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ABSTRACT

In recent years, tissue engineering has evolved considerably, due to the problems in the biomedical
area concerning tissue regeneration therapies. Currently, work has been focused on the synthesis and
physicochemical characterization of poly lactic acid scaffolds, a synthetic polyester that has been
extensively study for its excellent biocompatibility and biodegradability. Moreover, sterilization strategies
of scaffold are a crucial step for its application in tissue regeneration, however, the sterilization process
have to maintain the structural and biochemical properties of the scaffold. Therefore, it is very important
to carry out studies on the sterilization methods of the sample’s material, since translational medicine
is intended for in vivo applications. The aim of the present study was designed to analyze the effects of
different sterilization techniques, i.e. ethylene oxide (ETO), gamma radiation (GR) and hydrogen peroxide-
based plasma (H202) in biodegradable PLA scaffolds, and to determine the best sterilization technique to
render a sterile product with minimal degradation and deformation, and good tissue response. Analysis
of surface morphology showed that ETO and GR modified the PLA scaffolds without any change in its
chemical composition. Moreover, the histological response showed that the scaffolds are biocompatible
and those sterilized by GR showed a more severe inflammatory response, accompanied with the presence
of giant foreign body cells. In conclusion, the results show that among sterilization techniques used in
the preset study, the best results were observed with H202 sterilization, since it did not significantly
modify the surface structure of the PLA fibers and their in vivo response did not cause an unfavorable
tissue reaction.
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RESUMEN

En los ultimos afios, la ingenieria de tejidos ha evolucionado considerablemente, debido a las
incognitas en las terapias de regeneracion en el area biomédica. Actualmente, se ha trabajado en
la sintesis y caracterizacion fisicoquimica de andamios de poliacido lactico, el cual es un polimero
sintético que se ha estudiado para aplicaciones en ingenieria de tejidos, debido a su biocompatibilidad
y biodegradabilidad. El proceso de esterilizacion es un paso crucial en la aplicacion de andamios en
terapias de regeneracion, sin embargo, la técnica de esterilizacion debe mantener las propiedades
estructurales y bioquimicas del andamio. Por lo tanto, es muy importante realizar estudios sobre 10s
métodos de esterilizacion de dichos andamios, ya que la medicina traslacional esta disefiada para
aplicaciones /n vivo. El objetivo del presente estudio fue analizar los efectos de diferentes técnicas
de esterilizacion como Oxido de etileno (ETO), radiacion gamma (GR) y plasma a base de perdxido de
hidrogeno (H202) en andamios biodegradables de PLA, y determinar la mejor técnica de esterilizacion
con minima degradacion y deformacion, asi como una respuesta tisular favorable. La estructura de la
superficie de los andamios de PLA se modifico principalmente con las técnicas de Oxido de etileno y
radiacion gamma, sin embargo, ninguna técnica modificd su composicion quimica. Con la respuesta
histoldgica se demostré que los andamios de PLA son biocompatibles y que los esterilizados por
radiacion gamma desencadenan una mayor respuesta inflamatoria y la formacion de células gigantes
de cuerpo extrafio. En conclusion, los resultados muestran que las técnicas de esterilizacion utilizadas
pueden modificar la morfologia del andamio, sin embargo; los mejores resultados se observaron con
la esterilizacion por plasma a base de peroxido de hidrogeno, ya que no modificd significativamente
la estructura de la superficie de las fibras de PLA y su respuesta in vivo no provocO una reaccion
desfavorable en el tejido.
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INTRODUCTION

Tissue bioengineering seeks the combination
of scaffolds, cells and biologically active molecules
(1-4), with the aim to restore or maintain the
normal function of an organ or tissue (2,5-7).
The regeneration is then achieved with a three-
dimensional construct (the scaffold), designed to
support the infiltration of new cells, their growth
and differentiation, and to enhance new tissue
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development. Therefore, the applications of tissue
bioengineering in the field of medicine opens new
alternatives for treating patients with different
pathologies (8-10), such as trauma, fractures,
reconstructive surgery, among others (11).

