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Chronic infection as a result of bacterial biofilm formation on implanted medical devices is a major global
healthcare problem requiring new biocompatible, biofilm-resistant materials. Here we demonstrate how bespoke
devices can be manufactured through ink-jet-based 3D printing using bacterial biofilm inhibiting formulations
without the need for eluting antibiotics or coatings. Candidate monomers were formulated and their process-
ability and reliability demonstrated. Formulations for in vivo evaluation of the 3D printed structures were
selected on the basis of their in vitro bacterial biofilm inhibitory properties and lack of mammalian cell cyto-
toxicity. In vivo in a mouse implant infection model, Pseudomonas aeruginosa biofilm formation on poly-TCDMDA
was reduced by ~99% when compared with medical grade silicone. Whole mouse bioluminescence imaging and
tissue immunohistochemistry revealed the ability of the printed device to modulate host immune responses as
well as preventing biofilm formation on the device and infection of the surrounding tissues. Since 3D printing can
be used to manufacture devices for both prototyping and clinical use, the versatility of ink-jet based 3D-printing
to create personalised functional medical devices is demonstrated by the biofilm resistance of both a finger joint
prosthetic and a prostatic stent printed in poly-TCDMDA towards P. aeruginosa and Staphylococcus aureus.

1. Introduction

Infections associated with implanted medical devices such as cath-
eters, stents and prosthetic joint replacements are responsible for sig-
nificant patient morbidity and mortality [1,2]. They are a major
complication of orthopaedic and trauma surgery and impose a signifi-
cant economic burden on healthcare services worldwide. Such infections
are generally chronic and caused by bacterial pathogens such as Pseu-
domonas aeruginosa and Staphylococcus aureus forming biofilms on
implant surfaces within which bacterial cells are localized in a
self-generated matrix consisting of polysaccharides, proteins, lipids and
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extracellular DNA. Such biofilms are highly refractory to host innate
immune defences and cause persistent infections that lead to chronic
inflammation, collateral damage to the surrounding tissues and implant
failure [3].

Biofilms are also intrinsically tolerant to antibiotics such that
implant-associated infections are extremely challenging to treat [4-6]
often requiring the removal of the implanted device [7-9]. Attempts to
prevent such infections include blending antibiotics into the implant
materials or through surface modification to kill infecting bacteria [3,
10-18]. These approaches face major challenges including coating
delamination and cracking within the implant surface host tissue
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environment [16], localized cytotoxicity from anti-microbial coatings
[16], active antimicrobial compound depletion [17,18], and potential
selection for anti-microbial resistance resulting from the selective
pressures that antimicrobial killing strategies impose [19].
Consequently, the ability to manufacture bespoke biofilm resistant
devices from simple biofilm inhibiting polymers without the need for
eluting antibiotic actives or coatings would offer a significant healthcare
advantage [20-23]. To achieve this, we used additive
manufacturing/3D-printing, exploiting its design freedoms to manu-
facture personalised devices, on demand and use novel 3D printable
formulations composed of monomers that are resistant to bacterial
attachment and subsequent biofilm development [24-26]. We devel-
oped new ink formulations using biofilm inhibiting monomers as
structural components, aiming for full compatibility with ink-jet-based
3D-printing. Such monomers were discovered from our pre-established
monomer database [25] following ink-jet printability assessment [27].
Two candidate monomers were found, formulated and tested for ink-jet
based 3D-printing processibility and reliability and, once printed,
assayed for their cytotoxicity to mammalian cells and bacteria as well as
their biofilm inhibiting efficacy in vitro and in vivo. The data obtained
highlighted their significant potential for preventing biofilm-associated
infections by Staphylococcus aureus and Pseudomonas aeruginosa
[28-30]. Inspired by the need to prevent such medical device associated
infections, we manufactured a bespoke finger joint prosthetic [31-33]
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and a prostatic stent [34-37] to exemplify the range and complexity of
structures printable with this technique. We demonstrate their resis-
tance to biofilm formation such that our study not only introduces
non-fouling biomaterials for such devices, but also exploits an advanced
manufacturing method for medical devices that are adaptable to indi-
vidual patient needs.

2. Results

The approach taken in this study is illustrated graphically in Fig. 1.
Photoreactive monomer candidates were selected based on screening for
resistance to bacterial biofilm formation and assessed for their capacity
for consistent and reliable deposition from an ink-jet print head. Ink-jet
based 3D-printing has stringent requirements on the physical and
chemical properties of materials to be printed. Using printability as a
guide, nine candidates (Supplementary Table S1) were explored and
those outside the range commonly accepted as ‘printable’ for ink-jet
[27] were screened out. Trial printing of the remaining candidates
was then conducted to determine the reliability of printing and whether
the materials could solidify sufficiently to form 3D structures. On this
basis, we found two candidates: tricyclo [5.2.1.02,6]decanedimethanol
diacrylate (TCDMDA) and ethylene glycol dicyclopentenyl ether acry-
late (EGDPEA). Sixteen formulations were then created, covering a
range of utilities in different curing environments and potential reaction
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Fig. 1. Schematic for developing optimized formulations for ink-jet based 3D-printing. A-B) Monomer candidates selected for formulation development and
optimization. C) A Fujifilm Dimatix DMP-2830 3D printer was used to print samples. The system in this case was equipped with a cartridge ejecting 10 pL drop
volumes, utilising up to 16 nozzles. D) On-slide arrays of cuboids were created by ink-jet based 3D-printing for preliminary microbiology biofilm assays using
Pseudomonas aeruginosa. E) Cytotoxicity and cell attachment biocompatibility tests on the printed samples were carried out using mouse embryonic fibroblast 3T3
cells to assess biocompatibility of the printed device; F) Attenuation Total Reflectance Infrared Spectroscopy (ATR-IR) was used to quantify the levels of residual
acrylate in the specimens made from different ink formulations; G) Mechanical tests were performed by Dynamic Mechanical Analysis (DMA) in tension mode at
room temperature; H) Formulations resulting in desirable properties were tested in vivo to ensure that the cell instructive properties were retained in a more complex
environment; I-J) The finalized ink formulations were used to print concept devices.
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speeds (Supplementary Table S2) as it is known that these could influ-
ence final product performance [38,39]. Both Norrish type I (nitrogen
environment) and Norrish type II (air environment) initiators were
evaluated with respect to compatibility of the formulations when pro-
cessing in different environments. A series of tests on each formulation
was conducted to assess the performance of our 3D printed structures,
including mechanical properties, in vitro bacterial biofilm formation and
growth inhibitory effect towards bacterial cells, as well as in vivo
assessment in a mouse infection model. Since the formulations are
directed towards manufacturing of printed devices that could be used in
a clinical context, their mammalian cell cytotoxicity (following ISO
10993 guidelines) and level of ink residues were also investigated.
Through the analyses for biofilm coverage, mammalian cell cytotoxicity,
mechanical performance and level of ink residues, a protocol for
developing an ink-jet based 3D-printed functional formulation and
optimized ink for meeting all the design criteria was demonstrated.

