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ARTICLE INFO ABSTRACT

Keywords: Antimicrobial 3D printed surfaces made of PLA and TPU polymers loaded with copper (Cu), and silver (Ag)
3D printing nanoparticles (NPs) were developed via fused deposition modeling (FDM). The potential antimicrobial effect of
Polymers the 3D printed surfaces against Escherichia coli, Listeria monocytogenes, Salmonella Typhimurium, and Staphylo-
Biofilm . e . .

Pathogens coccus aureus was evaluated. Furthermore, the mechanical characteristics, including surface topology and
Healﬂfcare morphology, tensile test of specimens manufactured in three different orientations (XY, XZ, and ZX), water

absorption capacity, and surface wettability were also assessed. The results showed that both Cu and Ag-loaded
3D printed surfaces displayed a higher inhibitory effect against S. aureus and L. monocytogenes biofilms compared
to S. Typhimurium and E. coli biofilms. The results of SEM analysis revealed a low void fraction for the TPU and no
voids for the PLA samples achieved through optimization and the small height (0.1 mm) of the printed layers.
The best performing specimen in terms of its tensile was XY, followed by ZX and XZ orientation, while it indi-
cated that Cu and Ag-loaded material had a slightly stiffer response than plain PLA. Additionally, Cu and Ag-
loaded 3D printed surfaces revealed the highest hydrophobicity compared to the plain polymers making them
excellent candidates for biomedical and food production settings to prevent initial bacterial colonization. The
approach taken in the current study offers new insights for developing antimicrobial 3D printed surfaces and
equipment to enable their application towards the inhibition of the most common nosocomial and foodborne
pathogens and reduce the risk of cross-contamination and disease outbreaks.

Food sector

1. Introduction

As early as 460 B.C., it was Hippocrates who had early recognized a
strong connection between food consumption and human infectious
diseases causing illness (Bintsis, 2017). Escherichia coli, Listeria mono-
cytogenes, Salmonella Typhimurium, and Staphylococcus aureus are some
of the most common pathogens in the food industry and are regularly
implicated in foodborne outbreaks. Amongst others, S. aureus is an
important pathogen often contaminating surfaces and causing
healthcare-associated infections and recently identified that it is most
commonly associated with biofilms formed on hospital surfaces (Led-
woch et al., 2018). These pathogens have been shown to survive on
surfaces for prolonged periods by forming biofilms which lead to
cross-contamination. Improper cleaning and disinfection, in
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combination with rich in moisture and nutrients surfaces, create favor-
able conditions for bacterial adhesion and biofilm development (Ban
and Kang, 2016). Bacteria living in biofilm communities form an
extracellular polymeric substance (EPS) matrix, which protects them
against various disinfectants compared to their planktonic derivatives.

Numerous researchers have studied the effectiveness of sanitizers
used in the food industry and healthcare sector against bacterial path-
ogens to clean and disinfect surfaces and prevent biofilm formation (Ban
and Kang, 2016; Carpentier and Cerf, 2011; Lineback et al., 2018).
However, the increased antimicrobial resistance has led to the search for
new combinations of treatments with sanitizers and using new natural
alternatives to improve the ability of biofilm inhibition and removal
(Ashrafudoulla et al., 2021; Ban and Kang, 2016). Conventional ap-
proaches using chlorine-based sanitizers, heat, ultraviolet, and gamma
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irradiation have been extensively studied and sometimes proved
expensive and/or inefficient, while the use of non-chlorine-based dis-
infectants is limited by their short action duration and environmental
safety (Siedenbiedel and Tiller, 2012).

3D printing is an additive manufacturing (AM) technique for fabri-
cating a wide range of structures and complex shapes. Various 3D
printing methods, materials, and equipment have evolved over the years
(Ngo et al., 2018). Fused deposition modeling (FDM) is one of the most
promising AM techniques broadly used for designing and developing
medical devices and has started finding new applications in the food
industry (Deb and Jafferson, 2021). One of the main challenges for this
technology to be adopted is attributed to the development of antimi-
crobial surfaces that can come in contact with food and humans to
control bacterial colonization and the spread of disease
(Gonzalez-Henriquez et al., 2019). The use of polymers synthesized by
naturally occurring materials for AM applications has been increasing in
the last years. Polylactic acid (PLA) and thermoplastic polyurethanes
(TPU) are among the main polymers used in 3D printing because of their
excellent mechanical properties (Jaso et al., 2015). PLA and TPU poly-
mers were our main focus as they are both recyclable, biodegradable,
and highly biocompatible polymers that have been widely used in the
production of medical devices and are safe for humans (Cao et al., 2006;
Choonara et al., 2016; Jaso et al., 2015). Other printable polymers,
ranging from acrylonitrile butadiene styrene (ABS), polyamide, poly-
caprolactone (PCL), polyether ether ketone (PEEK) etc. have been used
to fabricate biomedical devices including 3D scaffolds for
tissue-engineered implants (Hutmacher et al., 2001), 3D printed anti-
microbial wound dressings (Muwaffak et al., 2017), implants, and
prosthetic parts (ten Kate et al., 2017).In order to provide antimicrobial
properties to 3D printed materials, various strategies have been
employed. Antimicrobial polymers are currently being produced by the
incorporation of antimicrobial agents (Mai et al., 2020) and the use of
hot melt extrusion, where polymer pellets can be combined with
numerous metal alloys, ions, or nanoparticles (NPs) of copper (Cu),
graphene (C), titanium (Ti), and silver (Ag) that may have antimicrobial
properties (Ahmed et al., 2021). This introduces new properties to the
composites and possibilities for their future use towards the develop-
ment of medical and food equipment and surfaces (Sandler et al., 2014).
Nowadays, a still remaining fundamental problem in the application of
polymeric materials for biomedical and food applications is linked to
their contamination by numerous pathogens (Kenawy et al., 2007).
Although there is enough information to design and develop new 3D
printing composite materials, there is not enough literature to date on
their antimicrobial spectrum and how they can inhibit biofilm formation
of pathogenic bacteria commonly found in the healthcare sector (Hall
et al., 2021; Vidakis et al., 2020) and even less in the food sector.