For bone defects regeneration, many
biomaterials have been used to fabricate scaffolds,
including metals, ceramics, glasses, and polymers.
Also, many different types of grafts (autografts,
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xenografts and allografts) are used in the clinic, and
to date the results are not completely predictable.
Nowadays, biodegradable polymers for scaffolds
and other implants for various tissue engineering
applications is a common trend, and it has been
extensively studied. A widely used synthetic
polymer in the field of tissue engineering is the
poly(lactic acid) (PLA) due to the physicochemical
properties of the material, such as, mechanical
and thermal properties, degradation characteristic,
and also, it is relatively easy to manufacture (12-
15). However, due to the nature of their chemical
properties, most polymeric biomaterials are
sensitive to the conditions required by standard
sterilization methods, since polymers are highly
sensitive to heat, humidity and radiation. Therefore,
infections associated with the in vivo use of the
scaffolds by different microbial contaminants
represent a constant challenge. So, when in vitro
studies are carried out on translational research
in experimental animals, a sterilization process is
essential for every material or device used. Also,
it is important to evaluate the method by which
the biodegradable scaffolds manufactured in the
laboratory can be effectively sterilized, and at the
same time maintain their structural and biochemical
properties. The purpose of this study was to
evaluate changes in the physical and chemical
properties of 7% (w/v) of PLA nanofiber scaffolds
after sterilization process by gamma irradiation
(GR), ethylene oxide (ETO) and hydrogen peroxide
plasma (H202) and with the consequent evaluation
of tissue response after scaffold sterilization.

MATERIALS AND METHODS

PREPARATION OF PLA SCAFFOLDS BY AIR JET
SPINNING

Scaffolds were prepare as previously
described (16). Briefly, 7% wt of PLA pellets
(C3Hs03; MW 192,000; Nature Works, MN, USA)
were dissolved in chloroform (CHCI3), and stirred
for 20 h. Subsequently anhydrous absolute ethyl

alcohol (CH3CH20H, J.T. Baker Inc., USA) was
added and the solution was further stirred for 30
min until @ homogeneous solution was achieved.
The volume ratio of chloroform/ethanol was 3:1.

The polymeric PLA 7% solution was placed
in a commercial ADIR (model 699) airbrush with
0.3mm nozzle diameter and with gravitational feed
of the solution to synthesize a fiber membrane
scaffold over a sheet of wax paper. The airbrush
was connected to a pressurized argon tank (30
psi), and the distance between the nozzle and the
wax paper was set at a constant of 15¢cm.

The sheets of 7% of PLA nanofiber scaffold
were cut into round of 9mm of diameter, and then
sterilized with different procedures.

STERILIZATION OF PLA SCAFFOLDS WITH GAMMA
RAYS (GR)

The PLA nanofiber scaffolds were stored
in self-seal plastic bags. Samples were placed in
a Gamma beam 651PT irradiation chamber, and
Gamma-irradiation sterilization was achieved at
a dose of 25 kGy 60Co at room temperature in
the dark.

STERILIZATION OF PLA SCAFFOLDS WITH
ETHYLENE OXIDE (ETO)

Nanofiber scaffolds were placed in packed
self-seal sterilization pouches (PMG® medical
grade). Ethylene oxide sterilization was achieved in
a 100% ETO atmosphere at 370C for 5 h, followed
by a second cycle of 370C for 5 h. Finally, the
scaffolds were aerated for 12 h to eliminate the
gas retained.

STERILIZATION BY HYDROGEN PEROXIDE-BASED
PLASMA (H202)

Nanofiber scaffolds were packed in
sterilization pouches (Tyvek® bags) for treatment
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by H202 based plasmain an equipment (STERRAD®
100NX System). The sterilization procedure
was carried out with a cycle of 54 minutes, at a
temperature of 50°C.

EVALUATION OF PLA NANOFIBER SCAFFOLDS BY
SCANNING ELECTRON MICROSCOPY (SEM)

The morphology of the nanofiber scaffold was
evaluated by SEM microscope (JEOL JSM 5600) to
evaluate if the different sterilization methods could
modify the surface structure of the scaffolds. The
polymer disk scaffolds were attached to aluminum
stubs with double-side sticky tabs before being
coated with gold using a s¢500 (EMScope) sputter
coater. The scaffolds were photographed and then
analyzed with ImageJ® software. The diameter
of the fibers was counted, and the data and the
graphs were made and analyzed in the Origin®
program. All scaffolds were used with no more
than a week after sterilization procedures.

EVALUATION OF PLA SCAFFOLDS BY ATR-FTIR

To evaluate modification of the chemical
composition of PLA scaffolds due to the different
sterilization techniques used, spectra were obtained
by reflectance spectroscopy technique (ATR-
FTIR). The resolution of the spectra was 4cm-1
with a total of 64 scans. The area of attenuated
total reflectance was 2mm in diameter and the
penetration of the radiation was about 2um.

