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Abstract

Article Info

Ultra-high molecular weight polyethylene (UHMWPE) has become the gold standard for total joint
replacements such as tibial inserts because of its chemical inertness, superior mechanical properties,
and biocompatibility. Ethylene oxide sterilization is one of the most common and effective methods
used, especially for the sterilization of polyethylene-based polymeric implants. However, variable
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affects its mechanical properties and lifetime. The aim of this study is to investigate whether the
chemical structure of UHMWPE tibial inserts sterilized with ethylene oxide undergoing certain
conditions remains the same. Chemical characterization studies were performed with Fourier
K 4 transform infrared spectroscopy, Raman spectroscopy, X-ray diffractometer, differential scanning
eywords

calorimetry, thermogravimetric analysis, mass spectrometry and elemental analysis techniques

Chemical Characterization recommended for polymeric materials in 1ISO 10993-8:2020 standard. According to the FTIR results,

:E;gyll?;ggﬁge the spectra of the non-sterile and sterile tibial inserts were compared, and it was determined that the
Tibial insert similarity between them was 99.97%. XRD results revealed that after ethylene oxide sterilization,
UHMWPE there was no significant shift in the Bragg (1 0 0) peak. The percentages of crystallinity calculated

from the fusion enthalpies determined by DSC of sterile and non-sterile samples are 54.3% and 53.3%,
respectively. Characterization results revealed that there was no significant change in molecular
structure, crystallinity, elemental composition of UHMWPE materials after ethylene oxide
sterilization. These results can provide assurance that tibial inserts keep their physical, chemical, and
mechanical properties after sterilization.

adjunct to metal alloys in trauma and orthopedic implant
devices due to their mechanical, chemical, thermal and
biostable properties as well as their biocompatible nature

1. Introduction

Every year, millions of patients are implanted with
medical devices to improve their quality of life and/or [4].

replace all or part of the biological structure or act as a part
of it. Implantable medical devices continue to be one of the
important research and development areas due to their
potential applications in healthcare. Nowadays, bioimplants
are being used in different parts of the body for diverse
applications such as orthopedics (hips or knees), dentary,
cardiovascular stents, neural prosthetics, pacemakers,
defibrillators and drug delivery systems [1]. Implantable
devices are biocompatible materials covering various
material classes such as metallic, ceramic, and polymeric
materials [2-4].

Polymeric biomaterials are used as a substitute or
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For this reason, many absorbable and non-absorbable
polymeric implants approved by the Food and Drug
Administration (FDA) have been used in clinical practice
for decades [5]. Polyglycolic acid, polylactic acid,
polydioxanone, polyvinyl alcohol, polyglycolide-L-lactide,
polyethylene polyethylene glycol  and
polycaprolactone are the most widely used absorbable
synthetic polymers [6, 7]. This type of polymer is used in
various fields of orthopedics and trauma surgery, especially
as absorbable sutures, and screw pins [6]. Polyethylene
terephthalate, polypropylene, poly(ether—ether—ketone),
polyamide, polyvinyl chloride, polystyrene, polycarbonate,

oxide,
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polyurethane, acrylonitrile  butadiene styrene and
polyethylene are non-absorbable polymers used in the
manufacture of many medical devices such as surgical
sutures, vascular grafts, spinal cages, stents, hernia mesh,
artificial knee and hip joints [8-12].

Polymer biomaterials are chosen for biomedical
applications based on various criteria including molecular
weight, chemical structure, surface and mechanical
properties, while their properties such as thermal (melting
point, glass-transition temperature, etc.), solubility and
degradation behaviors are primary considerations affecting
the selection of scaffold production technique [13].

Synthetic polymers such as polylactic acid,
polycaprolactone, poly(ether—ether—ketone) and
polyethylene have become highly suitable biomaterials to
meet bone tissue requirements due to their biocompatibility,
robust mechanical properties and adaptability [14]. Among
these polymers, polyethylene is a favorite material due to its
low price, easy fabrication and forming process, availability,
versatility, and widespread clinical success.

Polyethylene materials are light, flexible, biologically
stable, chemically inert and resistant to many organic
solvents at room temperature [15]. Because of its variable
molecular weight, density and chain structure (branching),
it has been categorized into five different types by the
American Society for Testing and Materials (ASTM), each
with different thermal, mechanical, chemical, electrical and
optical properties: low-density polyethylene, linear low-
density polyethylene, medium density polyethylene, cross-
linked polyethylene, high-density polyethylene and ultra-
high molecular weight polyethylene (UHMWPE) [16].

