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Abstract: In this work, we assess the effects of sterilization in materials manufactured using additive
manufacturing by employing a sterilization technique used in the food industry. To estimate the
feasibility of the hydrostatic high-pressure (HHP) sterilization of biomedical devices, we have
evaluated the mechanical properties of specimens produced by commercial 3D printers. Evaluations
of the potential advantages and drawbacks of Fused Deposition Modeling (FDM), Digital Light
Processing (DLP) technology, and Stereolithography (SLA) were considered for this study due to their
widespread availability. Changes in mechanical properties due to the proposed sterilization technique
were compared to values derived from the standardized autoclaving methodology. Enhancement of
the mechanical properties of samples treated with Hydrostatic high-pressure processing enhanced
mechanical properties, with a 30.30% increase in the tensile modulus and a 26.36% increase in the
ultimate tensile strength. While traditional autoclaving was shown to systematically reduce the
mechanical properties of the materials employed and damages and deformation on the surfaces
were observed, HHP offered an alternative for sterilization without employing heat. These results
suggest that while forgoing high-temperature for sanitization, HHP processing can be employed to
take advantage of the flexibility of additive manufacturing technologies for manufacturing implants,
instruments, and other devices.

Keywords: hydrostatic high-pressure; sterilization; additive manufacturing; FDM; DLP; SLA;
biocompatibility; HHP; biomedical devices

1. Introduction

Additive manufacturing (AM) has gained popularity in recent years in several medical fields
due to the potential to construct prototypes and biomedical devices [1]. Employing AM with
biomaterials is promising for the development of customized patient-oriented applications, such as
implant fabrication [2] and the development of human organs [3]. While there is a current trend in
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replacing metals, alloys, and ceramics for polymeric materials, there are special considerations that
medical devices should fulfill to perform their function of minimizing the adverse effects of a toxic
or immunological response due to the interaction of tissue with the device. Polymers are extensively
employed due to their superior attributes, such as their supporting robustness, extended use capacity,
and facility to meet specific requirements, such as adhesion or drug release [4].

In general, the sterilization of devices or elements of biomedical prototypes produced with AM has
been neglected. However, implants and other long-term or life-supporting apparatus require treatment
before coming into contact with human tissue. Compatibility among the manufacturing methodology,
the material, and the sterilization method should be assured to comply with both the biocompatibility
requirements and the highly-regulated environment. Moreover, regarding the disinfection and
sterilization of medical equipment (patient-care items or equipment), a classification of the type
of sanitization has been divided into three categories-namely, critical, semi critical, and noncritical-on
the basis of the degree of risk of infection involved in the use of the items [5]. The taxonomy comprises
items of a broad spectrum of conditions; critical items are those associated with infection if the item is
contaminated with any microorganism or spore; semi critical items are those in contact with mucous
membranes or nonintact skin, such as endoscopes, anesthesia equipment, or esophageal manometry
probes; and noncritical items are those that come in contact with skin, but not mucous membranes
(i.e., blood-pressure cuffs, crutches, bed rails, or linens) [6]. The use of this taxonomy has been
adopted and promoted by the Centers for Disease Control and Prevention [7]. Due the dissimilar
and ubiquitous reach of additive manufacturing, research devices could be considered in any of the
aforementioned categories.

Most studies towards the implementation of implants based on additive manufacturing have
focused on the effects of the parameters of design, materials, or process. However, personalized
additive manufacturing has to deal with the mechanical properties and biocompatibility of the printed
material after the sterilization method [8]. Nonetheless, current state-of-the-art and regulations are
centered on non-polymeric orthopedic-based materials. The Food and Drug Administration of the
United States (FDA) has established dry heat, ethylene oxide, steam, and radiation for orthopedic
implants (Class IIl implants) [9,10]. Although there are other sterilization techniques (i.e., hydrogen
peroxide and ozone) that are currently under review, these methods have not been approved by
the agency. Additionally, novel sterilization methods, such as pulse light, microwave radiation,
and vaporized peracetic acid, have also been reported [11].

Additive manufacturing technologies have shown significant potential for the production of
biomedical devices [12]. For example, Point-of-Care (PoC) solutions have shown the potential to be
implemented as ultra-low-cost solutions [13,14]. Regardless of the cost-effectivity ratio, the capacity to
produce complex structures with polymers is challenged by the mechanical properties of the products
and by the limitations that arise from the availability of materials to be processed [15].

