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Momesso GAC. Miniplacas texturizadas pela oxidacdo por plasma eletrolitico melhoram o
reparo 6sseo em simulacdes de fraturas femorais de ratas com baixa densidade mineral Gssea

[tese]. Aracatuba: Faculdade de Odontologia, Universidade Estadual Paulista (Unesp); 2020.
RESUMO

O tratamento de pacientes politraumatizados representa um grande desafio nas areas de
cirurgia maxilofacial e ortopédica. Portanto, este estudo testou a hipétese de que o uso de um
revestimento bioativo (por oxidacao eletrolitica de plasma, PEO) em microplacas de titanio
poderia melhorar a cicatrizacdo de fraturas de ratos com baixa densidade mineral Ossea
(DMO). Trinta ratas foram submetidas a cirurgia de ovariectomia bilateral (OVX) e 35 ratas
foram submetidas a cirurgia falsa (SHAM). Trés meses depois, 0os animais foram submetidos
a simulacdo de fratura do fémur, os quais foram fixados com miniplacas de titanio nao
revestidas (CONV) ou revestidas (PEO). Oito semanas de pds-operatério, 0os complexos
miniplaca/osso foram analisados por meio de microtomografia computadorizada, histometria,
microscopia confocal, analise molecular e biomecéanica. Elementos bioativos (Ca e P) foram
incorporados na miniplaca revestida por PEO e a superficie foi modificada em uma estrutura
semelhante a um vulcdo. Na analise microCT, o grupo OVX / PEO apresentou maiores
valores para os parametros Th.Th (espessura trabecular 6ssea), Th.Sp (separacdo das
trabéculas 6sseas) e Th.N (nimero de trabéculas) em comparacdo com o grupo OVX /
CONV. De acordo com a andlise histométrica, o grupo OVX / PEO apresentou formacéo de
0ss0 novo significativamente maior do que o grupo OVX / CONV (P <0,05). Para a area de
fluorocromo, os grupos OVX (PEO e CONV) apresentaram maiores valores de precipitacdo
de calceina (osso velho) do que vermelho de alizarina (0sso novo). Os resultados moleculares
mostraram maiores valores para proteinas relacionadas a fase final de formacdo dssea (P
<0,05) no grupo OVX / PEO. O grupo OVX / PEO apresentou maior resiliéncia do sistema de
0sso / miniplaca em comparagdo com os demais (P <0,05). Concluiu-se que o revestimento
PEO otimiza a consolidacdo Ossea em fraturas femorais simuladas em ratos com baixa
densidade mineral 0ssea. Isso langa uma nova luz no tratamento de pacientes osteoporoticos

com fraturas dsseas.

Palavras-chave: Osteoporose. Ovariectomia. Fraturas 0sseas. Fixacdo interna de fraturas.



Momesso GAC. Miniplates coated by plasma electrolytic oxidation improve bone healing of
simulated femoral fractures on low bone mineral density [tese]. Aracatuba: Faculdade de

Odontologia, Universidade Estadual Paulista (Unesp); 2020.
ABSTRACT

The treatment of polytrauma patients represents a great challenge in the maxillofacial and
orthopedic surgery fields. Therefore, this study tested the hypothesis that the use of a
bioactive coating (by plasma electrolytic oxidation, PEO) on titanium microplates could
improve the fracture healing of low bone mineral density (BMD) rats. Thirty female rats
underwent bilateral ovariectomy surgery (OVX), and 35 rats underwent fake surgery
(SHAM). Three months later, animals were subjected to femoral fracture simulation and were
fixed with either non-coated (CONV) or coated (PEO) titanium miniplates. Eight weeks
postoperatively, microplate/bone  complexes were analyzed through computed
microtomography, histometric, confocal microscopy, molecular, and biomechanical analysis.
Bioactive elements (Ca and P) were incorporated on the PEO microplate and the surface was
modified in a volcano-like structure. In the microCT analysis the OVX/PEO group had
greater values for Th.Th (bone trabecular thickness), Th.Sp (separation of bone trabeculae)
and Th.N (number of trabeculae) parameters compared to the OVX/CONV group. According
to histometric analysis, the OVX/PEO group showed significantly higher new bone formation
than the OVX/CONV group (P < 0.05). For the fluorochrome area, the OVX groups (PEO
and CONV) showed greater values for calcein precipitation (old bone) than alizarin red (new
bone). Molecular results showed greater values for proteins related to the final phase of bone
formation (P < 0.05) in the OVX/PEO group. The OVX/PEO group showed higher
bone/miniplate system resilience compared to the others (P < 0.05). It was concluded that
PEO coating optimizes bone healing on simulated femoral fractures in low bone mineral

density rats. This sheds new light in the treatment of osteoporotic patients with bone fractures.

Keywords: Osteoporosis. Ovariectomy. Bone fractures. Fracture fixation, internal.
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Miniplates coated by plasma electrolytic oxidation
improve bone healing of simulated femoral fractures

on low bone mineral density’
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1 INTRODUCTION

The ultimate treatment of ill polytrauma patients represents a great challenge in the
maxillofacial and orthopedic surgery fields. Internal fixation is the current treatment
employed and shows a great success rate in clinical practice, mainly in healthy patients with
no systemic disorders [1, 2]. However, the treatment success and mitigation of sequels are
dependent on the mechanical stability, bone healing, biomaterial quality, and systemic

metabolism.