2.1. Mechanical properties

Dynamic mechanical analysis (DMA) measurements were carried out
to determine the physical properties of the printed materials, through
which it was found that the moduli of both of poly-EGDPEA and poly-
TCDMDA fall into the modulus range for cancellous bone, an impor-
tant consideration for bone implants [40,41]. The elastic moduli of
poly-TCDMDA specimens were around 2.1 GPa, substantially higher
than the 0.18 GPa observed for poly-EGDPEA. The mechanical perfor-
mance was also found to be directly related to the photoinitiator con-
centration used (Supplementary Figure S1).
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2.2. Bacterial biofilm formation on polymer cuboid arrays

To determine whether the candidates retained the desired biofilm
resistance after being formulated for ink-jet based 3D-printing, they
were printed using a laboratory-based ink-jet printer. For each formu-
lation, the printed samples consisted of a series of 24 cuboid arrays
(2000 x 2000 x 100 pm® each) on polystyrene slides (Supplementary
Figure S2). These were cultured with P. aeruginosa and biofilm surface
coverage on each cuboid quantified after 72 h incubation. All of the
printed and cured poly-EGDPEA and poly-TCDMDA surfaces showed
lower biofilm surface coverage when compared with the silicone rubber
control (Appleton Woods, medical grade tubing). The best performing
printed poly-EGDPEA and poly-TCDMDA showed only 0.22% =+ 0.04%
and 0.13% + 0.11% biofilm surface coverage compared with >30% for a
silicone rubber control (Fig. 2A), suggesting both materials retained
their ability to prevent bacterial biofilm formation after being adapted
to ink-jet based 3D-printing.

Since the reduction in biofilm surface coverage could have been
caused by leaching monomer residuals, we tested the formulations at
both 1% and 4% for bacterial growth inhibition. Supplementary
Figure S3 shows that both P. aeruginosa and S. aureus grew to similar
population densities in the presence of each of the bacterial biofilm
resistant materials irrespective of whether the formulation contained
1% or 4% of the photoinitiator. Thus, the reduction in biofilm surface
coverage is likely attributable to fewer monomer residuals, suggesting
the ability of the material to resist biofilm development is enhanced as
conversion is increased.
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Fig. 2. P. aeruginosa biofilm surface coverage and 3T3 mammalian cell based cytotoxicity assay: A) An array of cuboids was printed onto polystyrene slides
and bacterial biofilm formation compared with a silicone control; the samples were imaged after incubation with P. aeruginosa (tagged with the red fluorescent
protein mCherry) using confocal microscopy. Biofilm formation was assessed over 640 x 640 pm and presented as biofilm coverage (%) over the whole assessment
window (mean =+ standard deviation, n = 24) (right); statistically significant differences (*p < 0.001) were determined using a one-way ANOVA with post-hoc
Dunnett’s test with respect to the control (right). An example confocal microscopy image of biofilm formation is included on poly-TCDMDA-DMPA-4 (left) and
silicone rubber control (right). B) Comparison of 3T3 fibroblast cytotoxicity (%) for the printed cuboid tablets on different days, the test was performed using an LDH
assay: mean + standard deviation with n = 5; statistically significant differences (*p < 0.05) were sought using a two-way ANOVA with post-hoc Tukey’s test with
respect to the control (right); An example of the Live/Dead® cell viability assay on a poly-TCDMDA-DMPA-4 sample illustrating viable cells and proliferation (left).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.3. Mammalian cell Cytotoxicity and attachment

With respect to printed medical devices, the compatibility of the
printed materials with mammalian cells must be evaluated to assure the
material is non-toxic. Consequently, both cytotoxicity and cell attachment
assays were carried out to assess whether printed constructs could support
mammalian cell attachment and proliferation and as a first test of whether
these materials could be used safely within the body. Cytotoxicity assays
for mammalian cells (using 3T3 fibroblasts) were conducted using printed
5x 5 x 1 mm® cuboid samples, following the guidelines presented in ISO
10993 [42], the protocol is detailed in the Methods section. Based on the
data in Fig. 2B, only four sets of samples can be considered to have suffi-
ciently low cytotoxicity levels rendering them as appropriate for medical
device application. Conditioned media samples from
poly-TCDMDA-DETX-4 and poly-TCDMDA-DMPA-4 were the only samples
not to exhibit cytotoxicity at any time point, showing lactate dehydroge-
nase (LDH) levels similar to those of the control (Fig. 2B; right hand panel).
Samples from poly-EGDPEA-DMPA-4 and poly-TCDMDA-DMPA-1 showed
cytotoxicity over three days, which reduced on subsequent time points.
The pattern of photoinitiator content, monomer conversion (discussed in
the following section) and cytotoxicity suggests that leaching of residual
monomer leads to cytotoxicity, but in the case of poly-EGDPEA-DMPA-4
and poly-TCDMDA-DMPA-1, these are cleared over a timescale of 5
days. All other samples showed either no improvement over the test
period, or a highly cytotoxic response indicating that these formulations
would be inappropriate for clinical use. Supporting results were obtained
using the complementary ‘Presto Blue’ cell viability (Supplementary
Figure S4) and attachment assays (Supplementary Figure S5). These indi-
cated that 3T3 cells attached and proliferated when cultured on
poly-EGDPEA-DMPA-4, poly-TCDMDA-DETX-4, poly-TCDMDA-DMPA-1
and poly-TCDMDA-DMPA-4 surfaces. Of these, the metabolic activity of
cells (determined using the Presto Blue assay) was highest on
poly-TCDMDA-DETX-4 and poly-TCDMDA-DMPA-4, closely matching the
trends observed for the conditioned cytotoxicity assays.

2.4. Spectroscopic assessment of curability

It was noted that the mammalian cell cytotoxicity of the device,
modulus and biofilm resistance were all influenced by the level of
photoinitiator concentration and therefore possibly level of conversion.
To investigate this and quantify the relationships, Attenuated Total
Reflectance-Infrared Spectroscopy (ATR-IR) was used to determine the
residual acrylate content on the printed samples to evaluate whether
there was a correlation between photoinitiator concentration, level of
ink residuals and consequently, specimen performance.

