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Abstract: Polycystic ovary syndrome (PCOS) is one of the most widely recognized endocrine disorders affecting reproductive-age women.
The etiopathogenesis and mechanisms of this syndrome remain unclear. Diagnosis requires two of the following: polycystic ovaries, oligoor anovulation, and hyperandrogenism. Most women with PCOS display conditions such as metabolic abnormalities, diabetes, obesity,
cardiovascular disease, and/or bone dysfunction. Considering the ethical limitations of human studies, animal and cell culture models that
reflect some features of PCOS are important for investigation of this syndrome. The aim of the present work was to study some of the endocrine
relationships between ovaries and bone tissue in a polycystic ovary syndrome animal model. The study was performed using an estradiol
valerate PCOS-induced rat model (n = 30) and bone mesenchymal stem cell cultured from bone marrow of those animals. It was hypothesized
that changes of the endocrine relationship between ovaries and bones could be observed in from in vivo animal model and in vitro cell culture
assays. The ovarian morphological and endocrine changes seem to be correlated with endocrine, biophysical, and biomechanical changes in
bone properties. Mesenchymal stem cells obtained from PCOS-induced rats, cultured for up to 21 days and differentiated into osteoblasts,
presented lower viability and reduced mineralization of the extracellular matrix. Taken together, these results indicate important endocrine
and structural effects of PCOS in ovaries and bones, contributing to part of the understanding of the pathophysiological mechanisms of PCOS.
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Introduction
Polycystic ovary syndrome (PCOS) is one of the commonest endocrine
disorders in women of reproductive age, with worldwide prevalence from
2% to 27%, depending on the diagnostic criteria used1-6. Diagnosis of
PCOS based on the Rotterdam Consensus criteria requires two of the
following: polycystic ovaries, hyperandrogenism, and oligomenorrhea
or amenorrhea. This reproductive endocrinopathy is associated with
hyperandrogenism, hirsutism, polycystic or polyfollicular ovaries,
oligo/anovulation, infertility, luteinizing hormone (LH) hypersecretion,
increased levels of inflammatory markers, obesity, dyslipidemia,
insulin resistance (IR), type 2 diabetes, metabolic syndrome, and bone
abnormalities5,7-16.
Androgen excess is a complex reproductive disorder also associated
with IR, obesity, hyperlipidemia, hypertension, endothelial dysfunctions,
and bone dysfunctions 17-20. Androgen insufficiency and androgen
excess both cause ovarian dysfunction. Lack of androgen in the ovary,
specifically in granulosa cells, leads to ovarian insufficiency, while
excess androgen is linked to PCOS. Excess androgen appears to be
both a cause and a consequence of PCOS, in a vicious cycle21. Androgen
receptors (AR) are expressed in all the bone cells, including osteoblasts,
osteoclasts, and osteocytes22, indicating the direct influence of androgen
on bone. Bone mineral density (BMD) is higher in PCOS amenorrheic
women than in non-PCOS amenorrheic women, while hyperandrogenic
women with regular menses have been shown to have significantly higher
BMD than either amenorrheic hyperandrogenic women or controls23. The
excess of androgen in PCOS subjects affects the bone mass directly,
as well as by the involvement of various other factors, such as insulin,
glucose, and cytokines19.

Assessment of the etiology of PCOS and evaluation of the longterm risks of PCOS, in relation to bone development and metabolic and
reproductive diseases, requires the development of suitable animal
models24. Information is limited concerning methods for establishing
animal models of PCOS, although several animal models have been
developed and studied for the human PCOS24-29. However, the etiology
of PCOS is still unclear, due to its complex manifestation as a syndrome
and the limitations of translational studies using animals.
In order to understand some of the endocrine relationships
between ovaries and bone tissue in a polycystic ovary syndrome
situation, an animal model with PCOS induced with estradiol valerate
was used, considering a period of 60 days post-induction. In addition,
bone mesenchymal stem cells were cultured for up to 21 days, with
differentiation into osteoblasts, in order to evaluate whether endocrine
effects in vivo could compromise cell viability and mineralization of the
extracellular matrix.
MATERIAL AND METHODS
IN VIVO EXPERIMENTS
Animals
Thirty adult female Wistar rats (6-months old at the end of the
experiments) were used. The animals were weighed at the beginning
of the experiment (204.2 ± 11.04 g), housed in standard boxes (n =
5), and kept at the University of Araraquara (UNIARA, Araraquara,
São Paulo State, Brazil), under controlled conditions of 22 ± 2 ºC and
12-h light/dark cycles (lights on at 7:00 a.m.). Water and feed were
offered ad libitum. All the experimental procedures were approved
by the Committee of Ethics in Animal Use (CEUA/UNIARA protocol nº
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018/2016), following the norms of the National Council for Control of Animal Experimentation (CONCEA/MCTI, Brazil).
Estrous cycle, body mass and induction of polycystic ovary
Estrous cycle analysis was performed daily for 4 weeks prior to induction of PCOS, in order to confirm the occurrence
of normal and consecutive cycles. The rats that were used in the experiment had at least 4 normal and consecutive
cycles30-31. The estrous cycle checks were continued daily until the end of the experimental periods.
Body mass analysis of the rats was performed on the day of arrival at the laboratory, on the day of induction of PCOS,
weekly after the day of induction, and on the days of euthanasia.
The polycystic ovary induction was performed with a single dose of estradiol valerate (EV) (Sigma-Aldrich, MO, USA)
dissolved in mineral oil (2.0 mg/0.2 mL/rat; intramuscular)30. Control (C) animals received intramuscular injection of 0.2
mL of mineral oil. After hormonal and mineral oil injections, the animals were divided into 6 groups (n = 5) that were
evaluated after different periods: 30 days after induction (PCO 30 and C 30 groups), 45 days after induction (PCO 45
and C 45 groups), and 60 days after induction (PCO 60 and C 60 groups). The evaluation times were based on the time
required for PCOS to appear30-32. The PCOS-induced rats showed important signs related to the syndrome, including
hyperandrogenemia, irregular estrous cycles, and polycystic ovarian morphology.
Progesterone, testosterone, luteinizing hormone, alkaline phosphatase, and osteocalcin assays
Immediately after euthanasia, blood was collected by cardiac puncture and/or aortic arch, using heparinized syringes.
The blood was centrifuged at 3000 rpm for 20 minutes to obtain the plasma, which was transferred to Eppendorf
tubes and frozen at -20 °C for subsequent analyses of progesterone (P4), testosterone (T), luteinizing hormone,
alkaline phosphatase (ALP), and osteocalcin (OCN). The plasma progesterone and testosterone concentrations were
determined by double-antibody radioimmunoassay (RIA), using MAIA kits provided by Biochemistry Immunosystem
(Bologna, Italy). The lower limits of detection for progesterone and testosterone were 0.02 ng/mL and 5.0 pg/mL,
respectively. The intra-assay coefficients of variation were 7.5% for progesterone and 4% for testosterone. Plasma LH
was assayed using specific kits provided by the National Hormone and Peptide Program (Harbor-UCLA, USA). The
antiserum for LH was LH-S10, using RP3 as reference. The lower limit of detection was 0.04 ng/mL and the intra-assay
coefficient of variation was 3.4%. Alkaline phosphatase activity was determined from measurements of the release of
thymolphthalein from thymolphthalein monophosphate, using a commercial kit (Labtest Diagnóstica, Belo Horizonte,
MG, Brazil). Aliquots of 50 μL of the culture medium were used. The absorbance was measured at 590 nm and the ALP
activity was calculated based on the value for a standard. Osteocalcin was analyzed by electrochemiluminescence
immunoassay, using a COBAS 6000 immunoassay analyzer (Roche Diagnostic, Germany). The inter-assay coefficient
of variation was 4.8%.
Gonadosomatic index and bone biomechanical parameters
The animals were weighed before euthanasia. Subsequently, the ovaries were removed, cleaned, and weighed. The
values obtained were used to determine the gonadosomatic index (GSI), as follows: (ovarian mass/body mass) x 100.
Immediately after euthanasia, the femoral bones were removed and dissected to remove the muscle and soft tissue.
The isolated bone material was maintained in 0.9% saline solution, at -20 ºC, for subsequent analysis. The right femurs
were removed and cleaned for determination of BMD and bone mineral content (BMC), according to the Archimedes
Principle33. The biomechanical parameters of the right femurs were obtained by the three-point bending test, using
a universal test machine (Model 4444, INSTRON) and a load cell with maximum capacity of 100 kgf, at a speed of 5
mm/min34. The test results were recorded in graphical form using Instron Series IX software, generating load versus
displacement curves. Analysis of the curve provided the following parameters: maximum load, maximum load at
fracture, and stiffness.
Ex Vivo Experiments
Mesenchymal stem cells
Mesenchymal stem cells were obtained from the left femurs of the control and PCOS females (30, 45, and 60 days),
with isolation according to the Wang protocol35. Briefly, after euthanasia, the femurs were removed from the animals,
dissected, and transferred to Falcon tubes containing DMEM (Dulbecco’s Modified Eagle Medium) supplemented with
NaHCO3, L-glutamine, 10% fetal bovine serum, penicillin (100 U/mL), and streptomycin (100 μg/mL). Under aseptic
conditions, the femur proximal and distal epiphyses were sectioned with surgical pliers. The cells were extracted by
flushing the bone marrow using a syringe (20 mL) and needle (25 x 8). The cell suspension obtained was centrifuged
(10000 rpm for 4 minutes at 4 °C), the supernatant was discarded, and the cells were resuspended in culture medium.
The cell pools (for each experimental time: 30, 45, and 60 days) were prepared in culture bottles, with one pool obtained
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from the control animals and another from the PCOS animals. The culture bottles were kept under controlled conditions
(37 °C, 5% CO2, and 95% atmospheric air), until the cells reached 70-80% confluence (approximately 10 days). The
culture medium was changed every 48 h.
Mesenchymal stem cell differentiation
After reaching cell confluency in the bottles, the cells were transferred to 24-well culture plates, at a density of 3 x
4
10 cells/mL/well, with osteogenic differentiation medium36 (ascorbic acid, dexamethasone, and β-glycerophosphate
- Sigma-Aldrich, St. Louis, MO, USA) added to the control medium (DMEM). The culture plates for the control and
the PCOS groups (for each experimental time: 30, 45, and 60 days) were kept (in triplicate for each experimental time)
under conditions of 37 °C, 5% CO2, and 95% atmospheric air for 7, 14, and 21 days after addition of the osteogenic
medium. The culture medium was changed every 72 h and it was frozen at -20 °C for subsequent analysis of alkaline
phosphatase.
Cell metabolic activity
Cell metabolic activity was assessed after 7, 14, and 21 days of culture, using the colorimetric assay involving the
reduction of 3- (4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO,
USA), with formation of formazan (a blue crystalline product), by the action of mitochondrial dehydrogenase in viable
cells. The quantity of the product is directly proportional to the blue coloration, enabling estimation of the number of
mitochondria and, consequently, the number of viable cells in the culture, hence providing an indirect measure of cell
metabolic activity. After removal of the culture medium from the wells, 50 μL of MTT (0.5 mg/mL) was added to each
well and the plate was incubated for 4 h at 37 ºC, under 5% CO2. Subsequently, 100 μL of acid isopropanol was added
to each well, in order to fully solubilize the precipitate formed, and the absorbance of the solution was measured at 570
nm37, using a microplate reader (Polaris, Celer Biotecnologia, Belo Horizonte, MG, Brazil).
Mineralization nodes analysis
The method described by Gregory et al.38 was used to detect extracellular matrix mineralization. Briefly, after 7, 14,
and 21 days of culture, the plate wells containing osteogenic cells were washed with cold phosphate-buffered saline
(PBS) (Sigma-Aldrich, St. Louis, MO, USA), filled with formaldehyde (10% v/v) (Merck, Kenilworth, NJ, USA), and left
for 30 min. The wells were then washed with deionized water, followed by addition of 1 mL of Alizarin Red solution
(Sigma-Aldrich, St. Louis, MO, USA). After 30 min, the excess Alizarin Red solution was removed, the wells were
washed with water, and the plates were kept at room temperature for the wells to dry. Quantification of extracellular
matrix mineralization was performed by adding 450 μL of acetic acid solution (10% v/v) to each well that had been
previously stained with Alizarin Red. The plates were kept on a shaker for 30 min, at room temperature, after which
400 μL aliquots of the contents of the wells were transferred to Eppendorf tubes, followed by addition of 150 μL of
ammonium hydroxide (NH4OH). Finally, the contents of the Eppendorf tubes were transferred to 96-well plates and the
absorbances were measured at 405 nm with a microplate reader.
Statistical analysis
The results are reported as mean ± SEM. The data were analyzed using ANOVA (analysis of variance), with one
classification for six independent groups of measures, and a Fisher test was used for multiple comparisons. The
statistical analyses were performed with SigmaStat software (Systat Software, Point Richmond, CA, USA). Statistically
significant differences among the means for the treatment groups considered a p-values < 0.05. Logarithmic data
transformation was used to satisfy the assumptions of the ANOVA model (normality and constant variance of the errors).
These assumptions were confirmed using residual plots.
Results
in vivo experiments
Body mass, ovary mass, and GSI
There were no significant differences of body mass between the control and PCO animals (Figs. 1A, 1C, and 1E).
For the 30-day groups (Fig. 1B), the left ovary mass was higher for the control animals (0.0727 ± 0.0228 g), compared
to the PCO animals (0.0454 ± 0.0158 g). For the 45-day groups (Fig. 1D), the right ovary mass was lower for the PCO
group (0.0346 ± 0.0054 g), compared to the control group (0.054 ± 0.012 g). For the 60-day groups (Fig. 1F), the
masses of both ovaries were higher for the PCO group (right: 0.0552 ± 0.0059 g; left: 0.0554 ± 0.0035 g), compared
to the control group (right: 0.0482 ± 0.002 g; left: 0.046 ± 0.0051 g).
Table 1 presents the gonadosomatic index results. The GSI values for the 30-day PCO groups (0.023 ± 0.0015)
4

INTERNATIONAL JOURNAL OF ADVANCES IN MEDICAL BIOTECHNOLOGY - IJAMB

Vol. 3 N.2, 2020

Simultaneous alterations in ovaries and bone as a result ...

and the 45-day PCO group (0.014 ± 0.0006) were lower than for the corresponding control groups (30 days: 0.029
± 0.0021; 45 days: 0.021 ± 0.0015). For the 60-day groups, the GSI was higher for the PCO group (0.024 ± 0.0016),
compared to the control group (0.019 ± 0.0009). An effect of time on GSI was also observed. For the control groups,
GSI was higher for the 30-day group, with 60-day group presenting the lowest GSI. Among the PCO groups, the
lowest GSI was observed for the 45-day group.
B

A

D

C

E

F
E

C

C

Figure 1. Mean biometric data variations for the control and PCO rats. 30-day groups: body mass (A), and ovary mass (B); 45-day
groups: body mass (C), and ovary mass (D); 60-day groups: body mass (E), and ovary mass (F). The data are shown as mean ±
SEM (n = 5). # Significant difference (p-values < 0.05).