In this context, low bone mineral density (BMD), comminuted fractures, and severe
unfavorable fractures could interfere with the fracture healing [3, 4]. Osteoporosis is the most
common condition related to low BMD, and osteoporotic patients are the most susceptible to
long bone and hip fractures. Clinical reviews have evidenced that low BMD and osteoporotic
patients show a significant increase in failure of fracture fixation [5, 6]. Moreover, Thormann
et al. [7] showed a significant difference in the fracture healing of osteoporotic and healthy
animals. Osteoporotic animals showed a significant delay in the bone healing between the
stumps of the fracture, with low bone formation and a great amount of connective tissue, even
in the long-term follow-up. One of the biggest concerns is the lack of stability, which can lead

to pseudarthrosis and infection [5, 6].

The dental implants field brings a well-established concept of coating metal surfaces
to improve the bone healing and osseointegration process [8, 9]. It consists of the
incorporation of ions naturally present in the bone tissue, such as calcium, phosphorus, and
hydroxyapatite. The most commonly used technique is to incorporate these ions through
anodization and a biomimetic process [8, 9]. Recently, Marques et al. [10, 11] published two
in vitro studies presenting a promissing surface coating technique through plasma electrolytic
oxidation (PEO), which consists of the incorporation of calcium and phosphorus on the
sample surfaces through an electrochemistry reaction with anodic sparks. This process occurs
through plasma micro discharges on the surface and has shown superior mechanical and
electrochemical properties, besides showing an increase of osteoprogenitor cells around

titanium material [10, 11].

Based on such knowledge and taking into consideration that commercially available
miniplates do not present a surface coating, a question arose: Could the bioactivity principle

by miniplate coating improve bone healing of the fracture gap in BMD situations? Therefore,
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this study tested the hypothesis that the use of a bioactive coating (by PEO) on titanium
microplates could improve the fracture healing of low BMD rats. Clinically, this could

improve the treatment success of osteoporotic patients with bone fractures.



Wethods
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2 METHODS

Titanium miniplates

Titanium miniplates for internal fixation were supplied from the company (1.5 cm
system titanium miniplates with four holes and no intermediate) (Engimplam, Rio Claro, Sdo
Paulo, Brazil). Such commercially available miniplates have no surface treatment and were

used as a control surface in this study (CONV surface).

Surface coating by plasma electrolytic oxidation (PEO)

The as-received non-coated titanium miniplates were treated using the PEO technique
to obtain the experimental surface (PEO surface). The miniplates were treated by means of a
pulsed direct current (DC) power supply (Plasma Technology Ltd., Kowloon, Hong Kong,
China). The processing system consisted of a stainless-steel tank with a cooling system
(cathode) and the miniplates (anode), which were completely submerged in an electrolytic
solution that was contained in stainless steel holders. The electrolytic solution was prepared
by dissolving 0.3 M of calcium acetate [Ca(C2H302)2] (Dinamica Ltd., Diadema, Sdo Paulo,
Brazil) and 0.02 M of glycerophosphate disodium (C3H7Na206P) (Sigma-Aldrich, St. Louis,
MO, USA) in 500 mL of deionized water. The pH (5.27) and the electrical conductivity (13.8
mS.cm™) of the electrolyte solution were controlled. The pulse voltage, frequency, and duty
cycle were established at 290 V, 250 Hz, and 60%, respectively. Deposition was carried out
for 10 min, with two miniplates at a time. Then, the treated miniplates were rinsed with

deionized water and air dried [12, 13].

Miniplate characterization

The surface topography of the non-coated titanium miniplates and PEO-coated
miniplates were analyzed through scanning electron microscopy (SEM) (JEOL JSM-6010LA,
Peabody, MA, USA). Energy dispersive spectroscopy (EDS) was used to investigate the
chemical composition of the miniplates. The main chemical elements present on each surface
were evaluated through a qualitative analysis of the entire spectrum of X-rays in an
elementary chemical analysis of 1 um3 Three regions of the microplate surface were

randomly selected to determine the chemical elements distribution.
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In vivo study
Animals and experimental design

This study was approved by the local Ethical Committee on the Use of Animals (FOA
no. 00226-2017) and followed the ARRIVE guidelines for animals [14]. A total of 70 six-
month-old female rats (Rattus novergicus albinus Wistar) weighing approximately 350 g were
selected. Animals were kept in cages under temperature control (22 £2 °C) and were fed with
solid feed (NUVILAB, Curitiba PR, Brazil) and water ad libitum. For 10 days, animals were

kept without any intervention for acclimatization in the vivarium.

The animals were randomized (www.randomiser.org) regarding their systemic
condition (SHAM and OVX groups) and miniplate surface type (CONV and PEO). Four
experimental groups were obtained (n = 5): SHAM/CONYV included healthy animals that

underwent a fake bilateral ovariectomy and received a conventional non-coated surface
miniplate on the left femur; SHAM/PEO included healthy animals that underwent a fake
surgery and received a PEO-coated miniplate on the right femur; OVX/CONV included
animals that underwent a bilateral ovariectomy surgery to induce a condition of osteopenia
and received a conventional non-coated surface miniplate on the left femur; and OVX/PEO
included animals that underwent a bilateral ovariectomy surgery and received a PEO-coated
miniplate on the right femur. Each experimental group was divided into three subgroups (n =
15/group), according to the analysis performed. Additionally, five animals from the OV X and
SHAM groups (n = 10) were selected to determine the plasmatic estrogen dosage and bone
mechanical properties for osteoporosis validation. The number of animals per group was
determined by the power test (Sigma Plot 12.0, San Jose, CA, USA). Data used to perform the
power test analysis were extracted from Thormann et al. [15] for a desired power of 90% and
alpha of 5%, using the minimal detectable difference in means = 41.11 and expected standard

deviation = 13.8; a sample size of 5 per experimental group was expected. (Fig 1).


http://www.randomiser.org/
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Osteoporosis induction
OVX/SHAM Euthanasia
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. Simulated femoral fracture 8 weeks

B calcein administration (20mg/kg)

M Alizarin administration (20mg/kg)

Fig. 1. Experimental design and timeline regarding to osteoporosis induction; fracture simulation and

osteosynthesis; administration of fluorochromes of decalcified group and euthanasia.

