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Metallic biomaterials are extensively used in orthopedics and dentistry, either as implants or coatings. In
both cases, metal ions come into contact with surrounding tissues causing a particular cell response.
Here, we present a biofabricated in vitro tissue model, consisting of a hydrogel reinforced with a melt
electrowritten mesh, to study the effects of bound and released metal ions on surrounding cells
embedded in a hydrogel matrix. We evaluate the biocompatibility, bioactivity, and antibacterial properties
of these metal coatings. Our approach involves integrating physical vapour deposition coating technology
with 3D bioprinting methods. To produce tissue models, melt electrowritten (MEW) meshes composed of
polycaprolactone (PCL) were printed and integrated into cell-laden methacrylated galatin (GelMa). The
mouse embryonic fibroblast cell line (NIH3T3) was used. GelMa concentration and printing parameters for
MEW were adjusted and mechanical analysis of the models was performed to find the optimal material
composition. Optimized models were placed on the glass slide surfaces coated with typically non-toxic
metals, i.e. titanium (Ti), tantalum (Ta), zirconium (Zr), silver (Ag), tungsten (W), and niobium (Nb). Except
for W, all other coatings were stable in a physiological wet environment, as studied by SEM. The viability of
the cells at different distances from the coated surface was analyzed. Antibacterial tests against pathogens
Staphylococcus aureus and Escherichia coli were used to assess the models’ resistance, important for
infection control. While Ag coatings showed toxicity, Nb, Ta, Ti, and Zr coatings promoted fibroblast
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growth, with the highest cell viability after 14 days of culture revealed for Ta and Nb. The strongest anti-
microbial effect against E. coli and S. aureus was observed for Ag and W, while Ta exhibited antibacterial
activity only against S. aureus. From a broader perspective, our work offers an effective 3D in vitro model
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1. Introduction

Organ and tissue loss presents substantial health challenges,
necessitating innovative solutions to meet the increasing
demand for transplantations." Notably, developments in
medical implants have revolutionized the treatment of various
conditions in dentistry and orthopaedics. Metallic implants,
such as dental implants, joint replacements, and bone plates,
play a crucial role in these fields.> Furthermore, there is a
growing interest in integrating soft electronics within tissues,
which opens new frontiers for medical applications.® Metallic
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for an in-depth characterization of the biocompatibility of metals and metal coatings.

materials for use inside the body must exhibit particular
mechanical properties (e.g:, high mechanical strength to with-
stand the stress of chewing or movement), as well as excellent
wear and corrosion resistance. Additionally, they need to be
biologically compatible to prevent adverse reactions from sur-
rounding tissues.*”’

Different metallic bioimplants have been proposed so far,
due to their durability, strength, longevity, bioactivity and bio-
compatibility, corrosion resistance, and aesthetic suitability.®
For instance, silver’s (Ag) antibacterial properties make it ideal
for wound dressings and catheters,”" while niobium (Nb) is
used in implant castings due to its corrosion resistance and
electrical conductivity."**® Tantalum (Ta) finds application in
devices like stents for its radiopacity and compatibility,*'®"”
and titanium (Ti) is favored in dental and orthopedic implants
due to its strength and osseointegration capabilities.'®"°
Tungsten (W) is utilized in radiation protection due to its
density and radiopaque properties,*>*' and zirconium (Zr) is
used in heart valves and dental implants.>*** Yet, the use and
selection of metals in biomedical engineering require careful
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evaluation, depending on their respective properties and tar-
geted applications. For applications that include contact with
the patient’s body, examining the interactions of cells with
metal surfaces is of great importance. Furthermore, it is
crucial to conduct antimicrobial testing to evaluate the resis-
tance of implants to bacterial infections by common patho-
gens, such as Staphylococcus aureus and Escherichia coli.**?
Current testing approaches primarily rely on using 2D cell
cultures.”**° However, 3D cell culture models can offer signifi-
cant advantages over conventional 2D models for evaluating the
influence of metal coatings on surrounding tissues. Unlike 2D
cultures, where cells are restricted to a flat surface, 3D scaffolds
provide a biomimetic microenvironment, replicating the in vivo
ECM architecture and enabling cells to interact with their sur-
roundings in three dimensions. This promotes natural cell beha-
viors, such as differentiation, polarity, and matrix remodeling,
which are crucial for the accurate evaluation of metal bioactivity
or toxicity.>" Additionally, 3D systems allow for the assessment of
the influence of the material (here metals) on the cells at
different distances from the actual coating, mimicking the
diffusion dynamics in tissues in vivo. For example, a recent study
has shown that a 3D human skin model with co-culture of kerati-
nocytes and fibroblasts allows for a more accurate assessment of
silicone implant’s biocompatibility (revealing an inflammatory
cytokine response) than a 2D model.*?