UHMWPE is an FDA-approved polymer that has been
used as a medical device for decades. UHMWPE is widely
used in orthopedic implants due to its excellent
biocompatibility, extremely resistance to abrasion and
corrosive chemicals, low wear volume, high tensile
strength, low friction coefficient and high crystallinity [17,
18]. UHMWPE was first used in 1962 as joint replacement
in total hip arthroplasty combined with a metal femoral head
[16]. Today, it is widely used in hips, knees, shoulders,
ankles, elbows, wrist joints as well as spinal discs [19]. All
these joint replacements comprise at least two fragments
articulating with one another. For example, a knee
replacement has a metal femoral part, shaped to simulate the
articular surface of a femur, and a tibial insert comprising
mainly of UHMWPE with a metal backing socket (Figure
1) [20]. In this type of prosthesis, UHMWPE has a critical
task, which is usually placed between metal components,
both facilitating the movement of metals and preventing the
direct transfer of load from metal to metal [7].
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Figure 1. The components of a total knee replacement.

Medical devices can be classified as critical, semi-
critical and non-critical according to the degree of infection
risk in their use. Implants such as tibial inserts placed on the
sterile part of the patient's body are critical devices with a
high risk of infection [21]. Therefore, it is extremely
important to sterilize the implant in a way that destroys all
infecting microorganisms such as bacteria, viruses, fungi,
yeasts and molds before the surgical operation [22]. There
are many techniques used for sterilizing medical devices.
Sterilization with autoclaving, dry heat, ozone gas,
hydrogen peroxide vapor, low-temperature gas plasma,
glutaraldehyde solution, peracetic acid, formaldehyde,
microwave, gamma rays, ultraviolet light and ethylene
oxide are some of them [21, 23]. Among these techniques,
the most widely used sterilization technique for polymeric
materials is ethylene oxide.

Ethylene oxide is an exceptional agent that is
frequently used in the sterilization of medical devices due to
its effective bactericidal, sporicidal and virucidal activity
[24]. The antimicrobial effect of ethylene oxide is because
of its inhibition of normal cellular metabolism and
replication by causing cell wall, protein, DNA and RNA
damage in the microorganism through chemical interactions
[25]. The effectiveness of sterilization depends on the
ethylene oxide concentration, temperature, humidity,
exposure time to the gas and packaging material [26].
Moreover, these conditions can change the physico-
chemical and mechanical properties of the polymeric
implant, which negatively affects its performance in the
body [27, 28]. For example, it has been reported that the
strength of the polymer decreases according to the decrease
in the molecular weight of the polymer under unsuitable
sterilization conditions [29]. Changing the molecular weight
impairs the mobility of the polymer chains, which causes the
life, absorption, and mechanical properties of the polymer
to change [25, 30]. Also, it has been reported in the literature
that after sterilization, changes in the molecular properties
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of bioabsorbable polymers considerably influence the
biodegradation kinetics and the performance time [31, 32].
Hence, it is highly vital to detect the suitable sterilization
methods and conditions for polymeric implants with various
physical, chemical, and biological analyses. Medical device
certification bodies also require medical device
manufacturers to chemically compare the raw form of an
FDA-approved material with the final product that has
undergone shaping and sterilization processes.

In this study, comparative chemical characterization of
the non-sterile and sterile versions of the tibial insert made
of UHMWPE material was performed according to 1SO
10993-18 (Biological evaluation of medical devices-Part
18: Chemical characterization of medical device materials
within a risk management process). The aim of this study is
to clarify whether there is a change in the chemical structure
of medical devices produced from UHMWPE after being
sterilized with ethylene oxide under the same conditions.

2. Materials and Methods
2.1 Materials

A commercial product, Total knee prosthesis tibial
inserts (P/S, 70/15 mm, Hyperflex, UHMWPE) was
obtained from a local medical device company (Ankara,
Turkey).

2.2. Ethylene oxide sterilization procedure

The ethylene oxide sterilization process was carried
out in a sterilization center according to I1SO 11135
requirements. Briefly, the UHMWPE tibial inserts were
preconditioned for 4 h at 50 = 5 °C in 70-90% of relative
humidity in a separate chamber. And then, the samples were
in the ethylene oxide sterilization chamber. Throughout the
sterilization (18 cycles), inside the sterilization chamber,
preconditioning was through for 80 min at 50 = 5 °C.
Thenceforth, the samples were exposed to a gas mixture of
20% ethylene oxide and 80% carbon dioxide for 8 h. After
sterilization, drying was done at 40 °C under a vacuum (1
torr) for 50 min (vacuum: 40 mins and nitrogen charging:
10 mins). Non-sterile and sterile UHMWPE tibial inserts are
shown in Figure 2.

(a)

Figure 2. Non-sterile (a) and ethylene oxide sterilized (b)
UHMWPE tibial inserts.

