall also presents a different
behavior according to the rheological model [5]. This varia-
tion in shear stress modifies the dynamic of the arterial wall
in aortic aneurysms. Bilgi and Atalik [6] demonstrated by
fluid structure iteration by assuming blood as Newtonian fluid
leads to significant differences in hemodynamic behavior in
aneurysms, when compared to the Carreau model. These dif-
ferences were observed in all structural models of arterial
wall analyzed by Bilgi and Atalik [6]: rigid, linearly elastic
and hyperelastic.

Although there are not many studies on the blood flow rhe-
ology in vivo [7], different investigations through numerical
simulations have reached contradictory conclusions. There-
fore, the differences between Newtonian and non-Newtonian
models has sometimes been subjective [4,8—11].

The research developed here aims to compare the blood
flow modeled numerically via computational fluid dynamics
(CFD) in a realistic geometry of the aortic arch aneurysm,
from the perspective of Newtonian fluid and different non-
Newtonian models.

2 Materials and Methods

The geometric model was created from image reconstruc-
tion of a computed tomography (CT) scan of a healthy
patient. The procedure was approved by the following ethics
committee: Comité de Etica em Pesquisa/Universidade Fed-
eral de Minas Gerais (CEP-UFMG) process number CAAE
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02405712.5.1001.5149. After obtaining the solid, a fusiform
aneurysm was created in order to exceed at least 50% of the
diameter of the aortic arch. The geometry, as well as a three-
dimensional reconstitution step by means of digital image
processing, can be seen in Fig. 1a, b.

Boundary conditions adapted from Alastruey et al. [12]
were adopted. In the ascending aorta (AA), the pulse wave
velocity was imposed. In the brachiocephalic trunk (BT), left
common carotid artery (LCCA), left subclavian artery (LSA)
and thoracic aorta (TA) pulse pressure were imposed. The
cardiac cycle considered has a duration of 0.8 s, which rep-
resents a heart rate of approximately 72 bpm. 320 time steps
of 0.0025 s were used. The boundary conditions are shown in
Fig. lc. Two cardiac cycle were simulated and the first one
was discarded.

The mesh convergence test was carried out according to
the ASME V&V 20 [13] standard. The mesh selected for the
study has 1085072 elements and 360988 nodes, refined in the
aortic arch in the region of the aneurysm and branches.

Four rheological models were selected for the comparative
study, namely, Newtonian, Power-Law, Casson and Carreau-
Yasuda. The rheological properties were the same used by
Gongalves et al. [14] and Shibeshi and Collins [3]. Those

x10'
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Fig. 1 a 3D reconstruction stage; b Geometric model; ¢ Velocity and
pressure pulses

properties are represented in Table 1, where: x: dynamic vis-
cosity (Pa.s), {too: maximum viscosity (Pa.s), (o: minimum
viscosity (Pa.s), n: Power-Law index, A: time constant (s), k:
consistency index (Pa.s"), 7g: yield stress (N) and n: Casson’s
rheological constant.

ANSYS-Fluent® 2019 R2 software was used to solve the
time-dependent continuity and momentum equations. The tur-
bulence model adopted was the k — w Shear Stress Transport
(SST). For spatial discretization of the momentum and conti-
nuity it was used the second order Upwind method. For tem-
poral discretization, the implicit second order algorithm was
adopted. The pressure-based coupled algorithm was adopted
to solve the pressure-velocity coupling. The second order
scheme was used to discretize the pressure equation. Finally,
the Least Squares Method Cell-Based Gradient was used for
the gradients. As convergence condition, the residual value of
10~* was used for the velocity components, continuity, turbu-
lence kinetic energy (k), and specific dissipation rate (w). The
maximum value of Courant-Friedrichs—Lewy number (CFL)
found in numerical simulation was 175.93 and the average was
14.31. Although the CFL were high, numerical instabilities
were not found, because an implicit formulation of temporal
discretization was used, which is unconditionally stable.

3 Results

The results for analyzing the rheological behavior of the sim-
ulated models in different planes can be seen in Fig. 2. The
planes were numbered (P1, P2, ..., P14) in ascending order
from the top of the geometry. For a better comparison of
images, the structural similarity index (SSIM) [15] is also
shown, which is an index to quantify the percentage differ-
ence between images. The comparison was made in relation
to the Newtonian model. SSIM is calculated by Equation (1).

(Z/Lxuy + Cl) (Z(Txy + Cz)

SSIM (x, y) =
(u,% 2+ C1) (03 +o2+ C2>

6]

where wy, iy, ox, oy and oxy are the local means, standard
deviations, and cross-covariance for images x, y. C; and C;
are constants included to avoid instabilities [15].

Figure 2a shows the results of the shear rate of the Newto-
nian model at the instants of time (t) of 0.10, 0.29, 0.40 and
0.80s. These instants of time correspond respectively: to the
maximum velocity value, which occurs at the systole and it
is close to the point of maximum pressure; the moment of
closing the aortic valve; approximately half of the diastolic
phase; and at the end of the cardiac cycle.
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Table 1 Rheological properties of the models selected for the study

Newtonian Power-law Casson Carreau-Yasuda
oo - 0.0560 - 0.0560
o - 0.0035 - 0.0035
n - 0.7080 - 0.3568
A - - - 3.3130
k - 0.0170 - -
0.0035 - 0.0035 -
70 - - 0.0050 -
n - - 0.0035 -

Figure 2b shows how the dynamic viscosity varies in each
model in the aortic arch in the P5, P6, P7 and P8 planes for
the instants of time of 0.1 and 0.8 s which are the time of
the peak systole velocity and the end of cycle respectively.
These instants of time differ each other due to their high and
low shear rate, respectively. Figure2(c) shows the effective
viscosity, which is the sum of the dynamic viscosity and the
turbulence viscosity, in the same planes for the same instants
of time. Finally, Fig. 2(d) shows the velocity field for low shear
rates (at t = (0.8s).

In order to demonstrate once again the behavior of the
different rheological models, Fig. 3 shows how the shear rate,
dynamic viscosity, effective viscosity, shear stress, velocity
and pressure vary in the median plane of the aortic arch (P7).
The values correspond to the mass flow weighted average.

Finally, Table 2 shows the mean absolute percentage devi-
ation (MAPD) over time of each model in relation to Newto-
nian model for the graphs in Fig. 3. MAPD is calculated by
Eq. 2. Table 2 also shows the maximum absolute difference
(MAD) and the instant of time (ty,q) of such difference.

i

1 <~ | Pun, — Pn
MAPD = ~ i TN
>

2)

PnN,-

where PyN; and Py; are any property of the non-Newtonian
and Newtonian model at instant of time i, respectively, and n
is the number of time steps.

4 Discussion

It is observed that when the velocity increases, the shear rate
also tends to increase. At these instants of time, some part
of the aorta has values greater than 100s~!, as in the systole
phase. On the other hand, when the velocity is low, or even
in certain regions during systole, the shear rate is less than
100s~!, which suggests non-Newtonian behavior.

Figure 2b proves that at low velocities, dynamic viscosity
tends to vary more than in regions with higher velocities,
which cannot be concluded using the Newtonian model. This
behavior is also seen in Gongalves et al. [14] for blood flow in
venous catheters that modify the shear rate. This is also shown
in Table 2, where the maximum absolute difference between
the Newtonian model in relation to the non-Newtonian model
occurs at points of low shear rates.

It is important to note that at high shear rates, there were
also local variations in viscosity, although smaller. However,
in regions where viscosity is predominantly constant, the vis-
cosity value is higher than the Newtonian model. This trend
is seen in the three non-Newtonian models analyzed.

At high shear rates, the effective viscosity also tends to
vary less, even at different values for different models. At low
shear rates, the effective viscosity increases and varies locally,
which shows that in addition to the increase in dynamic vis-
cosity, there is an increase in turbulence viscosity.

From the point of view of effective viscosity, Casson’s
model is the closest to the Newtonian. On the other hand, the
Carreau-Yasuda and Power-Law models are more coincident.

Analyzing the hemodynamic behavior of the flow, Fig. 2d
shows that in regions of low shear rate and velocity, the veloc-
ity field itself can be slightly altered due to the rheological
model. In other words, blood rheology can modify the fluid
dynamic of the flow. The results of the velocity field are con-
sistent with those found by Karimi et al. [S]. Table 2 shows that
the maximum absolute difference coincides with low shear
rates. At other instants of time, especially at high shear rates,
the velocity difference is small.

In average terms, as shown in Fig. 3, the shear rate in the
selected plane is always less than 100s~!, which suggest that
the phenomenon cannot be modeled as Newtonian. In fact,
the dynamic viscosity varies throughout the cardiac cycle, at a
different value than the Newtonian one. This suggests that for
greater agreement with non-Newtonian models, the viscosity
must be different from the usual value of 0.0035Pa.s. It is
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Fig. 2 a Strain rate in aorta; b Dynamic viscosity at t = 0.1s and t = 0.8s; ¢ Effective viscosity at t = 0.1s and t = 0.8 s; d Velocity field at t =
0.8 s. NT: Newtonian; CY: Carreau-Yasuda; PL: Power-Law; CS: Casson. BT: brachiocephalic trunk; LCCA: left common carotid artery; LSA: left
subclavian artery; TA: thoracic aorta; AA: ascending aorta
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Fig.3 Average change in the P7 plane of the shear rate, dynamic viscosity, effective viscosity, shear stress, velocity, and pressure over the cardiac

cycle

also interesting to note that the highest value in magnitude of
the shear rate occurs at the point of maximum velocity in the
plane during systole, as expected.

However, from the hemodynamic point of view, the flow
behavior does not undergo major changes due to the consid-
eration of the Newtonian model, as shown in the graph of
variation in velocity and pressure. However, on average, the
biggest differences do not occur at the same instants of time
where the viscosity differences are greater.

Figure 3 also shows that the increase in the shear rate leads
to a reduction in viscosity, which bring it closer to the Newto-
nian case. The shear stress peaks occur at these same instants
of peak shear rate, despite the reduction in viscosity.

In all models it is shown that the effective viscosity varies
over the cycle, as well as it varies from model to model. How-
ever, in this case, the Newtonian model follows the trend of
the other models. It makes clear that the turbulent viscosity is
also different throughout the cycle and it tends to vary more in
the Newtonian model. This shows that the turbulence behav-
ior can vary from one model to another. The highest value of
effective viscosity occurs during systole, at the same time as
the maximum peak shear rate.

It is important to note that the analysis of Fig. 3 is per-
formed in relation to average values, so that occasionally the

differences detected can be even greater, as can be seen in
Fig. 2 that there are local variations. In addition, although the
peak velocity at the exit to the heart (aortic entry) occurs at
0.1's, the maximum velocity and peaks of the other properties
in the plane occur at around 0.2s.

Finally, in relation to Table 2, it can be said that the maxi-
mum differences found are at specific instants of time, espe-
cially in regions with low shear rates. On average, the differ-
ences between the models are small. Exception for effective
viscosity and shear stress, where the greatest differences were
in points of higher velocities and shear rates.

5 Conclusion

Although the blood flow in the aorta is systematically treated
as Newtonian, when considering the entire cardiac cycle, such
a strategy may not represent the behavior of the actual flow.
At instants of time where the velocity field has lower values,
the shear rate tends to be also lower, leading to a variation in
dynamic viscosity, which is not predicted in the Newtonian
model, but can be seen in other rheological models, such as
demonstrated in this study for a realistic geometry of the aortic
arch aneurysm.
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Table 2 Difference of non-Newtonian models in relation to the Newtonian model of mass flow weighted average variables in the P7 plane

CY PL CS
Dynamic viscosity MAPD (%) 42.285 42.484 21.107
MAD (Pa.s) 0.00442 0.00517 0.00184
tmad (5) 0.300 0.800 0.800
Effective viscosity MAPD (%) 6.864 5.337 3.268
MAD (Pa.s) 0.00612 0.00543 0.00225
tmad (S) 0.170 0.170 0.010
Strain rate MAPD (%) 3.969 4.112 1.991
MAD (s7}) 5.312 5.537 3.802
tmad (5) 0.450 0.450 0.440
Shear stress MAPD (%) 6.027 5.915 4.094
MAD (Pa) 0.224 0.255 0.0937
tmad (S) 0.160 0.160 0.430
Velocity MAPD (%) 3.031 3.882 2.353
MAD (m/s) 0.0169 0.00961 0.0113
tmad (5) 0.140 0.140 0.010
Pressure MAPD (%) 0.017 0.008 0.009
MAD (Pa) 12.739 5.072 5.582
tmad (S) 0.030 0.030 0.030

CY Carreau-Yasuda; PL Power-Law; CS Casson; MAPD Mean Absolute Percentage Deviation; MAD Maximum Absolute Difference; #,q Instant

of time of maximum absolute difference

In general, the Carreau-Yasuda and Power-Law models
show very similar results, while the Casson model tends to
get closer to the Newtonian model.

From the rheological point of view, the non-Newtonian
models show considerable differences in relation to the New-
tonian one. On the other hand, the differences in the hemody-
namic field are negligible for regions with higher shear rates,
becoming more significant at lower shear rates. Thus, it is
advisable to adopt a non-Newtonian model when it is neces-
sary to model regions of low shear rate in aortic blood flow.
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Abstract

Assessment of the mechanical ventilation in rodents is
widely performed using a mechanical ventilator for small
animals (SAV). One of the main adjustable parameters in
SAV is tidal volume, typically 10 mL/kg, which is config-
ured in relation with the animal body weight. Traditionally,
the preset TLC maneuver is used for alveolar recruitment;
this study aims to explore the data from TLC to screen
the relative lung volume in Balb/c mice, in order to ana-
lyze its relationship to the body weight of mice. The TLC
maneuver allowed us to measure the relative delivered lung
volume from PEEP (positive end-expiratory pressure) to
30cm HO. In overall, one hundred twenty-four (124) 13—
20 week-old Balb/c mice were used, animals were splitinto
two groups using mean value of the body weight (24g) as
a cutoff point. Group H (n =51) had animals with body
weight higher than the mean value, while mice with lower
body weight belonged to group L (n = 73). Significant pos-
itive correlation was found within animals in the group H
(r=0.6137); conversely, animals in group L did not present
correlation for relative volume and body weight (» = 0).
Additionally, an analysis of static compliance (Cstat) was
conducted for each group using unpaired t-test (p < 0.05).
Therefore, it was possible to indicate that mice with lower
body weight presented lower static compliance compared
with those with greater body weight. Results suggest that
tidal volume apparently depends on recruitment volume or
compliance instead of the mice body weight.
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1 Introduction

Great advances in the study of the respiratory system of mam-
mals have occurred since the use of small animals became
largely implemented in the biomedical research scenario,
such as mice, rats and guinea pigs [1-3]. Among these small
rodents, mice are currently the main mammals used for in
vivo experiments due to some advantages comparing to big-
ger mammals, for instance, a well understood immunologic
system, a short reproductive cycle, they can be easily obtained
in large numbers and, also, have perceived economic factors
[1,4].

To study the respiratory system, usually, one needs the
ability to measure lung function and to understand how lung
function changes under conditions likely to be encountered in
lung diseases. However, to work with these small animals and
successfully assess lung function some practical issues must
be overcome, such as the difficulty of measuring the neces-
sary respiratory signals of flow, volume and transpulmonary
pressure; difficulties as such, that are mainly attributed to the
small magnitude of airflow involved [4].

In order to achieve precision in these measurements,
inevitably an invasive approach must be implemented, this a
situation very well discussed in [5] where the authors coined
“the phenotyping uncertainty principle”, which highlights the
compromise between the achievement of natural conditions
and measurement precision, i.e., the least invasive the method
the least precise the measurements and vice versa.

A method capable of assessing lung function with high
precision is the one where breathing frequency, tidal volume,
mean lung volume and volume history are all under precise
experimental control and the influence of the upper airways
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has been eliminated. However, to conduct an experiment with
all these variables controlled, the animal must be anesthetized,
paralyzed and tracheostomized, which put the animal far from
its “normal” conditions, due to surgical and pharmacological
stresses [4,5].

This method is widely implemented through the use of a
mechanical ventilator for small animals (SAV), which uses
a piston pump controlled by a computer to transmit airflow
to the animal [6]. The computer receives input signals from
transducers that measure tracheal pressure and piston dis-
placement and, after correction for gas compression in the
piston chamber, it can precisely control the frequency and
amplitude of the airflow transmitted to the animal attached to
the ventilator [5].

Through a SAV many applications can be performed
such as the assessment of respiratory mechanics by positive-
pressure ventilation, in the time and frequency-domain [7,8],
and analyses of the pressure-volume (P-V) curve relation,
which is a classical method to investigate lung elasticity [9]
or study the total lung capacity of mice (TLC), which is the
aim of this work.

The assessment of the maximum lung volume or TLC of
mice has been reported in the literature following no standard
experimental procedure [10]. This happens, mainly, because
the term TLC is derived from humans, where the maximum
volume attributed to TLC is the maximum voluntary inspi-
ration of an individual, which cannot be accomplished by
animals [9,10]. For non-human animals, the term TLC as
capacity simply indicates maximal lung volume [10, 11].

Thereby, the TLC of mice is ideally determined by a limit
pressure arbitrarily set by the investigator, at which the infla-
tion limb of the P-V curve starts to plateau (constant lung
volume while increasing lung pressure), usually with pres-
sures >20 cm H>O. Nevertheless, it has already been shown
that for much greater values of pressures, such as 90 cm H,O,
in few cases, the inflation limb may not reach a plateau and no
lung damage was observed [10]. So, currently, in the lack of
a standard, a common practice is to choose a pressure within
25-35 cm H»O when, in most cases, the inflation curve starts
performing a plateau for mice [9].

Working with a specific pressure for TLC, it also means
that is possible to investigate another important physiological
parameter: one that relates pressure and volume in the absence
of flow (i.e., constant pressure and volume), which represents
the static compliance (Cs;) of the respiratory system [12].

The Cy; is a very useful measurement of lung distensi-
bility, in which several factors might affect it, such as lung
size, age, respiratory diseases (e.g. emphysema and asthma),
bronchodilator drugs and cardiovascular disease (e.g. mitral
stenosis and left ventricular failure) [ 13], so that itis used as an
important tool to investigate different abnormalities involving
the respiratory system.

These physiological parameters presented (TLC and Cg;)
are also often subjects of allometric studies to investigate
how they are associated with different body sizes. How-
ever, although these studies show strong correlations of these
parameters with body size, the majority of them are performed
with less invasive (i.e., less precise) methods of measuring
and controlling airflow and transpulmonary pressure, besides
the fact that they are based on interspecies allometric scaling
[5,14-16].

Thus, this work aimed to analyze the relationship of the
TLC with the body weight of mice of the same strain through
the use of a more invasive method to achieve more precision
on the assessment of the TLC. For this purpose, a mechanical
ventilator for small animals (flexiVent, SCIREQ, Canada) [6],
was used to estimate the TLC at a limit pressure of 30 cm H>O.

2 Materials and Methods

2.1 Animals

All animals were raised under similar conditions in the vivar-
ium with free access to food and water. The experimental
procedures conformed to standards of animal welfare and
were approved by the Ethics Committee in the Use of Ani-
mals of ICB/USP (No 9782280518, 528816021, 95/2017 and
015/2014).

One hundred twenty-four (124) Balb/c mice 13-20 weeks
old were used to perform this study. To investigate the rela-
tionship of the TLC with the body weight, the animals were
divided into two groups: group H (26.6 £ 2.1)(mean + SD)
and group L (18.4 £ 4.2) according to the value of their body
weight, whether it is higher (group H) or lower (group L) than
a cutoff value of 24 g, which is the average value of all 124
animals.

2.2 Assessment of Total Lung Capacity

To perform the experiments, a mechanical ventilator for
small animal (SAV, flexiVent, SCIREQ, Canada) were used to
accomplish two task: supply the animals with the necessary
airflow to keep them alive and to execute specific maneuvers
by controlling pressure and flow to acquire the TLC of each
animal.

Before the experiment was conducted, a two-stage cali-
bration had been performed in the SAV. Firstly, the SAV gen-
erated a perturbation while the tracheal cannula was closed,
this stage permitted to estimate the gas elastance within the
cylinder-tubing assembly. Secondly, the same perturbation
was started whilst the cannula was totally opened to the atmo-
sphere, at this time, flow resistance and gas inertance were



7 Total Lung Capacity Maneuver as a Tool to Screen ...

estimated. Finally, the SAV compensated the airway pressure
of the animal by subtracting pressures related to resistances
and inertance [17].

The animals were anesthetized with a solution of ketamine
(12mg/kg) and xylazine (12mg/kg) through an intraperi-
toneal (i.p.) injection. After, a tracheostomy was performed
with a metal cannula 18G (BD Company, USA) and, then
the animal was connected to the SAV to be ventilated with a
tidal volume of 10mg/kg [8,18,19], positive end-expiratory
pressure (PEEP) of 3 cm H,O and breathing frequency of
150 breaths/minute.

Following, the right jugular vein was exposed and a needle
attached to a flexible PVC tube (Critchley Electrical Prod-
ucts PTY, Australia) was inserted, to be used as a pathway to
phosphate-buffered saline (PBS) or bronchoconstrictor drugs
used in a concomitant study held by our group. It is worth
saying that this study did not interfered in the present work,
because the TLC assessments were executed prior any PBS
or bronchoconstrictor drug administration.

Finally, the respiratory muscles were blocked with a injec-
tion of 1 mg/kg of pancuronium bromide (i.p.). By doing it,
possible inferences of the animal breathing on the respiratory
system assessment are eliminated, which makes the method
more precise [5,7].

2.2.1 Alveolar recruitment maneuvers

To estimate the TLC, we used a preset maneuver available
on the SAV, known as alveolar recruitment maneuver (ARM),
which is widely implemented in the assessment of respiratory
mechanics.

It consists of a pressure-controlled inflation maneuver
which starts from a preset PEEP of 3 cm H,O, with a total
duration of 6s (Fig. 1).

Initially, a linear increase in tracheal pressure (Py,) is made
from PEEP value until it reaches the preset value of 30 cm
H,O (approximately 3 s) and, then, this pressure is maintained
for more 3 s, creating the plateau observed in Fig. la.

In Fig. 1b we can see the amount of air delivered to the
lungs through time while the tracheal pressure was increasing
and when the plateau condition was reached.

The SAV was adjusted to use as TLC the average value
of the delivered volume of air to the lungs (V;,) in the last
100 ms of the inflation maneuver (Fig. 1b), so these were the
values used herein to compute the analyses.

The standard protocol of assessing respiratory mechanics
in our laboratory performs two ARM for each animal, thereby,
to work with as many alveolar units open as possible the sec-
ond maneuver was chosen for this study.
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Fig.1 Inflation maneuver performed in Balb/c mouse by the SAV in the
laboratory. In a the tracheal pressure is increased and monitored by the
SAV until 30cmH, O which takes approximately 3 s, then this pressure
is maintained for more 3s. In b the corresponding volume of air delivered
to the lungs during this maneuver is shown

2.2.2 Static compliance
Cstat was calculated as the measured volume divided by the
controlled pressure (30 cm H» O) during the plateau of the

TLC maneuver.
A Vtr
Cstat =

ey

tr

23 Data Analysis

Before statistical analysis was performed, mice had been
divided into the following two groups: group H (26.6 & 2.1)
composed of 51 animals with body weight higher than the
mean value (24 mg) and group L (18.4 & 4.2) with 73 ani-
mals with body weight below the mean value. To exclude
possible outliers, the Tukey method was performed [20].

A Shapiro-Wilk test was used to assess the normality of the
data in each group. To evaluate whether or not a significant
correlation exists between animal body weight and the TLC
(V1) in the groups H and L, dispersion graphs using the TLC
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estimated along with the Pearson coefficient (r) were used. In
addition, an unpaired t-test was conducted for the values of
Cstat in each group.

3 Results

Figure 2 shows that there is no correlation between the relative
volume and body weight (r ~ 0) in group L. Otherwise, as it
is presented in Fig. 3, a positive correlation was observed in
group H (r = 0.6137 and p < 0.0001).
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Fig.2 No correlation was found between the volume during TLC (V)
and animal weight in group L
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Fig. 3 Significant correlation was observed in group H, involving the
volume during TLC (V;,) and animal weight

Figure 4 illustrates the mean value & SD of Cstat that was
calculated for group H and L.
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Fig.4 Mean + SD of the Cstat for the studied groups: H and L. Animals
with lower body weight (group L) presented a lower static compliance;
otherwise, animals (group H) had higher static compliance

4 Discussion

ARMs are used, e.g., in Intensive Care Unit (ICU) with
the main purpose of recruiting collapsed alveoli, increase
gas exchange, and improve arterial oxygenation [21]. Albeit
important in clinical practice, ARM must be applied in con-
trolled circumstances such as proper sedation.

However, besides clinical practice, ARMs are present in
respiratory mechanics studies with animal models [22,23].
The purpose of ARM is, once more, to recruit collapsed alve-
oli before the respiratory mechanics evaluation.

Additionally, ARM may be used as a perturbation applied
in the respiratory system in order to assess respiratory
mechanics with physiological meaning. Herein, the selected
ARM from the commercial small animal ventilator was
the Total Lung Capacity (TLC), which aims to achieve the
homonym lung capacity, the Total Lung Capacity. However,
in a new version of the ventilator used in this work the
maneuver presents a different name (deep inflation) with the
same pressure set.

The TLC as a lung capacity is, for humans, the lung volume
at the end of a maximal voluntary inspiration. In the case of
non-human animals, the term TLC as capacity refers to the
maximal lung volume. The TLC maneuver at 30 cm Hy O
may not inflate the animal lung at the maximal capacity [10];
yet, it can bring information regarding the animal respiratory
mechanics.

The relative volume referred to the total volume of air
delivered into the mice lungs whilst the tracheal pressure
increases from PEEP to 30 cm H O.
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Figure 4 presents that animals with lower body weight had,
statistically, a lower static compliance. This compliance was
modeled using the TLC maneuver. In addition, it was found
that animals with higher body weight and, consequently,
greater compliance, presented an association between body
weight and volume during TLC (Fig. 3). This association was
not observed among the animals with lower body weight.

Therefore, we posit two possibilities: there is, indeed, no
association between body weight and volume at the end TLC
maneuver for the animals with lower body weight; or the 30
cm H, O pressure is not sufficient to inflate lower compli-
ance animal lungs up to a point of discriminating animals
with lower or higher body weight. Notwithstanding, a pres-
sure screening could fully address this issue.

The implications of these findings are related to ani-
mals’ life supporting mechanical ventilation and respiratory
mechanics. Both tidal volume and perturbation volume are set
using body weight. For example, it is common to set the tidal
volume as 10 mL/kg and the perturbation’s volume amplitude
is related numerically with the tidal volume.

Thus, the volume amplitude during perturbation of a larger
animal is greater than the volume amplitude of a lower
body weight animal. This is intuitive, larger animals would
require greater volume amplitude during perturbation. How-
ever, since there was no correlation with body weight and
volume during ARM for smaller animals, the volume set in
the perturbations should not be linearly predicated on animal
body weight.

The respiratory impedance and its further modeling is vol-
ume dependent [1]. Hence, if animal’s tidal volume is not
properly adjusted along with adequate perturbation volume
amplitude, the modeled parameters and impedance calcula-
tions may be inaccurate or unreliable. The impedance calcula-
tion and linear models application relies on the linear behavior
of the respiratory system [8]. This behavior is only fulfilled
with certain conditions and one of them is low amplitude of
the perturbation and, clearly, depends on the species and mor-
phological characteristics within.

In this work the body weight cutoff was 24 g based on
the group mean. However, another study with a wider body
weight range and with a different design could provide a
proper cutoff in order to classify the groups. Based on this
work findings, the animals with less than 24 g participate in
the group with lower compliance. This group had a non-linear
distribution of volume at 30 cm Hp O recruitment and this
could indicate that the tidal volume and, consequently, per-
turbation volume amplitudes could be based on recruitment
volume or compliance instead of the body weight.

5 Conclusion

Animals with lower body weight presented lower compli-
ance compared with those with greater body weight. Addi-
tionally, it was found that animals with higher body weight
and, consequently, greater compliance, presented an associ-
ation between body weight and volume during recruitment,
whereas this association was not observed among the ani-
mals with lower body weight. These finding could suggest,
specially for the lower compliance group, that the perturba-
tion volume amplitude could be based on recruitment volume
or compliance instead of the body weight.
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The Influence of Cardiac Ablation on the
Electrophysiological Characterization of Rat
Isolated Atrium: Preliminary Analysis

J.G.S. Paredes, S. Pollnow, |. Uzelac, O. Ddssel and J. Salinet

Abstract

Atrial fibrillation (AF) is the most common cardiac
arrhythmia seen in the clinical practice, and treatments
with antiarrhythmic drugs are of limited effectiveness.
Radiofrequency catheter ablation (RFA) has been widely
accepted as a strategy to treat AF. In this study, we
analyzed the electrophysiological impact of different
RFA strategies by varying the duration of ablation in
a controlled protocol. The electrical activity of the
isolated right atrium of rats, under different RFA time
strategies, was acquired on the epicardium by electrical
Mapping (EM), and simultaneously on the endocardium
by Optical Mapping (OM). Analyses were performed
in both time and frequency domain, through analysis
of signal’s morphology, local activation time (LAT),
conduction velocity (CV), dominant frequency (DF), and
organization index (OI). The morphology of the optical
and electrical signals with prolonged ablation time was
altered as the ablation time increased. As observed, DF
and OI decreased with the increase of the ablation time
and resulted in fragmented electrograms. Through the
characterization of traditional metrics applied to the
electrical and optical data, it was possible to identify the
important changes induced by the ablated area.
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1 Introduction

Atrial fibrillation (AF) is the most common cardiac arrhyth-
mia, affecting 1-2% of the worldwide population [1]. It is
characterized by the collapse of the synchronized wavefront
atria depolarization, experiencing disorganized and self-
sustained electrical activation patterns [1]. During AF, the
atria do not empty completely between contractions, leading
to the formation of blood clots and thromboembolic events,
increasing the risk of stroke by five-fold, and doubling
mortality [1]. Three different theories were postulated
in an attempt to explain the mechanism of AF: multiple
and continuous intra-atrial reentries, ectopic foci, and the
existence of self-sustained rotors [2,3]. These occurrences
vary among patients and can coexist simultaneously, or
intercalated with each other in the same patient, favoring a
complex atrial activation pattern [2].

The treatment of AF by antiarrhythmic drugs has limited
effectiveness, and radiofrequency catheter ablation (RFA) has
been widely adopted as a strategy to terminate and prevent
recurrence of AF [4]. The primary ablation strategy for AF
involves electrical isolation of the pulmonary veins (PVs),
aiming to restore and maintain sinus rhythm [4]. Recurrence
of AF after RFA occurs in 20-40% of patients when non-
conductive cauterized tissue becomes conductive [5]. Per-
manent PV isolation may not be achieved after a single RFA
treatment, and repeated ablation procedure is necessary in
such instances [5]. Studies of the electro-physiological char-
acteristics of the ablated tissue allow a better understanding
of the ablated area in terms of its excitability and conductivity
in order to devise more optimized RFA strategies. This study
is based on the analysis of the electrophysiological impact of
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different RFA time duration through a controlled protocol on
isolated mice atria mimicking the clinical practice to treat AF
by RFA.

2 Methods

2.1 Experimental Protocol

All animal experiments were carried out in agreement with
the European Council guidelines for the care and use of lab-
oratory animals and have been approved by the local Com-
mittee for Animal Welfare (Regierungsprisidium Karlsruhe,
35-9185.81/G-104/17). For this study, two adult Fisher rats
were used (A Case and B case).

The right atrium was dissected by cutting along the tricus-
pid valve to the superior vena cava (10 x 10 mm) followed by a
bath with a Krebs-Henseleit solution under a controlled tem-
perature of 36.7 & 0.5 °C. The sinoatrial node is ablated, and
the epicardium stimulated at 6.7 Hz. RFA was performed with
a tungsten microdissection electrode connected to an electro-
surgical unit (MD1, Micromed) in the center of the atrium
epicardium. The RFA strategy is performed as follows: the
same area of the tissue is ablated for 0.5, 1, 1.5, 2, 2.5, 3, and
4s. Before and after each ablation, epicardium atrium unipo-
lar electrograms (EGMs) and Optical Activation Potentials
(OAPs) are recorded simultaneously with two-minute inter-
vals between successive ablations. By the end of the ablation
protocol, the same area on the epicardium had an accumula-
tive ablation of 14.5s [6].

2.2 Optical and Electrical Mapping

For optical mapping, the transmembrane voltage-sensitive
dye Di-4-ANEPPS (Sigma Aldrich) was used. Two LEDs
(525 nm center wavelength) supplied with 4 A and each cou-
pled with the narrow band-pass filters of 530 nm were used as
excitation light sources. The excitation light was directed to a
glass diffuser and then focused by two plano-convex lenses,
propagating to a Dichroic mirror and a Makro-Planar lens
before reaching the endocardium. The emitted fluorescence
is directed back to the Makro-Planar and Dichroic mirror,
followed by a long-pass filter (610nm) and then to a high-
speed focal length lens attached to a camera. Sequences of
fluorescence images were acquired at a resolution of 82 x 82
pixels 868 Hz with a binning factor of 2. The spatial field of
view of the camera is approximately 10.5 x 10.5mm or 128
x 128 um per pixel. Due to the noise around image border,
the images were cropped to the resolution of 64 x 64 pix-
els. Simultaneously to optical mapping, EGMs were recorded
with a circular multielectrode array (MEA) containing eight

silver/silver chloride electrodes (3.5 mm of diameter) with a
sampling frequency of 100 kHz [6].

Both experiments were made in Karlsruhe Institute of
Technology [6], and all the analysis below was calculated
with data collected.

23 Electrophysiological Characterization
All analyses were performed off-line in MATLAB (R2018b).

Preprocessing: OAPs were filtered with an adaptive mul-
tidimensional Gaussian low-pass filter [7]. The baseline of
the fluorescence drift was removed with a low-pass Kaiser
Window FIR filter, per-pixel basis, subtracting the baseline,
and dividing the obtained difference by the baseline [8]. In
order to further reduce noise, the signal was smoothed using a
Gaussian kernel [9,10] with a matrix’s size of 6 x 6. Finally,
for each pixel, signals were normalized from O to 1.

EGMs were downsampled to 5 kHz. Pacing artifacts
present in the EGMs were removed as follows: as the
spectrum of the EGMs is within the region below 1 kHz, the
EGMs were high-pass filtered with 3rd-order Butterworth (fc
= 1 kHz) filter in order to detect only the pacing peak. After
peak detection, a segment with length covering 2 ms before
and after the detected pacing peak was removed and replaced
by a cubic spline interpolation. Afterwards, the EGMs were
band-pass filtered with 3rd-order low-pass (fc = 743 Hz),
and high-pass (fc = 0.6 Hz) Butterworth filters. A 50 £ 1 Hz
notch filter was used to remove the power line noise.

Signal Morphology: 10 OAPs were selected (eight of them
near the location of the MEA’s electrodes, one far away from
the ablated area, and one in the center of the RFA area). The
comparison of the morphology between OAPs recorded at
baseline (BL) and after each RFA was performed with Pear-
son Correlation (PC). The analysis was also expanded to the
EGMSs’ morphology.

Time analysis: The activation and repolarization times
were considered as the time at which the upstroke reaches
50% and recovers to 90% of its maximum amplitude, respec-
tively [11]. LATs were calculated for the optical signals, with
a duration of 4s, underneath the MEA’s electrodes. For the
eight pixels, the differences between maximal and minimal
LATs were calculated. The mean dispersion (ALAT) was cal-
culated as the mean value of the obtained differences. With the
LATs, the isochronous maps are generated to distinguish pat-
terns of wave-front propagation and provide information on
the longitudinal conduction velocity (CV) calculated through
the single vector method [12] where it was selected a point
at approximately 80% of the distance between the stimula-
tion site to the border for the longitudinal direction [13]. The
mean OAP pattern for each pixel under the MEA was upsam-
pled [14] and used to find the action potential duration (APD),
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between the time shift from the LAT to the time where the
amplitude decays 30, 50, and 90% from highest OAP posi-
tive peak [15]. The LATs from EGMs were obtained with the
minimum downstroke derivative (-dV/dt) [6]; after that, the
ALAT values are calculated.

Frequency analysis: the Fast Fourier Transform (FFT) is
applied to characterize the frequency spectrum. A Hamming
window was used to reduce spectral leakage. FFT was per-
formed with a zero-padding factor of 5, resulting in a fre-
quency step of 0.05 Hz. Dominant frequency (DF) is identified
as the frequency peak in the power spectrum within the range
of 4-12Hz. The organization index (OI) [16] allows us to
characterize the spread of the DF peaks and its harmonics due
to the dispersion of CV and action potential upstroke caused
by ablation. For the OI calculation, an area with 0.5Hz on
either side of the DF and its harmonics (in the range up 20 Hz)
is divided by the total area under the power frequency spec-
trum within a range of 2-20Hz.

3 Results

Figure 1a shows two consecutive OAPs at the center of the
ablated area for BL, 2.5, and 4 s of RFA, with LAT's marked
in the signals. With RFA time increase, the morphology of
OAPs deteriorates with increased fractionation, leading to
dispersion of LATs. Figure 1b shows OAPs at the location
underneath the 3rd MEA electrode located around the center
of ablated area, characterized with lower fractionation than
inside the ablated area. Figure Ic shows the 3rd electrode’s
EGMs, with noticeable absence of the negative segment of the
S wave (down deflection). This feature indicates tissue dam-
age due to ablation, with complete wave propagation block
after 2.5 s of ablation. The absence of negative S wave segment
indicates that wavefront is not passing through the ablated
region.

Table 1 shows PC values obtained from 8 OAPs under-
neath the MEA’s electrodes (2nd and 5th column), one OAP
at the center, and far away from the ablated area (in and out
columns), for the different time RFA strategies. The corre-
sponding PC values from EGMs are shown in the lower part
of the table. Inside the ablated area, and at the MEA’s elec-
trodes, the PC decreases with RFA time increase.

3.1 Time Analysis

The ALAT time across the OAPs recorded underneath the
MEAs electrodes increased (in ms) from 4.3 & 0.5 (baseline)
to 8.4 £2.2(2.5s)and 9.8 == 4.2 (4s). The EGMs presented a
similar trend, increasing from 6.0 = 1.2to 11.7 £2.5and 12.6
=+ 2.7, respectively. The ablation affected APD values, for “A”
case, specifically, with decreased APD90 towards the end of

RFA ablation protocol indicating abscence of repolarization
due to wavefront block (Fig. 2a).

The isochronous maps show a pattern of wavefront prop-
agation from the bottom right to the upper left for case A
(Fig. 2b). After4 s of RFA, compressed isochrone lines around
the ablation area indicate CV reduction, where the ablated
area acts as a functional block. The CV was 87 cm/s in BL
and 65 cm/s after 4 s of RFA with an estimated CV of 48 cm/s
in the center of the ablation area. For Case B, the propaga-
tion is from the left to the right. The CV was 69 cm/s at BL,
37cm/s after 4s of RFA, and eximated to be 0.8 cm/s in the
center of the ablation area (Fig.2c).

3.2 Dominant Frequency and Organization

Index

The DF analysis for the A case shows large areas of 6.7Hz
until 2.5 s, decreasing in the ablated area to 5.4 Hz after 4 s of
RFA. The DF obtained from EGMs went down from 6.7 to
4.7Hz. The respective OI maps are displayed in Fig. 3a. The
overall OI values for the OAPs in the ablated area are reduced,
in contrast to the EGMs. For B case, the DF decreases from
6.7Hz to 5.7Hz after 2.5 s of RFA. Figure 3b shows that the
OI maps have similar patterns as A case, with lower values
of Ol in the middle of the ablated area after 2.5s. The EMGs
show partially correlated OI values to the OI map.

4 Discussion

Similar to our observations, a recent study also showed that
EGMs and OAPs change in their morphology, by increasing
levels of fractionation, are associated with prolonged RFA
time [17]. Specifically, EGMs are useful to detect wave-
block in the ablated region, as successful ablation, through
the absence of the negative S-wave segment [17]. Several
authors use the first derivative of the AP in order to find the
activation time [14,18]; but this method presented problems
in the ablated area, and alternatively, time activation was deter-
mined as the time point at which the upstroke reaches 50%
[11].

In optical mapping due to inherited spatial averaging,
waveblocks are characterized by the dispersion of LATSs
around the ablated area, and randomness of LAT's correspond-
ing to successive wavefronts in the ablated region. According
to Chorro et al. [19] the distal tissue has its activation delayed
by the ablated lesions.

With both OAP and EGM methods, PC values are highly
correlated, consistent, and can be used as markers to charac-
terise successful or failed ablation [17]. For more detailed
ablation analysis, OAPs are advantageous due to a higher res-
olution.
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Fig.1 a OAPs at BL, 2.5s and 4 after RFA obtained in the ablated area. b OAP acquired underneath MEA electrode 3. ¢ EGM for electrode

Table 1 OAPs and EGMs’s Pearson Correlation

A case B case

Time Mean £ SD In Out Mean + SD In Out
OAP

0.5s 0.94 £ 0.02 0.91 0.96 0.88 £ 0.05 0.87 0.95

2.5s 0.91 £ 0.03 0.60 0.97 0.87 £ 0.04 0.70 0.96

4s 0.01 £ 0.03 0.01 —0.01 0.77 £ 0.09 0.53 0.96
EGM

0.5s 0.95 £ 0.04 0.52 £0.31

2.5s 0.05 £ 0.15 0.10 £ 0.31

4s 0.06 £ 0.03 0.03+0.28

In the border zone surrounding the lesion, the RF energy 5 Conclusion

resulted in a significant APD shortening [20] presented at the
end of the RFA strategy, (Fig. 2a). Some authors found no
significant modifications in atrial CV in the proximal areas to
the ablation site [19].

APD markers (to study repolarization) and CV can be cal-
culated across entire tissue to study the effects of RFA not
only on the ablated area but also at surrounding tissue to limit
the RFA damage where it is not necessary. Ol is the marker of
choice to identify focal sources during persistent atrial fibrilla-
tion. However, in this study, the randomness of the Ols from
EGMs and poor correlation with respective OI values from
OAPs, render Ols from EGMs as poor markers for ablation
characterization. OIs from OAPs are much better suited [21];
however optical mapping cannot be used in clinical settings.

This study aimed to identify the effect of the ablation time
duration on the atrium substrate. The effect on heart elec-
trophysiology at the ablation site and surrounding tissue was
quantified by simultaneously optical and electrical signals.
Many factors can influence the observed difference between
cases A and B during the experimental phase such as: wall
thickness, force, time, temperature, size of electrode, and the
pacing location. Statistically the most important limitation
was the number of cases, a bigger number of samples would
be helpful to explain also the differences among experiments.
Future studies will include more experimental data, including
different animal species and different RFA strategies, to iden-
tify the important physiological changes at the ablated area.
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Abstract

It is extremely important to check the morphological
changes on the surfaces of the implants that will have an
impact on their osseointegration and clinical longevity of
the implant. For this reason, the purpose of this in vitro
study was evaluated the damage caused to the surface of
dental implants after different conditions of simulation of
mechanical removal of the biofilm and scraping using
several different protocols. There was no formation and
removal of biofilm. Twenty-five implants of the Singular
Implants® brand (Parnamirim, Brazil) were divided into
05 groups: GI1 control- C (n = 5), G2 Ultrasound- US
(n=15), G3 Stainless Curette- INX (n=5), G4
Teflon®-TF curtain (n = 5), G5 Laser-L (n = 5). Scrap-
ing was performed on the first three turns of the G2, 3 and
4 implants. The G5-L received irradiation with Laser Er:
YAG (50 J, 1.5 W, 30 Hz). After the procedures, the
implants were evaluated in SEM (1500-3000 X). It can
be observed that in G4-TF there was no change in surface
morphology and roughness, however residues of TF were
deposited on the surface; in G3-INX important morpho-
logical changes were observed, with impression on the
titanium of parallel striations typical of the use of curettes;

D. P. V. Leite (X)) - G. E. Pires - A. T. Araki

Dentistry Post Graduation Program, Universidade Cruzeiro do
Sul, Galvao Bueno Street, 868 — Liberdade, Sdo Paulo,
01506-000, Brazil

M. H. B. Machado - A. Baptista - R. S. Navarro
Bioengineering Post Graduation Program, Universidade Brasil,
Séo Paulo, Brazil

A. L. Sant’ana - A. M. eSilva - J. E. P.Nunes - R. S. Navarro
Biomedical Engineering Post Graduation Program, Universidade
Brasil, Sdo Paulo, Brazil

F. V. Bastos
Dentistry Post Graduation Program, Universidade Anhanguera,
Séao Paulo, Brazil

L. Frigo
Dentistry Post Graduation Program, Universidade Guarulhos,
Guarulhos, Brazil

© Springer Nature Switzerland AG 2022

in G5-L, flattening of the roughness peaks was observed,
but not in the valleys; in G2-US several morphological
changes were observed: total kneading of the roughness
in some areas and fine scratches in others. It is concluded
that of the protocols used, the least harmful to roughness
was the laser, followed by stainless steel curettes and
ultrasound. Teflon curettes did not change the surface
roughness, but added material residues to the surface.