The use of HHP as a sterilization method for 3D printed parts has not been reported for biomedical
engineering, even though it has been widely used for food preservation [16]. The requirements of an
increasing market of health-conscious consumers for high-quality edible products that maintain
freshness, nutritional value, and flavor, while decreasing the number of additives employed,
have boosted the development of non-thermal preservation technologies, such as high pressure,
a pulsed electric field, pulsed light, an electron beam, plasma, and modified atmosphere packaging.
Hydrostatic high-pressure (HHP) sterilization does not rely on heat, chemicals, reduced water activity,
or reduced temperatures to control pathogens or microbes [17]. Cellular processes are impaired under
high-pressure; motility, cell division, and protein synthesis are disabled under 10, 20, and 50 MPa,
respectively [18]. High-pressure unfolds proteins, causing the protection provided by the wall
membranes to be disrupted until viability is compromised [19]. This technique consists of the appliance
of intense pressure (100-1000 MPa) to cause microbial inactivation [16]. HHP has been used extensively
to process fruits, vegetables, meat and dairy products.
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An HHP system is composed of a vessel and its closure pressure-generation system, temperature
control device, and material-handling system. Pressure-transmitting fluids are used in the vessel
to transmit pressure uniformly and instantaneously. The samples should be packaged in flexible
packaging and loaded in the vessel. A pump or piston is activated to apply the pressure energy and
maintained for the desired time; then, the vessel is decompressed. Depending on the application,
the compression, holding, de-compression, loading, and unloading can be repeated as required for
the application [20]. A recent review of the state of the HHP industry estimated that every year,
500 thousands of tons of products are processed by around 300 industrial machines in production [21].

For this paper, we propose high-hydrostatic pressure as a sterilization method to increase the
biocompatibility of biomedical devices materials. The design and manufacturing of patient-specific
devices is a task of growing interest among the medical community. For example, intervertebral
implants have received a lot of attention in consideration of the potential benefits to patients derived
from the customization of an implant. Figure 1 illustrates the application of the proposed technology
for fabricating an intervertebral implant that could be applied for other medical devices manufactured
using additive manufacturing technologies.
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Figure 1. Schematic process for medical devices fabrication (e.g., implants) using AM technologies.

In a recent review, Tipniss and Burgness acknowledged the high sensibility of polymers to the
sterilization techniques for polymers, either as a protective coating or while being the substrate of
medical devices [11]. Sterilization is defined as a process in which living cells, viable spores, viri,
and viroids are eradicated or removed from an object. Autoclave (or steam sterilization method)
has been considered as a nontoxic, easy to control and monitor, rapid sterilization technology
that is available in virtually any medical facility; however, the methodology can be deleterious
to heat-sensitive instruments and instruments can be damaged by exposure or rust originating from
humidity [6].

The proliferation of additive manufacturing (AM) equipment with a higher resolution has shifted
the aim to develop visual prototyping models to end-user parts. Personalized medicine based on
tomographic images and the capability to produce pieces with a high complexity have driven the
development of a growing interest in additive manufacturing for producing orthopedic implants.
However, limitations on the choice of materials, such as the porosity of the parts due to the underlying
manufacturing process, mean that there are numerous prototypes of devices with inferior mechanical
properties than those fabricated using subtractive or formative technologies [22].

There is an inherent demand for high mechanical properties and biocompatibility of AM implants
and other medical devices. Espalin et al. [23] proposed the use of Fused Deposition Modeling (FDM)
with a medical-grade PMMA filament and found that porosity and fabrication conditions influence the
mechanical properties. Domanski et al. [24] proved that Selective Laser Melting (SLM) can produce
parts with higher mechanical properties compared to Fused Deposition Modeling (FDM) and Powder
Based 3D Printing (3DP).
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Additional to the natural effect of AM as a process, recent research suggests that sterilization
procedures may affect the structure, aggregates, and properties of AM materials [25].

Flege et al. [26] studied the effects of different target doses and irradiation of y-sterilization on the
molecular weight of SLM-manufactured materials, but the mechanical properties were not addressed
in their evaluation. Béduer et al. [27] proposed an AM technology that is viable for 3D printing
scaffolds used in tissue engineering and considered an autoclave sterilization method after printing,
but the effects of the sterilization were not quantified. Obaton et al. [28] also considered autoclave
sterilization after printing an SLM-processed part, but the effects were not measured.

Following a different approach, Neches et al. [29] proved that it is possible to obtain 3D printed
products that are sterilized during the curing process of the material, meaning that no further
sterilization procedure is necessary. Furthermore, Zuniga [30] reported the use of FDM for 3D printing
sterilized prostheses by using an antibacterial polymer filament.

The study of the effects on the mechanical properties of AM materials due to sterilization
techniques could provide insights for improved biocompatibility. This work presents the effects
of the mechanical properties of high-hydrostatic pressure (HHP) processing as a sterilization method
on samples manufactured with different AM technologies. Three different AM methods are subject
to assessment and compared with a standardized autoclave methodology. To evaluate the feasibility
of the proposed methodology, we have employed commercially available equipment and reagents.
While it would be interesting to examine the suitability of the novel methodology to process different
types of risk and devices, and hence the potential to comply with medical policies, we have purposely
excluded this discussion.

2. Materials and Methods

2.1. Additive Manufacturing Technologies and Materials

Three different commercial materials labeled as biocompatible polymeric materials were used for
manufacturing the specimens employed to characterize the sterilization process.

A thermoset photopolymer resin (E-Dent 400, Envisiontec, Dearborn, MI, USA) was used in
Digital Light Processing (DLP) apparatus (P3 Mini Multilens, Envisiontec). The equipment was
loaded with the resin characterized by a yield stress of 80.9 MPa and a Young’'s modulus of 2123 MPa.
An Otoflash pulse curing chamber from the same supplier was utilized (11 W lamp with a wavelength
between 300 and 700 nanometers and 10 pulses per second).