2.3. Chemical Characterization
2.3.1. Fourier transform infrared spectroscopy

Functional group analysis of the non-sterile and sterile
tibial inserts was performed according to ASTM E1252 by
FTIR spectroscopy (Bruker Vertex 70 V, USA). The
percentage of similarity between the FTIR spectra of the
materials was determined by the FTIR/OPUS software (4.2
Version, Copyright© Bruker Optics GmHb, USA).

2.3.2. Raman spectroscopy

Another functional group analysis was performed
using a Bruker Senterra Raman instrument (laser
wavelength: 532 nm, laser energy: 20 mW, duration: 60 sec,
frequency: 50-4500 cm™).

2.3.3. X-ray diffraction

The phases structure of the sterile and non-sterile
samples was analyzed using a X-ray diffraction (XRD,
Empyrean, Malvern Panalytical) with 40 kV CuKa radiation
(A = 1.54056 A). Samples were analyzed under the same
scanning conditions (20 = 10-80°, step size = 0.013°, scan
rate = 2.0° min1). The d-spacing values of the samples were
determined by Profex XRD software (Version 4.3.6), and
the crystallite size values were determined by the Scherrer
Equation [33].

2.3.4. Differential scanning calorimetry

Thermal properties of polymeric tibial inserts were
analyzed by differential scanning calorimeter (DSC, Q
2000, TA Instruments, USA) with a heating rate of 10 °C
min, in a nitrogen gas atmosphere up to 400 °C, using an
aluminum T-zero hermetic pan. Also, with DSC, the overall
crystallinity (X, %) of polymers was calculated by the
following equation:

Xs (%) = —L %100 1)

AH100
where AHs is the heat of fusion and AHigo is the melting
enthalpy of the 100% crystalline polymer.

2.3.5. Thermogravimetric analysis

The thermal degradation steps of the materials were
analyzed with a thermogravimetric analyzer (TGA, Q 500,
TA Instruments, USA) under certain conditions (nitrogen
gas atmosphere, 10 °C min™! heating rate, ceramic pan).
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2.3.6. Mass spectrometer analysis

Mass spectrometer (MS) analyses of tibial inserts were
performed on a Shimadzu QP 2010 GC-MS system using
DI (direct injection) method over MS. The MS scan
parameters included a mass scan range of 20-1090 m z'!, an
event time of 0.5 s, and a scan speed of 2500 um s!. The ion
source temperature was set to 350 °C with a heating rate of
10 °C min!.

2.3.7. Elemental analysis

Carbon(C), nitrogen (N), hydrogen (H) and sulfur (S)
contents of the materials were determined with a CHNS
elemental analyzer (vario MICRO cube, Elementar,
Germany).

3. Results and Discussion
3.1. Functional group analysis

Depending on the ambient conditions (such as
temperature, humidity, and exposure time) during the
sterilization process, a chemical reaction may occur
between the ethylene oxide gas and the polymeric material.
This causes the physical and mechanical properties of the
polymeric material to change. FTIR provides important
information to determine the chemical bond changes of
polymeric materials. Therefore, whether or not the chemical
bond structure of the UHMWPE tibial inserts changed after
sterilization was analyzed by FTIR (Figure 3). Since
UHMWPE is a polyolefin type, the sharp absorption peaks
at 2915 cm™ and 2848 cm™ are characteristic asymmetric
and symmetric stretching vibration bands of CH, groups,
respectively [15, 33]. Other clear peaks occurring at 1471
cm?® and 722 cm? can be attributed to C-H vibration
deformation and C-C rocking vibrations in the CH2-CH:
groups, respectively [34]. Meanwhile, UHMWPE sterilized
with ethylene oxide is likely to be oxidized. Oxidation can
be determined by looking at changes in 1720 cm* (carbonyl
groups) [35, 36]. The absence of any absorption band at
1720 cmt is strong evidence that the material is not oxidized
after ethylene oxide sterilization (Figure 3b). The spectra of

non-sterile and sterile tibial inserts were compared and the
similarity between them was found to be 99.97%.
According to the results of the FTIR, there was no change
in the chemical bond structure of UHMWPE, which was
sterilized with ethylene oxide under certain conditions.

‘ 729 cmfll

‘51 8 cm-1

\ 1471 cm-1

¢ 2915 cJ ®

2848 cm-1

Wo 3w 10> 2w o W4 o0 M0 %0 60 w0 o e %o o < o

Correlation: 99.97 %

Threshold: 95.00 %

Sample: EtO Sterile UHMWPE tibial insert
Reference: Non-sterile UHMWPE tibial insert

OPUS software (4.2 Version, Copyright® Bruker Optics GmHb, USA)

Figure 3. Comparison of the FTIR spectra of UHMWPE
tibial inserts: (a) sterile, (b)non-sterile (scan speed: 32 cm™!,
resolution: 4 cm™).