Keywords

Dental implants ¢ Peri-implantitis * Ultrasound * Laser
Curettes

1 Introduction

In 1954, Branemark discovered, indirectly, through his
classic study that checked blood circulation in rabbit tibias,
what he called osseointegration. This allowed for further
research on animal models, leading to results that enabled
the treatment of edentulism, using prostheses connected to
dental implants [1]. The osseointegration process is decisive
for obtaining success in prosthetic rehabilitation of totally or
partially edentulous edges, using dental implants. Direct and
stable contact between the implant and the surrounding bone
determines this success [2]. Effective osseointegration is
dependent on characteristics such as implant shape (macro-
scopic and microscopic), titanium quality surface and its
chemical-biological interaction with bone tissue [3, 4].
Characteristics such as topography, wettability, surface load
and surface chemical composition, in contact with bone
tissue, define the speed and quality of osseointegration.
These properties provide bone-implant interactions, such as
ionic adsorption, protein absorption, communication
between cells and implant surface, in addition to signaling
for differentiation of these cells, leading to the union of the
biomaterial with the bone [5, 6]. Surface treatment
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techniques have been proposed in order to create a bio-
chemical union capable of accelerating the initial phases of
bone neoformation on the implant [4, 7].

The purpose of this in vitro study was evaluated the
damage caused to the surface of dental implants after dif-
ferent conditions of simulation of mechanical removal of the
biofilm and scraping using several different protocols.

2 Material and Methods

This is a comparative in vitro study to evaluate the damage
caused to the surface of dental implants after the simulation
conditions of mechanical removal of the biofilm and scrap-
ing using several different protocols. There was no formation
and removal of biofilm. Twenty-five sterile implants from
the Singular Implants® brand (Parnamirim-RN, Brazil) were
divided into 5 groups: Gl control (n = 5), G2 Ultrasound
(n = 5), G3 Stainless Curette (n = 5), G4 Teflon® curette
(n =5), G5 Er:YAG Laser (n = 5).

To perform the laboratory study, dental implants were
attached to implant support braces to perform a simulation of
the clinical scraping and cleaning procedure to assess dam-
age to the implant surface. Treatments were performed on
the first three turns of the implants (Fig. 1). In the control
group (G1) no treatment was performed, in the Groups 2 and
3 were performed scraping with different types of curettes, in
the Group 4 scraping with ultrasound was performed in P
mode (Periodontics) at intensity 3, in the Group 5 received
irradiation with an Er:YAG high power laser in the param-
eters: 50 J, 1.5 W, 30 Hz. After performing the procedures,
the implants were evaluated in SEM (1500 X and 3000 X) at
the LCT-POLI/USP-SP laboratory.
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Fig. 1 Tllustrative image of laboratory performance of the treatment on
the implant surface

3 Results

It was observed that in G4 Teflon® there was no morpho-
logical change in the roughness, but Teflon® residues were
blunted on the surface; in the G3 Inox, important morpho-
logical changes were noted, with printing on the titanium of
parallel striations typical of the use of curettes; in the
G5-Laser, flattening of the roughness peaks was observed,
but not in the valleys; in G2-ultrasound, more varied mor-
phological changes were observed: total kneading of the
roughness in some areas and fine scratches in others (Fig. 2).

Fig. 2 Representatives SEM photomicrographs of the surface mor-
phology of the implants after different treatments. A: G1 control, B: G2
Ultrasound; C: G3 Stainless Curette; D: G4 Teflon® curette; E: G5
Laser. Original magnification at 1500X. F: Gl control, G: G2
Ultrasound; H: G3 Stainless Curette; I: G4 Teflon® curette; J: G5
Laser. Original magnification at 3000X
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4 Discussion

Effective osseointegration is dependent on characteristics
such as implant shape, titanium quality and its
chemical-biological interaction with bone tissue. This anal-
ysis will guide appropriate clinical choices, providing better
quality and speed to osseointegration [3, 4]. These properties
provide bone-implant interactions with tissues leading to the
union of the biomaterial with the bone [5, 6]. Surface
treatment techniques have been proposed in order to create a
biochemical union capable of accelerating the initial phases
of bone neoformation on the implant [4, 7].

The purpose of this in vitro study was evaluated the
damage caused to the surface of dental implants after dif-
ferent conditions of simulation of mechanical removal of the
biofilm and scraping using several different protocols.

According to Louropoulou et al. [8], dental implants must
integrate with three different types of tissues: epithelial,
connective and bone, so that they can, in a predictable way,
be really durable. For Davies [9], there are several factors
that influence the success of the dental implant, these being
the primary stability, quality and bone quantity [9]. Sangata
[10] states that primary stability is essential for osseointe-
gration, therefore, an implant with high primary stability will
be successful and the opposite will lead to the failure of this
implant. For Goiato et al. [11], the factors that influence
osseointegration are bone density, the location of the implant
in the maxilla and/or mandible and the length of the implant,
so that primary stability was not considered as the main
requirement for osseointegration.

For Thakral et al. [11], texturing techniques in dental
implants can influence the establishment of osseointegration,
both for cell differentiation, after implant insertion, and in the
calcified bone matrix. Also according to Wennerberg and
Albrektsson [12], the treated surfaces result in greater
bone/implant contact (BIC), in relation to smooth implants.
Thus, implants with textured surfaces are indicated for loca-
tions with lower BIC at the end of surgery. In contrast, Attet al.
[13] state that the bone is deposited indistinctly on porous or
smooth surfaces. Thus, porosity, then, would not be anecessary
condition for bone apposition to occur. Park et al. [14] and Yan
etal. [15] showed that Tiimplants covered with hydroxyapatite
spray plasma had a greater amount of bone at the bone/implant
interface, when compared to implants with a smooth surface.
According to De Groot et al. [16], hydroxyapatite spray plasma
implants have been extensively studied and considered to have
high potential for osseointegration. The force used to remove
HA-coated implants in the bed requires 55 MPa in 3 months
and 62 MPa in 6 months, which suggests high bone
remodeling.

With the aid of scanning microscopy, it was identified that
each surface accumulated a different amount of organic and
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inorganic matter in the formation of bone matrix. This suggests
that cellular responses occur regardless of the physicochemi-
cal properties of surface conditioning [17]. In this line of
reasoning, Rupp et al. [16] confirm that the SLActive and SLA
surfaces did not show any apparent differences when both had
the same topography, however, statistically significant dif-
ferences were observed with two or four weeks of BIC repair
(bone/implant contact). This reports that the changes were not
the result of topography, but that they probably occurred due to
changes in chemical structures [18]. Proving the study by
Rupp et al. [18], a new study carried out in Sweden by Oates
et al. [19] demonstrated that the increase in the speed of bone
formation can influence the stability of the implant. The SLA
and SLActive surfaces were analyzed using a resonance fre-
quency for osseointegration. The authors noted that the tran-
sition time from primary stability to secondary stability was
two weeks for SLActive surface and four weeks for SLA.
These results demonstrate that the speed of bone formation
directly influences the stability of the implant [ 18]. Huang et al.
[19] studied the effect of chemical and nanotopographic
changes in the early stages of osseointegration. The sand-
blasting surface modifications with Ti oxide, fluoride treat-
ment and modifications with nanohydroxyapatite were
investigated, analyzed by means of removal torque and his-
tological analyzes after four weeks. Analyzes of SEM images
indicated the presence of nanostructures on chemically mod-
ified implants, confirming the presence of Ti, O,, C and N in all
studied groups. The removal torque was higher for implants
with chemical nanotopographic modifications. It is concluded
that nanotopographically modified surfaces produced a dif-
ferentiated surface with greater bone apposition, thus
explaining the greater results for removal torque on that sur-
face [19]. In the preset study, the Fig. 2 demonstrated that in
the group 4 Teflon® there was no morphological change in the
roughness, but Teflon residues were blunted on the surface; in
group 3 Inox important morphological changes were noted,
with imprint on the titanium of parallel streaks typical of the
use of curettes; in Group 5 Laser there was a flattening of the
roughness peaks, but not of the valleys; in group 2 Ultrasound
the most varied morphological changes were observed: total
kneading of the roughness in some areas and fine scratches in
others.

5 Conclusion

Based on the findings, it can be concluded that all tested
protocols for scraping and simulation of biofilm removal,
promoted changes in the surface of implants. The treatment
with Er:YAG laser promoted less roughness and morpho-
logical damages, followed by stainless steel curettes and
ultrasound.
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Comparison of Hemodynamic Effects
During Alveolar Recruitment Maneuvers
in Spontaneously Hypertensive Rats
Treated and Non-treated with Hydralazine
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Abstract

This article aims to evaluate the behavior of the arterial
pressure response during alveolar recruitment maneuvers
in spontaneously hypertensive rats (SHR). Such study
can lead to a better understanding of arterial pressure
behavior, which is relevant in the context of hypertension
being a health condition. The animals were separated
into groups: with and without Hydralazine treatment
(20mg/kg dissolved in drinking water) and two ages
(17 weeks—2 weeks treatment and 21 weeks—6 weeks
treatment). For the experiment, the animals were anes-
thetized, tracheostomized and connected to a small animal
ventilator (flexiVent legacy, SCIREQ, Canada). The
animals were connected to a custom-built arterial pressure
monitor device. Arterial pressure and volume of the
respiratory system were analyzed during two consecutive
alveolar recruitment maneuvers. The results indicated that
there is no statistically significant difference in arterial
pressure during alveolar recruitment maneuvers, although
respiratory system volume showed significant differ-
ence (p < 0.0001, ANOVA) among different groups.
Regarding the percentage comparison between the period
before ARM and the second ARM, there was statistical
(p < 0.0001, ANOVA) difference in 17 weeks treated
versus 21 weeks non-treated and 21 weeks treated versus
(p > 0.05 for all). These findings could indicate that the
drug, with the present dose and administration time, was
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not sufficient to decrease the basal pressure, however it
influenced on the cardiovascular response during alveolar
recruitment. Since there was no difference in the total air
volume displacement in alveolar recruitment maneuvers
among groups, the explanation to the influence on the
cardiovascular response during alveolar recruitment is
solely related with the cardiovascular system.

Keywords
Arterial pressure ¢ Alveolar recruitment maneuver ®
Hydralazine * Hypertension ¢ Rats

1 Introduction

Arterial Hypertension (AH) is a cardiovascular disease that
affects the health system globally [1,2]. In the 2000s, 26.4%
of the world’s adult population had hypertension. This number
becomes even higher in the forecast for the year 2025, where
29.2% of people will be affected by the condition [3]. Cur-
rently, in Brazil, about 35% of the population over 40 years
old suffers from heart problems related to increased arterial
pressure. To reduce this number, it is possible to use anti-
hypertensive drugs to prevent or treat the condition, since
its efficiency compared to non-pharmacological treatments is
approximately 5 times greater [2,4].

Animal model studies of AH have been very useful in
understanding this pathology. Such studies aim to better
understand the pathophysiology of AH in humans, by repro-
ducing this condition in animal models in order to observe
their hemodynamic response. Data obtained from these
researches can later on be useful in translational medicine
[5,6]. In addition, hypertensive behavior and its hemody-
namic parameters have been occasionally studied associated
with mechanical ventilation [7,8] and in comparison studies
involving normotensive individuals [9].
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Alveolar Recruitment Maneuver (ARM) is normally used
in mechanical ventilation as a short-term increase in airway
pressure in order to recruit collapsed alveoli [10,11]. This
technique is used in clinical practices and also in studies of
ventilatory mechanics [12]. There are several techniques of
recruitment maneuvers discussed in the literature [13], butitis
known that this technique can prevent the collapse of alveolar
units, thus increasing the available lung area for an effec-
tive gas exchange and better arterial oxygenation, through an
insufflation pressure corresponding to the total lung capacity
applied repeatedly for a period of time [13-16].

Since one of the characteristics of antihypertensive drugs
is decreasing the effects of AH through vasodilation [3,4],
it is expected that its use could be beneficial in these condi-
tions when associated with the use of lung ventilation through
ARM, which means having a significant decrease in arterial
pressure, although the ARM promotes an increase in lung vol-
ume, that can affect the arterial pressure measurements due
to lung expansion.

The present study aimed to evaluate the arterial pressure
behavior during the performance of ARMs in two groups
of Spontaneously Hypertensive Rats (SHR) for the purpose
of understanding the consequences of treatment with anti-
hypertensive substance and how it affects the hemodynamic
response of animals. These groups were divided into two cate-
gories: rats treated with the antihypertensive drug hydralazine
and those that were not treated.

2 Materials and Methods

2.1 Animals
SHR (n =36) were used for this research. Hydralazine-treated
(n=20,20 mg/kg dissolved in drinking water) and non-treated
(n =16, naive) animals were divided into two groups accord-
ing to their age: 17 weeks old (hydralazine-treated, n = 12,
and non-treated, n = 10) received a 2-week treatment, and
21 weeks old (hydralazine-treated, n = 8, and non-treated, n
= 6) received a 6-week treatment (Table 1).

During the procedure, the animals were anesthetized with
an intravenous (i.v.) injection of ketamine (110mg/kg) and
xylazine (10 mg/kg).

Table 1 Groups of animals

Group Age (weeks) n Weight (g)
Treated with 17 12 308.5+28.3
hydralazine

Treated with 21 8 333.84+42.1
hydralazine

Non-treated 17 10 331.94+40.9
Non-treated 21 6 347.04+39.2

2.2 Experimental Protocol

A 2.5cmlong 14G cannula was inserted into the animal’s tra-
chea (Hoppner, Brazil), which was connected to a small ani-
mal ventilator (SAV) (flexiVent legacy, SCIREQ, Canada) and
ventilated with a tidal volume of 10 mL/kg, respiratory rate
of 120 cycles per minute and PEEP (Positive end-expiratory
pressure) of 3 cm H> O. Although smaller tidal volumes are
used for protective mechanical ventilation, higher tidal vol-
umes are also applied for evaluating physiological parameters
[17-19]. Through SAV the respiratory system volume was
measured. The jugular vein was dissected and then a flexi-
ble PVC tube (Critchley Electrical Products PTY, Australia)
was inserted during ventilation. Furthermore, the right carotid
artery was cannulated with a polyethylene catheter to measure
the animal’s arterial pressure. The respiratory musculature
was blocked with pancuronium bromide (1 mg/kg i.v.). After
that, the standard SAV protocol for ARM was performed [18],
which consists in two alveolar recruitment maneuvers up to
30 cmH> O (the pressure was increased in ramp for 3 sec-
onds until it reached 30 cm H> O and then maintained at this
pressure for another 3 seconds) with an interval of 5 seconds
between the two ARMs.

23 Data Acquisition
An analog to digital 24-bit converter module (HX711, Avia
Semiconductor, China) was used to acquire arterial pressure
data with an invasive arterial pressure sensor (New NPC 100
Sensor, Amphenol, USA). A custom-made software routine
was implemented in order to perform the calibration of the
device using as references pressures 0 mmHg and 200 mmHg,
to which the device was subjected through a mercury column.
The data were exported at a rate of 50 samples per second and
with a resolution of 0.01 mmHg.

The data output from SAV provided the airway pressure
and tracheal volume signals with a sampling frequency of
256 Hz.

24 Data Analysis

Arterial pressure data were treated using the Tukey criterion
for outlier detection [20]. Then, in order to facilitate the visu-
alization of the stabilization segments, the signal was filtered
through a moving average with 21 samples in length (N = 21
in Eq. (1)).

N
1
PA; = NZ;PAiJrj (1)
=
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After filtering the arterial pressure signal, certain sec-
tions were selected for analysis: Before ARM and during
ARM (in order to adopt a standard, we selected 1s in the
three mentioned sections), since the objective is to evaluate if
hydralazine treatment promotes a significant impact on arte-
rial pressure decrease, and, if so, when this impact is more
critical (before or during the recruitment). The absolute arte-
rial pressures of the animals before and during ARM were
then compared in terms of percentages.

A statistical package (Prism 8, GraphPad Software, USA)
was used. For the analysis of tracheal volumes in the differ-
ent groups studied, during ARM, we used Two-Way ANOVA
(ANOVA—Analysis of Variance), with Bonferroni post-hoc.
Regarding the arterial pressure data, the data were submitted
to a normality test (Shapiro-Wilk) and in case of adherence
to the normal distribution curve, parametric analysis (One-
Way ANOVA) or non- parametric (Kruskal-Wallis) was used.
For such analyses, statistical significance of p < 0.05 was
adopted.

3 Results

Figure 1 shows the profile of a representative arterial pressure
measurement during data collection. It is possible to notice
the absence of stabilization (plateau) during the first ARM.

Regarding the measured respiratory system volumes
(Fig.2), between the first and second ARMs, a significant
difference was verified (p < 0.0001). In terms of post-hoc
analysis, significant difference between ARMs was found
on the following groups: 17 weeks and 21 weeks treated, and
21 weeks non treated (*p < 0.05).

The graphs on Fig. 3 represent the absolute values of arte-
rial pressure before the second ARM (a), the absolute values
of arterial pressure during the second ARM (b) and the per-
centage of arterial pressure decrease during ARM (c). In terms
of absolute values of arterial pressure before ARM, there was
no significant difference among the groups observed, both for
analysis of variance and post-hoc analysis. For absolute val-
ues of arterial pressure during ARM, the analysis of variance
showed a significant difference among the groups observed
(p < 0.05), while in the post-hoc analysis there was no signif-
icant difference among groups (p > 0.05). Regarding the per-
centage comparison between the period before ARM and the
second ARM, a significant difference was observed between
the groups in the analysis of variance (p < 0.05). It was found
statistical difference in 17 weeks treated versus 21 weeks non-
treated and 21weeks treated versus 21 weeks non-treated
comparisons (p > 0.05).
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Fig. 1 Arterial pressure behavior during the alveolar recruitment
maneuvers. Graph a is the signal extracted from the custom-built arterial
pressure measurement device and b is the same signal after being filtered
by a moving average of 21 samples

4 Discussion

In our study, we aimed to verify a possible influence of the
ARM on arterial blood pressure using a strain of SHR, com-
monly used in arterial hypertension research [21-23]. The
ARM is often used in animal models to homogenize lung
volume history prior to assessment of respiratory mechan-
ics procedures. Clinically, this technique is used to improve
oxygenation by opening previously collapsed airways [24].
Since the arterial pressure is a vital signal and the alveolar
recruitment may present cardiovascular repercussions [12,25]
such as hypotension, the main objective of this work was
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Fig.2 Comparison between ARM volumes (information expressed in
terms of means and standard deviations), where there was significant
difference between the first and second ARMs in the analysis of vari-
ance (p < 0.0001, Two-way ANOVA). In post-hoc analysis, there was
significant difference between ARMs on the following groups: 17 weeks
and 21 weeks treated, and 21 weeks non treated (*p < 0.05)

to study the arterial blood pressure in SHR during alveolar
recruitment.

In order to collect the data in a standardized way, it was
decided to use the second ARM instead of the first to which the
animals were submitted. This is because during the first ARM,
not all animals showed arterial pressure stabilization, making
it not possible to collect physiologically relevant information
in this context (Fig. 1).

It was found that, statistically, the volume displacement
of the respiratory system during the second ARM was
lower than the first ARM (Fig.2). The hypothesis is that
this happens because between the first and the second
ARM there is not enough time to reach Functional Residual
Capacity (FRC), thus the remaining volume above FRC of
the first ARM influences the volume measured in the second
ARM. This phenomenon may influence on the assessed
compliance/elastance, once the compliance may be obtained
simply dividing the volume displacement by the difference
in pressure.

Besides the volume displacement repercussion, this work
studied the arterial blood pressure during those maneuvers.
There was no difference in the basal arterial pressure among
treated and non-treated in different age animal groups (Fig. 3).
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Fig.3 Arterial pressure comparisons. a Absolute arterial pressure value
before ARMs (p > 0.05, ANOVA). b Absolute arterial pressure value
during the second ARM (p < 0.05, ANOVA). In post-hoc analysis, no
significant differences were observed ¢ pressure decrease percentage
when comparing the period before the two ARMs and the pressure value
during the second ARM (p < 0.05, ANOVA). *p < 0.05
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This finding was not expected. However, one possible expla-
nation is related with the hydralazine administrated time and
dose. Notwithstanding, the pressure during recruitment was
not different among groups in post-hoc analysis, only in the
analysis of variance, despite being, visually (Fig. 3), lower in
the non-treated groups.

However, the treated groups presented a lower decrease
during the recruitment, which is a desirable physiological
response. Thus, the treated groups cardiovascular system was
less impacted by the intrinsic transitory hypotension during
ARM than the non-treated groups. The arterial blood pres-
sure is directly influenced by the recruitment since the heart
is mechanically compressed within the lung expansion, hence
impacting on the amount of blood entering in the atrium and
on the output blood resistance [26].

These findings could indicate that the drug, with the present
dose and administration time, was not sufficient to decrease
the basal pressure, however it influenced on the cardiovas-
cular response during alveolar recruitment. Since there was
no difference in the total air volume displacement in ARMs
among groups (Fig. 2), the explanation to the influence on the
cardiovascular response during alveolar recruitment is solely
related with the cardiovascular system. Therefore, the cardio-
vascular compliance or resistance rather than the respiratory
compliance played a major role on the results found herein.

5 Conclusion

There was no difference in basal arterial blood pressure
between treated and non-treated animals with the present
hydralazine doses and time set. However, the treated groups
cardiovascular system was less impact by the intrinsic transi-
tory hypotension during ARM than the non-treated groups
which is a desirable physiological response. Furthermore,
since there was no difference in the total air volume displace-
ment in ARMs among groups, the explanation to the influence
on the cardiovascular response during alveolar recruitment is
solely related with the cardiovascular system.
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Abstract

Biological or mechanical heart valve prostheses are used
as a treatment to replace failing native heart valves. The
goal of this study is to investigate the hydrodynamic
performance of small sizes bileaflet mechanical heart
valves (BMHVs) considering their use to control flow
direction on a pulsatile pediatric ventricular assist device
(VAD) [1]. Small size BMHVs of 17, 19 mm were tested
in vitro and compared to 23 mm prosthesis. Each
prosthesis was placed on a pulse duplicator (490 bpm,
2.0-4.0 L/min flow range) and pressure and flow signals
were recorded to determine pressure gradient, flow
regurgitation and effective orifice area (EOA). Pressure
gradients (maximum/minimum; mmHg) were (12.2/8.5),
(8.4/6.3) and (8.2/5.8), for 17, 19 and 23-mm, respec-
tively. Valve effective orifice areas (maximum/minimum;
cm?) were (1.05/1.02), (1.37/1.24) and (1.55/1.35) for 17,
19 and 23-mm sizes, respectively. The regurgitation
fractions (maximum/minimum; %) obtained were
(6.91/5.29), (10.47/6.08), and (14.63/10.04), for 17, 19
and 23-mm sizes, respectively. The results suggest that
the mechanical valves have adequate performance accord-
ing to the requirements of the ISO 5840:2015 standards
and that they can be used to effectively control flow
direction on a pediatric pulsatile ventricular assist device.
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1 Introduction

The function of heart valves is to ensure that blood flow
occurs unidirectionally through the cardiac chambers. When
these valves fail, they need to be replaced by a cardiac
prosthesis. The currently available prostheses include two
main categories: mechanical valves and bioprostheses [2]. In
vitro characterization of the dynamic performance of these
prostheses is necessary to predict their hemodynamic
behavior prior to implantation [3].

In this study, in vitro tests of BMHVs of sizes #17, #19
were performed and compared to #23 regular size valve. The
minimum requirements for the hydrodynamic performance
of cardiac prostheses as determined by ISO 5840:2015 are
shown in Table 1 for valves of sizes 17-25 mm.

2 Materials and Methods

2.1 Experimental Set Up and Data Collection
The characterization of the hydrodynamic performance of
cardiac prostheses is performed by measuring the pressure
gradient and the flow through the prosthesis. We utilized a
pulse duplicator (“The Shelhigh Pulse Duplicator®”, Shel-
high Inc, New Jersey, USA) to simulate physiological con-
ditions as shown in Fig. 1.

BMHYV were positioned in the aortic position of the pulse
duplicator adjusted to generate flows in the range of 2.0—4.0
L/min with a stroke volume of 65 ml and pulse rates varying
from 40 to 90 cycles per minute. The pulse duplicator was
filled with a blood analog fluid (33.33% of glycerin and
66.67% of physiological saline solution). A 25 mm BMHV
(St. Jude Medical® Regent®, USA) was positioned in the
mitral position of the pulse duplicator in all tests.

Flow and pressure signals were recorded using DataQ
WinDaq DI-220 acquisition system (DataQ Instruments, USA)
at a sampling rate of 500 samples per second per channel.
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Table 1 Minimum requirements
for an aortic prosthesis
hydrodynamic performance
according to ISO 5840:2015

Parameter
Diameter (mm)
EOA (cm?)

Regurgitation fraction (%)

Fig. 1 Circuit for in vitro
characterization of the
hydrodynamic performance of
mechanical valve prostheses

The pressure gradient was obtained by a differential
transducer with input and output pressure ports positioned
before and after the valve, respectively. The pressure gra-
dient was calculated from the average value in the positive
differential pressure signal recorded in each pulse, that is,
when ventricular pressure (before the aortic prosthesis, fol-
lowing the flow direction) is greater than the aortic pressure
(after the prosthesis).

The difference between ventricular and aortic pressure,
was measured with differential pressure transducer Validyne
DP15-TL (Validyne Engineering Corporation, USA) and an
ultrasonic flow meter was used to measure instantaneous
flow (Transonic System Inc., Transonic, USA).

Pressures in the so-called ventricular and aortic compart-
ments of the Pulse duplicator were measured (Edwards PX12N
absolute pressure transducers, Edwads LifeScience, USA).

2.2 Data Analysis

To obtain the effective orifice area, the equation proposed by
Gorlin and Gorlin was used [4, 5]:

Aortic

17 19 21 23 25
>0.70 >0.85 >1.05 >1.25 >1.45
<10 <10 <10 <10 <15

1 - Main Chamber

| 2-Aortic Chamber

3 - Valve Test Chamber

4 -Flowmeter

5/ 6- Pressure Ports

7 - Throttle

" 8-Left Ventricular Chamber

9 - Mitral Valve

(1)

where Ap is the mean differential pressure (positive differ-
ential pressure, in mmHg), p is the density of the test fluid
(g/cm’) and Qs 1 the root mean square of the anterograde
flow (ml/s).

Pressure and flow measurements made in ten cycles were
used for determination of pressure gradient, regurgitation
fraction and effective orifice area for each BMHV studied.
Uncertainties were determined by the standard deviation of
the measures.

Root mean square of the anterograde flow along a pulse is
given by:

QVrus =

where q,(t) is the pulsatile flow (ml/s) and, t; and t, are the
initial and final instants of the positive differential pressure
period, respectively.



Experimental Study of Bileaflet Mechanical Heart Valves

67

Table 2 Characteristics of the BMHVs prostheses

Model 17 AHPIJ-505
Type Aortic
Tissue annulus diameter (mm) 17
Geometric orifice area (sz) 1.6

Implant height open (mm) 4.8

Overall height open (mm) 9.9

Cuff OD (standard/expanded) (mm) 23/24

Fig. 2 BMHYV in open position (a) and closed position (b)

The regurgitant fraction (Rg) as a function of closing
volume (CV), leakage volume (LV) and the total forward
volume (FV) is given by [5]:

_CGvtlv,

R 100 3
P=t G)

Fig. 3 Representative 250 -

hydrodynamic curves for BMHV
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2.3 BMHVs

Nominal characteristics of BMHVs (St. Jude Medical®
Regent®, USA) sizes #17, #19 and #23 are shown in
Table 2. An image of a BMHYV is shown in Fig. 2 in the
fully open (a) and closed position (b).

3 Results

Figure 3 shows representative signals recorded for different
flow rates (2.0-4.0 L/min). Pressure gradient values for the
three evaluated prostheses are presented in Table 3.
Effective orifice areas obtained (mean & SD) for the
BMHYV studied are shown in Fig. 4.
The regurgitation fractions versus flow are shown in
Fig. 5 for prostheses #17, #19 and #23.

Pressure

-150

-200

-250 -

0,0 0,5

=+« Aortic Pressure mmHg
— — Output Pressure mmHg
----- Pulsatile Inflow LPM

= = = Avr OQutflow LPM

Flow [L/min]

- -15

2,5

1,5
Time (s)

1,0 2,0

Input Pressure mmHg
--------- Diferential Pressure mmHg
Pulsatile Outflow LPM




68

Table 3 Pressure gradients (P,
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Flow rate P (#17, mmHg) P (#19, mmHg) P (#23, mmHg)
mmHg) for #17, #19 and #23 (L/min)
sizes BMHVs
2.0 122 +£ 0.2 7.0 £ 0.2 5.8 £ 0.1
2.5 11.9 £ 0.1 84+ 04 6.2+ 0.3
3.0 94 +04 83 +0.3 6.6 £ 0.3
35 85+03 63 +03 82+ 0.5
4.0 94+ 03 6.6 + 0.3 7.0+ 04
2,0 : . T . T . — — 16 T T T T T
18 - #7 ! . #17
=] o #19 § 14 . #19 -
A #23 i J
164 . g I s #23
a L8 12 . i v
Nf"'-- 14 - A . - "5
‘ E s * - E ® A
Si24 * * * I L0 A : I |
=
< 1 1 o
o104 = . . . " = B e ]
o . B | 3
0,8 4 J ) ] . n
] i 38 : ¢ -
0,6 A d % ; .
T N T ’ T N T N T m 4 - - : . - r : - -
2,0 25 3,0 3,5 4,0 2.0 25 3.0 35 4.0
Flow (L/min) Flow (L/min)

Fig. 4 Effective orifice area for #17 (1.04 £ 0.01 crnz), #19
(1.30 4 0.05 cm®) and #23 (1.44 & 0.08 cm?) bileaflet mechanical
prostheses

4 Discussion

There are several studies in the literature reporting the
characterization of BMHVs [6, 7]. However, the perfor-
mances of BMHVs of smaller sizes have not been reported.
Lee et al. [8] investigated the application of 21 mm size
cardiac BMHYV scaled to pediatric VAD. The tests reported
did not take into account the metrics of interest for the
specific VAD application, including the pressure gradient,
effective orifice area and regurgitant fraction. Dasi et al. [6]
studied flow through a 25 mm BMHYV which is suitable only
for ventricular assist devices of larger volumes. Yun et al. [7]
reported a model of BMHYV for assessment of blood damage
which was scaled in size for pediatric patients.

To the best of our knowledge there are no reports of 17
and 19 mm BMHYV compatible with pediatric VADs con-
sidering the measurements of all the parameters of interest
for this specific application.

According to the requirements of the ISO 5840:2015 for
#17, #19 and #23 the EOA (cm?) must be greater than or
equal to 0.70, 0.85 and 1.25, respectively. The average
values obtained and uncertainties were 1.04 £ 0.01 cmz,

Fig. 5 Regurgitation fraction for BMHVs sizes 17 (6.4 £+ 0.8%), 19
(8 & 1%) and 23 (12 &+ 2%) versus flow (L/min)

1.30 £+ 0.05 cmz, and 1.44 £ 0.08 cm2, respectively.
According to the same standards the regurgitation fraction
must be equal or less than 10%. The average regurgitation
fractions and uncertainties obtained in our measurements for
#17, #19 and #23 BMHV were 6.4 + 0.8%, 8 + 1%,
12 £ 2%, respectively.

Both EOA and regurgitation fraction obtained demon-
strate that the mechanical valves tested have adequate per-
formance according to the minimum requirements
established by ISO 5840:2015.

5 Conclusions

Three bileaflet mechanical prostheses used as replacements
for heart valves were evaluated. The results showed that the
hydrodynamic performance of these devices is in accordance
with the requirements established by the regulatory test
standards for the characterization of these prostheses (ISO
5840:2015).

Our results suggest that the BMHVs tested can be used to
effectively control flow direction as needed for pediatric
pulsatile ventricular assist device.
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Abstract

Despite the high success rate of dental prostheses in
treating patients, mechanical failures still occur. Studies
about the biomechanical behaviour of dental prostheses
are thus important to avoid such failures and to ensure
patient’s well-being. This study proposed a parametric
and optimization analysis of a dental implant to investi-
gate which implant’s structural parameters are more
relevant to prevent failure and improve osseointegration.
A mathematical function called response surface was
obtained based on Von Misses stresses in the cortical
bone, RSM (Response Surface Methodology), DOE
(Design of Experiments), and finite element models.
A structural optimization analysis was conducted with
the objective of minimizing stresses in the cortical bone.
In addition to the sensitivity analysis of the parameters, a
more agile process to estimate critical stress through
equations was presented, providing a faster way of
identifying potential failure causes.

Keywords

Biomechanics ¢ Dental prosthesis ¢ Finite element
method ¢ Parametric analysis * Optimization

1 Introduction

Dental prostheses are biomechanical structures responsible
for restoring the mechanical function of natural and
damaged/lost teeth. The use of osseointegrated implants has
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become a common practice in dentistry due to countless
success reports. However, dental implants still present
long-term problems, mostly because they are mechanical
components, which are subject to failures [1].

External loads are constantly applied to the
implant’s system, which generates stress and strains in the
implant and its surrounding bone. Within certain levels, they
are beneficial and contribute to osseointegration; when they
are excessive or insufficient, they can cause system insta-
bility and bone loss, affecting implant stability [2].

Studies in biomechanics present complexities, such as
inhomogeneous mechanical properties and non-linear
geometries, which make an analytical solution unfeasible.
As a result, numerical methods, especially the Finite Ele-
ment Method (FEM), are widely applied in this area [3-6].
For example, a study reported that it is possible to evaluate,
with good precision, the mechanical behaviour of dental
prosthesis using the Finite Element Method [7].

In order to develop new and better implants, it is nec-
essary to investigate the influence of the different parame-
ters that will affect the structural behaviour of the
prosthesis, such as the mechanical properties of the bone
and implant’s design. However, if such analysis is con-
ducted manually, by individually comparing each parame-
ter, it certainly will be a time-consuming process. When a
structural analysis becomes too complex, with different
parameters and constraints, a manual analysis limits the
possibility of a wider exploration of the modelling options.
An alternative methodology for this analysis must then
be explored [8].

One way of evaluating several parameters is through the
Response Surface Methodology (RSM). RMS is a set of
statistical and mathematical techniques applied in the
development, improvement, and optimization of parameters
[9]. The purpose of this methodology is to find a mathe-
matical equation, via response equations or functions
and based on the initial variables, so that, given a set of
new independent variables, the approximate answer is
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instantaneously found. RSM uses the Design of Experiments
(DOE) technique to create the response surface. The DOE is
based on experimenting several combinations of parameters
and measuring the responses provided. Each experiment,
with a specific combination of parameters, is then translated
to the finite element models and the output results are used to
create the response curve [10].

This study presents the preliminary results of an opti-
mization analysis of a dental prosthesis and an analysis of
the influence of the main structural parameters in the implant
structural behaviour using the Finite Element Method and
the Response Surface Methodology.

2 Materials and Methods

The finite element model developed in this study is similar to
the prosthesis used elsewhere [11]. The prosthesis consists
of a Branemark single implant (Nobel Biocare—Gotemburg,
Sweden), in which a 5 mm abutment (Nobel Biocare
—Gotemburg, Sweden) was screwed in with a titanium
screw. A prosthetic crown, composed of a cobalt—chromium
(Co—Cr) alloy and coated with a feldspathic ceramic (CNG
solutions prosthetics, Sdo Paulo, SP, Brazil), was placed on
the top of the abutment, using another titanium screw.

A previously developed finite element (FE) model of
the mandible, containing both cortical and cancellous bone,
was used to insert the implant and its components [12]. The
mandibular bone was then imported into the finite element
software Ansys (Ansys 15.0, Swanson Analysis System,
Houston, Pa, USA). A hole was made in the bone through
Boolean operation, which consists of generating a cylinder
with the same diameter of the implant in the centre of the
bone and then extracting this volume from the bone, gen-
erating a hole, making it possible to insert the implant in it.

The internal components of the prosthesis (implant,
screws and abutment) were modelled directly in the finite
element software, using the programming language APDL
(Ansys Parametric Design Language). The crown geometry
was obtained through 3D scanning and CAD manipulation
[12]. The outer (feldspathic porcelain) and the inner layer
(Co—Cr alloy) of the crown were built based on micro-CT
images. The central hole in the crown (to place the screws)
was also obtained by Boolean operation. Figure 1 illustrates
the final volume of the prosthesis into the bone.

After modelling of the geometry, homogeneous, isotropic
and linearly elastic material properties were applied to each
component, as shown on Table 1.

M. M. Togashi et al.

ANSYS

A

B Crown

B Abutment

B Cortical bone

B Cancellous bone

Static Analysis

Fig. 1 Final structure composed of the prosthesis incorporated into the
bone

Table 1 Properties of the components used in the model

Material Young’s Poisson’s References
modulus coefficient
(GPa)
Cortical bone 14 0.3 [13]
Cancellous 1 0.3 [13]
bone
Implant 110 0.34 [14]
Abutment 110 0.34 [14]
Fixation screw | 100 0.34 [14]
Abutment 100 0.34 [14]
screw
Metallic crown | 218 0.33 [15]
Ceramic crown  68.9 0.28 [16]

The element SOLID187 was used to discretize the com-
ponents in the FE software. It is a solid 3D quadratic ele-
ment, with ten nodes and three degrees of freedom per node.
After generating the mesh, a load of 75 N was applied in the
negative direction of the y-coordinate (vertical) on top of the
crown. Movement restrictions were applied in all degrees of
freedom in the mandibular bone in order to simulate its real
fixation. Such configuration is illustrated in Fig. 2.

Contact elements were inserted into the sharing surfaces
between implant and abutment and between abutment and
crown. Preloads of 100 N mm and 200 N mm were applied
to the implant and crown screws, respectively, to simulate
the tightening torque.
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Constraints

Static Analysis

Fig. 2 Discretized volume and loading application

: _ ANSYS

Static Analysis

Fig. 3 Parametrized parameters

The parametric and optimization analyses were conducted
using Response Surface Methodology (RSM), Design of
Experiments (DOE), and the Box-Behnken model. The
Box-Behnken approach uses an independent cubic model in
which the possible combinations are represented at the
midpoints of a cube’s edges. This model can rotate and
requires at least three levels, or options, on each parameter.
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Figure 3 illustrates the parameters assessed in this study:
implant length (H), abutment height (h), and Young’s
modulus of the cortical bone (E). Figure 4 presents the
geometrical representation of the coded values for each
variable: (+1) for maximum values, (0) for average values,
and (—1) for minimum values. Table 2 depicts the real and
coded values for each parameter.

Each analysis shown in Table 2 was carried out by
adapting the finite element model to that combination of
parameters. By means of this parametric analysis, a func-
tion called response surface was obtained and it described
the Von Mises stress on the cortical bone, acquired from
the finite element models, as a function of the selected
parameters.

3 Results and Discussion

After running 13 different model combinations, Von Mises
stresses around the implant hole and on the cortical bone
were obtained as illustrated in Fig. 5 and listed on Table 3.

Based on the obtained stress values, three different
regressions equations were created using Microsoft Office
Excel software to determine which response curve best
represented the model. These equations were (i) a linear
regression without interaction, (ii) a linear regression with
interaction, and (iii) a non-linear regression. The best results,
in terms of adjusted R?, were obtained from the non-linear
regression as a function of the coded parameters (H, implant
height; h, abutment height; E, Young’s modulus of the
cortical bone).

The response surface obtained was presented and evalu-
ated from a statistical point of view and it is shown on Eq. 1:

S = 128,726 — 3153H

— 3043k + 6319E + 6058H” + 4847h* (1)

In order to assess the precision of the response curve, von
Mises stress values were estimated using the response sur-
face and compared to the calculated stress values obtained
by the finite element models. A correlation of R* = 0.93 was
found for a relationship of y = 0.98x + 0.13 (Fig. 6).
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Fig. 4 Representation of
Box-Behnken model

Table 2 Coded and real values
for each parameter
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Hcod hcod Ecod Hreal (mm) Hreal (mm) Ereal (MPa)
0 1 1 11 5 20,000
0 -1 1 11 1 20,000
0 1 -1 11 5 8000
0 -1 -1 11 1 8000
1 0 1 15 3 20,000
-1 0 1 3 20,000
-1 0 -1 3 8000
1 0 -1 15 3 8000
1 1 0 15 5 14,000
-1 1 0 7 5 14,000
1 -1 0 15 1 14,000
-1 -1 0 7 1 14,000
0 0 0 11 3 14,000

Hcod is the coded value for the implant’s height, Hreal is the real value for the implant’s height in mm, hcod
is the coded value for the abutment’s height, hreal is the real values for the abutment’s height in mm, Ecod is
the coded value for the Young’s modulus of the cortical bone, and Ereal is the real value for Young’s
modulus of the cortical bone in MPa
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Fig. 5 Von Mises stress on the cortical bone
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Fig. 6 Estimated stress and real stress correlation plot. Dashed lines
represent a deviation of 10%

Table 3 Von Mises stress in the cortical bone obtained in the 13
analyses

Experiment/model Stress [MPa]
1 39.174
2 44.307
3 22.457
4 32.107
5 37.100
6 45.163
7 31.883
8 28.746
9 34.304
10 40.177
11 37.944
12 46.098
13 28.726

4 Conclusions

A response surface representing the von Mises stress dis-
tribution on the cortical bone as a function of the structural
parameters h, H, and E was created. A good correlation
between calculated and estimated von Mises stress was
found. Among the analysed parameters, the most sensitive,
i.e. the one in which a small change significantly affects the
cortical bone stress distribution, is the height of the implant.

The use of response curves (or surfaces) in structural
optimization of dental implants sped up the analysis process,
as the best parameter, which minimises the stress on the
bone, is found directly from a polynomial, not requiring
intense and time-consuming interactive processes, which
would include the generation of new geometries, meshes and
finite element calculations.

It is worth mentioning that, for simplification purposes,
some other conditions were not assessed in this study, such
as the stress on the prosthesis, the stress on the cancellous
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bone, etc. However, this preliminary study adds confidence
in the use of optimization techniques and finite element
models in the design of new dental implants.
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Abstract

This study investigated the tribological behavior of the
ASTM F138 austenitic stainless-steel — which is generally
used in biomedical applications — treated with laser.
Metallic biomaterial surfaces were treated under different
nanosecond optical fiber ytterbium laser pulse frequen-
cies, with the purpose to increase their surface hardness.
Further, ball-cratering wear tests were conducted to
analyze their tribological behavior on the basis of their
wear volume and coefficient of friction. The obtained
results showed that the nanosecond optical fiber ytterbium
laser pulse frequency influenced the surface hardness of
each specimen and, consequently, on the wear resistance
of the ASTM F138 austenitic stainless-steel biomaterial.
With an increase of laser pulse frequency, a decrease in
the wear volume of the worn biomaterial was observed —
which is the main tribological parameter to study the wear
resistance of a metallic biomaterial. In contrast, the
coefficient of friction values were found to be independent
of the laser pulse frequency, surface hardness and the
wear volume of the specimen.
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1 Introduction

Orthopedic devices, because of friction against mobile
implants, bones, or other body parts, detach particles in
contact with body fluids, which are placed in locations far
from the removed source causing complications to the
patients [1]. Metallic particles released from the wear pro-
cess may move passively, through tissue and/or the circu-
latory system or, can be actively transported [2],
compromising the biomaterial’s biofunctionality.

ASTM F138 austenitic stainless-steel is one of the
metallic materials used for the manufacturing of orthopedic
implants, because of its unique mechanical properties and
low cost. Additionally, a surface treatment with a laser
technique can be adopted to increase the wear resistance of a
metallic implant manufactured with biomaterial.

In other line of research, generally, the ball-cratering
wear test is a practical tribological method used by various
researchers, to analyze the wear resistance of different
materials [3-10].

Figure 1 presents a schematic representation of the prin-
ciple of this wear test.

In this mechanical configuration of the wear test, a
rotating ball is forced against the specimen being tested and
a liquid solution is supplied between the ball and the spec-
imen during wear experiments.

The purpose of the ball-cratering wear test is to generate
wear craters on the surface of the specimen; the wear volume
(V) may be determined using Eq. 1 [5], where “d” is
the diameter of the wear crater and “R” is the radius of the
ball.
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Liquid solution
Specimen

Ball
-

Normal force

Tangential force

Fig. 1 Micro-abrasive wear testing by rotating ball: schematic
representation of its principle

ST (1)

The friction coefficient (u) acting on the tribological
system “specimen + ball” can be calculated using Eq. 2,
where “N” is the normal force applied on the specimen and
“T” is the tangential force measured during the wear tests.

M:N (2)

Observing the importance of the biomaterials in terms of
the social factor and considering the acceptance of the
ball-cratering wear tests to study the wear behavior of
materials, in the present work, we aimed to evaluate the
tribological behavior of ASTM F138 austenitic
stainless-steel treated with different laser processes — to
increase its hardness, by using the “ball-cratering wear test
method”.