A polycarbonate thermoplastic filament (PC-ISO, Stratasys, Eden Prairie, MN, USA) was
processed with Fused Deposition Modeling (FDM) in a Fortus 400mc 3D system by Stratasys. The 3D
printer was configured with the maximum resolution of 0.127 mm per layer.

Another photopolymer (Clear v02, Formlabs, Somerville, MA, USA) was employed in
Stereolithography (SLA) 3D printing equipment (Form 1+, Formlabs) employing a 25 um resolution
setting. Samples were cured using the recommended settings for post-processing the sample (15 min
at 60 °C and 1 h of exposure to UV light).

Each tensile and compressive test sample was manufactured using a common STL file and
considering the same printing direction under standard environmental conditions. Figure 2a—c shows
examples of some specimens used for evaluation of the DLP, FDM, and SLA technologies, respectively.

2.2. Sterilization Methods

Two sterilization methods were performed on two different sets of specimens and compared to a
third set of specimens that were not treated.

Hydrostatic high-pressure sterilization was performed in 2 L capacity equipment (HPP, Avure,
Middletown, OH, USA) using water as a pressure-transmitting medium. One pressure level (600 MPa)
and processing time (15 min) were applied to the samples, which were previously packed in a
polyethylene bag and vacuum-sealed.
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Autoclave sterilization was performed in a 47 L-capacity autoclave (SM510, Yamato Scientific,
Santa Clara, CA, USA) with a 15 min cycle program under 121 °C and 0.103 MPa (15 psi). The settings
were selected considering standard practices for medical facilities [6,7].

Figure 2. Example of specimens manufactured with (a) DLP, (b) FDM, and (c) SLA technologies.

2.3. Mechanical Testing

To test the mechanical properties of the materials and compare them for different sterilization
methods, compressive and tensile tests were conducted.

The tensile tests were performed based on a standardized method [31] considering a Type II
specimen. A universal testing machine (3365, INSTRON, Norwood, MA, USA) equipped with a 5 kN
load cell was used considering a crosshead speed of 5 mm/min.

The compressive tests were developed following another standardized method [32]. A universal
testing machine (AG-250 kN, Shimadzu Scientific Instruments, Columbia, MD, USA) equipped with
a 25 kN load cell was used with a crosshead speed of 1.3 mm/min. Cylindrical specimens with a
diameter of 12.7 mm and length of 25.4 were used.

The tensile elastic modulus (Et), compressive elastic modulus (Ec), ultimate tensile strength
(curs), and yield compressive strength (0ycs) properties were measured during the tests. In total,
101 samples were used for the experiments.

The yield compressive stress was considered from the data as the offset yield point, which was
defined at the strain value of 0.2%. The results were analyzed statistically using one-way ANOVA and
the Boferroni Test («x = 0.05) using Origin Pro 2018b (OriginLab, Northampton, MA, USA).

2.4. Geometrical and Surface Characterization

To measure plausible deviations in the shape due the proposed post-processing of the samples
due to porosity, elastic moduli, and tensile strength in the assessed materials, an additional test probe
was designed and manufactured using similar conditions to those described in Section 2.1. A set of
one sample and two replicas were considered for a total of nine printed specimens. The testing probe
was designed to evaluate changes in the overall height, length, and depth (x = 19 mm, y = 14.5 mm,
z = 10 mm; see Figure 3a) for each of the materials before and after the high-hydrostatic pressure
treatment. Additional characterization was conducted for changes in the width of sections on the
top (a = b = 3.5 mm and t = 1 mm; see Figure 3b) and lateral side of the specimens (L = 7 mm,
D = 3 mm; see Figure 3¢). A Mitutyo caliper (500-196-30, Aurora, IL, USA) was employed before and
after high hydrostatic pressure treatment with the same conditions described in Section 2.2 for a total
of 216 measurements.
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Figure 3. Probes for geometrical characterization: (a) overall dimensions; (b) top surface; and (c) lateral
surface details.

Additional characterization was conducted for a probe manufactured with DLP employing an
Alicona surface metrology instrument (InfiniteFocus, Itasca, IL, USA) before and after the hydrostatic
high-pressure treatment. The device allows the acquisition of datasets at a high depth of focus, similar
to a Scanning Electronic Microscope. IFM has been shown to be capable of capturing images with a
lateral resolution down to 400 nm, providing three-dimensional datasets [33]. Test probes produced
with FDM and SLA could not be examined properly due the optical properties of the materials.

2.5. Microbiological Screening of the Process

Screening of the presence of Aerobic Mesophilic Bacteria, yeast, and fungi prior sterilization was
done by a microbiological culture following the standardized methodology for food analysis [34,35] of
a set of specimens.

3. Results

The results of the tensile and compressive tests are shown in Figure 4 and Table 1. Data are
expressed as mean + SD. Differences were considered as statistically significant when p < 0.05.