IN VIVO TISSUE RESPONSE

The in vivo section of the present study was
approved by the local ethics committee at the
Faculty of Dentistry of the National Autonomous
University of Mexico (UNAM), project number
CIE/10/01/2015. A total of fifteen male Wistar rats
of 250 g were used. The animals were housed at a
constant temperature of 24°C, with a 12 h light to
12 h dark rotation. They were fed standard pellets
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for rodents (rodent diet 5001) and water from a
controlled water source.

SURGICAL PROCEDURE

Each animal was sedated with a mixture
of Ketamine (80mg/kg) and Xylazine (10mg/kg)
intramuscularly. When fully sedated the animal
was moved to the dissection table and the
dorsum of the rat was shaved and cleaned with
antiseptics. Subsequently, the dorsum was divided
into quadrants and a 2cm linear incision was made
to form a triangular flap. The sterilized scaffolds
and the control were place as showed in figure 1.
Briefly, in the upper right corner of the incised area
the sterilized samples with ETO, in the upper left
those sterilized with H202, in the lower right the
samples sterilized with GR, and finally in the lower
left a control sample was only disinfected with 70%
ethanol. All samples were sutured with 5-0 Nylon
and placed as far as possible from the incision.

IN VIVO SAMPLE PREPARATION

The animals were checked postoperative,
to evaluate their general condition every day
until sacrifice with an overdose of CO2 at 4,
10 or 21 days. Five samples from each group
were retrieved at each time point. At the end of
the established times (4, 10 and 21 days), the
area where the scaffolds were placed was cut
with a safety margin of 2mm, the samples were
put in 10% formalin for 24 hours. Finally, they
were processed and embedded in paraffin. Serial
sections of 5pm thickness from the paraffin
blocks were stained with Hematoxylin and Eosin
for evaluation under optical microscopy.

STATISTICAL ANALYSIS
All statistical tests were performed using

SPSS IBM software (version 20.0). Differences
in mean values between groups were analyzed
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with the ANOVA test. A p value of <0.05 was different post-implantation days (4, 10 and 21)

considered significant. of PLA scaffolds sterilized by different methods.
Briefly, the histological sections corresponding to
RESULTS the 4 days after surgery showed a fibrillar material
in the area were the scaffold was implanted, and
SURFACE STRUCTURE EVALUATION OF PLA in all the conditions used (control, GR, ETO and
SCAFFOLDS BY SEM H202). The fibrillar material was surrounded by a

connective tissue capsule, with scarce lymphocytic
SEM was used to quantify the average inflammatory infiltrate.
size and distribution of three-dimensional PLA
scaffolds after each sterilization technique, and By day 10 the presence of the fibrillar
compare with non-sterilized scaffolds. SEM  material was still observed, however, the fibers
images revealed that sterilization methods affect were more evident in the control group, and in
the random distribution of the polymer nanofibers. samples sterilized by H202. As for the connective
Non-sterilized scaffolds showed an average fiber tissue capsule, a moderate inflammatory infiltrated
diameter of 0.670+0.08um. However, sterilized was present in the control group and samples
scaffolds by means of GR showed that the diameter  sterilized by ETO. This infiltrated was composed
of the nanofibers decreased (0.500+0.07um), also, by polymorphonuclear lymphocytes, macrophages
ETO and H202 sterilized scaffolds showed a similar and some giant cells. However, the samples
decreased on the average fiber diameter (0.610 sterilized with gamma radiation and H202 showed
and 0.650+0.1pm, respectively). The only group only a scarce inflammatory infiltrated, where giant
that presented statistical differences against the cells are not present. It should be noted that for the
control was GR sterilized scaffolds with a p < 0.05.  samples sterilized by H202, the connective tissue
capsule surrounding the material was smaller
EVALUATION OF PLA SCAFFOLDS BY FTIR in diameter compared to capsules of scaffolds
sterilized with ETO or GR.
The chemical identity of the nanofiber scaffold
was analyzed by FTIR-ATR (Figure 4). The spectra The samples from the 21 days showed the
showed the typical resonance for PLA scaffold and presence of the fibrillar material in the control
no significant changes were observed among the  group, and also, in samples sterilized with ETO and
groups studied. The CH3 group resonance was GR. In all samples sterilized with ETO or GR, giant
manifested as peak at 2925 cm-1 and 1274 ¢cm-  cells were around the connective tissue capsule,
1. The C=0 group resonance was observed at along with a lymphocytic inflammatory infiltrate
1756 cm-1 and carboxyl group was detected at and thickening of the fibrous capsule. As for the
1090 cm-1, which are the same for all conditions.  samples sterilized by H202 the reaction around
the scaffold tends to be more circumscribed and
HISTOLOGICAL EVALUATION IN SUBCUTANEOUS less intense. Also, giant cells were absent, and
TISSUE IN WISTAR RATS the connective tissue capsule was thinner in the
samples of the scaffolds sterilized with H202,
Figure 5 shows histological sections of compare with the samples from scaffolds sterilized
subcutaneous cell tissue from Wistar rats at with ETO and GR.
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i3