2 Experimental Procedure

2.1 Ball-Cratering Equipment

An equipment with a free-ball mechanical configuration
(Fig. 2) has been used for the wear tests, in which its design,
building and technical functionality has been detailed in a
previous work [11].

Additionally, this ball-cratering wear test equipment has
also been previously evaluated by other researchers [11-15],
who selected different test conditions and whose tribological
apparatus presented excellent functionality during the
experiments.

Two load cells were used in the ball-cratering wear test
equipment: one load cell to control the “normal force — N”
and the other load cell to measure the “fangential force — T”
developed during the experiments. These “normal” and
“tangential” force load cells used had a maximum capacity

Fig. 2 Ball-cratering wear test equipment with free-ball mechanical
configuration used for the ball-cratering wear tests

of 50 N and an accuracy of 0.001 N. The values of “N” and
“T” were read by a readout system, continuously, during the
tests.

2.2 Materials

The tested material was an ASTM FI138 austenitic
stainless-steel biomaterial with the following chemical
composition — Table 1.

It was treated with a nanosecond optical fiber ytterbium
laser, under four different pulse frequencies, with the pur-
pose to increase its hardness, as presented in Table 2.

One ball made of AISI 316L austenitic stainless-steel,
with diameter of D = 25.4 mm (D = 1" - standard size),
was used as the counter-body.

Table 3 shows the hardness (H) of the materials used in
this work (specimen and ball). For the sake of comparison,
the surface of this biomaterial without laser treatment —
under the condition of “as received” — was also evaluated,
totaling five specimen tested.

2.3 Wear Tests

Table 4 presents the test conditions defined for the
ball-cratering wear experiments.

One value of normal force (N) was defined for the wear
experiments: N = 0.25 N.

The ball rotational speed was n = 50 rpm and with the
diameter D = 25.4 mm, the tangential sliding velocity of the
ball was equal to v = 0.066 m/s.

The wear experiments were conducted under a test time
of t = 2 min and with the value of v = 0.066 m/s, was cal-
culated a value of sliding distance (S) between the specimen
and the ball of S = 8§ m.

All the experiments were conducted without interruption
and a Phosphate Buffered Saline (PBS) chemical solution —
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Table 1 Chemical composition
of the ASTM F138 austenitic

Chemical element

81

% (in weight)

stainless-steel biomaterial C 0.023
Si 0.78
Mn 2.09
p 0.026

0.0003

Cr 18.32
Mo 2.59
Ni 14.33
Fe Balance

Table 2 Nanosecond optical

. Specimen
fiber ytterbium laser pulse

Laser frequency — f

frequencies used for surfaces 1 Ji =80 kHz

treatments of the specimen 2 /> = 188 kHz
3 f3 =296 kHz
4 Jf4 =350 kHz

Table 3 Hardness of the Specimen condition — counter-body Hardness — H

materials used in this research —

specimen and ball Specimen — “as received” 199.3 HV (Hop)
Specimen 1 Treated = f; = 80 kHz 204.3 HV (Hy)
Specimen 2 Treated = f, = 188 kHz 2154 HV (H»)
Specimen 3 Treated = f3 = 296 kHz 226.1 HV (H3)
Specimen 4 Treated = f; = 350 kHz 239.9 HV (Hy)
Ball — AISI 316L austenitic stainless-steel 380 HV (Hg)

Table 4 Test corhlditions selected Experimental parameter Value

for the ball-cratering wear

experiments Normal force — N 025N
Ball rotational speed — n 50 rpm
Tangential sliding velocity — v 0.066 m/s
Test time — ¢ 2 min
Sliding distance — § 8 m

which simulates body fluid — was continuously fed between
the specimen and the ball during the wear experiments, at a
frequency of 1 drop/2 s. Additionally, both the normal force
(N) and the tangential force (T) were monitored and regis-
tered constantly during the wear tests.

Then, after the tests, the diameters (d) of the wear craters
were measured by optical microscopy.

Finalizing the step of data acquisition, the wear volume
and the coefficient of friction were calculated from Egs. (1)
and (2), respectively and the maximum standard-deviation
reported was informed on the plots of V and p.

3 Results and Discussion
3.1 Scanning Electron Micrograph

Figure 3 presents a scanning electron micrograph of the
surface of a wear crater generated during the ball-cratering
wear experiments.

Analyzing Fig. 3, presence of grooves was reported due
to the sliding movement between the ball and the specimen
during the wear test. In fact, the occurrence of grooves along
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30 um

Fig. 3 Example of surface of a wear crater obtained during the
ball-cratering wear tests

the surface of a worn material is a characteristic tribological
behavior of two metallic materials under relative movement.

3.2 Wear Volume Behavior

Figure 4 shows the results obtained for the behavior of the
wear volume (V) as a function of the nanosecond optical
fiber ytterbium laser pulse frequency (f) and specimen
hardness (H) — V = f(f,H), along with the result obtained
from “as received” specimen.

We observed that with an increase in the nanosecond
optical fiber ytterbium laser pulse frequency (f) and,

Increase in laser frequency
and specimen hardness.

S

0.006
o
g 0.005
£
a. 0.004
|
Qé 0.003
= 0.002
o
>
§ 0.001
B 0.000
as received Specimen 1 Specimen 2 Specimen 3 Specimen 4
> N> N> N> N>
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Fig. 4 Wear volume (V) as a function of the nanosecond optical fiber
ytterbium laser pulse frequency (f) and specimen hardness (H) — V = f(f,
H). maximum standard-deviation reported: 0.001 mm®

consequently, an increase in the superficial hardness of the
ASTM F138 austenitic stainless-steel, the wear resistance of
the specimen increased, as characterized by decrease in the
wear volume (V).

The tribological behavior reported in this work is in
qualitative agreement with Archard’s Law, where the
material hardness (H) is inversely proportional to wear
volume (V), expressed by Eq. (3):

K
V=—=S8N

» ()

K is dimensionless constant, as a function of the type of
material.

3.3 Friction Coefficient Behavior

Figure 5 shows the behavior of the coefficient of friction (u)
for the “as received” specimen and the specimen treated by
nanosecond optical fiber ytterbium laser pulse frequency
0 — u = 1.

Analyzing the behavior of the coefficient of friction (u) as
a function of the nanosecond optical fiber ytterbium laser
pulse frequency (f) and specimen hardness (H) — u = {(f, H),
it is possible to observe that the coefficient of friction did not
present a direct relationship with f, i.e., the coefficient of
friction was independent of the laser pulse frequency and
specimen hardness.

3.4 Wear Resistance Analysis

No direct relationship between the wear volume (V) and the
coefficient of friction (¢) was observed, i.e., the highest value

0.12
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0.08
0.06
0.04

0.02

Coefficient of friction — x

0.00

as received Specimen 1 Specimen 2 Specimen 3 Specimen 4
> E > N> N> N>
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Fig. 5 Friction coefficient (1) as a function of the nanosecond optical
fiber ytterbium laser pulse frequency (f) and specimen hardness (H) — p
= {(f,H). Maximum Standard-Deviation reported: 0.02
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of the wear volume was not related to the higher value of the
coefficient of friction.

However, considering the wear resistance of the ASTM
F138 austenitic stainless-steel, we observed that the impor-
tant tribological behavior was the decrease in the wear vol-
ume (V), which was directly related to the longer service life
of the orthopedic implant.

In fact, a longer service life of an orthopedic implant is
important to improve the quality life of the patients, avoiding
unnecessary surgical operations.

4 Conclusions

The following are the major conclusions drawn from the
results obtained in this work, regarding the tribological
characterization of the ASTM F138 austenitic stainless-steel
biomaterial:

(1) The tribological behavior was influenced by frequency
of the nanosecond optical fiber ytterbium laser, in terms
of “wear volume”;

The laser treatment increased the wear resistance of the
biomaterial, quantified by decrease in “wear volume”;

The coefficient of friction behavior was independent of
the nanosecond optical fiber ytterbium laser pulse
frequency;

No direct relationship was found between the wear
volume and the coefficient of friction.

(@)
3
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Computational Modeling of Electroporation
of Biological Tissues Using the Finite

Element Method

M. A.Knabben, R.L.Weinert and A.Ramos

Abstract

This article presents experimental and computational
results of electroporation in rabbit liver. Therefore, an
empirical electroporation model was used, able to describe
the dynamic behavior of electroporation. The experiments
were perform with a cylindrical electrode system, where
voltage pulses with three different levels were applied.
For the numerical simulation of electroporation, a finite
element software in MatLab® was developed, intended
for academic research. The electroporation model com-
bined with the Finite Element Method proved to be an
appropriate simulation tool for the study of biological
electropermeabilization.

Keywords

Electropermeabilization of biological tissues ®* Dynamic
modeling of electroporation * Rabbit liver ¢
Computational electromagnetic field calculation ¢ Finite
element method

1 Introduction

Biological electropermeabilization is a non-linear physical
phenomenon that causes the opening of pores in the plasma
membrane, for isolated cells, cell suspension or biological tis-
sue, when these are subjected to high intensity electric fields.
The electric field applied on the tissue causes the movement
of ions near the cell membrane, increasing the potential differ-
ence between the intracellular and extracellular environment,
known as transmembrane potential V,, [1].

This electrical polarization mechanism creates pores in the
cell membrane, facilitating the flux of ions from the intracel-
lular environment to the extracellular environment, resulting

M. A. Knabben (X)) - R. L. Weinert - A. Ramos
Department of Electrical Engineering, University of Santa Catarina
State, Joinville, SC, Brazil

© Springer Nature Switzerland AG 2022

in the increase of tissue conductivity. Biological electroper-
meabilization occurs if V,, reaches values between 200 mV
and 1 V. If V,,, exceeds the value of 1V, irreversible electrop-
ermeabilization occurs, causing the cell death [2].

Although electroporation has been a phenomenon studied
for several decades and is already used in important appli-
cations in medicine, biology and biochemistry, there are still
fundamental questions to be investigated. Due to the complex
mathematical process associated, the field calculation by com-
putational methods comes up as the only available resource to
evaluate the effects of electroporation on biological material.
However, this requires the use of models able to describe the
temporal variation in tissue conductivity, as a function of the
local applied electric field.

Electroporation models can be characterized as static or
dynamic. In static models, the simulation is performed in
stages, where the conductivity is updated in the analysis
domain according to the distribution of the electric field
obtained in the previous stage, fallowing a specific mathe-
matical relation. The process is repeated until the conduc-
tivity stabilizes in the entire domain through a convergence
criterion. In dynamic models, interest case of this article, as
the program calculates the local electric field, the conductiv-
ity value in each region is increased at each step time of the
simulation, according to the electroporation model [3,4].

Currently, some published papers have dealt with the inclu-
sion of electroporation models in finite element programs. The
preference for using the Finite Element Method (FEM) is jus-
tified because it allows a better discretization of the objects
involved in the analysis domain, when compared to the other
numerical methods [4,5].

In this article, the calculation of field distribution and cur-
rent density were obtained using a software based on the Finite
Element Method, that were built in MatLab® for academic
research, which allows the inclusion of the dynamic electro-
poration model obtained from [3].

The adjustment of model parameters is made by comparing
the simulated results with the experimental results, performed
on rabbit liver.
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2 Materials and Methods
2.1 Electropermeabilization in Biological

Tissues

The electroporation equipment consists of a switched-mode
power supply to generate the pulsed voltage waveform of up to
800V and 10 A, and an instrumentation circuit for measuring
the applied voltage and the current that flows through the
sample of biological material.

Rabbit liver samples were used from the Leporidae strain,
Oryctolagus cuniculus, between 4 and 6 months of life. The
reason why we chose rabbit liver in this work is to verify if the
dynamic electroporation model in [3] is able to represent the
biological electropermeabilization in the same organ (liver),
but on a different species of animal (rabbit). The tests were
performed about 30 min after the organs were removed. Three
rabbits were used in the experiments. The liver of each animal
was divided into standard formats (20 mm wide and 10 mm
high), where each organ resulted in five samples, resulting in
five experiments for each voltage level applied.

For the application of the electric field, a system of cylin-
drical steel electrodes with 0.6 mm of diameter and 15 mm of
high was used, separated by a distance of 5.4 mm center to
center. The electroporation protocol used in the experiments
consists in the application of 10 consecutive voltage pulses.
The tests were carried out for three different voltage levels,
200V (case A), 500V (case B) and 800V (case C). The time
duration of each pulse is 93 s at high level and 95 s at low
level. The rise and fall times are 3 s and 100 ns, respectively.
The room temperature was controlled at 22 °C.

The dynamic electroporation model used in computer sim-
ulations is an empirical model proposed in [3], where the
model has been validated for rat liver. Equations (1) and (2)
combined result in rate of time variation of the electroporation
conductivity.

doy (Oeqg — 0p)
— = 5 5 (1)
dt —(FE 2 (22
T, + Ate "p27 01TOP
0,0,
Teq = e 2)

—(E-y2 2
0o + ore T, e

This model can be understood as a relaxation equation,
where o, is the electroporation conductivity, o, is the ini-
tial value of the electroporation conductivity, o, is the final

conductivity of the tissue, whose value depends of the inten-
sity of the applied field and o; is the conductivity of the region
near to the cell membranes. 7, and 7, + At are, respectively,
the minimum and maximum relaxation times of the electro-
poration process. E is the local electric field and E | and E >
are the electric field thresholds.

The initial values of the parameters were taken from
[3]. Then, successive simulations were performed using the
“trial & error” method, minimizing the percentage of error
from pulse to pulse, between the experimental and simulated
curves. In this study’ modeling, the parameters oy, At and
E » were adjusted for each of the applied voltage amplitudes.
The remaining parameters of the model were maintained.

2.2 Finite Element Method
The analysis domain consists of the plane that intercepts the
medium height of the electrodes. Due to the cylindrical geo-
metric shape of the electrodes, the electric field distribution
on this surface is non-uniform. However, along the normal
direction of the surface (direction of tissue thickness) the field
distribution is approximately uniform. Therefore, the FEM in
two dimensions is appropriated to perform computational cal-
culations, considering this type of geometry.

The geometric model explored in this article is shown on
Fig. 1.

The construction of the finite element software requires
the follow steps in sequence:

Electrodes

7N

Biological
Tissue

Fig.1 Geometric model analyzed
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1. Discretization of the analysis domain in a finite number of
triangular elements, filling the discretization mesh;

2. Organize the set of equations that allow the calculation
of the electrical potential within each element as a linear
function of spatial coordinates;

3. Perform the superposition of all elements of the mesh to
obtain an expression for the electrical potential in the entire
domain of analysis;

4. Create aloop for the development of simulation’s dynamic
where, at each k iteration, the follow steps in the follow
order are required:

4.1. Update the potential in electrode nodes;

4.2. Solve the system of linear equations to obtain the
potential of nodes in the analysis domain;

4.3. Obtain the electric field in each element through the
potential of the nodes;

4.4. Update the conductivity in the elements using the
electroporation model, with the electric field as input.

The FEM allows writing the potential as a linear function
of the spatial coordinates. Thus, the potential inside of each
element of the mesh is then written as a system of linear
equations, which depends of the potential of its vertices (local
nodes). With the superposition of all elements, the potential
is then obtained in the entire domain of analysis [6].

Then, it is necessary to identify the local nodes of each
element according to a global numbering. Thus, Eq.(3) is
obtained,

NP
V) =Y fuV 3)
n=1

where V (x, y) is the potential at any position in the analysis
domain, V;, are the potentials of the nodes and f;, are functions
resulted from combination of linear equations of the local
nodes, only for elements that share the considered node [6].

Equation (3) suggests that the solution for the electrical
potential V (x, y) may be write through the expansion in the
fn function base, where the coefficients of this series are the
potentials of the V;, nodes.

The problem consider in this article consist in solve the
continuity equation. Therefore, the divergence of the current
density is zero, as shown in (4),

— V[0, »)VV(x.»]=0 4)
where o (s/m) is the conductivity of the environment. In

this study, it was assumed that the conduction current in the tis-
sue is much greater than the displacement current. In addition,

the tissue was considered homogeneous and the dielectric dis-
persion was negligible in the frequency range used. These are
approaches commonly used in the analysis of electroporation
in biological tissues [1,4,5].

The potential is then calculated using the weighted resid-
uals method between the expected response of Equation (3)
and the numerically response, where weighting functions are
used to the minimize the average error (residual). Thus, the
Galerkin method was adopted, where the weighting functions
are the f,,’ functions of the potential expansion base [6].

The Neumann boundary condition was adopted, which
establishes that the normal electric field on the boundary sur-
faces of the analysis domain is null. Thus, ahomogeneous sys-
tem of equations appears, which when solved, allows obtain-
ing the potential of the V,, nodes. This system was solved
by the LU factor method, available in MatLab® through the
command linsolve. However, it is necessary to simplify the
system by using the electrodes nodes as an independent term
(source of the system), since their potential are imposed by
the voltage source. Therefore, they should not be calculated.
The potential in the analysis domain is then obtained by
3).

The electric field is then calculated for each element using
the negative of the gradient of the potential, as written in (5).

Nl’
E=-) "V,Vf, )
n=1

The next step is to use the Equations (1) and (2) to calculate
the increment in electroporation conductivity op (k) in the
mesh elements, at each time step At¢, as shown in (6).

op(k) =opk — 1) + dd%(k)m 6)

Thus, Eq.(7) provides the conductivity value o (k) that
must be updated in each element, for the new calculation of
the electric field in the next iteration,

o(k) = o5+ op(k) (N
where o is the conductivity of the intact tissue.

The current can be obtained by integrating |J (k) | along the
median line between the electrodes, as shown in (8),

LY
I(k)=nh Lx k Eﬁ k)l|d 8
(k) = /0(2,%> (Z,y,> y (¥
0

where £ is the height of the sample and k is an iteration.
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3 Results

Simulations were performed on regular meshes with a certain
number of elements and nodes. It was verified that, as more
well-resolved meshes were being used, more irrelevant the
differences between the curves were, which led to the use
of a uniform mesh with 24336 elements and 12325 nodes.
The software was run on a personal computer (Intel® Core
i7-9700, 3 GHz, 16 GB RAM) with Windows 10 operating
system. The simulation time for each of the three voltage
levels took about 80h, all with 5001 time steps.

Table 1 presents the numerical parameters used in the com-
puter simulation and the parameters of the electroporation
model that provided the best results.

Figure 2 shows the experimental and computational results
obtained for the electric current that circulates in the tissue
for the three cases treated in this article.

The electric current has a well-characterized behavior,
increasing during the intervals corresponding to the applica-
tion of voltage pulses. This happens because the conductivity
of the tissue is also increasing, due to electroporation. Note
that the dynamic electroporation behavior changes signifi-
cantly in the initial pulses, however it acquires a stable and
repetitive behavior in the final pulses. The proposed model is
able to reproduce this behavior very close to the experimental
reality, especially for the pulses of greater amplitude [7,8].

Table 1 Simulation parameters

Parameter Greatness Value
Length of x edge Ly 10mm
Length of y edge Ly 10mm
Distance between electrodes | d 5.4mm
Electrode diameter ¢ 0.6 mm
Applied voltage levels Vo 200/500/800 V
Total simulation time T 1.94ms
Number of pulses Ny 10
Time step At 382.2ns
Initial conductivity 0o 1x1078 s/m
Conductivity of intact tissue os 47x1073 s/m

O14 0.101s/m
Maximum conductivity Oty 0.286s/m

O1c 0.387s/m
Minimum relaxation time Ty s

ATy 7ms
Maximum relaxation time Atp 2.5ms

Atc 3.5ms
Electric field threshold Ep 2.3kV/m

Ep, 8.5kV/m
Electric field threshold Epp 27kV/m

Epoe 40kV/m
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Fig.2 Comparison between experimental (- -) And simulated (-) cur-
rents, with the percentage of relative error to each pulse, for applied
voltage levels of: a 200 V; b 500 V; ¢ 800V

Figure 2 also shows the distribution of the percentage error
for each pulse, related to the experimental and simulated cur-
rent, for the three voltage levels applied. The experimental
current peaks present at the beginning of each new pulse
occur mainly because of the displacement current and dielec-
tric dispersion in the biological tissue sample. Note that the
simulated current curves do not show such peaks, since the
displacement current and dispersion were not consider in the
computational modeling. Therefore, for the calculation of the
error distribution, the current peaks were neglected.

Figure3 shows the distribution of conductivity and the
electric field module in the analysis domain for 500V applied
voltage (case B), generated in a 100 x 100 nodes in the grid,
distributed uniformly throughout the domain, at the instant of
time equal to 1,815 ms, which corresponds to the last instant
of time at high level of the last pulse.
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Figure3a Shows a uniform region with an approximately
elliptical shape containing the electrodes, where the conduc-
tivity has its maximum value equal to 0.33 S/m, which indi-
cates the occurrence of electroporation in this region.

Figure 3b shows some values of the electric field module
in the analysis domain, with the maximum value equal to
286 kV/m, near to the surface of the electrode on the left side,
and the minimum equal to 22 kV/m, near to domain’s contour.
It indicates that the electric field module tends to be more
intense in the region next to the electrodes, which justifies the
greater values of conductivity in this region as well.
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Fig.3 aDistribution of conductivity in analysis domain for V, = 500V,
b Distribution of electric field module in analysis domain for V,, = 500 V

Comparing the results of this work with the results of [4],
where the FEM was also applied to the geometry of cylindrical
electrodes, we note that both dynamic models of electropo-
ration are able to represent the experimental current curves
and resulted in similar conductivity distributions. However,
we must consider that the model proposed in [4] needs the
adjustment of 14 parameters, while the model proposed in
this work needs the adjustment of only six.

4 Conclusion

The software developed based on the Finite Element Method
allowed the inclusion of a dynamic model of electroporation
for the analysis of the current and the conductivity and electric
field distribution in rabbit liver samples. The electroporation
model proved to be appropriate, as it involved only six param-
eters, which three of them remained the same for both three
voltage levels applied. Studies still need to be performed in the
future to include the displacement current and dielectric dis-
persion in the computational software, to faithfully model the
physical phenomena that occur in biological tissues. The elec-
troporation model combined with the Finite Element Method
proved to be an appropriate simulation tool for the study of
biological electropermeabilization.
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Abstract

Acute rupture of the calcaneus tendon is relatively
common, usually related to sports practice. In recent
years, the number of researches in search of more efficient
techniques, which induce the healing process, has been
growing. The Fibrin Sealant Derived from Snake Venom
(FSDSV) or Heterologous Sealant has been standing out
in animal and human application for accelerating the
repair of lesions, reducing the likelihood of hemorrhage
and infectious diseases and having low production cost.
Aquatic exercise also presents itself as an efficient
strategy for rehabilitation, reducing pain and edemas,
improving muscle properties and enhancing the repair
process due to the numerous beneficial effects provided
by the liquid medium. The aim of this research is to
evaluate the use of fibrin sealant derived from snake
venom associated with aquatic exercise in tendon repair.
We used 84 rats of the Wistar strain, weighing between
170 and 250 g of weight who underwent surgery to
induce partial rupture of the calcaneus tendon. The
animals were randomly separated into four experimental
groups. The technique used was the application of fibrin
sealant and aquatic exercises according to the studied
group. There was a greater reduction in the edema of the
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animals’ paws from the seventh day on in all treatments
(p < 0.002), when compared to the control group. After 7
and 14 days of treatment, LE showed a greater reduction
in the volume of edema (p = 0.03041) compared to the
control. After 21 days, the (LS) showed a greater
reduction in edema compared to the control group. It
was possible to verify a higher collagen to LSE ratio in
the evaluated period after 21 days of treatment. Thus, the
heterologous fibrin sealant associated or not with aquatic
exercise has a beneficial influence on tendon repair,
becoming a propitious technique for future clinical
applications.

Keywords

Edema e Calcaneus tendon e Fibrin sealant ¢ Aquatic
exercises

1 Introduction

The calcaneus tendon is the largest tendon in the human
body, formed by connective tissue compact, composed of
fibroblasts and extracellular matrix, which by function con-
nects to calf muscles to heel bone, with spontaneous
regeneration capacity [1]. Despite its high biomechanical
resistance, it breaks frequently, usually due to the practice of
repetitive sports and intense mechanical loads, with pre-
dominant involvement in the age group between 30 and
50 years and in men [2].

After a tendon injury, the healing tissue formed in
regeneration can hinder habitual mobility, heal slowly and
hardly maintain the structural integrity and mechanical
strength of a healthy tissue, which often results in challenges
in choosing a better form of treatment. The most used
treatment for tendon injuries has been the surgical and
conservative (non-surgical) methods. However, these meth-
ods can cause a series of complications to the patient, such as
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tissue necrosis, injury recurrence, infections preventing the
integral restructuring of the tendon [3].

In the search for the replacement of traditional treatments,
FSDSV is a promising alternative due to its hemostatic and
adhesive potential. This sealant is a biologic product
obtained through the combination of concentrated fibrinogen
and reestablished bovine thrombin of calcium chloride,
which assists in tissue regeneration, acting as a substrate for
cell growth, with total biocompatibility in studies carried out
in both animals and humans [4].

The exercise performed in the liquid medium is another
alternative to improve the prognosis of the lesion due to the
benefits that the physical properties of water provide to the
practitioner. This helps in the range of motion, flexibility and
consequently provides muscle relaxation, thus avoiding
complications such as edemas, pain, and muscle spasms, in
addition to reducing the recovery time of tendon injury [5].

Thus, the present study proposes to analyze the reduction
of edema, the scar response, and possible changes in the
amounts of total collagen in the tendons of the different
groups, with the use of FSDSV in association with aquatic
exercise.

2 Methods
The study was approved by the ethics committee
(CEUA/UESPI), no. 6,899, of July 15, 2019.

To carry out this study, 84 female Rattus norvegicus of the
Wistar strain were used, obtained in the biotherium of
UESPL Rats weighing between 170 and 250 g were under-
went to partial injury of the right calcaneus tendon. The rats
were kept in a light—dark photoperiod of 12 h, with a tem-
perature of 24 £ 1 °C, with free access to water and food.

The animals were randomly separated into four experi-
mental groups, containing 21 rats divided into each of the
following 4 groups: Control Group (L), group in which the
rats underwent partial tendon injury, without receiving any
type of treatment; Fibrin Sealant Group Derived from Snake
Venom (LS), a group that rats underwent partial tendon
injury and treated with sealant; Aquatic Exercise Group
(LE) group in which the rats underwent partial tendon injury
and treated with aquatic exercise; Fibrin Sealant Group
Derived from Snake Venom plus Aquatic Exercises
(LSE) group in which the rats underwent partial tendon
injury and treated with the sealant and aquatic exercises.
Each group was subdivided into 3 other subgroups, con-
taining 7 rats each, related to the evaluation times: 7, 14 and
21 days [6].

The treatment was performed with the application of
fibrin sealant and aquatic exercises, according to the exper-
imental group described.

S. M. C. M. Hidd et al.

2.1 Surgical Procedure

Prior to the surgical procedure, trichotomy and asepsis were
performed (alcohol 70%) on the right lower paw of each rat.
Then, a longitudinal incision of 3 cm was made in the ani-
mal’s skin for exposure of the calcaneus tendon. Soon
afterwards, under a surgical, a partial rupture of the calca-
neus tendon was done and then applied the fibrin sealant to
the injured area [1].

The fibrin sealant composed of the thrombin-like fraction
of the venom of Crotalus durissus terrificus, cryoprecipitate
of buffalo blood and calcium chloride, was provided by the
Center for The Study of Venomous Poisons and Animals of
UNESP (State University of Sdo Paulo—Brazil).

The heterologous fibrin compound was made available in
three microtubes stored at a temperature (—20 °C). At the
time of application, they were thawed, reconstituted, mixed
and applied (9 pL in each transected tendon) to form a stable
clot with a dense fibrin network [6].

2.2 Aquatic Exercise Protocol

All animals went through a period of adaptation to the liquid
medium, for 15 days preceding the surgical process. The
duration of the exercises was 10 min a day, 5 times a week
and with a load equivalent to 10% of body weight [7].

Only groups (LE), and (LSE) to went through aquatic
exercise training after the third postoperative day [8]. The
exercises were done in an oval tank, with 50 cm depth and
capacity for 100 L, with water level of 40 cm depth and
water temperature controlled at 32 °C.

2.3 The Evolution of Edema

The edema volumes were measured in five moments: before
the tendon injury, 24 h, 7, 14 and 21 days after the tendon
injury.

The right paw of the animal was introduced in the
plethysmometer. A pencil mark was made on the animal paw
to standardize the measurements position. The plethys-
mometer measures the volume of the paw. The edema vol-
ume was calculated by the difference between the
measurements before and after the tendon injury [10].

2.4 Euthanasia

All animals were humanely killed on the scheduled dates by
a lethal dose of anesthetic of sodium Thiopental
(100 mg/kg), by intraperitoneal injection [9].
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2.5 Collagen Quantification

Collagen quantification was performed through the slides
stained with picrosirius red. After the random choice of one
cut per blade, it was photographed in 3 distinct graft fields,
using an optical microscope (Olympus, Optical Co. Ltd,
Tokyo, Japan) equipped with filters to provide polarized
lighting.

The images were obtained at a 400x increase with a
digital camera coupled to the microscope (Sony DSCs75,
Tokyo, Japan) and analyzed using MatLab R2019b image
analysis software. The analysis methodology was carried out
in accordance with Castro et al. [13].

2,6 Statistical Analyses

The statistical analyses were performed using the Minitab 18
statistical software. To analyse the distribution of the groups,
the Anderson—Darling normality test was used. The Quan-
titative variables were presented and standard deviator
minimum, maximum, median and quartiles. The Kruskall-
Wallis nonparametric test was used for comparison between
the groups. For all analyses, a significance level of 5% was
considered. Analysis of the animal weight, the volume of
edema 24 h after surgery, the final edema volume, and total
collagen were performed.

3 Results and Discussions

The mean and standard deviation of the weight of the ani-
mals was 206 £ 24 g, there was no statistical difference
between the groups studied.
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In the analysis of the volume of edema 24 h after surgery,
the statistical comparison between the groups showed that
there is no difference between their values (p-value =
0.023). Thus, the surgical injury procedure induced the
inflammatory process equally in all the paws of the animals
of all groups.

Figure 1 shows the volume of the final edema of each of
the groups studied. It was observed that after 7 days of
treatment, the treatment groups (LE7, LS7 and LSE7) pre-
sented statistically lower edema volume (p-value < 0.002),
compared to the group without treatment application.

In the intragroup comparison, it was observed that the
control group (without treatment) presented a volume of
edema for the period of 21 days statistically greater than
14 days (p-value = 0.04), showing that the lesion without
treatment does not progress satisfactorily. The group treated
only with aquatic exercise showed greater statistical differ-
ences between the LE7 and LE21 (p-value = 0.0090) and
between LE14 and LE21 (p-value = 0.0096), showing that
there was an increase in the volume of edema for this
treatment.

Among the groups treated only with fibrin sealant, there
were greater statistically differences between LS14 and LS21
groups (p-value = 0.0014). Finally for groups treated with
fibrin sealant and aquatic exercise, statistically smaller
differences were observed between LSE7 and LSE21 (p-
value = 0.0048).

Figure 2 presents the representative images of collagen
stained by picrosirius red for each studied group.

The results of this analysis for each group are shown in
Fig. 3. When comparing the intragroup results of the total
collagen ratio, it is observed that the proportion of collagen
ratio for the L7 control group is significantly higher than in
the L21 group (p-value = 0.013).
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Fig. 2 Representative images of picrosirius red collagen stained

For the groups treated with aquatic exercise LE, no sta-
tistical difference was observed in the amount of collagen
(p-value > 0.4). In the groups treated with LS sealant, a
statistical difference was observed between groups LS7 and
LS21 (p-value = 0.012) and between LS14 and LS21
(p-value = 0.007). The collagen content of the LS21 group
is statistically higher compared to the LS7 and LS 14 groups.
However, no statistical difference was observed between
groups LS7 and LS14. For the groups treated with sealant
plus aquatic exercise, no statistical difference was
observed in the amount of collagen between the groups
(p-value > 0.27).

In the intergroups comparison by period, it was observed
that, after 7 days of injury induction, the groups treated with
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aquatic exercise LE7 showed a statistically higher value than
the control group L7 (p-value = 0.04). After the 14 days of
injury induction, the LE14 group showed a statistically
lower value than the control group L14 (p-value = 0.0006).
For 21 days after the injury, the LE21 group has a statisti-
cally lower value than the L21 group (p-value = 0.0002).

This study tested the effects of FSDSV associated with
aquatic exercise in the partial tendon repair process in rats,
aiming to analyze the reduction of edema, scar response and
possible changes in the amounts of total collagen in the
tendons of the different groups.

It was observed that there was a statistically significant
reduction in edema for the group treated with fibrin sealant
associated with aquatic exercise (LSE21) compared to the
control group. Indicating that in the first day after the
induced partial injury, the rats showed a greater volume of
edema, resulting from the greater accumulation of macro-
phages at the injury site [10].

Rats that underwent to aquatic exercise for a period of 7,
14 or 21 days showed progress in reducing the volume of
edema. It is known that physical exercise acts as a stressful
stimulus that can promote changes and reorganize the
responses of the neuroendocrine system [11]. Corroborating
these results, Antunes et al. (2012) evaluated the effect of
resistance exercise in aquatic environment in experiments
with 18 Wistar rats and found that physical exercise was
somewhat beneficial in reducing edema.

In the present study, the association of fibrin sealant with
aquatic exercise in the acute phase of tendinopathy recovery
was an effective therapeutic modality in improving edema
from the inflammatory process, although treatment with
aquatic exercise or sealant, when applied alone, has also
been effective in reducing the volume of edema, contributing
to the regenerative process, aiming at the return of func-
tionality to the patient.

Fig. 3 Comparison p-value
intergroups and intragroup
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However, these same authors found that when comparing
the results of intragroup edema, it was not possible to
observe a statistically significant difference, unlike this
study, where there was a significant difference in the volume
of edema in the groups that underwent to more days of
exercise.

Regarding the amounts of collagen in the intragroup
comparison, only the group treated with fibrin sealant by
LS21 presented a significant amount when compared to
groups LS7 and LS14. The data in the intergroup compar-
ison suggest that the FSDSV and aquatic exercise may be an
excellent support for treatment during tendon repair (LSE14)
followed by LE7 and finally LS21, because they presented
satisfactory results in relation to the recovery of tendon
organization, with the time and types of treatments applied.

4 Conclusions

To the best of our knowledge, this work is the first experi-
mental model of tendinopathy associating fibrin sealant
derived from snake venom associated with aquatic exercise,
thus providing innovative options for the treatment of tendon
lesions.

In this work, the groups treated with aquatic exercise,
with fibrin sealant and sealant associated with aquatic
exercise presented statistically lower edema volume than the
control group. It was found that the group treated with fibrin
sealant associated with physical exercise obtained a better
reduction of edema when compared with the other treatment
groups.

The association of sealant with aquatic exercise promoted
the regeneration of the calcaneus tendon of the animals, as
well as stimulating the early organization of collagen fibers.
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Myxomatous Mitral Valve Mechanical

Characterization

A.G.Santiago, S. M. Malmonge, P. M. A. Pomerantzeff,
J.I.Figueiredo and M. A. Gutierrez

Abstract

The mitral valve (MV) along with the tricuspid valve
are part of the atriovalvar complex and, when commit-
ted by myxomatous disease, suffers from tissue degen-
eration with severs changes in its mechanical properties,
consequently loosing its coaptation capability, resulting
in the well known Mitral Regurgitation (MR). This paper
presents the results of stress x strain tests of 19 mitral
valve posterior leaflets committed by myxomatous disease
extracted from patients undergoing MV repair surgery.
Due to their dimensions, only uni axial testes were per-
formed, i.e., only the radial direction was considered. Are
presented the Young Modulus, Yielding and Linearity lim-
its. The Young Modulus obtained for myxomatous MV are
compared to normal values found in the literature.

Keywords
Mitral valve « Myxomatous disease ® Mechanical
properties

1 Introduction

The mitral valve (MV) is responsible for maintaining one
directional blood flow inside the cardiac cavity. The MV pos-
sesses a complex set of structures such as the chordae thend-
inae, papillary muscles and the mitral annulus. The papillary
muscle is attached to the leaflets via several chordae thendi-
nae, controlling their opening and closing movements, while
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the mitral annulus is responsible for maintaining the circum-
ferential tension of the MV.

The VM proper behavior allows the one directional blood
flow, from the left atrium to the left ventricle, with no con-
siderable re-flux. However, its behavior may be compromised
by myxomatous disease, causing a degeneration of the chor-
dae thendinae and leaflets tissues and, consequently, chang-
ing their mechanical properties [1], implying in a coaptation
failure, causing the well known Mitral Regurgitation (MR).

Valve replacement and valve repair are the two techniques
employed to solve MR problem, with the latter being the most
used with better post-surgical results. This technique consists
in removing the most damaged portion of the leaflet, reduc-
ing its area. Literature presents several numerical models for
MYV simulations [2-5], which are crucial for better surgical
planning and understanding of the MV post-surgical behavior.
Such simulations depends upon the knowledge of the mechan-
ical properties of the structure being analyzed, thus, relies on
the proper characterization of myxomatous mitral valves.

The MV internal structure is composed by conjunctive tis-
sue and collagen fibers circumferential oriented [6], hence,
the material can be classified as a transversely isotropic, hav-
ing distinct characteristics in circumferential and radial direc-
tions. Several studies have been made in order to characterize
its different structures, such as the paper presented by Ritchie
etal. [7] and Chen et al. [8], that aim to determine the mechan-
ical properties of the chordae thendinae; Liao et al. [9] per-
formed a study in which the authors determined the influence
of the MV anterior leaflet collagen fibers in the MV move-
ments. A main issue concerning the mentioned papers is that
they did not use human specimen for testing, which may lead
to considerable divergences in numerical simulations. Barber
et al. [10] presents an extensive study considering normal and
mixomatous MV.

This paper presents the characterization a first study, con-
sisting of 19 myxomatous mitral valve samples (posterior
leaflet) considering a brazilian population, which can lead to
important insights concerning its demographics particulari-
ties. Are presented the Young Modulus, Stress at Break, Stress
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at Yield, Peak Stress, Stress at Break and Strain at Break,
since these parameters are needed for plotting the Stress-
Strain (o x €) material characteristic curve. All 19 samples
were extracted from patients undergoing MV repair surgery
at the Heart Institute of the University of Sdo Paulo (InCor-
FMUSP) and due to their size and shape, only the radial tensile
test was performed. This research was approved by InCor’s
Institutional Review Board (IRB) under number 4704/18/056.
This is the first study known so far that aims the character-
ization of myxomatous MV specific for brazilian population
and also, the first to use samples from surgical procedures.

2 Methodology

All 19 myxomatous mitral valve samples (posterior leaflet)
were extracted from patients undergoing mitral valve repair
surgery with age ranging from 44 to 83 years old, with mean
age 63.31 £ 9.35 years. Transesophagial Echocardiography
Ultrasound (TEE-US) was used to evaluate the patients con-
dition before the surgery. The samples were sectioned from
the mitral annulus to the free edge and each one was placed
in a plastic container filled with glycerin in order to preserve
its integrity and taken to the tensile test. In order to proceed
with the tension tests, each one of them was immersed into
a saline solution for 10—15min before placed in the tension
machine.

All tension tests were performed using the MTS Tryton
250 located at the Laboratory of Biomaterials of the Federal
University of ABC. In order to guarantee the stability of the
samples, four adapters were used, each one designed to avoid
the samples to slip over the machines grips. Figure 1 shows
one sample placed on the machine.

The horizontal gap between each grip was carefully
adjusted according the length of each sample, avoiding any
pre-tension.

Fig.1 Mitral Valve sample placed on tension machine for testing

The TestWorks proprietary software was used to perform
the tests and the results of load x displacements were recorded
and used to determine the Young Modulus (E), Stress at Yield
(0.), Peak Stress (o)7) as well as Stress at Break (og) and
Strain at Break (¢g). A Python 3.7 Application Programming
Interface (API) was developed in order to read and convert
the data from each generated file to a Pandas library, which
posses statistical and graphical resources. It must be men-
tioned here, that all stress-related values are considered as
engineering stress, i.e., 0 = F/A [Pa], with A the cross-
section area of the specimen, considered to be constant.

3 Results

Figure2a shows the boxplot for the samples Young Mod-
ulus parameter and considering the Young Modulus over
1.84 [M Pa] as an outlier, it can be excluded from the parame-
ters statistics. Figure 2b, ¢ present the histogram and the gaus-
sian distribution for the Young Modulus. It must be noted that
Fig. 2c was evaluated considering only those values below
1.8 [M Pa]. Table 1 presents the mean values along the stan-
dard deviation for the analyzed properties.

Figure 3 present the Young Modulus (E), Stress at Yield
(0e), Stress at Break (og) and Strain at Break (eg) parameter-
ized by the patients age. The p-values and Pearson coefficients
(r2) are presented in Table 2.

4 Discussion

This paper presented a study of 19 myxomatous mitral
valve samples extracted from patients undergoing MV repair
surgery. An analysis concerning the Young Modulus values
is presented along some other important characteristics such
as Strain at Break, Stress at Break, Peak Stress and Stress at
Yield. It is also presented an attempt to correlate the variation
of the mentioned parameters with the patients age.

As stated by Fig.2a, b, Young Modulus over 1.84 [M Pa]
can be considered as outliers, hence, they were not considered
for estimating the mean value for myxomatous MV Young
Modulus (Fig. 2c).

The presented results in Fig. 2c and Table 1 shows that the
Young Modulus for myxomatous MV is higher than those for
healthier MV, as presented by Pham et al. (2017) [11], with
E =180.05 £71.50 [K Pal].

From the parametric properties shown in Fig.3 and the
results in Table 2, it can be observed a low correlation between
the given properties and the patients age for the considered
age range, meaning that no significant change in the myxoid
MV properties can be noticed in the age span analysed.
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Young Modulus Distribution for Myxomatous Mitral Valve
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Table 1 Tension tests results: Mean value and Standard deviation

Property Mean Value Std. deviation
Thickness (mm) 2.084 671.03 x 1073
Width (mm) 6.474 1.144

Area (mm?) 13.45 4.739
Modulus (E) (K Pa) 666.18 361.60

Stress at Yield (o¢) (K Pa) | 822.71 558.00

Peak stress (o)) (K Pa) | 983.77 579.90

Break stress (og) (K Pa) | 632.00 549.60

Strain at break (eg) (%) 230.50 158.90
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Fig.3 Properties parameterized by the patients age: a Young Modulus;
b Stress at yield; ¢ Stress at break; d Strain at break
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Table 2 Tension tests results: pyqi,. and Pearson coefficient

2

Property Pvalue r

Modulus (E) 943.97 x 1073 428.98 x 107°
Stress at Yield (o¢) 826.90 x 1073 2.89 x 1073
Stress at Break (o) 465.43 x 1073 31.75 x 1073
Strain at Break (¢g) 275.03 x 1073 69.62 x 1073
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Abstract

The aim of this study was to investigate the printability of
different compositions of biomaterials to be potentially
used in bioprinting of cartilaginous substitutes. Part of the
compositions contained pulverized devitalized cartilage
(DVC), which confers the necessary biochemical com-
plexity for bioprinted scaffolds, and some compositions
contained granulated polycaprolactone (PCL), that pro-
vides greater mechanical resistance to the scaffolds. An
additive manufacturing equipment specially customized
for bioprinting was used in the printing tests. In addition
to bringing biochemical advantages, DVC increases
consistency of scaffolds. PCL, on the other hand, has to
be reduced to smaller granulometries for better results,
since it has obstructed the printing needles. Modifications
to the printer design have been suggested to make
printing viable using high viscosity biomaterials and
0.41 mm or thinner needles, which may provide greater
resolution and shorter distances for diffusion of nutrients
and oxygen inside the scaffolds.
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1 Introduction

Bioprinting is a promising area of tissue engineering. It aims
to biofabricate complete rejection-free organs and tissues by
using computer-controlled three-dimensional printing devi-
ces to accurately deposit cells and biomaterials, for the
purpose of creating anatomically correct structures.
Cell-embedded biomaterials used in bioprinting comprise
the so-called bioinks, whereas those without cells are con-
sidered biomaterial inks.

Extracellular matrices have already been used as bioma-
terials in biofabrication of substitutes for cartilaginous tis-
sues due to their chondroinductive potential [1]. The
biochemical complexity of those structures helps to mimic a
natural cellular microenvironment in the scaffolds, promot-
ing cell growth, multiplication, and correct differentiation.

According to Kiyotake et al. [1], extracellular cartilage
matrices are used in two different presentations, those being
DCC (decellularized cartilage) and DVC (devitalized carti-
lage). Decellularization is done to avoid immunogenicity of
the material; that process, however, damages the biochemi-
cal content and consequently the chondroinductivity of the
scaffolds. Devitalization, on the other hand, disrupts the
chondrocytes membranes by ice crystals formation due to
freezing and thawing processes—in this case, the cellular
debris remains in the middle of the extracellular matrix. In
addition to greater chondroinductive potential, DVC has a
mechanical advantage over DCC due to its greater bio-
chemical complexity. Clinical evidence suggests that carti-
lage presents a low risk of immune response, and therefore
cell debris need not to be removed [2].