Table 1. Mechanical properties obtained from the mechanical tests of specimens manufactured with

DLP, FDM, and SLA.
Non-Sterilized HHP Autoclave
Property AM
Mean + SD (MPa) Mean =+ SD (MPa) ! Change ! Mean + SD (MPa) Change 2
DLP 705.8 + 28.37 919.58 + 4022 30.29% 472.65 + 103;944 —33.03%
Er p=32x10 p=14x10
1023.6 + 25.88 o 1006.02 + 11.18 o
FDM 940.6 + 17.76 p=11x 105 8.82% p=87 x 105 6.95%
1011.05 4 77.23 o 693.86 + 48.26 o,
SLA 794.31 £76.17 p=1.1x10-3 27.29% p=1493 x 102 —12.65%
DLP 34.48 +1.38 43.71+ 1‘3§7 26.79% 948+ 1‘1213 —72.49%
curs p=10x10 p=41x10
47.88 £+ 0.56 o 48 +0.73 o
FDM 49.58 + 0.64 p=23 x 103 —3.41% p=28x 10-3 —3.18%
48.37 £3.77 o 30.35 £ 0.96 o
SLA 38.28 +£2.96 p=7.0 x 104 26.35% p=44x10-3 —20.72%
DLP 1022.15 + 162.69 132225+ 101,?1 29.36% 502.53 £ 28'?5 —50.84%
Ec p=29x10 p=17x107
1407.11 + 10.08 o 1446.27 +18.95 o
FDM 1413.98 =+ 43.09 p=10 x 100 —0.49% =274 x 10-2 2.28%
1903.29 + 35.37 o, 2207.35 £ 50.4 o
SLA 2054.57 £ 99.18 p=1.1x10-2 —7.36% p=10x 10-3 7.44%
4791 £ 2.56 o 24.1+246 o
res DLP 34.19 £9.63 p=96x 10-3 40.14% p=60x 102 29.51%
476 £0.2 o, 49.95 £ 0.42 o
FDM 4439 +£2.98 p=dl x 102 7.23% p=82x 104 12.54%
63.03+0.8 a1 69.95 + 0.93 o
SLA 65.09 + 3.68 =534 x 102 3.15% p=15x 102 7.47%

12 In reference to non-sterilized probes.
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Figure 4. Mechanical properties obtained from the tests for DLP, FDM, and SLA. Mean values, standard
deviations, and p-values are shown for: (a) Tensile elastic modulus (E7); (b) ultimate tensile strength
(o uts); (c) compressive elastic modulus and (E¢); and (d) yield compressive strength (cycs).

3.1. Tensile Elastic Modulus

Non-sterilized E-Dent 400 (DLP) exhibited an average of 705.8 MPa, with a standard deviation
(SD) of 28.4 MPa. The HHP-sterilized E-Dent 400 mean Et incremented to 919.6 MPa, with an SD
of 40.80 MPa. The autoclave sterilization caused a decrement in the tensile elastic modulus, with an
average value of 472.66 MPa and SD of 103.94 MPa.

Regarding the PC-ISO material (FDM), its mean tensile modulus was 940.60 MPa, with an SD
of 17.76 MPa, in the non-sterilized variation. The HHP sterilization increased the mean value to
1023.60 MPa, with an SD of 25.88 MPa. The Et of the autoclave-sterilized PC-ISO was 1006.02 MPa,
with an SD of 11.18 MPa.

SLA-processed samples without sterilization showed a mean tensile modulus of 794.31 MPa
and SD of 76.17 MPa, while the high-pressure sterilization method exhibited 1011.05 MPa with an
SD of 77.23 MPa on this material. The autoclave-sterilized sample had an Et of 693.86 MPa, with a
48.26 MPa SD.

3.2. Ultimate Tensile Strength

Non-sterilized E-Dent 400 (DLP) exhibited a value of 34.48 MPa, with an SD of 1.38 MPa. HHP
increased the mean o5 to 43.71 MPa, with an SD of 1.38 MPa. The autoclave sterilization caused a
decrement of tensile strength, with an average value of 9.48 MPa and SD of 1.19 MPa.

The FDM-processed PC-ISO mean value of ultimate tensile strength was 49.58 MPa, with an SD
of 0.64 MPa, in the non-sterilized variation. The HHP sterilization slightly decreased the mean value
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to 47.88 MPa, with an SD of 0.56 MPa. The 015 of the autoclave-sterilized PC-ISO was 48.00 MPa,
with an SD of 0.73 MPa.

SLA-processed samples without sterilization showed a mean tensile strength of 38.28 MPa and
SD of 2.96 MPa, while the HHP sterilization method exhibited a value of 48.37 MPa, with an SD of
3.77 MPa on this material. The autoclave-sterilized variation had a tensile strength of 30.35 MPa,
with a 0.96 MPa SD.

3.3. Compressive Elastic Modulus

Non-sterilized E-Dent 400 (DLP) exhibited an average of 1022.15 MPa, with an SD of 162.69 MPa.
High-pressure-sterilized E-Dent 400 mean E increased to 1322.25 MPa, with an SD of 101.61 MPa.
The autoclave sterilization caused a decrement in the compressive elastic modulus, with an average
value of 502.53 MPa and SD of 28.66 MPa. Regarding the PC-ISO material (FDM), its mean compressive
modulus was 1413.98 MPa, with an SD of 43.09 MPa, in the non-sterilized variation. The HHP
sterilization slightly decreased the mean value to 1407.11 MPa, with an SD of 10.08 MPa. The E of the
autoclave-sterilized PC-ISO was higher, with 1446.27 MPa and an SD of 18.95 MPa. SLA-processed
samples without sterilization showed a mean compressive modulus of 2054.57 MPa and SD of
99.18 MPa, while the HHP sterilization method exhibited 1903.29 MPa with an SD of 35.37 MPa
on this material. The autoclave-sterilized variation had an E¢ of 2207.35 MPa, with a 50.40 MPa SD.