Therefore, in this study, we propose a new 3D testing plat-
form for in-depth characterization of biocompatibility of
metals and metal coatings by integrating physical vapor depo-
sition (PVD) coating technology with the 3D bioprinting
method. To this end, we coated glass slides with Ag, Nb, Ta,
Ti, W, and Zr metals using PVD to obtain metallic testing sur-
faces. These metals were used due to their broad applicability
in the biomedical and tissue engineering fields. PVD was
applied, as this is a versatile technology that allows for the
deposition of various metals and metal alloys, providing a
wide range of coating options for (implant) surfaces. The PVD
process utilizes a vacuum chamber that is filled with a metal
vapor source and a reactive gas such as nitrogen and oxygen.
The metal vapor is generated by the formation of plasma on
the surface of the metal target, which then condenses onto the
substrate surface, forming a thin, homogeneous coating. The
reactive gas is used to control the composition and properties
of the deposited film.** PVD allows for high bonding strength,
controlled coating thickness, high purity, and chemical stabi-
lity. It can be applied at low temperatures, which is beneficial
for coating heat-sensitive materials.'*>**

A 3D tissue model was installed on PVD-produced coatings.
The model was composed of a melt electrowritten (MEW)
mesh integrated within methacrylated gelatin (GelMa). MEW
is a 3D printing technique that uses molten polymers to create
well-defined tissue scaffolds composed of precisely deposited
thin fibers (typically with a diameter in a few micrometer
range).>>*® The fibrous structures can closely mimic the
natural extracellular matrix architecture with tailored pore
sizes and fiber orientation, critical for supporting specific cell
adhesion, proliferation, and differentiation.**>®* A mesh
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design of MEW scaffolds was chosen as this is the most
studied and standardized architecture®® that does not lead to
specific cell alignment or migration patterns.’® Integration
with a GelMa hydrogel, known for its biocompatibility and bio-
degradability, provides a flexible matrix that mimics the
characteristics of natural tissue and supports the 3D growth of
cells.*"** Overall, while GelMa introduces a highly hydrated
environment with cell adhesive motifs, the MEW support pro-
vides mechanical stability, prevents gel shrinkage due to the
cells pulling on the material, and eases handling.

In this work, we show that the developed comprehensive
testing platform allows for a detailed analysis of how different
metals influence cell behaviour and bacterial growth at specific
distances from the metal coating. We provide an easy-to-
prepare tool for fast 3D screening of metallic materials and,
from a broader perspective, the toxicity and biocompatibility
of other compounds. Due to the application of the biofabrica-
tion approach, the composition, mechanical properties and
structure of the model can be easily adapted to mimic
different tissues, making the proposed platform adaptable and
versatile.

2. Materials and methods
2.1 Coating of glass slides with metal ions

High purity Ag, Nb, Ta, Ti, W and Zr elements were coated on
the surface of glass microscope slides (12 mm x 12 mm) using
the PVD technique, as follows. Slides were first cleaned with
95% isopropyl alcohol (Sigma Aldrich) to ensure coating-
surface adhesion and prevent impurity. For all the coatings,
the process was carried out using magnetrons with a 3-inch
diameter, 0.25-inch thickness, and 99.95% purity in the PVD
system. The distance between the target and the substrate was
set to 50 mm. After the slides were placed in the substrate
holder, the cover of the PVD system was closed and the
chamber was vacuumed. While waiting for the chamber to
reach the vacuum level of 5 x 107° Torr, it was ensured that the
chamber was free of impurities that may be present in the
environment and may change the structure of the coating.
Argon gas flow rate was adjusted to 100 sccm (ecm® min™") in
order to create plasma in the device and splash the target
atoms on the substrate material. The coating process was
carried out for 20 minutes at 200 °C with a 100-watt Radio
Frequency power supply.