Table 1. Gonadosomatic index (GSI), alkaline phosphatase (ALP), progesterone (P4), testosterone (T), luteinizing hormone (LH),
and osteocalcin (OCN) values for the control and PCO groups (30, 45, and 60 days) of female adult rats. The data are shown as
mean ± SEM (n = 5 per group). Different superscript lower case letters indicate significant differences (p-values < 0.05).
Control
30 days

PCO

45 days

60 days

30 days

45 days

60 days

GSI (%)

0.029 ± 0.002

ALP (IU/L)

60 ± 18.31 b

81.11 ± 23.58 b

70.66 ± 29.52 b

139.74 ± 27.09 a

114 ± 28.04 a

107.45 ± 20.97 a

P4 (ng/
mL)

38.22 ± 28.53

17.27 ± 8.768

26.16 ± 14.21

4.154 ± 4.549

17.98 ± 14.74

23.13 ± 21.33

T (pg/mL)

6.732 ± 2.5788 b

28.23 ± 16.51 a

24.51 ± 7.26 a

23.86 ± 11.028 a

19.81 ± 9.47 a

48.79 ± 30.28 a

LH (ng/
mL)

0.806 ± 0.376 a

1.146 ± 1.036 a

0.5652 ± 0.1825 a

1.137 ± 0.842 a

0.2116 ± 0.1025 b

0.638 ± 0.508 ab

OCN (ng/
mL)

21 ± 2.13 a

19.25 ± 1.31 a

17.5 ± 2.01 a

14.25 ± 1.01 b

17 ± 1.98 ab

14.5 ± 1.2 b
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Femurs biomechanical parameters
For the 60-day groups, the maximum load was higher for the control group (0.2312 ± 0.0039 kN), compared to the
PCO group (0.1886 ± 0.0326 kN). The maximum load showed time dependent effect and was higher for the 60-day
group, compared to the 30-day group (0.1827 ± 0.013 kN) and the 45-day group (0.1943 ± 0.0142 kN) (Fig. 2A). At 60
days, the maximum load at the fracture point was higher for the control group (0.2152 ± 0.0439 kN) than for the PCO
group (0.1147 ± 0.0588 kN). For both groups, the maximum load at the fracture point was time dependent.
In the case of the control groups, a higher value was obtained for the 60-day group (0.2152 ± 0.0439 kN), compared
to the 30-day group (0.1579 ± 0.016 kN) and the 45-day group (0.177 ± 0.0193 kN). The value for the 60-day PCO
group (0.1147 ± 0.0588 kN) was lower than for the 30-day PCO group (0.1707 ± 0.037 kN) and the PCO 45-day group
(0.1754 ± 0.0297 kN) (Fig. 2C).
A

B

C

Figure 2. Biomechanical parameters for the femurs of the rats in the control (C 30, C 45, and C 60), and polycystic ovary (PCO
30, PCO 45, and PCO 60) groups: (A) maximum load; (B) stiffness; (C) maximum load at the fracture point. The data are shown as
mean ± SEM (n = 5). Different lower case letters indicate differences between the control groups. Different capital letters indicate
differences between the PCO groups. # Difference between the control and PCO rats (p-values < 0.05).
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Plasma levels of alkaline phosphatase and osteocalcin
Increases in plasma alkaline phosphatase concentrations (Table 1) were observed for all the PCO groups (30-day:
139.74 ± 27.09 IU/L; 45-day: 114 ± 28.04 IU/L; and 60-day: 107.45 ± 20.97 IU/L), compared to the corresponding
control groups (30-day: 60 ± 18.31 IU/L; 45-day: 81.11 ± 23.58 IU/L; 60-day: 70.66 ± 29.52 IU/L).
The plasma osteocalcin concentration (Table 1) was lower for the 30-day PCO group (14.25 ± 1.01 ng/mL), compared
to the 30-day control group (21 ± 2.13 ng/mL). The 60-day PCO group presented a lower osteocalcin concentration
(14.5 ± 1.2 ng/mL) than the 60-day control group (17.5 ± 2.01 ng/mL).
Plasma progesterone, testosterone, and luteinizing hormone concentrations
The variations of progesterone, testosterone, and luteinizing hormone are shown in Table 1. There were no significant
differences in plasma progesterone concentrations, despite important biological variations of the P4. Lower plasma T
concentration was observed for the 30-day control group (6.732 ± 2.578 pg/mL), compared to the other groups.
Significantly lower plasma LH was found for the 45-day PCO group (0.2116 ± 0.1025 ng/mL), compared to the other
experimental groups, with the exception of the 60-day PCO group (0.638 ± 0.508 ng/mL).
IN VITRO EXPERIMENTS
Cellular metabolic activity
The 30-day PCO group showed lower cellular metabolic activity, compared to the 30-day control group, for all
culture times: 7 days (C: 0.2423 ± 0.008; PCO: 0.166 ± 0.007), 14 days (C: 0.2413 ± 0.009; PCO: 0.1586 ± 0.006), and
21 days (C: 0.2870 ± 0.01; PCO: 0.1473 ± 0.016). Among the control groups, the highest cellular metabolic activity was
observed with 21 days of culture (0.2870 ± 0.01) (Fig. 3A).
A

B

C

Figure 3. Cellular metabolic activity determined by reduction of methylthiazolyldiphenyl-tetrazolium bromide (MTT), with
absorbance at a wavelength of 570 nm. Cells were cultured for 7, 14, and 21 days. (A) 30-day groups, (B) 45-day groups, and (C)
60-day groups. The white and black columns correspond to the control and PCO groups, respectively. The data are shown as mean
± SEM (n = 5). Different lower case letters indicate differences between control groups. Different capital letters indicate differences
between PCO groups. # Difference between control and PCO rats (p-values < 0.05).
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The cellular metabolic activity of the 45-day PCO group was lower than that of the control group for culture time of
7 days (C: 0.2173 ± 0.009; PCO: 0.19 ± 0.007) and 14 days (C: 0.2026 ± 0.013; PCO: 0.165 ± 0.004). For the culture
time of 21 days, the 45-day PCO group presented higher metabolic activity (0.2376 ± 0.006) than the 45-day control
group (0.2206 ± 0.009). Among the PCO groups, the highest metabolic activity was observed with 21 days of culture
(0.2376 ± 0.006) (Fig. 3B).
The cellular metabolic activity of the 60-day PCO group was lower than that of the control group, for all the culture
times analyzed: 7 days (C: 0.1916 ± 0.01; PCO: 0.1303 ± 0.005), 14 days (C: 0.2176 ± 0.007; PCO: 0.1526 ± 0.009),
and 21 days (C: 0.2513 ± 0.004; PCO: 0.1530 ± 0.006) (Fig. 3C). Among the 60-day control groups, the highest
cellular metabolic activity was observed with culturing for 21 days (0.2513 ± 0.004). Among the 60-day PCO groups,
the highest cellular metabolic activities were observed with culturing for14 days (0.1526 ± 0.009) and 21 days (0.1530
± 0.006) (Fig. 3C).
Organic mineralization
When the mesenchymal stem cells were differentiated into osteoblasts kept in culture for 21 days, the 30-day
control group showed higher mineralization at 14 days of culture (3.27 ± 0.114) and lower mineralization at 21 days
of culture (0.233 ± 0.0294). Similar results were observed for the 30-day PCO group, with higher mineralization at
14 days of culture (3.1193 ± 0.1156) and lower mineralization at 21 days (0.218 ± 0.0234) (Fig. 4A).
The organic mineralization of the 45-day groups is shown in Fig. 4B. The control group showed the highest
mineralization at 14 days of culture (0.8038 ± 0.0647) and the lowest mineralization at 21 days (0.2493 ± 0.0345).
The PCO group showed similar behavior, with the highest mineralization at 14 days of culture (0.717 ± 0.0123) and
the lowest mineralization at 21 days (0.23 ± 0.0193).
A

B

C

Figure 4. Organic mineralization of osteoblasts cultured for 7, 14, and 21 days: (A) 30-day PCO group; (B) 45-day PCO group; (C)
60-day PCO group. The white and black columns correspond to the control and PCO groups, respectively. The data are shown as
mean ± SEM (n = 5). Different lower case letters indicate differences between control groups. Different capital letters indicate differences between PCO groups. # Indicates difference between control and PCO rats (p-values < 0.05).
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Fig. 4C shows the results for organic mineralization of the cells of the 60-day groups. The control group showed
the highest mineralization at 14 days of culture (1.6107 ± 0.0413) and the lowest mineralization at 21 days of culture
(0.3855 ± 0.0696). The PCO group also showed higher mineralization at 14 days of culture (1.0512 ± 0.0329) and lower
mineralization at 21 days of culture (0.3227 ± 0.0467). Comparison of the control and PCO groups showed that the PCO
group presented lower organic mineralization (7 days: 0.4108 ± 0.0769; 14 days: 1.0512 ± 0.0329) than the control
groups (7 days: 0.5615 ± 0.0749; 14-days: 1.6107 ± 0.0413).
Discussion
The results obtained in the present study using a model of adult Wistar rats induced to PCOS with a single dose
of EV showed ovarian and estrous cycle changes, bone property modifications in vivo and in vitro, and alterations of
ALP, OCN, and T in the plasma. Other studies have employed PCOS animal models24,29,39, with differences among the
findings for PCOS rats being due to factors such as hormone type and dosage, route of administration, timing and
duration of exposure, phase of the estrous cycle, and animal ages at the time of the study5.
Androgens and AR play important roles in normal follicular development and female fertility. Evidence of the
involvement of androgens in folliculogenesis has been found using in vivo animal models26,40. The synthesis of
androgens is under the control of luteinizing hormone from the pituitary and depends on ovarian cell steroidogenic
acute regulatory protein (STAR), cholesterol side-chain cleavage cytochrome P450 (CYP11A1), 17α-hydroxylase
(CYP17), and 3β-hydroxysteroid dehydrogenase (HSD3B)26,41.
Women with PCOS have abnormalities in estrogen and androgen metabolism14,19,23,42. Hyperandrogenism is a typical
feature of PCOS and often manifests as disturbed folliculogenesis, reduced fertility, and adverse effects on oocyte
developmental competence43. The results obtained in the present work demonstrated that T levels were elevated in
the 60-day animals induced to PCOS, compared to the control animals. It has been reported that the hormone effect
in the female reproductive system is strongly influenced by the time of exposure5,10,21,44. In the present case, the animal
model employed had suitable hyperandrogenic characteristics for the duration of the assays performed. In addition
to hyperandrogenism, the rats showed important ovarian alterations, such as reduction of ovarian mass 45 days after
induction and increase of ovarian mass at 60 days, which could have been due to a greater number of ovarian cysts. No
alteration of body weight was observed, although there was a reduction of GSI of the PCOS animals up to 45 days after
EV treatment, followed by an increase at 60 days, suggesting morphological and steroidogenic ovarian alterations. At
60 days after PCOS induction, the treated animals showed increases of GSI and production of T. This was suggestive
of a vicious cycle, with the endocrine alteration causing ovary morphological alteration, consequently altering hormone
synthesis, which could alter T synthesis, and so on.
Follicular atresia is a complex and multifactorial apoptotic process that depends on apoptosis of granulosa cells43,45-47.
During cyclic recruitment, atresia is promoted by androgens48-50. A single dihydrotestosterone (DHT) injection in
hypophysectomized immature female rats was often seen to result in decreased ovarian weight, which was associated
with the stimulation of follicular atresia and the reduction of healthy follicles of all types51. In the present study, all the
rats of the PCO groups showed estrous cycle changes, with irregularities such as the maintenance of a phase of the
estrous cycle (for example, diestrus) for several weeks. Such alterations, observed using daily vaginal smears, were in
agreement with the morphological alterations of the ovaries. All the animals of the PCO groups showed reductions of
the numbers of secondary and tertiary follicles, as well as corpora lutea, while there were increases of the numbers of
ovarian cysts and atretic follicles (data not shown), similar to our previous observations15,31. These results suggested
that the ovarian alterations related to the increase in T production, due to possible enzymatic alterations, were the
probable cause of the ovarian morphological changes that altered the estrous cycles in the rats induced to PCOS by
EV. In PCOS women, the activities of the CYP17 and HSD3B enzymes were found to increase by more than 500% and
1000%, respectively19,52. In addition, elevated plasma T levels did not alter the pituitary activity for LH secretion, since
the plasma levels of this gonadotrophin were in agreement with the negative feedback performed by T on the pituitary,
suggesting that the animal model used did not present alteration of the hypothalamic-pituitary axis.
The bone remodeling cycle begins with alterations of the extracellular matrix due to stimuli that may be mechanical,
electrical, hormonal, and magnetic, which are converted into molecular signals and messages (such as nitrous oxide
and prostaglandins, changes in electrical charge, and plasma membrane alterations involving calcium release).
Normal plasma concentrations of estrogens and androgens have been shown to increase bone mass in men, women,
and animals5,24,53-54. Androgen exposure enhances osteoblast differentiation and the synthesis of extracellular matrix
proteins such as type 1 collagen, osteocalcin, and osteonectin, in addition to stimulating mineralization19. Hence,
normal concentrations of androgen have an important role in regulating bone matrix production and mineralization.
Sawalha and Kovats55 demonstrated that different androgens can modulate activity in different parts of the bones.
Osteocalcin, which can act in extracellular matrix mineralization, has been used as a serum marker of osteoblastic
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bone formation in both clinical and basic research56. Higher BMD has been observed in PCOS amenorrheic women
than in non-PCOS amenorrheic patients, while hyperandrogenic women with regular menses exhibited significantly
higher BMD than controls or hyperandrogenic patients19,23. There is conflicting information concerning the actions of
OCN in the reproductive system. Osteocalcin can regulate male fertility, while not affecting female reproduction57-58.
Testosterone was found to be positively correlated with serum osteocalcin, indirectly supporting the participation
of serum osteocalcin in sex hormone regulation59. The results of the present work revealed changes in bone activity,
both in vivo and in vitro. After 60 days following induction to PCOS, there were decreased of the maximum load
at the fracture point and the plasma osteocalcin concentration. At the same time, there was the highest plasma
concentrations of T. These observations suggested that testosterone plays a crucial role in mediating bone mass
and osteocalcin levels in adult rats induced to PCOS by EV. On the other hand, the increase in circulating osteocalcin
levels could provide a further stimulus for increase of plasma T, maintaining a vicious cycle between the bone and the
ovaries, in this animal model, as suggested in studies indicating the existence of an independent bone-osteocalcingonadal axis60-61.
Alkaline phosphatase is a marker of bone formation and bone turnover and is used in the evaluation of skeletal
status62-63. Elevated serum ALP is correlated with low bone mineral density and greater structural damage.
Significant associations between ALP and bone mineral density, after controlling for other variables, suggested
that ALP might interacts with other factors, leading to alteration of bone metabolism63. In contrast, no relationship
was found between ALP and bone density in elderly men, suggesting that ALP was not useful for monitoring bone
integrity64, while no correlations were found between levels of osteocalcin and bone alkaline phosphatase in healthy
and postmenopausal osteoporotic women65. The results of the present study showed that plasma ALP levels were
elevated in PCOS-induced animals. In addition, the animals induced to PCOS presented greater bone fragility, as
shown by the reductions of both maximum load and maximum load at the fracture point. Taken together with the
plasma T and osteocalcin levels, the data suggested that in this EV-induced PCOS animal model, the hormone
changes led to impaired bone metabolism.
Cells are substrate-smart and will use any fuel available during tissue culture 66. The artificial environment in which
in vitro studies are conducted can provide valuable insights. The osteogenic differentiation potential of cultured
bone mesenchymal stem cells changes with the age of the donor and the treatment applied both in vivo and in vitro
by means of cellular subculture. The expression of growth factors and increased bone matrix production was found
to favor osteogenesis, improving the structural and mechanical properties of bone in exercised aged animals 67-68.
The mesenchymal stem cells used in the present study were obtained from the femurs bone marrow of adult rats.
The cells remained viable throughout the in vitro experimental period and differentiated into osteoblasts. However,
the cells obtained from the rats induced to PCOS exhibited decreased potential for osteoblastic differentiation and
reduced viability, compared to the control animals. In this way, the bone alterations observed using in vivo studies
can be explained, at least in part, by using in vitro results. The evidence suggests that lower osteoblast viability and
mineralization are likely to among the mechanisms contributing to higher risk of fractures in women with PCOS.
In conclusion, the use of animal models and culture cells studies, such as those described in the present work are
required for evaluation of different aspects of the etiology and pathophysiology of PCOS.
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Abstract: Currently, magnesium alloys are gaining great interest for medical applications due to their degrading properties in the human body
ensuring a great biocompatibility. These alloys also provide profitable mechanical properties due similarities with human bone. However, a
difficulty in applying these materials in the biomaterials industries is the corrosion prior to cell healing. The effect of the chemical composition
of Mg alloys on their corrosion behavior is well known. In this study, samples of AZ31 magnesium alloy were cut into chips for elemental
chemical analysis by neutron activation analysis (NAA). Concentrations of the elements As, La, Mg, Mn, Na, Sb and Zn were determined in the
AZ31 alloy. Visualization tests of agar corrosion development in various media, of 0.90% sodium chloride solution (mass), phosphate buffer
saline (PBS) and simulated body fluid (SBF) were performed. Visualizations of the effect of agar gel corrosion revealed pH variation during
the corrosion process due to the released into the cathode. The highest released of hydroxyl ions occurred in NaCl solution compared to PBS
and SBF solutions indicating that NaCl solution was much more aggressive to the alloy compared to the others.
Keywords: Biomaterials. Magnesium alloy. Neutron activation analysis. Corrosion.
1