3.4. Yield Compressive Strength

Non-sterilized E-Dent 400 (DLP) exhibited an average of 34.19 MPa, with a standard deviation
of 9.63 MPa. HHP-sterilized E-Dent 400 mean oy cg increased to 47.91 MPa, with an SD of 2.56 MPa.
The autoclave sterilization caused a decrement of compressive yield strength, with an average value of
24.10 MPa and SD of 2.46 MPa. Regarding the PC-ISO material (FDM), its mean value of compressive
yield strength was 44.39 MPa, with an SD of 2.98 MPa, in the non-sterilized variation. The HHP
sterilization slightly increased the mean value to 47.60 MPa, with an SD of 0.20 MPa. The oycs of the
autoclave-sterilized PC-ISO was even higher, with 49.95 MPa and 0.42 MPa SD.

SLA-processed samples without sterilization showed a mean compressive yield strength of
65.09 MPa and SD of 3.68 MPa, while the HHP sterilization method exhibited 63.03 MPa, with an SD
of 0.80 MPa on this material. The autoclave-sterilized variation had a strength of 69.95 MPa, with a
0.93 MPa SD.

3.5. Geometrical and Surface Characterizations

The developed geometrical probes were manufactured using additive manufacturing and treated
with the proposed methodology (see Figure 5). The overall variation of the dimensions was —0.02%,
0.04%, and 0.1% considering the data of the DLP, FDM, and SLA probes, respectively. Moreover,
the absolute maximum variation of the dimensions after HHP processing was 2.04%, 1.03%, and 2.04%
for DLP, FDM, and SLA test probes, respectively. No visible damage was found after HHP processing.

Figure 5. Photos of examples of manufactured and treated probes for geometrical and surface
characterization for (a) DLP, (b) FDM, and (c) SLA.
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Surface characterization of the Alicona equipment did not show any significant differences.
Data of the dimensions is included as Supplementary Materials S1.

4. Discussion

Tensile tests suggest that the HHP sterilization method improves the elastic modulus and the
tensile strength (except for the ultimate tensile strength of the FDM-processed material, in which case,
it is reduced by 3.43% and shows a p > 0.05). According to the data, the sterilization method can
increase the elastic modulus by as much as 30.30% on average and the tensile strength by 26.36%.

Unlike HHP, autoclave sterilization had an adverse effect on both tensile properties (except for
the tensile elastic modulus of the FDM-processed material, which increased by 6.96%). The tensile
elastic modulus decreased by a maximum of 33.03% and the ultimate tensile strength by 72.51%.

In the compressive tests, the DLP-processed material exhibited an increment of 29.40% and 40.12%
in the elastic modulus and the compressive yield strength, respectively. Sterilization by the autoclave,
in contrast, displayed a noticeable drop in the mechanical properties Ec and oycs. The FDM material
with both sterilization methods remained within the standard deviation range of the non-sterilized
variation for the compressive elastic modulus. This shows that FDM-processed PC-ISO can withstand
autoclave and high-pressure sterilization without any changes to its rigidity. Regarding the yield
strength of this material, the autoclave created a significant increment of 12.5% with respect to the
non-sterilized material and 4.94% with the high-pressure-sterilized.

In contrast to the tension tests, the SLA material exhibited the greatest compressive elastic modulus
and yield compressive strength. The high-pressure process decreased by 7.36% and 3.16% (Ec and oycs,
respectively) in comparison with non-sterilized samples. The autoclave process had the opposite effect
and increased the values of these properties by 7.44% and 7.47%, respectively. Furthermore, we detected
with bare eyes cracks and superficial damages for DLP-processed samples undergoing autoclave
sterilization. These irregularities can explain the drastic decrease of the mechanical properties.

Geometrical and surface characterization suggests that the application of high-pressure does not
significantly affect the shape of the specimens. This behavior can be explained because the samples are
uniformly affected by the pressure transmitting fluid.

Microbiological screening of the specimens before HHP processing suggests that manufacturing
processes were developed under Good Laboratory Practices; however, a more thorough evaluation of
the presence should be done to evaluate the feasibility of the proposed methodology as a policy
complying sterilization alternative. Nonetheless, the augment in the values of the mechanical
tensile and compressive properties encourages us to continue researching HHP. The increase in the
aforementioned properties could develop better conditions to develop additive manufacturing load
bearing medical devices, such as orthopedic implants. Moreover, other devices with manufacturing
methods that are constrained to metals or alloys due to the compatibility with a heat-based sterilization
technology, could be developed with DLP, FDM, or SLA additive manufacturing technologies.