2.2. Wettability testing of coated slides

The optical tensiometer (Dataphysics, Esr-N) was used to
measure the wettability of various metal coatings. A 5 pl
droplet of distilled water at a temperature of 25 °C was
dripped, and after 10 seconds the image was captured and the
angle was measured.

2.3. MEW scaffold printing

Fibrous scaffolds were fabricated using the MEW tool (Bio
Scaffolder 3.3, GeSiM, Germany) with an operating tempera-
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ture of 86 °C, 5.8 kV voltage, 13.6 Pa pressure, 3.6 mm nozzle
to substrate distance, 1200 mm min~' printing speed, and
0.3 mm metal nozzle diameter. Medical-grade polycaprolac-
tone (PCL, PURASORB PC 12) was used. Printing was per-
formed under the hood with 30% humidity at room tempera-
ture. Scaffolds with 350 um grid size and 30 layers were pro-
duced (see Fig. S1T). The FullControl GCode application was
employed to generate the GCodes for printing.**** After print-
ing, the scaffolds were subjected to air plasma treatment using
a Yocto plasma oven (Diener Electronics) to enhance the
hydrophilic properties of the PCL scaffolds.*> Plasma treat-
ment was conducted for 5 minutes in a low-pressure environ-
ment using the device’s built-in vacuum pump.

2.4. Mechanical and rheological characterization

To evaluate the stress-strain behavior of PCL scaffolds, tensile
tests were performed using a hybrid rheometer (TA20
Instruments Discovery). Scaffolds were cut into 10 x 8 mm
pieces, placed between the device clamps with a loading gap
of 10 mm, and then tensile tests were performed at a constant
pulling rate of 6 mm min~" until the machine’s limit was
reached. The initial starting force was set to 0 N for every
sample before stretching was initiated. The Young’s modulus
was determined based on the slope of the linear region of the
stress-strain curve.

Rheological properties of 5%, 7.5% and 10% crosslinked
GelMa were measured using a TA Instruments HR 20 rhe-
ometer. The storage modulus (G') and loss modulus (G") were
recorded and reported across a range of angular frequencies
(@ = 0.1 to 100 rad s™7) to evaluate the viscoelastic behavior of
the material. A time sweep was conducted with a duration
of 300 seconds at an axial strain of 0.1% and a frequency of
1.0 Hz.

Compression tests were conducted on 7.5% crosslinked
GelMa samples using a TA Instruments HR 20 compression
testing system. UV-crosslinked samples with 8 mm diameter
and 0.15 mm thickness were placed in the rheometer. Stress-
strain curves were recorded for the initial axial force in the fol-
lowing range: 0.1 N minimum and 0.2 N maximum. The
hydrogels underwent a single compression cycle with a
maximum strain of 30%, using a compression speed of
0.05 mm s~ ', Stress-strain curves were recorded during the
process.

2.5. GelMa hydrogel integration with MEW meshes

The GelMa hydrogel (Polbionica Corporation, Poland), with a
degree of substitution of 80% and a molecular weight greater
than 15 kDa, was prepared in a phosphate buffer solution
(PBS) with a pH range of 7.1-7.3.

2.5.1. Integration with MEW meshes for degradation
studies. The composite scaffolds were prepared as follows:
7.5% non-sterile GelMa and 0.25% lithium phenyl-2,4,6-tri-
methylbenzoylphosphinate (LAP) were dissolved in PBS. Next,
25 pL of GelMa was placed on each metal coating, and the
MEW scaffold was delicately placed in the middle using twee-
zers. Next, the hydrogel was crosslinked with UV light at a
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wavelength of 365 nm and an intensity of 1.2 mW c¢cm™> for
1 minute. The samples were then incubated at 37 °C in 1 mL
Dulbecco’s modified Eagle’s medium (DMEM), changed every
second day. The GelMa hydrogels with the MEW mesh were
dried with a tissue to remove unbound liquid and then
weighed along with the coated glass slides The samples were
weighed on days 0, 1, 3, 7, and 14. The experiment was done
in 6 replicates. The change compared to the initial weight was
calculated as a percentage.