Introduction
1
Considering the increase of biomaterials2 industry, the scientific
community has searched about development 3of new types of these
materials for biomedical applications, as well as4 for the improvement of
5
the existing ones. Among these biomaterials, magnesium alloys have
been proposed in this scenario as biodegradable metals for temporary
implants, which avoids a new surgery for their removal1, in the applications
as cardiovascular stents and orthopedic prostheses.
This applicability is mainly due its intrinsic biocompatibility in the
physiological environment since the major element (Mg) is a cofactor of
more than 300 enzymatic reactions in the body, such as DNA, RNA and
protein synthesis2. Several studies have also reported additional benefits
of magnesium such as antibacterial, osteoconductor and osteoinductor
effect3.
Moreover, these alloys provide mechanical properties similar to the
human bone which also avoids stress shielding phenomena4. However,
magnesium alloys can quickly dissolve and corrode in aqueous solutions;
especially those containing chloride ions5.
Rapid degradation rates in physiological medias are the main limitation
for the use of these magnesium alloys, essentially in cases of degradation
before cell healing6-8. Concerning to alloy elements and its impurities, it is
known that they can form secondary particles, which may be nobler than
the matrix, facilitating or inhibiting the degradation rate9.
The main chemical reactions that occur by Mg in contact with
physiological media in the body are anodic reaction of Mg oxidation (1)
and cathodic reaction of water reduction (2)2:

1

Mg
2 H2O + 2 e-

Mg2+ + 2 e2 OH- + H2

(1)
(2)

According to the reaction (2), Mg corrosion causes variation of the pH
on the medium. Corrosion monitoring by means of pH measurements has
been widely used in the study of magnesium degradation, although this
kind of analysis usually brings only qualitative results. This is the cathodic
reaction (Eq. 2) that can be used as an estimate to predict the overall
corrosion rate based on the measurement of pH increase9.
Neutron Activation Analysis (NAA) was the analytical technique used
to determine elements in this study to analyze Mg alloy composition, due
to its advantages in the analysis of this type of materials such as high
sensitivity, multi-element determination and the analyses of a great
variety of matrices10.
The objective of this research was to determine the elemental
composition of the AZ31 magnesium alloy by the NAA technique as well as
to evaluate the variation of pH during the corrosion of this alloy in different
simulated body solutions.

MATERIALS AND METHODS
Materials
The AZ31 magnesium alloy studied was imported to Alfa Aesar from
Massachusetts, United States. This alloy was acquired in foil form with
dimensions 30 cm x 30 cm and 1 mm thickness.

The preparation of the alloy for element determination
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was firstly to transform it in the form of chips with the aid of steel pliers. The cleaning of the chips to eliminate possible
contaminants from the steel pliers was performed using acetone PA in beaker containing the chips and under agitation
with a glass stick. The chips were separated from acetone. Then the purified water was added to the beaker, where alloy
chips remained immersed for about two hours. The separation of the chips of the solution was carried out by filtration with
filter paper. The filter paper containing the chips was put in a Petri dish, which was placed inside the laminar flow cabin
for drying at room temperature.
Figure 1 shows the photograph of AZ31 alloy chips of dimensions of 0.2 to 1.0 cm used in the analysis.
The alloy sample for corrosion immersion tests was obtained by cutting the alloy with dimensions of 15 mm x 15 mm
using a mechanical guillotine. Then the samples were submitted to cleaning using successively ethyl alcohol, acetone and
purified water under agitation for about 15 minutes, in each of the reagents. To obtain smooth and uniform surfaces, the
alloys were grinded using silicon carbide paper of #500, #800, #1200, #2000 and #4000 granulometry successively. Ethyl
alcohol was used to clean the alloy surface between the steps of the grinding and, in the final steps, with distilled water
followed by drying with hot air jet.

Figure 1. Photograph of the chips obtained from AZ31 alloy.
Source: CAJ, Silva.

Simulated body solutions were used in in vitro tests of the electrochemical reactions with the AZ31 magnesium alloy.
The solutions of 0.90% sodium chloride (mass), phosphate buffered saline (PBS) and simulated body fluid (SBF) are those
commonly used in this corrosion studies of biomaterials11-13 and were adopted in this work. The reagents used in the
preparation of these solutions are presented in Table 1.
The PBS solution was prepared using 9.0 g of sodium chloride, 1.42 g of dibasic sodium phosphate and 2.72 g of
monobasic potassium phosphate dissolved and diluted to 1000 mL of purified water. Regarding to SBF solution, its preparation was carried out according to Kokubo e Takadama14 with the exception of the water used, the purified water in the
Millipore purification system was used instead of distilled water.
Methods
Procedure of neutron activation analysis (NAA)
For NAA, 50 mg of alloy chips were weighed in polyethylene envelopes and irradiated in the IEA-R1 reactor along with
synthetic element standards. These standards were prepared pipetting single or multielemental standard solutions in
sheets of filter paper.
Details about experimental procedure used for NAA as well as about analytical quality control of the results are presented in a previous work15.
The concentrations of the elements were calculated by the comparative method16 using the following equations.

𝐶𝐶𝑎𝑎 =

𝑚𝑚𝑝𝑝 . 𝐴𝐴𝑎𝑎 . 𝑒𝑒 0,693(𝑡𝑡𝑡𝑡−𝑡𝑡𝑡𝑡)t1/2
𝑀𝑀𝑎𝑎 . 𝐴𝐴𝑝𝑝

(3)

where Cs is the element concentration in the sample; mst is the mass of the element in the standard; As and Ast are counting
rates of the radioisotopes in the sample and in the standard, respectively; ts and tst are decay times for the sample and
standard, respectively; Ms is the total mass of the sample and t1/2 is the half-life of the radionuclide.
Vol. 3 N.2, 2020

INTERNATIONAL JOURNAL OF ADVANCES IN MEDICAL BIOTECHNOLOGY - IJAMB

16

Silva et al.
Table 1. Reagents used in the preparation of the simulated body solutions of 0.90% in mass of NaCl, phosphate buffered saline (PBS) and simulated body fluid (SBF).
Solution

Reagents

Molecular formula

Purity (%)

NaCl/ PBS/
SBF

Sodium chloride

NaCl

≥99.0

SBF

Potassium chloride

KCl

≥99.0

PBS

Bibasic sodium phosphate

Na2HPO4

≥99.0

PBS

Monobasic sodium phosphate

≥99.0

SBF

Sodium hydrogen carbonate

KH2PO4

NaHCO3

≥99.7

SBF

Tri-hydrated potassium phosphate

K3PO4 . 3 H2O

≥99.0

SBF

Hexahydrate magnesium chloride

MgCl . 6 H2O

≥99.0

SBF

Hydrochloric acid

HCl

36.5 - 38

SBF

Calcium chloride

CaCl2

≥96.0

SBF

Sodium sulfate

Na2SO4

≥99.0

SBF

Tris-hydroxymethyl aminomethane
(Tris)

C4H11NO3

≥99.0

Procedure used for corrosion visualization test in agar-agar gel
Firstly, the areas of the alloy samples to be exposed to corrosion were delimited to 1 cm2 using biological wax to avoid
preferential corrosion at the edges (crevice). The agar-agar used was the bacteriological type of Kasvi K25-1800 and for
its preparation 1.5 grams of agar-agar was used for 50 mL solution17.
For this preparation, each one of the solutions (0.90% in mass of NaCl, PBS and SBF) was heated to boiling temperature
(100 ± 2) °C in a beaker of 50 mL. In this heated solution, 1.5 g of agar-agar and 5 mL of phenolphthalein indicator were
added and with the aid of a glass stick, the solutions were homogenized and transferred into a Petri dish containing an
alloy sample.
Procedure for corrosion monitoring by global pH measurement
The pH variation of the solution in contact with magnesium alloy sample was performed for different times at room
temperature. For this, alloy samples with an area of 2.2 cm2 were immersed in each one of the solutions NaCl, PBS and
SBF. The test was performed in plastic Falcom tube with the capacity of 15 mL and the volume of each solution was of 11
mL. The ratio between solution volume and exposed alloy area was 5 mL/cm2.
The pH measurements were performed using KASVI K39-2014B bench-type pHmeter and this test was performed in
duplicate, and the mean value of pH measurements was used in the evaluation.
RESULTS AND DISCUSSION
Element determination in the AZ31 magnesium alloy
Table 2 shows the results of determinations in the AZ31 magnesium alloy sample by NAA, as well as the results of
detection limit of Cu, Fe and Ni elements, not detected in the analysis. The detection limits of these three elements were
evaluated since they are commonly present in metal alloys and, in addition the alloy specification sheet shows only their
maximum values.
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Table 2. Concentrations of elements obtained in the AZ31 magnesium alloy by NAA.

Element
Al, %
As, µg g-1
Cu, %
Fe, %
Mg, %
Mn, %
Ni, %
Na, µg g-1
Sb, ng g-1
La, ng g-1
Zn, %

M ± SDa
3.06 ± 0.19
2.30 ± 0.34
< 0.012
< 0.095
96.5 ± 4.2
0.325 ± 0.013
< 0.037
397 ± 32
275 ± 56
316 ± 16
1.009 ± 0.045

RSDb, %
6.1
14.8
4.4
3.9
8.1
20.4
5.2
4.5

Reference18
2.5 – 3.5
<0.05
<0.005
Remainder
0.2 – 1.0
<0.005
0.6 – 1.3

a. arithmetic mean and standard deviation from 2 to 4 determinations; b. relative standard deviation.
Table 2 shows that the concentrations of elements Al, Mn and Zn are within the ranges of specification/reference values
and, in addition, four other elements were detected and quantified: As, Na, Sb and La. The relative standard deviations of
the determinations were less than 15.0 %, with the exception of Sb, that presented RSD of 20.4 % due to its low concentration in the alloy.
Results of the corrosion visualization tests in agar-agar gel
In Figures from 2 to 4, the images of corrosion visualization in agar-agar before and after exposure are presented with
the test solutions containing phenolphthalein as the acid-base indicator.
For the test in sodium chloride solution, (Fig.2) the alloy is shown (a) prior to exposure to the test solution and, (b)
after immersion. The pink coloration is due to the formation of hydroxyl ions (OH-) resulting from the cathodic reaction.
The pink color is instantly evidenced in a large surface area, as well as the formation of H2 bubbles. It can be seen that the
pink coloration intensifies (after one hour) (c) and coloration propagates throughout the surface area (after two hours), (d).
In the PBS medium (Fig.3), in (a) the AZ31 alloy sample prior to immersion is shown, and large formation of H2 bubbles
is observed over much of the sample in (b), evidencing a high reactivity of the alloy in this medium. After five hours of test
the H2 bubbles remained(c). However, only after 24 hours of assay (d) a slight pink coloration was indicated due to low
rates of cathodic oxygen reduction reaction.
As in previous cases, in the SBF medium (Fig.4) there is an instantaneous formation of H2 bubbles on the surface and
also the presence of pink staining regions in (b). The intensification of OH- formation gradually increased after one hour (c)
and five hours of test (d), where the staining remained during 24-hour monitoring.
This visualization test allowed identifying the preferred cathodic regions in the early stages of corrosion from the main
water reduction reaction (Eq. 2). It is noted in Fig 2 that in sodium chloride solution, after two hours of immersion, the
identification and differentiation of the anodic and cathodic regions are hard to be identified due to intense corrosion
attack and large release of hydroxyl ions.
Results of corrosion monitoring by global pH measurements
The results of pH measurements in sodium chloride solution, PBS and SBF during 5 days of test in duplicate are shown
in Figure 5. It is observed that the pH of the medium varies faster and more intensely in the case of the NaCl medium,
showing that it corresponds to the most aggressive medium among the tested.
The curves of pH variation with exposure time in PBS and SBF solutions showed similar behavior for these solutions,
i.e., continuous pH increase from the beginning to the end of test, generally in the order of 2 units. In the sodium chloride
solution, the pH increase was about six pH units (from 4.43 to 10.79). Additionally, between 1 and 3 hours of test there was
an abrupt and significant increase in pH. It should be noted that in SBF, the pH reached values close to those observed in
the sodium chloride solution at the end of the test, after 5 days.
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Figure 2. Photographs of the AZ31 alloy in 0.90 wt. % sodium chloride agar-agarcontaining phenolphthalein for different
immersion periods; photos of sample (a) prior to immersion, (b) just after immersion, (c) after an hour of immersion and
(d) after two hours of immersion.