Bilateral ovariectomy

Animals underwent estrous cycle analysis, in which the vaginal contents were
collected to immediately evaluate by electronic microscopy. Only animals presenting a
regular cycle were selected for this study. Half of the animals (n = 35) underwent a fake
surgery, in which both ovaries were exposed and replaced so that all animals were submitted
to the same stress condition (SHAM/CONV and SHAM/PEOQ). The other animals underwent
bilateral ovariectomy to induce the decrease of plasmatic estradiol and the consequent
osteopenic condition (OVX/CONV and OVX/PEQ). Animals were anesthetized with xylazine
(10 mg/kg; p.c., i.m. Coopazine; Coopers Brasil Ltd., Campinas, Sado Paulo, Brazil) and
ketamine hydrochloride injection (50 mg/kg; Vetaset; Fort Dodge Salde Animal Ltd.,
Campinas, S&o Paulo, Brazil), and incisions were made in both flanks, exposing ovaries,
followed by their removal. Tissue planes were sutured with Vycril 4-0 (Ethicon, Johnson &
Johnson, Sdo José dos Campos, Sdo Paulo, Brazil), and animals received antibiotic injection
(0.1 mL/kg; Fort Dodge Saude Animal Ltd., S&o Paulo, Brazil) during the immediate
postoperative period. After 90 days, five animals from each group (OVX and SHAM) were

sacrificed to evaluate the plasmatic estrogen dosage [16, 17] (Fig. 2).
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Fig. 2. Stages of the ovariectomy surgical procedure. (A) Incision on the flanks of rats; (B) Divulsion of the
subcutaneous anatomical planes; (C) Access to the peritoneum; (D) Incision of the peritoneum and access to the
abdominal cavity; (E) Location of the ovary and uterine horn; (F) Tubal ligation of the uterine horn; (G) Ovary
removed; (H) Replacement of lacquered fabrics; (1) Suturing the internal planes; (J) Suture of the superficial

plane.

Estrogen dosage immunoassay

To determine the effectiveness of the ovariectomy, after 90 days of surgery, 5 animals
from each group (SHAM and OV X) were sedated. A median laparotomy was performed, and
blood samples were collected in heparinized tubes through the inferior vena cava. These
samples were centrifuged at 1000 g for 15 min at 4 °C, and the plasma obtained was stored at
80 °C until analysis. Estradiol levels were measured using 50 pL of plasma samples for each
animal and a monoclonal antibody against rat estradiol (Cat. No. ER1507, ELISA kit for mice
Wuhan Fine Biotech Co., Wuhan, China). The absorbance reading was performed at a
wavelength of 450 nm in a microplate reader, and the value of the estrogen concentration was

expressed in pg/mL.
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Biomechanical test for osteoporosis validation

The same animals that received a plasmatic estrogen dosage also had their femurs
collected to evaluate the bone mechanical properties and to prove the osteoporosis condition,
which was assessed using the three-point bending test (MZ-500S; Maruto Instrument). The
tibias were positioned facing upward on a platform, resting on two supports, one anterior and
one posterior, with the purpose of stabilizing them and preventing them from moving in any
way. A vertical force was applied to the central region of the femurs, at a loading rate of 5
mm/min. Deformation and load curves were used to plot graphs with analysis of the
maximum load, stiffness, and breaking energy (energy dissipated by bone before breaking
apart) (Fig. 3).

Fig. 3. Biomechanical test for osteoporosis validation. (A) Tibia positioned and stabilized by an anterior and
posterior support, preventing it to move and (B) Application of vertical force in the central region of the femur,

at a load rate of 5mm / min.

Femoral fracture simulation

Animals were fasted for 12 h before the bilateral femoral fracture simulation. They
were sedated by the combination of intramuscular ketamine (50 mg/kg) (Vetaset — Fort Dodge
Saude Animal Ltd., Campinas, S&o Paulo, Brazil) and cloridrate of xylazine (5 mg/kg)
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(Dopaser — Laboratorio Calier do Brasil Ltd., Osasco, S&o Paulo, Brazil), in addition to a local
anesthesia of 0.3 mL/Kg mepivacaine, Scandicaine 2% with adrenaline 1:100.000 (Septodont,
Frane) to promote hemostasis. The lateral region of both femurs was trichotomized and
antisepsis was conducted with polyvinylpyrrolidone degenerating iodine (PVPI 10%)
(Riodeine Degermante, Rioquimica, Sdo José do Rio Preto, Brazil). A 4-cm incision on the
lateral femoral region was made to expose the lateral pool of the femoral condyle, between
the lateral muscle and the bicep muscle of the femur. A 1.5-mm system titanium miniplate
with four holes and no intermediate was fixed bilaterally with 1.5-mm system screws of 4 to 6
mm in length. The non-coated miniplates (CONV) were fixed on the right femur, and the
PEO-coated miniplates were fixed on the left femur. Then, the femoral fracture simulation
was performed, under saline irrigation, with a circular metal disc through an osteotomy on the
epiphyseal metaphysis, between the two most proximal screws, creating a gap of 1 mm [7,
15]. All planes were suturized with resorbable Vycril 4.0 (Ethicon, Johnson Prod., Sdo José
dos Campos, Séo Paulo, Brazil) (Fig. 4). Eight weeks after femoral fracture simulation,
animals were euthanized, then subdivided into three groups for analysis: A) analysis of
calcified tissues used for microtomography and histometric analysis (n = 5); B) molecular
polymerase chain reaction (PCR) analysis (n = 5); and C) biomechanical analysis through

biomechanical tests of rigidity and resilience (n = 5).