) Suture of the sample in subcutaneous

Figure 1. Surgical procedure. A) distribution of the samples in the Wistar rat back. B
tissue with Nylon 5-0. C) Flap is sutured with 3-0 Vicryl.

i

Figure 2. Photomicrography of Scanning Electron Microscopy of the surfaces of the PLA scaffolds, with
the different conditions. A) Control scaffolding disinfected, B) Scaffold sterilized by means of GR, C) ETO
where the presence of clusters in scaffold fibers (arrows) and D) scaffold sterilized with H202. GR = Gama
radiation, ETO = Ethylene Oxide, H202 = Hydrogen Peroxide Based Plasma.
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Figure 3. Graph corresponding to the percentage of the diameter of the fibers, the scaffolds
sterilized by GR decreased the diameter of the fibers, having a statistically significant
difference (asterisk).
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Figure 4. Characteristic FTIR spectrum of PLA scaffolds sterilized by a) GR, b) H202, ¢) ETO
and d) control. GR = Gama radiation, ETO = Ethylene Oxide, H202 = Hydrogen Peroxide
Based Plasma.

ODOVTOS-Int. J. Dent. Sc. I No. 21-3, 77-88, 2019 . ISSN:1659-1046 | 2215-3411. 83



ODOVTOS-International Journal of Dental Sciences

Figure 5. Photomicrographs stained with H & E (10X) of histological sections of rat’s subcutaneous cellular tissue, where the
cellular response to the implantation of PLA scaffolds sterilized by different techniques can be compared at different periods of
time. The lower panel corresponds to a 40X magnification of the upper boxes, where it can be seen that the PLA fibers are still
present (arrows) the samples sterilized with GR show an incipient formation of giant cells (asterisk) the samples sterilized by H202
where There is no histological evidence of giant cells, and the wall shows scarce connective tissue in comparison to other groups.
GR = Gama radiation, ETO = Ethylene Oxide, H202 = Hydrogen Peroxide Based Plasma.

DISCUSSION

All biomaterials used for direct interaction
with biological tissues must comply with certain
physiochemical and biological properties (17,18),
because they must serve not only to physically
support to the cells, but also have to provide the
necessary chemical and biological substances to
guide cell adhesion, proliferation, differentiation,
and organization (18). However, biomaterials
should also be efficiently sterilized, i.e. scaffolds
designed for tissue regeneration should be free
of bacteria, fungi and/or viruses. Scaffolds must
have a terminal sterilization strategy, that at the
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same times allows to maintain their physical and
chemical properties, since undesirable changes to
the characteristics of the biomaterial may affect
cell-material interactions, and also, it could cause
unfavorable reactions in the tissues.

Currently there are alarge number of terminal
sterilization  techniques for thermosensitive
biomaterials, such as the PLA. In the present
study only three sterilization techniques were
used for their evaluation: ETO, GR, H202 based
plasma, and were compare with a scaffold that
was only disinfected with 70% ethanol. In the case
of biomaterials used for tissue regeneration, the
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surface structure is very important, fibers could
mimic the structure of the extracellular matrix
providing support for cell growth.