3.2. Molecular structure analysis

Raman spectroscopy sensitively analyzes changes in
the molecular structure level of polyethylene, such as the
degree of crystallinity, which is a key factor in determining
polyethylene density [37]. The change in the molecular
structure and crystallinity of UHMWPE tibial inserts after
sterilization was investigated by Raman (Figure 4). The
peaks occurring in the region between 1150 cm and 1500
cm® are attributed to the CH; groups in the crystalline and
amorphous phases, respectively. The peaks between 1000
cm?® and 1150 cm™ are attributed to the symmetric and
asymmetric C—C stretching vibrations [38, 39]. In addition,
the sharp peaks seen at 2825 cm™ and 2970 cm! belong to
the stretching vibrations of the CH; groups [37]. When the
Raman spectra of sterile and non-sterile tibial inserts are
compared, it is seen that they are in harmony and there is no
detectable difference.
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Figure 4. Raman spectra of sterile (blue) and non-sterile (red) UHMWPE tibial inserts.

3.3. Crystallinity and phase analysis

UHMWPE is a linear homopolymer whose chain
curves show the local order in the form of crystalline lamella
among amorphous matrixes [35]. Sterilization methods such
as gamma-ray, ion beam, ultraviolet and ethylene oxide may
change the crystallinity of the polymer by causing oxidative
degradation, depending on the sterilization conditions [15,
35, 40]. It has been reported that the degree of crystallinity
affects the mechanical properties of polymers such as
Young's modulus, strength, fatigue, yield stress and
shrinkage [41-43]. XRD was used to observe the variation
in phase structure or crystallinity of sterile and non-sterile
materials, and the diffractograms are shown in Figure 5. The
peaks at angles 26 of 21.49°, 23.91° and 29.71° match the
(110),(200)and (02 0) orthorhombic lattice planes of the
semi-crystalline UHMWPE, respectively [33, 43, 44]. The
20, d-spacing and crystallite size values corresponding to
the (1 1 0) and (2 0 0) planes of sterile and non-sterile
materials were shown in Table 1. The d-spacing and
crystallite size values of UHMWPE tibial inserts are almost
the same after sterilization. In addition, there was no
remarkable shift in the Bragg (110) peak, which
demonstrates that there is no change in the inter-planar
spacing [35].

Table 1. 20, d-spacing and crystallite size values of non-
sterile and sterile UHMWPE tibial inserts.

Sample 20 [°] d-spacing Crystallite
[A°] Size [nm]
Non-sterile 21.49 4.133 36.70
23.91 3.716 33.91
Sterile 21.42 4.144 37.70
23.87 3.725 33.90

3.4. Comparison of thermal properties

Besides the thermal properties of polymers such as
glass transition (Tg) temperature, melting temperature
(Tm), oxidation temperature and crystallization temperature
(Tc), DSC was used to analyze whether decomposition is
endothermic or exothermic. Moreover, the crystallinity
degree (%) of thermoplastic polymers can be calculated by
the enthalpy (heat) of fusion related to the melting transition
of the polymer. Crystallinity is ascertained by normalizing
the observed heat of fusion to that of a 100% crystalline
sample of the same polymer. In the DSC thermograms
shown in Figure 6, the melting temperatures of sterile and
nonsterile UHMWPE tibial inserts were determined as
142.05 °C and 142.30 °C, and the heats of fusion were 159.1
Jgtand 156.3 J g1, respectively.
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Figure 5. X-ray diffraction patterns of the sterile (blue) and
non-sterile (red) UHMWPE tibial inserts.

The enthalpy of fusion for 100% crystalline polyethylene is
293 J g* [43, 45]. The percentages of crystallinity of sterile
and nonsterile samples were calculated as 54.3% and 53.3%,
respectively. There was no considerable change in the
melting point and crystalline degree of the UHMWPE tibial
insert after the ethylene oxide sterilization. Therefore, it can
be said that the ethylene oxide sterilization temperature (50
°C) and the exposure time (8 h) at this temperature do not
cause any chemical and physical changes in the chain
structure of UHMWPE. We could not find a comparison
study after ethylene oxide sterilization in the literature;
however, there are studies examining the effect of gamma-
ray sterilization conditions on the melting temperatures and
crystalline degrees of UHMWPE with DSC [46, 47].
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Figure 6. DSC thermograms of sterile (green) and
nonsterile (blue) UHMWPE tibial inserts.