Figure 3. Photographs of the AZ31 alloy in PBS agar-agar containing phenolphthalein for different immersion periods;
photos of sample (a) prior to immersion, (b) just after immersion, (c) after an hour of immersion and (d) after one day of
immersion.
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Figure 4. Photographs of the AZ31 alloy in SBF agar-agar containing phenolphthalein for different immersion times;
photos of sample (a) prior to immersion, (b) just after immersion, (c) after an hour of immersion and (d) after five hours of
immersion.

Figure 5. Curves of pH variation with time of exposure of AZ31 samples to simulated body solutions.
Conclusions
Neutron activation analysis of AZ31 magnesium alloy showed that concentrations of Al, Mn and Zn are within the ranges stipulated by the supplier specification. Four elements (As, La, Sb and Na) not presented in this specification were
determined by the NAA technique.
Visualization of color change in the agar-agar and the pH variation with time of test revealed high susceptibility of the
tested alloy to corrosion since the first times of exposure and demonstrated a difference in intensity depending on the type
of simulated body solution used. Sodium chloride solution was the medium with the highest activity resulting in the largest
production of hydroxyl ions (OH-) among those produced in PBS and SBF solutions. On the other hand, the PBS solution
was the least aggressive among the solutions tested.
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A study on corrosion resistance of ISO 5832-1 austenitic stainless steel
used as orthopedic implant
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Abstract: The ISO 5832-1 austenitic stainless steel used as biomaterial is largely applied in the area of orthopedics, especially in the manufacture of implants, such as temporary or permanent replacement of bone structures. The objective of this study was to evaluate the localized corrosion resistance of the
ISO 5832-1 stainless steel used in orthopedic implants by electrochemical tests in two different solutions. The results of this study are of great interest to
evaluate the corrosion of metallic implants that can result in the release of corrosion products into bodily fluids causing possible adverse biological reactions.
The determination of the chemical elements in the composition of the ISO 5832-1 stainless steel was performed by neutron activation analysis (NAA). The
samples for electrochemical tests were grinded with silicon carbide paper up to #4000 finishing, followed by mechanical polishing with diamond paste. The
open circuit potential measurements and anodic polarization curves were obtained in solution of 0.90 wt. % of NaCl and of simulated body fluid (SBF). The
results indicated that the ISO 5832-1 stainless steel presented a high resistance to crevice corrosion in simulated body fluid solution but high susceptibility
to this form of corrosion in the chloride solution.

Keywords: Metallic biomaterials. Austenitic stainless steel. Localized corrosion. ISO 5832-1 alloy.

Introduction
Biomaterials are described as “any substance (other than a drug)
or combination of substances, synthetic or natural in origin, which can
be used for any period of time, as a whole or as a part of a system which
treats, augments, or replaces any tissue, organ, or function of the body”, by
National Institutes of Health (NIH) from USA, according to Hastings1. Many
definitions have been used for biomaterials, however the NIH definition is
commonly the most accepted2.
Nowadays in the biomaterials industry, there is a growing variety of
devices and materials that are being developed to be used in the treatment
of diseases and injuries. Consequently, the definition of biomaterials has
been expanded3.
Austenitic stainless steels (AISI 316L), mainly those produced according
to ISO 5832-14, have been used to meet the high demands for biomaterials
for use in orthopedic prostheses due to their performance, mechanical
strength and corrosion resistance when compared to titanium and CrCo alloys5. In medical field, austenitic stainless steels are widely used in
plates (used in fracture treatment), screws, parts of total hip replacements,
among others6.
In view of the above, there is a great interest to determine elements
present in ISO 5832-1 stainless steel, as well as to evaluate the localized
corrosion resistance when exposed in NaCl and simulated body fluid (SBF)
solutions.
Several analytical techniques are applied in elemental analyses of
metallic alloys, such as atomic absorption spectrometry (AAS)7, inductively
coupled plasma atomic emission spectrometry (ICP-AES)8, UV-Visible
spectrophotometry9 and neutron activation analysis (NAA)9-12.
In this study, neutron activation analysis (NAA) was used due to its
several advantages, such as high sensitivity for the detection of elements,
multi-elemental determination, good precision and accuracy of the results
1

and this technique does not require the sample dissolution.
Among the studies about applications of NAA in the analyses of
biomaterials, Cincu et al.13 analyzed biomaterials used in dental clinics
to verify the influence of corrosion products released of these materials
on patient health. Their results of dental materials analyses indicated
the presence of nickel that is an allergenic and toxic element, besides
the results showed that these types of biomaterials were well tolerated by
patients over a five-year period.
Giordano et al.14 analyzed the electrochemical behavior of two biomaterials applied to orthopedic implants in 0.90 % sodium chloride (NaCl)
solution. The materials analyzed were austenitic stainless steel according
to ASTM F 138 and ISO 5832-9. The polarization tests presented that the
ASTM F 138 steel is less corrosion resistant than the ISO 5832-9 steel. The
higher corrosion resistance of ISO 5832-9 stainless steel is due to increase
stability of the passive film and the high tendency to repassivate.
The objective of this study was to determine elemental concentrations in
ISO 5832-1 stainless steel and to evaluate its localized corrosion resistance
in 0.90 % of NaCl and body fluid simulated solutions by electrochemical
tests.
EXPERIMENTAL
Neutron activation analysis (NAA) procedure
Samples of ISO 5832-1 austenitic stainless steel were purchased in the
form of bar from Villares Metals S/A. For neutron activation analysis of the
steel, sample was obtained in the form of chips (smaller than 1 cm).
These chips form was cleaned to eliminate eventual impurities originating from the equipment used for cutting the material.
To apply the comparative method of NAA, synthetic elemental standards
were prepared. The certified standard solutions of the elements provided
by Spex CertiPrep Chemical USA were diluted and single or multielement
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solutions were prepared. Aliquots of these solutions were pippeted onto sheets of Whatman filter paper.
NAA procedure used is described in a previous work of Braguin15. For irradiation, about 50 mg of the sample were weighed
in polyethylene envelopes.
In the short irradiation procedure, sample and elemental standards were placed in a new polyethylene envelope positioned inside a polyethylene device and irradiated at the IEA-R1 reactor of the Institute for Energy and Nuclear Research for a period of 5 s under a thermal neutron flux of 1.9 x 1012 n cm-2 s-1.
In the irradiations of 1 h, samples and synthetic standards were individually wrapped in aluminum foil, and irradiated
in an aluminum device at the IEA-R1 reactor under a thermal neutron flux of 4.5 x 1012 n cm-2 s-1.
Gamma ray activity measurements of radioisotopes were carried out using a GC3020 Model hyperpure germanium
semiconductor detector coupled to a digital spectrum analyzer (DSA 1000), both from Canberra and a microcomputer.
For data acquisition and its processing, the software Genie 2000 version 3.1 from Canberra was used. This program
provides data of counting rates and gamma energies. The radioisotopes of the gamma spectra were identified by gamma
ray energies and half-life. The elemental concentrations were calculated using the Equation (1)16.
Cs = [mst. As. e 0.693( tds - tdst )/t1/2

] / [Ms Ast]

(1)

where the indices s and st refer to sample and standard, respectively; Ms = total sample mass; mst = mass of the element
in the standard; Cs = concentration of the element in the sample; t1/2 = half-life of the radioisotope considered; td =
decay time; As = counting rates of the considered radioisotope in the sample for decay time tds; Ast = counting rates of
the considered radioisotope in the elemental standards for decay time tdst.
The quality control of the results was evaluated by the analysis of two certified reference materials, SRM 363 Steel
Cr-V Modified, from the National Institute of Standards and Technology (NIST), USA17 and the B.C.S/ S.S No. 467 Austenitic Stainless Steel from the BCS18. These results were presented in previous publication15 and they showed good precision
and accuracy, with relative standard deviations below 15.0% and values of | Zscore | ≤ 2 for most of elements.
Treatment of the data obtained by neutron activation analysis
The results of the elemental concentrations in the alloy were evaluated calculating statistical parameters of arithmetic
mean (), standard deviation (SD) and relative standard deviation (RSD).
Corrosion test procedure
For the corrosion study, the ISO 5832-1 austenitic stainless steel was cut to obtain the sample with the dimensions
of 38 mm x 18 mm x 6 mm (length, width and thickness, respectively).
The sample for electrochemical tests was grinded with silicon carbide paper up to #4000 finishing, followed by mechanical polishing with 1 µm diamond paste. After applying this polishing process, the sample was cleaned with alcohol,
and then dried with a hot air jet.
The corrosion testing of ISO 5832-1 stainless steel was performed using the Gamry Reference 600+ equipment. The
experimental arrangement of the electrochemical cell consisted of three electrodes, a platinum counter electrode, an Ag/
AgCl (KCl 3M) reference electrode and a working electrode with exposure area of 0.5 cm². A rod of polymeric material was
placed to increase susceptibility to crevice corrosion.
The stainless steel sample was immersed in a volume of 40 mL of each type of electrolyte solution at room temperature.
The electrolytes used were 0.90 % mass of NaCl solution and simulated body fluid (SBF) solution. The preparation of the
SBF was performed according to the procedure described by Kokubo and Takadama19, but with the use of purified water
instead of distilled water. The NaCl and SBF solutions were placed in polyethylene bottles and kept in a refrigerator.
The electrochemical tests used in this study were open circuit potential (OCP) measurements as a function of time of
exposure to test solution and anodic polarization tests. The surface of stainless steel exposed to the corrosive medium was
later analyzed by scanning electron microscopy (SEM).
RESULTS AND DISCUSSION
Table 1 presents the results obtained from the analysis of ISO 5832-1 stainless steel using NAA. In this Table the
mean elemental concentrations with their standard deviations, relative standard deviations, and sample specification
data4 are presented.
The concentrations of the elements Cr, Cu, Mn, Mo and Ni obtained in the ISO 5832-1 alloy are within of their specification range presented by ISO4. In this study As, Co, V and W elements not presented in the specification of this material
were also determined. The results obtained for this alloy presented a relative standard deviation lower than 13.7 % indicating a good precision of the results.
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Table 1. Concentrations of elements obtained for ISO 5832-1 austenitic stainless steel.
Element

( ± SD)a

RSDb, %

ISO 5832-14

As, μg g-1

15.0 ± 1.5

10.2

Co, μg g-1

213.8 ± 4.3

2.0

Cu, %

0.0427 ± 0.0025

5.8

0.5 max

Cr, %

17.06 ± 0.61

3.6

17.0 - 19.0

Fe, %

62.6 ± 2.1

3.3

Mnc, %

1.60 ± 0.12

7.6

2.0 max

Mnd, %

1.764 ± 0.025

1.4

2.0 max

Mo, %

2.49 ± 0.33

13.3

2.25 - 3.00

Ni, %

13.3 ± 1.3

9.5

13.0 - 15.0

V, μg g-1

352.5 ± 7.9

2.2

W, μg g-1

110 ± 15

13.7

a. arithmetic mean and standard deviation from 3 to 5 determinations, b. relative standard deviation, c. results of five-second irradiation, d. results of one-hour irradiation.
In the Figure 1 the open circuit potential variation curves for ISO 5832-1 austenitic stainless steel in 0.90% NaCl and
SBF solutions are presented.

Figure 1. Variation of open circuit potential as function of the immersion time of ISO 5832-1 stainless steel in 0.90% NaCl and SBF
solutions.

Figure 1 shows very stable potential values over time obtained using the SBF solution. Using NaCl solution, there were
large potential oscillations, typical of localized corrosion. The tendency of potential decreasing with the time immersion
indicated corrosive attack of the medium to the passive film, initially present on the steel surface.
The potential stability of the steel in SBF solution indicates that in this medium the passive film was preserved over the
duration of the test and the medium was not aggressive enough to cause damage to the oxide layer.
Figure 2 shows the anodic polarization curves obtained potentiodynamically for ISO 5832-1 steel in NaCl and SBF
solutions.
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Figure 2. Potentiodynamic polarization curves of the ISO 5832-1 stainless steel in NaCl and SBF solutions.
The anodic polarization curves showed typical behaviors of passive materials from open circuit potential to passive
film break potential, indicated by the gradual current increase. The passive film breaks potential were observed at
potentials of about 0.12 V for NaCl solution, and of 0.25 V for the SBF solution. These results confirm that open circuit
potential measurements showed a higher tendency to localized corrosion associated with chloride medium.
The surfaces of the ISO 5832-1 steel samples obtained after electrochemical tests were analyzed by scanning electron
microscopy (SEM) to characterize the morphology and sizes of the attacked areas and these are shown in Figures 3 and
4. Surface analysis of these Figures after the polarization test confirmed crevice corrosion on these surfaces. This was
explained by the oxygen gradient due to the rod presence on the exposure area, causing crevice corrosion promoted by
differential aeration cells.

Figure 3. Micrographs obtained by SEM: (a) Surface of ISO 5832-1 steel polished before electrochemical testing; (b)
Surface of ISO 5832-1 steel showing crevice corrosion after anodic polarization test in 0.90% NaCl.

Vol. 3 N.2, 2020

INTERNATIONAL JOURNAL OF ADVANCES IN MEDICAL BIOTECHNOLOGY - IJAMB

26

Branguin et al.

Figure 4. Micrographs obtained by SEM of the corroded region on the surface of the polished sample of ISO 5832-1
steel after polarization test in SBF solution showing crevice corrosion.
The comparison of the micrographs of the Figures 3 and 4 shows that the areas attacked by crevice corrosion were
higher in the case of NaCl solution than that in SBF solution. These results are in agreement to the Figure 1 and Figure 2
of electrochemical tests.
Conclusions
The obtained results allowed concluding that the NAA technique can be properly applied in the determination of the
chemical elements present in the ISO 5832-1 austenitic stainless steel. Cr, Cu, Mn, Mo and Ni results determined in this
alloy are within the specification of this steel. In addition, elements As, Co, V and W that are not shown in the specification
of this material were determined.
Corrosion tests have shown that ISO 5832-1 steel presents different behavior between NaCl and SBF solutions. The
highest susceptibility to crevice corrosion was verified in NaCl solution, but in SBF solution this alloy showed resistance
to this type of attack.
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Production Of Poly(L-Co-D,L Lactic Acid) Porous Fibers By Electrospinning
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Abstract: The production of porous scaffolds has been widely investigated by the scientific community due to its suitability for tissue engineering. Among techniques that allow the fabrication of porous materials, electrospinning is appealing for being robust and versatile. This
research investigated the pore formation in poly (L-co-D,L lactic acid) fibers obtained by conventional electrospinning and the influence
of chloroform as a single solvent on fiber morphology. Random and highly porous fibers with a mean diameter of 2.373 ± 0.564 µm were
collected. Chloroform affects the fiber morphology, mainly for its fast evaporation and low density of charges. The solvent on the surface
evaporates quickly, and the low stretch of the jet does not help the polymer to reorganize over the length of the fiber, forming pores. In conclusion, the low dielectric constant and boiling point of chloroform induce pores formation along the PLDLA fibers.
Keywords: Porous scaffold. Nonwoven. PLA. Chloroform.