5. Conclusions
The concluding remarks of this work are summarized as follows:

e  Hydrostatic high-pressure processing, a method widely used for food preservation, shows the
potential to be employed for the sterilization of biomedical devices. It is necessary to evaluate the
sanitization capacity of the proposed technology.

e The potential of the technology for cleansing the surface of biomedical devices without employing
heat could help overcome the limitation for processing polymer-based medical devices without
suffering losses in the mechanical properties, typically associated with heat-based treatments.
Additionally, this work has shown that employing a high-pressure sterilization procedure for
materials processed under an additive manufacturing process could increase the mechanical
properties of some materials. Further research should be conducted to investigate the effects that
this sterilization technique has on the microstructure of the polymers.
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e  Furthermore, it has been proven that PC-ISO processed by FDM technology can withstand both
sterilization methods and has a stable mechanical behavior.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1996-1944/11/12/2540/
s1, File S1: Geometrical and surface characterization report for FDM, DLP, and SLA under High hydrostatic
high-pressure. (Figure S1: Example of the specimens manufactured with (a) DLP, (b) FDM and (c) SLA technologies,
used for the surface and geometrical characterization, Figure S2: Alicona machine surface characterization sample
images, Table S1: Measurements with digital caliper before HHP processing. Dimensions are in mm, Table S2:
Measurements taken with the Alicona before HHP processing on DLP sample #1, Table S3: Measurements with
digital caliper after HHP processing. Dimensions are in mm, Table S4: Measurements taken with the Alicona after
HHP processing on DLP sample #1. Dimensions are in mm, Table S5: Caliper-measured dimensions changes after
HHP processing. Absolute maximum values shown in bold, Table S6: Dimensions changes measured for DLP
sample #1 on the Alicona machine. Dimensions are in mm.)

Author Contributions: Conceptualization, ] PE-C., C.C.-H., and J.LM.-L.; Data curation, C.C.-H. and J.IM.-L.;
Formal analysis, ].A.R.L.-A.; Funding acquisition, H.R.S. and J.L.M.-L.; Investigation, ].A.R.L.-A.; Methodology,
JIM.-L.; Project administration, J.LM.-L.; Resources, J.PE-C., C.C.-H., and J.IM.-L.; Software, J.A.R.L.-A.
and J.PE-C.; Supervision, HR.S., C.AR,, and J.IM.-L.; Validation, ], AR.L.-A,; Visualization, J.A.R.L-A,;
Writing—original draft, J.A.R.L.-A.; Writing—review & editing, C.A.R. and J.LM.-L.

Funding: This research was funded by FONCICYT-British Council Institutional Links, grant number 278278 and
CONACYT Basic Scientific Research, grant number 242634(CB-2014).

Acknowledgments: Authors thank Priscilla Martinez Torres and Héctor Cesar Martinez Zamudio from Centro de
Investigacion Numericalc AC for the aid for processing the SLA samples and acknowledge the additional support
provided by Veronica Rodriguez-Martinez, Alejandro Guerrero Guzman, Christian Mendoza Buenrostro, and
Raquel Tejeda Alejandre from Tecnologico de Monterrey.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gao, G,; Cui, X. Three-dimensional bioprinting in tissue engineering and regenerative medicine.
Biotechnol. Lett. 2016, 38, 203-211. [CrossRef] [PubMed]

2. Bose, S.; Ke, D.; Sahasrabudhe, H.; Bandyopadhyay, A. Additive Manufacturing of Biomaterials.
Prog. Mater. Sci. 2017. [CrossRef]

3. Radenkovic, D.; Solouk, A.; Seifalian, A. Personalized development of human organs using 3D printing
technology. Med. Hypotheses 2016, 87, 30-33. [CrossRef] [PubMed]

4. Bernard, M.; Jubeli, E.; Pungente, M.D.; Yagoubi, N. Biocompatibility of polymer-based biomaterials and
medical devices—Regulations, in vitro screening and risk-management. Biomater. Sci. 2018, 6, 2025-2053.
[CrossRef] [PubMed]

5. Spaulding, E. Chemical disinfection of medical and surgical materials. In Disinfection, Sterilization, and
Preservation; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 1968; ISBN 0683307401.

6. Rutala, W.A.; Weber, D.]. Disinfection and Sterilization in Health Care Facilities: What Clinicians Need to
Know. Clin. Infect. Dis. 2004, 39, 702-709. [CrossRef] [PubMed]

7. Sehulster, L.; Chinn, R.Y.W.; Arduino, M.J.; Carpenter, ].; Donlan, R.; Ashford, D.; Besser, R.; Fields, B.;
McNeil, M.; Whitney, C.; et al. Guidelines for Environmental Infection Control in Health-Care Facilities:
Recommendations from CDC and the Healthcare Infection Control Practices Advisory Committee (HICPAC).
Morb. Mortal. Wkly. Rep. 2003, 52, 1-44.

8. Jamrdéz, W.; Szafraniec, J.; Kurek, M.; Jachowicz, R. 3D Printing in Pharmaceutical and Medical
Applications-Recent Achievements and Challenges. Pharm. Res. 2018, 35, 176. [CrossRef] [PubMed]

9. FDA C(lassify Your Medical Device.  Available online: http://www.fda.gov/MedicalDevices/
DeviceRegulationandGuidance/Overview /Classify YourDevice/ (accessed on 11 November 2018).