The aim of the current study was to fabricate 3D printed surfaces
using commercially available PLA and TPU filaments loaded with Cu
and Ag-NPs using an FDM 3D printer. The antimicrobial properties and
surface transferability of the 3D printed surfaces were investigated in
depth against relevant nosocomial and foodborne pathogens. The me-
chanical properties and microstructural characteristics of the 3D printed
surfaces were also investigated to ensure that the antimicrobial-loaded
3D printed surfaces offer a comparable performance to the plain
counterparts.

2. Materials and methods
2.1. Materials studied

Filaments of plain PLA and TPU were purchased from KIMYA SAS
(Nantes, France). The filaments with Cu and Ag blended additives were
obtained from Copper3D (The Netherlands) and 3DFILAMENTS S.L.
(Elche, Spain). The properties of the filaments used in the current study
are presented in Table 1. All filaments purchased are odorless and
compliant with European Union standards: No. 10/2011 for plastic
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Table 1
Filament names and descriptions.
Filament Diameter Density Printing Infill Filler
(mm) (g/cm®) speed (% w/ morphology
(mm/s) w)
PLA - HI 1.75+0.1 1.21 40-150 - -
TPU - 92A 1.75+ 0.1 1.16 20-70 - -
Copper3D 1.75 £ 1.24 40-50 <2.00 Cu oxide-
PLACTIVE 0.05 NPs
- PLA 850
Copper3D 1.75 + 1.16 20-75 <2.00 Cu oxide-
MD Flex — 0.05 NPs
TPU98A
abFil — PLA 1.75 + 1.24 20-65 <2.00 Ag-NPs
850 0.02
abFil - TPU 1.75 + 1.19 20-40 <2.00 Ag-NPs
90A 0.01

materials intended to come into contact with food.

2.2. Fabrication of 3D printed surfaces

All the filaments named PLA (plain), TPU (plain), PLA-Cu, TPU-Cu,
PLA-Ag, and TPU-Ag were used to fabricate the 3D printed surfaces of 30
x 10 x 1 mm>. The 3D printed surfaces were fabricated using an FDM 3D
printer, Creator Pro 2 (Flashforge 3D Technology Co., Ltd, Zhejiang,
China), with a full closed print chamber, independent dual extruder
system, and a maximum build volume of 280 x 250 x 300 mm®. In the
fabrication process, the filaments were fed into a 0.4 mm diameter
nozzle by a feeding pressure mechanism via a driver motor. The melted
filament pushed through the nozzle was deposited on a pre-heated bed
at 40°C. The flashprint software was used to determine the slicing
sequence and define the FDM process. All 3D printed surfaces were
fabricated with an infill density of 100%, the first layer height of 0.20
mm, and the nozzle fan always on. The detailed fabrication parameters
are presented in Table 2.

2.3. Characterization techniques of 3D printed surfaces

2.3.1. SEM analysis

The microscopic analysis of the layers’ microstructure and surface
morphology of the 3D printed surfaces fabricated with plain, Cu and Ag-
loaded PLA and TPU was performed using the FEI Quanta 650 (Thermo
fisher scientific, UK) field emission scanning electron microscope (SEM).
The microscopic observation of the 3D printed surfaces required a thin
layer of gold coating (~10 nm) that was deposited on their surface,
using sputter coater Emscope SC500 (Quorum Technologies Ltd, Essex,
UK), to make it conductive before the observation in SEM. Then, the
samples were observed under a high vacuum with a voltage of 5 kV and
2 spots using the Everhart-Thornley detector (ETD) to form an image
from secondary electrons from a depth of tens of nanometers. To observe

Table 2
Fabrication parameters of the 3D printed surfaces.
Parameters Filament Type
PLA TPU PLA- TPU- PLA- TPU-
Cu Cu Ag Ag
Nozzle temperature 210 220 200 220 210 210
Q)
Layer height (mm) 0.10 0.10 0.10 0.10 0.10 0.10
Base print speed (mm/ 50 50 50 50 60 50
s)
Travel speed (mm/s) 70 70 70 70 70 70
Extraction speed (mm/ 35 30 35 35 35 50
s)
Retraction speed (mm/ 35 30 35 35 35 35

s)
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the internal morphology, the printed samples were carefully cut with a
scalpel followed by a sputter gold coating and used for SEM imaging.

2.3.2. Wettability of the 3D printed surfaces

The surface wettability of the 3D printed surfaces was performed
using the Optical Tensiometer (Attension theta lite, Biolin Scientific AB,
Sweden) contact angle analyzer system. The wettability of 3D printed
surfaces was employed with the sessile drop method at room tempera-
ture (25°C). All samples prior to the contact angle measurements were
kept for drying at 50°C overnight. A microsyringe was employed to
dispense a 5 pL droplet of deionized water on the surface of the 3D
printed surfaces, while the droplet profile was recorded with a CCD
video camera after 2 s. The reported values for each surface are repre-
sentative of three droplets at three different locations.