Cuboids (5x5 x 0.2 mms) were printed using the ink candidates for
further acrylate residuals checks. Supplementary Figure S6 shows the
acrylate residuals as a function of the photo initiator concentrations, in
which the characteristic peak at 810 cm ! (C-H bond out-of-plane
bending vibration of the alkene group) was used to indicate the rela-
tive amount of unreacted residual alkene group (C—=C). For both initi-
ators, the concentration of the residual reduced with increasing initiator
concentration, which suggests increased conversion during printing.
The relationship between the level of conversion and polymer perfor-
mances was assessed using the Pearson correlation coefficient (Supple-
mentary Figure S7). For poly-EGDPEA, the Pearson correlation
coefficient between residual alkene groups and mechanical perfor-
mance, biofilm coverage and cytotoxicity reached 0.82, 0.69 and 0.86
respectively; while for poly-TCDMDA, these values are 0.70, 0.74 and
0.92, thereby confirming the strong link between the residual monomer
quantity and key performance measurements.

2.5. Invitro and In vivo assessment of the biofilm resistance of the printed
structures

Two ink formulations (TCDMDA-DMPA-4 and TCDMDA-DETX-4)
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were chosen for further assessment owing to their superior perfor-
mances. Hemi-cylindrical specimens (7 mm in length and 2 mm in
diameter) were printed, matching the dimensions of the control samples,
and enabling sample delivery via a trocar needle in subsequent in vivo
mouse studies. At first, the viability of P. aeruginosa and S. aureus in
contact with the printed specimens was tested in vitro to ensure that the
reduction in biofilm formation was due to colonization resistance rather
than as a growth inhibitory effect associated with either the material or
photoinitiator. These experiments revealed no loss of bacterial cell
viability (as quantified via intracellular adenosine triphosphate (ATP)
levels) during growth in the presence of the candidate samples (Fig. 3A)
nor on a printed neopentyl glycol propoxylate diacrylate (NGPDA)
control that promotes biofilm formation [25]. Since no reduction in
bacterial viability was observed, it can be concluded that the material
itself or any potential residuals in printed poly-TCDMDA-DMPA-4 and
poly-TCDMDA-DETX-4, were not responsible for the lack of biofilm
formation (Fig. 3B). Planktonic bacterial growth experiments (Supple-
mentary Figure S3) were consistent with the ATP assays and comparable
with those in the presence of the NGPDA control.

Quantification of biofilm biomass and the corresponding confocal
microscope images are shown in Fig. 3B, which demonstrate the
considerable reduction in biofilm biomass observed for both pathogens
on the poly-TCDMDA-DMPA-4 and poly-TCDMDA-DETX-4 compared
with the poly-NGPDA control device as well as against a sample from a
commercial silicone rubber finger joint product (OSTF-0, size O,
Osteotec Ltd.).

To further understand the printed device’s performance in the much
more complex host environment, in vivo infection experiments were
carried out using a murine subcutaneous foreign body implant infection
model (Fig. 3C). After 4 days of post-surgical recovery, mice were
inoculated with a bioluminescent strain of P. aeruginosa and the live
infected animals imaged daily over another 5 days (day 5 to day 9 after
implanting Fig. 3D and E), a period over which infection establishes as a
consequence of P. aeruginosa colonizing the implanted device. Light
emission from the bioluminescent pathogen demonstrated the presence
of metabolically active bacteria at the infection site for all samples at
bacterial inoculation day 0 (Fig. 3D and E). In contrast to the sustained
light output indicative of bacterial colonization of the silicone implant,
both poly-TCDMDA-DMPA-4 and poly-TCDMDA-DETX-4 showed little
bioluminescence (>3 orders of magnitude reduction) consistent with
resistance to bacterial biofilm formation in vivo. This finding was
confirmed by ex vivo analysis of the implants and the tissues surrounding
the implants after their removal from the mice and re-imaging (Fig. 3D
and E). In contrast to the TCDMDA formulations, the silicone rubber
control (Clinical grade, Smith Medical) showed significantly higher
bioluminescence consistent with the presence of bacterial biofilm that
can also act as a reservoir for sustaining infection within the interstitial
tissues surrounding the implant.

In addition, qualitative imaging of the implants using immunobhis-
tochemical staining with antibodies raised against P. aeruginosa cells and
with the fluorescent dye, FM1-43 (as a marker for host cell and bacterial
membranes) revealed evidence of a robust host response and the pres-
ence of P. aeruginosa cells on both poly-TCDMDA-DMPA-4 and poly-
TCDMDA-DETX-4 (Supplementary Figure S8). Given the lack of biolu-
minescence from such samples, these bacteria are dead, killed via host
antibacterial defences since the TCDMDA formulations per se are not
bactericidal (Fig. 3A and Supplementary Figure S3). In contrast, the host
defences were unable to kill/clear the Pseudomonas aeruginosa biofilm
colonizing the silicone implant given the in vivo bioluminescence and ex
vivo antibody labelling of the bacterial cells (Supplementary Figure S8).

Further investigation of the tissue by additional staining using wheat
germ agglutinin and antibodies to CD206 and CD45 markers allowed the
identification of active P. aeruginosa infection sites and the host immune
response (Fig. 4). Evidence for infection/bacterial micro-colonies was
observed within the silicone control group, with the infection located
between the fibrotic pocket and the implant (see region 3 in Fig. 4A).
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Fig. 3. Assessment of bacterial viability and biofilm formation in vitro and infection in vivo in a mouse foreign body infection model. A) Bacterial cell
viability on printed specimens, RPMI-1640 medium containing the printed sample was inoculated with either P. aeruginosa (left) or S. aureus (right) cells. Intracellular
ATP levels were quantified at early (OD600nm = 0.25), mid (OD600nm = 0.5) and late (OD600nm = 0.8) exponential phase using a BacTiter-Glo microbial cell
viability assay, NGPDA with 4 wt% of DMPA as initiator was used as a control. Data show mean =+ standard deviation, n = 3; B) Bacterial biofilm formation on
printed specimens in vitro: the biofilm biomass of P. aeruginosa and S. aureus was measured after 72 h incubation. Error bars equal + one standard deviation unit, n =
3. Fluorescent micrographs of mCherry-labelled P. aeruginosa (red) and GFP-labelled S. aureus (green) growing on each surface (right). mean =+ standard deviation, n
= 3. Each image is 610 x 610 pm? C) ink-jet based 3D-printing optimized formulations (TCDMDA-DMPA-4 and TCDMDA-DETX-4) and biomedical grade silicone
sections (as controls) were implanted subcutaneously in mice. After inoculation, light emission from bioluminescent P. aeruginosa at the infection site was measured
on the day of inoculation. D) Representative bioluminescence outputs overlaid with bright field images of implanted mice infected with P. aeruginosa and captured on
days 0-4. The implanted devices and surrounding tissues were also removed on day 4 from each animal and the device-associated bioluminescence quantified ex vivo.
E) Bioluminescence was normalized to the output on day 0 showing that the printed devices were colonized with considerably lower levels of bacteria compared with
the silicone control. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Conversely the two printed poly-TCDMDA implants show fewer needed to ensure such devices could be taken forward for human use.