Fig. 4. Stages of the surgical procedure to simulate femoral fractures. (A) 4 cm incision in the lateral femoral
region; (B) Visualization of the lateral muscle and biceps of the femur; (C) Exposure of the lateral pole of the
femoral condyle; (D) Fixing the 1.5 mm titanium miniplate system with four screws and without intermediary;
(E) 1mm osteotomy in the epiphyseal metaphysis with circular metal disc to simulate femur fracture; (F) Final

aspect of the osteotomy.
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Post-processing analysis
Computed Microtomography

For the three-dimensional structural analysis of bone tissue, the femurs of all groups of
animals (n = 5) were removed, reduced, and stored in 70% alcohol, after which they were
submitted to X-ray beam analysis in a digital computed microtomography system. The parts
were scanned with a SkyScan microtomography device (SkyScan 1176 Bruker MicroCT,
Aatselaar, Belgium, 2003) using 8-pm sections (90 Kv and 111 pA) with copper and
aluminum filters and a 0.05-mm rotation pitch. Images of the samples obtained by X-ray
projection were stored and reconstituted to determine the area of interest using the NRecon
software (SkyScan, 2011; Version 1.6.6.0). In the Data Viewer software (SkyScan, Version
1.4.4 64-bit), the images were reconstructed to fit the standard positioning for all samples and
were observed in three planes (transverse, longitudinal, and sagittal). Then, using the
CTAnalyser (CTAN) software (2003-11 SkyScan, 2012 Bruker MicroCT, Version 1.12.4.0), a
0.25-mm circular area around the osteotomy performed between the two proximal screws
(region of interest - ROI) was defined. The CTAnN software analyzes and measures images in
grayscale (threshold). After adjusting and removing shades of gray, the threshold used in the
analysis was 45-255 shades of gray, which allowed us to obtain the volume of bone formed
around the gap created (Fig. 5). Therefore, following the volumetric parameters suggested by
the American Academy of Mineral Bone Research [18], the parameters related to the amount
of bone tissue (BV.TV = percentage of bone volume) and bone tissue quality (Th.Th = bone
trabecular thickness; Th.Sp = separation of bone trabeculae; and Th.N = number of trabeculae

were obtained.
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Fig. 5. Procedures for analysis by computed microtomography. (A) SkyScan microtomography device; (B)
Femures positioned and stabilized by acrylic resin on the microtomography device; (C) Image obtained by

scanning; (D) Reconstructions of microtomographic images.

Laser Confocal Microscopy

After the microtomography, bone samples were dehydrated with a gradually
increasing sequence of alcohol concentrations (70%, 80%, 90%, 95%, and 100%), and the
solution was changed every 3 days. The dehydrated parts were placed in an orbital shaker
(KLine CT - 150, Cientec - Laboratory Equipment, Piracicaba, S&o Paulo, Brazil) every day
for 4 h. At the end of the dehydration step, samples were immersed in a mixture of 100%
alcohol and embedded in a light-curing TechnoVit® resin (Germany, Heraeus Kulzer GmbH
Division Technik Philipp-Reis-Str. 8/13 D-61273 Wehrheim). Then, the embedded femurs
were sectioned and worn using an automatic polishing cutting system (Exakt Cutting System,
Apparatebau, Gmbh, Hamburg, Germany) until a section approximately 100 um thick was
obtained. The 100-um thick slides were analyzed in the Leica CTR 4000 CS SPE laser

confocal microscope (Leica Microsystems, Heidelberg, Germany) (Fig. 6). The images
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obtained from various femoral sections in the region around the gap created between the two
most proximal screws were compressed to obtain the best fit. After selecting the thickness, all
sections were obtained and operated by means of the z-stack, which allowed us to obtain the
best image adjustment to represent the section of each animal in the experimental groups. The
images start with the beginning of fluorescence, which in our methodology, represents the
beginning of calcification (calcium precipitation in the organic matrix). These images were 1
x 1 mm2 in size and corresponded to optical sections of 512 x 512 pixels. Thereafter, 2-um
sections were scanned for 2.5 minutes. Thus, 28 cuts were obtained for each 56-um scan. The
barrier filters used were BP 530/30 nm and 590 LP, combined with the activation of the
double dichroic 488/568 nm.

The photomultiplier was adjusted to 534 for calcein and 357 for alizarin. The codes
534 nm and 357 nm represented the filters that facilitated visualization of the fluorochromes.
They were located under the microscope, and when light from the mercury lamp passed
through these barriers and reached the specimen cuts, it was possible to visualize the
fluorochrome colors. The blue filter facilitated the visualization of calcein, and the green filter
facilitated the visualization of alizarin. The images obtained via confocal microscopy were
reconstituted using confocal microscope manipulation software (Leica CTR 4000 CS SPE,

Leica Microsystems, Heidelberg, Germany) [19, 20].