2.3.3. Mechanical testing

Following BS ISO 527-1:2012 (ISO-International Organization for
Standardization, 2012) and BS ISO 37:2011 guidelines (BS ISO 37,
2011) tensile specimens were created for hard plastic (PLA) and soft
elastomer (TPU), respectively (Fig. 1A). The test specimens were then
manufactured in three different orientations (XY, XZ and ZX) with
respect to the build platform (Fig. 1B) following the generic principle
given in BS EN ISO/ASTM 52921 (Technical Committee AMT/8, 2017).
Using Instron Universal Testing Machine, the fabricated tensile speci-
mens were subjected to the quasi-static loading rates of 1 mm/min for
PLA and 100 mm/min for TPU, respectively. The specimens were tested
to failure, and the extracted force and displacement values were con-
verted into stress and strain curves.

2.3.4. Water absorption capacity

The water absorption capacity of the 3D printed surfaces was
determined according to the standard test method for plastics, ASTM
D570-98 (ASTM D, 2010). All 3D printed surfaces were first dried in an
oven at 50°C, overnight and immediately immersed in distilled water for
24 h, at room temperature. After the immersion time, all samples were
removed and weighed using an analytical digital balance that was ac-
curate to the nearest 10~* g. The final water absorption capacity (W)
was calculated using Eq. (1).

W, — W,
— X

d

W, (%)= 100 D

where W; is the weight after immersion and W is the dry weight of the
3D printed surfaces.

2.4. Microbiological analysis

2.4.1. Bacterial strains and growth conditions

S. aureus (NCTC 12981) and L. monocytogenes (NCTC 11994) were
chosen as Gram-positive, while E. coli (ATCC 25922) and Salmonella
enterica serovar Typhimurium (S. Typhimurium, ATCC 14028) were
chosen as Gram-negative species associated with medical and foodborne
pathogens. All bacteria were used from a frozen stock stored at —80 °C in
Cryoinstant vials with porous beads (Microbank, Pro-Lab Diagnostics,
UK). A single bead from each stock culture was transferred aseptically in
10 mL of Mueller Hinton broth (MHB; Oxoid, UK) and incubated
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overnight at 37 °C. Then, from the overnight cultures, a 10 pL inoculum
was transferred in 10 mL MHB and incubated at 37 °C for 24 h. To
prepare the working cultures, the cells were centrifuged at 6500g for 10
min, washed twice and resuspended in 10 mL phosphate-buffered saline
(pH 7.4; PBS; Oxoid, UK) to reach a final population of 105~° log CFU/
mL.

2.4.2. Biofilm formation on 3D printed surfaces

To investigate the antimicrobial effect of the 3D printed surfaces,
before use, all surfaces were methodically cleaned in pure ethanol and
dried under sterile conditions. Then, the sterile 3D printed surfaces of 30
x 10 x 1 mm® were transferred into falcon tubes containing 6 mL of
sterile saline water (0.85%, w/v) NaCl solution and an inoculum of 100
pL of each pathogen (separately) to yield inocula of approximately
1078 CFU/mL. The tubes were left for 2 h, at room temperature,
without shaking, to allow planktonic cells’ adhesion on the 3D printed
surfaces. Following the initial adhesion, each 3D printed surface was
rinsed on both sides with 3 mL of 0.85% (w/v) NaCl to remove the
loosely or non-attached cells. Then each 3D printed surface was trans-
ferred into a new sterile falcon tube containing 6 mL Tryptic Soy broth
(TSB, Oxoid, UK) and left to incubate at room temperature for 72 h, to
simulate the environmental conditions (i.e., food processing plants,
hospitals). Finally, after 48h, the 3D printed surfaces were removed and
gently rinsed with saline water 0.85% (w/v) NaCl as described earlier
and were transferred into new falcon tubes with fresh TSB.

The 3D printed surfaces of neat PLA and TPU were used as controls
for the PLA, and TPU surfaces loaded with metal alloys of Cu and Ag.

2.4.3. Bacterial enumeration

For the bacterial enumeration of the adhered biofilm cells with
different maturity, on the first day (0 h) and every 24 h intervals, the 3D
printed surfaces were removed aseptically and added individually in a
sterile falcon tube containing 6 mL MRD and 1 g glass beads caliber 0.1
mm diameter. The 3D printed surfaces were vortexed for 1 min to detach
the biofilm cells. Subsequently, an aliquot of 1 mL of the detached cells
was transferred in 9 mL MRD to prepare the appropriate 10-fold serial
dilutions. Then, an aliquot of 100 pL was used from the appropriate 10-
fold serial dilution and was spread plated on TSA. Finally, the plates
were left to incubate at 37°C for 24 h, and the biofilm cells were
expressed as Log CFU/cm?,

2.4.4. Surface transferability test

All 3D printed surfaces with adhered biofilm cells of different
maturity (0, 24, and 72h) were tested to investigate if they could prevent
direct bacterial transfer. The test simulates the subsequent transfers of
biofilm cells from the 3D printed surfaces to the environment after
contact. Following the formation of biofilm cells of different maturity on
the surface of the 3D printed surfaces as described earlier, the surfaces
dried for 30 min under a laminar flow at room temperature and were
pressed 36 consecutive times with 100 g pressure on the surface of Dey-
Engley (DE) neutralizing agar (Merck KGaA, Darmstadt, Germany).
Then, DE agar was allowed to incubate overnight at 37 °C. Positive
growth was indicated by a color change from purple to yellow. The
transferability was expressed as the number of positive contacts divided
by the total number of compressions, according to Ledwoch et al.

Xz ZX

Fig. 1. Tensile specimen configurations (A) and manufactured orientations (B).
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(2019).