P. aeruginosa micro-colonies in the surrounding tissue. Cells staining for
the CD206 mannose receptor marker were observed in the surrounding
tissue of both poly-TCDMDA groups, which indicate that the host is
responding differently from the silicone control group. For TCDMDA-
DETX, in addition to micro-colony suppression, a strong WGA
response was observed suggesting that fibrotic/tissue remodeling was
occurring.

The immunohistochemical staining strongly indicates that ink-jet
based 3D-printed poly-TCDMDA implants are able to both provide the
means to resist initial biofilm formation, and further, allow for better
post-implant healing and post-infection control that does not otherwise
occur when using materials such as silicone.

2.6. Exemplars of ink-jet based 3D printed biofilm resistant devices

To demonstrate that an ink-jet based 3D printed functional device
could be manufactured, a biofilm resistant finger joint prosthetic was
firstly chosen as an exemplar (Fig. 5A). Finger joint prosthetics were
printed 1:1 relative to a commercial product using the best performing
ink formulations (TCDMDA-DMPA-4 and TCDMDA-DETX-4). The plat-
form used was identical to that used to produce arrays and cuboids, with
a typical manufacturing time of around 4 h. The dimensions of the
printed device were determined from the SEM images and compared
with the CAD design (Supplementary Figures S9 and S10), showing good
manufacturing accuracy. Optimization of the manufacturing process is

Here we demonstrate that such a route is viable and reliable from the
manufacturing perspective. Samples 1/10 of the original prosthetic di-
mensions were printed and tested in vitro, since rescaling allowed
biomass assessment under full view when using a fluorescent confocal
microscope; these smaller versions also showed that biofilm formation
by both P. aeruginosa and S. aureus was inhibited (Fig. 5B) regardless of
sample geometries. To illustrate the range of complexity achievable with
these formulations, a prostatic stent structure was also manufactured
(Fig. 5C). This lattice like structure demonstrates that complex objects
with overhangs and more intricate features can be fabricated — in this
case we employed a dissolvable support material to maintain the
integrity of the structure during manufacture.

3. Conclusions

This work demonstrates that advanced cell instructive properties
may be incorporated into ink-jet based 3D-printing for the production of
bespoke functional medical devices. Our comprehensive set of in vitro
and in vivo tests confirm the key biofilm resistance property is retained
throughout our re-formulation and manufacturing process. Interest-
ingly, our analysis reveals that our selected materials play an important
role in recruiting host defences capable of clearing the infecting bacteria
and preventing biofilm development. Whilst in this case we focused on
the creation of devices that reduced the likelihood of infection while
avoiding the opportunity for increasing antimicrobial resistance, our
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Fig. 4. Structural assessment of the infection site and cellular localisation in tissue surrounding the implant: silicone control, TCDMDA-DMPA and TCDMDA-
DETX: A) Structural comparison of architectural changes in tissue surrounding the implant (upper). FM1-43 membrane lipid marker (green), DAPI, nuclear/DNA
(orange) and wheat germ agglutinin reactive lectin marker (cyan) staining bacterial microcolonies and the infection site; Inmunohistochemical localisation (lower)
of P. aeruginosa (magenta), CD45 leukocyte lineage cell populations (blue) and CD206 M2 macrophages (yellow), scale bar: 50 pm; B) schematic of the distribution of
different cells in the tissue surrounding the implant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

protocol is agnostic with respect to the cell-instructive functionality -
this method offers a flexible manufacturing platform for the production
of personalisable medical devices and a pathway for translation into
clinical practice.

4. Experimental section
4.1. Ink preparation

All chemicals were purchased from Sigma-Aldrich and used as
received. Tricyclo [5.2.1.02,6]decanedimethanol diacrylate (TCDMDA)
and Ethylene glycol dicyclopentenyl ether acrylate (EGDPEA) were used
as the base monomer in the preparation of all the ink formulations. The
photoinitiators used were 2,2-Dimethoxy-2-phenylacetophenone 99%
(DMPA) (a type I photoinitiator for nitrogen atmosphere printing) and
(2,4-Diethyl-9H-thioxanthen-9-one (DETX), 98%)/(Ethyl 4-(dimethyla-
mino)benzoate (EDB), 99 wt%) (a type II photoinitiator system suitable
for printing within an air atmosphere). 5 mL of each selected monomer
was placed into capped vials (wrapped with aluminum foil) together
with a photoinitiator (0.5 wt%, 1 wt%, 2 wt% and 4 wt%) and stirred at
800 rpm at room temperature until the photoinitiator was fully dis-
solved. The mixture was degassed by purging with nitrogen for 15 min to
remove dissolved oxygen. The inks were filtered through a 0.45 pm filter
(Minisart, Sartorius Stedim Biotech) in a dark room to remove particu-
lates which may block printer nozzles (Supplementary Figure S11). In
order to maximise printability, inks were sealed and stored at 4 °C
overnight to help release any bubbles generated during preparation
[43].

4.2. Sample printing

All the printing except the prostatic stent exemplar was carried out

using a Dimatix DMP-2830.2 mL of ink was injected into a 10 pL drop
volume Dimatix cartridge containing 16 nozzles (21 pm nozzle size). The
injection procedure was carried out in a dark room to prevent light-
dependent inducing curing. The print cartridge was wrapped in foil to
prevent ambient light curing during printing. Curing was achieved using
a UV unit (365 nm and 600 mW/cm2) mounted directly on the printer
allowing it to move with the printhead and induce real-time UV illu-
mination and curing contemporaneously with deposition of material.

All the samples with DMPA as a photoinitiator were printed in ni-
trogen where oxygen levels were controlled to 1% =+ 0.5%. The inks with
DETX/EDB as initiator were printed in air.

The prostatic stent exemplar was printed with Pixdro LP50 dual head
ink-jet printer with two Fujifilm Spectra SL-128 printheads. The printing
was carried out in nitrogen environment with an oxygen level between
0.1% and 0.3%. Curing was achieved using a Firefly UV unit (1.5W/
cm2@365 nm). The ink was co-printed with commercial water-soluble
support ink from Stratasys (SUP-707). To remove the support mate-
rial. the printed structure was placed in 100 mL of deionized water for
40 min during which the water was replaced at 10 min and 20 min.