Introduction
The fabrication of scaffolds from nanofibers has been widely investigated by scientists. Among all possible structures, porous nonwoven
made of micro and nanofibers arouses great interest in the scientific
community and technology industry. Pores might be formed between
adjacent fibers, the inter-fibers pores, or within a fiber, the intra-pores. In
a membrane, the interconnected pores might be classified by the length,
where there is macro (> 450 nm), meso (2 – 50 nm), and micro-pores
(< 2 nm).1,2designing such anisotropic functional textiles that allow fast
penetration of sweat through one direction but prevent its movement in
the reverse direction is still a challenging task. In this regard, fabrication
of a novel Janus membrane with multi-scaled interconnected inter- and
intra-fiber pores for enhanced directional moisture transport designed
by a rational combination of superhydrophilic hydrolyzed porous polyacrylonitrile (HPPAN
An appeal of intra-pores in nonwovens is its capacity to mimic the
extracellular matrix and its high surface area, which favors cell attachment
and proliferation over the scaffold. Meanwhile, the existence of intrapores is a key factor for the material’s performance towards wicking and
permeability.1,3,4applied voltage, spinning distance
Several techniques allow the production of porous structures
production such as electrospinning, electrospraying, chemical
vapor deposition, and nanoimprinting, among others. Nevertheless,
electrospinning has an appeal for being a robust and versatile technique.
By changing the polymer solution properties and the several processing
variables, a range of nanofibers morphologies may be assembled. The
use of electrospinning to obtain artificial materials with different porous
hierarchies is also possible. However, mastering the design and fabrication
of porous materials according to the demand of the application desired,

containing intra or inter-fiber pores, with micro, meso, and micro-pores,
is still a challenge.4
The capacity of processing several types of materials is also an
advantage of electrospinning. Natural and synthetic polymers processed
with this biomedical technology have been successfully reported, as for
the use of collagen-gel nanofibers for endothelial cell guidance5, for
bone critical-sized defects repairing with poly (ε-caprolactone) and
poly (rotaxane)6, for the construction of tubular tissue of poly(trimethylene
carbonate-co-(L)-lactide) 7”ISBN”:”1742-7061”,”ISSN”:”18787568”,”PMID”:”23416575”,”abstract”:”The growth of suitable tissue to
replace natural blood vessels requires a degradable scaffold material that
is processable into porous structures with appropriate mechanical and cell
growth properties. This study investigates the fabrication of degradable,
crosslinkable prepolymers of l-lactide-co-trimethylene carbonate into
porous scaffolds by electrospinning. After crosslinking by γ-radiation,
dimensionally stable scaffolds were obtained with up to 56% trimethylene
carbonate incorporation. The fibrous mats showed Young’s moduli closely
matching human arteries (0.4-0.8MPa, for produce bone and fibrous
tissue with poly(L-co-L,D lactic acid)8,9, and many others.
Poly(L-co-D,L lactic acid) (PLDLA) is a remarkable polymer: it is
bioabsorbable, biocompatible, have high mechanical stability and
resistance, and very good processability. In brief, it has several advantages
and high potential to be widely used in medical devices and biological
applications.8,10
This research aimed to produce poly(L-co-D,L lactic acid) nonwovens
with intra and inter-fiber pores for biomedical applications through
conventional electrospinning, and to investigate the influence of the
solvent on the formation of intra-fiber pores.
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Methods
Preparation of PLDLA solutions
The polymer used was poly(L-co-D,L-lactic acid) (Purasorb PLDL 7038), obtained from Corbion (USA), and the solvent
used was chloroform 99,8%, from Acros (USA). The polymeric solutions were prepared using chloroform as a single solvent,
and the polymeric concentration was 5 % w/v, determined in previous tests. The solvent was added to the polymer and it
was magnetically stirred overnight at room temperature. The solutions were used shortly after preparation.

Figure 1. Schematic diagram of the conventional electrospinning set up in a horizontal plane.
Electrospinning process
The solution was transferred to a 20 mL plastic syringe, attached to a metallic flat-end needle (22 G). It was used quickly
and for a short time to prevent degradation of the syringe by chloroform. Conventional electrospinning was performed and
the fibers were collected in a grounded, static, and flat silicon plate (Figure 1).
The electrospinning parameters were set according to previous tests. The work distance (space between the collector
and the needle tip) was 20 cm, the polymer solution flow rate was kept constant at 1.0 mL/h by a syringe pump (Fisher
Scientific, USA), and the power applied in the needle (the positive pole) was 15 kV by a high voltage source (Gamma, USA).
Samples were produced in triplicate, at room temperature and atmosphere conditions.
Scanning electron microscopy (SEM)
The fibers collected on silicon were coated with a thin layer of platinum by plasma metallization (Hummer® 6.2 sputtering
system, Anatech LTD, USA). Afterward, the morphology of the fibers was observed in a JEOL JSM-6010 Plus scanning
electronic microscopy (JEOL Ltd., Tokyo, Japan).
The images taken were analyzed with the software Image J (Image Processing and Analysis in Java, National Institutes
of Health, Bethesda, MD) for measuring the diameter of the fibers. The software Action® (Estatcamp, São Carlos, SP) was
used to statistical analysis, as descriptive statistics, normality test (Anderson - Darling), and a normalized histogram.
Fourier transform infrared (FTIR) spectroscopy
FTIR spectroscopy is a powerful non-destructive method for material identification and a well-established tool in
polymer analysis (Kazarian & Chan, 2016). The chemical structure of pure PLDLA, pure chloroform, polymeric solution, and
fibers was verified using a Spectrum 100 FTIR spectrometer (Perkin Elmer, Billerica, MA, USA). All materials were scanned
from 650 cm-1 to 4000 cm-1, and its transmittance (%) was measured.
Results and discussion
The experiment intended to obtain porous fibers of PLDLA and discuss the effect of chloroform on membrane and
fiber morphology and topography. Chloroform is a nonpolar solvent with low dielectric constant (4.80), low electrical
conductivity (1.0E-04 µS cm-1), and highly volatile (boiling point of 61°C).11the productivity, and the morphology of
nanofibres. In this study, poly lactic acid (PLA Its properties have caused some difficulties during the electrospinning
process. The low boiling point leads to early solvent evaporation, which has promoted frequent needle clog. The low
conductivity, which means reduced charges density in the solution, allowed fibers scattering and low yield (the fibers were
sparsely collected in the silicon plate). Despite the adversities, it was possible to collect PLDLA fibers on the silicon plate.
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The SEM images obtained (Figure 2) shows continuous fibers, without beads and merged areas, and with a rough
surface. The production of a nonwoven with intra-fibers pores was achieved. The absence of beads suggests that the
polymer concentration used was adequate since the balance between solution viscosity, surface tension, and electrostatic
repulsion resulted in a continuous jet.11,12and the formation mechanism of the membranes was determined in this study.
The PLA fibrous morphology, including the fiber diameter, bead size, number of beads, and surface structure of the
beads, could be closely controlled by regulating the solvent compositions and the concentrations of the PLA solutions.
The filtration performance, which was evaluated by measuring the penetration of sodium chlo- ride (NaCl

A

B

Figure 2. Morphology of the electrospun PLA fibers, taken with (A) optical microscope with scale bar of 15 µ, and (B) SEM
image with 550 x magnification and scale bar of 20 µ.
According to descriptive statistics of the fiber diameters data (N=50), the mean diameter is 2.373 ± 0.564 µm, higher
than the values reported for electrospun PLDLA with other solvents, as the beaded fibers measuring 0,352 ± 0,197 µm,
produced with N,N-dimethylformamide.10 However, the fibers were a lot smaller than PLDLA fibers obtained by other
methods, as polymerization and condensation: 110 ± 10 µm.9 The fiber diameter matters because it is inversely proportional to the number of pores and porosity.13

Figure 3. (A) Histogram and (B) normal probability plot of fibers diameter measurements.
The wide distribution of the histogram (A - Figure 3), and the large standard deviation (about 20% of the mean diameter)
suggest that the forces on the jet were not strong enough to elongate the fiber and reduce the diameter variation as well
as the mean diameter. Despite that, the shape of the histogram suggests that the measurements of the diameter have a
Gaussian distribution, with a narrow peak. It indicates that the sample has homogeneous morphology and stability during
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the process.14 The normality test (Anderson - Darling) confirmed the normality of the population at 95% of confidence,
with a P-value of 0,1971 (higher than 0,05), and by the normal probability plot (B - Figure 3), where the empirical data are
positioned over the values of a standard quantile of a normal distribution (dotted blue line).
The central aspect of the fibers is the irregular surface and intra-fiber porosity, easily observed in the SEM images
(Figure 4). Mo et al.15 obtained porous nonwoven with polymethacrylate, and the surface of the fibers was irregular and
porous as well. Their tests proved that this fiber aspect leads to a high capacity to absorb oleophilic material. As this
characteristic persisted in the PLDLA fibers, this material might be used as an intermediate layer between different phases
and promote better integration between it.
The use of a nonsolvent is appropriate to obtain highly porous fibers because it promotes phase-separation (solvent
and polymer).16 However, as chloroform is indeed a good solvent for PLDLA, this mechanism does not explain the pores in
PLDLA surface. In this way, phase-separation is not the cause of pore formation.

Figure 4. SEM images of porous fibers obtained by electrospinning of PLA in chloroform at 5% w/v concentration at (A)
1900 x magnification, with scale bar of 10 µ, and (B) 5000 x magnification, with scale bar of 5 µ.
The low boiling point of chloroform suggests that the pores on the fiber were formed for the fast evaporation of the
solvent. In addition to it, the polymeric solution with pure chloroform has low charges density, and the jet stretch promoted
by the electrical field is weak. Thus, the chloroform evaporation results in gaps in the jet, and the polymeric chains do not
redistribute along it because the electrical field is low. As a result, the polymer chains do not redistributes itself and fulfill
the gaps generated by the solvent evaporation, and a porous fiber is formed.
When the boiling point of the solvent is low, but the electrical conductivity is high, this phenomenon does not occur
and the fibers present homogeneous and smooth surface, as for PLLA in pure acetone, observed by Casasola et al.11 This
fact corroborates the idea that the specific chloroform properties, low boiling point allied to low conductivity, promote the
formation of porous fibers with a large diameter when compared with other electrospun PLDLA fibers.
Another mechanism for pores formation in the fibers is due to high humidity during the electrospinning. As there is
no information on relative humidity, it is not possible to assure that the pores and roughness of the fiber surface were
aggravated by it, although it is possible.17
Conclusion
The electrospinning of poly(L-co-D,L acid lactic) was conducted using chloroform as a solvent to obtain porous
fibers for medical device production. Chloroform changed the morphology of the fibers, highlighting its low boiling point
and dielectric constant. Its fast evaporation induced the formation of the pores along the fibers, while the low dielectric
constant of the chloroform prevented the polymeric redistribution along the jet in a way that maintains the pores. The low
charges density also caused a wide diameter distribution and thicker fibers compared to previously reported PLDLA fibers
produced with other solvents. In this way, this research contributed to improve knowledge of the events that promote inter
and intra-fiber pore formation for PLDLA.
Acknowledgments
We acknowledge the Sao Paulo Research Foundation (FAPESP – grant #2015/20630-4), National Council for the
Improvement of Higher Education (CAPES - n°33003017034P8), Red Macro Universidades de América Latina y el Caribe
and National Institute of Science and Technology in Biofabrication (BIOFABRIS, Brazil).
References
Vol. 3 N.2, 2020

INTERNATIONAL JOURNAL OF ADVANCES IN MEDICAL BIOTECHNOLOGY - IJAMB

32

Carvalho et al.
[1]. Yan, W. et al. Multi-scaled interconnected inter- and intra-fiber porous janus membranes for enhanced directional
moisture transport. J. Colloid Interface Sci. 565, 426–435 (2020).
[2]. Yang, X.-Y. et al. Hierarchically porous materials: synthesis strategies and structure design. Chem. Soc. Rev. 46,
481–558 (2017).
[3]. Katsogiannis, K. A. G., Vladisavljević, G. T. & Georgiadou, S. Porous electrospun polycaprolactone fibers: Effect of
process parameters. J. Polym. Sci. Part B Polym. Phys. 54, 1878–1888 (2016).
[4]. Jiang, T., Carbone, E. J., Lo, K. W.-H. & Laurencin, C. T. Electrospinning of polymer nanofibers for tissue regeneration. Prog. Polym. Sci. 46, 1–24 (2015).
[5]. Laco, F., Grant, M. H. & Black, R. A. Collagen-nanofiber hydrogel composites promote contact guidance of human
lymphatic microvascular endothelial cells and directed capillary tube formation. J. Biomed. Mater. Res. Part A 101A,
1787–1799 (2013).
[6]. Salles, T. H. C. et al. In vitro and in vivo evaluation of electrospun membranes of poly (ε-caprolactone) and poly (rotaxane). Mater. Sci. Eng. C 77, 912–919 (2017).
[7]. Dargaville, B. L. et al. Electrospinning and crosslinking of low-molecular-weight poly(trimethylene carbonate-co-(L)-lactide) as an elastomeric scaffold for vascular engineering. Acta Biomater. 9, 6885–97 (2013).
[8]. Más, B. A. et al. Biological Evaluation of PLDLA Polymer Synthesized as Construct on Bone Tissue Engineering
Application. Mater. Res. 19, 300–307 (2016).
[9]. Länsman, S. et al. Poly-L/D-lactide (PLDLA) 96/4 fibrous implants: Histological evaluation in the subcutis of experimental design. J. Craniofac. Surg. 17, 1121–1128 (2006).
[10].Carvalho, N. M. S. et al. Production of nanofibers from polylactic acid by electrospinning using N,N-Dimethylformamide as a solvent. in 23 Congresso Brasileiro de Engenharia e Ciência dos Materiais (2018).
[11].Casasola, R., Thomas, N. L., Trybala, A. & Georgiadou, S. Electrospun poly lactic acid (PLA) fibres: Effect of different solvent systems on fibre morphology and diameter. Polymer (Guildf). 55, 4728–4737 (2014).
[12].Wang, Z., Zhao, C. & Pan, Z. Porous bead-on-string poly(lactic acid) fibrous membranes for air filtration. J. Colloid
Interface Sci. 441, 121–129 (2015).
[13].Ziabari, M., Mottaghitalab, V. & Haghi, A. K. Evaluation of electrospun nanofiber pore structure parameters. Korean
J. Chem. Eng. 25, 923–932 (2008).
[14].Pereira Rodrigues, I. C. et al. Polyurethane fibrous membranes tailored by rotary jet spinning for tissue engineering
applications. J. Appl. Polym. Sci. 137, 48455 (2020).
[15].Mo, J., Xu, N., Xiao, C., Han, X. & Liu, Y. Structure and property of electrospun fibrous mat based on polymethacrylate. J. Mater. Sci. 49, 4816–4824 (2014).
[16].Qi, Z., Yu, H., Chen, Y. & Zhu, M. Highly porous fibers prepared by electrospinning a ternary system of nonsolvent/
solvent/poly(l-lactic acid). Mater. Lett. 63, 415–418 (2009).
[17].Kopp, A. et al. Effect of process parameters on additive-free electrospinning of regenerated silk fibroin nonwovens.
Bioact. Mater. 5, 241–252 (2020).