Fluorochromes were applied intramuscularly 2 weeks postoperatively with 20 mg/kg
of calcein (green) to represent the old bone and 6 weeks postoperatively with 20 mg/kg of
alizarin, a red fluorochrome representing new bone. Bone tissue dynamics are represented by
bone turnover, which is observed via red fluorochromes. The higher the prevalence of red
fluorescence, the greater the formation of new bone, whereas green fluorescence represents
old bone. These dynamics allow us to observe both situations in the same section—in other
words, to observe what is new and what is old. The femoral bone (gap area) had two
fluorochrome overlays (calcein and alizarin); each overlap represented a calcium precipitation
according to each time interval (14 and 42 days), showing the conversion of old bone to new
bone. These images were saved in the TIFF format and analyzed using the color threshold
tool in Image J (Processing Software and Image Analysis, Ontario, Canada). Each image was
standardized according to hue, saturation, and brightness. First, calcein was highlighted, and

the “measure” tool was used to provide the area in um2. The same procedure was performed
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for alizarin to obtain data on femoral bone dynamics. In this methodological approach, bone
turnover was represented by the difference between old bone (green) and new bone (red).

Fig. 6.- (A) Sample of fixed femur after reduction and inclusion on TechnoVit® resin mounted on histological
blade. (B) Blades obtained after the Exakt cutting until 100 um thick. (C) Region of interest (ROI) between the
two most proximal screws and the first third bone/plate complex.

Histometric analysis

After confocal microscopy analysis, samples were washed in deionized water and
stained with alizarin red and Stevenel blue. The histological blades were obtained and, after
photomicrography of the histological slides, which were saved as TIFF files, the new bone
formation (NBF) area was calculated in um? on the most superior third of the gap region,
close to the plate, between the two proximal screws, using the Image J software (Processing
Software and Image Analysis, Ontario, Canada), through the freehand tool.

Molecular analysis of healing fracture (real-time PCR)

PCR was performed to evaluate the gene expression of markers related to the bone
repair process of femoral fracture simulation. PCR plates previously designed by the
manufacturer (Applied Biosystems, Foster City, California, USA) were used to enable the
expression of genes related to the tissue repair present in exudative, proliferative, and
reparative responses until the mineralization of the extracellular matrix of bone tissue
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(RUNX-2: runt-related transcription factor 2, BMP2: bone morphogenetic protein 2, COL1:
collagen 1, ALP: alkaline phosphatase, OC: osteocalcin, and OSX: osterix). The ROI, the gap
fracture healing area, was carefully washed in phosphate buffered saline and frozen in liquid
nitrogen so that total RNA could be extracted using Trizol reagent (Life Technologies:
Invitrogen, Carslbad, CA, USA). After an analysis of RNA integrity, purity, and
concentration, cDNA was created using 1 pug RNA via a reverse transcriptase reaction (M-
MLV reverse transcriptase: Promega Corporation, Madison, WI, USA). Sample cDNA was
pipetted onto the array PCR plate with Tagman Fast Advanced Mastermix (Applied
Biosystems, Foster City, CA, USA) to detect genes involved in the bone repair process
(Tagman Array Fast 96 well plate, Applied Biosystems). Real-time PCR was performed on a
Step One Plus real-time PCR detection system (Applied Biosystems) under the following
conditions: 50 °C (2 min), 95 °C (10 min), 40 cycles of 95 °C (15 s), and 60 °C (1 min),
followed by a standard denaturation curve. Relative gene expression was calculated by
referencing mitochondrial ribosomal protein expression and normalized by the gene
expression of alveolar bone fragments undergoing repair during different experimental

periods (AACT method). The assay was performed in triplicate.

Biomechanical test for bone/miniplates complex

The biomechanical analyses were performed according to Thormann [7]. The
bone/miniplate complex was submitted to the three-point test of flexion in a universal testing
machine (DL 3000 - EMIC, Séo José dos Pinhais, Parand, Brazil) to determine the mechanical
properties of the femur submitted to fracture. The extremities of femoral bones were fixed
with self-curing acrylic resin to obtain stability during the test. Then, samples were supported
on two devices with 55 mm apart between them. A KRATOS® load cell model KM with a
capacity of up to 200 kgf was used and connected to a SODEMEX® strain gauge bridge,
model CAE201. Deflections were recorded by a Mitutoyo® dial indicator with precision of
hundredths of a millimeter. A preload of 0.5 kgf was used to accommodate the system:
machine, accessories, and bone, with an accommodation time of 1 min. The speed load was
set to 0.50 mm/min. A graph of load versus deflection was obtained and used to calculate the

rigidity and resilience of the bone/miniplate system. (Fig 7 A-C).
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Fig. 7. Procedures for Biomechanical test for bone / miniplates complex. (A) Inclusion of femurs in acrylic
resin; (B) Femoral stabilized on the DL 3000 universal machine for testing; (C) Load cell model used for load

application.

Biopsy of metabolizing organs

The same animals used in the biomechanical test had their main organs removed for
histopathological analysis. Thus the brain, heart, kidney, liver, lungs, and muscle were
collected and immediately fixed in 10% buffered formalin (Merck, Darmstadt, Germany) for
48 h. Samples were microtomized in cuts of 5 um thickness and stained by hematoxylin and
eosin (HE). Histopathological analysis was performed using optical microscopy (Zeiss,
Axioshop, Germany), and the characteristics of the organs, such as the presence of cellular or
metal infiltrates, hyperplastic tissues, metaplastic or dysplastic transformations, were analyzed

among experimental groups [21].