2.5. Statistical analysis

All experiments were performed on three separate occasions. All data
were expressed as mean =+ standard deviation (SD) using Excel Micro-
soft® Office 365 (ver. 16.48). All data were subjected to a one-way
analysis of variance by ANOVA test using the IBM® SPSS® statistics
26 software for macOS (SPSS Inc.). For data that showed a normal dis-
tribution, Student’s t-test was used to determine significance at a level of
5%.

3. Results and discussion
3.1. SEM and microstructural analysis of the 3D printed surfaces

The microstructural analysis of the flat and fractured (cross-section)
surface of the 3D printed samples was performed using SEM. The mi-
crographs of the flat surfaces are presented in Figs. 2-4, and the cross-
sections in Figs. 5-7. At low magnification, the fabrication quality of
the 3D printed samples using the different filaments was demonstrated
by investigating the interfacial defects, bilayer adhesion, and morphol-
ogies. At higher magnifications, the presence of Cu and Ag-NPs was
exposed.

In Fig. 2A and B it can be seen clearly that the deposition of molten
PLA and TPU, respectively, was satisfactory with good bilayer adhesion
without inducing a fabrication failure. A smooth surface was observed
for the 3D printed samples with PLA-Cu (Fig. 3A), while a wrinkled
interlayer adhesion can be seen for the surfaces printed using TPU-Cu
filament (Fig. 3B). The presence of the Cu particles became evident on
the surface of the flat surfaces of both PLA-Cu and TPU-Cu samples. The
size of the filler Cu-NPs ranged from 50 to 250 nm, as can be seen in
Fig. 3A and B. The observation of spherical Cu-NPs on the surface of the
commercial filaments loaded with Cu, in agreement with the current
study, has been reported previously (Alam et al., 2020). SEM images of
both PLA-Ag and TPU-Ag showed similar results, revealing a smooth
surface and excellent interlayer adhesion. The Ag-NPs were more evenly
spread on the surface of the TPU-Ag sample, while their shape was
spherical primarily and, in some cases, had more pointy edges. The
synthesis of stable, monodisperse, shaped Ag-NPs has been complex,
partially because of the physio-chemical or biological methods used for
their synthesis. In particular, Ag-NPs can be formed into various shapes,
including rod, spherical, triangle, polyhedral, nanowires etc. (Lee and
Jun 2019). Alam et al. (2020) verified the presence of flake-shaped
Ag-NPs in commercial PLA-Ag 3D printed samples, while Podstawczyk
et al. (2020) observed the synthesis of spherical Ag-NPs (50-200 nm)
after producing their antimicrobial PLA filament loaded with Ag. In
general, for all samples, it was observed that Ag and Cu-NPs are not only

A
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mag 2400 x
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embedded in the polymer matrix but also cover its surface, which will
come in direct contact with the external environment and tackle the
growth and biofilm formation of the bacterial pathogens.

Observing the cross-sections for plain PLA (Fig. 5A) revealed the high
quality of bonding of the layers without any voids. On the other hand,
the cross-sectional SEM images at low magnification for the plain TPU
(Fig. 5B) revealed the presence of voids in the middle of the sample. The
same feature was also observed for the TPU-Cu and TPU-Ag samples.
The apparent interlayer void observed in the mesostructure of the TPU
samples ranged from 1 to 3 pm and is well known to take place when
printing surfaces using flexible material. This drawback can be further
optimized by lower printing speed at higher temperatures to improve
the interaction and inter-joining between mesostructure interlayers
determining a higher quality of bonding (Aliheidari et al., 2017). The
homogeneous dispersion of Cu-NPs in the PLA-Cu matrix is one of the
most important criteria and was evident at higher magnification in
Fig. 6A. The SEM cross-sectional images of the PLA-Ag (Fig. 7A) and
TPU-Ag (Fig. 7B) further confirmed the presence and the shape of the
Ag-NPs in the 3D printed samples. Closely examining some large parti-
cles revealed subtle cluster features of both Cu and Ag-NPs.

Overall, it is interesting to mention that the 3D printing process led to
a meager void fraction for the TPU and no voids for the PLA samples
with or without metal alloys. It is well known that FDM printing tends to
produce large gaps or voids between deposited layers. However, in
compliance with the observations of Arif et al. (2018), low or no void
fraction was achieved through optimization and choosing a 100% infill
density, a small layer height (0.1 mm), and a higher nozzle temperature
of 200-210°C for PLA and 220°C for TPU that increased the polymer’s
flow. The high initial quality of 3D printing is the first vital step to
manufacturing food and biomedical equipment and surfaces with high
mechanical performance and excellent antimicrobial properties. Utiliz-
ing X-ray photoelectron spectroscopy (XPS), in addition to SEM analysis
would have offered extra information regarding the presence of Cu and
Ag on the material surface.