Polycaprolactone (PCL) is a biocompatible polymer that
melts at about 60 °C. Under physiological conditions, as in
implants in the human body, it is degraded by hydrolysis of
its esters, making room for collagen produced by chondro-
cytes that can be added to the scaffolds. In bone and cartilage
substitutes, it provides the necessary structural reinforcement
to support cells [3, 4].
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In this study, different biomaterials with potential to be
used in bioprinting of cartilaginous substitutes and their
variations containing DVC and/or PCL were tested on a 3D
printer for their printability and consistency of the resulting
printed scaffolds.

2 Materials and Methods

Twelve different biomaterials have been formulated to be
tested for their potential use in bioprinting. The formulations
started from compositions previously tested by Paxton et al.
[5]. Pulverized DVC and/or granulated PCL were added to
some formulations.

The exogenous pulverized DVC added to the composi-
tions is commercially available and produced from shark
cartilage by the Tiaraju™ Laboratory (Santo Angelo, RS,
Brazil) under the name of “Cartilagem de Tubarao”. Its
maximum particle size is 0.25 mm. At first, preference was
given to the use of porcine DVC due to its greater physio-
logical similarity with human cartilage, but difficulties rela-
ted to grinding that material and obtaining it in sufficient
quantities for the tests justified the replacement by shark
DVC only for mechanical tests. Anyway, the use of
exogenous material is justified by clinical evidence that
cartilaginous tissues are immunoprivileged [1]. Future
immunohistochemical evaluation of the printed scaffolds is
suggested to verify biocompatibility.

PCL (average Mn 80,000, 440,744-250G), poloxamer
407 (Pluronic F-127, P2443-250G), sodium alginate
(W201502-1 KG), gelatin (48,723-500G-F), and Dulbecco's
Modified Eagle’s Medium (D5921-500ML) were purchased
from Sigma-Aldrich (St. Louis, Missouri, USA). Calcium
chloride (102,392) was purchased from Merck Millipore
(Burlington, Massachusetts, USA).

Table 1 Compositions of

I. M. Poley et al.

Granulated PCL was obtained by grating. Average par-
ticle diameter of 1 mm was achieved. Thinner comminution
is suggested for future tests, making it possible to use
printing needles with 0.41 mm or smaller diameter.
0.41 mm is the largest recommended diameter for bioprinted
filaments, since the diffusion of oxygen and nutrients
through the material requires a maximum radius of 0.2 mm.

The formulations by Paxton et al. [5] reproduced in this
study were:

e Poloxamer 407 30% wt in aqueous solution

e Sodium alginate 8% w/v in PBS (phosphate buffered
saline), with pre-crosslinking promoted by 1% w/v CaCl,
solution, mixed with the alginate gel in a proportion of 7:
3 volume mixing ratio (that composition is hereafter
referred to as 8%/1% alginate, as in Paxton et al. [5])

® 2%-10% alginate-gelatin, formulated from a mixture of
4% wi/v sodium alginate in PBS and 20% w/v gelatin in
PBS (that composition was first tested by Wiist et al. [6]
and then reproduced by Paxton et al. [5])

The resulting compositions are listed in Table 1.

The biomaterials were tested using a customized 3D
printer by 3DLopes™. The equipment uses the FDM (fused
deposition modeling) technique, and was adapted to function
with a syringe filled with biomaterial, with the piston being
pressed by a screw system whose stepper motor (Nema 17,
3 W, 1.33 A) is controlled by a processing board. At the tip
of the syringe, needles with various diameters can be
adapted. For this study, 1.54 mm needles were used.

Scaffolds with overlapping layers of parallel filaments,
rotated by 90°, forming a checkerboard pattern, were printed
to assess the uniformity and consistency of the filaments.

The scaffolds made with biomaterials from 1 to 8
received calcium chloride 2% w/V solution to have the

8%/1% alginate mixed with poloxamer 407 30% wt in a 1:1 volume mixing ratio
Same composition of biomaterial ink 1 with additional DVC 3% wt
Same composition of biomaterial ink 1 with additional PCL 3% wt

Same composition of biomaterial ink 1 with additional DVC 1.5% wt and PCL 1.5% wt

Same composition of biomaterial ink 5 with additional DVC 3% wt
Same composition of biomaterial ink 5 with additional PCL 3% wt

Same composition of biomaterial ink 5 with additional DVC 1.5% wt and PCL 1.5% wt

Same composition of biomaterial ink 9 with additional DVC 3% wt

Same composition of biomaterial ink 9 with additional PCL 3% wt

biomaterials tested on the 3D Biomaterial Composition
printer 1
2
3
4
5 Pure alginate 8%/1%
6
7
8
9 2% - 10% alginate-gelatin
10
11
12

Same composition of biomaterial ink 9 with additional DVC 1.5% wt and PCL 1.5% wt
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alginate crosslinking completed after deposition. Biomate-
rials numbered 9 to 12, which are heat-responsive, were
transferred from the printhead heated to 37 °C to a cooled
plate (0—4 °C) when deposited, following the same proce-
dure as Paxton et al. [5].

3 Results and Discussion
3.1 Biomaterials Based on Alginate
and Poloxamer 407 (Compositions 1 to 4)

Biomaterial 2, which contains DVC, presented filaments
with greater consistency and, in general, less irregularities,
when compared to biomaterial 1, as shown in Fig. 1.
When printing using biomaterial 3, which contains the
largest amount of particulate PCL among compositions 1 to
4, clogging occurred due to the gradual accumulation of
PCL particles at the syringe outlet. As shown in Fig. 1, the

Biomaterial2 Biomaterial 1

Biomaterial 3

Biomaterial 4

Fig. 1 Printing results for biomaterials 1 to 4

resulting scaffold became very irregular and it was not
possible to print overlapping layers.

Biomaterial 4, with lower amounts of PCL compared to
biomaterial 3, allowed to print a complete scaffold, shown in
Fig. 1, but with more irregular filaments compared to bio-
materials 1 and 2. Partial obstruction of the syringe outlet by
PCL particles contributed to the irregularities.

Due to the presence of poloxamer 407 in the composi-
tions, during periods of refrigerated storage before impres-
sions, those biomaterials liquefied and decanted, decreasing
the presence of air bubbles that remained mixed in those
biomaterials after the preparation of the compositions.

Centrifugation procedures for removal of air bubbles
were not successful due to the unwanted decanting of the
particulate additives of the compositions.

3.2 Biomaterials Based on Alginate
(Compositions 5 to 8)

Biomaterial 5, which is 8%/1% pure alginate, presented a
more irregular printed pattern, shown in Fig. 2, when com-
pared to biomaterial 1, the mixture of 8%/1% alginate and
poloxamer 407 30% w/w in equal parts. This is because
biomaterial 5 does not liquefy when stored in the refrigerator
and, therefore, does not release air bubbles by decantation.
For comparative purposes, none of the biomaterials was
centrifuged prior to printing, but biomaterial 5, which was
also prepared and tested by Paxton et al. [5], does require
centrifugation for better results.

Similarly, biomaterial 6 showed a more irregular printed
scaffold compared to its equivalent with poloxamer 407

Biomaterial 5

Biomaterial 7

Fig. 2 Printing results for biomaterials 5 and 7
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(biomaterial 2) due to the presence of air bubbles. However,
the use of centrifugation for biomaterial 6 would separate its
particulate DVC from its content.

Biomaterial 7, as well as its equivalent with poloxamer
407 (biomaterial 3), caused clogging by PCL particles at the
syringe outlet. Drip was observed when increasing the
printhead temperature, because the biomaterial became less
viscous, as seen in Fig. 2, and passed between the PCL
particles instead of carrying them.

Biomaterial 8 printing results were very similar to those
of its equivalent with poloxamer 407, biomaterial 4.

3.3 Biomaterials Based on Alginate and Gelatin
(Compositions 9 to 12)

Biomaterials 9 to 12, which are thermoresponsive, were
deposited on cooled plates to acquire consistency. Figure 3
shows the advantage of the presence of DVC in biomaterial
10 when compared to biomaterial 9, which does not have
DVC. The filaments of biomaterial 10 maintain the tubular
characteristic to a greater degree, as they are more consistent.

Biomaterial 11, shown in Fig. 3, generated a problem
similar to that presented in Fig. 2 for biomaterial 7. There
was also clogging with PCL particles at the syringe outlet,
but the low viscosity of the gel containing gelatin at 37 °C
allowed the gel to pass through the interstices between the
particles and through the needle. The result was a scaffold
poor in PCL particles. The scaffold of biomaterial 12, shown
in Fig. 3, on the other hand, also presented some irregular-
ities, due to some clogging, but the filament consistency was
improved due to the presence of particles from both DVC
and PCL.

4 Conclusions

The high viscosities of the biomaterials make it necessary to
replace the printer's central axis motor. The currently used
motor is not potent enough to keep the thread turning in
attempts to print using thinner needles. More potent motors
are larger, so their use would require to redesign the entire
central axis. With a more potent motor, printing needles with
a diameter of 0.41 mm can be used. Also for the use of
thinner needles, it will be necessary to obtain PCL with
smaller particle sizes.

The high viscosities of the tested biomaterials favor the
gradual carrying, without accumulation, of their particulated
components along the printing. Lower viscosities would give
PCL particles greater freedom to settle to the bottom of the
syringe and to accumulate. However, it is necessary for the
particulated material to be, in any case, sufficiently fine to
avoid clogging.

Biomaterial 9

Biomaterial 11 Biomaterial 10

Biomaterial 12

Fig. 3 Printing results for biomaterials 9-12

The addition of DVC to the compositions, besides con-
ferring biochemical advantages, also brought mechanical
advantages to the consistency of the scaffolds. The effect of
adding PCL, on the other hand, will be better evaluated
when testing PCL with smaller particle sizes.

The use of poloxamer 407 in conjunction with alginate
favors the escape of bubbles by decantation during refriger-
ated storage. The decantation of compositions containing
gelatin at temperatures just above room temperature has the
same effect. In such cases, centrifugation may not be necessary
when preparing biomaterials. However, it is recommended to
gently stir these compositions before use to redistribute the
particulate material with a minimum mixing with air.

Rheometry analysis of the twelve tested biomaterials, in
conjunction with computational fluid dynamics simulations,
will be useful to predict the shear stresses to which cells may
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be subjected when added to biomaterials for bioprinting.
Shear stresses must be low enough to minimize disruption of
cell membranes.
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Abstract

This research aimed to perform chemical synthesis using
the B-complex to obtain similar conductive and magnetic
characteristics to the Polypyrrole polymer, which presents
biocompatible properties. The technique, characterized as
low-cost, can be used in many applications, since as
biomaterials in biomedical area until telecommunications
area. To obtain the Polypyrrole, it was chosen two
methods and four treatments to achieve the powder. The
conductive properties of the resulting powders were
verified using the four-probe technique to measure the
voltage; the conductivity was performed using a conduc-
tivity meter, and the HD magnet was used to check the
magnetic properties of the synthesized powder. The
results obtained for the conductivity was ~ 1.68 uS/cm,
and the voltage was about 1.31 mV. The use of
B-complex as a substitute of the Polypyrrole shows
similar results to its conductive characteristics, been a
viable alternative as biomaterial application.
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1 Introduction

The Polypyrrole (PPy) is an organic polymer performed by
the polymerization of pyrrole discovered by Dall’Olio in
1968. Dall’Olio obtained a black powder adhered to the
electrode surface through the electrolysis process of a solu-
tion of PPy in sulfuric acid. A few years later, Diaz and Col
obtained a PPy black film from the electrolysis of pyrrole in
acetonitrile and tetramethylammonium tetrafluorborate. This
process resulted in a high conductivity of the polymer (=100
S. cm 71), caused by the oxidation-reduction between the
polymeric chain and the doping agent [1]. Since then, the
PPy synthesis has been used due to the high electric con-
ductivity, adhesion, mechanical strength, chemical activity,
and it is used as metals coating, protecting it from the cor-
rosion processes. Besides, the PPy synthesis is obtained
easily [2]. Furthermore, this polymer is often used in
biosensor manufacturing, showing better characteristics of
sensibility, lifetime, fast response time, high conductivity,
and biocompatibility [3, 4].

However, it is necessary to search for substances with
new physicochemical properties, which presents a low
impact on the environment and low-cost fabrication for
innovative materials. The choice of new polymeric material
is necessary to select the chemical synthesis route that best
suits the process [5].

The most revolutionary applications of the conductive
polymers concern in the biomedicine field, being applied in
tissue engineering, artificial nerves, and biosensors [5]. The
PPy electrodes biosensors can be used to receive biological
and electrical signals and also in the manufacturing of neural
prosthesis for nerve regeneration [6-9].
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To obtain a conductive material through the PPy syn-
thesis, some researchers used oxidizing agents, surfactants,
and conventional PPy. These works present good conductive
results, but the high cost may prevent its use [1].

The cost analysis demonstrates that 250 g of doped PPy
costs R$ 2.1800,00 and non-doped general PPy costs about
R$ 640,00 [10]. The doped polymer presents high conduc-
tive than the non-doped polymer due to the use of oxidizing
or reductive agents in the doping process, leading to defor-
mations on the polymeric chain known as polarons and
bipolarons resulting on the better conductivity properties [5].
Also, the oxidizing or reductive process of PPy causes the
appearance of magnetic characteristics, and the higher is the
doping level, the better is its magnetic sensibility [11].

For these reasons, this research aims to develop and test
two methods of chemical synthesis, which presents a con-
ductive effect similar to conventional PPy using the same
oxidizing and surfactants agents, but substituting the PPy by
the B-complex (group of vitamins that contains pyrrolic
rings in its chemical structure).

2 Materials and Methods

This study was realized in the biochemistry lab of the
National Institute of Telecommunications in June-November
of 2019. The research was divided into two methods,
developed in the following steps: (A) Definition of the
methods I and II to obtain the pyrrole monomer from natural
substrates that present chemical pyrrolic structures;
(B) B-complex First Treatment; (C) B-complex Second
Treatment; (D) B-complex Third Treatment; (E) B-complex
Fourth Treatment and (F) Conductive Properties Assay.

2.1 Definition of the Methods and Reagents
The Method I consist of the following reagents: sodium
lauryl sulfate (SLS) (0.08 mol/L), ammonium sulfate
(0.05 mol/L), acetone, methanol, distilled water, and the
B-complex.

Method II consists of the following reagents: iron
(IIT) sulfate (0.05 mol/L), iron perchloride (0.1 mol/L),
acetone, methanol, distilled water, and the B-complex.

The B-Complex is a group of eight vitamins compound
by: 16 mg of Niacin (B3), 5.0 mg of Pantothenic Acid (B5),
1.3 mg of Pyridoxine (B6), 1.3 mg of Riboflavin (B2),
1.2 mg of Thiamine (B1), 2.4 mg of Cyanocobalamin (B12),
240 pg of Folic Acid (B9) and 30 pg of Biotin (B7) [12]. In
the B-Complex is possible to find the union of four pyrrole
groups (C4HSN) that are present in the vitamin B12 [13].

The oxidazings agents (Ammonium Sulfate, Iron
(III) Sulfate and Iron Perchloride) and the surfactant
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(SLS) were used in the synthesis to realize the polymer
doping and consequently increase its conductivity.

2.2 B-complex First Treatment

For the First Treatment were used the reagents of Method 1.
An aqueous solution was prepared, dissolving the SLS
reagent in 1L of distilled water in stirring for 30 min. This
solution was divided into twice: Solution 1 (S;) and Solution
2 (S;) with 500 mL each. In S; was added 5.04 g of
B-complex and in S, was added 3.30 g of ammonium sul-
fate. S; and S, solutions were stirring for 15 min. After these
processes, the S; solution was added in S, solution and
stirred for 1h05 resulting in Solution 3 (S3). In 40 mL of Ss,
it was added 16 mL of acetone and 16 mL of methanol. This
new solution was stirring for 30 min and centrifuged for
10 min posteriorly. Figure 1 represents the S3 solution with
the black powder resulting from the centrifugation process.
After this process, the liquid was disposed of and the first
washing was done.

For the first washing, were used 16 mL of ethanol, 16 mL
of acetone, and 20 mL of distilled water distributed in 5 test
tubes. All tubes were centrifuged for 10 min. For the second
washing, were used 16 mL of acetone and 32 mL of distilled
water. The solution was centrifuged for more 10 min and
was obtained a clear liquid. The liquid of the tubes was
filtered in quantitative filter paper.

The powder achieved was removed from the filter paper,
placed on a porcelain vessel, and was taken to the oven for
72 h at 75 °C. After the drying process, the powder was
weighed.

2.3 B-complex Second Treatment

The second treatment with the B-complex was realized using
the reagents of Method II.

An aqueous solution was prepared to dissolve 1.999 g of
iron (III) sulfate in 50 mL of distilled water, forming the
Solution 1 (S;). Another solution was made dissolving
1.059 g of B-complex in 50 mL of distilled water, creating

Fig. 1 Black powder obtained
after the first centrifugation
process
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the Solution 2. The S; and S, solutions were added in each
other using a pipette and stirred for 3h30, resulting in
Solution 3 (S3). The S5 solution was centrifuged for 10 min.
It was realized three washing with distilled water and four
centrifugation process until obtaining a clear liquid.

After the fourth centrifugation, the solution was filtered
and taken to an oven for 16 h at 75 °C to obtain a dry
powder.

To verify the magnetic properties, an HD magnet was
used to attract the black powder, as seen in Fig. 2.

2.4 B-complex Third Treatment

The third treatment using the B-complex was made using the
reagents of Method II. An aqueous solution was prepared
dissolving 1.622 g of iron perchloride in 50 mL of distilled
water, forming Solution 1 (S;). Solution 2 (S,) was obtained
dissolving 1.059 g of B-complex in 50 mL of distilled
water. The S; and S, solutions were added in each other
using a pipette and stirred for 3h30, resulting in Solution 3
(S3).

The centrifugation, washing, drying, and verification of
magnetic properties processes were the same as the second
treatment with the B-complex.

2.5 B-complex Fourth Treatment

The B-complex fourth treatment was realized using the
reagents of Method I. In this treatment, the concentrations of
the SLS and ammonium sulfate reagents were increased to
46.137 g and 6.606 g, respectively. An aqueous solution
was prepared dissolving the SLS reagent in 500 mL of
distilled water and stirred for 30 min. This solution was
divided into two, Solution 1 (S;) and Solution 2 (S,), with
250 mL each.

In Sy, was added 5.0428 g of B-complex, and the
ammonium sulfate was added in S, Both solutions were

Fig. 2 Black powder attracted for the HD magnet

stirring for 15 min. After this process, S; and S, were added
in each other using a pipette and stirred for 1 h, resulting in
Solution 3 (S5).

In 40 mL of S; was added 32 mL of methanol and it was
stirring for 30 min. Subsequently, the S; was dispensed in 5
test tubes and taken to the centrifuge process for 10 min. To
increase the powder concentration in the tubes was removed
the liquid of each tube and added more of S; solution to it.
The tubes were centrifuged for more 10 min before the first
washing process.

The washing process was realized using 50 mL of
methanol in 30 mL of distilled water distributed in test tubes
centrifuged for 10 min. After the last centrifugation, it could
be seen a considerable quantity of powder at the bottom of
the tube, which was refrigerated for seven days.

The centrifugation, washing, drying, and verification of
magnetic properties processes were the same as the second
treatment with the B-complex.

2.6 Conductive Properties Assay

The first technique used to assay the conductive character-
istics of the chemical synthesis using the Method I and II
described previously was the four-probe method. This
technique consists of four electrically conductive probes
arranged in lines, which are positioned in contact with the
sample surface. The probes are equally spaced with each
other for a known distance (S). An electrical charge (i) is
provided to the sample through the external probes, and the
potential difference (V) is measured through the internal
probe [9, 14].

To measure the voltage, a colorless nail base coat was
used because it is an electrical insulator and does not inter-
fere with the conductivity of the material. Therefore, the
obtained powders were mixed with the nail base and were
deposited separately in 5 cm lines drawn in a paper, as seen
in Fig. 3a.

For each sample, it was used four reference points with
the distance of 1.5 cm between then. A 5 V DC (1A) source
powered the peripheral region, and the multimeter test
probes (Minipa ET—2042D) were placed in the central
points of each sample.

The second technique to check the conductive charac-
teristics of the powders obtained in Method I and II was
realized using a Siemens conductivity meter with a range of
40 mQ to 1 kQ, as shown in Fig. 3b.

For the third technique, a conductivity meter (HANNA
Instruments Brasil) was used. This device is used to measure
the hemodialysis water conductivity from the Teaching
Hospital of Itajub4&—MG. In this test, due to the amount of
powder, there were realized measurements with the powder
obtained from the second and fourth treatments only. To
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Fig. 3 a Colorless nail base mix
with the powders obtained in
Method I and II. b Conductivity
measurement of the powders mix
with the nail base using the
Siemens Conductivity Meter

- -

e

1]

(a)

measure the conductivity, three beckers with 100 mL of
hemodialysis water were used: one becker with 0.05 g of
graphite for the control sample and the others two with
0.05 g of the powder obtained in the second and fourth
treatment.

3 Results

To verify the conductive properties of the powders of each
treatment, it was necessary to produce adequate amounts of
powder. Table 1 represents the amount of powder obtained
in each treatment.

Observing the Table 1, the first and third treatment pre-
sented a small amount of powder, so it could not be used to
verify the conductive characteristics in the conductivity

Table 1 Amount of obtained powder

Treatments Amount powder (g)
First treatment 0.0436
Second treatment 0.7139
Third treatment 0.0682
Fourth treatment 0.1996

Fourth Treatment +

colorless nail base
coat

colorless nail base
coat + graphite

colorless nail base
coat + B-complex
Firts Treatment

colorless nail base
coat + B-complex
Second Treatment

colorless nail base
coat + B-complex
Third Treatment

colorless nail base
coat + B-complex
Fourth Treatment +
iron chloride

colorless nail base
coat + B-complex

iron sulfate

(b)

meter. Although, it was realized the measurements using the
four-probe technique of each sample in triplicate, and the
results are presented in Table 2.

The resistance of the samples was not measurement
because the resistance values were out of the scale reading
for the multimeter.

Tables 3, 4, and 5 present the values obtained of the
measurement realized in quintuplicate.

After confirming the conductivity of the powders
obtained of the PPy synthesis in the laboratory, it was
realized the arithmetic average for the control sample, sec-
ond and third treatment, as shown in Table 6.

The results obtained in the tested methods were satis-
factory for the second and fourth treatments due to the
possibility of verifying the conductivity properties using all
techniques of measurement and also the magnetic properties
using the HD magnet.

4 Discussion

Comparing the results obtained in Table 6 with the literature,
as shown in Table 7, it was possible analyzing the conduc-
tivity of the PPy and its synthesis. The product obtained in
the present study presents several characteristics of PPy that
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Table 2 Potential difference
obtained in each sample

Table 3 Graphite conductivity
measurement

Table 4 Second treatment
conductivity measurement

Table 5 Fourth treatment
conductivity measurement

Table 6 Average of the potential
difference and conductivity

Table 7 Conductivity according
to other authors

characteristics differ from those of the substrates used in
chemical reaction. However, it cannot be possible to com-
pare the results due to the measurement of this research be
made in an aqueous medium. For the comparison be real-
ized, it will be necessary a hydraulic press and manual press
to prepare the sample, according to the authors.

Measurements of the Potential Difference (mV)

Samples

Base Nail

Base + Graphite

Base + Firts Treatment
Base + Second Treatment
Base + Third Treatment

Base + Fourth Treatment

Measurements of the conductivity (uS/cm)
Samples
Water hemolialysis conductivity

Water hemodialisys + powders conductivity

Measurements of the conductivity (uS/cm)
Samples
Water hemolialysis conductivity

Water hemodialisys + powders conductivity

Measurements of the conductivity (uS/cm)
Samples
Water hemolialysis conductivity

Water hemodialisys + powders conductivity

Potential difference (mV)

Graphite 4.83
Second Treatment 1.7
Fourth Treatment 0.93
Authors

Campos et al. [1]
Santim, 2011 [15]
Sowmiya et al. [16]
Kim et al. [17]

1°

6.4
3.7
1.7
10.6
1.2

10
2.8
35

10
2.8
4.1

10
2.8
4.2

20
29
34

20
29
4.8

20
2.7
4.3

20

4.2
5.8
1.2
12.4
0.9

30
3.0
34

30
29
4.7

30
29
4.2

4°
3.0
3.4

4°
2.8
4.8

4°
2.8
4.5

111

3°

3.9
33
2.2
9.8
1.5

50
3.0
35

50
29
4.8

50
2.9
44

Conductivity (uS/cm)

0.50
1.79
1.57

Conductivity (mS/cm)

12600 + 2330

0.0334
8.21
280

The use of the B-complex as a substitute of PPy is viable
due to the low-cost and the presence of conductive and
magnetic properties similar to the polymer. For this reason,
the synthesis obtained in this work can be used in applica-
tions as biosensors for disease diagnostics as cancer, which
present different electrical responses in the ill cells to the
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healthy cells. Also, it can be used as a controlled drug
release, synthetic membranes, artificial muscles, tissue
engineering, and neural probes [5, 15, 18]. Notwithstanding,
the PPy can be destinate as electromagnetic Shielding for
electromedical equipment with needs this protection for an
excellent performance.

As future research, the synthesis can be realized with
baker’s yeast, which presents pyrrolic rings in their chain
and low-cost.

5 Conclusion

The chemical synthesis of the second and fourth treatment
obtained in this work showed good results due to present
conductive and magnetic properties similar to the PPy.

From this research, future and promising works will be
continued with more tests, including biocompatibility assay
and the physicochemical characterization of the B-complex
synthesis.
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Abstract

Cancer is one of the diseases with the highest incidence in
the world and that associated with the patient's emotional
state, can act positively or negatively in the treatment.
Cortisol is described as a primary stress hormone in the
human body. Studies show a positive correlation of
elevated cortisol levels and cancer progression. The
corticoids can increase cell proliferation and increased
reactive oxygen species that contribute to DNA damage.
Prolonged exposure to stress can contribute to tissues
becoming insensitive to cortisol, the primary human stress
hormone. This study explores the influence of cortisol, an
important hormone involved in stress, on tumor cell
development, particularly in human cells of carcinoma of
human laryngeal (HEp-2). HEp-2 cells were exposed to
increasing cortisol (hydrocortisone) concentrations for 24
or 48 h and cytotoxicity (MTT assay [3-
(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazio bromide],
proliferation assay (crystal violet assay), and immunola-
beled 3D culture for fibronectin and FAK were investi-
gated. Corticosteroids and stress in cancer patients may
inter-fere with cancer treatments because these may cause
tumor cells to progress instead of reduce depending on the
cell type. Although some cases favored corticosteroids
use in cancer patients, a more detailed analysis is
necessary be-fore prescribing them. Moreover, it is
important to assess the patient’s cortisol level before
and after treatment as well.
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1 Introduction

Cancer is one of the most feared diseases of the twentieth
century and spreads with increasing incidence in the
twenty-first century [1]. As regards occurrences of cancer,
several factors have been identified as contributing factors,
including genetic predisposition, exposure to environmental
risk factors, contagion by certain viruses, cigarette use, and
the ingestion of carcinogens [2].

Psychological factors can contribute to the development
of cancer, given the effects of emotional states on hormonal
modification and the alteration of the immune system [3].
From these possibilities, we increasingly find studies that
seek to relate or measure possible influences of psycholog-
ical and social aspects in the development and possible
aggravation of oncological pathologies.

The disease’s symptoms and the related characteristics of
the different forms of treatment used to fight cancer signif-
icantly interfere with patients’ routines and quality of life,
characterizing significant stressors in many cases [4].

Studies relate factors associated with stress to tumor
biology; those that relate the effects of glucocorticoids and
their relationship with the biology of tumor cells stand out
[5-7]. The dysregulation of cortisol levels, a symptom
associated with stress, also contributes to factors related to
the morbidity, severity, and mortality of the disease process.
This includes numerous types of oncological diseases such
as tumor progression in breast cancer [8, 9].
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2 Materials and Methods

2.1 Cell Culture

HEp-2 (carcinoma of human larynges) were obtained from
cell bank of Rio de Janeiro and cultured at 37 °C under 5%
CO, in Dulbecco's Modified Eagle Medium (DMEM,
Gibco BRL, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (FBS) (Gibco BRL, Grand Island,
NY, USA), and 1% penicillin and streptomycin (Invitrogen
Life Technologies, Carlsbad, CA, USA).

2.2 Incubation with Hydrocortisone

HEp-2 cells were plated (1 x 10° cells/mL) in 24-well
microplates, with MEM culture medium supplemented with
10% fetal bovine serum (SFB) for cell adhesion in a 5% CO,
oven and temperature of 37 °C and incubated overnight. The
next day, the cells were subjected to treatment with
Hydrocortisone 500 mg, diluted in PBS, for periods of 24
and 48 h in the following concentrations: 0.5, 1.0, 1.5, 2,
and 2.5 uM [10].

2.3 Mitochondrial Metabolic Activity (MTT
Assay)

HEp-2 cells submitted to treatment with hydrocortisone in
the periods of 24 and 48 h were washed with PBS three
times incubated with MTT (0.5 mg/ml) for 1 h at 37 °C in
an atmosphere of 5% CO,. Over the precipitates of for-
mazan, the organic solvent DMSO (50 pL) was added to
each well. The plate is kept under shaken for 10 min, for
solubilization of the formazan crystals, and the absorbance
reading was performed on a Packard SpectraCount wave-
length of 570 nm. The data obtained were plotted in a graph
by the GraphPad 6.0 program.

2.4 Crystal Violet Assay

Crystal Violet staining is used to infer population density, a
clonogenic test. The method is described as colorimetric for
determining appropriate cells, as described by Fernandes
et al. Cristal Violeta, a substance used for the test, crosses
cell and nuclear membranes, binding to DNA, RNA, and
proteins, which provides the identification of viable cells.
In its outline, the spectrophotometric quantification of
adherent cells indirectly identifies the number of viable cells
used in this study to measure the population variation of the
strains.

M. O. Fonseca et al.

The HEp-2, subjected to treatment with cortisol at the
mentioned times, had the culture medium removed afterward
and incubated with 100 pL of Crystal Violet for 3 min at
room temperature. Afterward, the plate was washed with
running water and incubated for 1 h with 100 pL. of DMSO,
to then read on the photometer spectrum at 570 nm.

2.5 3D Culture

Cultures were performed using the Bio-Assembler™ kit
designed for 24-well plates (n3D-Biosciences Inc, Houston,
TX, USA) [11]. In summary, NanoShuttlesTM was added to
a T-25 culture flask with a ratio of 1 pL of NanoShuttlesTM
per 20,000 cells and incubated at 37 °C and 5% CO,
overnight. Then, the cells were detached by treating them
with 5 mL of trypsin for 5 min and washed by centrifugation
(600 g/5 min) with a balanced saline solution (PBS). Cell
viability was determined by the trypan blue exclusion
method (1% w/v in PBS), and the density was adjusted to
106 cells/mL in the medium supplemented with RPMI-1640.

HEp-2 cells conjugated to NanoShuttlesTM were seeded
on a 24-well ultralow-attachment plate (ULA, Cellstar®
Greiner Bio-one, Kremsmiinster, Austria) in 10° cells and a
final volume of 400 pL/well.

The 3D culture was achieved by incubating (at 37 °C and
5% CO,) the plates under the magnetic field, first using a
bioprinting unit for 3 h, followed by the levitation unit
during the entire culture period. This procedure allows for
the growth of the cellular spheroid. The 3D culture plate was
replenished with fresh medium every two days until the time
of using the spheroid.

2.6 Immunostaining

After seven days of culture, HEp-2 cell spheroids were
divided into two groups: (i) a cells-only control group and
(ii) a treatment group, in which the cells were incubated with
cortisol (2.5 uM) for 48 h at 37 °C in a 5% atmosphere of
CO,. After this, the spheroids were fixed with 4%
paraformaldehyde in PBS for 15 min at room temperature.
The cells were then permeabilized with 0.2% Triton X-100
in PBS for 10 min and then blocked with 1% bovine albu-
min serum (BSA) in PBS for 30 min. Thereafter the spher-
oids were incubated with anti-human monoclonal antibody
mouse against fibronectin antibody (1:500/1 h) and rabbit
anti-human monoclonal antibody against FAK (1:500/1 h),
and then incubated with antibodies. Anti-mouse polyclonal
secondary antibody was conjugated to FITC, and goat
anti-rabbit polyclonal secondary antibody was conjugated to
TRITC (all antibodies from Sigma Aldrich, Co). The nuclei
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were marked with DAPI (4',6-diamidino-2-phenylindole).
Samples were visualized using a fluorescence microscope
(DMIL, Leica).

2,7 Statistical Analysis

The data presented are in the form of mean and standard
deviation, compared by the two-way ANOVA test and
confirmed by the Tukey test. Statistical significance was
admitted with P < 0.05 with *P <0.05; **P <0.01;
***P < 0.001; ****P < 0.0001 being considered signifi-
cant. Experiments were performed in three independent
replications with n = 8. GraphPad Prism 6® software was
used to perform statistical and graphical analyzes.

3 Results

The mitochondrial evaluation by MTT aimed to measure
possible influences of incubation with hydrocortisone, in
concentrations of 0.5, 1.0, 1.5, 2.0, and 2.5 uM, in HEp-2
cell culture, relating possible findings to the population
density results which were then analyzed. Figure 1 presents
the results of the mitochondrial activity.

Compared with the control group, the other groups with
increasing concentrations of hydrocortisone do not show a
statistical difference within 24 h. The comparative analysis
of the control group with the other groups in the 24 h period
shows a statistically significant increase in mitochondrial
activity, mainly in the control, with concentrations of 0.5 to
20 uM (p < 0.0001), while the comparison between

150
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Mitochondrial activity (%)
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Fig. 1 Mitochondrial activity (MTT) assay of the HEp-2 cells. Cellular
activity of the HEp-2 cells MTT assay at 24 and 48, after incubation of
increasing concentrations of hydrocortisone, showing increase in cell
numbers with increase in time. All values are expressed as mean =+ s-
tandard error of the mean (SEM) from three different samples
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different concentrations of hydrocortisone results in a sig-
nificant increase in mitochondrial activity between groups
0.5 versus 2.5 uM (p <0.0001), 1.0 versus 2.0 uyM
(p < 0.0003), 1.0 versus 2.5 uM (p < 0.0001), 1.5 versus
2.5 uM (p < 0.0001), and 2.0 versus 2.5 uM (p < 0.0001).

Within 48 h, a significant increase was observed in all
concentrations when compared to the control.

Population growth was assessed using the Crystal Violet
test. The data described in Fig. 2 reveal that even under
exposure to increasing hydrocortisone concentrations, there
was no population reduction in the two distinct periods,
except for the group incubated at 2.5 pM in the 24 h period,
where a slight but not significant population reduction was
observed.

The 3D growth assessment of HEp-2 cell culture under
the action of hydrocortisone (2.5 uM) after 24 and 48 h of
incubation is shown in Figs. 3 and 4.

In 24 h, the interaction with hydrocortisone was observed
to be interfering with cells’ spheroid formation, showing a
very significant dispersion of cells marked with DAPI
(p = 0.0004). Compared to the control, the immunolabeled
for fibronectin exhibited a significant reduction (p = 0.0192)
in the staining intensity (Fig. 3b).

Within 48 h, there was no significant change in fluores-
cence intensity among the immunolabeling (Fig. 4b).

4 Discussion

The disclosure of cancer diagnosis and treatment is usually a
traumatic experience for the patient, causing the release of
cortisol in response to stress associated with physical and
mental comorbidities.

150

w24
e 48
100 -

50

Relative proliferation rate (%)

Control 0.5 1 1,5 2 2,5

Concentration (uM)

Fig. 2 Crystal violet assay. Crystal violet assay of HEp-2 cells, 24 to
48 h incubation with increasing concentrations of hydrocortisone. All
values are expressed as mean =+ standard error of the mean (SEM) from
three different samples
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Fig. 3 Tumor spheroids immunolabeled for fibronectin and FAK. Cell
proliferation and morphology of tumor spheroids at day 7 of culture,
and after 24 h incubation with 2.5 uM of hydrocortisone, a photomi-
crography of spheroids after immunolabeled with ant-fibronectin and
anti-FAK, nuclei labeled with DAPI, bar 50 pum. b Graphic fluores-
cence intensity for DAPI, fibronectin and FAK

To investigate the effects of cortisol on mitochondrial
activity and cell proliferation, we exposed HEp-2 cells to
0.5-2.5 uM cortisol for 24 and 48 h and subjected them to
MTT and crystal violet assays. The 3D culture was also
tested to evaluate the extracellular matrix.

The results of the evaluation of the mitochondrial activity
show that after 24 h of exposure to increasing concentrations
of hydrocortisone, the cells presented a significant increase
at 0.5 and 1.0 uM and a reduction at 2.5 pM. There is a
significant increase in mitochondrial activity within 48 h,
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Fig. 4 Tumor spheroids immunolabeled for fibronectin and FAK. Cell
proliferation and morphology of tumor spheroids at day 7 of culture,
and after 48 h incubation with 2.5 uM of hydrocortisone, a photomi-
crography of spheroids after immunolabeled with ant-fibronectin and
anti-FAK, nuclei labeled with DAPI, bar 50 pm. b Graphic fluores-
cence intensity for DAPI, fibronectin and FAK

indicating intense cellular activity, as verified by Bomfim
et al. and Peterson et al. [12, 13].

The behavior of HEp-2 cells (laryngeal carcinoma), was
different from that of K562 cells (chronic myeloid leukemia)
[14]. Within 24 h, the latter showed reduced mitochondrial
activity. However, both strains showed similar behavior after
48 h.

The crystal violet assay shows DNA duplication. It can be
verified that the decrease observed within 24 h is insignifi-
cant and that the duplication of the genetic material and,
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consequently, the cell proliferation within 48 h remain
similar to the control. These results are corroborated by
Peterson et al. and Dong et al. [13, 15].

The evaluation of 3D growth HEp-2 cells and interaction
with a concentration of 2.5 pM demonstrates that such
concentration interferes with the interaction between cells
after 24 h of incubation. There was no significant change in
the interaction and spheroid formation after 48 h. Similar
results were obtained by Chen et al. and Al-natsheh [16].

5 Conclusion

Corticosteroids and stress in cancer patients may interfere
with cancer treatments because these may cause tumor cells
to progress instead of reduce depending on the cell type.
Although some cases favored corticosteroids use in cancer
patients, a more detailed analysis is necessary before pre-
scribing them. Moreover, it is important to assess the
patient’s cortisol level before and after treatment as well.
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Abstract

The use of human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CM) to replace myocardial tissue
after an infarct holds great promises. However, hiPSC-CM
are phenotypically immature when compared to cells in
the adult heart, hampering their clinical application. We
aimed to develop and test a surface structuring technique
that would improve hiPSC-CM structural maturation.
Laser ablation was used to fabricate a micron-pattern on
polyurethane surface and evaluated cell morphology,
orientation and F-actin assemblage to detect phenotypic
changes in response to the microtopography. This topog-
raphy positively influenced cell morphology regarding to
spreading area and elongation, and hiPSC-CM orientation,
improving their structural maturation. The methodology
thus presented has relatively low cost and is easily
scalable, making it relevant for high-throughput applica-
tions such as drug screening for the pharma industry.
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1 Introduction

The use of human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CM) holds great promises for the
development of physiologically relevant in vitro models for
drug screening and mechanistic studies of cardiac develop-
ment [1, 2]. Furthermore, tissue-engineering strategies using
hiPSC-CM are actively sought for therapy after myocardial
ischemia and infarction. These strategies seek to create
viable tissue constructs to repair, replace or augment the
function of injured or diseased myocardial tissue [3]. How-
ever, hiPSC-derived cardiac constructs have technical limi-
tations that hamper its application on cardiac regeneration.
These stem cell-derived cardiomyocytes are phenotypically
immature compared to those present in the adult heart [4].
When hiPSC-CM are cultured in vitro, they present a ran-
dom spatial distribution, circular morphology and an iso-
tropic actin organization, which results in an immature
contractility pattern [5]. In turn, in the native myocardium,
cardiomyocytes are longitudinally aligned rod-shaped cells
with anisotropic actin distribution that communicate and
contract in a specific directional manner [6]. Proper align-
ment of cardiomyocytes provides optimal coupling for
electrical signal propagation and synchronous cell contrac-
tions required for good cardiac function [7]. As a conse-
quence, achieving proper orientation of elongated
hiPSC-CM is a fundamental goal in cardiac tissue engi-
neering. One way to achieve similar physiological cellular
organization in vitro is to use topographical cues to induce
cell elongation and orientation [8].

There are many techniques available to create microto-
pographies with potential to direct cell behavior. We previ-
ously demonstrated that grooves and ridges produced by
Direct Laser Interference Patterning (DLIP) were able to
promote elongation and alignment of endothelial cells [8].
DLIP permits the direct fabrication of periodic structures in
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the low micrometer to sub-micrometer scale on different
types of solid materials such as polymers, metals and
ceramics [9]. DLIP has significant advantages over other
methods, since it is possible to process large areas with
reproducibility and accuracy in a single step with through-
puts approaching 1 m*/min [10].

In this study, we have hypothesized that a microtopog-
raphy produced by DLIP will positively influence the mor-
phology and orientation of hiPSC-CM statically cultured
in vitro. We demonstrated that it is possible to use DLIP to
pattern polymeric polyurethane (PU) surface useful in con-
ditioning hiPSC-CM. Using this methodology, we showed
that hiPSC-CM cultured onto aligned grooves were more
elongated and oriented themselves according to the under-
lying topography when compared to those cells cultured on
non-patterned surfaces.

2 Materials and Methods

2.1 Polyurethane Substrate Preparation
Polyurethane was prepared following the instructions from
the manufacturer (Cequil™, Araraquara, Brazil) by mixing
the pre-polymer and polyol components and casting over an
inert mold. Equal parts of the two liquid components were
weighed, placed in a heating oven (Quimis, Brazil) at 75 °C
for 30 min to eliminate humidity and immediately mixed in
equal stoichiometric ratio and poured on the mold at 30 °C,
under vacuum (8 kPa) to remove air bubbles during poly-
merization and curing process (approximately 30 min). The
reaction between pre-polymer and polyol components
resulted in PU films of 1.3 mm (£0.2 mm) thickness. The
pre-polymer was industrially synthesized from 4, 4'-diphe-
nylmethanodiisocyanate in molar excess with the polyol,
keeping a percentage of free isocyanate for later reaction.
The polyol is polyester derived from castor oil, a natural oil
with 90% of its fatty acid content consisting of ricinoleic
acid.

2.2 DLIP on Polyurethane

Line-like structures with a spatial period of 3 um were
produced using a high-power Nd:YAG laser (Quanta Ray,
Spectra Physics) with a pulse duration of 10 ns and a fun-
damental wavelength of 1064 nm. The repetition rate of the
laser system was 10 Hz. Due to the high absorption of PU in
the UV-spectral region, a wavelength of 266 nm was
selected, which corresponds to the 4th harmonic of
1064 nm. The fluence, defined as the average optical energy
per unit area, was set to 0.7 J cm™ 2. A detailed description of
the experimental setup can be found elsewhere [11].

L. R. X. Cortella et al.

2.3 DLIP-Modified PU Surface Characterization
—Atomic Force Microscopy
(AFM) and Scanning Electron Microscopy
(SEM)

Surface micropattern produced on PU was characterized by
AFM with a Nanoscope IITA (Digital Instruments, USA) and
the measurements were conducted using tapping mode. The
measured features were spatial period (A), defined as the
distance between two consecutive ridges; groove depth,
which was measured from ridge top to groove bottom and
ridge width, determined as full width at half maximum of
groove depth. The topographies were further inspected with
a scanning electron microscope TM 3000 (Hitachi, Japan) at
an acceleration voltage of 5 kV.

2.4 hiPSC-CM Cell Culture on DLIP-Modified PU
Substrate

Human induced pluripotent stem cells derived cardiomy-
ocytes were purchased from Pluricell Biotech (Sdo Paulo,
Brazil) and cultivated following manufacturer’s instructions.
Cells were firstly plated at 15th day of differentiation on
24-well plate (Sarstedt), previously coated with extracellular
matrix (Geltrex™, Thermo Fisher), at a density of
137 x 103/cm” and cultured at 37 °C and 5% CO> atmo-
sphere with RPMI (Thermo Fisher) supplemented with
plating medium supplement (PluriCardio™ PMS). Culture
medium was replaced by RPMI containing maintenance
medium supplement (PluriCardio™ MMS) every 24 h.

In order to perform the experiments, sterile
DLIP-modified and unmodified PU samples were placed
inside a 96-well microplate (Sarstedt) and allowed to equi-
librate with RPMI containing Geltrex™ for two hours prior
to cell seeding. At 19th day of differentiation cells were
harvested from 24-well plate with 0.35% trypsin/EDTA
solution (Gibco); centrifuged at 250 x g for 5 min, sus-
pended in RPMI with PMS and seeded on PU at a density of
17 x 103/cm?® for morphology and orientation analysis and
at a density of 34 x 103/cm?® for immunocytochemistry
assay, under same culturing conditions. Culture medium was
replaced with RPMI containing MMS every 24 h. Experi-
mental groups were defined as follows: (a) unmodified PU
(control) and (b) PU-L3 (line-like pattern featuring spatial
period of 3 pm).