Statistical analysis

The plasmatic estradiol dosage and bone properties (lower breaking force, energy
required for fracture and stiffness) were compared between SHAM and OV X groups using the
T-test. For quantitative parameters related to PCR, histometric factors, microCT,
biomechanical data, and fluorochrome areas (calcein and alizarin red), a two-way ANOVA
(factor 1: type of animal, and factor 2: type of miniplate surface) and post Tukey HSD test
were used. All tests were performed in the software Sigma-plot 12.0 (Exact graph and data

analysis — San José, CA, USA), considering P < 0.05 as the level of significance.
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3 RESULTS

Surface topography and chemical composition of the miniplates

The photomicrograph of the miniplates coated with PEO showed homogenous surface
topography with the presence of pores in a volcano-like geometry while the non-coated
miniplate (CONV) showed a smooth surface resulted from the machined process. From the
EDS analysis, the elementary chemical composition of the miniplate surface exhibited the
presence of titanium and oxygen in both groups, and the successful incorporation of bioactive
elements such as calcium (9 wt%) and phosphorus (5 wt%) on the PEO-coated miniplate. The
Ca/P ratio (1.8) was similar to the hydroxyapatite (1.67). All elements were homogenously
distributed onto the surface which determines the adequate incorporation of the bioactive

elements (Fig. 8).

—— 20 pm TiK —— 20pm CaK

Fig. 8. Images of the as-received non-coated titanium miniplate for internal fixation (CONV) and PEO-
coated titanium miniplate (top images). Representative micrographs of scanning electron microscopy in
the magnitudes of 300x and 2000x of CONV and PEO-coated miniplates (middle images). Color figures
show the chemical mapping of microplate surfaces by EDS with element concentration (wt%o) (Ti, O, Ca
and P).
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Osteoporosis condition validation

The plasmatic estradiol dosage showed a significant decrease of plasmatic estradiol 3
months after the animals underwent a bilateral ovariectomy (OVX: 8.33 +2.18 pg/mL)
compared to animals that underwent a fake surgery (SHAM: 58.19 £19.00 pg/mL) (P < 0.001;
T-test), showing the effectiveness of the ovariectomy. The bone biomechanical test showed
lower breaking force (P = 0.018), energy required for fracture (P = 0.022), and stiffness (P =
0.002) for the OVX group compared to the SHAM group (Table 1). The reduced bone
mechanical properties and the low estrogen level indicated the osteoporosis condition in the
OVX group.

Table 1

Mechanical data of femur bone from OVX and SHAM groups. Data are expressed as mean

+standard deviation.

Group Breaking force (N) Rigidity (KN/m) Energy (mJ)
OVX 47.01 £11.392 75.57 £12.26 2 16.38 £7.15%
SHAM 67.35+7.29° 117.88 +15.37 ° 25.63 +3.24°

Means followed by different lowercase letter in column differ (P < 0.05) by T-test.

Fluorochrome area

The representative photomicrographs of calcein and alizarin precipitation and the
guantitative fluorochrome areas showed a greater precipitation of calcein (green area)
than alizarin (red area) in both OVX groups, indicating higher amounts of old bone.
However, the PEO surface showed a lower amount of both fluorochromes than the
CONV surface for the OVX and SHAM groups with statistically significant reduction in
the calcein content (P < 0.05) (Fig. 9 and 10).
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Fig. 9. Laser confocal microscopy photomicrographs of the slides (10x magnification) (bottom figures).

The green color represents fluorochrome calcein (old bone), and the red color represents precipitation of

alizarin (new bone). Bar = 100 um.

Fluorochrome area
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Fig. 10. Quantitative area (in pm?) of calcein and alizarin fluorochromes (top image). The statistical
difference between groups is showed with the p-value in the figure. Data are expressed as mean +

standard deviation.

Molecular analysis of healing fracture (real-time PCR)

Regarding the gene expression results by real-time PCR, the OVX/PEO group showed
significantly lower values for RUNX-2 (OVX/CONV: 1.00 +0.07; OVX/PEO: 0.53 +0.10),
BMP-2 (OVX/CONV: 1.00 £0.02; OVX/PEO: 0.33 +0.03), and osterix (OVX/CONV: 1.00
+0.05; OVX/PEO: 0.49 £0.01) compared to the OVX/CONV group (P < 0.05). Regarding the
osteoblastic protein ALP, the OVX/PEO (1.25 £0.05) group showed significantly higher
values compared to the OVX/CONV (1.00 +0.03) group (P < 0.05). Regarding the
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mineralization protein COL1, significantly higher values were found for the OVX/PEO
(13.23 £1.75) group compared to the other groups (P < 0.001). Furthermore, the PEO (1.06
+0.08) surface showed a tendency toward higher values for compared to CONV (1.00 £0.06)
for the OV X groups (Fig. 11).
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Fig. 11. Gene expression by real-time PCR of RUNX-2 (runt-related transcription factor 2), BMP-2 (bone
morphogenetic protein 2), Osterix, ALP (alkaline phosphatase), COL-1 (collagen 1) and Osteocalcin. The
statistical difference between groups is showed with the p-value in the figure. Data are expressed as mean

+ standard deviation.

Histometric analysis

The qualitative histological results showed that ovariectomized animals (OVX groups)
exhibited poorer bone formation during femoral fracture healing than the SHAM groups.
However, the PEO surface showed greater presence of bone tissue in all extensions on the gap
of the fracture compared to the CONV surface, which showed greater presence of connective

and adipose tissue, mainly on the second third of the gap fracture. The histological
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characteristics of the OVX/PEO group resembled those of the SHAM/CONYV group (Fig. 12).
The quantitative histometric results regarding the new bone formation showed that PEO was
able to increase the new bone formation in the SHAM (P = 0.003) and OVX (P = 0.004)
groups. It is interesting to note that the OVX/PEO exhibited similar values when compared
with those of SHAM/CONV group (Fig. 13).