3.2. Surface wettability of 3D printed surfaces

Surface wettability test was carried out to evaluate the influence of
Cu and Ag content on the 3D printed surfaces. The results presented in
Fig. 8 revealed that the surfaces printed with plain PLA had an average
contact angle of 49.3 4 2.49° compared with the 44.6 4 11.92° for the
plain TPU. Meanwhile, the 3D printed surfaces with Cu or Ag addition
revealed a higher contact angle for both PLA and TPU material, meaning
lower surface wettability. The decrease in the surface wettability could
be attributed to the presence of Cu or Ag-NPs. Cu-loaded 3D printed
surfaces presented the highest contact angle with 54.3 + 3.79° and 84.3
+9.28° compared with 54.0 & 9.53° and 64.8 + 6.95° for the Ag-loaded
3D printed surfaces, respectively. Our results are in accordance with the

Fig. 2. Scanning electron microscope (SEM) images of plain (A) PLA and (B) TPU filament flat surface with increasing magnification.
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Fig. 3. Scanning electron microscope (SEM) images of (A) PLA-Cu and (B) TPU-Cu filament flat surface with increasing magnification.
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Fig. 4. Scanning electron microscope (SEM) images of (A) PLA-Ag and (B) TPU-Ag filament flat surface with increasing magnification.
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A

Fig. 5. Scanning electron microscope (SEM) images of plain (A) PLA and (B) TPU filament cross-section with increasing magnification.

study of Alam et al. (2020), where they observed a decrease in surface
wettability of their 3D printed scaffolds using filaments loaded with
bronze and Cu-NPs, while no significant change in the wettability was
observed for the scaffolds printed using Ag loaded filament. On the other
hand, Vidakis et al. (2020) reported that PLA-Ag 3D printed surfaces
with a printing layer thickness same as the one used in the current study
of 0.1 mm exhibited a high H>O contact angle leading to antiadhesive
surfaces that can be easily cleaned. Interestingly, by decreasing the
printing layer height, the surface roughness is also decreased, leading to
nanostructured surfaces with higher hydrophobicity that can be used in
biomedical and food applications preventing the initial bacterial colo-
nization and the subsequent formation of biofilms.

3.3. Water absorption capacity of 3D printed surfaces

Following the investigation of the 3D printed surfaces’ wettability, it
was crucial to examine their water absorption capacity. Water absorp-
tion represents a fundamental challenge for different composites as it
can affect the mechanical performance and the properties of the com-
posites (Quino et al., 2020). Fig. 9 shows the water absorption capacity
of the different 3D printed surfaces used in this study.

The standard test method for plastics, ASTM D570-98, was used to
determine the amount of distilled water absorbed from the different 3D
printed surfaces after their immersion for 24 h. All the surfaces printed
with PLA with or without metal alloy addition revealed the lowest water
absorption capacity without statistically significant differences (Fig. 9; p
> 0.05). The water absorption was significantly higher for plain TPU
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Fig. 6. Scanning electron microscope (SEM) images of (A) PLA-Cu and (B) TPU-Cu filament cross-section with increasing magnification.
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Fig. 7. Scanning electron microscope (SEM) images of (A) PLA-Ag and (B) TPU-Ag filament cross-section with increasing magnification.
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Fig. 8. Contact angle profiles of (A) plain PLA, (B) plain TPU, (C) PLA-Cu, (D) TPU-Cu, (E) PLA-Ag, and (F) TPU-Ag 3D printed surfaces at 0.10 mm layer height,
revealing the hydrophobic properties and the wettability of the various 3D printed surfaces. The values presented are the mean of three droplets at three different

locations + SD.

(5.34 + 1.64%), followed by TPU-Cu (5.08 + 0.49%), whereas TPU-Ag
(2.77 + 0.26%) exhibited significantly lower water absorption capacity
(Fig. 9; p < 0.05). The increased water absorption identified for the plain
TPU and TPU-Cu surfaces can be attributed to the small porous and

interlayer voids usually present when printing flexible materials like
TPU. The lower water absorption of the 3D printed PLA surfaces loaded
with Ag and Cu is probably due to the presence of the NPs and the
physical characteristics of the PLA material, which is inflexible (Alam
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Fig. 9. Water absorption capacity of the different 3D printed surfaces after
immersion in distilled water for 24 h at room temperature. Columns represent
the mean values of 6 replicates + SD. Different lowercase letters represent
significant differences among different 3D printed surfaces (p < 0.05).

et al., 2020). In all cases, the water absorption capacity was lower than
6%, showing a high hydrophobicity of all surfaces, making PLA and TPU
perfect candidates for their use in the fabrication of food and biomedical
surfaces and equipment. Similarly, Ecker et al. (2019) observed that the
3D printed PLA specimens presented a 6% increase in water capacity
that was further increased for PLA-wood 3D printed specimens due to
the addition of 20% wood powder in the composite.

Moreover, the tensile properties that impact the strength and
morphology of PLA and TPU filaments are directly connected with water
absorption. Higher water content values result in more of these prop-
erties being affected and thus leading to lower quality of 3D printing.

3.4. Tensile behavior of PLA and TPU materials

Fig. 10 shows the stress-strain responses of PLA under quasi-static
tensile loading. A general observation indicates that all three orienta-
tions present similar stress-strain curves for PLA, PLA-Cu, and PLA-Ag;
both XY and XZ specimens ruptured approximately at 3% strain for all
materials, whereas ZX specimen ruptured at 1% strain for PLA and PLA-
Cu but 0.5% strain for PLA-Ag, respectively. The relatively lower stress-
strain values of specimens built along the Z-axis reflect the bonding
strength between successive layers in FDM process, which is influenced

60
= ™ ——PLAXY
— PLA-XZ
s ¥ PLA-ZX
g - = = PLA-Cu-XY
7 3
< ’ - = =PLA-Cu-XZ
Z PLA-Cu-ZX
20
PLA-Ag-XY
10 PLA-Ag-XZ
/ PLA-Ag-ZX
Vo4 0 0.005 001
0L
0 0.01 0.02 0.03 0.04
Strain

Fig. 10. Stress-strain curves of PLA, PLA-Cu, and PLA-Ag.
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mainly by the choice of layer thickness and other inter-related pro-
cessing parameters (Arif et al., 2018). The average stiffness values for
the three orientations of PLA, PLA-Cu, and PLA-Ag are found to be (Epya
= 1.89 GPa, Epra.cu = 1.99 GPa & Epra.ag = 2.12 GPa), indicating that
Cu and Ag loaded material shows marginally stiffer response than plain
PLA. This unique similarity of the stiffness across three orientations
means that the described Young’s modulus values can be respectively
used in the design calculation or in the Finite Element Analysis assuming
isotropic and linear materials with the known strain limits.