33

INTERNATIONAL JOURNAL OF ADVANCES IN MEDICAL BIOTECHNOLOGY - IJAMB

Vol. 3 N.2, 2020

REVIEW ARTICLE

INTERNATIONAL JOURNAL OF ADVANCES IN MEDICAL BIOTECHNOLOGY

Systematic review: the use of vaginal mold in current vaginoplasty surgeries - techniques and materials
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Abstract: This paper presents a study of the techniques and materials used in vaginoplasty surgeries performed around the world. It consists of a systematic
review that covered the identification, selection and critique of primary studies of topics involving the use of vaginal molds in surgeries for different patients:
women with Mayer-Rokitansky syndrome; and transgender patients who underwent sex reassignment surgery (CRS), that is, patients with gender dysphoria.
The researches made in the chosen databases, after applying the criteria of inclusion and exclusion of articles, resulted in 19 publications, which represented
the basis of the construction of this work. It also focuses on the description of the technologies, materials and methods used in the manufacture of vaginal
molds used in surgery. In all studies, the molds have the function of maintaining the structure of the neovagina, thus avoiding vaginal stenosis, besides fixing
the material used as a graft in the new cavity, covering it, favoring epithelization.
Keywords: Vaginoplasty. Bioateriais. Vaginai mold.

Introductin
A systematic review is a secondary and retrospective study that brings
together several primary studies that address the same issue to be discussed and evaluated, in this case a vaginoplasty surgery, which uses, in
the postoperative period, a vaginal mold, formed by a base covered by
graft. The work involved the study of techniques and materials applied in
surgery and presents five main applications of vaginal molds.
As described previously, the two main groups of patients who undergo
vaginoplasty surgery, with a need to use vaginal mold are: the patient who
presented a Mayer-Rokitansky syndrome; and sex reassignment operation
patients, that is, transgender people.
In both groups, it is sought the creation of a neovaginal cavity, which
can be made by different techniques. After the vaginal canal is constructed,
it is necessary to use a mold to keep the width and depth of the vagina
intact, and also to fix the material used as a graft that will cover the created
cavity, which will facilitate epithelization.
Mayer-Rokitansky-Kuster-Hauser syndrome
The Mayer-Rokitansky-Kuster-Hauser syndrome (MRKH), better
known as Rokitansky's syndrome, is a disorder that occurs in women
and mainly affects the reproductive system. It represents a malformation
characterized by complete or partial agenesis of the vagina and uterus,
causing them to be underdeveloped or absent. This syndrome represents
the second most common cause of primary amenorrhea, a gynecologic
cause where the first menstruation does not occur (menarche) 1,2.
There are two types of MRKH syndrome, being types 1 and 2. Type 1
is characterized by an isolated absence of the proximal two-thirds of the
vaginal cavity, while type 2 is marked by other malformations, including
vertebral, cardiac and urological abnormalities, for example1.
Individuals with this syndrome have a normal karyotype, regular ovarian hormone function, and external genitalia. Thus, the development

1

of secondary sexual characteristics and adolescent progress is normal.
However, women affected by the syndrome generally do not have menstrual periods due to the absent uterus, and although the fact that women
with this condition can not withstand pregnancy, they can have children
through assisted reproduction1,2
The treatment goal, whether done conservatively or surgically, is to
provide the patient with a suitable passageway for penetration, facilitating
a satisfactory sexual intercourse. The functional neovagina created, will
allow the patient to achieve physical and psychological balance3.
Gender Dysphoria
Patients with gender dysphoria (transgender) present persistent discomfort with the sex imposed at birth. Because of a sense of inadequacy
in the social role of this genre, these people have an unalterable conviction that they were born in the wrong body, causing great psychological
distress from early youth.
According to the International Classification of Diseases, revision 10
(ICD-10), the following three criteria must be detected before an individual
can be diagnosed with gender dysphoria: (I) the person has the desire to
live and be accepted as a member of the opposite sex; (II) this desire is
usually accompanied by a sensation of discomfort or inappropriateness
of the anatomical sex; and (III) the desire to undergo hormonal surgery
and / or treatment to make your body as congruent as possible with the
preferred sex, causing the primary and secondary characteristics of the
sex to be lost in order to gain those of the opposite sex4, 6.
When the diagnosis and indication for surgery are confirmed, the
individual initiates hormone therapy, developing, as a consequence,
relatively acceptable breast tissue. Thus, early hormonal treatment may
turn procedures, such as maxillofacial surgery, unnecessary or less
invasive in these patients. In this way, it is believed that the best treatment
is either hormonal therapy or gender shaping surgery that transitions the
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individual into the desired gender, playing a crucial role in relieving their psychological discomfort4.

For each patient, the psychological eligibility, before performing the surgery, is evaluated by qualified professionals,
properly trained in mental health and experienced in gender dysphoria evaluation. Such assessment is done through
several counseling sessions, according to the standards of transgender health care5.
The goals of the procedure, which can be done only by surgical intervention, are: to create a female vulva; a deep vaginal
cavity and wide enough to facilitate penetration; a sensitive clitoris; and the majus and minus labiums, with the fewest
surgical complications5.
Objectives
As the amount of scientific information is increasing regarding the use of a vaginal mold in surgeries for the formation of
neovaginas, it is necessary to optimize this information, so that will be better used. The amount of people who depend on
this technology increases every day, being indispensable the development of studies and research related to the subject.
Among all the articles studied, there is a lot of information about the techniques used, and very few about the mold itself.
The lack of research in this area is evident, and in return, there is a huge demand of patients who depend on this technology.
Thus, a systematic review was developed bringing together several primary studies, based on the same theme, described
above. The objective is to identify materials and methods used in surgeries, specifically in the case of mold, in order to
obtain an evaluation of the eligibility, safety and effectiveness of the entire process.
Materials and methods
The first step of all scientific work consisting of a systematic review is the elaboration of a question that is sufficiently clear,
objective and directed to the research topic to be developed. Thus, its elaboration was allowed using a tool designated by
the acronym PICO. In this, the letters correspond to: "P" the population, "I" the intervention, "C" the comparison, and "O"
the outcome. The strategy for preparing the PICO question is used to identify what the question should specify.
In this way, the defined question was: "In patients with Mayer-Rokitanky syndrome and / or patients with gender
dysphoria, where both groups undergo vaginoplasty surgery, the mold used to maintain the vaginal cavity open made by
a relatively rigid material with skin graft compared to a flexible and biocompatible material, results in better post-surgical
results? ".
From this, research was done to search for scientific articles in BIREME, PUBMED, PORTAL CAPES, LILACS and CLINICAL
TRIALS databases. The keywords were: vaginal mold, vaginoplasty, Mayer-Rokitansky syndrome, sex reassignment surgery
and transgenitalization.
The researches in the databases were written without crossing the keywords, and in each one, all articles were selected
and included in a spreadsheet made in Excel. It is important to note that all keywords were researched in three different
languages: Portuguese, English, and Spanish.
The first exclusion criterion applied was the repetition of articles. After excluding all repeated articles, a second criterion
was proposed, excluding all articles that did not fit the theme, with the exclusion of the majority. Then there was a third
criterion, which excluded articles with incomplete texts, and also did not contribute significantly to the research.
Figure 1 shows the tool used for the identification, selection, eligibility, and inclusion of articles. The study resulted in
an initial result of 1,121 articles, and after the application of all the exclusion criteria, this number reduced to 19. From then
on the articles were studied and evaluated.
Development
Vaginoplasty
Vaginoplasty is a surgical procedure characterized by the creation of an artificial vaginal cavity, applied in cases of
congenital absence of the vagina due to vaginal agenesis, or in cases of operation for sexual reassignment, where there is
no vaginal cavity1. Thus, vaginoplasty has a considerably positive impact on the quality of life of these patients5.
The main method to construct the vaginal cavity in a patient with Rokitansky's syndrome is by dissecting tissues between
the rectum and the bladder. For trans patients, this process is also performed, but mainly by the penile inversion method,
representing the final phase of the process of gender conformation. Both procedures are done surgically, although there
are also non-surgical techniques for the creation of a neovagina in patients with the described syndrome.
Several complications can be verified in these procedures, the main ones being:
Vaginal stenosis, which represents the most common complication that can occur. It is characterized by significant
closure or narrowing of the neovagina, associated with misuse or abandonment of the mold in the postoperative period. If
the patient has a long and correct postoperative period of dilatation, neovagina will not be closed nor narrowed in terms
of diameter and length1;
Fistulas formation, which represent the most serious complication in such procedure. If fistula formation occurs during
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the operation, the original procedure should be abandoned and treatment to close the fistula should be instituted first1.
The fistula represents the formation of a canal that abnormally communicates two internal organs or an internal organ with
the surface of the body;
Rectal or urethral lesions, characterized by being common intraoperative complications due to the occurrence of damage
to the rectum and urethra, respectively5;
Infections in general, which may be manifested in the short-term postoperative period5;
Long resting time and very intense pain in the graft donor region5.
The participation of a multidisciplinary team, with accompaniment of professionals specialized in the approach of the
sexual disorders, is fundamental for a good evolution, even before the surgical approach. This is necessary because, since
surgery is relatively complex and presents uncomfortable postoperative, there is a very high probability of the patient's
resistance to accepting the neovagina as a functional organ7.
There are several non-surgical and surgical treatment techniques described in the literature for the correction of vaginal
agenesis3, as well as several surgical treatment techniques for CRS. However, this work will mention two techniques applied
in patients presenting with Rokitansky's syndrome, and a technique applied in trans patients.
Treatment options, which may consist of surgical and non-surgical vaginoplasty, depend on several factors, including
patient preparation, preference and expectations, and certainly the surgeon's experience8.
Techniques applied in patients with Rokitansky's syndrome
Frank Method
Frank's method, which consists of a non-surgical procedure, uses manual physiotherapy techniques performed by
the women affected by the syndrome to form the vaginal cavity. It is a technique that requires time and motivation of the
patient, which should be reinforced by the companion who supervises her case1. This method is usually applied in women
who already have a certain vaginal length before initiating treatment9.
The basis of this approach is graduated dilation of the vaginal cavity, made by means of dilators, which are placed against
the vagina and pressed firmly for 15 minutes, twice a day or more frequently. As the ideal length of the cavity is reached,
the frequency and the pressure applied to the vagina decrease progressively1.
Due to the characteristics of the method, compliance is considered weak in patients with complete absence of the
vagina, since these patients suffer much discomfort and abandon treatment with the dilator1.
Several studies have shown that women who can not complete the treatment using the Frank method have a lower mean
vaginal length at the beginning of treatment than those who completed it9.
Although non-surgical techniques for the creation of a neovagina have been reported, medical surgeons prefer the
surgical method, since the time interval of the treatment using the Frank method for example is long and can reach up to
two years duration10.
McIndoe Method
The McIndoe method, which consists of a surgical procedure, represents the creation of a vagina by the blunt dissection
of tissues and structures located between the bladder and the rectum, with a dermal coating used as a graft. This surgical
procedure was initially conceived by Abbe and later modified by McIndoe11.
The surgical procedure based on this technique follows approximately the following steps:
Firstly, after local anesthesia, the patient is placed in a lithotomy position11, that is, placed in the supine position, with
the head and shoulders slightly raised, the thighs being well flexed on the abdomen, separated from each other;
The catheterization of the urethra is then performed. Generally a small amount of methylene blue is instilled through
the catheter into the bladder in order to detect a possible injury due to dissection performed in the wrong way and can be
diagnosed as soon as possible. If the blue colored fluid is aspirated, it means that the direction of dissection in relation
to the bladder is incorrect1;
Then the labium minus are separated, and an incision of approximately 0.5 cm is made in the region of the cavity to be
formed. So the shear dissection is performed, reaching an ideal vaginal length, usually 10-12 cm 11;
The space is coated instead by a skin graft removed from the buttocks, thigh or suprapubic region1, which is cast on a
base, forming a vaginal mold, presenting a bottom surface facing oustide, so that it is in contact with the newly created vagina.
Finally, the edges of the labium majus are sutured together to help hold the mold in place during the first postoperative
week. After seven days the labial sutures and the template are removed, and the cavity is inspected to evaluate the progress
of epithelialization, and healing1. Generally, the mold is sanitized with physiological saline under pressure;
After the surgical procedure, the patient is still instructed to perform exercises four to six times a day with a dilator to
stimulate the dilation of neovagina. Initially, this dilation is considered by the vast majority of patients to be heavy and
painful, but over time, it becomes less frequent and difficult. The final result consists of a cavity measuring approximately
Vol. 3 N.2, 2020