SHAM/CONV SHAM/PEO OVX/CONV OVX/PEO

Fig. 12. Photomicrographs of histological slides stained with Stevenel blue and alizarin red (25x
magnification), showing a great aspect of new bone formation during femoral healing of OVX/PEO and
little presence of adipose and connective tissue. The OVX/CONV group showed few areas of new bone
formation and significant presence of adipose and connective tissue. BT — bone tissue; CT — connective
tissue. Bar = 100 pm.
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Fig. 13. New bone formation (in %) evaluated by histometric analysis. The statistical difference between

groups is showed with the p-value in the figure. Data are expressed as mean + standard deviation.



47

Computed microtomography

The bone formation parameters obtained through computed microtomography showed
that the BV.TV values tended to be higher for the SHAM groups compared with the OVX
groups (P < 0.05). However, no significant difference was noted between the surfaces of the
microplates (P > 0.05). Th.Th data were similar among groups (P > 0.05). For qualitative
parameters such as Th.N significantly higher values were found for the OVX/PEO group
compared to the OVX/CONYV group (P < 0.05). In the Th.Sp analysis, PEO group exhibited
greater values than the CONV surface for both SHAM and OV X conditions (P < 0.05) (Fig.
14)
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Fig. 14. Bone formation parameters obtained through computed microtomography. (a) Percent bone
volume (BV.TV) (unit: %) (b) Trabecular thickness (Th.Th) (unit: mm?). (c) Trabecular number (Th.N) (unit:
total number). (d) Trabecular space (Th.Sp) (unit: mm?). The statistical difference between groups is showed

with the p-value in the figure. Data are expressed as mean + standard deviation.
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Biomechanical test

The resilience values of the bone/microplate system obtained through a biomechanical
test were the greatest in the OVX/PEO group compared to the other groups (P < 0.05) (Fig.
15).
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Fig. 15. Bone resilience (in mJ) values obtained in the biomechanical test by 3 points flexion. The
statistical difference between groups is showed with the p-value in the figure. Data are expressed as mean
* standard deviation.

Biopsy of metabolizing organs

The metabolizing organs (brain, heart, kidney, liver, lungs, and muscle) showed no
structural changes for both types of miniplate surface (Fig. 8). Under the light microscopy, the
liver presented hepatocytes with normal characteristics, structurally organized in hepatic
lobes, with all its constituent elements present (blood vessels and bile ducts). The kidney
presented well-organized and delimited renal corpuscles, interspersed with the system of
tubules and ducts that are specific to this tissue. Regarding the muscle tissue, the skeletal
striated muscle exhibited its conventional histological aspects, with elongated cells;

peripherally multinucleated, transverse striations; scarcity of extracellular matrix between
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them; and organization in fascicles covered by normal-looking connective tissue. The striated
cardiac muscle, observed in the myocardial region (heart), presented cells with characteristic
striations and centralized nuclei, joined by means of intercalated discs. The brain showed a
highly cellularized cortical region, with evident neuronal bodies and neuroglia, and a white
substance rich in nerve fibers and cellular extensions. The pulmonary parenchyma of the
alveolar region showed structurally organized saccular structures, with typical cells and
abundant blood vessels. (Fig. 16).
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Fig. 16. Photomicrographs (40x magnification) from organs (brain, heart, kidney, liver, lungs, and skeletal
striated muscle) to observe the presence of possible contamination by metal ions from the microplates. Bar
=10 pm.
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4 DISCUSSION

This animal study aimed to evaluate the biological, structural, and mechanical
behavior during femoral fracture healing simulation in animals with low BMD fixed by
titanium miniplates coated using the PEO technique. Animals with low BMD, which received
miniplates coated by PEO (OVX/PEO), showed structural parameters compatible with
osteoporotic characteristics. However, they also showed an increase in bioactivity of the
osteoprogenitor cells and a significant bone formation in the gap of the fracture. Furthermore,
the low BMD animals that received PEO-coated miniplates showed a significant increase in

resilience of the bone/microplate system compared to other groups.

Despite no clinical consensus about the fracture healing in low BMD circumstances
being significantly delayed compared to in healthy bone [22], some experimental studies
showed a significant difference around 6 weeks of a 3-mm femoral fracture healing in the
comparison between ovariectomized and healthy animals [7]. Additionally, a clinical study
showed a predicted major reoperation for 120 low BMD and alcoholic patients younger than
70 years old with femoral and neck fractures [6]. For this reason, the current study adopted
the low BMD animal model, inducing an osteoporosis condition in the animals through
bilateral ovariectomy and 3 months of expectation. There was a significant difference in the
plasmatic estrogen dosage between the OV X and SHAM groups, compatible with osteopenic
condition, according to Food and Drug Administration (FDA) [23]. Furthermore, the
osteoporosis condition was proved by the results obtained through biomechanical tests, which
showed a great difference in resistance to fracture between tibias when comparing OVX to
SHAM groups, validating this experimental model.