4.3. Polymer mechanical and chemical properties

Dynamic Mechanical Analysis (DMA) tests were carried out at room
temperature using a PerkinElmer DMA 8000 in tension mode. Speci-
mens were printed following a rectangular pattern (20 mm in length and
5 mm in width) with 100 layers. The test length was set to 10 mm and
the width and thickness of each sample was measured prior to calcu-
lating its modulus. The test period was set to 10 min with 1 Hz extension
frequency at room temperature. Infrared Spectroscopy (IR) with an ATR
(PerkinElmer UATR IR) sampling attachment was used to characterize
the curability of the printed samples. The spectra for each set of samples
were normalized with a peak at 1726 cm ™! representing the acrylate
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Fig. 5. Ink-jet based 3D-printed finger prosthesis and other demonstrators using the developed ink formulations: A) ink-jet based 3D printed finger pros-
thesis with TCDMDA-DMPA-4, composed of a central hinge region between two stems, scale bars in the SEM images are 2 mm; B) Fluorescence and overlaid
fluorescence-brightfield confocal microscopy 3D images showing in vitro biofilm formation imaged using mCherry-labelled P. aeruginosa (red) and GFP-labelled
S. aureus (green) on ink-jet based 3D printed finger implants with the developed ink formulations. Scale bars represent 200 pm; C) ink-jet based 3Dprinted pros-
tatic stent exemplar with TCDMDA-DMPA-4. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

carboxyl group. The peak at 810 cm !, which represents the carbon-
hydrogen covalent bond on the C=C pairing was used to compare the
level of conversion of the printed samples.

4.4. Mammalian cell cytotoxicity

Following ISO 10993, Medical Device Tests guidance direct contact
(cell attachment test) and indirect extractable testing (cytotoxicity test)
was undertaken.

Cytotoxicity test: Samples were placed in a 96 well plate, and 1 mL of
Industrial Methylated Spirit (IMS, 70% v/v, Fisher Scientific, UK) was
added and allowed to evaporate overnight in a microbiological safety
cabinet at room temperature. Samples were washed three times for 5
min each with PBS. Cell culture medium was added (200 pL) to each
sample and kept in an incubator at 5% CO2 in air, 37 °C. Conditioned
medium was collected after 1, 3, 5 and 8 days, and replaced with 200 pL
of fresh medium. Cell culture media were prepared by adding 10% v/v
of Foetal Bovine Serum (FBS, Sigma-Aldrich, UK), 2 mM t-glutamine
(Sigma-Aldrich, UK) and 100 U/mL penicillin, 0.1 mg/mL streptomycin
and 0.25 pg/mL amphotericin B (Sigma-Aldrich, UK). Immortalized NIH
3T3 mouse embryonic fibroblast cells (3T3s, passage 60) were seeded in
a 96 well plate at a density of 5000 cells/well (100 pL) and when they
reached confluency, conditioned media were added and cells incubated
for a further 24 h at 5% CO2 in air at 37 °C. Cells cultured in fresh media
were included as a control. The lactate dehydrogenase assay (LDH Assay
Kit®, Thermo Scientific) and Presto Blue® assay (Invitrogen) were used
to test the cytotoxicity of the conditioned media and cell viability,
respectively. The LDH assay was performed according to the manufac-
turer’s protocol. Two controls were performed to obtain a spontaneous

and a maximum LDH activity. The spontaneous activity (Spontaneous
LDH activity) was quantified using the medium collected from the
controls, where cells were grown in fresh medium. To induce maximum
activity (Maximum LDH activity, 100% control), 10 pL of Lysis Buffer
(10X) were added to the cells grown in fresh medium for 30 min before
assaying.

In brief, 50 pL of each conditioned media sample were transferred to
a 96 well plate and 50 pL of the reaction mixture added to each sample,
and the plate incubated at room temperature. After 30 min, 50 pL of stop
solution was added. The LDH activity was measured by reading the
absorbance of the samples at 490 nm (subtracted from the 680 nm
reading) using a spectrofluorometer (Tecan Infinite M200 microplate
reader). The cytotoxicity of the extracts was calculated using the
following equation:

LDH activity of the sample — Spontaneous LDH activity

% Cytotoxicity =
o Cytotoxicity Maximum LDH activity — Spontaneous LDH activity

x 100

Mammalian cell metabolic activity: After the aspiration of the medium
and washing the cells in PBS, cell culture medium containing diluted
Presto blue™ (1:10) was added. The samples were incubated for 45 min
in an incubator at 37 °C and with 5% CO». The fluorescence intensity of
the solution, which is proportional to cellular metabolic activity, was
measured at 560 and 590 nm, corresponding to the excitation and
emission wavelengths, respectively, and the blank reading (medium
without cells) subtracted from each value.

Mammalian cell attachment: Samples were placed in a 48 well plate, 1
mL of Industrial Methylated Spirit (IMS, 70% v/v, Fisher Scientific, UK)
was added and allowed to evaporate overnight in a microbiological
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safety cabinet at room temperature. Samples were washed three times
for 5 min with PBS. To each sample, 400 pL of cell culture medium was
added for 24 h 3T3 mouse fibroblast cells were seeded on the samples at
a concentration of 40,000 cells/well in a total volume of 0.5 mL. After
24 h, the materials were transferred to a new plate to measure the
metabolic activity of the cells attached to the scaffold using the Presto
Blue assay. Fluorescence intensity was measured and the blank (medium
without cells) was subtracted from each value. The test was performed
after the cells had been in contact with the test material for 1, 3,5 and 7
days.

Live/Dead® cell viability assay: Calcein AM (2.5 pM, representing live
cells) and ethidium homodimer-1 (5 pM, red, representing dead cells)
were added to the samples and incubated for 30 min at 37 °C at 5% CO»,
before imaging.

Statistical analyses were performed using Prism 6 (GraphPad Soft-
ware, v6.01). Two-way ANOVA was performed on cell viability followed
by Tukey post-hoc test (n = 3) and on LDH results followed by the
Dunnett test (n = 5). A value of p < 0.05 was considered significant. For
each condition, mean =+ standard deviation was reported.

4.5. Bacterial strains, growth conditions and intracellular ATP assay

P. aeruginosa PAO1 (Washington sub-line) and S. aureus SH1000 [42]
were routinely grown at 37 °C in LB with shaking at 200 rpm or on LB
agar (2% w/v). Where required, plasmids for constitutively expressing
fluorescent proteins GFP (pBK-miniTn7-egfp) and mCherry (pMMR)
were introduced into the relevant host strain by conjugation or elec-
troporation and maintained by supplementing the growth medium with
the appropriate antibiotic.

For the quantification of ATP, P. aeruginosa and S. aureus cell culture
samples were taken at early (OD600nm = 0.25), mid (OD600nm = 0.5)
or late (OD600nm = 0.8) exponential growth phase. ATP levels were
assayed using a BacTiter-GloTM Microbial Cell Viability Assay (Promega
UK, Southampton, UK) according to manufacturer’s instructions.