2.5 Cell Morphology and Orientation—SEM
and Fluorescent Staining

The influence of microtopography on hiPSC-CM morphol-
ogy and alignment was investigated. Cells at the 19th day of
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differentiation were cultured on DLIP-modified PU for 48 h
and fixed with 4% paraformaldehyde (PFA) (Sigma) for one
hour at 4 °C. Then they were washed with phosphate buf-
fered saline (PBS) (Gibco) and dried at room temperature,
before placing them in the scanning electron microscope
vacuum chamber.

F-actin and cell nucleus were visualized by fluorescent
staining using a fluorescence microscope (TM300, Nikon,
Japan) equipped with an AxioCam MRC camera (Zeiss,
Germany). Cells were fixed with 4% PFA in PBS for two
hours at 4 °C, permeabilized by 0.1% Igepal (Sigma, Brazil)
at 37 °C for 30 min and blocked with 2% bovine serum
albumin (BSA) (Sigma, Brazil) in PBS for one hour. F-actin
fibers were stained with alexa-488-phalloidin (A12379, Life
Tech., USA) at 1:100 and nuclei were stained with Hoechst
33,342 (B2261, Sigma, Brazil) at 1:50. PU samples were
maintained in PBS/glycerol (1/1) solution and protected
from light prior to viewing under the microscope.

SEM and fluorescent images were used to estimate cell
morphology with ZEN 2012 software (Zeiss, Germany) and
orientation of cells with Image J (NIH, USA). A total of six
samples from each experimental group were examined and
at least 150 cells per sample were imaged. Based on the
outline of isolated cells we estimated values of spreading
area (filled region by projected cell boundary) and aspect
ratio, which gives an indication for cellular elongation.
Aspect ratio is defined as the ratio between the breadth
(minimum feret) and length (maximum feret) of each cell
and varies from zero to one. A value of 1 approximates the
shape of a circle and a value of zero depicts that of a straight
line.

Cell orientation, defined as the angle between the major
axis of the cell and the axis of the grooves was estimated and

Fig. 1 a AFM characterization
of surface micropattern produced
on PU represented by 3D
projection obtained with
NanoScope Analysis software.
The X and Y axes indicate width
and length of the sections,
respectively. Note that Z-axis is
expanded for better visualization
(aspect ratio = 0.4). b Schematic
representation of the
topographical features measured
by AFM

ri;lgc
width
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cells were considered aligned when this angle was lower
than 10°. A minimum angle of 0° indicated parallel align-
ment from the groove axis; a maximum angle of 90° sug-
gested perpendicular alignment and an average angle of 45°
was expected for random orientation. For quantification of
cell orientation on control, an arbitrary axis was selected.

2.6 Statistical Analysis

All values were obtained from datasets of three independent
experiments performed in duplicates. Statistical comparison
between DLIP-modified PU and unmodified PU groups was
carried out by Mann—Whitney rank sum test using SigmaStat
statistical software (Jandel Scientific). Statistical significance
was accepted at P < 0.05. Data are expressed as
mean + standard deviation (S.D).

3 Results

Surface Characterization of DLIP-Modified
PU—AFM and SEM

3.1

A two beams configuration in the DLIP system was used to
fabricate well defined and homogeneous line-like
micropatterns consisting in periodic and parallel ridges and
grooves on PU substrate. Figure la displays an AFM image
from a 3D projection of the micropattern from structured PU
and Fig. 1b represents schematically the topographical fea-
tures measured by AFM. Average values of spatial period,
ridge width and groove depth are summarized in Table 1.
The SEM images of Fig. 2 show a laser irradiated PU with

z=0.7 pm

x=20 pum

depth

groove

spatial
period
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Table 1 AFM measurements of spatial period, ridge width and groove
depth. Mean values £+ S.D are shown in (um)

AFM measurements PU-L3

Spatial period 3.0 £ 0.01
Groove depth 0.7 £+ 0.03
Ridge width 1.7 +£ 0.01

no interference pattern that was used as control group
(Fig. 2a), as well as the DLIP-patterned PU substrate with a
spatial period of 3.0 um (Fig. 2a).

3.2 Alignment of hiPSC-CM in Response
to DLIP-Modified PU

We investigated hiPSC-CM orientation as a measure of the
degree to which hiPSC-CM responded to the underlying
topography. Figure 3 shows the distribution of orientation
angles of cells cultured on DLIP-modified PU and control.
Table 2 summarizes the values of average orientation angle
and percentage of aligned cells. hiPSC-CM cultured on
non-patterned PU were randomly orientated, resulting in an

100 um

100 um

Fig. 2 SEM visualization of non-patterned surface Control PU a and
micropatterned PU-L3 b. Scale bar: 100 pm

expected average angle of 47° £ 26°. Differently, the
interaction of hiPSC-CM with the topography narrowed the
distribution of orientation angles, with 50% of aligned cells
at angles lower than 10°. Figure 4 shows aligned hiPSC-CM
following the groove direction.

3.3 Differential Morphology of hiPSC-CM
Cultured on DLIP-Modified PU—aspect
Ratio and Spreading Area

In order to evaluate the development of structural anisotropy
of cells, aspect ratio and cell area were determined. The
contact of hiPSC-CM with the microtopography resulted in a
more elongated shape than cells in contact with
non-patterned PU, showing a 29% difference (P < 0.001) in
elongation (Fig. 5) and a 21% reduction in spreading area
(Fig. 6) (p < 0.001).

3.4 Alignment of F-Actin Myofibrils

hiPSC-CM cultured on DLIP-modified PU exhibited a par-
allel assemblage of F-actin filaments to groove direction
(Fig. 7b), whereas cells on control surface displayed a ran-
dom disposition of actin fibers across the cytoplasm
(Fig. 7a).

4 Discussion

In this work, we showed a microtopography produced by
DLIP technique on the surface of a polymeric polyurethane
substrate capable to induce a distinct morphology and ori-
entation of hiPSC-CM in vitro. Using this methodology, we
demonstrated that hiPSC-CM cultured onto aligned ridges
and grooves were more elongated with smaller spreading
area and oriented themselves according to the underlying
topography, when compared to those cells cultured on
non-patterned surface. These phenotypic changes may be
associated to maturation aspects that are clinically relevant in
the eventual production of myocardial tissue implants. This
methodology is easily scalable and can be implemented with
relative low cost and high throughput. Our results indicate
the feasibility of using DLIP to create precise and relevant
topographical patterns in order to induce phenotypic char-
acteristics of interest for the large scale production of
hiPSC-CM, important for obtaining functional cardiac tissue
substitutes.
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Fig. 3 Histograms report the distribution of orientation angles in degrees (x axis) and their relative frequency (%) (y axis) of hiPSC-CM cultured

for 48 h on control (top) and DLIP-modified PU (bottom)

Table 2 Values of mean orientation angles and percentage (%) of aligned cells on micropatterned PU and control. Cells oriented with angle lower
than 10° in relation to the groove direction were considered aligned. (*) indicates statistical significance (P < 0.001) between groups

Mean orientation angle (°)

% aligned cells (<10°)

Control PU 47

12

PU-L3 11%*

49+
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300 um

Fig.4 SEM images showing hiPSC-CM with distinct orientation in response to the underlying topography after 48 h of cell plating. a control PU;
b PU-L3. Scale bar: 300 pm. The arrow inside the box indicates the direction of the grooves

Fig. 5 Values of aspect ratio 0,8 - - 0.8
(elongation) from hiPSC-CM
cultured for 48 h on control (left) 0,7 4 L 0,7
and DLIP-modified PU (right). =
(*) indicates statistical é 0.6 4 % L 0.6
significance (P < 0.001) between =
groups < 05+ - 0,5
3
= 04 - 0,4
=
i
E 0,3 4 - 0,3
&
<024 L 0,2
0.1 - 0,1
0,0 0,0

Control PU PU-L3
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Fig. 6 Values of spreading area 2000 - - 2000
(pmz) from hiPSC-CM cultured
for 48 h on control PU (left) and 1750 - L 1750
DLIP-modified PU (right). (*) %
indicates statistical significance 1500 L 1500
(P < 0.001) between groups .
B 1250 1 - 1250
£ 1000 4 L 1000
E 750 L 750
500 4 - 500
250 F 250
0 0
Control PU PU-L3

Fig. 7 Representative fluorescent images of hiPSC-CM cultured on
control PU a and PU-L3 b. F-actin (green) stained with
alexa-488-phaloidin and nucleus (blue) with Hoechst 333,432. The
arrow inside the box indicates the direction of the grooves. Scale bar:
50 um

5 Conclusions
The interaction of hiPSC-CM with 3 um line-like surface

pattern, produced by DLIP, during in vitro static culture
promoted specific cell orientation, morphological alterations

regarding to cell elongation and spreading area and induced
an organized F-actin assemblage.
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Abstract

This study investigates the effect of the nitrided layer on
antibacterial properties of biomedical stainless steel,
grade 316L. The surfaces were sanded #1200 mesh
papers, subsequently plasma-nitrided at a temperature of
400 °C for 2 h, which resulted in a 4.5 um thick layer.
The characterization was made using optical and scanning
electron (SEM) microscopies, energy dispersive spec-
trometry (EDS) X-ray diffraction, and Vickers hardness
testing. The antibacterial characteristic of the untreated
steel and the nitrided layer was evaluated using
Gram-negative Escherichia coli ATCC8739, according
to Japanese International Standard (JIS) no. Z2801:2000.
A single y-phase layer was formed, supersaturated in
nitrogen, increasing the surface hardness significantly by
35%. The bacterial test demonstrated that the nitrided
layer presented suitable antibacterial characteristics.

Keywords

Plasma nitriding * Stainless steel ¢ Antibacterial

1 Introduction

The biocompatible properties of 316 austenitic stainless steel
promote its use as orthopedic and orthodontic implants. The
integration of the metal with the human body occurs on the
surface of the component, a region that suffers a high
loading, becoming the most susceptible to degradation.
Plasma nitriding is a surface treatment usually employed to
improve the wear and corrosion resistance of stainless steel
[1-4]. Some studies indicate that the nitrided layers exhib-
ited an excellent ability to inhibit E. coli in 303 stainless

M. Benegra (X)) - G. H. Couto - E. A. Bernardelli
Universidade Tecnolégica Federal do Parana, Curitiba, Brazil
e-mail: marjorieb@utfpr.edu.br

© Springer Nature Switzerland AG 2022

steel [5]. At temperatures between 300 and 500 °C, a
supersaturated phase (YN phase or S-phase) can be formed,
with nitrogen and Carbon in octahedral interstices of
face-centered cubic (fcc) lattice, without any precipitation.
The diffused nitrogen expanded the lattice parameter of the
austenite, keeping the fcc crystallographic structure. It
resulted in a nitride phase responsible for increasing the
hardness, with no loss in the corrosion resistance [5, 6].
Considering that the previous study [5] applied the nitriding
treatment only on 303 steel, this study aims to evaluate the
antibacterial effect of 316L stainless steel—a widely used
material for implants—against E. coli using DC plasma
nitriding.

2 Materials and Methods

AISI 316 L austenitic stainless steel was used as a substrate
material. Its nominal and experimentally quantified compo-
sitions are listed in Table 1. A rolled round bar (20-mm
diameter) was cut into slices (5 mm thick). The as-cut
samples were wet ground with SiC emery paper from grit
#120 to #1200, cleaned with soapy water and acetone
ultrasonically, and dried in hot air before the plasma
nitriding.

Plasma nitriding was carried out in a pulsed DC glow
discharge under a gas mixture composed of 50% Ar, 25% N,
and 25% H, (gas flow 200 sccm). The nitriding treatments
were performed at 400 °C for 2 h under the pressure of
3 Torr. Before nitriding, the samples are cleaned by sputtering
carried out to remove the oxides comprising the external
passive layer, utilizing the conditions: 50% Ar and 50%
H,, flow 150 sccm, pressure 2 Torr, temperature 300 °C,
time 30 min. A complete description of the reactor can be
obtained in [7]. Scanning electron microscopy (SEM) and
optical microscopy (OM) were used for observing the
surface morphology and microstructure. Cross-sectional
areas were etched with a solution of (50% HCI + 25%
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Table 1 Chemical composition Element Mn

of AISI 316 L stainless steel
Wt% (nominal) <20
Wt% (EDS) 2+£02

Mo Si Cr Ni
<2.0 <1.0 16~18 10~14
23+04 04402 16.5 + 0.3 88 +0.3

Fe: balance, Carbon less 0.08 (nominal)

HNO;3 + 25% H,0). The chemical composition of the treated
layers was analyzed using energy dispersive spectrometry
(EDS). Shimadzu XRD 7000 Diffractometer (Cu-K radiation
A =0.154 nm) was used to obtain XRD patterns with a
scanning angle from 30 to 60° at a speed of 0.02 s™'. Surface
hardness was measured using a Shimadzu Micro Hardness
Tester, under a load of 50 g.

The nitrogen concentration within the nitrided layer was
determined by the method proposed by Oztiirk and Wil-
liamson [8]. According to this method, the amount of
nitrogen is based on the lattice expansion, which can be
determined by the shift of peaks corresponding to the
austenite phase (y — YN, where v is the unexpanded
austenite phase, and yN is the expanded austenite phase).
Equations 1 and 2 should be used in order to calculate the
nitrogen concentration:

(1)
(2)

a,, = a,+aCy

a
d =
SN/

where:

a, = lattice parameter of austenite [A]:

Cy = nitrogen concentration [at. %].

o = Vegard constant (considered value: 0.0078 [A / at. %
NI

a,, = lattice parameter of expanded austenite [Al;

dpy = interplanar spacing.

All culture media in the test were purchased from
HiMedia, India. The effect of plasma nitrided layer on
antibacterial properties for steel AISI 316 L was tested in
triplicate using Gram-negative bacterium Escherichia coli
ATCC 8739, according to Japanese International Standard
(JIS) no. Z 2801:2000. Six steel specimens were tested or
used as controls, three to measure viable E. coli cells just after
dropped onto specimens, and three to measure the variation
of viable cells on specimens after incubation for 24 h. Test
inoculum was prepared by diluting a suspension of fresh
cultured E. coli cells with 1/500 nutrient broth at a concen-
tration of ~4.0 x 10° cells/mL. A bacterial suspension of
0.2 mL was dropped on the surface of each specimen
(20 mm-diameter, five mm-thick). It was placed on a steril-
ized Petri dish containing a cotton pad saturated with distilled
water to maintain ~90% humidity. Droplets were covered
with a sterile glass coverslip to prevent evaporation of the

suspensions and maintain the cells in close contact with
specimens. These were subsequently incubated at 35 °C for
24 h and placed into sterilized plastic bags followed by
washing with sterile phosphate buffer solution (PBS) in a
final volume of 10 mL to dislodge the cells inside the bags.
Serial dilutions of PBS-bacterial suspension were carried out,
and 100 pL aliquots of each dilution were transferred to Petri
dishes containing Plate Count Agar (PCA) medium. After
incubation at 37 °C for 24 h, colony-forming units (cfu) were
counted. For the control specimens, all steps (incubation,
harvest, and counting cfu) were carried out simultaneously as
those for sample specimens.

3 Results

Figure 1 shows the microstructure of the plasma nitrided
layer, and Table 2 shows its respective EDS analyses. The
layer thickness is 4.5 um. The nitrogen concentration
observed by EDS is 6.4 &+ 1.2 wt%.

Using the method proposed by Oztiirk and Williamson
[8], the nitrogen concentration is 4.83%wt. Considering that
the EDS technique is not the most suitable for analyzing
light elements, such as nitrogen, the result obtained by the
method proposed by Oztiirk and Williamson [8] should
better represent the nitrogen concentration of this nitrided
layer. If compared to the nitrogen concentration values
obtained by Reis et al. [9] nitriding the stainless steel in
similar conditions, the results are very close.

Signal A = NTS BSD
Mag= 100KX

ate 5 Doc 2018 lﬁ
AWy

Fig. 1 Cross-section image obtained in SEM of plasma nitrided layer
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Table 2 EDS analysis of the
nitrided layer

Element
N

Mn

Mo

Si

Cr

Ni

Fe

Plasma nitriding resulted in a higher hardness, 759 HV.
The increase promoted about the original hardness—261 HV
—can be directly related to the supersaturated austenite
constituents (S-phase), as revealed by XRD (Fig. 2).

Two left-shifted and broadened peaks from the y-fcc
phase were observed for nitrided samples (Fig. 2). They are
defined as S-phase and denoted as S111, S200. The S-phase
peaks are increasingly shifted to left as the results of
increased nitrogen super-saturation in fcc lattice. The pres-
ence of o-phase is attributed to metallographic preparation,
where the y phase originates o phase by plastic deformation.

To be considered an antibacterial coating, the number of
cfu after 24 h must be lower than the one at zero hours.
Figure 3 shows the number of bacterial colonies grown on
PCA plates counted at zero and 24 h of incubation when
approximately 4.10° cfu’s were applied to the steel samples.

The presence of the nitrided layer on steel decreased the
number of colonies to 2.7.10% after 24 h of incubation
(Fig. 3, red bar). Tests were carried out in parallel with the
same E. coli inoculum on untreated steel samples to verify

Shift—= =

N (111)

N (200)

Shift——-;,/f

Nitrided

Intensity (a.u.)

Y (200)

Untreated

30 40 50 60
Angle (26)

Fig. 2 XRD of stainless steel AISI 316 nitrided and untreated
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Fig. 3 Number of viable E. coli cells immediately after inoculation
(0 h) and after incubation for 24 h

that the antibacterial effect only comes from this nitrided
layer. For this, the number of bacteria increased from 4.10°
to more than 1.6.107 cfu’s after 24 h of incubation, indi-
cating that this difference in the number of viable cells was
due the nitrided layer (Fig. 3, green bar and Fig. 4). Hence,
based on the tests, the nitrided layer was useful to provide
either bacteriostatic and/or bactericidal properties by
inhibiting growth and/or cell killing, respectively. Similar
results were observed by Li-Hsiang et al. [5], Hung et al.
[10], Ou et al. [11] and Li et al. [12], nitriding austenitic and
martensitic stainless steels.

A hypothesis to explain the results was provided by
Li-Hsiang et al. [5] and corroborated by Hung et al. [10], Ou
et al. [11] and Li et al. [12]. They supposed that the nitrided
surface becomes antibacterial mainly because of the more
straightforward dissolution of Fe* and Cr* ions when the
surface of stainless steels is nitrided. These are suspended in
the solution containing bacteria, for example, E. coli bacte-
ria, killing them. To prove this hypothesis, it is necessary to
analyze the chemical composition of the solution, which will
be the object of study in the next work.
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Fig. 4 Example of Petri dishes
after incubation at 35 °C during
24 h showing ufc’s in the

A untreated steel, (10> dilution),
and B plasma nitriding surface
steel (107! dilution)

Considering the dissolution of the metal to form ions,
this hypothesis should not corroborate with the increase in
corrosion resistance when occurs the formation of expan-
ded austenite at low temperature (<400 °C) plasma nitrid-
ing, since the increase in corrosion resistance is attributed
to the higher resistance to dissolution of the metal in the
corrosive medium. However, the primary mechanism for
increasing the corrosion resistance of nitrided stainless steel
is associated with the release of NH,*, neutralizing the
acidity within the pitting. Thus, a possible explanation for a
more significant release of Fe* and Cr* ions may be the
formation of Fe,.3 N and CrN, nanoprecipitates, even
when the nitriding temperature is low (<400 °C). Such
nanoprecipitates were observed by Zagonel et al. [13]
plasma nitriding H13 steel at 400 °C. Considering the
presence of nanoprecipitates, a higher dissolution of the
metal could occur around them, which would probably be a
factor that alters less resistance to corrosion when com-
pared to the formation of NH4".

4 Conclusions

The plasma nitriding applied on AISI 316L steel caused a
microstructural change, converting the previous austenite
into expanded austenite (S-phase) with a particular nitrogen
concentration. The S-phase has been shown to have an
excellent antibacterial property against E. coli, confirming
findings described for another grade of stainless steel.
A study that aims to study the influence of different con-
centrations of nitrogen in the expanded austenite layer
(S-phase) on antibacterial properties would be necessary for
the development as a potential biomedical material.
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Abstract

The chondral lesion and osteoarthritis are conditions
associated with an economic burden, since if left
untreated may cause changes in the biomechanics of the
joint and result in several injuries considered highly
disabling to the individual. Mesenchymal Stem Cells
(MSCs) have the immunomodulatory capacity and
paracrine signaling that are useful for tissue bioengineer-
ing to treat bone and cartilage injuries. To the best of our
knowledge, there is no institution in Brazil studying
cartilage biomechanical properties in Good Manufactur-
ing Practice (GMP) technique. Therefore, this study aims
to describe biomechanics analysis for cartilage restoration
by tissue engineering and cell therapy treatments in a
GMP translational large animal model. A controlled
experimental study in fourteen Brazilian miniature pigs
was performed, using scaffold-free Tissue Engineering
Construct (TEC) from dental pulp and synovial MSCs
with 6 months follow-up. To compare the cartilage with
and without TEC, indentation and maximum compressive
tests were performed, as well as Finite Element model to
simulate the osteochondral block and characterize its
properties. The Young’s Modulus of each sample was
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determined, and the outcomes of maximum compressive
test demonstrated the cartilage integrity. The proposed
method was feasible and capable to properly evaluate
articular cartilage restoration.
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1 Introduction

It is known that cartilage injuries and osteoarthritis are very
prevalent and considered a public health problem, since it is
highly disabling and is expected to grow due to population
aging. Cartilage defects can generate several complications
to the individual, such as changes in the biomechanics and
homeostasis of the joint, lesions in the adjacent subcentral
bone, loss of mobility, degeneration and osteoarthritis of the
knee, directly affecting quality of life [1-3].

In 2020, it is believed that osteoarthritis (OA) will be the
major cause of morbidity and physical limitation among
individuals over 40 in the United States. Therefore, the
treatment of patients with symptomatic cartilage injuries is a
necessity and studies related to new therapies are extremely
important [4-6].

Currently, the gold standard for cellular treatment of
cartilage injuries includes the Autologous Chondrocyte
Implant (IAC), but this procedure requires previous surgery
to collect the cartilage from the patient and the number of
available cells decreases with age, both with respect to
quantity as to quality [7].

Therefore, the tissue engineering using cell architecture
and Mesenchymal Stem Cells (MSCs) has been highlighted
in current research for several reasons, including ease of
harvesting, capacity for cell proliferation and differentiation,
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not rejection by the patient and paracrine effect in local cell
machinery [7].

The stem cells can be isolated from different tissues, such
as bone marrow, synovial membrane, adipose tissue, dental
pulp, and others. Dental Pulp Stem Cells (DPSCs) have the
capacity to differentiate into chondroblasts and osteoblasts,
suggesting that this stem cell type is useful for tissue engi-
neering to treat bone and cartilage injuries. Moreover, cells
from adipose tissue and synovial membrane can be easily
accessed through routine arthroscopy and can be harvested
with minimum complications in the donation area. Isolated
synovial and fat pad cells have an ability to synthesize
molecules that are considered markers specific for muscu-
loskeletal tissue, such as collagen and proteoglycan [8—10].

The articular cartilage is a viscoelastic material that can
undergone structural and compositional changes, so it is
common to apply in vitro, in situ, in vivo and ex vivo
approaches to assess the cartilage restoration. However it is
also important to assess the physical properties of the new
tissue formed, since they provide the biomechanics func-
tions, such as stiffness, load bearing, shock absorption and
wear resistance. Therefore, mechanical evaluation is essen-
tial and is described in this study [11, 12].

2 Materials and Methods

This is a controlled experimental study in animals that was
developed from 2017 to 2020. Fourteen Brazilian miniature
pigs (BR-1) with the specifications of being adults aged 8—
12 months and weighing 19-22 kg (Minipig Pesquisa e
Desenvolvimento, Ltda., Campina do Monte Alegre, SP,
Brazil) were used in the present study, totaling 28 surgeries,
two knees per animal.

2.1 Cell Culture: Harvesting, Isolation,

Expansion and Differentiation of MSCs

The harvesting of synovial tissue from human knees inclu-
ded seven patients who undergone arthroscopic surgery for
anterior cruciate ligament or meniscus injuries. Patients with
previous history of surgery, infection, inflammatory arthritis
and pregnant women were excluded.

Knee synovia was harvested in the beginning of arthro-
scopy, through the antero-lateral portal. A sample upto 1 g
of synovia was stored in a 50 ml falcon flask containing
saline solution 0.9% and was sent immediately to the
Advanced Cellular Technology Laboratory at Sirio-Libanés
Hospital (Sao Paulo, Brazil) and processed up to 6 h after
harvesting.

The harvesting of dental pulp was collected from a
deciduous tooth. The deciduous tooth used were those that
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occurred spontaneously and would be discarded. No
extraction of tooth was performed. The tissue was washed
and digested for 90 min at 37 °C, followed by centrifugation
and plated in culture bottles [13].

The MSCs obtained were isolated and cultivated in a
Good Manufacturing Practice (GMP) Laboratory. All this
harvesting, isolation and expansion of MSCs from knee
synovia and also dental pulp process was better described in
previous article [13, 14].

The MSCs strains were induced in vitro to undergo
osteogenic, chondrogenic, and adipogenic differentiation,
showing that these strains had mesenchymal origins and
maintained multipotentiality [13]. They also were
fibroblast-like cells and were tested to express specific stem
cell markers.

2.2 Development of a Tissue Engineering
Construct Compound of Cell
and Extracellular Matrix (TEC)

The derived MSCs were plated on a six-well culture dish at a
density of 4.0 x 10° cm® in the growth medium with
0.2 mM ascorbic acid 2-phosphate (Asc-2P; Sigma-Aldrich,
St. Louis, MO). Within some days, the cells became con-
fluent. After approximately 15 days, a complex of the cul-
tured cells and extracellular matrix synthesized by the
developed cells were detached from the substratum by
application of shear stress at the cell-substratum interface
using gentle pipetting. The detached complex was left in
suspension to form a 3D structure by active tissue contrac-
tion. This contracted tissue was termed TEC.

2.3 Animal Model

Information on the characteristics, care and procedures
related to animals in this research was collected following
the ARRIVE Guideline Checklist [15] and kept in a digital
repository [16]. The animals were kept in individual bays
and were fed twice a day with food and water ad libitum.

At the time of surgery, the surgeon was told which side
would receive the TEC. Therefore, in the other knee, the
defect was left empty. Randomization was performed by a
researcher not involved in the surgical procedure [17].

A full-thickness cartilage defect measuring 6 mm in
diameter was performed in the loading area of the medial
femoral condyle, on the two hind limbs of each animal,
using a biopsy punch and then the calcified basal layer of the
cartilage was removed with a scalpel. Following, the TEC
was placed into the defect [17].

The pigs were able to weight-bear within 12 h and
walked normally in few days. At 6 months post-surgery,
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each animal was euthanized with an overdose of propofol
and potassium chloride. The hind limbs were disarticulated
at the hip.

2.4 Mechanical Evaluation

The mechanical evaluation of the cartilage with and without
TEC was performed using an universal test equipment
INSTRON 3365 which works with own Bluehill 3™ soft-
ware (Instron, USA). The accessory BioPuls™ temperature
controlled bath was used (Fig. la). The compression test
conducted at 0.5 mm/min speed, with 100 N load cell. To
analyze the mechanical properties of solid matrix in this
study were applied indentation test and maximum com-
pression test [18].

The test samples were constructed using 5 mm height of
subchondral bone. The bone density and average of four
main measures (cartilage thickness, weight, width and height
of the total sample) of osteochondral block which consists of
the bone and cartilage set were obtained and inserted in the
Bluehill 3™ program to process the test. This block was
placed on a support with the cartilage part facing up and
positioned on the Instron (Fig. 1b). To perform the test the
structure was immersed saline solution (0.9% NaCl) bath at
36 °C to simulate the physiological condition of the body
(Fig. 1a) [19].

A minimum load was applied to ensure alignment and
total contact between the cartilage surface and the spherical
tip indenter (2 mm diameter). The indentation test consisted
of three cycles of strain stress-relaxation that was performed
at a constant loading rate with a fixed displacement of 5% of
the cartilage thickness’ average. Followed this, the maxi-
mum compression test was performed with a fixed dis-
placement of 50% of the total height [19].

Fig. 1 Indentation test set

up. a Structure immersed in saline
solution (0.9% NaCl) at a
temperature of 36 °C. b Sample
placed on a support with the
cartilage part facing up and
positioned on the equipment

The Young’s Modulus was determined based on the
second ramp of the stress-relaxation indentation test, as this
step presents a more linear behavior and the lowest amount
of error. The elasticity module depends on the straight slope
value, which is associated with the cartilage -elasticity
(N/mm) [20].

3 Results

Indentation test (Fig. 2a) and maximum compressive test
(Fig. 2b) assessed the properties of the solid matrix and
mechanical proprieties of the tissue repair in control and
treatment groups.

A Finite Element (FE) model was created for the inden-
tation test using the ANSYS R17.2 software (Fig. 3). To
simulate the osteochondral block, the Young’s Modulus
found in the mechanical analysis was inserted in the pro-
gram. The cartilage, characterizing a viscoelastic material,
was modeled as a thin layer over the bone structure and the
spherical indenter was created as a rigid material with 2 mm
diameter [21].

In preliminary analysis, the samples presented different
cartilage thickness, which directly affects the indentation
response and so, the Young’s Modulus [20]. However, it is
possible to observe in all results the hysteresis phenomenon
when applying the three cycles of strain stress-relaxation,
evidencing the viscoelastic property of the articular cartilage.

4 Discussion

To the best of our knowledge, this is the first study in Brazil
describing mechanical tests and properties of cartilage
treatment after tissue engineering in GMP technique.
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Fig. 2 Biomechanical analysis of one sample. a Indentation test: load (N) x extension (mm) showing the three cycles of 5% tension relaxation.
b Maximum compression test: load (N) x extension (mm) showing the linear behavior of the cartilage
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Fig. 3 Finite element analysis image representing the force distribu-
tion caused by the indenter in the osteochondral block, indicating the
cartilage above the dashed line and the subchondral bone below

Comparisons of the Young’s Modulus and maximum
compressive test of the osteochondral block with and with-
out TEC will be performed in a near future to demonstrate
the structure integrity of the articular cartilage as the chon-
drocytes distribution and the extracellular matrix changes
when the sample is deformed.

5 Compliance with Ethical Requirements

Statement of Informed Consent and Human
Rights

5.1

This study was approved by the Ethics Committee at the
Hospital das Clinicas, University of S@o Paulo, Medical
School (protocol: CAPPesq n® 15428, IOT n° 1216). All
patients signed informed consent terms to participate in this
research.

5.2 Statement of Animal Rights

The Ethics and Research Committee at Sirio-Libanés
Hospital (Sao Paulo, Brazil) approved the animal study
(protocol: CEUA-P 2015-08).

6 Conclusions

This study showed that mechanical evaluation was feasible
and capable to properly evaluate articular cartilage restora-
tion by determining the Young Modulus of the cartilage with
and without tissue engineering (TEC) treatment.
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Abstract

Nitric oxide (NO) is a small diatomic molecule, endoge-
nously produced, and plays important roles in many vital
biological processes including angiogenesis, antioxidant/
antitumor/antimicrobial actions and tissues regeneration
such as skin, cartilage and bone. For being a free radical,
NO is relatively instable in biologic system and it can be
rapidly inactivated. Among then, the S-nitrosothiols
(RSNOs) are prominent, which spontaneously decompose
releasing NO. The combination of RSNOs and biomate-
rials represent a promising strategy to increase the
therapeutic efficiency of these NO donors. In this way,
the main objective of this study was to evaluated cytotox-
icity of thermosensitive poloxamer/hyaluronic acid hydro-
gels (PL/HA) and chitosan nanoparticles (CS NPs)
containing NO donors (RSNOs), using the kidney cells
of African green monkey (Vero). The results obtained by
quantitative MTT assays showed cell viability dependent
on the concentrations of SNAC and polymeric biomateri-
als. Thus, these results point the in vitro biocompatibility of
PL/HA and CS NPs systems containing NO donors and
their possible application in bone tissue regeneration and
also contribute to studies using Vero cells.
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1 Introduction

Nitric oxide (NO) is a small diatomic molecule, endogenously
produced, and plays important roles in many vital biological
processes including angiogenesis, skin healing, antioxidant/
antitumor/antimicrobial actions and tissues regeneration such
as skin, cartilage and bone [1]. Deficiencies on this endoge-
nous production are associated with several pathologic con-
ditions, such as cancer, diabetes and neurodegenerative
effects [2]. The effects of NO are related to its concentration,
location and on environment where it is produced. Generally,
lower concentrations are related to cytoprotective effects and
higher concentration are related to toxic effects [3].

Being a free radical, NO is relatively instable in biologic
system and it can be rapidly inactivated. Consequently, there
is a strong interest on the development of relatively stable
NO donors, such as biomaterial who can delivery NO in a
sustained manner, for biomedical applications [4].

There are several molecules with low molecular mass that
act as NO donors, preserving their bioactivity [5]. Molecules
as S-nitrosothiols (RSNOs) act as NO donors preserving the
molecule bioavailability and bioactivity when they decom-
pose and release NO. The combination between biomaterials
and RSNOs represent a promising strategy to increase the
therapeutic efficiency of these NO donors [6, 7]. The success
from biomaterial application in organism depends primarily
on its biocompatibility, being necessary to perform in vitro
cytotoxicity assays to evaluate and identify the biomaterials
that exhibit cytotoxic behavior. Therefore, it is possible to
select only the most suitable biomaterial for clinic studies,
in vivo application, thus minimizing the number of experi-
ments animals [8].

This research studied the cytotoxicity of thermosensitive
polaxamer/hyaluronic acid hydrogel (PL/HA) and chitosan
nanoparticles (CS NPs) containing NO donors (RSNOs),
using Vero cell line, with the purpose of studying these
harmful properties about these interactions among biomate-
rials and cell cultures.
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2 Methodology

2.1 Biomaterials Synthesis

The biomaterials containing NO donors were synthesized in
collaboration with researcher’s group by Dra. Amadea Seabra
(CCNH-UFABC). The NO donors, RSNOs, were incorpo-
rated in hydrogels and nanoparticles, synthesized from the
nitration of their respectively thiol groups (RSHs). Nitrosation
occurs by adding an equimolar amount of sodium nitrite
(NaNQ,), in relation to RSH, in an acidic aqueous solution.
The formation of RSNOs was confirmed by detecting the
absorption bands characteristic of RSNOs at 333 nm (n —
*) and 545 nm (ny — 7*), using a spectrophotometer in the
ultraviolet-visible (Agilent 8454). The following RSNO was
synthesized: ~ S-nitroso-N-acetylcysteine (SNAC) from
N-acetylcysteine (NAC).

2.2 Incorporation of RSNOs
in Polaxamer/hyaluronic Acid Hydrogels
and Chitosan Nanoparticles

Poloxamer thermo-sensitive hydrogels/hyaluronic acid

(PL-HA) were prepared by direct dispersion of RSNOs
(SNAC), in solutions of polaxamer 407 forming a binary
system with hyaluronic acid. An aqueous solution of
Poloxamer 407 (18%) was prepared and maintained at 4 °C.
Hyaluronic Acid (1%) were added to the poloxamer 407
solution, previously prepared, in an ice bath, under stirring.
The solutions were kept at temperatures below 10 °C, for a
period of 10 h, in order to obtain the equilibrium of disso-
lution of the copolymer in water. Known amounts of free
SNAC solutions were added to Poloxamer 407/Hyaluronic
Acid solutions. After preparation, the samples were stored at
4-8 °C until further use. Samples of hydrogels used on tests
were sterilized by autoclaving with 15 Ib per square inch of
pressure and 121 °C for 15 min.

The synthesis of CS nanoparticles involves the process of
ionotropic gelation that occurs through the interaction of
opposite charges of the molecules. The NH? + functional
groups present in the CS chains interact with the
O-tripolyphosphate (TPP) functional groups, which results

Table 1 Corresponding
concentrations of NAC/SNAC in

Concentration of NAC/SNAC

A (mmol L)
hydrogels and nanoparticles
evaluated for cell viability 2
1
0.5
0.125
0.05

V.C.P. Luz et al.

in the formation of nanoparticles. To synthesize the
nanoparticles, a solution of CS (1 mg mL_l) in 1% acetic
acid (pH =~ 3) containing NAC (163.2 g/mol) was submitted
a mechanical agitation using a magnetic bar for 90 min.
After the end of the stirring, a TPP solution (0.6 mg mL™")
was dripped into the CS solution containing NAC (1 drop
every 20 s) respecting the volume ratio of 1 mL of CS to
3mL of TPP. With this, an aqueous suspension of
nanoparticles (1 g L™' CS) was formed containing NAC,
which were called CS NPs.

2.3 Cells Viability Assays

Cell Culture: Vero cells lineage, established from kidney
epithelial cells of African green monkey, (CCIAL 057,
Adolfo Lutz Institute, Sao Paulo) were cultivated in HamF10
medium (Sigma-Aldrich), with fetal bovine serum (10%;
Sigma Aldrich), 100 pg/ml penicillin, maintained at 37 °C
with 5% CO,. The cells were observed by inverted light
microscope (Al Axiovert, Zeiss).

Cytotoxicity by direct method: the tests were performed
according to ISO 10993-5 (2009) and used to obtain a
qualitatively evaluation of cells cytotoxicity [9]. The cells
had been seeded in 96-well plates and maintained for 24 h
until the monolayer was formed, at a confluence of 80%.
After this, the culture medium was removed and substituted
by 100 pL of elution medium containing the biomaterials
samples (the concentrations of each biomaterial are shown at
Table 1). After 24 h the cells were maintained in this direct
contact. For the negative control, non-cytotoxicity, it was
only used the culture medium as described above. For the
positive control, cytotoxic, it was used 0.25% solution of
phenol in the culture medium. The assays were performed in
quintuplicate of samples.

MTT assays: The cells cultivated in direct cytotoxicity
conditions in contact with biomaterial samples were evalu-
ated after 24 h by MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) methodology. It was
added 100 pl of MTT solution (0.5 mg/mL) to each well, and
the cells were incubated for 4 h. After that, the MTT solution
was removed and 50 pl of dimethyl sulfoxide (Synth) was
added to each well for 10 min, and the absorbance was

Concentration of hydrogel Concentration of CS NPs

(m/v %) (ng/mL)
3.6 0.2

1.8 0.1

0.9 0.05
0.18 0.0125
0.09 0.005
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measured with an automated spectrophotometric microtiter
plate reader (SpectraMax MS), using a 570 nm filter and
considering the negative control as 100% cells viability.
Statistical analysis: The experimental data were analyzed
using GraphPad Prism software, version 8.0 and Microsoft
Excel. All results are presented with mean and standard
deviation (SD), using the ANOVA (one-way) variance test
and post Tukey-Krammer test for comparing the groups.
Statistical significance was set at a p-value of <0.05.

3 Results

The MTT assay has a quantitative character used specifically
for the mitochondrial functionality. MTT analyzes quanti-
tatively the reduction of tetrazolium salt (yellow coloring) by
the pyruvate dehydrogenase enzyme complex present in
mitochondria with the formation of a final product of for-
mazan crystals (purple) that are measured in a spectropho-
tometer at 570 nm (Fig. 1). In this way, this reaction occurs
only in viable cells that have their mitochondria active, thus
configuring a versatile method for assessing cell.

The first cytotoxicity test was performed varying the
precursor and donors’ molecules of NO (NAC and SNAC)
shown at Fig. 2A. These results showed over 70% -cells
viability (represented with a red line) for all concentrations
of NAC, and therefore considered viable for the tested cell
line. While the treatment with the NO donor (SNAC), pro-
moted a dose dependent cell viability, in which cytotoxicity
(44%) is noted in concentrations below 1 mmol L!
(Fig. 2A).

The combination between polaxamer/hyaluronic acid
hydrogel (PL/HA) and RSNOs showed a non-cytotoxicity
effect for all concentrations in the presence of NAC
(Fig. 2B). The last hydrogel concentration (3.6%) in the

Fig. 1 Final step of MTT reduction test, after 50 ul of dimethyl
sulfoxide was added to each well to form formazan crystals

presence of NO donor (SNAC) showed a viability of 70%,
remaining within the limit of cell viability (Fig. 2B). By the
ANOVA test all concentrations of PL/HA, with precursor
and NO donor showed statistical difference.

The last association between chitosan nanoparticles and
RSNOs (Fig. 2C) the cytotoxicity effect showed concentra-
tion dependent, in which is possible to see that the con-
centrations higher than 0.0125 pum mL™' presented a
viability less than 70% in relation to the negative control.
Like the previous one, all the concentrations of NAC and
SNAC in association with NPs showed statistical difference
by the test.

a NAC_SNAC
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< 1004
2 804
| 60
2 40
]
O 20
o<
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c CS_NP
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Fig. 2 Effects of samples at different concentration on Vero cells
evaluated by MTT reduction test. A NAC/SNAC; B PL/HA hydrogel,
C CS NPs. Values are reported as mean +— standard deviation
(SD) (n = 3). Statistical differences relatively to positive control,
*p < 0.05, **p < 0.001 e ****p < 0.0001
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4 Discussion

Related to cytotoxicity assays the Vero cells lineage is one
of the international standard lines used for this cytotoxicity
studies with biomaterials [9, 10].

As mentioned before the NO effects in biologic envi-
ronment are related to its respective concentration [3].
Thereby, the NO donor used in this research (SNAC)
showed a dependent concentration for concentrations higher
than 1 mmol L™" (Fig. 2A).

For all concentrations, the combination between the
polymer PL-HA showed a non-cytotoxicity effect. The
hyaluronic acid is known to be a highly biocompatible,
biodegradable, bioactive, non-immunogenic and
non-thrombogenic. The HA is a polymer knowing for its
importance in control and regulate the cells behavior, such as
the interaction between cell to cell [11]. However, the
Pluronic’s cytotoxicity, among other cells lineage, has been
demonstrated in literature and appears to be directly related
to the concentration of the polymer.

Nascimento (2019) demonstrated cytotoxicity effects in
chondrosarcoma cell lineage (SW1353) treated with formu-
lations of 0.5% of PL [12]. Although, this association
between hydrogels of PL. and NO donors, in concentrations
among 0.09 and 3.6%, demonstrated to be a biocompatible
biomaterial for Vero cells line (Fig. 2B).

The combination of chitosan nanoparticles and RSNOs
showed a non-cytotoxicity effect to concentrations below
0.125 pg ml~! of NAC-CS NPs and SNAC-CS NPs. Then,
the synergic effect among CS NPs and RSNO’s was
observed (Fig. 2C). It is believed that the cytotoxic effect
observed being intrinsically related to incorporation of NO
donors once Pelegrino et al. (2017) showed assays with CS
NPs in concentrations of 0.2 pg ml~" that showed no degree
of cytotoxicity [1]. It is known that he cytotoxicity about NO
donors are related with inhibition of cell proliferation and
apoptosis induction [13]. Therefore, according with litera-
ture, the CS NPs are biocompatible and biodegradable,
approved by the Food and Drug administration for different
therapeutic purposes [14].

To know more details about the biocompatibility between
VERO cells and these biomaterials—CS NPs and PL-HA—
qualitative studies, such as morphologic assays, and char-
acterization studies of these biomaterials are critical to
improve in vitro tests and it is fundamental for all bioma-
terial aimed at clinical application.

V.C. P. Luz et al.
5 Conclusions

The evaluation of cellular interaction with NO donors and
polymeric biomaterials, chitosan nanoparticles (NAC-CS
NPs and SNAC-CS NPs) and hyaluronic acid hydrogels
(PL-HA/NAC and PL-HA/SNAC), using the quantitative
method (MTT) allowed to verify that the Vero cells showed
different degree of cytotoxicity between the concentration of
these biomaterials. The NO donors demonstrated a cell
viability dependent of concentrations higher than 3.6% to
PL-HA/SNAC and higher than 0.05 pg ml~' to SNAC-CS
NPs. With this, these results appoint PL/HA and CS NPs
biocompatibility containing NO donors and showed that
they are a promising polymerics biomaterial aiming thera-
peutics application.
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Abstract

Polymeric biomaterials are used in tissue repair due to
characteristics as biocompatibility and cell interaction. In
the category of synthetic polymers, poly lactic acid
(PLA) is especially used in several clinical applications.
This biomaterial can be prepared in the form of dense and
porous membranes, in order to characterize the interaction
with Vero cells in culture, using scanning electron
microscopy (SEM). For this purpose, dense and porous
PLA membranes were previously prepared, sterilized by
ultraviolet light (UV) and used as a substrate for
cultivation of Vero cells, for periods of 2 h and 7 days.
To observe the cell interaction with the membranes,
different methodologies for processing the samples for
observation by SEM were considered, and a comparative
analysis of the results was performed. There was no
significant difference in cell morphology comparing
samples with and without osmium tetroxide, however
samples that underwent drying at a critical point had
better preservation of cell morphology compared to
samples in chemical drying. Osmium tetroxide is not a
major factor in the processing of cells for SEM, and that
the type of drying is the factor that most affects cell
morphology in this process. It was possible to observe
cell adhesion after 2 h of culture, with morphological
changes such as cytoplasmic transition to a more flat
aspect being more characteristic for 7 days of culture.
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1 Introduction

Tissue engineering is a multidisciplinary science that aims to
maintain, repair or improve tissue function. In this concept,
three elements are fundamental: biomaterials (such as scaf-
folds, supports or membranes), cells and a specific
microenvironment [1, 2]. In this context, polymers are bio-
materials widely used as scaffolds due to their characteris-
tics, mainly of biocompatibility [3, 4].