Fig. 11, illustrates the stress-strain responses of TPU, and the corre-
sponding data is extracted to the strain limit of 100%, at which point the
ZX specimens ruptured but all other specimens are observed to fail at
much greater strain values (the graph shows the strain limit up to 1 for
clarity and ease of comparison across different cases). It is noted that the
family of TPU curves exhibits similar trends for all three orientations,
but the differences in the Shore A hardness values (Table 1: 92A for TPU,
98A for TPU-Cu, and 90A for TPU-Ag) across all three materials make it
unrealistic for a direct comparison between loaded and plain materials.
When a comparison across three orientations of the same materials is
made, XZ presents slightly lower stiffness than XY and ZX; this variation
reflects the fact that long and slender tensile specimens are difficult to
manufacture to achieve consistent wall thickness, especially in XZ and
ZX orientations due to its softness and support structure requirement.
The wrinkling issue (Fig. 3B) and the void formation (Figs. 5B and 6B)
during the print, evidenced by the SEM analysis, contributed to the
overall quality of the tensile specimens. TPU materials, which are non-
linear in nature with high elongation at break, can be typically char-
acterized as hyperelastic material models, as demonstrated in the prior
studies (Adams et al., 2019; Robinson et al., 2019). For the comparative
purpose, however, the linear portion of the curves (i.e., <10% strain)
can be translated into Young’s modulus values of (Erpy = 59 MPa),
(Etpy.cu = 52 MPa) and (Etpy.ag = 20 MPa), respectively.

3.5. In vitro antimicrobial effect of 3D printed surfaces against biofilm
formation

The ability of various pathogenic bacteria to attach to hospital and
food processing surfaces and equipment to form biofilms in inaccessible
to clean locations has become of paramount importance for the food
industry and healthcare facilities. Therefore, new techniques need to be
adopted to enable better control against the most common pathogens
causing these problems and ensure safety. The current study investigates
the biofilm formation by S. aureus NCTC 12981, S. Typhimurium ATCC
14028, E.coli ATCC 25922, and L. monocytogenes NCTC 11994 on the
surface of novel antimicrobial 3D printed surfaces loaded with Cu
(Fig. 12) and Ag-NPs (Fig. 13). This is a novel approach to control the
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Fig. 11. Stress-strain curves of TPU, TPU-Cu, and TPU-Ag.
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biofilm growth from healthcare and food contact surfaces.

The initial population of S. aureus, S. Typhimurium, E.coli, and
L. monocytogenes on plain PLA was 4.43, 3.98, 3.98, and 3.45 Log CFU/
cm? and on plain TPU 3D printed surfaces was 4.26, 3.98, 4.05, and
3.93, respectively (Fig. 12A, B, C, D). After 24 h, no statistically signif-
icant antimicrobial effect was observed on the biofilm growth of all four
pathogens among the 3D printed surfaces with or without Cu addition.
At the same time, S. aureus (Fig. 12A) and L. monocytogenes (Fig. 12D)
were increased by more than 1-Log CFU/cm? and S. Typhimurium
(Fig. 12B) and E. coli (Fig. 12C) revealed a more rapid increase by more
than 2.5-Log CFU/cm?. Interestingly, after 48 and 72 h, an inhibitory
effect of the PLA-Cu and TPU-Cu 3D printed surfaces was observed on
the mature biofilm cells of S. aureus and L. monocytogenes. The final
levels of S. aureus on PLA-Cu (5.35 Log CFU/cmz) and TPU-Cu (5.48 Log
CFU/cm?) surfaces after 72 h were significantly lower compared with
the 6.26 and 6.21 Log CFU/cm? on plain PLA and TPU surfaces,
respectively (Fig. 12A; p < 0.05). These observations agree with the
results Kiel et al. (2022) reported that the biofilm-forming potential of
S. aureus on plain PLA and the same commercial PLA loaded with
Cu-NPs. The authors noticed the attachment of S. aureus biofilm cells on
plain PLA and PLA-Cu after 24 h and approximately 1-Log reduction at
adhered biofilm cells of S. aureus ATCC 25923 indicating the antimi-
crobial effect of PLA-Cu. The authors concluded that PLA-Cu was
effective only against the Gram-positive S. aureus ATCC 25923, while no
effect was exhibited against the tested Gram-negative E. coli C and
P. aeruginosa PAO1. These results could explain the inhibitory effect of
the PLA-Cu and TPU-Cu surfaces presented against L. monocytogenes in
the current study. The inhibitory properties of Cu-loaded PLA and TPU
surfaces are due to the antimicrobial nature of the Cu nanostructures
derived from metals and metal oxides and are mainly caused by their
direct contact with the microorganisms (Makvandi et al., 2020). The
exact antibacterial mechanism of action of the Cu-NPs remains unclear,
while some hypothetical scenarios have been proposed. The first pro-
posed mechanism describes the disruption of the bacterial membrane
due to the CU-NPs’ aggregation on the bacterial cell surface (Stankic
et al., 2016). Subsequently, it is caused leakage of the intracellular
components, and the Cu-NPs penetrate into the cell (Ahmed et al.,
2021). It has also been described that Cu-NPs can release metal ions that
can lead to the acceleration of reactive species (ROS) and hydroxyl
radicals (HOe) production and lethally damage the cell’s DNA and
denature the proteins (Pramanik et al., 2012).