4.6. Bacterial biofilm formation

Bacterial biofilm formation assays were conducted following an
established method from our previous study [25]. Briefly, the printed
and UV-sterilized devices (cuboids, tablets or finger implants) with the
developed formulations were inoculated with bacteria (P. aeruginosa
tagged with the fluorescent protein mCherry, ODgoo = 0.01) and incu-
bated at 37 °C with shaking at 60 rpm shaking for 72 h in RPMI-1640.
Samples were washed 3 times with 60 rpm shaking in PBS to remove
planktonic and weakly adhered bacteria before being allowed to air dry.
Samples were examined using a Carl Zeiss LSM 700 laser scanning
confocal microscope fitted with 405 nm, 488 nm and 555 nm excitation
lasers and a 10X/NA 0.3 objective. Images were acquired using ZEN
2009 imaging software (Carl Zeiss). Bacterial surface coverage was
quantified using ImageJ 1.44 software (National Institutes of Health,
USA) and Comstat 2 [44].

4.7. Mouse foreign body infection model

All animal experiments were approved following local ethical review
at the University of Nottingham and performed under Home Office
licence 30/3082. Female BALB/c mice, 19-22g (Charles River; 3 mice
per infected implant and 2 mice per uninfected implant control) were
housed in individually vented cages under a 12 h light cycle, with food
and water ad libitum. The bioluminescent P. aeruginosa strain PAO1-L
CTX:tac-lux was grown overnight in LB broth at 37 °C, diluted 1:100
in LB and grown at 37 °C to mid-log phase (OD600). The cultures were
washed in PBS+10% v/v glycerol and aliquots stored at —80 °C. When
required, aliquots were removed, serially diluted and cultured on LB
agar plates and the number of colony forming units (CFUs) determined.
One hour before device implantation via a trocar needle, Carprofen (2.5
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mg/kg) was administered by subcutaneous injection to reduce pain and
inflammation. Animals were anaesthetised with 2% isoflurane, their
flanks shaved and the skin cleaned with Hydrex surgical scrub. A small
incision was made and the catheter implanted via a 9g trocar needle and
closed with Gluture skin glue (Abbott Laboratories). Mice were allowed
to recover for 4 days. Under anaesthesia, 10° bioluminescent
P. aeruginosa cells in 20 pL PBS were injected into printed devices
implanted in the mice. The progress of bacterial infection was imaged as
bioluminescence using an IVIS™ Spectrum (PerkinElmer). The infected
animals were tracked daily for 5 days via whole animal imaging for the
presence of metabolically active bacteria at the infection site. After
sacrificing the mice, the printed devices and the surrounding tissues
were removed and re-imaged ex vivo using an IVIS™ Spectrum to
quantify bacterial bioluminescence. In addition, the implants were fixed
with 10% formal saline and subjected to immunohistochemical analysis
and confocal microscopy using rabbit antibodies raised against
P. aeruginosa cells (Invitrogen PA1-73116) and detected using a sec-
ondary goat anti-rabbit fluorescent conjugate (quantum dot 705; Ther-
mofisher). Total host cell and bacterial membrane biomass on the
implants was stained using the fluorescent cell membrane probe, FM1-
43 (Thermofisher). After staining implants were imaged using by
confocal fluorescence microscopy (Zeiss LSM700).

Tissues excised from the infection site and the 3D rod support were
dissected out and fixed in 10% formal saline for 24 h. They were pro-
cessed for paraffin embedding, from which 8 pm tissue sections were
collected and dewaxed in xylene. The tissue sections were rehydrated
and stained for localisation of glycoproteins using Wheat Germ agglutin
Alexa 680 (Thermo Fisher), 5 pg/mL (incubation 37 °C 1 h) and eval-
uated for tissue morphology cellular content using lipid stain FM1-43,
(5 pg/mL) and total host cellular localisation using DAPI (stains intra-
cellular DNA) incubated for 10 min at room temperature. The tissue was
mounted with Fluromount (Sigma-Aldrich). Images were acquired using
on a confocal fluorescence microscope (Zeiss LSM700).

Parallel 8 pm dehydrated tissue sections were rehydrated and
assessed for phenotypic biomarkers. Epitope retrieval was carried out by
incubation with 10 pg/mL trypsin, at 37 °C for 10 min. Samples were
washed three times in PBS. Tissue sections were pre-blocked at 37 °C
using 5% v/v bovine serum for 1 h and incubated with a primary rabbit
antibody to P. aeruginosa (Invitrogen PA1-73116) diluted 1:500 for 2 h
at 37 °C. After washing 3 times in PBS tissue sections were incubated for
2 h at 37 °C with a secondary anti-rabbit Alexa 555 antibody, and pri-
mary antibodies to CD45 (TONBO 30-F11) eViolet405 1:50 and CD206
(Bio-Rad MCA2235A647) Alexa 647 1:50. The sections were washed 3
times in PBS and the slides mounted with Fluro mount (Sigma Aldrich).
Images were acquired using a confocal fluorescence microscope (Zeiss
LSM700).

Data Avalibility statement

All relevant data are available from the University of Nottingham’s
Research Data Management Repository https://rdmc.nottingham.ac.uk

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

YH, RW, CT, RH, and BB were funded by Engineering and Physical
Sciences Research Council grants EP/1033335/2, EP/N024818/1 and
EP/P031684/1, EP and FR by EP/L015072/1 and MA, PW, J-FD and JL
by the Wellcome Trust Senior Investigator Joint Awards 103882/Z/14/
Z and 103884/Z/14/Z. Funding for open access charge was provided by
UK Research and Innovation.


https://rdmc.nottingham.ac.uk

Y. He et al.

The manuscript was written with contributions from all authors. The
majority of the experimental work was carried out by YH. Support for 3D
printing was provided by BB, RW, CT and RH. JL conducted in vivo
mouse experiments and immunohistochemical staining and J-FD and
AH conducted the in vitro bacterial assays, all overseen by PW.
Mammalian cell cytotoxicity experiments were conducted by EP under
the supervision of FR. Chemical characterisation and materials under-
standing was overseen by DI. The work was conceived and organised by
RW, MA and PW.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.biomaterials.2021.121350.

References

[1] S.L. Percival, L. Suleman, C. Vuotto, G. Donelli, Healthcare-associated infections,
medical devices and biofilms: risk, tolerance and control, J. Med. Microbiol. 64 (4)
(2015) 323-334.

[2] J.S. VanEpps, J.G. Younger, Implantable device related infection, Shock 46 (6)
(2016) 597.

[3] D. Lebeaux, J.M. Ghigo, C. Beloin, Biofilm-related infections: bridging the gap
between clinical management and fundamental aspects of recalcitrance toward
antibiotics, Microbiol. Mol. Biol. Rev. 78 (3) (2014) 510-543.

[4] U. Romling, C. Balsalobre, Biofilm infections, their resilience to therapy and
innovative treatment strategies, J. Intern. Med. 272 (6) (2012) 541-561.