Polymeric biomaterials, such as poly (o-hydroxy acids),
the poly (lactic acid) (PLA) [5, 6], are used for the repair of
soft tissue functions, such as tendon and cartilage, and of
hard tissues, such as bones [3, 7]. The ease of synthesis, the
possibility to control the properties of the biomaterial and the
improvement of the mechanical and degradation properties
are advantages of synthetic polymers, when compared with
natural polymers [3, 8].

The clinical application of a biomaterial must attend the
safety and efficacy of its use. The interaction of these bio-
materials with living tissues must allow an adequate bio-
logical response [9]. In addition to biocompatibility,
bioreabsorption and mechanical resistance, the interaction
with cells that make up living tissues with biomaterials is
modulated by the biomaterial surface characteristics [10, 11].
The presence of pores, electrical charges and hydrophilicity
may influence contact with cells, both in vitro experimen-
tation and in vivo applications [11-14].

The cell culture technique is applied as an initial step to
assess the biomaterials biocompatibility, and may include
cytotoxicity tests, cell interaction and tissue engineering
techniques. The Vero cell line, isolated from the epithelium
of the African green monkey kidney, is used for the men-
tioned purposes. They are anchorage-dependent cells, with
effective cell adhesion and spreading on favorable surfaces,
and with a high mitotic index [15].

The interaction between cells and biomaterials can be
evaluated by different techniques. Microscopy techniques
are widely used, mainly for qualitative analysis of this
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interaction [13, 14, 16]. Phase contrast light microscopy is
used to accompany cells in culture during experiments on
two-dimensional substrates, and some three-dimensional
substrates, especially translucent ones. Electron micro-
scopy, both scanning and transmission, are complementary
tools for analyzing cell-substrate interaction, as they allow
the analysis of substrates of different shapes and thicknesses,
with higher resolution. However, the processing of bioma-
terials, specially containing cells on their surface (from
in vitro experimentation or even in contact with living tissue)
can lead to changes, artifacts, which affect the quality and
objectivity of the results [17].

The objective of this project is to characterize the inter-
action of Vero cells in culture on PLA membranes by
scanning electron microscopy (SEM), evaluating cell inter-
action and the sample preparation protocol, thus providing a
modified protocol for this kind of analysis that can optimize
time, and diminish material usage and costs, in other
experiments.

2 Materials and Methods

2.1 Biomaterial Preparation and Sterilization
The PLA membranes (NatureWorks®, Cargill) were
obtained by dissolving the PLA polymer in chloroform
(Synth), at a concentration of 10% (w/v) by weight of the
polymer in relation to the solvent volume, at room temper-
ature. The solution was poured into glass Petri dishes until
the solvent evaporated, in an exhaust hood, at room tem-
perature. The porous membranes were obtained with the
addition of NaCl (Synth) to the polymer solution, 5 g of
NaCl for 10 mL of polymeric solution. The dense and por-
ous samples of PLA were sterilized by ultraviolet (UV) light
for 30 min each face [3, 18].

2.2 Vero Cell Culture

The Vero cell culture (Instituto Adolfo Lutz/SP, CCIAL
057) was performed in HAM F10 medium, with 10% fetal
calf serum (FCS), and 100 pg/ml of penicillin/streptomycin,
and was maintained at 37 °C with 5% CO,. The cultures
were monitored by phase microscopy, using an inverted light
microscope (Axiovert Al/Zeiss). This cell line is considered
a standard for cell cytotoxicity tests, and is also used as a
standard for studies of cell-biomaterials interaction [15, 19].

L. H. S. Mazzaron and C. B. Lombello

2.3 Cell Interaction—Scanning Electron
Microscopy

Vero cells were inoculated on sterile PLA membranes, cut
into squares of approximately 0.25 cm?, by direct deposition
of a suspension containing 2 x 10° cells/mL, and cultures
were maintained for periods of 2 h and 7 days in a 24-well
cell culture plate. After the culture period, different sample
preparation protocols were performed. As a basic protocol,
the samples were fixed with 2.5% glutaraldehyde, in phos-
phate buffer (PBS, pH 7.4, 0.1 M), for 1 h, washed in PBS,
for 1 h, followed by washing in distilled water (30 min) and
dehydration in an increasing series of ethanol (30, 50, 70,
90, 96 and 100%), followed by critical point drying (EM
CPD300, Leica).

As an alternative to this protocol, modifications related to
post-fixation and dehydration were included. In the
post-fixation stage, samples of biomaterials with cultured
cells were treated with 1% osmium tetroxide for 1 h. In the
dehydration stage, critical point drying was replaced by
chemical drying, with evaporation of the dehydrating agent,
ethanol.

The PLA samples with cultured cells were then covered
with 15 nm gold in sputtering (AC200, Leica) and observed
with a scanning electron microscope (Quanta 250, FEI). The
images were analysed for cellular morphology, and the cell
perimeter and area were measured with software Image J
(NHI, Bethesda, MD, USA).

3 Results and Discussion

During the culture, Vero cells were observed under a light
microscope, with phase contrast (Fig. 1) [19]. The cells
showed rounded morphology, without spreading, in both
dense and porous PLA. The opacity and the thickness of the
biomaterial samples leads to difficulty of visualizing the cells
on the biomaterial, impairing the proper characterization of
cellular interaction, a fact that motivated the use of the SEM
for more accurate analyzes.

After 24 h of cell culture, the samples were observed
under a light microscope, both on the surface of the bio-
materials (Fig. 1) and on the bottom of the culture plate
(Fig. 2). The observation of the cells growing on the culture
plate near biomaterial samples can be used to verify a pos-
sible cytotoxic cellular response, the PLA samples were
considered non-cytotoxic, once the cells showed typical
morphology [15, 16, 20] (Fig. 2).
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Fig. 1 Vero cells cultured on
PLA biomaterial. A, B: 30 min,
C,D:24 h; E, F: 7 days. A, C, E:
dense PLA; B, D, F: porous PLA.
The arrows indicate the presence
of the cells. Magnification: 200x

Fig. 2 Vero cells cultured on
PLA biomaterials after 24 h, a
representative result of the
non-cytotoxicity of dense A and
porous B samples. Magnification:
200x




148

For electron microscopy, biomaterials, and biological
materials, are exposed to an electron beam as a source to
form the image, allowing a high resolution image. In scan-
ning electron microscopy (SEM) this electron beam interacts
with the surface of the sample, in a high or low vacuum
environment. The samples are exposed to high acceleration
voltage (kV), and must be able to interact with the beam of
electrons generating backscatter or secondary electrons, for
example [21].

For electron microscopy, biomaterials, and biological
materials, are exposed to an electron beam as a source to
form the image, allowing a high resolution image. In scan-
ning electron microscopy (SEM) this electron beam interacts
with the surface of the sample, in a high or low vacuum
environment. The samples are exposed to high acceleration
voltage (kV), and must be able to interact with the beam of
electrons generating backscatter or secondary electrons, for
example [21].

The preparation of samples of biomaterials containing
cells is necessary in order to preserve the structures to be
observed with a SEM. The preparation includes fixation,
post-fixation, washing, dehydration, drying and metalliza-
tion steps [16, 20, 22].

The chemical fixation process aims at the preservation of
the cellular structure, creating crosslinking and chemical
bonds that allow the stabilization of the cell morphology as
close to its natural and functional state [23]. Glutaric alde-
hyde, or glutaraldehyde, is generally used as a primary fix-
ative, which acts on the fixation of proteins by divalent
bonds with amino groups. Other fixatives, such as
paraformaldehyde, can be used in association with glu-
taraldehyde (the Karnovsky’s Mixture).

The post-fixation step with osmium tetroxide (OsO,4) can
be used to preserve lipid structures, such as cell membranes.
However, OsO4 has a strong oxidizing effect, in addition to
its toxic, carcinogenic, mutagenic and teratogenic effects, as
well as it is a high-cost reagent [24].

After the fixation, the washing is important to eliminate
fixatives, mainly if they may form precipitations in contact
with the dehydration solution. The dehydration step is made
in increasing concentrations of ethanol or acetone, with the
function of replacing the water present in the biological
samples, as the observation by SEM usually occurs in a
vacuum condition [22]. The final drying can be done in air,
allowing the agent used in the dehydration to dry naturally.
However, during this process it is common to observe
morphological changes in biological structures, such as
shrinking, destruction of surface structures, and even col-
lapse of the sample, due to the surface tension of the
chemical drying agent, creating artifacts that prevent the
correct morphological observation of the sample. It can
alternatively be used as the technique of critical point drying,
which establishes a condition of low temperature and high
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pressure, to replace the dehydration agent with liquid CO,.
The transition from the liquid to the gaseous phase occurs
with a minimum of surface tension [25], preserving bio-
logical samples [26].

All the described processing aims at the ultrastructural
preservation of biological structures, cells, tissues or organs,
with the least possible deformation (or artifact), and the
proper interaction with the electron beam [27, 28]. For this
study, the standard mentioned protocol was altered in the
post-fixation and dehydration phases, to observe the impact
that the absence of a post-fixator and different dehydration
agents can bring to the analysis.

In this study the cells cultured on PLA samples for the
period of 2 h showed cell adhesion, with few cells widely
spread among themselves, with rounded morphology
(Fig. 3). In some areas it was possible to observe cell
spreading, with cytoplasmic expansions contact with the
biomaterial (Fig. 3B). The cells were well preserved with
glutaraldehyde fixation, and the post-fixation with osmium
tetroxide did not result in improved cell morphological
preservation (Fig. 3C, D, G, H). However the use of a
critical point for dehydration results in better cytoplasmic
preservation of expansions in areas of cell adhesion (Fig. 3
B, D, F, H), which was expected for this kind of technique,
as the liquid CO, transitions to gas and it occurs with a
minimum of surface tension, bringing less harm to the bio-
logical samples [25, 26].

Regarding the biomaterial, the processing allowed a good
preservation, without structural modifications. In porous
PLA samples, it can be observed that the cell deposition
inside the pores, where they showed rounded morphology,
with focal contact with the biomaterial, indicative of the
beginning of the cell adhesion process, the morphology is
distinct from cells in dense samples (Fig. 3).

The observation of cells cultured on PLA biomaterials at
7 days allowed the verification of their proliferation pattern
(Fig. 4). The cells cultured on samples of dense PLA after
7 days of cultivation showed very spread morphology, with
well-preserved cytoplasmic expansions, and few scattered
cells were observed, indicating little cell proliferation (Fig. 4
B-D).

For the porous samples, small cell clusters were observed,
two or few cells, isolated from each other, preferably in areas
of depression or biomaterial surface (Fig. 4A). The cells
maintain a rounded shape, little scattered, indicating little
interaction with the biomaterial.

The presence of isolated cells, or small groups of these,
demonstrates that proliferation is not favored. The rounded
morphology of the cells, without cytoplasmic breaks or
interruptions, also reveals that they are in good morpho-
logical preservation conditions (Fig. 4).

The samples fixed only with glutaraldehyde showed cells
with very visible cytoplasmic expansions, with good
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Fig. 3 Vero cells cultured on
PLA biomaterials after 2 h, fixed
with glutaraldehyde. Arrows
indicate the presence of cells. A—
D: dense samples; E-H: porous
samples; C, D, G, H: post-fixed
in osmium tetroxide; A, C, E, G:
chemically dehydrated; B, D, F,
H: critical point drying




150

L. H. S. Mazzaron and C. B. Lombello

Fig. 4 Vero cells cultured on
PLA biomaterials after 7 days,
fixed with glutaraldehyde. Arrows
indicate the presence of cells. A:
porous sample, flattened pore
surface; B-D: dense samples; C,
D: post-fixed in osmium
tetroxide; A, C: chemically
dehydrated; B, D: critical point
drying

morphological preservation (Figs. 3 and 4). This finding
corroborates data presented in the literature. In general,
porous substrates, even with larger pores, favor the differ-
entiated state of cells, and little proliferative activity [13]. It
was possible to evaluate that despite a slight improvement in
the preservation of cell membranes, the presence of osmium
tetroxide did not cause a significant improvement in cell
morphology preservation. Due to the extreme toxicity and
the high course, we do not consider it necessary to use this
post-fixative. Other reports also consider the possibility of
dispensing this reagent in the processing of biological
samples for SEM [24, 29].

However, the preservation of samples with critical point
drying was shown to be effectively superior than chemical
drying (Fig. 5) to avoid technical artifacts, in concordance
with the literature [30-32]. The samples dehydrated by
ethanol, we can observe less cellular flattening and adhesion
when compared with the ones dehydrated with critical point,
as can be seen comparing Fig. 5C, D, for example, which
indicates that the latter is more efficient in preserving cellular
structure. This can be observed in Fig. 3, comparing Fig. 3
E, F, for example, it can be observed that cells dehydrated by
ethanol present a slightly more polygonal morphology and
are more scattered, while in the ones dehydrated by critical

point present more round and clustered cells, which indicates
better preservation of cellular morphology and interaction
with the biomaterial.

The results shown in Figs. 4A, D, and 5B, E were used to
evaluate cell perimeter and area (Table 1). It was observed
that cell area was 45,45% larger in the preparations sub-
mitted to critical point drying. This result corroborates with
the morphological description for the figures, showing a
better preserved morphology with this protocol.

4 Conclusion

Analyzing the results we concluded that the most impacting
factor for the good preservation of both the biomaterial and
the cells was the dehydration protocol. The use of critical
point drying for both types of PLA samples, dense and
porous, resulted in fewer biomaterial failures and better
preservation of cell morphology. As for the use of
post-fixative osmium tetroxide, there was no significant
improvement in the morphological preservation of the cells.
There were also no alterations in the PLA samples used for
cell cultures. Therefore, it can be proposed that there is no
need for post-fixation PLA samples with cultured cells, thus
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Fig. 5 Vero cells cultured on
PLA biomaterials after 2 h, fixed
with glutaraldehyde. A-D: dense
samples; E, F: porous samples; A,
C, E: dehydrated in ethanol; B,
D, F: dehydrated at a critical
point

Table 1 Image J measures on Figure

Figs. 4 and 5. Perimeter pm; area

pm?. SD: standard-deviation; E: 4A-E

ethanol; CP: critical point 4D-CP
SE-E
5B-CP

SD

v w o oz

Perimeter
66,554
76,835
41,061
66,224
15,224

Area

287,581
487,370
100,732
224,533

Mean perimeter
E: 53,808

CP: 71,530
Difference

24,78%

Mean area
E: 194,157
CP: 355,952
Difference

45,45%
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reducing costs and possible risks from handling them, but
critical point drying is recommended.
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Abstract

Myocardial Tissue Engineering (MTE) is a set of tech-
niques that uses biomaterials to reproduce the native
extracellular matrix (ECM) of tissues, in this case, the
myocardium. The present contribution relates the results of
the study about the electrospinning of gelatin, a naturally
occurring biopolymer, in view to obtain nanofibrous
scaffolds for use in MTE. Gelatin solutions were prepared
using gelatin type B and 2,2,2-Trifluoroethanol (TFE) as a
solvent. The fibrous were created through electrospinning
technique. The voltage, distance and concentration of the
solutions were varied to improve the quality of the fibers.
The crosslinking method was validated with the use of
films, prepared by solvent evaporation technique, with
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC).
The morphology of the fibers was investigated by scanning
electron microscope (SEM) and the efficiency of the
crosslinking processes were evaluated by swelling test and
differential scanning calorimetry (DSC). The best fibers
were formed (without the presence of drops or beads) by
electrospinning a gelatin solution in the following param-
eters (10% (w/v), 10 kV and 20 cm) or (5% (w/v), 12 kV
and 12 cm). The crosslinking process was done using EDC
in the films of gelatin. It was possible to observe that
different degrees of crosslinking guarantee different prop-
erties, such as water swelling as well as different thermal
and mechanical properties.
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1 Introduction

Gelatin is a biomaterial derived from collagen, that can be
used as a hydrogel scaffold, in nanofiber form, in Myocardial
Tissue Engineering (MTE), because its characteristics mimic
the biochemical and ultrastructural properties of the native
extracellular matrix (ECM) of tissues, which is known to
influence cell behavior and growth. Ischemic heart disease
and stroke are the biggest numbers of deaths worldwide [1].
It is known that the heart does not have the ability to
regenerate completely. Studies have shown that only 1% of
cardiac cells are renewed per year, which is not enough for
the heart to recover after a major ischemic trauma, such as a
heart attack [2]. Cardiopathies usually leads to heart failure
and the most common treatments available include revas-
cularization surgery and heart transplantation, however there
are restrictions, such as difficulty in finding compatible
donors and contraindications, which are frequent in patients
over the age of 65 years [3].

Alternative treatments include the use of circulatory assist
devices and alternative procedures that regenerate the func-
tions, or at least part of them, of the myocardium. The use of
stem cells has brought to MTE a new goal to work with.
Studies that analyze the effect of stem cells injected directly
into the myocardium have been shown to be positive, even
though it has become clear that most of these cells die due to
the lack of a favorable environment and mechanical and
electrical stimuli for their growth, thus not producing the
effect of inducing the necessary revascularization and myo-
genesis, which would eventually promote complete muscle
regeneration and its physical and morphological properties
[4]. For the MTE to be efficient, the characteristics of the
biomaterials used as scaffold must be considered. They must
resemble those found in cardiac tissue, helping or staying
neutral for regeneration to happen efficiently.

The mechanical properties of myocardial, stiffness and
contraction, are responsible for the primary function of the
heart, to pump blood through the circulatory system. When
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the myocardium suffers an ischemic episode and conse-
quently loss of muscle, there may be both a reduction in the
capacity for contraction, which is associated with a decrease
in cardiac performance, causing a reduced ejection fraction,
and an increase in muscle stiffness, causing inadequate fill-
ing of the heart chambers [5]. Mechanical tests show that
stiffness in the left ventricle ranges from 10 to 20 kPa during
diastole and 200-500 kPa during systole. In addition, stiff-
ness in the range of native cardiac tissue (10-20 kPa) tends
to induce cardiomyocyte characteristics more similar to
native cardiomyocytes [6].

Gelatin is a protein that has been completely denatured,
breaking the triple helix of the type I collagen molecule into
a single stripe. Gelatin has similar benefits to collagen in
terms of biocompatibility and biodegradability and can be
used to form nanofibrous scaffold [7]. Electrospinning is a
technique used to form nanofibers which uses a high voltage
power supply, a grounded metal collector and a syringe
attached to a syringe pump. The biomaterial solution is
loaded into the syringe and extruded in the form of nanofi-
bers in the collector through the cone of Taylor. In case of
gelatin, these nanofibers need to be crosslinked to avoid
dissolution and to improve its mechanical properties [8].

This paper relates the results obtained in a study that
aimed the development of a gelatin nanofibrous scaffold,
using the electrospinning technique, that could be cross-
linked, for a future use in MTE with the goal to allow cell
proliferation and myocardial regeneration. The hypothesis
being tested is that is possible to produce gelatin fibers by
electrospinning and that crosslinking process would be able
to increase the mechanical properties to approach the same
characteristics of the myocardium. The gelatin was the
material selected to prepare films through the solvent evap-
oration technique that were used on the mechanical tests
furthermore. The fibers were Electrospun using Tri-
fluoroethanol (TFE) as a solvent and the parameters (con-
centration, voltage and distance) were varied to improve the
quality of the fibers that were then crosslinked with
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC).
The morphology of the fibers was investigated by scanning
electron microscope (SEM) and the efficiency of the
crosslinking processes were evaluated by water swelling test
and differential scanning calorimetry (DSC).

2 Materials and Methods

The materials used were gelatin type B (Gelita do Brasil LTDA,
Cotia, SP, Brazil), Ethanol (etOH) (Synth, Labsynth Produtos
para Laboratorios, LTDA, Diadema, SP, Brazil), 1-Ethyl-3-
(3-dimethylaminopropyl)  carbodiimide (EDC) (Sigma
Aldrich, St. Louis, MO, USA) and 2,2,2-Trifluoroethanol
(TFE) (Sigma Aldrich, St. Louis, MO, USA).

C. Parente and S. M. Malmonge

2.1 Gelatin Films

Gelatin films were used to determine the crosslinking pro-
tocol. The gelatin films were prepared using the technique of
solvent evaporation. Using TFE as a solvent, the solution
were agitated for 30 min at room temperature, to allow
complete dissolution of the raw material, in two different

concentrations, 5 and 10% and let it to evaporate in petri
dishes for 48 h [9].

2.2 Nanofibers Through Electrospinning

The technique used to produce nanofibers was the electro-
spinning, which used a high voltage power supply (Inergiae
Conversores Estaticos LTDA, APIS 0330A Benchtop
30 kV-10 mA) attached to a syringe pump (World Precision
Instruments (WPI) model AL-1000) with a 10 ml glass
syringe and an aluminum static collector. The flow rate was
kept constantly, 1 ml/h. The process parameters (potential
field (kV) and needle to collector distance (cm)) were varied
to optimize the stability of the electrostatic jet during elec-
trospinning, all according to previous studies [10, 11]. The
solutions prepared, in two different concentrations, 5 and
10%, were loaded into the syringe and then collected on the
static metal collector.

2.3 Crosslinking

The films and nanofibers were crosslinked by soaking them
24 h in a solution 0.2 M of EDC in etOH, using enough
solution to promote the crosslink in different molar ratio
between active groups of gelatin and EDC (1:1; 1:0.5; 1:0.25
and 1:0.1). The excess of the crosslink agent was washed off
by washing the samples with deionized water [11].

2.4 Characterization

Initially, samples of gelatin films were submitted to char-
acterization techniques aiming to conclude about the effi-
ciency of crosslinking gelatin hydrogel by immersion in
EDC ethanolic solution. In this step, the films were evalu-
ated for water swelling, thermal and mechanical behavior.
The samples of film were evaluated about its ability to
absorb liquid (swelling) by emerging them in distilled water
for 30 min and weighed every 5 min. Differential Scanning
Calorimetry (DSC) was performed on a Q series, TA
Instruments, applying an inert atmosphere, a flow rate of
50 m/min of N, with samples in aluminum crucible with lid
(using one empty as reference). The samples were first sta-
bilized at 10 °C, warmed up to 200 °C and then cooled until
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—10 °C, warmed a second time up to 200 °C always in a
speed of 10 °C/min. Additionally the films were mechani-
cally evaluated according to the stress X strain test under
tension, using a Tytron 250, MTS with a load cell of 250 N,
a speed of strain of 1 mm/min and space between the gripers
of 20 mm. From the stress X strain curves, it was possible to
determine the module of elasticity (E), yield strength (o)
and strain at break (g;). All the analysis were performed in
triplicate.

Finally, morphologicale valuation of electrospun gelatin
fibers was performed in view to conclude about the fiber
formation. The morphology was evaluated on a Quanta 250,
FEI scanning electron microscope (SEM). Electrospun
gelatin samples were sputtered with gold in a LEICA, model
ACE 200 sputtering and fixed with the help of a carbon
conductive tape. The samples were observed to check for the
presence or absence of fibers and defects.

3 Results

Gelatin is like a polyelectrolytic polymer that has many
functional groups. Its carboxyl and amine functional groups
can be ionized by acidic or hydrolyzed agents to carry
negative charges. In addition, the strong hydrogen bond that
constitutes the behavior of gelatin results in a network of
three-dimensional macromolecules that hinder the mobility
of the polymer molecule chains. Because gelatin is a highly

Fig. 1 Photos of the gelatin
films produced through solvent
evaporation technique. a Film of
gelatin with the solution 5% w/v.
b Film of gelatin with the solution
10% wiv

Table 1 Parameters varied
during electrospinning:
concentration (w/v), voltage 5
(kV) and distance (cm)

Concentration (% w/v)

10

polar biopolymer, its solubilization is only possible in high
polarity solvents such as fluoride alcohol TFE [10].

The films produced through the solvent evaporation
technique were transparent, manageable, with no visible
imperfections, probably signs of an amorphous structure as
can be seen in Fig. 1.

Electrospinning of the TFE based gelatin solution pro-
duced fibers that can vary due to the change of parameters,
according to Table 1.

Changing concentration, which is directly related to the
viscosity, the more viscous the solution, the higher is the
diameter of the jet leaving the needle, as well as the diameter
of the fibers. The voltage applied to the needle and the
distance between the collector determine the intensity of the
formed electric field, which drives the jet in the Taylor cone.
A higher electric field will conduct more fluid in the jet and
cause greater electrostatic force in the nanofibers. If the
electric field is too low, the jet is pushed only intermittently
by the syringe. When the electric field is very high, the
polymer solution can be pushed by the syringe in a disor-
dered way, not forming fibers in the collector [12, 13].

With the solution 10% concentrated, 12 kV of voltage
applied and 12 cm of distance, the fibers formed were ran-
domly with defects related to the deposition of drops (which
appears as dark marks on the SEM images—Fig. 2a). On the
second condition, with the same concentration but 10 kV of
voltage and the same distance, the fibers formed presented
significant more defects than the first experiment, with the

Voltage (kV) Distance (cm)

15 12
12 12
10 12
12 12
10 12

10 20
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Fig. 2 Scanning electron
microscopy micrographs of
Electrospun nanofibers of the
10% solution of TFE gelatin
based. a 12 kV, 12 cm, b 10 kV,
12 cm, ¢ 10 kV, 20 cm

presence of spherical beads (Fig. 2b). The third condition
differentiate from the second one by the distance, 20 cm, it is
possible to see fibers, with spherical beads, as in the second
experiment and without the drops of the first test (Fig. 2c).

With the solution 5% concentrated all the three conditions
were able to form fibers (Fig. 3), although only the second
test, 12 kV and 12 cm of distance (Fig. 3b) presented fibers
without the abundance of spherical beads. The presence of
fibers without beads it is important for the study because one
of the goals of the Myocardial Tissue Engineering is the
design and fabrication of a tissue-like material to mimic
extracellular matrix (ECM) of the tissue that is to be engi-
neered, thus, the scaffold needs to be fibrous to allow cell
population and proliferation [14].

The test of swelling, responsible to show the ability of the
material to absorb water, shows that the crosslink ratio
changes its properties. The gelatin film when immersed in an
alcoholic EDC solution, must permeate the gelatin chains to
find and react with the ~COOH groups. According to Fraga,
1985, the crosslinking reaction occurs preferably with the
—COOH groups present in the segments accessible to EDC,
which depends on the ability of diffusion of the crosslinker
in the hydrogel. Crosslinking probably occurs preferentially
in the ~COOH groups of the flexible segments of gelatin,

since during the formation of the film, the rigid segments
acquire helical conformation [15]. It was possible to observe
that as the crosslinking ratio increases, the ability to absorb
water decreases, the non-crosslinked sample absorbed 90%
of its weight in water, as the crosslinked ones were in the
range of 70-80%.

Considering the application of the scaffold to be used in
myocardial tissue engineering, the mechanical evaluation of
the biomaterial is crucial, since the myocardium plays an
important mechanical function that determines the cellular
function of cardiomyocytes. Some of the properties most
used is the left ventricular stiffness, which ranges from 10 to
20 kPa during diastole and 200-500 kPa during systole [16].
In addition, according to studies, the tensile strength of the
scaffold must be taken into account since the pressure in the
left ventricle, for example, can vary from 3 to 140 mmHg in
each heartbeat [17].

A typical graphic and the results of the stress x strain test
of the gelatin films under tension can be seen in Fig. 4 and
Table 2. It is possible to observe that the mechanical
behavior of the graphic is slightly nonlinear, also called as
J-shaped, a typical behavior of a biological tissue, whereas
synthetic elastomers tend to present linear patterns. The
structural mechanism behind these two different elastic
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Fig. 3 Scanning electron
microscopy micrographs of
Electrospun nanofibers of the 5%
solution of TFE gelatin based.
al5kV,12 cm, b 12 kV, 12 cm,
¢ 10kV, 12 cm

Fig. 4 Typical graphic of stress
x strain test. Graphic related to
one sample of a gelatin film
produced by the solvent
evaporation technique, 5% w/v

Table 2 Results of stress x
strain test with gelatin films

157

Crosslink ratio

1:0.25
1:0.5
1:1

Module of elasticity (MPa)

0.027 £ 0.012
0.051 £ 0.021
0.126 £ 0.042

60 70

Strain (%)

Tensile strength (MPa)

0.025 & 0.070
0.040 £ 0.012
0.100 £ 0.083

Deformation at rupture (%)

80.25 £ 6.18
77.36 £ 12.49
11.28 £ 33.35
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Fig. 5 Samples of gelatin films
during stress X strain test at the
beginning and at the end of the
test. Crosslinking ratio 1:0.25
(A and B), 1:0.5 (C and D) and
1:1 (E and F)

behavior is that the polymer chains are randomly tangled in a
synthetic elastomer, whereas protein nanofibres are aligned
in the muscular tissue [14].

During the tests of this study, the samples of the
non-crosslinked films could not be carried on due to lack of
resistance for the sample to remain on the gripper. The
results show that as the crosslinking ratio of the films is
changed, it is observed that the increase in the molar ratio
between reactive groups and EDC, promotes an increase in
the elastic modulus, an increase in the tensile strength and a
decrease in the deformation at rupture. The samples of the
films crosslinked in a 1:025 showed approximately 80% of
deformation whereas the films crosslinked in a ratio 1:1
showed approximately 11% of deformation only. The
deformation of the films can be better observed on Fig. 5.

4 Discussion

Such results show that the hydrogel becomes more rigid and
more resistant to tension due to the increase in the number of
crosslinking links, which means, the higher the crosslinking
density, the less flexibility and movement capacity of the
biopolymer chains that are anchored by the crosslinks.

The mechanical tensile strength values are the same order
of magnitude or only slightly lower than the values to which
the cardiac muscle is subjected. The mechanical behavior
shown by the films can be explained assuming that gelatin

follows the model described by Fraga and Willians, that says
the chemical structure of gelatin is formed by a composite
block copolymer by amino acid sequence — (Glycine-AB)
x— (Glycine-Proline-Hydroxyproline) y— and that the
blocks containing proline and hydroxyproline have rotation
restrictions due to peptide bonds that promote rigidity to the
structure [15].

The results obtained by differential scanning calorimetry
(DSC) by using the thermograms referring the first heating
of each film under study showed the occurrence of a first
endothermic event around 90-100 °C. Some authors have
attributed this endothermic peak to the destruction of the
crystalline structure related to the triple helix of collagen
and, in the case of gelatin, the destruction of the crystalline
arrangement, or ordered helical structures that can occur due
to the strong interactions between groups present in the
chain. Some authors call this thermal event the temperature
of denaturation, since it destroys the typical morphology of
collagen chains [18].

On the thermogram resulting from the second heating, the
presence of endothermic peaks was no longer observed.
After the “melting” of the gelatin, which occurred during the
first heating, the material was cooled relatively quickly (10 °
C/min) and, therefore, the crystalline rearrangement did not
occur (that is, the reconstitution of helical gelatin structures
and their aggregation did not occur). The DSC analysis
showed that the gelatin films resulting from the preparation
and cross-linking protocols used in this study resulted in
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materials with a semi-crystalline structure behavior, how-
ever, after melting and cooling at the employed speed, all the
films behaved as structural material totally amorphous.

5 Conclusions

The present contribution reported the results about
crosslinking process of gelatin films using 1-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC). It was con-
cluded that the different degrees of crosslinking guarantee
different properties, such as water absorption capacity (swel-
ling) as well as different thermal and mechanical properties.

The mainly result showed in this study was the nanofibers
created through electrospinning using a gelatin solution
dissolved in 2,2,2-trifluoroethanol (TFE) with 5 and 10% of
concentration of solute. It was concluded that the concen-
tration as long with different parameters changed the char-
acteristics of the fibers. The best fibers were formed (without
the presence of drops or beads) with the conditions of 10%,
10 kV and 20 cm and concentration of 5%, 12 kV and
12 cm.
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Abstract

Mechanical circulatory assistance with left ventricle assist
devices (VADs) can be used for hemodynamic stabiliza-
tion in patients waiting for heart transplantation. In this
application the VAD is connected to the heart with the
use of special cannulas. The purpose of this work is to
present in the performance of long-term cannulas
designed for pediatric patients undergoing circulatory
assistance. Pressure drop of cannulas with different sizes
were tested using a mock loop of the pediatric arterial
circulation. Considering a flow range of 0.52—1.25 L/min
the pressure drops obtained was 9.43 to 22.1 mm Hg,
respectively. Good clinical results were obtained with
cannulas associated with a centrifugal pump or DAV for a
period of approximately 4-64 days, with no thrombus
formation on the tips of the cannulas or bleeding. The
implantation of cannulas proved to be technically feasible
and their removal was easy to perform in cases of
ventricular recovery or transition to a long-term assistance
device.
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1 Introduction

Heart transplantation is the therapy of choice for the treat-
ment of terminal heart diseases. However, the lack of
availability of donor organs limits this procedure and new
techniques have been developed and improved to extend the
life expectancy of patients waiting for heart transplantation
(1].

The use of mechanical circulatory assist device is one
alternative treatment for patients who develop cardiogenic
shock refractory to drug therapy in order to convert a ter-
minal condition into a stable clinical condition that allows a
heart transplant to be performed, thus functioning as a bridge
for transplantation. Mechanical assistance to the heart can be
provided by pulsatile or continuous flow devices and the
most used for this purpose are the intra-aortic balloon,
centrifugal pumps and ventricle assist devices [2—4].

Our group is developing a pediatric pulsatile ventricular
assist device (VAD) actuated by a pneumatic system device
can be used to assist the left, right or both ventricles [5] and
it is connected to the heart by special cannulas. Hemody-
namic stabilization in patients who require cardiopulmonary
support can also be performed with the use of extracorporeal
centrifugal pumps which provide continuous flow [6]. The
use of this type of pump is indicated when there is the
expectation of heart recovery.

This work aims to present the development of biocom-
patible cannulas for long-term implants of centrifugal pumps
or VADs used as circulatory support in pediatric patients as
a bridge to decision or to heart transplantation.

2 Materials and Methods
2.1 The Cannulas

Cannulas are usually made by flexible tubes of different
dimensions and hardness, straight or curved, open at both

161

T. F. Bastos-Filho et al. (eds.), XXVII Brazilian Congress on Biomedical Engineering,

IFMBE Proceedings 83, https://doi.org/10.1007/978-3-030-70601-2_26


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70601-2_26&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70601-2_26&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70601-2_26&amp;domain=pdf
mailto:helena.oyama@incor.usp.br
https://doi.org/10.1007/978-3-030-70601-2_26

162

H. T. T. Oyama et al.

ends and intended to be introduced into the body. Cannulas
are used to connect an assist device to the heart. Different
models of cannulas are available to suit specific surgical
needs. For implants lasting longer than 30 days, cannulas
must be fabricated with medical grade biocompatible mate-
rials, which can be used as permanent implants. The can-
nulas describe in this work were produced using silicone
elastomer, ringed PTFE vascular grafts and inorganic patch
of Polyethylene Glycol Terephthalate (Dacron® fabric) and
whenever metals parts were necessary, titanium was used.

Cannulas of various configurations were developed con-
sidering VAD implantation in patients of different sizes.
Molds in 316L stainless steel were developed for modeling
and vulcanizing the silicone. Material processing was carried
out under class 100 laminar flow) inside an ISO 8 classified
room according to the NBR ISO 14644 standard.

When used to connect to the VAD the drainage cannula is
inserted into the apex of the left ventricle to fill the
pump. This cannula is termed apical or ventricular cannula
has a chamfered titanium tip and is fixed through a direct
suture with the ventricle, through a Dacron® fabric collar.
The blood returns to the patient through an arterial cannula
sutured in the ascending aorta or pulmonary artery,
depending on whether assistance is performed in the left or
right ventricle. The arterial cannula is manufactured with
medical grade silicone a ringed PTFE vascular graft for
suturing it directly to the aorta. Different cannulation tech-
niques are used for unit or biventricular assistance and dif-
ferent cannulas are necessary for each application.
Accordingly, there can be application with respect to the
shape, length, and diameter of the cannulas.

2.2 “In Vitro” Testing

The experimental arrangement used the cannulas is shown in
Fig. 1. Cannulas were connected to the inflow and outflow
ports of a pediatric VAD mimicking the left ventricle on a
hydraulic simulator of the pediatric circulation. The simu-
lator was filled with a blood analog fluid (glycerin solution
diluted in 0.9% NaCl saline solution) and instrumented with
a flow transducer (Transonic, USA) in the aortic segment of
the simulator and two pressure transducers (Edwards Life
Science, USA) positioned in the cannula at the exit of the
DAYV (following the direction of flow) and at the afterload
chamber. This arrangement allowed the measurement of the
pressure difference between the two ports, which represents
the pressure drop along the cannula. A differential transducer
(Validyne Engineering Co, USA) was placed at the same
points for direct differential pressure measurements. After
conditioning (4 channel pressure conditioner, Bioengineer-
ing Division, Brazil) signals were recorded using the DataQ

WinDaq DI-220 acquisition system, (DataQ Instruments,
USA) on a computer.

Cannulas with an internal diameter of 6 and 8 mm and a
length of 220 mm were evaluated under the same conditions
to compare the results. During trials, VAD was activated at
different rates at constant filling pressure (—10 mmHg) and
the afterload was adjusted to the physiological infantile
condition (about 90 mm Hg x 60 mm Hg).

2.3 “In Vivo Validation”

Long term cannula implantation was performed with support
of cardiopulmonary bypass (CPB) through median ster-
notomy in a conventional manner. The aorta and right atrium
were cannulated to start CPB in 6 patients. The average age

Fig. 1 Experimental set up simulating the use of the cannula
connecting a VAD to the mock loop of the pediatric circulation
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of these patients was 7.3 years. These patients were on a
waiting list for transplantation with a diagnosis of Dilated
Cardiomyopathy (DCM), Total Atrioventricular Septum
Defect (total AVSD) or Restrictive Cardiomyopathy
(RCM) and classified according to INTERMACS (Intera-
gency Registry for Mechanically Assisted Circulatory Sup-
port) 1 or 2. The reason for the indication for MCS was
Bridge to Transplantation (BTT) in 4; Bridge to Bridge
(BTB) in 1 and initially as a Bridge for Recovery (BTR) and
later considered for BTT (no recovery of function in the first
5 days). The study was approved by the HC-FMUSP ethics
committee (SDC 4009/13/134).

3 Results

The dimension of the cannulas is present in Table 1.

“In vitro” tests—The pressure drop was determined by
taking the difference between the pressure recorded at can-
nula inlet and at its outlet considering the direction of the
flow. A differential pressure curve as a function of time was
obtained. As this differential pressure curve is periodic and
has negative values in part of the cycle, the value of the head
loss was determined through the effective value (rms), which

Table 1 Dimensions of the
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for a function over time is given by Eq. 1, where p(t) is a
function of differential pressure over time and T is the period.

(1)

The effective value can be determined by the relationship
of the average value (Paverage) and the standard deviation &
according to Eq. 2:

(2)

Figure 2 shows the results represent the pressure drop
values along the cannulas under the different flow condi-
tions. The error bars in the graphs indicate the standard

2 _ 2 2
Prms = paverage +o

deviation of the means.

As shown in the figure, the pressure drops of cannulas
with 6 mm internal diameter are almost twice that of larger
diameter cannulas.

“Clinical evaluation”—The implantations of apical or
ventricular cannulas for use with the VAD or with the
centrifugal pump were performed following a similar pro-
tocol. The tunnel for exteriorization was defined and made,
so that the cannula is below the last costal arch. The tunnel

Internal Apical cannula Atrial cannula Arterial cannula
cannulas diameter
(mm) Tip Total Tip Tip Total graft Length Total
(titanium) (mm) (mm) silicone (mm) PTFE O graft (mm)
(mm) angle (mm) (mm)
6 27 220 240 6 10 180
29 220 25 45° 240 8, 10 15 195
Fig. 2 Pressure drop as a Effective Value of Pressure Drop Through the Cannula
function of flow for the two
. 25,0
diameters evaluated
y=9,299x+ 12,649
- R*=0,9687
— = il 4 6mm Cannula
gE:n 20,0 ”t,.{-
E f‘?§' = 8mm Cannula
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o ====Linear (6 mm Cannula)
i
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ﬁ e | PTTLLE i 3 " s
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exit was made slightly smaller than the diameter of the
cannula so that the part coated with Dacron® fabric very
tight and allows a perfect fixation and subsequent growth of
healing tissue which will promote great stability of the
position of the cannula. A circular and transmural left ven-
tricle (LV) fragment is removed in the diameter of the tip of
the cannula to be implanted. The tip of the cannula was
introduced into the LV and the stitches were tied as shown in
Fig. 3. Hemostatic biological glue is applied at the end to
promote better hemostasis. After fixing the distal part of the
cannula, it is removed from the interior of the thoracic cavity
and externalized through the tunnel initially performed. The
heart is placed in its anatomical position so that it is com-
fortably positioned with the cannula well accommodated in a
way that does not deform the left ventricle anatomy is not
deformed by it.

The profile of the patients, diagnosis, type of indication,
and time of assistance, as well as the evolution with the use
of these devices are presented in Table 2.

Fig. 3 a Cannulas model;
b positioning and fixing the apical
cannula at the LV tip

Table 2 Patients and evolution

4 Conclusions

The pressure drop values for the 6 mm diameter cannula
ranged from 17 to 22 mm Hg and for the 8 mm cannula the
from 9 to 12 mm Hg with increasing flows from 0.52 to 1.03
and from 0.59 to 1.25, respectively. It can be observed that
there is a difference between the cannulas of different
diameters with the cannula of smaller offering greater
resistance in all conditions analyzed [7]. It is also noted how
the flow changes the value of the pressure drop, which
increases with the increase of this quantity [8].

The implantation of long-term cannulas proved to be
technically feasible, allowing adequate decompression of the
left ventricle and, due to the fact that the cannulas have a
conical end, they can be used in pulse pumps and also in
centrifugal pumps. No thrombus was observed at the tips of
the cannulas or bleeding. The association of the long-term
cannula with the centrifugal pump allowed adequate support
for patients on the waiting list for heart transplantation and

0
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_'U
“
[
>
(=
0
J
a
<

- ; ’ P Time Diagnosis Indication Assistance time (h) Type of assistance
of assistance with centrifugal
pump and long-term cannulas 1 9 years DCM BTT 41 LVAD
2 12 years DMC BTT 160 LVAD
3 5 years Total AVSD BTT 632 BiVAD
4 1 month DMC BTT 155 LVAD
5 13 years RMC BTT 840 BiVAD
6 5 years RMC BTT, BTB 1584 LAVD

LVAD: assistance of isolated left ventricle; BiVAD: assistance for both ventricles
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enabled greater patient mobility in the bed due to the great
stability in its fixation. The removal of the cannulas was easy
to perform and, when necessary, the transition was simples
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Abstract

Phytotherapy can have several applications, such as
anti-inflammatory, analgesic, antinociceptive, antimicro-
bial, antiviral and tissue regeneration. It is important to
characterize the effects of these drugs to verify clinical
safety, avoiding possible adverse reactions, like toxicity,
digestive discomfort and headache. In this research, the
effects of total aqueous and ethanolic extract of Lantana
trifolia L was analyzed on Vero cell cultures, seeking to
understand how the cellular response to different concen-
trations (25, 50, 75 and 100 pl/ml) of the extracts. There
were carried out quantitative and qualitative, morpholog-
ical evaluation, of the cultured cells in the presence of the
extracts. The quantitative results showed cell viability
dependent on the concentration of test extract. The
cellular viability remained above 70%, therefore for all
experimental conditions, resulting in non-cytotoxic
effects, both for aqueous and ethanolic extracts. With
the statistical analysis of the results obtained it was
possible to conclude that there was no significant
variation in cell viability, that is, although the extract is
non-cytotoxic, it does not cause cell proliferation in the
medium. The quantitative results are in accordance with
the qualitative analyzes.
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1 Introduction

Phytotherapy, medicines originated from plants, are widely
used in the prevention and combat of diseases. Currently
there are several herbal medicines in common and daily use,
made in the form of teas and juices, such as chamomile,
Chamomilla recutita L., which has an anxiolytic and seda-
tive effect [1]. Erythrina crista-galli, which is known as
cork, has been shown, in pharmacological studies, to present
antinociceptive, anxiolytic, sedative, muscle relaxant and
antibacterial activities, and Erythrina velutina extracts that
has anxiolytic and sedative properties [2].