10. FDA. Submission and Review of Sterility Information in Premarket Notification (510(k)) Submissions for Devices
Labeled as Sterile Guidance for Industry and Food and Drug Administration Staff; FDA: Silver Spring, MD,
USA, 2016.

11.  Tipnis, N.P,; Burgess, D.]. Sterilization of implantable polymer-based medical devices: A review. Int. J. Pharm.
2018, 544, 455-460. [CrossRef] [PubMed]


http://www.mdpi.com/1996-1944/11/12/2540/s1
http://www.mdpi.com/1996-1944/11/12/2540/s1
http://dx.doi.org/10.1007/s10529-015-1975-1
http://www.ncbi.nlm.nih.gov/pubmed/26466597
http://dx.doi.org/10.1016/j.pmatsci.2017.08.003
http://dx.doi.org/10.1016/j.mehy.2015.12.017
http://www.ncbi.nlm.nih.gov/pubmed/26826637
http://dx.doi.org/10.1039/C8BM00518D
http://www.ncbi.nlm.nih.gov/pubmed/29968869
http://dx.doi.org/10.1086/423182
http://www.ncbi.nlm.nih.gov/pubmed/15356786
http://dx.doi.org/10.1007/s11095-018-2454-x
http://www.ncbi.nlm.nih.gov/pubmed/29998405
http://www.fda.gov/MedicalDevices/DeviceRegulationandGuidance/Overview/ClassifyYourDevice/
http://www.fda.gov/MedicalDevices/DeviceRegulationandGuidance/Overview/ClassifyYourDevice/
http://dx.doi.org/10.1016/j.ijpharm.2017.12.003
http://www.ncbi.nlm.nih.gov/pubmed/29274370

Materials 2018, 11, 2540 11 of 12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

Singh, S.; Ramakrishna, S.; Singh, R. Material issues in additive manufacturing: A review. J. Manuf. Process.
2017, 25, 185-200. [CrossRef]

Martinez-Lépez, ].I.; Mojica, M.; Rodriguez, C.A; Siller, H.R. Xurography as a Rapid Fabrication Alternative
for Point-of-Care Devices: Assessment of Passive Micromixers. Sensors 2016, 16, 705. [CrossRef]
Martinez-Lépez, ].I.; Betancourt, H.A.; Garcia-Lopez, E.; Rodriguez, C.A; Siller, H.R. Rapid Fabrication
of Disposable Micromixing Arrays Using Xurography and Laser Ablation. Micromachines 2017, 8, 144.
[CrossRef]

Ngo, T.D.; Kashani, A.; Imbalzano, G.; Nguyen, K.T.Q.; Hui, D. Additive manufacturing (3D printing):
A review of materials, methods, applications and challenges. Compos. Part B Eng. 2018, 143, 172-196.
[CrossRef]

Yordanov, D.G.; Angelova, G.V. High pressure processing for foods preserving. Biotechnol. Biotechnol. Equip.
2010, 24, 1940-1945. [CrossRef]

Sugita, N.; Ishii, K.; Sui, ].; Terashima, M. Multi-grooved cutting tool to reduce cutting force and temperature
during bone machining. CIRP Ann. Manuf. Technol. 2014, 63, 101-104. [CrossRef]

ABE, F. Exploration of the Effects of High Hydrostatic Pressure on Microbial Growth, Physiology and
Survival: Perspectives from Piezophysiology. Biosci. Biotechnol. Biochem. 2007, 71, 2347-2357. [CrossRef]
[PubMed]

Farkas, D.F. A Short History of Research and Development Efforts Leading to the Commercialization of
High-Pressure Processing of Food. In High Pressure Processing of Food; Springer: New York, NY, USA, 2016;
pp- 19-36, ISBN 1493932330.

Castro, S.M.; Saraiva, J.A. High-Pressure Processing of Fruits and Fruit Products. Emerg. Technol. Food Process.
2014, 65-76. [CrossRef]

Huang, H.-W.,; Wu, S.-].; Lu, ].-K,; Shyu, Y.-T.; Wang, C.-Y. Current status and future trends of high-pressure
processing in food industry. Food Control 2017, 72, 1-8. [CrossRef]

Ligon, S.C.; Liska, R.; Stampfl, J.; Gurr, M.; Miilhaupt, R. Polymers for 3D Printing and Customized Additive
Manufacturing. Chem. Rev. 2017, 117, 10212-10290. [CrossRef] [PubMed]

Bourell, D.; Espalin, D.; Arcaute, K.; Rodriguez, D.; Medina, F; Posner, M.; Wicker, R. Fused deposition
modeling of patient-specific polymethylmethacrylate implants. Rapid Prototyp. ]. 2010, 16, 164-173.
[CrossRef]

Domanski, J.; Skalski, K.; Grygoruk, R.; Mréz, A. Rapid prototyping in the intervertebral implant design
process. Rapid Prototyp. J. 2015, 21, 735-746. [CrossRef]