[5] A.P. Magiorakos, A. Srinivasan, R.B. Carey, Y. Carmeli, M.E. Falagas, C.G. Giske,
S. Harbarth, J.F. Hindler, G. Kahlmeter, B. Olsson-Liljequist, D.L. Paterson, L.

B. Rice, J. Stelling, M.J. Struelens, A. Vatopoulos, J.T. Weber, D.L. Monnet,
Multidrug-resistant, extensively drug-resistant and pandrug-resistant bacteria: an
international expert proposal for interim standard definitions for acquired
resistance, Clin. Microbiol. Infect. 18 (3) (2012) 268-281.

[6] M. Wilson, Bacterial biofilms and human disease, Sci. Prog. 84 (3) (2001) 235-254.

[7] J.I Kim, K.T. Suh, S.J. Kim, J.S. Lee, Implant removal for the management of
infection after instrumented spinal fusion, Clin. Spine Surg. 23 (4) (2010) 258-265.

[8] N. Tsubouchi, S. Fujibayashi, B. Otsuki, M. Izeki, H. Kimura, M. Ota, T. Sakamoto,
A. Uchikoshi, S. Matsuda, Risk factors for implant removal after spinal surgical site
infection, Eur. Spine J. 27 (10) (2018) 2481-2490.

[9] D.I Vos, M.H.J. Verhofstad, Indications for implant removal after fracture healing:
a review of the literature, Eur. J. Trauma Emerg. Surg. 39 (4) (2013) 327-337.

[10] D. Asker, T.S. Awad, P. Baker, P. Lynne Howell, B.D. Hatton, Non-eluting, surface-
bound enzymes disrupt surface attachment of bacteria by continuous biofilm
polysaccharide degradation, Biomaterials 167 (2018), 168-17.

[11] R. Garcia-Alvarez, 1. Izquierdo-Barba, M. Vallet-Regi, 3D scaffold with effective
multidrug sequential release against bacteria biofilm, Acta Biomater. 49 (2017)
113-126.

[12] A. Aldrich, M.A. Kuss, B. Duan, T. Kielian, 3D bioprinted scaffolds containing
viable macrophages and antibiotics promote clearance of Staphylococcus aureus
craniotomy-associated biofilm infection, ACS Appl. Mater. Interfaces 11 (2019)
12298-12307.

[13] J.A. Weisman, D.H. Ballard, U. Jammalamadaka, K. Tappa, J. Sumerel, H.

B. D’Agostino, D.K. Mills, P.K. Woodard, 3D printed antibioticand
chemotherapeutic eluting catheters for potential use in interventional radiology: in
vitro proof of concept study, Acad. Radiol. 26 (2) (2019) 270-274.

[14] R. Garcia-Alvarez, 1. Izquierdo-Barba, M. Vallet-Regi, 3D scaffold with effective
multidrug sequential release against bacteria biofilm, Acta Biomater. 49 (2017)
113-126.

[15] S. Amin Yavari, L. Loozen, F.L. Paganelli, S. Bakhshandeh, K. Lietaert, J.A. Groot,
A.C. Fluit, C.H.E. Boel, J. Alblas, H.C. Vogely, H. Weinans, A.A. Zadpoor,
Antibacterial behaviorof additively manufactured porous titanium with
nanotubular surfaces releasing silver ions, ACS Appl. Mater. Interfaces 8 (27)
(2016) 17080-17089.

[16] D.K. Lee, Drug-eluting stent in malignant biliary obstruction, J. Hepato-Biliary-
Pancreatic Surg. 16 (5) (2009) 628-632.

[17] Z. Zhou, Q. Yao, L. Li, X. Zhang, B. Wei, L. Yuan, L. Wang, Antimicrobial activity of
3D-printed poly(e-caprolactone) (PCL) composite scaffolds presenting vancomycin-
loaded polylactic acid-glycolic acid (PLGA) microspheres, Med. Sci. Mon. Int. Med.
J. Exp. Clin. Res.: Int. Med. J. Exp. Clin. Res. 24 (2018) 6934.

[18] J.A. Inzana, R.P. Trombetta, E.M. Schwarz, S.L. Kate, H.A. Award, 3D printed
bioceramics for dual antibiotic delivery to treat implant associated bone infection,
Eur. Cell. Mater. 30 (2015) 232.

[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]
[42]

[43]

[44]

Biomaterials 281 (2022) 121350

J. O'Neill, Tackling drug-resistant infections globally: final report and
recommendations, in: Review on Antimicrobial Resistance, 2016.

C. Culmone, G. Smit, P. Breedveld, Additive manufacturing of medical instruments:
a state of the art review, Add. Manuf. 27 (2019) 461-473.

H.W. Kang, S.J. Lee, LK. Ko, C. Kengla, J.J. Yoo, A. Atala, A 3D bioprinting system
to produce human-scale tissue constructs with structural integrity, Nat. Biotechnol.
34 (3) (2016) 312-319.

A.A. Giannopoulos, D. Mitsouras, S.J. Yoo, P.P. Liu, Y.S. Chatzizisis, F.J. Rybicki,
Applications of 3D printing in cardiovascular diseases, Nat. Rev. Cardiol. 13 (12)
(2016) 701-718.

J.J. Green, J.H. Elisseeff, Mimicking biological functionality with polymers for
biomedical applications, Nature 540 (7633) (2016) 386-394.

A.L. Hook, C.Y. Chang, J. Yang, S. Atkinson, R. Langer, D.G. Anderson, M.

R. Alexander, Discovery of novel materials with broad resistance to bacterial
attachment using combinatorial polymer microarrays, Adv. Mater. 25 (18) (2013)
2542-2547.

A.L. Hook, C.Y. Chang, J. Yang, J. Luckett, A. Cockayne, S. Atkinson, Y. Mei,

R. Bayston, D.J. Irvine, R. Langer, D.G. Anderson, P. William, M.C. Davies, M.

R. Alexander, Combinatorial discovery of polymers resistant to bacterial
attachment, Nat. Biotechnol. 30 (9) (2012) 868-875.

A.L. Hook, D.G. Anderson, R. Langer, P. Williams, M.C. Davies, M.R. Alexander,
High throughput methods applied in biomaterial development and discovery,
Biomaterials 31 (2) (2010) 187-198.

1. Gibson, D.W. Rosen, B. Stucker, Additive Manufacturing Technologies, Springer,
New York, 2014.

E.A. Salvati, R.P. Robinson, S.M. Zeno, B.L. Koslin, B.D. Brause, P.D. Wilson Jr.,
Infection rates after 3175 total hip and total knee replacements performed with
and without a horizontal unidirectional filtered air-flow system, J. Bone Joint Surg.
64 (4) (1982) 525-535.