Although most herbal medicines
well-known toxic profile, daily use has become common.
Many people use herbal medicines indiscriminately, without
worrying about adverse and harmful effects to the organism.
Phytotherapic are used by self-medication or by medical
prescription and most of them do not have a well-known
toxic profile [3]. Despite the benefits of medicinal side
effects can occur, such as abortion, hypotension, headache,
dizziness, among others [1].

According to the WHO (World Health Organization)
about 65-80% of the population, mainly in developing
countries, use herbal medicines in primary health care [4].
Despite the fact that medicinal plants are already part of
popular culture, in the last decades the interest in herbal
medicine has increased considerably among users [5].

In this context, Brazil is a privileged country, due to the
large variety of its flora, and the consequent variety of
phytotherapy for disease prevention and treatment that
directs scientific studies in different areas. The phytother-
apy research has great potential for contribution in the
economic field, due to the high demand for low-cost and
reliable medicines, as well as in the scientific field, with
contributions to the medical and pharmaceutical areas
[6-8].

Among the great number of plant species of phytothera-
pic interest, with reported clinical applications, we can

do not have a
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mention the family Verbenaceae, which includes the genus
Lantana [9, 10], that is associated with antimicrobial and
anti-inflammatory activity. There are also reposts of several
effects on the organism for Lantana sp., among them we can
mention toxicity related to respiratory and digestive disor-
ders [10-12]. These data indicate that more careful analyzes
should be carried out to indicate the safety of these
phytotherapic.

One representative of the genus, L. trifolia L, presents few
studies characterizing its phytotherapic potential. Reports of
the use of tea from the leaves of this species for the treatment
of gastric ulcers are accompanied by description sedative,
anti-inflammatory and analgesic effects [10—14].

There are few studies in the scientific literature on the
potential effects that L trifolia may have on different cells,
indicating concentration related toxicity [14]. Thus, new data
about this species may result in a great contribution to the
scientific literature, guiding the next steps and application in
a tissue regeneration or tissue engineering application [14,
15]. In this study both the aqueous and ethanolic extract of
L. trifolia were considered non cytotoxic.

2 Objectives

The objective of this study was to evaluated Vero cells
cultured in the presence of total aqueous and ethanolic
extract of L trifolia, using morphological analyses and MTT
(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide) technique.

3 Materials and Methods
3.1 Preparation of Lantana Trifolia Total
Extracts

The plant material was collected at Sao Bernardo do
Campo/SP, at the UFABC Campus, and an exsiccate was
deposited at the UFABC herbarium.

There were prepared total extract of L trifolia leaves [14],
according to techniques previously described in the literature
[16-20].

Briefly, the leaves were stored in an oven at 60 °C for
48 h, and then crushed. The extracts were obtained with
2.5 g of the materials in 12.5 ml of solution, being the
experimental conditions: water at room temperature, and
ethanol. After 24 h, in a closed system, the extracts
obtained were filtered and frozen. The aqueous extracts
were subjected to lyophilization, and the ethanolic extracts
were subjected to the rotoevaporation procedure. The
extracts were prepared in phosphate buffer solution (PBS),
pH 7.4.

C. F. L. Silva et al.

The extracts were sterilized by filtration through a syringe
filter. The use concentrations for both aqueous and ethanolic
extracts were: 25, 50, 75 and 100 pl/ml [14-17].

3.2 Vero Cell Culture

Vero cell lineage (CCIAL 057) was used [21]. The cells
were cultured in HAM F10 medium, with 10% fetal bovine
serum (FCS) and 10 pg/ml penicillin/streptomycin, and
maintained at 37 °C with 5% CO,.

For the extract assay, the cells were inoculated in a
96-well culture plate, the density of 2 x 10* cells/well, and
maintained in the culture condition for 48 h, until the
monolayer reached the confluency. After this period, the
culture medium was replaced by extract solutions in
the mentioned concentrations (25, 50, 75 and 100 pl/ml).

As control for the experiments, the ideal culture condi-
tions were considered negative control and 0.25% phenol in
the culture medium was used as positive control, considering
the cytotoxicity analyzes of the extracts.

3.3 AQualitative Analyses: Cell Morphology

The cells under experimental conditions (presence of total
extracts), and controls, were evaluated after 24 h in culture
for the qualitative morphological analyzes, with an inverted
microscopy, and phase contrast (Axiovert Al, Zeiss).

3.4 Cell Quantification: MTT Assay

Quantitative evaluation of cell cultures was performed using
the MTT assay (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide) [22]. The culture medium was
removed and MTT solution was incubated for 4 h. After that
period, the MTT solution was removed, and DMSO
(dimethylsulfoxide) was added. The quantification of cells
was performed by spectrophotometric reading at 540 nm
(SpectraMax MS5), considering the negative control as 100%
cell viability. The results were expressed in relative per-
centage. The tests were performed in quadruplicate. Statis-
tical analyses were used with the Bonferroni—ANOVA
model.

4 Results and Discussions

Vero cells (Fig. 1) are epithelial cells of the kidney of the
African green monkey (Cercopithecus aethiops), with typi-
cal monolayer growth in an elongated morphological pat-
tern, fibroblast-like cells [23].
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Fig. 1 Vero cells in culture, morphological
application of the extracts. Observation: 400 x

Fig. 2 Cytotoxicity controls,
Vero cells. a. negative control;
b. positive control. Observation:
400x

Fig. 3 Vero cells, cytotoxicity of
aqueous Lantana trifolia extract
in different concentrations:

a. 25 pg/ml; b. 50 pg/ml;

c. 75 pg/ml; d. 100 pg/ml.
Observation: 400x

The analyzes were performed using aqueous and
ethanolic extract of Lantana trifolia, with 25, 50, 75, and
100 pg/ml, and the positive and negative control. All
extracts remained in culture for 24 h in order to assess cell
morphology.

It is possible to observe the experimentation controls after
the 24 h period (Fig. 2). The negative control shows the
standard morphological pattern of Vero cells, monolayer
culture, with no signs of cell death (Fig. 2a). In contrast, the
positive control shows an opposite pattern, although a con-
siderable quantity of cells are present, the morphology is
altered, with loss of cell adhesion, monolayer discontinuity
and cell vacuolization, configuring cytotoxicity.

In cell culture in the presence of aqueous extract, the cell
response was similar to the pattern observed in the negative
control, indicating no-cytotoxicity (Fig. 3a, b), but at con-
centrations of 50 and 100 pg/ml (Fig. 3c, d), it is possible to
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Fig. 4 Vero cells, cytotoxicity of
ethanolic Lantana trifolia extract
in different concentrations:

a. 25 pg/ml; b. 50 pg/ml;

c. 75 pg/ml; d. 100 pg/ml.
Observation: 400 x

observe some cell morphological alterations. However some
cells in the process of division can be observed (Fig. 3c).

The cells cultured in the presence of ethanolic extract
(Fig. 4) with the same concentrations (25, 50, 75, and
100 pg/ml), showed morphological results similar to the
aqueous extract and to the negative control, for all concen-
trations tested.

Comparatively, quantitative (MTT) assays were carried
out, and the results were in concordance with morphological
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Fig. 5 Vero cells, cytotoxicity of aqueous extract of Lantana trifolia
in different concentrations: a. 25 pg/ml; b. 50 pg/ml; c. 75 pg/ml;
d. 100 pg/ml

analysis, showing non-cytotoxic results for aqueous (Fig. 5)
or ethanolic (Fig. 6) extracts, and data are above 70%
viability.

The statistical analysis showed no significant differences
between the different extracts tested and the negative control,
indicating that the aqueous and ethanolic extracts in all
concentrations are non-cytotoxic, and also do not induce cell
proliferation. Morphological and quantitative data are in
accordance.
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Fig. 6 Vero cells, cytotoxicity of ethanolic extract of Lantana trifolia
in different concentrations: a. 25 pg/ml; b. 50 pg/ml; c. 75 pg/ml;
d. 100 pg/ml



Evaluation of Lantana Trifolia Total Extract in Cell Culture ...

There are not many studies on L. trifolia in the scientific
literature, but the non-cytotocicity of aqueous extracts is
related, as well as ethanolic extracts may show signs of cell
cytotoxicity, concentration dependent [14], for other Lan-
tana species, L. camara and L. montevidensis [24-26]. The
data presented are promising, and allow to expand the
studies for the application of tissue engineering with total L.
trifolia extracts for tissue engineering, associated with bio-
materials or controlled delivery systems.

5 Conclusion

The total aqueous and ethanolic extract of L. trifolia showed
no cytotoxicity on Vero cells.
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Abstract

Currently, look for alternative healing membranes that
can perform actions such as safe and secure physical
barrier, allowing proper gas exchange, being clinically
effective, easy to apply, manipulating and assisting in
wound care. Face this need, demonstration or potential of
bull skin for use as a healing membrane, being used in
this work antibiotic for skin disinfection. O ozone (Oj3) is
known for its high antimicrobial effect without develop-
ment of resistant tissue. The present work had standard-
ized disinfection performance using ozone and the bull
skin membrane lifetime test. Opened in February 2019
and after verified microbiological test-if there was no
contamination. Through the preliminary results of the
useful life test, the next steps of the study to evaluate
dressings in animal model were determined.

Keywords

Ozone * Rana catesbeian * Shelf-life

1 Introduction

Skin grafting is a technique widely used in plastic and
reparative surgery to treat extensive skin lesions. It is mainly
indicated to treat surgery to repair chronic wounds, burns,
abrasions or traumas, skin lesions after trauma or surgery
and congenital deformities [1].

The acceleration of wounds healing provided by the
biological occlusive curative methods has been studied.
These biological curatives have antibacterial action, but it
mainly stimulates the processes of granulation, contraction
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and epithelialization, forming a physical barrier against an
invading bacteria and preventing the retention of exudate,
affecting beneficial activities [2].

In Brazil, burn injuries are responsible for 57% of the
young people deaths, between O and 19 years old. About 1
million burn cases occurs each year and about 2500 people
die from these injuries. Materials with antibacterial and skin
analog properties can be used as a biological occlusive
dressing, being useful to accelerate the formation of granu-
lation tissue, thus favoring the healing process [3].

In this scenario, new technologies are needed that can be
used to replace the skin during healing. Several studies have
focused on the development of biomaterials for this pro-
posal, such as healing membranes with therapeutic functions
[2]. Each solution must follow three criteria of tissue engi-
neering, being: it must be safe for the patient; be clinically
effective and easy to apply and handle [4].

Several materials of biological origin have been studied
as possible skin substitutes (curative membranes or biolog-
ical dressings), among them are the amniotic membrane of
human and rabbits, pig, rabbit, human skin [5-7] and
amphibian skin [8-10].

The use of Nile tilapia skin as biological dressing has
been studied. It has morphological characteristics and
resistance close to human skin [11].

In an article published by Revista Brasileira de Quei-
maduras in 2017, in animal studies, it was observed that the
tilapia skin showed good adherence and it has potential for
application as a biological dressing, helping in the healing
process [12].

A possible alternative is to use Rana catesbeiana (bull-
frog) skin. It is one of the most economically important
commercial frog species in the world. The creation of frogs
for meat consumption in Brazil is a growing market, gen-
erating a large volume of tailings residues that could be used
in other processes [10].

The bullfrog (Rana catesbeiana) is an amphibian with
great commercial relevance in ranching, with good
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adaptation to breeding, simple handling and commercial
value. Its skin is used in clothes, shoes, belts, bags, wallets,
gloves, objects and ornaments production. It is a great source
of collagen and oils being used in the cosmetics and
dermo-medications industry. It also has promising potential
for use as curative membrane in skin lesions [13, 14].

The bullfrog’s skin corresponds to 11% of the entire
animal. It has great potential for applications as a curative
membrane, presenting a great diversity of toxins of its
defense system [5]. In the cells lining the skin of this animal,
it is possible to find several assets, such as aliphatic, aro-
matic and heterocyclic molecules, in addition to a diverse
range of steroids, alkaloids, biological amines, guanines,
proteins, peptides and the entire enzyme system involved in
their biosynthesis [6].

In amphibians’ skin, there is a large amount of
mucus-secreting glands, which produce aqueous fluid that
maintains skin moisture, which is essential for skin breathing
and makes it slippery, being a defense against predators [6].

The use of bullfrog skin (Rana catesbeiana) a curative
membrane could provide mechanical barrier protective to
aggressive agents and external contamination, with effective
gas exchange due to its cellular composition, high concen-
tration of collagen, water and nutrients, biocompatibility,
biological interaction with the substrate with the release of
tissue biomodulators [10].

Skin replacement is an important step in the treatment of
various etiologies. These products are intended to aid in the
healing process and even the healing of skin lesions,
depending on the substitute used. Currently, existing skin
types have associated advantages and disadvantages. More
studies and advances using synthetic and biological materi-
als are still needed, and even more tests with the materials
that exist on the market for improvements and adjustments in
the way they are used [11].

An extremely important step in the preparation of cura-
tive membranes for xenografts (grafts from a different spe-
cie) is the sterilization for its use and conservation. It
sterilization guarantee that there will be no contamination of
the patient. Thus, different approaches for sterilization of the
bullfrog skin and its effects on the skin healing process
should be explored [6].

The use of sterilization techniques for Rana catesbeiana
skins that maintain their properties are desirable so that they
can be applied as curative membranes, guaranteeing safety
and quality for future treatments. The use of sterilization
techniques for Rana catesbeiana skins that maintain their
properties are desirable for those that can be applied as cura-
tive membranes, safety and quality for future applications.

Ozone is known for its high antimicrobial power, it is an
effective oxidizing agent to inactivate viruses, bacteria,
fungi, protozoa. The main advantage of Ozone is that it does
not create antibiotics resistance [5].
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The present work aimed to study the disinfectant stability
of Ozone, associated or not with other agents, in Rana
catesbeiana skins for biological dressing applications.

2 Materials and Methods

2,1 Sample Preparation

The skin samples of Bullfrog (Rana Catesbeiana) were
obtained at Ranario Ranakan, in Juquitiba-SP, and the
microbiological evaluation and tests were carried out at the
Microbiology Laboratory of Universidade Brasil, campus of
Fernandopolis-SP.

Hundred animal skin (Fig. 1) were removed and frozen.
Before starting the disinfection process, muscle residues
were removed with the aid of a sterile scalpel and washed
with distilled water is abundant.

250 standards samples of 1 cm x 1 cm were cut with a
sterile scalpel. The skins sample were kept in the refrigera-
tor (-8 °C) in a closed container until the time of the
experiment.

2.2 Experimental Groups

The samples were divided into three groups:
Group : Ozonized skin + Copaiba oil

The copaiba oil used in clinical trials was purchased from
Mundo dos Oléos. The oil used is from Copaifera officinalis.
This oil came with a whole prospectus where it contains all
the technical information about the physical-chemical ana-
lyzes in which the oils are submitted, together with all the
organoleptic characteristics of it.

Group : Ozonized skin + Melaleuca oil

Tea tree oil used in clinical trials was purchased from the
company Mundo dos Oléos. The oil used comes from
Melaleuca alternifolia. This oil came with a whole
prospectus where it contains all the technical information
about the physical-chemical analyzes in which the oils are
submitted, together with all the organoleptic characteristics
of it.

Group : Ozonized skin 4 chitosan.

Chitosan samples used in clinical trials were prepared
using chitin which was dispersed in 50% aqueous NaOH
solution, containing 10% sodium dodecyl sulfate (SDS) and
1% sodium borohydride (NaBH,). The produced
N-deacetylation reaction was kept under constant stirring for
12 h. After that time the tests started.
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Fig. 1 Rana Catesbeiana skin in
the A rear perspective and
B frontal perspective

2.3 Ozone Disinfection

The skin samples were processed in a container of 1000 mL
filled with sterile deionized water. Ozone gas generated by
Ozone Life (Sdo Paulo, Brazil) equipment, connected to the
medical oxygen cylinder, was dispersed in the water for
30 min, totaling an ozone dosage of 700 L/min~'. After
disinfection, the skin samples were transferred to a sterile
plate to start the microbiological analysis procedure.

2.4 Stability Assessment and Microbiological
Analysis

Every month, for 12 months, 5 samples from each group
were submitted to a microbiological evaluation. A qualita-
tive microbiological evaluation was carried out, with no
intention of verifying the presence of bacteria in the moti-
vated groups. It was recorded the presence or absence of
contamination.

The experimental procedure was performed under lami-
nar flow, following the biosafety standards. With a swab, the
entire surface of the bullfrog’s skin was rubbed to collect
biological material for microbiological analysis.

The collected material was diluted in 10 mL of sterile
saline solution (NaCl, 0.5%) and homogenized. 1000 pL of
the homogenized solution were transferred to tubes con-
taining 9 mL of sterile saline, obtaining dilutions 107",
Following the same process, serial dilutions (1072, 1073 10™)
were obtained.
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The diluted solution was cultured, inoculating 100 pL
of the dilutions in 100 mm Petri dishes containing TSA
agarized media, and Sabouraud-dextrose (Ox0id®). The
inoculum was seeded over the entire surface of the
medium, using Drigalski loops, until the excess liquid was
absorbed.

This procedure was repeated 3 times, the plates sown and
incubated were kept in an oven for 24 h (Ist reading) and
48 h (2nd reading).

3 Results and Discussion

Each studied group presented bacterial decontamination after
the processed with ozone. Table 1 presents the observed
presence of bacterial contamination in each of the studied
groups.

The groups disinfected with ozone and stored in tea tree
oil and in chitosan show bacterial growth in the first month
after disinfection.

The group composed of ozonated skins and stored in
copaiba oil does not show microbiological growth even after
12 months of storage. This result shows the importance of
the stored method on the stability of the biological dressing.

Microbiological analysis shows the presence of only two
bacterial species in the skins, Escherichia coli and Staphy-
lococcus epidermidis. Differently from the study by FER-
EIRA et al. (2006), which analyzed the skin of amphibians
on the farm where it verified the presence of Mycobacterium
marinum [7].
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Table 1 Presence bacterial
contamination in each group

Month
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Ozone + copaiba oil
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Ozone + tea tree oil Ozone+ chitosan

+ o+ + o+ o+ o+ +
+ 4+ + o+ o+ o+ o+ o+

Legend: (—) no bacterial growth; (+) bacterial growth

According to previous published work, copaiba oil has
several therapeutic properties such as being anti-
inflammatory, healing, antiseptic, antibacterial [15]. In the
present work, its association with ozone gas improved its
antibacterial effect. Thus. copaiba oil proved to be an
effective antibacterial agent when associated with ozone gas
to keep Rana catesbeiana skin dressings inert.

4 Conclusions

In this work a previous stablished Ozone sterilization pro-
tocol was used the analysis of the stability and duration of
the sterilization. This step is necessary to determine the time
that the biological dressing could remain sterilized without
contamination by microorganisms. Three different preser-
vative systems were applied Copaiba oil, tea tree oil and
chitosan.

The microbiological analysis shown that the disinfection
process was able to promote disinfection of the bullfrog
(Rana catesbeiana) skin, being an ozonation time/dose
process.

After stability assessment, only the Copaiba oil was
capable to maintain the disinfection after 1 month, remain-
ing disinfected even after 12 months.

This storage process keeps the skins free from the pres-
ence of microorganisms, allowing its future application in
skin grafts for animal model studies.
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Abstract

Marking is one of the last steps of manufacturing an
implantable biomaterial. The marks on its surface consti-
tute a permanent set of information in order to provide
identification and traceability of the biomedical device.
These markings become stress concentrators and regions
with probability for the occurrence of failures that can
lead to fracture; besides damaging the passive layer,
naturally formed on stainless steels surfaces, favoring the
beginning of several forms of degradation. This work
presents the effect of two metal implant marking
techniques on the corrosion resistance of ISO 5832-1
austenitic stainless steel, one of the most used surgical
biomaterials used in Brazil. Engraving was carried out
with mechanical and laser beam marking techniques were
prepared. The electrochemical behavior was characterized
by cyclic potentiodynamic polarization curves and indi-
cate that the laser marking technique is the one that most
affects the passive layer of the material when compared to
the mechanical engraving.

Keywords

Biomaterials * Engraving * Traceability * Laser ¢
Corrosion

E. F. Pieretti (0<) - R. A. Antunes

Federal University of ABC/CECS, UFABC, Santo André, SP,
Brazil

e-mail: efpieretti@usp.br

E. F. Pieretti - M. D. M. das Neves
Nuclear and Energy Research Institute/CCTM, IPEN-CNEN, Sdo
Paulo, SP, Brazil

© Springer Nature Switzerland AG 2022

1 Introduction

Biomaterials are used in prostheses or implantable medical
devices in order to replace or assist certain parts of the
human body so that they can properly perform their func-
tions [1]. These materials must have a strict chemical com-
position and adequate surface finishing so that they are not
rejected by the body during the lifespan period [2].

For hundreds of years, people have been looking for
alternatives to relieve pain, reduce suffering and prolong life
with greater quality. Reports on the use of synthetic mate-
rials have been found since the year 1550, with the use of
gold thread for sutures [1]. Currently, advances in the
biomedical engineering field have allowed the reconstruction
of various parts of the human body using biomaterials.

Biomaterial is defined as a material, except drugs, of
natural or synthetic origin, which can be used for a certain
period of time, in order to treat, increase or replace any
tissues, organs or functions of the human body in a bio-
compatible way, that is, without rejection [2]. Considering
the biological response caused by biomaterials in body tis-
sues, these can be classified into: bioinert, biotolerates,
bioactive, resorbable [1, 3, 7].

Based on their chemical composition, they can be clas-
sified into: metallic, polymeric, ceramic or composites [1].

The biomaterial selection must take into account its
physical, chemical and biomechanical properties. The main
properties that must be taken into account are: mechanical
strength, modulus of elasticity, flexion and torsion, fatigue
resistance, corrosion susceptibility, roughness and perme-
ability [3, 4]. Among these, metals are preferred biomaterials
for orthopedic applications due to their higher mechanical
properties [1-6].

Metals are widely used in orthopedic and neuromuscular
stimulation areas. Orthopedic applications involve the use of
biomaterial for the restoration or replacement of some part of
the skeletal system. In neural stimulation, metallic bioma-
terials are used in an electronic system in order to provide
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electrical stimulation for tissues, which would otherwise be
impossible due to the degree of tissue deterioration [4].

The development of biomaterials proves to be funda-
mentally important, in the sense that it provides an
improvement in people’s standard of living, represented by
an increase in life expectancy, in general health and in the
well-being of the population.

Many metals alloys have a thin oxide layer that provides
corrosion protection. This is formed by a reaction of the
metallic surface and the medium and is responsible for the
passivation phenomenon. Failure in the passive film, often in
a localized form, results in attack or localized corrosion that
can occur as pits, crevices, under stress and associated with
fatigue [7].

Although all metallic biomaterials currently used have
well-characterized electrochemical properties, many manu-
facturing processes can alter the corrosion resistance of fin-
ished products [7, 8]. In addition, devices with complex
shapes, with corners, edges, recesses, tips and other design
irregularities, may have their resistance to localized corro-
sion affected [9-12]. Surface finishing steps, as well as
surface marking, can cause increased susceptibility to
localized corrosion due to surface changes [13-17].

Metallic implantable medical devices are subject to some
markings in accordance with current standards; which aim to
promote the traceability and after use identification. These
markings become stress concentrators and places potentially
subject to be the origin of failures that can lead to fracture;
causing damage to passive layer and favoring the corrosion
onset [7-17]. Degradation by corrosion or wear shortens an
implantable medical device lifespan [17, 18].

This work aims to contribute to the knowledge dissemi-
nation in the areas of engineering and health. In this way, it
is intended to present the effect of two different marking
techniques, via laser beam or pantographic, on the resistance
to pitting corrosion of metallic biomaterials specimens.

2 Materials and Methods

The starting material for this study was a cold-rolled ISO
5832-1 austenitic stainless steel sheet that was initially
sanded in silicon carbide sieves up to 600 mesh and polished
with diamond paste up to 3 pum, washed in acetone for 3 min
on ultrasound, and rinsed in deionized water. Mechanical
markings were performed using the pantographic process.
The laser beam markings were performed using a
Q-switched Nd: YAG laser equipment, pumped by
nanosecond pulsed diode, with wavelength of 1064 nm,
output power of 50 W, and power stability of 2%. The ratio
marked length over total exposed area was the same for all
marked  specimens  submitted to electrochemical
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characterization. It was engraved the numeral eight “8” with
the same size on both methods.

Cyclic potentiodynamic technique was employed for
electrochemical characterization, which, in addition to the
pitting potential, makes it possible to determine the repas-
sivation potential. The resulting density increases from the
potential at which the polarization curve was lifted to a
moment when a sudden increase occurs, a certain value is
reached and the potential sweep direction is reversed. The
repassivation potential corresponds to the potential where
the downward curve crosses the axis of the electrode
potentials.

The method is intentionally designed to achieve condi-
tions that are sufficiently severe to cause the passive layer
breakdown, which may not necessarily be found in vivo
[19].

Cyclic potentiodynamic polarization tests were carried
out in Gamry PCI4/300 potentiostat/galvanostat equipment.
The electrolyte was a phosphate buffered saline solution
(PBS), with a pH equal to 7.4, at 37 °C. The electrochemical
arrangement was a glass flat cell with three electrodes,
consisting of a working electrode with 1.0 cm® exposed
area, a counter electrode (platinum wire with a 2.0 cm?
geometric area) and an Ag/AgCl (3 M, KCl) reference
electrode. At least ten tests were carried out for each con-
dition, in order to ensure reproducibility.

Surface characterization was performed by scanning
electron microscopy (SEM)—Philips XL30. The micro-
graphs were obtained after the electrochemical tests, without
the use of metallographic etching.

3 Results and Discussion

Cyclic potentiodynamic polarization curves for laser-marked
and mechanically engraved ISO 5832-1 SS specimens are
shown in Fig. 1. The as-polished material (without mark-
ings) was also tested for comparison. The curves represent
the reproducible behavior obtained in the electrochemical
test.

The marked specimens showed lower resistance to
localized corrosion than the pristine specimens. This effect is
due to the alteration, generated by the markings, in the
surfaces finishing produced on this type of biomaterial. This
result is accentuated in specimens with laser engravings [7,
8, 17].

The markings have produced discontinuities on the sur-
faces of the evaluated biomaterial. This fact explains the
drop in corrosion resistance and can be identified by the
pitting potentials shown in Fig. 1, which reached values in
the order of 0.6 V for the laser beam marking conditions and
1.0 V for pantographic marking conditions.
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Fig. 1 Cyclic polarization curves for the ISO 5832-1 SS in three
different surface finishing conditions

Knowledge of corrosion mechanisms is extremely
important in the biomaterials field. Combined with biome-
chanical and biocompatibility tests, it enables safe use for
biomedical purposes [20-25].

For comparison and better identification, all the presented
images were captured in SEM - Philips XL30 equipment,
using secondary electrons mode, with the same magnifica-
tions, namely: 50x and 200x magnitude for both types of
marking. The specimens with laser marks are shown in
Figs. 2, 3 and 4, and the samples with mechanical marks, in
the images of Figs. 5, 6 and 7. All images were obtained
after cyclic polarization tests.

Scanning electron microscopy (SEM) was used to char-
acterize the corrosion morphology obtained after the corro-
sion test. Clearly, pits associated with marked regions can be
observed on the evaluated surfaces. In some specimens
treated by laser beam, crevice corrosion was also found,

Det wp ——
10.1

1 mm

Fig. 2 SEM image of pits at the laser marked region biomaterial
specimen, after electrochemical test

Det Wb F——mm 1"‘;r|'|

Fig. 3 SEM image for laser treated surface, after electrochemical test.
Emergence of pits and crevices are shown

Det WD ——m-
SE 103

200 pm

1 mm

Fig. 5 SEM image of pantographic marked specimen, after electro-
chemical test, showing pits in the engravings

which is caused by differential aeration. The appearance of
crevice corrosion mechanism in laser marked specimens can
be explained by the topography changes generated by the
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Fig. 6 Image obtained by scanning electron microscopy (SEM) for a
biomaterial with pantographic markings, after electrochemical test,
showing a pit located at the engraving

o
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Fig. 7 Magnification of a corrosion pit found in the region of the
pantographic marked ring

coherent laser beam, which produced protuberance and
grooved regions on the surfaces [7, 17].

The differences in surface finish between the two marking
conditions are apparent. In the case of pantographically
marked specimens, the finish is smoother, as there was only
the removal of material using a mechanical tool. In the case
of laser-marked specimens, the resulting finish, in the
engraving region, has a much rougher appearance, since
localized fusion of the biomaterial’s metallic surface occurs,
followed by extremely fast solidification.

The markings consisted of numerical characters generated
on ISO 5832-1 SS specimens. In Fig. 2, corrosion pits
around laser markings are observed. Note the rough
appearance produced by the laser pulses.

Figure 3 shows pitting and crevice corrosion on the laser
marked biomaterial surface. The pits are identified as “holes”
with more circular shapes, at the top of the central engraving
shown in this figure; and the crevice, like a large and irregular

crater, at the bottom of the same character in this figure. The
crevice is more evident at higher magnification, as shown in
Fig. 4. The difference in the relief imposed by the laser beam
incidence induced this type of corrosion degradation. Inside
this crevice, it is possible to notice the aggressiveness caused
by the laser conditions, as the microstructure was revealed
and some SS grains were pulled out.

The roughness produced by the laser beam pulses caused
changes in the topography of the samples, forming regions
of peaks, valleys, recesses, protuberances, and essentially
anodic places with differential aeration [7, 16, 25].

Corrosion pits formed on the markings produced by the
pantographic method are observed in Fig. 5. The less rough
appearance generated by the pantograph in the marking is
noted. In the mechanical process, material is removed in order
to produce the desired image on the surface. In this technique,
the pits are also formed in the places with markings, however
not as many pits as in laser process were found.

In Fig. 5, pits of different sizes and rounded shapes are
shown, associated with the marking rings; that is, despite the
“smoother” appearance produced on the surfaces by the
pantograph, the markings constitute discontinuities and
become regions prone to initiation of localized corrosion
attack.

In Fig. 6, an arising pit on a ring marked by mechanical
technique is shown, as highlighted in the central region. In
this micrograph, the association of the beginning of the
pitting corrosion mechanism with the marking area is evi-
dent. The sudden change in the surface finish is a decisive
factor for starting the corrosion process, which propagates
autocatalytically. Figure 7 presents an enlargement of the pit
shown in Fig. 6. The ring engraving constitutes a disconti-
nuity in the surface finish for the biomaterials specimens.
These two types of processing for identification cause
topographic changes. In this sense, the roughness analysis
produced by these techniques will be evaluated later and
presented in future works.

In this study, it was evident that the two types of mark-
ings evaluated produced a deleterious effect on the localized
corrosion resistance. The decrease in corrosion resistance
was more accentuated by laser beam-treated specimens. This
is due to the temperatures reached by the beam, which are
sufficient to melt the surface and the rapid extraction of heat
from them, explained by the duration of each pulse, which is
in the order of nanoseconds.

The laser beam incidence sites, in addition, have greater
roughness, become essentially anodic zones [7, 8, 16], which
favors the onset of corrosion processes.

The need to present qualitative results and to evaluate
aspects of identification of visual alterations on the bioma-
terials surfaces is important because it supports the results
obtained through the electrochemical techniques with
accelerated tests.
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According to the ABNT NBR 15613-2: 2010 standard,
the tests must be accelerated to obtain responses in a timely
manner, which would otherwise be impractical by conven-
tional techniques, since, by immersion it would imply a loss
of negligible mass.

The fact that the result of the biomaterial is compared
with itself enables a paired analysis. There is no point in
comparing with other types of biomaterials with different
natures, and the comparison with other metallic alloys
should consider biocompatibility, biofunction, physical,
chemical and metallurgical characteristics, properties, type
of processing, performance, applications, cost and market
availability.

4 Conclusions

The markings evaluated in this work represent discontinu-
ities on the biomaterials surfaces. Electrochemical tests
indicate that the pitting corrosion mechanism is accentuated
in samples with laser marks, and less accentuated in samples
with pantographic marks. Regions with crevice corrosion
were observed in the laser marked specimens, explained by
the differential aeration resulting from the topographic
alteration generated by the laser beam.

Conflict of Interest The authors declare that they have no conflict of
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Abstract

Electrospinning has been widely applied to obtain
nanofiber based biomaterials to be used as scaffolds in
tissue engineering. The aim of this work is to obtain and
characterize membranes of a composite material obtained
by electrospinning of Poly(g-caprolactone) (PCL) com-
bined with reduced graphene oxide (rGO) 0.05%
(PCLrGOO005) and 0.5% (PCLrGOO0S5) concentrations.
Besides rGO concentration, the influence of electrospin-
ning parameters was investigated (PCLrGO005M). The
mechanical behavior of the new materials was studied
considering the mechanical tensile test according to the
ASTM D638 standard. Surface qualitative analysis was
done by measuring fiber diameter using scanning
microscopy. Four different membranes were obtained by
random electrospinning using two needles and 5 mL
volume solution at 18 kV, 15 cm needle distance and
0.033 mL/min flow rate or modified parameters of 15 kV,
10 cm needle distance and 0.012 mL/min flow rate. The
modulus of elasticity, maximum load, tensile stress and
strain were obtained for all membranes and analyzed by
ANOVA. The morphological surface analysis of the
scaffolds showed that the nanomaterial scaffolds of PCL
and rGO with good mechanical properties and uniform
surface morphology can be obtained by careful adjust-
ments of electrospinning process parameters.
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1 Introduction

Electrospinning is a technique for producing fibers with
diameters on a nanometer scale (nanofibers). This technol-
ogy is considered a powerful tool because it is simple,
inexpensive and versatile and important for the manufacture
of products or structures that depend on the high surface area
[1, 2]. Electrospinning has been used successfully in several
areas: biotechnology, pharmaceutical, environmental engi-
neering, medicine and tissue engineering.

The electrospinning system consists of three main com-
ponents: a high voltage source, a syringe with a capillary and
a grounded collector (usually a metal plate or rotating
mandrel). It is possible to use polymers as a solution when
completely dissolved in specific solvents, forming a poly-
meric solution. The solution is introduced into the syringe,
being submitted to an electric field, where an electric charge
is induced on its surface and this field forms the Taylor
Cone. When the electric field reaches a critical value, the
electrical forces overcome the surface tension and a jet of
solution is ejected from the Taylor cone towards the
grounded collector. As it travels between the capillary tip
and the collector, the solvent evaporates, and only the
polymer is collected [3].

Electrospinning can be done with random or aligned
deposition. When the deposition is aligned on a preferential
axis, the membrane formed is considered anisotropic and
when the deposition is random, the membrane formed is
considered isotropic. In the present work PCL membranes
were produced by electrospinning adding reduced Graphene
as reinforcement material and using a random deposition
technique for producing scaffolds for tissue engineering
applications.

Poly(e-caprolactone) (PCL) is a biodegradable plastic
obtained from petroleum derivatives. It is a semi crystalline
polymer with a melting point of 58—60 °C, low viscosity and
easy processability at room temperature [4]; the short chain
PCL is amorphous and correspondingly soft and gummy.
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PCL is highly soluble and combines well with other plastics,
adhering well to a large number of surfaces. Compared to
other biopolymers it is simpler to obtain and non-toxic. It has
been approved by the Food and Drug Administration (FDA)
for specific applications used in contact with the body, such
as devices for drug delivery and suture threads [5].

Graphene is the name given to a flat monolayer of carbon
atoms linked together, with hybridization in sp®, forming a
two-dimensional network, with a honeycomb structure,
being the basis for other carbon-based nanomaterials [6, 7].
This material has received large interest due to its excellent
physical-chemical, mechanical, thermal, electrical and opti-
cal properties. Graphene Oxide (GO) is a structure derived
from graphene basically constituted by hydroxyl, epoxide
and carboxylate groups connected to the graphene sheets,
giving an amphiphilic character, with its edges predomi-
nantly hydrophilic and its basal plane predominantly
hydrophobic, dispersing in water [8]. Chemically it is easily
functionalized, but it has high electrical resistance. The
chemical reduction of GO may be used as a means to
improve its electrical conductivity [9] which is especially
important when this material is used as a substrate in cardiac
and neuronal tissue engineering applications.

Reduced Graphene Oxide (rGO), unlike GO, has in its
structure much of the sp® conjugated carbon restored, which
improves its electrical conductivity [9].

This work presents a preliminary study of the mechanical
characteristics of nanomaterial membranes obtained with
PCL and a combination of PCL and rGO in concentrations
of 0.05 and 0.5%.

2 Materials and Methods

2.1 Electrospinning Solutions
PCL (CAPA®6406, Solvay, Brazil) and rGO (C2312
rGOBO007/Pw1, Graphenea, Spain) were solubilized in
Chloroform (Sigma Aldrich, Brazil) and N, N Dimethyl-
formamide (Sigma Aldrich, Brazil) at 9:1 ratio.
Electrospinning solutions were prepared using solute and
solvent concentration by weight. Electrospinning solution of
PCL membrane was made with 15% of PCL. Composite
membranes used 15% of PCL and two concentrations
of rGO: 0.05% for composite (PCLrGO005) and
(PCLrGO005M) and 0.5% rGO for (PCLrGOO0S).

M. J. S. Maizato et al.

2.2 Preparation of Membranes
by Electrospinning

Membranes were prepared using a vertical electrospinning
set up. For each membrane 5 mL volume spin solution was
used at room temperature 23 °C, 55% of relative humidity,
using two needles.

Two conditions were used for preparation of membranes:
(1) electrospinning voltage of 18 kV with needle distance of
15 cm and 0.033 mL/min flow rate, to make membranes
PCL, PCLrGOO005 and PCLrGOO0S5. (ii) 15 kV voltage,
10 cm needles distance and 0.012 mL/min flow rate for
PCLrGOO005M.

2.3 Mechanical Testing

Mechanical tensile tests were performed using standard test
equipment (Instron 3365, USA) and its data analysis tool
(Bluehill 3 software). Tests were carried out according to the
ASTM D638 standard [10], at 10 mm/min speed, with
100 N load cell. Accordingly, 5 specimens were tested for
each assay using the PCL membranes and composites
obtained by random electrospinning which were considered
isotropic materials.

Specimens were prepared for mechanical tensile tests to
determine modulus of elasticity, maximum load, tensile at
maximum load, tensile at break, strain at maximum load.
A size V cutting knife [10] was used to prepare the specimens
cut in random directions. Sample thickness was measured
using a 0.01 mm accuracy thickness gauge (Starret, model
1015MA, Brazil.) Each assay was repeated three times.

2.4 AQualitative Morphological Evaluation

Scanning Electron Microscopy (SEM) images were obtained
(Hitachi TM3000 MEV equipment, Japan), to compare
surface homogeneity of the membranes. The characterization
of the surface allows the adjustment of electrospinning
parameters in order to obtain adequate mechanical and sur-
face characteristics.

A patch of each membrane was selected and the diame-
ters of 180 nanofibers were measured using a software ZEN
2.3 (blue edition, Carl Zeiss, Germany) to determine the
average diameter of the fibers for each membrane.
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2.5 Statistical Analysis

Statistical analysis was performed by ANOVA and statistical
difference was considered for p < 0.05 (Sigma Plot, Systat
Software Inc., USA).

3 Results and Discussion

Figure 1 shows typical stress vs. strain curves obtained for
the nanomaterial membranes. Figure 2 presents the
mechanical tensile test results considering the modulus of
elasticity (E); maximum load (max load); tensile stress at
maximum load (¢ max), tensile stress at break (¢ rup) and
strain at maximum load (strain). Significant differences are
indicated in the figure.

The strain at maximum load is shown in Fig. 2. As seen,
strain is increased when adding rGO at 0.05% concentration
but using higher concentration of rGO (0.5% rGO) resulted
in decreased strain.

Figure 3 shows the micrographs of the electrospun
membranes. The images allow qualitatively observation of
the diameter of the nanofibers, the spatial distribution and
the interstices.
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Table 1 presents the diameters of the fibers quantified on
the surface of the membranes. It is known that the diameter
of the electrodeposited fibers affects the mechanical, elec-
trical and optical properties and as such it is one of the most
important parameters. The diameter can be influenced by the
electrical conductivity of the solution, the strength of the
electric field and the flow rate utilized. The use of high
conductivity solutions may produce reduced diameters and,
on the other hand, fibers of larger diameter can be produced
using high electrical voltage that causes more fluid to be
ejected during the electrospinning process. Electrical voltage
also influences bead formation which can be minimized
when the surface tension is balanced with the electrostatic
repulsion forces added to the viscoelastic solution [11, 12].

We observed that a limitation of the method utilized is the
difficulty of controlling membrane thickness and fiber
diameter as it can be seen by the large standard deviations
shown in (Fig. 2).

SEM surface morphology analysis show that electrospun
membranes (PCLGO005M) obtained with 15 kV, 10 cm
needles distance and 0.012 mL/min flow rate presented
improved uniformity.

Milleret and cols [13], showed that in small caliber vas-
cular grafts made with poly(lactic-co-glycolic acid) (PLGA)
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Fig. 1 Typical stress vs strain curves for the nanomaterial membranes studied Poly(e-caprolactone) (PCL) and adding reduced graphene at 0.5%
concentration oxide (rGO) (PCLrGOO05) and 0.05% (PCLrGO005) and modified electrospinning parameters with 0.05% rGO (PCLrGO005M)
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Fig. 2 Results of the tensile test
shows the results of the mean and
standard deviation of the modulus
of elasticity (E); tensile stress at
maximum load (¢ max), tensile
stress at break (o rup), maximum
load (max load) and strain at
maximum load (strain) for
nanomaterial membranes studied
Poly(e-caprolactone) (PCL) and
adding 0.5% reduced graphene
oxide (rGO) (PCLrGOO05) or
0.05% (PCLrGOO005) and for *
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parameters (PCLrGO005M). The f;I ]
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electrospun fibrous scaffolds fibers smaller than 1 pm
induced less activation of coagulation and platelet adhesion,
when compared to larger diameters. Also, it has been shown
that surface topography can influence cell growth and
alignment [14].

The result of the ANOVA statistical analysis for
mechanical tensile test is presented in Fig. 2 and statistical
differences (p < 0.05) are marked (*) for all membranes.

Statistical analysis of the fiber diameters on the surface of
the membranes was performed using ANOVA. Fiber
diameters were different for all membranes produced
(p < 0.05).
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4 Conclusions

Adjusting electrospinning parameters influence the charac-
teristics of the fibers obtained. We found that reduced gra-
phene oxide may be used to improve mechanical
performance of PCL membranes in combination with
adjustments in the electrospinning process. In our work a
combination of voltage, distance from the needles from the
plate and the flow rate may resulted in uniform scaffolds of
PCL using reduced graphene oxide at 0.05% concentration
(PCLrGOO0O05M membranes).
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5932 FL D44 xBO

PCLrGO005

100 um

5837 FL D52 x800 100um

PCLrGO005M

Fig. 3 Images of surfaces micrographs of electrospinning scaffolds

prepared with PCL, PCLrGOO005, PCLrGO05 and PCLrGO005SM

Table 1 Fiber diameters (mean) and standard deviation (STD) ob-

tained for the membranes studied

Material Diameter (nm) STD (nm)
PCL 656 300
PCLrGOO005 1582 690
PCLrGOO05 842 310
PCLrGO005M 1290 370

The addition of reduced graphene oxide to PCL com-

bined with adequate electrospinning processing conditions
resulted in scaffolds with good morphological and mechan-
ical properties which are desired properties for tissue engi-
neering scaffolds.
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Abstract

In this work, we developed and tested an experimental
apparatus to evaluate calcium fluctuations in cardiomy-
ocytes derived from human-induced pluripotent stem cells
(hiPSC-CM). The set-up is composed of a signal module
for registration and analysis of the signals and a perfusion
chamber. This chamber allows the maintenance of the
cells, control of perfusion and temperature, and electric
stimulation. The signal module consists of a CCD camera
attached to a fluorescence microscope with the appropri-
ate software and hardware for eliciting and recording
fluorescent signals originating from hiPSC-CM intracel-
lular Ca*? concentration changes, under electrical stim-
ulation. We employed this system for analysis of calcium
fluctuation from hiPSC-CM cultivated on micro textured
polyethylene terephthalate surfaces.
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1 Introduction

According to the World Health Organization (WHO), car-
diovascular diseases are the main cause of morbidity and
mortality in the twenty-first century [1]. More than 300
thousand deaths related to cardiovascular diseases occur
yearly in Brazil [2]. Cardiomyocytes are the most abundant
cell type in the heart. These cells are responsible for cardiac
contraction, acting as a pump, and generating systemic arterial
pressure. They have high metabolic activity and are sensitive
to hypoxia, making these cells susceptible to injury during an
acute myocardial infarct. Adult cardiomyocytes are entirely
differentiated cells and present low regenerating capacity,
accomplishing limited tissue renovation in case of injuries,
stimulating the search for cell replacement therapies [3].