Puppi, D.; Mota, C.; Gazzarri, M.; Dinucci, D.; Gloria, A.; Myrzabekova, M.; Ambrosio, L.; Chiellini, F.
Additive manufacturing of wet-spun polymeric scaffolds for bone tissue engineering. Biomed. Microdevices
2012, 14, 1115-1127. [CrossRef] [PubMed]

Flege, C.; Vogt, F.; Hoges, S.; Jauer, L.; Borinski, M.; Schulte, V.A.; Hoffmann, R.; Poprawe, R.; Meiners, W.;
Jobmann, M.; et al. Development and characterization of a coronary polylactic acid stent prototype generated
by selective laser melting. J. Mater. Sci. Mater. Med. 2013, 24, 241-255. [CrossRef] [PubMed]

Béduer, A.; Piacentini, N.; Aeberli, L.; Da Silva, A.; Verheyen, C.A.; Bonini, F; Rochat, A.; Filippova, A.;
Serex, L.; Renaud, P; et al. Additive manufacturing of hierarchical injectable scaffolds for tissue engineering.
Acta Biomater. 2018, 76, 71-79. [CrossRef] [PubMed]

Obaton, A.F; Fain, J.; Djemai, M.; Meinel, D.; Léonard, F.; Mahé, E.; Lécuelle, B.; Fouchet, ].J.; Bruno, G.
In vivo XCT bone characterization of lattice structured implants fabricated by additive manufacturing.
Heliyon 2017, 3, e00374. [CrossRef] [PubMed]

Neches, R.Y.; Flynn, K.J.; Zaman, L.; Tung, E.; Pudlo, N. On the intrinsic sterility of 3D printing. Peer] 2016, 4,
e2661. [CrossRef] [PubMed]

Zuniga, ].M. 3D Printed Antibacterial Prostheses. Appl. Sci. 2018, 8, 1651. [CrossRef]

ASTM International. ASTM D638-14, Standard Test Method for Tensile Properties of Plastics; ASTM International:
West Conshohocken, PA, USA, 2014.

ASTM International. ASTM D695-15, Standard Test Method for Compressive Properties of Rigid Plastics;
ASTM International: West Conshohocken, PA, USA, 2015.


http://dx.doi.org/10.1016/j.jmapro.2016.11.006
http://dx.doi.org/10.3390/s16050705
http://dx.doi.org/10.3390/mi8050144
http://dx.doi.org/10.1016/j.compositesb.2018.02.012
http://dx.doi.org/10.2478/V10133-010-0057-8
http://dx.doi.org/10.1016/j.cirp.2014.03.069
http://dx.doi.org/10.1271/bbb.70015
http://www.ncbi.nlm.nih.gov/pubmed/17928722
http://dx.doi.org/10.1016/B978-0-12-411479-1.00004-8
http://dx.doi.org/10.1016/j.foodcont.2016.07.019
http://dx.doi.org/10.1021/acs.chemrev.7b00074
http://www.ncbi.nlm.nih.gov/pubmed/28756658
http://dx.doi.org/10.1108/13552541011034825
http://dx.doi.org/10.1108/RPJ-09-2013-0096
http://dx.doi.org/10.1007/s10544-012-9677-0
http://www.ncbi.nlm.nih.gov/pubmed/22767245
http://dx.doi.org/10.1007/s10856-012-4779-z
http://www.ncbi.nlm.nih.gov/pubmed/23053808
http://dx.doi.org/10.1016/j.actbio.2018.05.056
http://www.ncbi.nlm.nih.gov/pubmed/29883809
http://dx.doi.org/10.1016/j.heliyon.2017.e00374
http://www.ncbi.nlm.nih.gov/pubmed/29124235
http://dx.doi.org/10.7717/peerj.2661
http://www.ncbi.nlm.nih.gov/pubmed/27920950
http://dx.doi.org/10.3390/app8091651

Materials 2018, 11, 2540 12 of 12

33.

34.

35.

Schroettner, H.; Schmied, M.; Scherer, S. Comparison of 3D surface reconstruction data from certified depth
standards obtained by SEM and an infinite focus measurement machine (IFM). Microchim. Acta 2006, 155,
279-284. [CrossRef]
NOM-092-5SA1-1994: Bienes y Servicios. Método para la cuenta de bacterias aerobias en
placa. Available online: http://www.salud.gob.mx/unidades/cdi/nom/092ssal4.html (accessed on
11 November 2018).
NOM-111-SSA1-1994, Bienes y Servicios. = Método para la cuenta de moho y levaduras en
alimentos. Available online: http://www.salud.gob.mx/unidades/cdi/nom/111ssal4.html (accessed on
11 November 2018).

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s00604-006-0556-3
http://www.salud.gob.mx/unidades/cdi/nom/092ssa14.html
http://www.salud.gob.mx/unidades/cdi/nom/111ssa14.html
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Additive Manufacturing Technologies and Materials 
	Sterilization Methods 
	Mechanical Testing 
	Geometrical and Surface Characterization 
	Microbiological Screening of the Process 

	Results 
	Tensile Elastic Modulus 
	Ultimate Tensile Strength 
	Compressive Elastic Modulus 
	Yield Compressive Strength 
	Geometrical and Surface Characterizations 

	Discussion 
	Conclusions 
	References