3.5. Comparison of thermal stabilities

During the ethylene oxide sterilization process, the
polymeric material is exposed to temperature, humidity,
pressure, and chemical gas. For this reason, some physical
and chemical changes may occur in the structure of the
polymer, which also affects its thermal stability. TGA is a
thermal analysis method that determines mass changes as a
function of time and temperature [43, 44]. The thermal
stability of sterile and non-sterile UHMWPE tibial inserts
was investigated by TGA (Figure 7). Nonsterile UHMWPE
is thermally stable up to 450 °C and exhibited a single-step
decomposition at subsequent temperatures with a maximum
decomposition temperature of 523.6 °C. The results agree
with the literature [43, 48, 49]. After ethylene oxide
sterilization, no mass loss of any evaporating or volatile
components was observed up to 450 °C. In addition, there is
no significant change in the maximum decomposition
temperature (524.16 °C). The residual masses of sterile and
non-sterile tibial inserts at the end of 600 °C were
determined as 0.35% and 0.36%, respectively. As a result,
no physical and chemical changes were detected, that would
affect the thermal stability of the materials after the
sterilization process.
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Figure 7. TGA and D-TGA curves of sterile and nonsterile
UHMWPE tibial inserts.

3.6. Mass spectrometer results

MS is an important technique used to identify and
characterize the degradation products of polymeric
materials [50]. MS was also used to determine if the
chemical structure of the UHMWPE tibial inserts changed
after the ethylene oxide sterilization. Polyethylene is a very
high molecular weight hydrocarbon, and its degradation
products are normal hydrocarbons such as oligomers.
Among these hydrocarbons, there may be alkadienes,
alkenes and alkane groups such as long-chain dodecadiene,
dodecene and dodecane [51]. With the change of the
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molecular structure of the polymer after the sterilization
process, the ionized decomposition products also partially
change. The mass spectrum of the degradation products was
compared according to the mass/charge (m/z) ratio of
polyethylene, and it was determined that the degradation
products of the tibial inserts were almost the same (Figure
8). Therefore, this high similarity can be attributed to both

.5(10,000)

the preservation of the chemical structure and the absence
of ethylene oxide residue after sterilization. Meanwhile, the
ethylene oxide residue is analyzed according to the methods
and conditions specified in ISO 10993-7 (Biological
evaluation of medical devices — Part 7: Ethylene oxide
sterilization residuals) [25, 52].
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Figure 8. Mass spectra of sterile and nonsterile UHMWPE tibial inserts.

3.7. CHNS elemental analyses results

Elemental analysis is an extensively used technique to
measure the amount of carbon (C), hydrogen (H), nitrogen
(N), sulfur (S), and oxygen (O) in the structure of many
materials [53]. The theoretical C and H content of
polyethylene, whose repeating unit has the chemical
formula —(CzH4)n— (n: degree of polymerization) is 85.63%
and 14.26%, respectively [54]. During the ethylene oxide
sterilization, the carbon, hydrogen, nitrogen, sulfur, and
oxygen contents of the polymeric material may change
when exposed to temperature, ethylene oxide, carbon
dioxide, nitrogen gases, humidity (H2O) and air. Therefore,
C, H, N and S contents of sterile and nonsterile tibial inserts
were determined by CHNS/O elemental analysis (Table 2).
The average carbon and hydrogen content of the nonsterile
material were determined as 85.61% =+ 0.3% and 13.95% +
0.007%, respectively. The carbon and hydrogen contents of
the sterile tibial insert were determined as 85.61% + 0.3%
and 14.062% =+ 0.064%, respectively. Although there does
not seem to be a significant difference in the carbon and
hydrogen contents after sterilization, these minor changes
may be due to a residue. The residue may be caused by
ethylene oxide or other contaminants, but it is very
important to analyze ethylene oxide residue after
sterilization, especially since ethylene oxide gas is very
toxic and carcinogenic [25].

Table 2. Carbon, Hydrogen, Nitrogen and Sulfur contents
of non-sterile and sterile UHMWPE tibial inserts.

Sample C H N S
[%0] [%6] [%6] [%0]
Non-sterile | 85.58 13.978 0.00 0.00
Non-sterile | 85.63 13.991 0.00 0.00
Non-sterile | 85.63 13.986 0.00 0.00
Mean Value | 85.61 13.985 0.00 0.00
Deviation | 0.03 0.007 0.00 0.00
Sterile 85.71 13.989 0.00 0.00
Sterile 85.65 14.101 0.00 0.00
Sterile 85.67 14.097 0.00 0.00
Mean Value | 85.68 14.062 0.00 0.00
Deviation | 0.03 0.064 0.00 0.00