R.D. Inman, K.V. Gallegos, B.D. Brause, P.B. Redecha, C.L. Christian, Clincal and
microbial features of prosthetic joint infection, Am. J. Med. 77 (1) (1984) 47-53.
P. Brouqui, M.C. Rousseau, A. Stein, M. Drancourt, D. Raoult, Treatment of
Pseudomonas aeruginosa-infected orthopedic prostheses with ceftazidime-
ciprofloxacin antibiotic combination, Antimicrob. Agents Chemother. 39 (11)
(1995) 2423-2425.

S.H. Kim, J.H. Moon, J.H. Kim, S.M. Jeong, S.H. Lee, Flexible, stretchable and
implantable PDMS encapsulated cable for implantable medical device, Biomed.
Eng. Lett. 1 (3) (2011) 199-203.

A. Mata, A.J. Fleischman, S. Roy, Characterization of polydimethylsiloxane
(PDMS) properties for biomedical micro/nanosystem, Biomed. Microdevices 7 (4)
(2005) 281-293.

R.M. Donlan, Biofilms and device-associated infections, Emerg. Infect. Dis. 7 (2)
(2001) 277.

V. Zumstein, P. Betschart, W.C. Albrich, M.T. Buhmann, Q. Ren, H. Schmid, D. Abt,
Biofilm formation on ureteral stents-Incidence, clinical impact, and prevention,
Swiss Med. Wkly. (2017) 147, 0506.

J.M. Zhang, J. Liu, K. Wang, X. Zhang, T. Zhao, H. Luo, Observations of bacterial
biofilm on ureteral stent and studies on the distribution of pathogenic bacteria and
drug resistance, Urol. Int. 101 (3) (2018) 320-326.

T.G. Vladkova, A.D. Staneva, D.N. Gospodinova, Surface engineered biomaterials
and ureteral stents inhibiting biofilm formation and encrustation, Surf. Coating.
Technol. (2020) 126424.

C. Vaishnavi, J. Samanta, R. Kochhar, Characterization of biofilms in biliary stents
and potential factors involved in occlusion, World J. Gastroenterol. 24 (1) (2018)
112,

X. Wang, X.H. Qin, C. Hu, A. Terzopoulou, X. Chen, T. Huang, K. Maniura-Weber,
S. Pane, B.J. Nelson, 3D printed enzymatically biodegradable soft helical
microswimmers, Adv. Funct. Mater. 28 (45) (2018) 1804107.

Y. Wang, Y. Li, X. Yu, Q. Long, T. Zhang, Synthesis of a photocurable acrylated poly
(ethylene glycol)-co-poly (xylitol sebacate) copolymers hydrogel 3D printing ink
for tissue engineering, RSC Adv. 9 (32) (2019) 18394-18405.

E.F. Morgan, H.H. Bayraktar, T.M. Keaveny, Trabecular bone modulus-density
relationships depend on anatomic site.Journal of Biomechanics, J. Biomech. 36 (7)
(2003) 897-904.

H.H. Bayraktar, T.M. Keaveny, Mechanisms of uniformity of yield strains for
trabecular bone, J. Biomech. 37 (11) (2004) 1671-1678.

Biological Evaluation of Medical Devices - Part 1: Evaluation and Testing within a
Risk Management Process, 2009. ISO 10993-1.

Y. He, R. Foralosso, G.F. Trindade, A. Ilchev, L. Ruiz-Cantu, E.A. Clark, S. Khaled,
R.J.M. Hague, C.J. Tuck, F.R.A.J. Rose, G. Mantovani, D.J. Irvine, C.J. Robert, R.
D. Wildman, A reactive prodrug ink formulation strategy for ink-jet 3D printing of
controlled release dosage forms and implant, Adv. Therapeut. (2020) 1-6,
1900187.

A. Heydorn, A.T. Nielsen, M. Hentzer, C. Sternberg, M. Givskov, B.K. Ersbgll,

S. Molin, Quantification of biofilm structures by the novel computer program
COMSTAT, Microbiology 146 (10) (2000) 2395-2407.


https://doi.org/10.1016/j.biomaterials.2021.121350
https://doi.org/10.1016/j.biomaterials.2021.121350
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref1
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref1
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref1
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref2
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref2
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref3
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref3
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref3
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref4
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref4
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref5
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref5
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref5
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref5
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref5
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref5
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref6
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref7
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref7
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref8
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref8
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref8
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref9
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref9
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref10
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref10
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref10
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref11
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref11
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref11
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref12
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref12
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref12
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref12
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref13
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref13
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref13
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref13
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref14
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref14
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref14
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref15
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref15
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref15
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref15
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref15
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref16
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref16
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref17
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref17
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref17
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref17
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref18
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref18
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref18
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref19
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref19
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref20
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref20
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref21
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref21
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref21
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref22
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref22
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref22
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref23
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref23
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref24
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref24
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref24
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref24
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref25
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref25
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref25
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref25
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref26
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref26
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref26
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref27
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref27
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref28
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref28
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref28
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref28
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref29
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref29
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref30
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref30
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref30
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref30
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref31
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref31
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref31
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref32
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref32
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref32
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref33
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref33
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref34
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref34
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref34
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref35
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref35
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref35
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref36
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref36
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref36
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref37
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref37
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref37
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref38
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref38
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref38
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref39
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref39
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref39
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref40
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref40
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref40
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref41
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref41
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref42
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref42
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref43
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref43
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref43
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref43
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref43
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref44
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref44
http://refhub.elsevier.com/S0142-9612(21)00706-7/sref44

	Ink-jet 3D printing as a strategy for developing bespoke non-eluting biofilm resistant medical devices
	1 Introduction
	2 Results
	2.1 Mechanical properties
	2.2 Bacterial biofilm formation on polymer cuboid arrays
	2.3 Mammalian cell Cytotoxicity and attachment
	2.4 Spectroscopic assessment of curability
	2.5 In vitro and In vivo assessment of the biofilm resistance of the printed structures
	2.6 Exemplars of ink-jet based 3D printed biofilm resistant devices

	3 Conclusions
	4 Experimental section
	4.1 Ink preparation
	4.2 Sample printing
	4.3 Polymer mechanical and chemical properties
	4.4 Mammalian cell cytotoxicity
	4.5 Bacterial strains, growth conditions and intracellular ATP assay
	4.6 Bacterial biofilm formation
	4.7 Mouse foreign body infection model

	Data Avalibility statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