To establish the problematic condition of fracture healing in low BMD conditions, an
unedited animal model of fracture healing with surface-coated titanium miniplates was
employed, and the technique of surface coating by PEO has shown promising results in in
vitro studies with titanium discs [10, 11] and in vivo studies with dental implants [24]. These
authors showed that PEO-coated surfaces increased osteoblastic activity and NBF during peri-
implant healing, as well as presenting greater hardness and resistance to corrosion. The
current study showed that PEO was effective to incorporate calcium and phosphorous on the
miniplate surface. Furthermore, SEM showed a homogeneous distribution of pores on the
microplate surface, a property that provides an improvement in cellular adhesion and

consequently greater bone formation during fracture healing.
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Structural parameters collected by computed microtomography showed that
osteoporotic animals had lower bone volume and trabecular thickness than healthy animals.
Additionally, PEO coating does not improve these features. Furthermore, there was a greater
trabecular number and trabecular space in the low BMD animals (OVX) that received PEO-
coated microplates than in the non-coated CONV microplate animals, characterizing low bone
quality. It is important to clarify that these results were expected because our animals with
BMD did not receive any systemic drug treatment for osteoporosis condition. Therefore, no
exceptional improvement of bone microarchitecture during 8 weeks of fracture healing was

expected because of the microplate surface coating.

The microarchitecture pattern corroborates with the bone dynamics findings, which
showed a higher amount of green calcein than alizarin red deposited on bone tissue for both
OVX groups. These data indicate a greater presence of old bone compared to new bone
formed in low BMD animals, which was also expected. However, it is necessary to highlight
that the OVX/PEO group showed a lower amount of both fluorochromes’ precipitation than
the OVX/CONV group, as well as a minimal difference between calcein and alizarin,
denoting a great balance in bone remodeling. These findings suggest that the PEO surface
provides an anticipation of bone formation in low BMD animals, before the administration of

fluorochromes, during 8 weeks of fracture healing.

This statement seems to be reasonable, because data from PCR molecular analysis
showed that after 8 weeks of fracture healing, the expression of pre-osteoblastogenic proteins
RUNX-2, BMP-2, and osterix were significantly lower in low BMD animals that received
PEO-coated microplates than in those that received non-coated CONV microplates.
Nevertheless, the expression of proteins related to the middle and final phases of bone
formation, such as ALP and COL-1, were significantly superior in the OVX/PEO group than
in the OVX/CONV group. These results support the hypothesis of anticipation of bone
formation in low BMD conditions with PEO surface microplates. Indeed, studies have shown
that pre-osteoblastogenic proteins are expressed during earlier periods, such as after 1 and 2
weeks of bone remodeling, whereas the osteoblastic and mineralized proteins are expressed
after 4 weeks of bone remodeling [25-27]. These data prove that low BMD animals with
CONV surface microplates showed a delay in fracture healing and confirm the earlier bone
formation in the OV X/PEO group.
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Moreover, the enhancement of NBF in low BMD animals with PEO surface
microplates can also be observed through histometric analysis. The OVX/PEO group showed
greater bone formation than the OVX/CONV group, which showed a significant presence of
adipose and connective tissue. Besides greater NBF, the PEO-coated microplate/femoral bone
system showed a significantly higher resilience during mechanical tests than the non-coated
CONV microplates in low BMD animals. This high discrepancy in mechanical tests for PEO
surface microplates seems to be related to the increased expression of the COL1 protein [28].
Furthermore, a study by Beline et al. [29] showed that texturing by PEO increased the

mechanical resistance of titanium material.

Another important point to discuss is the fact that all organs showed no structural
changes in both microplate surface conditions. These data might suggest an anti-
corrosive/tribocorrosive effect of PEO, probably due the great electrochemical stability
provided by this type of coating [30]. It has been a significant challenge in the biomedical
field to develop a type of alloy in materials for internal fixation that presents a corrosion-
resistance property. Jacobs et al. [31] reported that metal from orthopedic implants underwent
a significant effect of corrosion, and the ions released could be found in the tissue around the
material, as well as on metabolizing organs. Herein, the absence of metal ions in the
metabolizing organs could be attributed to the short term of bone fixation compared to the
clinical situation, where the microplates are removed after many years or remain for the
patient’s entire life [32, 33]. Even so, these findings are encouraging and provide new
perspectives on PEO-coated microplates applications.

Indeed, this study presents limitations, because this is a preclinical model in rats.
Earlier periods of femoral fracture healing could be evaluated to obtain deep molecular
analysis. Furthermore, 8 weeks of fracture healing is a short time when compared to the long-
term clinical follow-up. Our animals were not treated to reduce the osteoporosis condition,
and normally patients receive medical treatment for this condition when undergoing internal
fixation, which generates some bias in the current study. Thus, the authors encourage other

studies to obtain more evidence on this issue.

The treatment of orthopedic and maxillofacial fractures in patients with low BMD is a
significant challenge. There are several cases in which there is no explanation for the non-
union fracture healing, which leads to severe sequels for patients. This preclinical model

showed encouraging results for PEO-coated miniplates for internal fixation on simulated



54

femoral fractures. PEO coating produced improved cellular activity, stimulating pre-
osteogenic cells earlier than non-treated microplate surfaces in low BMD animals.
Furthermore, there was greater NBF for the PEO-coated microplate surface, very similar to
the bone formed from the non-coated microplate surface of healthy animals, which is the gold

standard for most surgical treatments employed.
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ANEXO B - This Manuscript is already published in the “Materials Science

& Engineering C” Journal

MOMESSO, Gustavo Antonio Correa et al. Miniplates coated by plasma electrolytic oxidation improve
bone healing of simulated femoral fractures on low bone mineral density rats. Materials Science and
Engineering: C, v. 120, p. 111775.

DOI: 10.1016/j.msec.2020.111775
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