4. Conclusions

In the last decade, there has been a tremendous
increase in the number of implantable medical devices
based on UHMWPE, especially as part of joint prostheses.
There is no single standard method recommended by the
FDA for the sterilization of polymeric implants.
Manufacturers must optimize the sterilization conditions
according to the type of polymer used, molecular weight
(such as LDPE, HDPE, UHMWPE), and shape and size of
the device. Ethylene oxide is one of the most widely used
and safe methods for the sterilization of UHMWPE
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materials. However, depending on the sterilization
conditions, the physical, chemical, and mechanical
properties of the polymer material may be affected, which
is of vital importance, especially for polymeric implants
used in knee prostheses. In the present study, it was
investigated by various instrumental techniques if there was
a change in the chemical structure of UHMWRPE tibial
inserts after sterilization. The agreement between the FT-IR
spectra of the non-sterile and sterile samples was 99.97%.
The high agreement between both FT-IR and RAMAN
spectra revealed that there was no significant change in the
chemical bond structure of the materials after sterilization.
The percentages of crystallinity of sterile and non-sterile
samples were calculated by DSC as 54.3% and 53.3%,
respectively. The agreement between the XRD results also
supports the DSC results. These results support that the
polymer chains have not undergone a change that would
affect the mechanical properties of the material. Therefore,
in this study, it has been proven that there is no significant
change in the chemical structure of tibial inserts after
ethylene oxide sterilization.

Ethylene oxide is thus a viable method for sterilization
of UHMWPE tibial inserts. However, the chemical structure
and mechanical integrity of UHMWPE materials may
deteriorate when exposed to very high doses.

Declaration of Ethical Standards

The author of this article declares that the materials and
methods used in this study do not require ethical committee
permission and/or legal-special permission.

Conflict of Interest

The author declares that he has no competing financial
interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

The author would like to thank Kirikkale University
Scientific and Technological Researches Application and
Research Center (KUBTUAM).

References
[1] Park G. E., Webster T. J., 2005. A review of
nanotechnology for the development of better
orthopedic  implants. Journal of Biomedical
Nanotechnology, 1, 18-29.

Prakasam M., Locs J., Salma-Ancane K., Loca D.,
Largeteau A., Berzina-Cimdina L., 2017.

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

58

L 6(1): (2023) 51-60

Biodegradable materials and metallic implants—a
review. Journal of functional biomaterials, 8, 44.

Kulkarni S. V., Nemade A. C., Sonawwanay P. D.,
Recent Advances in Manufacturing Processes and
Systems, Springer Singapore, 2022.

Yin J., Luan S., 2016. Opportunities and challenges for
the development of polymer-based biomaterials and
medical devices. Regenerative biomaterials, 3, 129-
135.

Kohn J., Welsh W. J., Knight D., 2007. A new approach
to the rationale discovery of polymeric biomaterials.
Biomaterials, 28, 4171-4177.

Youssef A., Hollister S. J., Dalton P. D., 2017. Additive
manufacturing of polymer melts for implantable
medical devices and scaffolds. Biofabrication, 9,
012002.

Ulery B. D., Nair L. S., Laurencin C. T., 2011.
Biomedical applications of biodegradable polymers.
Journal of Polymer Science Part B: Polymer Physics,
49, 832-864.

Abruzzo A., Fiorica C., Palumbo V. D., Altomare R.,
Damiano G., Gioviale M. C., Tomasello G., Licciardi
M., Palumbo F. S., Giammona G., 2014. Using
polymeric scaffolds for vascular tissue engineering.
International Journal of Polymer Science, 2014.

Ravi S., Chaikof E. L., 2010. Biomaterials for vascular
tissue engineering. Regenerative Medicine, 5, 107-
120.

Kurtz S. M., Devine J. N., 2007. PEEK biomaterials in
trauma, orthopedic, and spinal implants. Biomaterials,
28, 4845-4869.

Muratoglu O. K., O’Connor D. O., Bragdon C. R.,
Delaney J., Jasty M., Harris W. H., Merrill E.,
Venugopalan P., 2002. Gradient crosslinking of
UHMWPE using irradiation in molten state for total
joint arthroplasty. Biomaterials, 23, 717-724.

Joseph B., James J., Kalarikkal N., Thomas S., 2021.
Recycling of medical plastics. Advanced Industrial
and Engineering Polymer Research, 4, 199-208.

Dhandayuthapani B., Yoshida Y., Maekawa T., Kumar
D. S., 2011. Polymeric scaffolds in tissue engineering
application: a review. International Journal of Polymer
Science, 2011.

Puppi D., Chiellini F., Piras A. M., Chiellini E., 2010.
Polymeric materials for bone and cartilage repair.
Progress in Polymer Science, 35, 403-440.



Ogiin BOZKAYA / Koc. J. Sci. Eng., 6(1): (2023) 51-60

[15] Dogan M., 2021. Ultraviolet light accelerates the
degradation of polyethylene plastics. Microscopy
Research and Technique, 84, 2774-2783.