Ag-NPs are favored over NPs prepared from other metal alloys, as it
has been shown that Ag is more antibacterial toward a wide range of
bacterial species (Makvandi et al., 2020). To evidence the above sce-
nario, the antimicrobial effect of PLA-Ag and TPU-Ag 3D printed sur-
faces was tested against the same four pathogens, and the results are
presented in Fig. 12. The initial population of S. aureus on PLA-Ag and on
TPU-Ag 3D printed surfaces were 3.91 and 3.94 Log CFU/cm? and
significantly lower compared to the plain PLA (4.47 Log CFU/cm?) and
plain TPU (4.52 Log CFU/ cm?) surfaces (Fig. 12A;p < 0.05). In addition,
no significant difference in the initial population of S. Typhimurium, E.
coli, and L. monocytogenes biofilm cells on PLA-Ag and TPU-Ag 3D
printed surfaces was observed compared with the plain PLA and TPU
(Fig. 12B,C, and D; p > 0.05). After 12 h, a robust inhibitory effect was
pronounced for the biofilm cells of S. aureus, S. Typhimurium, E.coli, and
L. monocytogenes on PLA-Ag and TPU-Ag 3D printed surfaces. Many
works documented the antibacterial effect of 3D printed specimens
loaded with Ag-NPs against both Gram-positive and Gram-negative
pathogens (Alam et al., 2020; Podstawczyk et al., 2020; Vidakis et al.,
2020). However, in the current study we investigated not only the
antimicrobial but the inhibitory effect of Ag-loaded 3D printed PLA and
TPU surfaces against the most resistant biofilm cells of different maturity
of four common food and nosocomial pathogens. The highest inhibitory
effect was observed against S. Typhimurium. The bacterial growth was
suppressed and remained close to 6-log CFU/cm? for the mature biofilm
cells (72 h) on PLA-Ag and TPU-Ag surfaces, while the final population
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after 72 h on plain PLA and TPU was significantly higher and equal to
7.42 and 7.48 Log CFU/cm?, respectively (Fig. 13B; p < 0.05). More-
over, the differences in the final cell population after 72 h among plain
PLA and TPU surfaces and the surfaces loaded with Ag-NPs were sta-
tistically significant and ranged from 0.6 to 1-Log for S. aureus (Fig. 13A;
p < 0.05) up to more than 1-Log CFU/cm? for E. coli, and
L. monocytogenes (Fig. 13C and D; p < 0.05). Hall et al. (2021) explored
the biofilm-forming ability of E. coli C, P. aeruginosa PAO1, and S. aureus
ATCC 29923 during 24 h growth on PLA 3D printed specimens loaded
with various potentially antibacterial metal alloys including Ag and Cu.
In the case of E. coli C and S. aureus ATCC 29923, the results showed a
slight delay in growth and lower final cell densities compared with the
control, also they showed results revealed that the most effective poly-
mer in terms of antimicrobial properties was the one loaded with
33-40% Brass metal powder. However, these results need to be seen
with caution as this was a very high load that it is well known to create
critical problems on the quality of the final 3D prints and their me-
chanical properties (Gonzalez-Henriquez et al., 2019; Russias et al.,
2006). Several metal ions/alloys have been incorporated to prepare
antibacterial materials compatible with 3D printing technology, but
their final printability needs to be optimized before their application. An
explanation of this can be found in the work of Podstawczyk et al.
(2020). The authors presented a method to produce antimicrobial PLA
filament by incorporating Ag-NPs (0.01-5 wt%). It was exhibited that
the antibacterial effect against S aureus ATCC 6538, E. coli ATCC 10536,
and P. aeruginosa ATCC15442 increased with the greater content of
Ag-NPs and discussed that AgNO3 content in PLA above 2.5% w/w de-
teriorates the surface quality of 3D printed parts and serves as an upper
limit.

In the current study, we used commercial antibacterial filaments
loaded with Ag-NPs, which displayed a higher inhibitory effect against
Gram-positive S. aureus and L. monocytogenes than the Gram-negative S.
Typhimurium and E. coli. Vidakis et al. (2020) observed the same effect
with a higher Ag-NP susceptibility of Gram-negative bacteria over the
Gram-positive ones. A higher sensitivity of Gram-negative bacteria over
Gram-positive bacteria can be explained by the differences in the con-
centration of peptidoglycan in the cell wall. The Ag-NPs can adhere to
the surface of the bacteria and alter their membrane properties. After
entering the bacterial cell, the Ag-NPs can result in DNA damage.
Another important mechanism of the antimicrobial activity of the
Ag-NPs relies on their dialysis, which releases antimicrobial silver ions.
The released silver ions interact with thiol-containing proteins in the cell
wall and finally affect their functions (Duran et al., 2016).

The antimicrobial effect of 3D printed parts against numerous
pathogens using filaments loaded with titanium (Palka et al., 2020),
Graphene (Angulo-Pineda et al., 2020), Zinc (Ahmed et al., 2021), Brass
(Hall et al., 2021), Aluminum (Hall et al., 2021) alloys and other anti-
microbial compounds (Ahmed et al., 2018; Burgos et al., 2017; Sandler
et al., 2014) have been studied showing the potential towards the
broader adoption of 3D printed equipment and surfaces to prevent the
growth of resistant biofilm cells and increase the overall microbiological
safety in the food and healthcare sector.