Induced pluripotent stem cells (iPSCs) were reported for
the first time in 2006 from mice experiments [3]. They are
reprogrammed cells with features similar to embryonic stem
cells, such as the capacity of self-renewal and differentiation
into many cell types, including cardiac myocytes. hiPSCs
were established in a similar way to mouse iPSCs by
introduction of a set of transcription factors. The generation
hiPSC-CM was first reported using embryoid bodies with
media containing serum, but the efficiency was only 5-10%
[3]. Since then, several groups have introduced technical
improvements to increase generation efficiency. However,
hiPSC-CM are phenotypically immature and resemble car-
diac myocytes in the embryonic state. Immature cardiac
myocytes show less-organized sarcomeric structures and
calcium handling machinery. Consequently, multiple studies
in tissue engineering have looked for ideal conditions for
hiPSC-CM maturation, aiming at the substitution of affected
tissues in case of injuries [4—6]. Some of these studies have
reported the use of 2D and 3D supports, called scaffolds,
which favor their growth and maintenance in conditions that
mimic native tissues. Recent works have shown that
topographies produced using micro-nano laser structuring
techniques [7] may support cellular growth [8].
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Fig. 1 Unmodified polyethylene
terephthalate foil (left) and
line-like patterns with a spatial
period of 3.0 um fabricated in
PET foil by laser ablation and hot
embossing (right)

One technique to investigate myocyte maturation is to
characterize their calcium transients using fluorescent intra-
cellular Ca®* indicators (Ca?*) such as the green-emitting
fluorophore Fluo-4 AM [9, 10]. The objective of this work
was to develop an experimental apparatus for recording and
analyzing hiPSC-CM intracellular calcium fluctuation and
test this experimental set-up to study hiPSC-CM response to
surface topographies consisting on periodic line-like patterns
fabricated with polyethylene terephthalate (PET) foils by
laser ablation and hot embossing.

2 Materials and Methods

The experimental set-up is composed of a cell reservoir
where we placed hiPSC-CM (PluriCell Biotech®, Sao
Paulo, Brazil) after labeling with the fluorophore Fluo-4 AM
(Life Technologies, USA) and a module for signal regis-
tration, processing, and analysis. The reservoir allows for the
control of perfusion, temperature, and electric stimulation.
The signal module is composed of a CCD camera attached to
an inverted microscope equipped with an epifluorescence
illuminator and appropriate filters. Fluorescent signals from
Ca** fluctuations were detected by the camera and sent via a
data script written in Python, which automatically generates
a fluorescent intensity graph displaying the relative fluores-
cence of the sample as a function of time. The analysis of the
obtained curves, such as rising and decay time, reveals
intrinsic properties of the calcium fluctuations that may
correlate to cell maturation.

2.1 PET and Micro-Textured PET

The Roll-to-Roll hot embossing (R2R) technique consists of a
hot metal cylinder containing an external sleeve with
microstructures fabricated using the direct laser interference
patterning (DLIP) method. After pressing the sleeve against a
running PET foil, the microstructures are transferred to the

polymer. It was shown that this technique can efficiently
produce line-like patterns with spatial periods from 1 to
5.5 um [7] and that the resulting topographies can induce
endothelial cell morphology [8]. Nickel sleeves with a
thickness of 200 pm, 300 mm wide, and 300 mm diameter
(Saechsische Walzengravur GmbH, Germany) were struc-
tured by DLIP using a solid-state ps-laser with 1064 nm laser
wavelength (Edgewave PX200, Germany) and a pulse dura-
tion of 10 ps. Line-like structures with a spatial period of
3.0 um (Fig. 1) were produced employing a pulse-to-pulse
feed of 40 pum, a spot diameter of 190 pm, and a single pulse
laser fluence of 0.56 J/cm?. To obtain a hydrophobic surface
on the nickel sleeve and avoid sticking of the polymeric foil
[11], the sleeve was covered with a self-assembled monolayer
(SAM) based on phosphonic acid derivatives (1H,1H,2H,2H-
perfluoro-n-decylphosphonic acid and 1H,1H,2H,2H-per-
fluoro-noctylphosphonic acid dissolved in isopropanol with
a molar concentration of 2 mmol/L). After the immersion
during 1 h in this solution, the sleeve was rinsed with iso-
propanol and dried in an oven at 150 °C for 10 min.

2.2 hiPSC-CM Culture and Plating

hiPSCs were purchased from Pluricell Biotech (Sao Paulo,
Brazil) and cultivated following the manufacturer’s instruc-
tions. Cells were plated at 15™ day of differentiation on a
24-well plate (Sarstedt®) previously coated with extracellu-
lar matrix (Geltrex®, Thermo Fisher) at a density of
1.37 x 10° cm? and cultured at 37 °C and 5% CO, with
RPMI (Thermo Fisher) with plating medium supplement
(PluriCardio® PMS). The culture medium was replaced by
RPMI containing maintenance medium supplement
(PluriCardio® MMS) every 24 h. At the 19™ day of differ-
entiation cells were harvested from 24-well plate with 0.35%
trypsin/EDTA solution (Gibco) and seeded on sterilized
control unmodified and micro-textured PET coated with
extracellular matrix (Geltrex®, Thermo Fisher) at a density of
1.7 x 10* cm? inside a 96-well microplate (Sarstedt®).
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Culture medium was replaced with RPMI containing MMS
every 24 h. Experimental groups were defined as follows:
(a) unmodified PET (control) and (b) PET-L3 (line-like pat-
tern featuring spatial period of 3 pm). Cultures were used
after 48 h of the final platting step.

2.3 Loading of Fluorescent Indicator

Cells were loaded with Fluo-4 AM (Life Technologies®,
USA) following the manufacturer’s protocol [12]. Briefly,
the culture medium in the wells was gently aspirated and the
loading solution containing Hank’s balanced salt solution
(HBSS), 5.0 uM Fluo-4 AM, 0.02% of non-ionic detergent
Pluronic F127, 20 mM HEPES and 2.5 mM of Probenecid
was added to each well. Plates were incubated for 45 min at
37 °C and 5% CO, before the loading solution was aspirated
and replaced by the reading solution containing HBSS,
20 mM HEPES and 2.5 mM Probenecid. Before being
passed to the cell maintenance reservoir, cells were incu-
bated for 30 min at 37 °C and 5% CO, to allow the
de-esterification of AM esters.

3 Results and Discussion

3.1 Cell Chamber

The experimental cell chamber developed (Fig. 2) was able
to maintain the temperature at 36.5 £ 0.5 °C. Electrical
stimulation was stable throughout the experiment and
implemented using a modified C-Stim Chamber System
(IonOptix®, USA). Platinum electrodes were connected to a
MyoPacer Stimulator (IonOptix®, Milton, USA) allowing
access to the most diverse pulse configurations, such as
polarity, amplitude, duration and frequency. Also, the
chamber provides perfusion with a laminar flow of up to 30
pL/s. Temperature control in the cell chamber was possible

Perfusion Inlet

Electrodes

Perfusion Qutlet
N\
\

PET + ITO

N

\

\\

Opening for Fluorescent Light Passage ‘

Fig. 2 Drawing of the cell chamber (not in scale)
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through a PET substrate coated with a conductive indium tin
oxide (ITO) film (60 Q/cm?, Sigma-Aldrich, St. Louis, MO,
USA). Two copper plates connected to a voltage source were
attached with conductive glue to the ITO film, allowing the
passage of electrical current in the substrate and conse-
quently the release of heat by the Joule effect. Thus, by
controlling the current flow through the ITO film with
voltage source, it was possible to control the temperature of
the solution in the chamber. The system was calibrated using
a thermistor, making it possible to correlate the current and
temperature of the solution. An opening was made in the
conductive ITO film, in the size of PET discs in which the
cells were plated, so that the ITO film would not filter the
fluorescent light. A steel support was built in the dimensions
of the well to prevent floating of the PET and PET-L3 disc.

3.2 Module for Registration and Analysis
of the Signals

For data collection, the modified well containing Fluo4 AM
labelled hiPSC-CM was placed under an inverted microscope
(TM300, Nikon, Japan) equipped with a mercury arc
lamp. Fluo-4 absorption/emission peaks are 494/506 nm, and
signal visualization was possible using an appropriate filter
set to isolate the green light coming from labelled cells. The
fluorescent  light signal was captured by a
RTE/CCD-1300-Y/HS camera (Princeton Instruments, USA)
attached to the microscope. The camera’s temporal resolution
may be adjusted by changing the exposure time and the
number of pixels. For these experiments, 64 x 64 pixels
with x 2 binning and an exposure time of 20 ms were used
and resulted in a resolution of 50 frames per second (fps). For
faster phenomena, such as voltage analysis, 100 fps may be
employed using 16 x 16 pixels and x 4 binning.

The MicroMAX Controller (Princeton Instruments, USA)
connected to the camera transmitted the signal to the

Detector-Controller

[ Interface Cable
Camera
Detector Serial Com
Qe;
O Controller
$ Computer
| — |
C-Stim
Chamber System

Fig. 3 Schematic representation of the experimental set-up
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Fig. 4 Image collected with the
CCD sensor in experiment with
hiPSC-CM spontaneously
contracting in unmodified PET
(left) and visual map of the field
made by WinView/32 software
(right)

computer, which has the WinView/32 software (Princeton
Instruments, USA), as shown in Fig. 3. WinView/32 is a
software used for the post-processing of data obtained
through the camera (CCD) and controller, capable of gen-
erating visual maps of light intensity (Fig. 4). For the anal-
ysis, information about the exposure times of the CCD
sensor, compensation, and the average light intensity in each
pixel are necessary to obtain a sequence of frames that will
compose the video.

In order to automate and improve the post-processing of
the obtained signals, a script was implemented in the Python
3.5 programming language [13] to read binary files (SPE 2.x
format with experiment data) using scientific analysis
libraries Numpy and Matplotlib [14, 15]. This implementa-
tion allows the combination with specific scientific com-
puting libraries of filtering [16] and computer vision [17]. In
this way, it was possible to map the luminous intensity levels
in each pixel of each frame captured by the camera. This

Fluorescence signal in pseudo-ratio

—— 2+
Ca ;

AF/F (Arbitrary Units)

generates graphs of the luminous intensity variation in the
time domain (Fig. 5) allowing the analysis of the free
intracellular calcium dynamics in the cells. The graph is
composed of 3 curves automatically generated by the script
which aids in the data interpretation: the blue curve (Ca?") is
the average light intensity in each of the frames, the dashed
curves are the standard deviation curve plus the Ca?* curve
(UPP, in orange) and the standard deviation subtracted from
the Ca* curve (LWR, in green).

4 Conclusions

The developed experimental apparatus allowed the recording
of the intracellular calcium fluctuations of hiPSC-CM under
electrical stimulation, temperature control and constant per-
fusion of the recording solution. Fluorescent signals were
recorded with adequate time resolution, and post-processing
with the implemented script automatically generated lumi-
nous intensity graph in the time domain. In this way, the
reservoir for cell maintenance, together with the module for
registration and analysis of the signals, are an efficient set-up
for the study of Ca®* fluorescent signals from hiPSC-CM
which was used to study their response to surface
microtopography.
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Fig. 5 Average levels of luminous intensity in each pixel of each
frame captured at 50 frames per second in experiment with hiPSC-CM
spontaneously contracting in PET-L3 as a function of time
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Abstract

Tissue Engineering involves the proposal for tissue repair
using biomaterials: materials used in biomedical applica-
tions in order to regenerate tissues or restore their
functions. To verify the viability of biomaterials, one
must consider their biological performance, that is, their
interaction with the organism, including properties related
to biofunctionality and biocompatibility. Initial biocom-
patibility tests are carried out with cytotoxicity evalua-
tion. However, although the test conditions for
cytotoxicity tests are standardized, some studies present
divergent data regarding the cytotoxicity of biomaterials.
Sample preparation conditions and test conditions can
directly affect the results. The objective of the present
work is to evaluate different cytotoxicity conditions of
alumina (Al,0O3) and calcium hexaluminate (CAg) sam-
ples as a function of the variables: sample washing
conditions, sample size and total test time. The bioma-
terial samples were positioned on a Vero cell confluent
monolayer. In order to verify cell morphology, it was
used inverted microscopy with phase contrast. The results
indicate that both alumina and washed alumina are viable
and non-cytotoxic. The hexaluminate presented slight
cytotoxicity, in different experimental conditions.
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1 Introduction

Tissue Engineering aims to restore the function of tissues
impaired by disease or trauma, using different biomaterials,
implantation of cells and biologically active molecules [1].
Its development led to the concept that cells, tissues, organs
and systems could be regenerated, restructured and
rehabilitated.

In this context, the concept of biomaterial is defined as
“any substance or combination of substances, except drugs,
of natural or synthetic origin, which can be used during any
period of time, as part or as systems that treat, increase or
replace any tissues, organs or body functions” [2]. There-
fore, the development and application of biomaterials
demands extreme care to achieve safety and efficacy of use.

To verify the viability of biomaterials, one must consider
their biological performance, that is, their interaction with
the organism, including properties related to biofunctionality
and biocompatibility [3, 4].

Biofunctionality is evaluated according to the physical,
chemical and biological properties performed by the bio-
material in a specific function and determined time, once in
the organism [5, 6].

Biocompatibility is defined as the capacity of the bio-
material to induce an appropriate response in the host in a
specific application [2, 4].

Alumina (Al,O3) biomaterials show biomechanical
properties that allow its use in articulations, as prosthesis
recovering, bone substitutes and dental implants [7]. This
ceramic shows hardness, low friction coefficient, wear
resistance and corrosion resistance that makes it suitable for
the mentioned applications [8]. The cell adhesion to these
biomaterials can be compared to hydroxyapatite [9, 10].
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The toxicity of alumina is dependent on biomaterial
surface morphology and site of implantation, leading to
specific body response. Alumina biocompatibility is still an
area of research viewing medical device improvement [7].
Other biomaterials may be associated with alumina to
improve some characteristics, including the biological
response. Calcium hexaluminate (CAg) is a new material that
shows promising characteristics for biomedical use, but with
few data on biological response [11, 12].

Determining biocompatibility is fundamental to evaluate
the biological response to the biomaterial considering the
homeostasis. Biocompatibility tests begin with the cytotox-
icity assays, using in vitro cellular models, due to the
methodology used and the objectivity of the results [13-16].

The objective of this study is to evaluate the different
cytotoxicity conditions of samples of alumina and calcium
hexaluminate materials. The conditions of washing the
samples, size, and test time were evaluated, in order to
establish the effect on previous preparation on cytotoxicity
response.

2 Materials and Methods

2.1 Biomaterials

The biomaterials were made with samples of alumina
(Al,O3) and calcium hexaluminate (CAg). They were pro-
duced from different precursors, calcinated alumin (99,8%
Al,O5, A1000SG, Almatis, USA), calcium carbonate (99%
CaCOg;, Vetec, Brazil) and calcium hydroxide (98% Ca
(OH),, Synth, Brazil) through sintering reactions at 1500 °C.
Calcium hexaluminate used, in a first system, alumina and
calcium carbonate (CaCO;). In a second system, the pre-
cursors were alumina and calcium aluminate cement (CAC).
Both alumina and calcium hexaluminate were submitted to
sterilization by gamma radiation (45 kGy) for cell culture
assays.

The biomaterials samples differential preparation inclu-
ded: previous washing (in PBS during 3 days, solution daily
changed), and size (considering the standards recommen-
dation, and it was also tested half and double sized samples).
The third protocol variation referred to culture time: 24, 48
and 72 h.

2.2 FTIR

Fourier Transform Infrared Spectroscopy (FTIR) in absor-
bance mode was made on sterile and non-sterile samples of
alumina and calcium hexaluminate, ranging from 700 to
1100 cm™! (Frontier, PerkinElmer).

R. Arbex et al.
2.3 Surface Morphological Analysis

The biomaterials surface morphology analyses were made
with scanning electron microscopy (SEM) (FEI, Quanta
250).

2.4 Vero Cell Culture

The Vero cell lineage (CCIAL 057), cited by cytotoxicity
standards [9] was used in these experiments [16], cultured in
HAM F10 medium, with 10% fetal bovine serum (FCS) and
10 pg/mL penicillin/streptomycin, at 37 °C with 5% CO,.

As control for the experiments, the ideal culture condi-
tions were considered negative control and 0.25% phenol in
the culture medium was used as positive control, considering
the cytotoxicity analyzes of the extracts.

2,5 AQualitative Analyses: Cell Morphology

The qualitative cytotoxicity was evaluated by morphological
analysis, with an inverted microscopy, with phase contrast
(Axiovert Al, Zeiss). The analisis were made after 24, 48
and 72 h.

The 72 h cultures, and size assay cultures, were fixed
with 2.5% glutaraldehyde, in buffer (pH 7.4) for 30 min and
stained with methylene blue for the morphological
evaluation.

3 Results and Discussions

Alumina, or aluminum oxide (Al,O3), is an inert material.
The most common crystalline form (o-Al,O) is known as
curundum. Alumina can be used as a ceramic biomaterial in
prostheses and surgical devices mainly related to support or
substitute bone structures [17, 18]. It also can be used for
controlled release of hormones, vaccines and medications
[19]. Other ceramic biomaterials are widely used in
biomedical applications, but the development of new bio-
materials, with adequate mechanical properties, resorption
and biocompatibility, is an important area of research. In this
context we can mention the calcium hexaluminate (CAg) that
can be used as a thermal insulator in the aerospace and steel
industries. This ceramic is not largely explored for clinical
uses, although it can be an alternative to fibrous ceramic
materials [20]. The FTIR showed that the sterilization did
not alter biomaterials structure (Fig. 1) and the peaks at the
region of 600-800 cm™' were preserved. These peaks are
common for bonds between metal and oxygen atoms
[21, 22].
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Fig. 1 FTIR analysis of (A) alumina and (CH) calcium hexaluminate
sterile and non-sterile

The scanning electron microscopy (SEM) analysis
showed that the sterilization method also did not alter bio-
materials structure (Fig. 2).

Fig. 2 SEM of alumina (a,

b) and calcium hexaluminate (c,
d), before (a, ¢) and after (b,

d) sterilization

The cytotoxic evaluation of calcium hexaluminate, in
comparison with alumina biomaterial samples, was carried
out in order to determine the safety of its clinical use, with
cell Vero lineage (Fig. 3). The cytotoxicity analysis of the
biomaterials is based on the morphological pattern com-
parison to the controls [13, 14].

It was observed that the cells cultivated for 24 h in the
presence of alumina formed a confluent cell monolayer, and
cells with typical, polygonal, morphology (Fig. 4). The
washing procedure of the biomaterials did not result in a
significant difference in cell morphology. The observations
characterized the alumina as non-cytotoxic biomaterial
(Fig. 4b, c). Calcium hexaluminate dissolved partially in the
culture medium and interfered with cell monolayer forma-
tion (Fig. 4) that did not reach confluence, and cell mor-
phology was altered in the presence of the biomaterial
(Fig. 4e). The washing procedure minimized debris presence
in culture, but cell morphology was altered (Fig. 4f).

The cytotoxicity results were maintained for 48 h assay
(Fig. 5). The cells that came into contact with the alumina
maintained the morphology, the cell monolayer showed
greater confluence, that is, the cells continue to proliferate
with no significant difference to the washed samples. The
calcium hexaluminate appears to have continuously
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Fig. 3 Vero cell culture, normal morphology,confluent monolayer.
Observation:400x

Fig. 4 Vero cell cytotoxicity
assay, 24 h. a negative control;
b positive control; ¢ alumina;
d washed alumina; e calcium
hexaluminate; f washed calcium
hexaluminate. Observation:200x

dissolved in culture medium, and few cells were observed.
However, these few cells have characteristic morphology for
the lineage, with a predominantly elongated cytoplasm. The
calcium hemalumiate debris difficult cell monolayer forma-
tion, but within 48 h the remaining cell recovered the mor-
phological aspect of non-citotoxicity.

After 72 h (Fig. 6), it can be observed that the cell
monolayer on the negative control is completely confluent,
indicative of cell proliferation, and the cells maintain the
characteristic morphology for the lineage, however the
presence of cells in suspension begins to show the inhibition
by contact. The cells in contact with alumina organized a
semi-confluent monolayer, and showed characteristic mor-
phology for the lineage. But in contact with calcium hexa-
luminate there were observed very few cells, however
recovering the characteristic morphology for the lineage.
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Fig. 5 Vero cell cytotoxicity
assay, 48 h. a Negative control;
b positive control; ¢ alumina;
d washed alumina; e calcium
hexaluminate; f washed calcium
hexaluminate. Observation:200x

The cell morphology is more evidenced with methylene blue
staining (Fig. 7).

It was observed that both alumina and hexaluminate
dissolved in culture medium, a condition that directly
interfered with cell development. The washing of both
materials decreased this dissolution, easing its presence and
effect on the cells. Dissolution is evident even in the first
24 h of culture and remains throughout the test time.

Alumina, washed and not washed, proved to be
non-cytotoxic. There was no significant morphological
change in the cells in contact with these materials, and the
confluence of the monolayer seems to be influenced by the
presence of material dissolved in culture, and not directly by
the influence of alumina on cell viability.

For hexaluminates, not washed and washed, the influence
of samples dissolved in culture on cell organization is

evident, with no monolayer being formed until the longest
test time, 72 h. Some cells maintaining characteristic mor-
phology are observed mainly in 72 h. However, only in the
test with washed material. The observations indicate cyto-
toxicity of this material, in the conditions without and with
washing, but with recovery of cell morphology in the longest
culture times.

The variation in the size (Fig. 8) of the alumina samples
did not interfere with cytotoxicity. The results with calcium
hexaluminate are expressive. The cytotoxicity was directly
related to sample size.

Regarding the experimentation time, the most expressive
results were observed after 48 h, after this period, the high
confluence of the monolayer can interfere in the analysis of
the results, since the cells may begin to show inhibition by
contact, as observed for the negative control.
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Fig. 6 Vero cell cytotoxicity
assay, 72 h. a: negative control; b:
positive control; ¢: alumina;d:
washed alumina; e: calcium
hexaluminate; f: washed calcium
hexaluminate. Observation:200x

The size sample alteration, reduced in half and double
size, of alumina biomaterials did not influence cell devel-
opment. On the other hand, the larger calcium hexaluminate
samples were cytotoxic, unlike the smaller samples, which,
even showing cytotoxicity, allowed the development of
some cells.

The analysis of experimental conditions for the evalua-
tion of cytotoxicity is demonstrated in the literature, with an
important impact on the results obtained [14, 23, 24]. In this
study, the previous washing, analysis time and sample size
were added to the existing scientific reports, once directly
influencing the results.
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Fig. 7 Vero cell cytotoxicity
assay, 72 h, methylene blue
stainings. a Negative control;

b positive control; ¢ alumina;d:
washed alumina; e calcium
hexaluminate; f washed calcium
hexaluminate. Observation:200x
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Fig. 8 Vero cell cytotoxicity
assay, 24 h, methylene blue
stainings. a negative control;

b positive control; ¢ alumina
reduced size; d alumina double
size sample; e calcium
hexaluminate reduced size;

f calcium hexaluminate double
size sample. Observation:200x

4 Conclusions

The alumina was considered non-cytotoxic. Both the
washing condition and the size of the samples did not
interfere with the development of the cells. The calcium
hexaluminate showed a slight cytotoxicity. The best results
refer to the washed hexaluminate and half the dimension
referenced by the standard. Unwashed biomaterial dissolved
in the culture medium and impaired cell development, while
biomaterial with double size referenced by the standard
caused higher cytotoxicity. The longer culture period atten-
uated the cytotoxic effects on cell morphology.
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Abstract

Phantom mimics biological tissues properties, i.e., acous-
tic and mechanical. Tendon connects muscle to bone and
allows joint motion. To evaluate tendon mechanical
properties, i.e. Young modulus, in vitro and in vivo
studies were developed. In the 90s, Elastography emerged
as a promise tool to tissue mechanical properties assess-
ment, i.e., breast and liver. Recently, Supersonic Shear
Imaging (SSI) technique was developed to calculate
quantitative Elastic modulus (E) from transversal shear
wave propagation velocity (Cs). The most recent 3D
transducer can provide a tridimensional visualization of
an organ (sagittal, transverse and coronal). The aim of this
study is to assess transverse shear wave propagation
velocity (Cs) on tendon phantom using SSI with 3D
transducer. This tendon phantom was composed basically
PVCP plastisol® and glycerin (15%). For image acqui-
sition, the Aixplorer v.11 equipment (Supersonic Imag-
ine, Aix-en-Provence, France) with 3D transducer (Super
linear TM volumetric SLV 16-5, 5-16 MHz) were used.
The 3D transducer was placed randomly at the phantom
surface and three images were acquired. Each one
presented the three orthogonal planes (sagittal, transverse
and coronal) and the respective intersection points
between two other planes. For each plane, a 5.0 mm
ROI (Region of Interest) was positioned around the
intersection point to measure Cs. The mean Cg values
were 6.2 m/s (+0.3), 6.4 m/s (+0.4) and 6.3 m/s (+0.3)
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for sagittal, transverse and coronal planes, respectively.
These results were different to the only study which
evaluated an anisotropic phantom tendon with SSI.
However, when compared to previous studies, the results
were similar to human healthy patellar tendon. This is a
whole homogeneous phantom and it was not possible to
mimic the oriented fibers presented on the tendon. Future
studies should be performed with anisotropic phantoms to
standardize the validation of elastography techniques
dedicated to healthy and pathological tissues.

Keywords

Supersonic shear imaging ¢ Tendon * Phantom *
Elastography

1 Introduction

Phantom is a material which mimics biological tissues, i.e.,
acoustic and mechanical properties [1]. Among the phan-
toms developed at the Ultrasound Laboratory (COPPE/
UFR]J), bone, muscle, breast and recently tendon phantom
can be highlighted [1, 2].

Tendon connects muscles to bone. Their main function is
to transmit mechanical load between those structures to
provide joint motion [3]. Tendon is composed basically by
collagen, proteoglycans, glycoproteins, water and cell (fi-
brocytes) [4]. Collagen is the major component (type I, III,
V, IX) and type I makes up 60% of the dry mass and
approximately 95% of the total [5]. In addition to collagen,
proteoglycans vary over different locations according to the
mechanical load on tendon [3, 6].

Tendon structure is highly complex. A hierarchical
organization contains fibrils, bundles and collagen fibers
which are oriented in the same direction of mechanical loads
which act on tendons. The specific fiber orientation allows
tendon to resist high imposed loads [4, 6]. Although
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mechanical loads are beneficial to tendon homeostasis, too
high or repetitive loads (overuse) can lead to tendinopathy.
This pathological condition can alter tendon structure and
mechanical properties, impairing function [7]. According to
[8] age-related must alter tendon structure and mechanical
properties reducing the load resistance capacity.

Historically, tendon mechanical properties were first
evaluated by in vitro studies. A tendon specimen (ex vivo)
was submitted to a known stress (load) over a time and its
deformation (strain) was then measured. Thus, Young
modulus were calculated from stress and strain ratio (Eq. 1)
[9, 10].

Later, in vivo studies were developed to calculate tendon
Young modulus [11, 12]. For patellar tendon, i.e., ultrasound
was used to assess tendon cross-sectional area (A) and
dynamometer was used to measure quadriceps femoral
Torque (T). The force (F) exerted by quadriceps femoral was
calculated by dividing the torque by the femur length (dis-
tance), and then stress is calculated by dividing the force
(F) by area (A). Tendon initial length (Lo—tendon at rest)
and final length (L) were both measured by ultrasound to
calculate patellar tendon length variation (AL). Thus, strain
is found by dividing length variation (AL) by length at rest
(L,). Equation 1 shows Young modulus calculated from
Stress (F/A) Strain (AL/L,) [12].

Young modulus =

(1)

>
r":»n

~
S}

where, F—force exerted from quadriceps femoral;, A—
patellar tendon cross-sectional area; AL—tendon length
variation; LO—tendon length at rest (initial length).

Finally, for both methods (in vitro and in vivo), the Stress
x Strain curve was plotted to evaluate tendon behavior.
However, these methods had high uncertainty [13].

Ultrasound (US) has been a useful tool largely used in
Medicine to evaluate tissue morphological and material
characteristics, i.e. tendon, muscles, liver and breast. How-
ever, the US does not provide any information about tissue
mechanical properties, i.e., rigid or elastic tendon [14, 15].
Elastography, a recent technique developed by [16],
emerged as a promising non-invasively and real-time diag-
nostic tool to detect variations on tissue stiffness. Therefore,
it is possible to identify a tissue pathological condition such
as breast or liver cancer [17].

At the beginning, in the Quasi-Static Elastography tech-
nique (free-hand), stress was applied manually at the tissue
through the transducer. So, besides being an
operator-dependent technique, it can only provide a quali-
tative evaluation of a structure, i.e., hard or soft tissue [15].
Over the years, Elastography technique has been enhanced
so that it is possible to obtain a quantitative parameter to
assess mechanical property, i.e. Elastic modulus (E). So,
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Supersonic Shear Imaging (SSI) provides E given in kPa,
calculated from transverse shear wave propagation velocity
—“Cs” (Eq. 2). SSI technique works at two stages: Pushing
Mode—An acoustic radiation force (ARF) is generated by
the transducer on tissue with many focuses at different
depths. The stress caused by ARF will cause a perturbation
on the tissue and then, transverse and longitudinal waves
will be generated. These waves will propagate longitudinally
and transversely to the ARF application direction, respec-
tively. Transverse shear wave propagation velocity (Cg) is
proportional to tissue stiffness: Cg is faster when propagated
in a rigid tissue [14, 18].

Imaging Mode: Ultrafast Imaging acquisition provides a
full image plane scanning by a high temporal resolution per
acquisition—about 5.000 or more images per second. Thus,
SSI transducers can measure transverse shear wave propa-
gation time over a given distance to obtain Cg (m/s). Elastic
modulus (E) is then calculated by Eq. 2 [19].

E = 3pC3 (2)

where: E—FElastic Modulus (kPa), p—density of biological
tissue (1.0 g/mm?), Cs—transverse shear wave propagation
velocity (m/s).

According to Eq. 2, Elastic modulus assumes that all
biological tissues have the following characteristics: purely
elastic, isotropic and density p = 1.0 g/mm>. However,
tendons are viscoelastic, anisotropic and its density is not
exactly 1.0 g/mm?’ [20]. One way to minimize these errors is
using Cg values which are measured directly from tissue.

Recently, the development of a 3D (three-dimensional)
transducer has been providing a more complete structure
evaluation in three orthogonal planes: (A) sagittal,
(B) transverse and (C) coronal (Fig. 1) [17, 18].

In the current literature, studies with tendon phantom
assessed by elastography are few and very limited. There are
no studies with 3D elastography for tendon phantom eval-
uation. Thus, the aim of this study is to assess Cg in tendon
phantom by SSI with 3D transducer.

2 Materials and Methods

2.1 Phantom Preparation

The phantom preparation process was carried out at the
Ultrasound Laboratory (LUS-COPPE/UFRIJ). PVCP, com-
mercially called Plastisol®, consists of fine particles sus-
pended in liquid plasticizer. When it is heated, the plasticizer
permeates the PVC particles increasing the polymer chains.
At approximately 180 °C, the melting of the PVC micro-
crystals formed the homogeneous matrix. The polymeric
chains froze with cooling but remained plasticized. Thus, a
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Fig. 1 Patellar tendon assessed by SSI technique with 3D transducer.
The image shows the three orthogonal planes: Sagittal; Transverse and
Coronal. Color map (elastogram) in each plane and the scale are shown
(Elastic modulus - kPa) and the mean Cg (m/s) and Elastic Modulus
(kPa) values

solid and flexible material with high cohesion chains was
formed [1, 21]. Attenuation coefficient of PVCP is 0.38 dB.
cm_l, which is lower than that found in the literature for
tendons. However, it is possible to alter attenuation values
by adding spreading components [1, 21].

The phantom preparation process follows a protocol
developed by [21]. Spreaders were added to the liquid PVCP
and mixed until the material became homogeneous. After
this stage it remained for 60 min in a vacuum pump (Ind.
Mec. Primer Ltda. Model 166, 104 N 1016) to remove
possible air bubbles. The solution was then heated in the
microwave (Blue Touch®, Electrolux) for 2 min (power =

100%) and for 4 times of 30 s each (power = 70%) until it
reached 180 °C. After that, it was again taken to the vacuum
pump for another 2 min. Finally, the solution (liquid) is
poured into the container and remains there until it solidifies
(Fig. 2). Glycerin 15% was added to the phantom because it
improves attenuation coefficient [22].

2.2 Image Acquisition—SSI with 3D Transducer
Image acquisition was performed at the Movement Analysis
and Exercise Physiology Laboratory (LAMFE-COPPE/
UFRJ). The Aixplorer v.11 equipment (Supersonic Imag-
ine, Aix-en-Provence, France) and 3D transducer (Super
linear TM volumetric SLV 16-5, 5-16 MHz) were used.
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Intersection
Point

Fig. 2 a Tendon phantom; b SSI sagittal plane image showing Q-Box
(color map). Inside the Q-Box, ROI was positioned around the
intersection point between both complementary planes: transverse
(green) and coronal (red)

The 3D transducer was placed directly to the phantom sur-
face with conductive gel between them. The entire phantom
has homogeneous characteristics, so the transducer position
(transverse or longitudinal) did not change the color map
characteristics and Cg values (Fig. 2).

2.3 Image Processing
Three images of tendon phantom were acquired and each
one displays Cs (m/s) and E (kPa) values for all three planes
(Fig. 3). Each image (sagittal, transverse or coronal planes)
shows the two other complementary planes and the inter-
section point (Figs. 2 and 3) between them. L.e., for a sagittal
plane image, it is possible to identify transverse and coronal
planes as well as respective intersection point. Then, a
5.0 mm Region of Interest (ROI) was positioned around the
intersection point and the Cg values were accessed in a
common region to the 3 planes.

Figure 3 shows tendon phantom and three orthogonal
planes images as well as Cy and EM values in m/s and kPa,
respectively.

2.4 Results

Table 1 shows Cg values (mean and std. dev.) obtained from
three images for each plane.
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Fig. 3 Schematic representation of transducer placed at tendon
phantom surface (on the top). Tendon phantom and image from three
planes: a Sagittal; b Transverse and ¢ Coronal. Each one contains the
color map, the respective intersection point and the ROI positioned
around it. The related scale in shown on top of right (kPa). On the right,
it shows Cs (m/s) and Elastic Modulus (kPa) values

Table 1 Cg Values obtained (mean and std. dev.) from three images
for each plane

Plane Sagittal Transverse (B) Cs | Coronal (C) Cg
(A) Cs (m/s) (m/s)
(m/s)

Image 1 5.9 6.0 6.0

Image 2 6.4 6.8 6.4

Image 3 6.4 6.4 6.5

Mean + St. 6.2+03 6.4 +04 6.3 +03

dev.

3 Discussion

The aim of this study was to assess tendon phantom Cg by
SSI with 3D transducer. Although there are no studies using
3D elastography to assess tendon phantoms, it is possible to
compare the results with Cg values in previous studies which
evaluated healthy patellar tendon in humans.

The following studies presented Cg values close to those
found in this study. [18] performed SSI (3D transducer) on
the patellar tendon of 18 healthy subjects and found Cj
values = 6.2 m/s (sagittal plane) and 6.1 m/s (transverse
plane). [10] assessed 11 subjects and found Cg val-
ues = 6.0 m/s, [23] obtained Cg = 6.6 m/s in 20 volunteers,
[24] assessed 25 subjects and Cg values ranged from 5.8 to

V. C. Martins et al.

6.3 m/s and [25] obtained values from 6.2 to 6.7 m/s in a
study with 22 participants.

Phantoms can mimic biological tissues properties, i.e.
acoustic, theological and mechanical. However, studies with
tendon phantoms are still limited as well as elastography
with 3D transducer to tendon assessment [1, 2]. In the cur-
rent literature, there is no study with 3D SSI transducers to
evaluate tendon phantom.

Aristizabal et al. [26] developed a gelatin-based phantom
composed with fishing line material with preferential ori-
entation and the phantom exhibited anisotropy that resem-
bles that observed in the pork muscle. Slane and Thelen [27]
created a phantom from polyvinyl chloride-plastisol with
randomly dispersed glass beads used as ultrasound scatter
particles. The authors investigated the fidelity of a 2D
elastography method for evaluating motion and strain of
tendon-shaped phantoms and ex vivo tendon specimens
subjected to axial loading. A phantom made with eleven
pre-cut acrylic tubes filled with a gelatin mixture (10-15%
gelatin, 2-6% psyllium hydrophilic mucilloid fiber) was
evaluated by [28]. Three-dimensional ultrasound provided
accurate measures of phantom volume and length and reli-
able in vivo measures of Achilles tendon volume, length and
average cross-sectional area, with all intra-class correlations
coefficients greater than 0.98. [2] evaluated the anisotropy
behavior of transverse isotropic (TI) PVA hydrogel phantom
using SSI with 2D transducer positioned at 0° and 90° to the
fibers. Elastic anisotropy was observed since the shear wave
speed was 3.2 m/s at 0° and 1.95 m/s at 90°. Therefore, the
phantom mimics anisotropy of biological fibrous tissues at
different scales such as cardiac, muscular or tendon.
Although this is not a phantom which mimics only tendon,
the Cg values found by [2] was lower than the results of this
study.

The tendon phantom of this study is all homogeneous, so
there were no variations on Cg values when the transducer
position was changed from longitudinal to transverse to
surface. Tendon fibers orientation gives it a high capacity to
resist and transmit loads in the same direction [6], however,
due tendon anisotropy, the behavior is different when loads
are transversely applied to tendon fibers [15]. The develop-
ment of anisotropic phantoms for elastography would help to
standardize the validation of elastography techniques dedi-
cated to fibrous tissues, i.e. tendon [2, 15].

In this study, the transducer was placed randomly at the
phantom surface, and then, Cg values were measured from
the ROI positioned only around the intersection point
(Fig. 3). Even though it is a homogeneous phantom, there
was no established criteria to define other specific
points/regions to be evaluated in addition to this intersection
point. In future studies, a more complete assessment of this
phantom should be performed.
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Conclusion

Tendon phantom of this study showed Cg values similar to
patellar tendon of healthy subjects, however, these results
are different from that found in an isotropic phantom.

Future studies should be performed with phantoms with

parallel oriented fibers and made with different materials to
mimic tendon anisotropy as well as mechanical properties of
healthy and pathological tendon.
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Physiological Control of Pulsatile and
Rotary Pediatric Ventricular Assist Devices
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Abstract

Several control strategies have been proposed to achieve
physiological adaptation of ventricular assist devices
(VADs). This paper presents physiological control systems
for pediatric VADs that were developed in a scientific
cooperation between Bioengineering Division of the
Heart Institute, Hospital das Clinicas, Faculty of Medicine
on the University of Sdo Paulo (InCor—-HCFMUSP) and
the Electrical Engineering Department at the Federal
University of Campina Grande (DEE - UFCG). The
pumping principle and mathematical models of two types
of pediatric VADs (pulsatile and rotary) are described. The
control strategies for the physiological control systems
are discussed, and the main achievements and challenges
for implementing these control systems are presented.

Keywords
Ventricular assist device ¢ Pediatric patient * Lumped
parameter model * Physiological control system

1 Introduction

Ventricular assist devices (VADs) are mechanical circulatory
support devices implanted to assist the left ventricle (LVAD),
the right ventricle (RVAD), or both ventricles (BiVAD) [1].
VADs are used successfully in the treatment of end-stage heart
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failure (HF), and regardless of pumping principle, are classi-
fied as pulsatile VADs or rotary VADs.

Pulsatile VADs are volume-displacement pumps, in which
a pulsatile stroke volume is generated from the displacement
of a membrane or by using a dual pusher-plate sac-type mech-
anism driven by a pulsed driver. Among the advantages, this
type of pump work with intermittent assistance (similarly to
the human organism) and good results for the long-term. As
for disadvantages, it can be cited the size and weight, poten-
tial infections, degradation of the membrane and formation
of blood clots [2,3].

Rotary VADs, known as rotary blood pumps (RBPs), pro-
vide rotational energy from an electric console to continu-
ously pump the blood to the patient’s body. The RBPs can
be axial pump or centrifugal pump, according to the impeller
design. The characteristics of this type of pump used as VAD
in clinical usage are the reduced size and weight, the durabil-
ity, silent device (without friction), reduced hemolysis risk,
and long life expectancy (10-15years). The main disadvan-
tages are infection risks, occurrence of arrhythmias and suc-
tion phenomenon [4,5].

VADs physiological control denotes a feedback control
system that aims at reducing the number of human interven-
tions for regulating the levels of the hemodynamic variables.
Different types of VADs control systems are available to ful-
fill these physiological objectives. Petrou et al. [6] done an
in vitro comparison of physiological controllers for LVADs
proposed in literature. Wang et al. [7] proposed and verified
physiological control algorithms for BiVAD support. Leao
et al. [8] developed multi-objective physiological control for
RBPs with in vitro evaluation.

There have been great advances in VADs treatment for
pediatric patients with HF. Miniaturized rotary VADs are
more adopted for pediatric patient with promising results. For
infants and small children, paracorporeal pulsatile VADs is
the main option for long-term support. Despite widely avail-
able of VADs in adults, pediatric VADs are very limited, and
there are few studies in the literature that describe pediatric
VAD physiological control systems [9—11]. In this context,
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the current work aims at discussing the design of physiolog-
ical control systems for pediatric ventricular assist devices.
These pediatric devices were designed and manufactured at
InCor - HCFMUSP.

2 Ventricular Assist Devices

This section describes both the pediatric pulsatile VAD and
pediatric rotary VAD used in this study.

2.1 pVAD

The pediatric VAD (pVAD InCor) is a pulsatile paracorpo-
real device pneumatically driven pump has a blood chamber
with ejection volume of 15 ml, an air chamber, a membrane
between these chambers, and valve prostheses on both the
inlet and the outlet connectors of the blood chamber [12]. An
image of this pVAD can be seen in Fig. la.

A pneumatic driver generates a pressure signal, pq(t),
combining ejection and filling pressures, pe(¢) and ps(¢),
respectively. The pressure pe(#) remains constant for a fixed
period, known as VAD systolic period Tgys. This pressure is
delivered to the air chamber and causes a membrane displace-
ment which closes the inlet valve and open the outlet valve.
After that, pq(¢) is switched from p¢(t) to pg(z), decreas-
ing the air chamber pressure and allowing the filling of the
blood chamber. Negative values can be used to pg() (vac-
uum) to improve blood volume suction in the blood chamber.
A detailed description of the pVAD InCor lumped parameter
model (Fig. 1b) can be found in Sousa et al. [13].

The pVAD drive can operate in three distinct modes: full-
to-empty mode, where the pVAD ejection is activated with
the filling of blood chamber; asynchronous mode, where the
pVAD works at constant frequency apart native heartbeat; and
synchronized mode, which works according to the patient’s
heartbeat in co-pulsation (pulsation in systole) or counter-
pulsation (pulsation during diastole), based on ECG signal.

2.2 pRBP

The pediatric RBP (pRBP InCor) is a centrifugal rotary blood
pump with a priming volume of 20 mL, to be used as a bedside
pump for the patient. This device is composed by three sub-
systems: electrical, mechanical and hydraulic. The DC motor
is the core of the electrical subsystem, in which the motor
driver module provides the armature voltage. In the mechani-
cal subsystem, there is a magnetic coupling between the pRBP
and the DC motor shaft. In hydraulic system, the pump dif-
ferential pressure and pump flow may be measured by central
access inlet connector and peripheral access outlet connector
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from pneumatic driver Aorta
Input flow

Left Ventricle

()

Inlet cannula pVAD Outlet cannula
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Fig.1 a Image of the pulsatile pediatric ventricular assist device as if it
was connected between the left ventricle and the aorta. b Representation
of the pVAD OD model. Legend: pyy (¢) = left ventricular pressure; p,o(f)
= aortic pressure; ppc(t) =blood chamber pressure; p,c(f) =air chamber
pressure; pq(t) = pneumatic driver pressure; pe(t) = ejection pressure;
pi(t) = filling pressure; g;(¢) = input flow; g, (¢) = output flow; D;, D, =
inlet and outlet valves; R;, L; = resistance and inertance in inlet cannula;
R,, L, =resistance and inertance in outlet cannula; R,c, Cac = resistance
and compliance in air chamber; Ry, Cy = resistance and compliance in
blood chamber

of the pump. An image of the pRBP under consideration can
be seen in Fig. 2a.

The pRBP variables are the pump differential pressure,
Apep(2) (the pressure difference between the pump outlet,
Pout(?), and pump inlet, pi,(¢)); the pump flow, gggp(?); the
motor armature voltage, v,(¢); the motor armature current
iy(t); and the rotational speed w(f). A detailed description
of the pRBP InCor lumped parameter model (Fig. 2b) can be
found in Melo et al. [14].

The pRBP actuator can operate in two modes: constant
mode, in which a fixed value of rotational speed is defined,
generating a continuous flow in the pump; variable mode, in
which the pump rotational speed modulation is incorporated
in the control loop, operating in co-pulsation (increases the
pump speed in the systolic period; consequently, increasing
the pump flow in systole and the arterial pressure pulse ampli-
tude) or counter-pulsation (increases the pump speed in the
diastolic period; as a result, reducing the pump flow in diastole
and the arterial pressure pulse amplitude).

3 Physiological Control Strategies

The operating modes of pulsatile and rotary VADs are usu-
ally chosen by the physicians (human-in-the-loop approach).
They evaluate the patient’s condition to define the most ade-