Rediguieri et al. (19) have reported that
sterilization such as ETO and GR techniques cause
minimal structural damage to PLA scaffolds. In the
present study, scaffolds sterilized by ETO showed
accumulation of spheroid structures that formed
clumps over the surface of the fibers, however, the
distribution and diameter of the fibers were similar
to the control. The results contradict the findings of
Valente et al. (20), they reported that sterilization
with ETO caused changes in the orientation of fibers
from the scaffolds. The authors mentioned that
such changes were the result of a modification in
the surface structure morphology, probably due to
the effect of pressure and temperature generated
inside the gas chamber of ethylene oxide, which is
similar to the glass transition temperature of the
PLA. The temperature inside the gas chamber could
promoted the formation of clusters in the surface
structure of the scaffold, however, modifications
on the diameter of the fibers are not significant.

In the case of the scaffolds sterilized by
GR, the diameter of the fibers was modified, it
decreased in sized with respect to the control. It has
been proposed by Gorna et al. that the formation
of free radicals and probable a cross-linking of the
fibers are generated by gamma irradiation (21,
22), together with a possible reduction in tension
and in the module could cause reduction of the
fibers (23).

For the samples sterilized with H202, the
morphology and porosity of the fibers was conserved,
which was considered a great advantage over other
sterilization techniques. However, in the study made
by Dai et al. (24) H202 sterilization decreased the
molecular weight and tensile strength of the PLA
scaffolds and increased their degradation rate.
Further studies to evaluate the degradation rate of

PLA scaffolds /in vivo and compare such rate with
the rate of regeneration of the tissues of interest
are needed.

To determine if the different sterilization
techniques modify the chemical composition of
the material, the scaffolds of PAL were analyzed
by FTIR. Neither of the conditions modified the
chemical structure of the scaffolds, being the
spectra equal to that of the control group. The
results of the present study confirmed that 7% PLA
scaffolds are only modified in a physical way by
the sterilization procedures used, which represent
advantage for in vivo used of the scaffolds.
Probably, the biological properties of the scaffolds
are not modified by common sterilization methods,
however, more studies on the sterilization of
biomaterials are needed.

Preclinical testing using small animal
models of subcutaneous implantation are widely
use to evaluate the tissue immune reaction and
recellularization. Rat subcutaneous implants enables
to asses tissue compatibility, such as, irritation,
biodegradation, sensitivity reactions, etc. (25). The
present study, evaluate the subcutaneous cellular
tissue of Wistar rats after the implantation of 7% of
PLA scaffolds, at three different times (4, 10 and
21 days). The results of the present study showed
that all scaffolds sterilized with different methods
triggered an initial inflammatory response, which
decreased with over time. Interestingly, samples
sterilized by GR showed a more specific reaction
response, and numerous giant cells were found
in the tissue. Probably the modification of the
scaffold's surface structure, due to the amount of
gamma radiation (25 KGy) is accompanied by the
formation of free radicals through the cleavage of
the hemolytic bond.

Bosworth et al. (26) explained that cleavage
of the hemolytic bond occurs as a result of the
sources of 60 Co. The authors used photon
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energies of 1.17 and 1.33 MeV, which correspond
to 5 orders of magnitude greater than the average
energy of a chemical bond. Probably the energy
of the chemical bonds is responsible for a more
severe inflammatory response in the GR sterilized
samples. It is important to mention that, the FTIR
analysis showed that the ETO-sterilized PLA scaffolds
were free of ethylene oxide, due to good aeration
by the equipment (12 hours).

The samples sterilized by H202 and
control did not show an unfavorable reaction in
the subcutaneous tissue model. In this respect,
disinfection in 70% ethanol serves as a useful
control because the morphology and the
molecular weight of the polymer are not affected
by the ethanol treatment, however, ethanol is an
unsuitable sterilization method because it does
not adequately eliminate hydrophilic viruses and
bacterial spore (27).

It should be mentioned that based on the
histological response, the PLA 7% scaffolds are
biocompatible in Wistar rat subcutaneous cellular
tissue, and they should be evaluated at a longer
times to get a deeper understanding of the
regeneration process.

CONCLUSION

The results obtained by the physicochemical
and morphological characterization and at in
vivo analysis in the present study suggest that
H202 sterilization could be the best strategy for
sterilization of 7% of PLA scaffolds synthesized
by air jet spinning. PLA scaffolds sterilized by
H202 maintain their chemical composition and the
surface structure after the procedure. Moreover,
PLA H202 sterilized scaffolds showed a favorable
tissue respond in the histological evaluation of
a subcutaneous implantation model in vivo. The
results of the present study showed that plasma
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sterilization of hydrogen peroxide is the best
method to sterilize PLA scaffolds, compare to GR
and ETO techniques.
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