[16] Paxton N. C., Allenby M. C., Lewis P. M., Woodruff
M. A., 2019. Biomedical applications of polyethylene.
European Polymer Journal, 118, 412-428.

[17] Bomba¢ D., Brojan M., Fajfar P., Kosel F., Turk R.,
2007. Review of materials in medical applications
Pregled materialov v medicinskih aplikacijah. RMZ—
Materials and Geoenvironment, 54, 471-499.

[18] McKeen L. W. in Plastics used in medical devices,
Vol., Elsevier, 2014, pp.21-53.

[19] Patil N. A., Njuguna J., Kandasubramanian B., 2020.
UHMWPE for biomedical applications: Performance
and functionalization. European Polymer Journal, 125,
109529.

[20] Cobelli N., Scharf B., Crisi G. M., Hardin J.,
Santambrogio L., 2011. Mediators of the inflammatory
response to joint replacement devices. Nature Reviews
Rheumatology, 7, 600-608.

[21] Govindaraj S., Muthuraman M. S., 2015. Systematic
review on sterilization methods of implants and
medical devices. Int ] ChemTech Res, 8, 897-911.

[22] Rutala W., Weber D., 1999. Infection control: the role
of disinfection and sterilization. Journal of Hospital
Infection, 43, S43-S55.

[23] Tipnis N. P, Burgess D. J., 2018. Sterilization of
implantable polymer-based medical devices: A review.
International Journal of Pharmaceutics, 544, 455-460.

[24] Ries M. D., Weaver K., Beals N., 1996. Safety and
Efficacy of Ethylene Oxide Sterilized Polyethylene in
Total Knee Arthroplasty. Clinical Orthopaedics and
Related Research®, 331, 159-163.

[25] Mendes G. C. C., Branddo T. R. S., Silva C. L. M.,
2007. Ethylene oxide sterilization of medical devices:
A review. American Journal of Infection Control, 35,
574-581.

[26] Mosley G. A., Gillis J. R., Whitbourne J. E., 2002.
Calculating equivalent time for use in determining the
lethality of EtO sterilization processes. Medical
Device and Diagnostic Industry, 24, 54-63.

[27] Heider D., Gomann J., Junghann B., Kaiser U., 2002.
Kill kinetics study of Bacillus subtilis spores in
ethylene oxide sterilisation processes. Zentr Steril, 10,
158-167.

[28] Diizyer S., Hockenberger A., Agah U., Elif E., Kahveci
Z. Etilen oksit, otoklav ve ultra viyole

sterilizasyonlarinin PET elektrogekim liflerin yiizey
topografisi iizerine etkisi. Uludag University Journal
of The Faculty of Engineering, 21, 201-218.

[29] Farrar D., Gillson R., 2002. Hydrolytic degradation of
polyglyconate B: the relationship between degradation
time, strength and molecular weight. Biomaterials, 23,
3905-3912.

[30] Saeidlou S., Huneault M. A., Li, H., Park, C. B., 2012.
Poly (lactic acid) crystallization. Progress in Polymer
Science, 37, 1657-1677.

[31] Valente T., Silva D., Gomes P., Fernandes M., Santos
J., Sencadas V., 2016. Effect of sterilization methods
on electrospun poly (lactic acid)(PLA) fiber alignment
for biomedical applications. ACS applied materials &
interfaces, 8, 3241-3249.

[32] Pietrzak W. S., 2010. Effects of ethylene oxide
sterilization on 82: 18 PLLA/PGA copolymer
craniofacial fixation plates. Journal of Craniofacial
Surgery, 21, 177-181.

[33] Mindivan F., Colak A., 2021. Tribo-material based on
a UHMWPE/RGOC biocomposite for using in
artificial joints. Journal of Applied Polymer Science,
138, 50768.

[34] Naresh Kumar N., Yap S. L., Bt Samsudin F. N. D.,
Khan M. Z., Pattela Srinivasa R. S., 2016. Effect of
Argon Plasma Treatment on Tribological Properties of
UHMWPE/MWCNT Nanocomposites. Polymers, 8,
295.

[35] Stojilovic N., Dordevic S. V., Stojadinovic S., 2017.
Effects of clinical X-ray irradiation on UHMWPE
films. Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with Materials
and Atoms, 410, 139-143.

[36] Wang H., Xu L., Hu J., Wang M., Wu G., 2015.
Radiation-induced oxidation of ultra-high molecular
weight polyethylene (UHMWPE) powder by gamma
rays and electron beams: A clear dependence of dose
rate. Radiation Physics and Chemistry, 115, 88-96.