3.6. Transferability of biofilm cells from 3D printed surfaces

Direct transferability is a newly introduced standard method that can
be used to investigate the routine practice of disinfectants to decon-
taminate high-touch environmental surfaces or test the transferability of
bacteria from one surface to another (Ledwoch et al., 2021; Sattar et al.,
2015). This is the first study investigating the direct transferability of
pathogenic biofilm cells with different maturity from the 3D printed
surfaces with or without Cu or Ag (Table S1, Appendix).

Overall, all the tested 3D printed surfaces were ineffective in
reducing the bacterial transferability of S. aureus, S. Typhimurium, E.
coli, and L. monocytogenes. There was no difference among the different
3D printed surfaces, pathogens, or biofilms’ maturity levels. However, in
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some cases, a decrease in the number of positive contacts for bacterial
growth was observed, such as for L. monocytogenes mature biofilm cells
(72 h) that grew on PLA and TPU loaded with Cu or Ag-NPs but failed to
prevent direct bacterial transfer. The current study can provide helpful
information for the bacterial survival of some of the most common
pathogens colonizing and forming resistant biofilms on 3D printed
surfaces with or without antibacterial effects. However, further work is
needed to investigate the effect on other bacterial pathogens and other
types of 3D printable polymers to set practical and realistic guidelines
for the food industry and health sector.

3.7. Proof of concept — sample print

Two examples of 3D printing using PLA-Ag and TPU-Cu filaments are
presented in Figs. 14 and 15. The prosthetic leg socket shown in Fig. 14
is developed into a soft inner layer and hard outer layer from the
scanned data. Both layers were printed together so that two materials
permanently adhered to each other. The inner part was printed using
TPU-Cu, and the outer surface was printed using PLA-Ag. This was
designed to fit a child with a leg amputation, with the final dimensions
being 55.16 x 64.28 x 87.09 mm®. Children use the majority of 3D-
printed prostheses due to their small size, constant growth, and psy-
chosocial development (ten Kate et al., 2017). The prosthetic leg socket
was printed using the Flashforge, Creator Pro 2 printer having two
separate nozzles that were used to print two filaments at the same time
without color mixing or technical failure on the final 3D printed pros-
theses. The prosthetic leg socket itself is made out of lightweight and
durable materials and serves as the structural support. However, a
prosthetic part can mainly get contaminated with Staphylococcus sp.,
forming biofilms and causing deformation of the prosthesis itself and
severe health issues to the host (Bellon et al., 2001). From a design
perspective, the mechanical data available from section 3.4 can be used
to fine-tune the prosthetic’s structure following BS EN ISO 10328-2016
(International Organization for Standardization, 2006).

In Fig. 15, a suggested door handle cover was printed using the
flexible TPU-Cu. The final dimensions of the door handle cover were
19.76 x 19.75 x 71.00 mm® and it was printed vertically in 90° without
any additional supports. Door handles belong in the high-touch envi-
ronmental surfaces, and not much attention has been given to bacterial
biofilms colonizing these surfaces, despite their widespread presence on
food and healthcare surfaces (Sattar et al., 2015). Appropriate decon-
tamination with various disinfectants and disinfectant wipes can reduce
the risk of contamination of the healthcare and food handlers and,
subsequently, the food. However, multidrug-resistant (MDR) bacteria
are becoming increasingly present in all settings and have been
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recognized by the World Health Organization (WHO) as a growing
threat (Palmore and Henderson, 2013). In this context, new antimicro-
bial strategies, such as 3D printed antimicrobial surfaces, can be adopted
to kill or inhibit the growth of MDR and persistent bacteria. In addition,
3D printing provides a promising possibility for individualization,
personalized color, shape, and size without the need to adjust the pro-
duction machine. Importantly, it should be taken under consideration
that the addition of Cu or Ag could result in toxic effects on some oc-
casions if they come in contact with human tissue. However, studies
have shown the incorporation of Cu and Ag in low concentrations poses
no or very low risk of adverse skin reactions or after digestion (Bohmert
et al., 2014; Hostynek and Maibach, 2004; Jaswal and Gupta, 2021).
However, future work should include toxicity studies to prove the safety
of the antibacterial composites before their adoption.

4. Conclusions

Cu and Ag and their alloys are a type of metallic biomaterials that
have been increasingly used in many medical devices, and due to their
biocompatibility, mechanical and anticorrosive properties are being
used in the food sector. The current study’s advantages lie in the opti-
mization process to print compact 3D surfaces with increased accuracy
and enhanced mechanical and antimicrobial properties against Gram-
positive and Gram-negative pathogens to tackle the problem of biofilm
colonization on food and healthcare surfaces. We have shown that the
3D printed surfaces loaded with Cu and Ag-NPs inhibited the biofilm
formation of the most common foodborne and nosocomial pathogens.
Among all samples, PLA-Ag and TPU-Ag 3D printed surfaces revealed
excellent mechanical properties and inhibitory efficacy. Additionally,
the use of these antimicrobial polymers to print prosthetic parts and
high-touch surfaces such as door handles presented in the current study
are only some of the numerous applications this technology can offer to
reduce the risk of bacterial contamination and biofilm formation.

The approach of using 3D printing for applications in the food in-
dustry and healthcare sectors is relatively new but very promising. Our
results provide new insights on manufacturing antibacterial food and
medical surfaces and equipment with promising mechanical and anti-
microbial properties.
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Fig. 14. The original sample of 3D printed prosthetic leg from a (A) distant and (B) close-up view.
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Fig. 15. The original sample of 3D printed door handle socket from a (A) distant and (B) close-up view.
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