INTERNATIONAL JOURNAL OF ADVANCES IN MEDICAL BIOTECHNOLOGY - IJAMB

36

Ávila & Mendes
10 to 12 cm deep and three fingers wide1.
The main disadvantages related to this procedure are: surgical complexity; severe pain at the site of the skin graft;
scar due to graft removal; possibility of keloid formation at the donor site; and if the patient does not perform the dilation
exercises, the neovagina may contract and cause the canal to close, necessitating a new surgery8.
Several modifications of the McIndoe technique have been proposed, especially in relation to the material used as
coating of the cavity. The main applications of these materials in vaginoplasty surgery include, in addition to the use of
skin grafts: allogeneic amniotic membrane; peritoneal layers; and autologous buccal mucosa.
The use of allogeneic amniotic tissue, which does not originate from the patient itself, brings with it the inherited
disadvantage of allograft rejection and the high risk of transmission of infectious diseases. The use of the peritoneum
has the disadvantage of requiring the opening of the peritoneal cavity, characterizing another surgical procedure, which
should be strongly avoided. The use of autologous buccal mucosa, which means to use the patient's own graft, although
it does not leave external scars, presents as disadvantages the morbidity related to removal of the mucosa from the donor
site and the need for a relatively long time to reach a functional vagina1,11.
Techniques applied in patients with gender dysphoria
Penile Inversion Method
The penile inversion method, which consists of a surgical procedure, represents the creation of a vagina, by the
inversion of the penis, where there is the formation of the vulva; vaginal cavity; clitoris; and minus and majus labium5.
Since this is an extremely complex procedure, it is necessary that patients be admitted to the intestinal preparation
through specific medications, and when they start the surgery, they also receive antibiotic prophylaxis5.
The surgical procedure based on this technique follows approximately the following steps:
First, after epidural anesthesia, the patient is placed in a lithotomy position and the surgical area is disinfected5;
Then, a catheter is placed in the urethra, and a circumcision is performed at the base of the foreskin. The skin of the
penis and the urethra are separated from the cavernous bodies14;
The dorsal neurovascular bundle is then also separated from the cavernous bodies, leaving the penile glans and the
foreskin vascularized;
Then, the neovaginal space is dissected until a depth of approximately14 cm is reached. The correct identification of
anatomical layers, avoiding lesions in the urethra, prostate, seminal vesicles, sphincter and bladder, is essential14;
Then, of a part of the glans of the penis and the foreskin, the neoclitoris and the minus labium are sculpted, respectively.
The scrotal skin is excised to define the majus labium14;
As in the McIndoe method, the newly formed space is covered by a mold, formed by a base, on which is sewn a skin
graft, mainly removed from the abdominal region. The deep surface of the graft is facing outwards so that it is in contact
with the wall of the vaginal canal created11;
Finally, the edges of the majus labium formed are also sutured together to keep the mold in place for the first seven
postoperative days. As in the McIndoe method, after surgery, the patient is instructed to perform exercises with a dilator
or vaginal shaper in order to stimulate the dilatation of the formed cavity14. For the penile inversion procedure, the main
disadvantages are also: surgical complexity, which causes many people to become discouraged to perform it; long
postoperative period and with several complaints of pain and complications; the scar that remains in the donor site of the
skin graft; and the need for a new surgery in the event of vaginal stenosis, due to a lack of correct use or abandonment of
the vaginal mold14.
Applications of the vaginal molds
As seen previously, the success of the surgical procedure, in both cases presented, is directly related to the use of the
vaginal molds in the postoperative period.
The molds used, whose diameters vary between 2.5 and 3.5 cm, according to the phenotypic characteristics of each
patient12, can be rigid or malleable. The rigid ones often cause a series of complications, such as: graft loss; fibrosis;
contracture; bladder or rectal fistula related to pressure; and, mainly, patient discomfort. Malleable molds, however, reduce
the number of these occurrences, but may present other disadvantages, including: instability; assembly complexity; and
most important, the lack of commercial availability13.
In the sections 2.4.1 to 2.4.5 follow the main types of vaginal molds used both in patients with Rokitansky's syndrome
and in patients with gender dysphoria. It is important to note that these applications are described in series reports of
cases, that is, performed in several patients.
Condom filled with foam covered by amniotic membrane
In most of the articles selected, there is the report of the use of rubber condoms filled with foam, forming the base of the
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vaginal mold, presenting amniotic membrane covering this basis, replacing the skin graft. The human amniotic membrane
is characterized as a protective biological tissue, applicable to wounds and burns, as it acts as a facilitator of epithelization.
Thus, it is seen as an ideal graft of tissue to cover the vaginal cavity formed by dissection1.
However, the amniotic membrane requires extremely precise preoperative screening11. Serum from all donors need
to be tested for hepatitis B, hepatitis C, AIDS (human immunodeficiency virus - HIV), and syphilis. Thus, the membrane
is collected under sterile conditions by some seronegative donor during a cesarean delivery, and can be stored in normal
saline at 4ºC with crystalline penicillin for up to 72 hours1.
At the time of application, the membrane is removed from the saline bath and placed on the foam filled condom, the
mesenchymal surface facing outwards to adhere to the surface of the formed vaginal cavity11. The long axis of the amniotic
membrane is placed parallel to the long axis of the condom, its lateral edges are approximated on each side, and then
sewn. The customization of the template to the size of the created vaginal cavity is of paramount importance, so that there
is no pressure necrosis. Once dimensioned and constructed properly, the mold is inserted into the neovagina 1.
After approximately seven days of the surgical operation, the mold removal takes place. At this time, a second amniotic
membrane application is performed, and if necessary, after a further seven days, a third application is performed11.
As a result of this application, epithelization is considered to be rapid, but the use of allogeneic tissues, such as the
amniotic membrane, carries the disadvantage of tissue rejection and the risk of transmission of infectious diseases from
donor to recipient. In addition, membranes have been shown to be easily contaminated before or after transplantation11.
Several patients had vaginal stenosis, neovagina shortening, rectovaginal fistula, uterus vesicle fistula and excess skin
in the vaginal introitus - corrected only after a new surgery. The cases related to the main complications, being stenosis
and shortening of the vagina, were due to the incorrect use of the vaginal mold in the postoperative period7.
Vaginal Tissue Cultured In Vitro
Another very frequent application in the studies is the use of a base 2 cm in diameter and 12 cm long, consisting of any
material, covered by a condom, and, covering this base, a patient's own autologous vaginal tissue) , cultured in vitro, acting
as a graft10. Thus, only patients with a MRKH syndrome can go through this operation and use a mold that is constituted by
this technique, since they usually present the lower third of the vagina or a vaginal vulva, not found in transgender patients.
The procedure performed to obtain this epithelium consists in first performing a biopsy of the vestibule of the vagina
of 1cm2 of thickness10.
The biopsy then undergoes a process of enzymatic dissociation and the resulting cells are plated and incubated in a
device with chemical solution, consisting of a substance designed for the growth of untransformed cell types, in a serumfree formulation11.
After one week, once the cells reach 70-80% confluence, cultures are further sown for an additional eight days in order
to obtain a fully differentiated mucosal tissue10.
The time interval between biopsy and total mucosal tissue differentiation is approximately two weeks. At the end of
cultures, autologous reconstructed vaginal tissues reach about 314 cm2 and are collected from plaques. They are then
washed in PBS (phosphate-saline buffer solution), and mounted on gauze embedded with hyaluronic acid10, 11.
The cultured tissue is fixed to the base with bilateral points, and the cell layer is placed so that it faces the walls of the
newly created cavity, remaining with the patient for five postoperative days. After this, the mold is removed and the vagina
examined10, 11. The patient is instructed to use the vaginal mold during the six successive weeks10.
After four months of follow-up, the epithelization from the transplanted tissue was observed throughout the formed
neovaginal wall. In addition, no cases of stenosis were reported and sexual intercourse was reported as satisfactory by
both partners10,11.
From this, it may be noted that the technique appears to offer several advantages. Because the graft is autologous
and orthotopic (that is, the cultured tissue comes from a viscera that is in its proper place, being transplanted in the same
position as it was)11 there is a low risk of rejection or infections derived from the donor, besides minimizing the discomfort
of the patient and avoiding permanent scars, since this procedure leaves no visible scars in relation to graft removal10.
Among the disadvantages is the fact that the procedure using this technique can be performed only in centers that have
tissue culture laboratories, such as hospitals with burn units or large reference centers. In addition, because the procedure
is performed in two stages, the first one is characterized by the biopsy, and the second by the vaginoplasty itself, the surgery
must be planned in association with the laboratory so that the surgical procedure is done only when the tissue is ready11.
Finally, as this study reports the first case of application of vaginal tissue grown in vitro in humans (previously tested only
in mice), the technique indicates that the use of the vaginal mold is done for a prolonged time, and intercourse is avoided
for a relatively long period of time, to prevent the formation of a vaginal septum and other complications10. Thus, the use
of in vitro cultured vaginal tissue is in its initial application phase, and it is necessary to acquire more experience before
drawing definitive conclusions, which justifies a more in-depth study11.
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Cica-Care
In this application we present a vaginal mold formed by silicone gel sheets (Cica-Care) as the base, covered by skin
graft. The silicone gel sheets are commonly found in most hospitals, available in sterile packages.
The vaginal mold is made using a silicone gel adhesive sheet and a 16 French Foley urinary catheter. The sheet, measuring
15cm x 12cm, is split in half to make two strips in order to be wrapped around the Foley catheter. No suture is required to
adhere the gel sheets to the catheter because of its self-adhesive property15.
The complete silicone mold is approximately 6.5 cm long and 2.5 cm in diameter, and can expand after inflation of the
catheter until they reach an average of 3.0 cm in diameter15.
The skin graft is then harvested and wound around the base, with the inner surface facing outwardly, to adhere to the
formed vaginal cavity, in the same manner as in previous applications. The margins of the graft are then sutured so that it
is stabilized around the base of the mold15.
With the catheter balloon deflated, the vaginal mold is inserted into the neovagine. The balloon is then inflated, enlarging
the diameter of the mold, and the labium majus are sutured to prevent involuntary displacement of the balloon. Five days
after the surgical procedure, the catheter is again deflated and the vaginal mold is removed15.
For this application, the neovagina was satisfactorily rebuilt, but there were many reports of severe pain at the graft
donor site. The vaginal mold was reused as a dilator for 6 to 10 months to prevent contraction of the cavity15.
Because Cica-Care sheets have smooth gel consistency, they provide comfort and wide applicability to irregular threedimensional defects. Therefore, the length and diameter of the mold can be easily adjusted according to the selection of the
desired size of the sheet, or by changing the number of wraps around the Foley catheter. Moreover, due to the durability
of the silicone gel sheet, it can be reused as a postoperative dilator, supporting repetitive sterilization15.
However, this is a method that uses skin graft, and therefore, presents great rejection of patients in performing it. The
intense pain reported by the patients at the graft donor site is the main reason for their withdrawal from the surgery design15.
Mold made of porous plastic laboratory centrifuge tube
A fourth highly successful application in vaginoplasty surgeries is the use of a rigid, disposable porous base made of
a plastic centrifuge tube with a conical bottom (approximately 50 ml). This base is covered by skin graft, removed from a
donor site.
In the plastic tube, easily found in hospitals and laboratories, several holes are made, traversing all its extension, with
the function of storing the fluids originated from the neovagina, after the procedure. The bottom of the tube has an opening,
through which gauze is placed inside, used to care for the wound. In this way, the gauze allows the absorption of the fluid
discharge, allowing a quick and easy cleaning in the dressing changes16.
On this basis, formed by the tube and gauze in its interior, the skin graft is sewn, constituting the vaginal mold. It is
then inserted into the formed vaginal cavity, suturing the bottom of the tube into the labium majus in order to hold the
mold firmly in place16.
This application presents as advantages: the use of a simple base, made of a plastic tube, readily available; possibility
of carrying out the frequent exchange of gases located inside the tube, which absorb the fluids from the neovagina; and
the possibility of using a vaginal shower to clean the mold in case of local infection16.
However, several complications have also been reported, such as: vaginal stenosis; fistula formation; pain in the donor
site of the graft; infection; traumatic devascularization; and accumulation of fluid under the graft due to poor drainage16.
As the mold is formed of a rigid material, with no possibility of personalizing it to the patient, it becomes practically
impossible to minimize the complications caused by its non-ideal size, both in diameter and length. In addition, it is a very
painful technique due to the use of skin graft16.
Interceed
Summing up, the last application presented in this work consists of a vaginal mold made of any material as base, covered
by an Interceed sheet, an absorbable adhesion barrier, used with graft.
Interceed is a whitish, regenerated cellulose tissue that has the objective of reducing the risk of adhesions by creating a
gelatinous layer between the surfaces involved in surgical procedures11, being an absorbable herbal product that provides
a matrix for aggregation of platelets. Oxidized cellulose acts as a protective coating on the neovaginal surface to allow
tissue from the vaginal cavity to be epithelialized, since cells in the dissected space between the rectum and bladder have
pluripotent potential for tissue differentiation17.
For construction of the application, the Interceed sheet is wrapped around the base of the mold, and then the edges of
the sheet are sewn so that it does not come off. The product is then inserted into the neovagina, where it remains for about
three days. After removal of the mold, the vagina is washed with saline solution and the neovaginal cavity is examined. At
this point, it is expected that the oxidized cellulose has been completely absorbed. Patients are instructed on how to use
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the vaginal mold, until frequent sexual intercourse begins11.
The result of biopsies made long after the procedure identified complete epithelization after five months in all samples.
However, in most cases the vagina became stenotic at two months post surgery (because the patients did not use the dilator
correctly, as seen). In addition, the samples collected by the biopsies were composed of a connective tissue permeated
by numerous inflammatory cells. In several cases, traces of oxidized cellulose were also observed, and therefore not fully
absorbed by the body17.
The vaginal reconstruction with oxidized cellulose seems to be a safe and effective procedure with minimal morbidity
and discomfort, besides presenting antibacterial and absorbable properties. This process is generally described as an
attractive method, since the procedure of obtaining the graft is not related to an operative procedure; and the material is
readily available for use17.
However, the Interceed sheet is contraindicated in the presence of ostensive infection, and also does not act as a
hemostatic agent and should be used only after rigorous hemostasis, since its properties are inactive in contact with blood,
making it difficult to use in general surgeries17.
Finally, a systematic review, published in the Cochrane Database of Systematic Reviews, in 2008, compared the results
of 16 clinical trials to evaluate the effectiveness of four barrier products in preventing adhesions in women undergoing
pelvic surgery: Interceed , Gore-Tex, Seprafilm and fibrin. It was observed that, in most trials, Gore-Tex was more effective
than Interceed18.
Results
As mentioned, three exclusion criteria were applied, which were removed due to: presence of duplicates; existence
of articles that did not fit the theme; and also the presence of articles that did not specify any information related to the
vaginal molds.
In this way, the research initially presented 1,121 articles. After excluding the repeated articles, there were 869. Then,
most of the articles were excluded, after the removal of those that did not fit the theme, leaving 153. Eight articles were
eliminated because they did not present the complete text. Of the 145 remaining, 126 were excluded because they did not
specify any information about the vaginal mold, leaving 19 articles, which represented the basis of this work.
Discussion
Surgery performed in both cases is characterized by a complex, irreversible procedure, besides being a process that
involves psychological difficulties and disorders both for the patient and for others involved.
The main goal of the surgery is to avoid vaginal constriction and get a good sexual function from the vagina. However,
among the applications presented, the surgical return mainly occurs for two reasons: due to the incorrect use of the vaginal
mold; or because the graft is formed by a material not favorable to the epithelization of the new surface.
One of the most frequent post-surgical problems, the so-called vaginal stenosis is usually caused by the fact that the
mold consists of a rigid and not comfortable material, leading to non-compliance with the dilatation protocol of the newly
formed canal. This is due to the patient's anxiety related to possible pain during the movement or reinsertion of the mold
into the new cavity19.
However, the use of a graft material that does not present favorable characteristics to the cavity epithelization, promotes
difficulties related to the requirement of a post-surgical period that is much larger than normal.
In this work, applications of rigid molds and others with certain malleability, for example, cica-care were presented.
As expected, the rigid molds caused a series of complications, the main one being the discomfort of the patient. On the
other hand, the cica-care presented as a mold of low assembly complexity, stable, and mainly, without presenting severe
discomfort to the patient in the postoperative period, favoring its correct use, and avoiding the stenosis of the vaginal
cavity. However, in the application involving cica-care, skin grafts were used to cover the base of the mold, this being the
technique considered as conventional.
This method, which involves the use of skin grafts, presents several negative points, such as: intense pain at the site
of the donor site; require the presence of a team of plastic surgeons to prepare the skin graft; require long surgical and
hospitalization period; and finally, to present an unfavorable aesthetic result, since the donor site of the graft usually
presents a wide and visible scar.
However, the skin graft may be replaced by other types of materials, such as amniotic membrane, in vitro cultured tissue,
or also regenerated oxidized cellulose. Grafts composed of biological tissues present complications due to the physiological
differences of these substrates, due to the use of allogenic tissue; and non-applicability of autologous tissues in patients
with gender dysphoria because they do not have a vaginal vestibule. As oxidized cellulose has inactive properties in contact
with blood, making it difficult to apply.
The molds and grafts presented in this study are clearly obtained improvised, without consistent and safe standards.
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Untested materials are used for their applicability, characterizing the necessity of a standard product. Condom filled with
foam and centrifuge tube are improvised and unsafe examples, used every day in vaginoplasty procedures, as well as skin
grafts, which as evidenced, present a diversity of negative points.
Although there are methods that have yielded relatively good (but not ideal) results for both mold and graft, they have
not been used together, and thus, nothing can be said about the effectiveness of both used together. In addition, the
existence of some material considered ideal for forming a mold or graft has not been proven in any study.
It should always be emphasized that for these procedures, using an appropriate vaginal cast is of paramount importance
for successful results. The lack of commercial availability of a mold consisting of a base with greater malleability and that
comply with the needs of users, as well as a graft that can bring favorable and supplementary properties to the application,
is the main factor for the elaboration of this systematic review.
Conclusions
In recent years, there have been continuous reports on the reconstruction of numerous vaginal cavities with application
of several techniques, and the main and most used can be identified in this work.
In a simplified way, it has been seen that the use of vaginal molds, at present, is done in an unstructured way, without
conducting a study to identify which would be the best materials destined for this application. There are no comparisons
between different techniques, and choosing one procedure over another requires taking into account the advantages and
disadvantages of different methodologies.
The constant use of molds made of rigid bases and inadequate grafts, which cause surgical return, was the main
motivation for this study.
The elaborated question of the introduction of this work cannot be answered, since none studied reported the use of a
vaginal mold made of a flexible and biocompatible material for both the base and the graft. However, it is expected to carry
out researches and studies that prove this, since the number of patients who need this technology increases every day.
From the analysis and evaluation of the applications presented, it is evident the necessity to have in the market a standard
product, that is produced specifically for the procedure described in the work: the vaginoplasty. It would be very interesting
to elaborate a product that would perfectly suit the two groups of patients presented, ending with the improvisation and
the use of techniques and materials not tested when its applicability and effectiveness.
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Abstract: Ibuprofen (IBU) is a poorly water-soluble non-steroidal anti-inflammatory drug with proven effectiveness for treating inflammatory, musculoskeletal, and rheumatic disorders. Nanocrystals (NCs) have been proposed as drug delivery systems to improve the solubility
and bioavailability of poorly water-soluble compounds. Ibuprofen NCs (IBU-NCs) have been produced by the melt-emulsification method
using a combination of Tween®80(1.0%, w/v)/Span®80(0.5%, w/v) as surfactant as these molecules are generally recognized as safe (GRAS) as
non-toxic, non-irritating and are of low cost. The obtained main particle size (z-Ave) and polydispersity index (PdI) were 159.4 ± 3.265 nm
and 0.24 ± 0.007, respectively. Lyophilization slightly increased the mean particle size and PdI compared to the non-freeze-dried IBU-NCs.
The obtained IBU-NCs powders were of white and fine texture. The type and concentration of cryoprotector (trehalose, glucose, sucrose)
influenced both the size and the in vitro release profile tested in Franz diffusion cells. Due to the smaller z-Ave, NCs:Trehalose (2:1) of 170.6
± 3.880 nm (0.417 ± 0.050), NCs:Glucose (3:1) of 275.3 ± 8.351 nm (0.144 ± 0.021) and NCs:Sucrose (4:1) of 223.3 ± 10.35 nm (0.402 ±
0.016) were selected for the in vitro drug release tests. Within the first 6 hours, resuspended lyophilized nanocrystals released between
50-70% of the drug.
Keywords: Ibuprofen. Nanocrystals. Melt-Emulsification Methodology. Cryoprotectants. Iyophilization.
Introduction
Non-steroidal anti-inflammatory drugs (NSAIDs) are widely used
for their analgesic and antipyretic actions (1). Their mechanism of action
concerns non-selective inhibition of the type 1 cyclooxygenase (COX1) and type 2 cyclooxygenase (COX-2), which is listed as its principal
adverse effects by oral ingestion (2).
Among NSAIDs, ibuprofen has been recommended to treat
inflammatory, musculoskeletal and rheumatic disorders (3-5). However,
the challenge in pharmaceutical development of such drug is due to its
high plasma protein binding (90-99%), short plasma half-life (2.2 hours)
with rapid urine removal, reaching the peak plasma concentration in just
1-2 hours (6). Also, IBF shows lipophilicity, a high partition coefficient
and low bioavailability through the skin (7).
Many approaches have been exploited to overcome the skin barrier
for IBF drug delivery. Nanocrystals (NCs) have significant advantages in
improving the bioavailability of poorly water-soluble drugs, due to their
high solubilization capacity and the possibility to control the delivery
rate (5, 8, 9). NCs are homogeneous, optically transparent, of low viscosity,
thermodynamically stable and can be produced without the need of
specialized equipment other than to use a few adjuvants (9).
Nanocrystals have emerged as an interesting drug delivery system for
clinical usage. It is defined as a nanotechnology-based formulations with
a particles size below 1000 nanometers and have a stable performance
by adding an appropriate stabilizer such as polymeric steric stabilizers or
surfactant in a aqueous medium – nanosuspension (10, 11).
These stabilizers have an important role in nanosuspension,