[37] Ibrahim M., He H., 2017. Classification of
polyethylene by Raman spectroscopy. Application
Note AN52301, Thermo Fisher Scientific.

[38] Fischer J., Wallner G. M., Pieber A., 2008.
Spectroscopical investigation of ski base materials,
265, 28-36.

[39] Sato H., Shimoyama M., Kamiya T., Amari T., Saic
S., Ninomiya T., Siesler H. W., Ozaki Y., 2002. Raman
spectra of high-density, low-density, and linear low-
density polyethylene pellets and prediction of their

59



Ogiin BOZKAYA / Koc. J. Sci. Eng., 6(1): (2023) 51-60

physical properties by multivariate data analysis.
Journal of Applied Polymer Science, 86, 443-448.

Toth S., Fiille M., Veres M., Pocsik 1., Koos M., Téth
A., Ujvari T., Bertoti 1., 2006. Photoluminescence of
ultra-high molecular weight polyethylene modified by
fast atom bombardment. Thin Solid Films, 497, 279-
283.

[41] Bourell D. L., Watt T. J., Leigh D. K., Fulcher B., 2014.
Performance limitations in polymer laser sintering.
Physics Procedia, 56, 147-156.

[42] Hopkinson N., Majewski C., Zarringhalam H., 2009.
Quantifying the degree of particle melt in Selective
Laser Sintering®. CIRP annals, 58, 197-200.

[43] Khalil Y., Hopkinson N., Kowalski A., Fairclough, J.

P. A., 2019. Characterisation of UHMWPE polymer

powder for laser sintering. Materials, 12, 3496.

[44] Bozkaya O., Arat E., Gok Z. G., Yigitoglu M., Vargel

1., 2022. Production and characterization of hybrid

nanofiber wound dressing containing Centella asiatica

coated silver nanoparticles by mutual electrospinning

method. European Polymer Journal, 166, 111023.

[45] Turell M. B., Bellare A., 2004. A study of the

nanostructure and tensile properties of ultra-high

molecular weight polyethylene. Biomaterials, 25,

3389-3398.

[46] Stephens C. P., Benson R. S., Esther Martinez-Pardo

M., Barker E. D., Walker J. B., Stephens T. P., 2005.

The effect of dose rate on the crystalline lamellar

thickness  distribution in gamma-radiation of

UHMWPE. Nuclear Instruments and Methods in

Physics Research Section B: Beam Interactions with

Materials and Atoms, 236, 540-545.

[47] Slouf M., Synkova H., Baldrian J., Marek A.,

Kovarova J., Schmidt P., Dorschner H., Stephan M.,

Gohs U., 2008. Structural changes of UHMWPE after

e-beam irradiation and thermal treatment. Journal of

[48]

[49]

[50]

[51]

[52]

[53]

[54]

60

Biomedical Materials Research Part B: Applied
Biomaterials, 85B, 240-251.

Souri H., Bhattacharyya D., 2018. Electrical
conductivity of the graphene nanoplatelets coated
natural and synthetic fibres using electrophoretic
deposition technique. International Journal of Smart
and Nano Materials, 9, 167-183.

Santos C. M. d., Silva B. C. d., Backes E. H.,
Montagna L. S., Pessan L. A., Passador F. R., 2018.
Effect of LLDPE on aging resistance and thermal,
mechanical, morphological properties of
UHMWPE/LLDPE blends. Materials Research, 21.

Rial-Otero R., Galesio M., Capelo J.-L., Simal-
Gandara J., 2009. A Review of Synthetic Polymer
Characterization by Pyrolysis—GC-MS.
Chromatographia, 70, 339-348.

Wang F. C.-Y., 2004. The microstructure exploration
of thermoplastic copolymers by pyrolysis-gas
chromatography. Journal of Analytical and Applied
Pyrolysis, 71, 83-106.

Gimeno P., Auguste M.-L., Handlos V., Nielsen A. M.,
Schmidt S., Lassu N., Vogel M., Fischer A., Brenier C.,
Duperray F., 2018. Identification and quantification of
ethylene oxide in sterilized medical devices using
multiple headspace GC/MS measurement. Journal of
Pharmaceutical and Biomedical Analysis, 158, 119-
127.

Nizamuddin S., Jamal M., Gravina R., Giustozzi F.,
2020. Recycled plastic as bitumen modifier: The role
of recycled linear low-density polyethylene in the
modification of physical, chemical and rheological
properties of bitumen. Journal of Cleaner Production,
266, 121988.

Sherazi T. A. in Ultrahigh Molecular Weight
Polyethylene, Vol. (Eds.: E. Drioli, L. Giorno),
Springer Berlin Heidelberg, Berlin, Heidelberg, 2015,

pp.1-2.