preventing aggregation among nanocrystals due to their high surface
energy which contributes to aggregation between them. They are largely
used to overcome the bioavailability and dissolution difficulties of using
poor water-soluble drugs in traditional pharmaceutical formulations,
which is one of the chief challenges that scientists face in drugs
formulations (10, 11).
The nanoparticle size allows to increase the surface area and,
consequently, enhance the dissolution velocity according with the
Noyes-Whitney equation, improving kinetic drug performance. Another
important characteristic which made nanocrystals a special formulation
is each nanoparticle contain 100% of the drug inside and a polymeric
or lipid matrix enclose them, thus, considerable drug concentration
is transporting to the target cells, enhancing the bioavailability and,
consequently, achieving an appropriate drug concentration for the
pharmaceutical effect (9).
The aim of this work has been to develop an ibuprofen nanocrystal
formulation by melt-emulsification technique, and evaluate the effect
of lyophilization on its physical stability and release profile using Franz
diffusion cells.
Materials and Methods
Materials
Ibuprofen has been donated by Medinfar (Amadora, Portugal).
Polysorbate 80 (Tween®80) was obtained from Uniqema (Everberg,
Belgium). Trehalose, sucrose, and glucose were purchased from Merck
S.A. (Lisboa, Portugal). Phosphate buffered saline (pH 7.4), and sorbitan
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monooleate (Span®80) were purchased from Sigma-Aldrich (Steinheim, Germany). Cellulose membrane with an average pore

size of 0.22 µm was obtained from Millipore® HA. Ultra-purified water was obtained from the Milli®Q Plus system.

Nanocrystal production by melt emulsification
The melt-emulsification methodology was used to produce nanocrystals as previously described (3, 4). Ibuprofen 0.25%
(w/v) was added to the aqueous surfactant solution composed of Tween® 80 (1.0%, w/v) and Span® 80 (0.5%, w/v) heated
at 80°C. The suspension was homogenized by high shear homogenization in Ultra Turrax® (T25, IKA) for 10 minutes to obtain a coarse emulsion. The obtained emulsion was poured into a high-pressure homogenizer (EmulsiFlex®-C3, Avastin)
and homogenized at 1000 bar for 20 minutes in the continuous mode under heating at 80°C. Finally, the hot formulation
was then cooled down using an ice bath for approximately 20 minutes.
Lyophilization
Nanocrystals were freeze-dried using three different cryoprotectants, trehalose (T), glucose (G) and sucrose (S). Nanocrystal dispersions were diluted with aqueous cryoprotectant solutions at 4:1, 3:1 and 2:1 (v/v) prior to freeze-drying,
and frozen to -80ºC in a freezer immediately before freeze-drying in a Gamma 2-20 freeze dryer (Christ, Osterode a.H.,
Germany) operating at -250/0.025 mBar for a period of 24 h (for the main freezing) and over 6 h drying (12). The lyophilied
samples were then dispersed in double distilled water and filtered by a 0.22 µm pore membrane and reanalyzed for their
mean particle size and PI (13).
Particle size analysis
The mean particle size (z-Ave) and polydispersity index (PI) were measured by dynamic light scattering (DLS), in freshly
prepared nanocrystals, using a particle size analyzer (DelsaNano C Submicron, Beckman Coulter Delsa, Krefeld, Germany).
The measurements were run in triplicate, recording 10 readings per run (14).
In vitro release profile
The release profile of ibuprofen from the obtained nanocrystals (before and after freeze-drying) was studied using
vertical Franz diffusion cells (n = 3 cells/sample). In each cell, a cellulose Millipore HA membrane with an average pore
size of 0.22 µm was used previously soaked for at least 1 hour with receptor fluid (phosphate-buffered saline (PBS) at pH
7.4). At pre-determined time intervals, 200 µL of the samples were collected using a syringe, and the same volume was
replaced with PBS. The samples were analyzed by ultraviolet (UV) assay at 264 nm, in a Synergy™ HT Multi-Mode Microplate
Reader. PBS at pH 7.4 was used as receptor medium and maintained at 37ºC during the tests (3).
Results and discussion
Ibuprofen (IBU), a name derived from isobutyl propanoic phenolic acid, is non-steroidal anti-inflammatory drug with
proven effectiveness for treating pain, fever, and inflammation. IBU is one of the most commonly used non-steroidal anti-inflammatory drugs (NSAIDs). It is the weakest of the NSAIDs but reversely has a prominent analgesic and antipyretic
actions. Its mechanism of action concerns a non-selective inhibition of cyclooxygenase type 1 (COX-1) and cyclooxygenase type 2 (COX-2). Its side effects are mainly due to the oral intake of this drug which produces an inhibitory action on
cyclooxygenases, which are related with prostaglandins’ synthesis. Prostaglandins are associated with the production of
pain, inflammation and fever.
Extensive research has been put forward with the aim to improve the use of IBU in topical application to overcome its
common side effects and low bioavailability (15, 16). Our group has described nanocrystal suspensions of IBU stabilized with
a combination of surfactants and melt-emulsification processes (3, 4) using different types of surfactants. In this work, we
highlight the combination of Tween® 80/Span® 80 to stabilize IBU nanocrystals in aqueous dispersion. Both surfactants
are widely used in pharmaceutical formulation. These surfactants are generally recognized as safe (GRAS) as non-toxic,
non-irritating and of low cost. The method production was based on homogenization because it is easily be performed
on a small and large scale concerning industrial pharmaceutical.
The produced IBU-NCs were analyzed by particle size and PdI. The fresh sample showed a particle size and PdI of 159.4
± 3.265 nm and 0.24 ± 0.007, respectively. The size of NCs formulation is dependent on the composition/concentration of
formulation and method of production. Generally, the high homogenization produces small droplets due to high pressure
and fast cooling. Particle size is important for skin permeation, and the ideal size for penetration of the skin is under 700 nm
(17)
. Also, Lademann et al. (18), Adib et al. (19) suggested that a particle size between 300–600 nm promote drug penetration
significantly more in-depth into the skin layer. The PdI is a parameter for defining the particle size distribution. Samples
with a wide particle size distribution usually have a polydispersion index > 0.7 (20). PdI of 0.4 shows a heterogeneous particle
size distribution, and the presence of agglomerates in the dispersion (21). In this study, the obtained PdI is attributed to the
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rearrangements of polysorbate and sorbitan monooleate chains on the surface of nanocrystals. The obtained PdI value
was considered low, and a homogeneous sample was produced.
The choice of cryoprotectant and its concentration is essential for obtaining a stable and reproducible product. The
absence of cryoprotecting agents in the drying stage can occasionally produce NCs with sticky and thick components,
and if reconstituted, there is the production of aggregates. Thus, the correct choice will allow easy redispersion of the
freeze-dried formulation (22). As shown in Table I, the lyophilization slightly increased the mean particle size of IBU-NCs
measured after their reconstitution with double distilled water, however remaining within the nanometer range. A low PdI
could be seen in particular for the NCs:Glucose (3:1) combination. All IBU-NCs powders were of white, fine and uniform
texture. The NCs:Trehalose (2:1), NCs:Glucose (3:1) and NCs:Sucrose (4:1) for further studies.
In vitro release profile of ibuprofen from non-lyophilized nanocrystals has been compared with the profiles of the
resuspended nanocrystals freeze-dried with different cryoprotectant, over a period of 24 hours (Figure 1). Selected cryoprotectant was based on the lowest mean particle size and polydispersity index, namely NCs: Trehalose (2:1) of 170.6 ±
3.880 nm (PI 0.417 ± 0.050), NCs:Glucose (3:1) of 275.3 ± 8.351 nm (PI 0.144 ± 0.021), and NCs:Sucrose (4:1) of 223.3
± 10.35 nm (PI 0.402 ± 0.016), covered by a combination of Tween® 80 and Span® 80.
As shown in Figure 1, the release profile allowed the identification of a burst release occurring within the first 10 min,
during which approximately 50% of the drug was immediately released in all lyophilized samples. Within the first 6 h,
NCs:Trehalose (2:1), NCs:Glucose (3:1) and NCs:Sucrose (4:1) released about 70%, 65% and 50% of the drug, respectively.
The slower drug release observed among the samples can be attributed to the interaction between the surfactants, cryoprotection and the drug. Within 24 h, all resuspended freeze-dried samples released almost 100% of the drug. A delayed
release was observed for the non-lyophilized IBU nanocrystals; within the first 30 mins only 30% of the drug has been
quantified in the receptor medium in contrast to ca. 55% of the lyophilized formulations. The higher hydration capacity of
these latter justifies the higher cumulative IBU released over the course of the experiment.
According Patel et al., 2018 (23) the release profile observed in this study is typical of nanocrystal formulations. Nanocrystal interact with skin overcoming the barrier and reaching cellular level and increase the saturation solubility and
concentration gradient easing passive penetration through the skin. Also, this technology is widely used in cosmetics
and ointments and emulsions to improve improve formulation stability, tolerance and obtain more product esthetically.
Similar results were obtained by rutin (24), flavonoids (25) and quercetin (26).
Table I. Mean particle size (z-AVE) and polydispersity index (PdI) of ibuprofen nanocrystals before (non-lyophilized)
and after lyophilization. Nanocrystals were re-suspended in ultra-purified water prior to measurements.
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Figure 1. In vitro IBU release profiles of nanocrystals dispersions before freeze-drying (non-lyophilized) and after freeze-drying with trehalose (2:1), Glucose (4:1) and Sucrose (3:1). Data were recorded at pre-defined time points for a
period of 24 h.
Conclusions
The advantages of IBU nanocrystals as delivery system is attributed to the possibility to enhance the drug solubility and
stability. Nanocrystals can be lyophilized to enhance their stability retaining their capacity to modify the release profile.
The type and concentration of the cryoprotectant were found to influence the mean particle size, polydispersity index and
release profile.
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