2.5.2. Preparation of the 3D model with fibroblast cells.
NIH3T3 cells, passage number 29, were grown to confluency in
75 mL flasks containing 10 mL of medium (DMEM + 10% fetal
bovine serum (FBS) + 1% penicillin/streptomycin). After remov-
ing the medium, dead cells were washed with PBS, and 3 mL
of 1x trypsin (Sigma Aldrich) was added to the flasks and incu-
bated for 5 minutes at 37 °C. Then, 6 mL of fresh DMEM was
added, and the cell mixture was removed to the vial, centri-
fuged at 700 Relative Centrifugal Force (RCF) for 10 minutes
and resuspended in the fresh medium. After cell counting, the
cells were resuspended in GelMa solution at a density of
2 million per mL for further use.

The glass slides were cut into 10 x 10 mm, and the MEW
meshes were cut into 8 x 8 mm to fit into a 12-well plate.
GelMa in powder form and the coated slides were sterilized
under UV light for 20 min. A hydrogel was prepared for each
coating using 7.5% GelMa, 0.25% LAP, and 2 million cells per
mL. 25 pL of cell-loaded GelMa was added on top of each
coating type with a pipette, and, finally, a MEW scaffold was
placed at a GelMa surface with tweezers. After the sinking of
the MEW mesh, the hydrogel was crosslinked with UV light at
a wavelength of 365 nm and a power of 1.2 mW cm > for
1 minute. The samples were then incubated under a 5% CO,
atmosphere with 90% humidity. Samples were prepared in
triplicate. The experimental protocol for this phase is depicted
in Fig. S2.

2.5.3. Cell culture in the composite material. Cell culture
was performed for 14 days. A total of 1.5 mL of DMEM was
added to each well and was replaced with fresh DMEM every
other day.

2.5.4. Cell viability. To study cell viability, the Live/Dead
assay was used. In short, cells were stained with fluorescein
diacetate (FDA) (5 pg ml™") and propidium iodide (PI) solu-
tion (5 pg ml™") for 15 min at 37 °C in the dark. Imaging
was performed with a confocal microscope (Olympus IX 81,
Japan) using specific excitation/emission wavelengths for
FDA (488/530 nm) and PI (561/620 nm) at 10x magnifi-
cation. Three images
Image] software.

2.5.5. Cell metabolic activity. The cell metabolic activity of
the samples was evaluated using an AlamarBlue assay, accord-
ing to the protocol provided by the manufacturer, with fluo-
rescence measurements (Synergy H4 Hybrid Reader, BioTec,
USA) after 4 hours of incubation.*® 200 ul of the medium con-
taining the reagent was taken from each sample, transferred to
a 96-well plate, and fluorescence was measured at excitation
and emission wavelengths of 530 and 590 nm, respectively.

per sample were analyzed using
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The reduction % was calculated according to the following
equation:

Alamar blue reduction% =
FI590 of test agent — FI590 of untreated control
FI 590 of 100% reduced alamarBlue — FI 590 untreated control
x 100

where F1 590 is the fluorescence emission intensity of the fol-
lowing: test agent — the sample, untreated control - medium
with AlamarBlue, reduced Alamar blue - from the autoclaved
cell medium containing AlamarBlue.

2.5.6. Cell morphology. To visualize nuclei and actin, cells
were fixed in 4% paraformaldehyde (Sigma-Aldrich) for
30 minutes and washed three times (3x) with PBS before treat-
ing with 0.1% Triton X for 20 minutes. After washing again
with PBS (3x), the cells were incubated in 1% Gelatin
(20 minutes) to block the activity of Triton-X, followed by
another round of washing with PBS (3x). Then, the cells were
incubated for 90 minutes in Phalloidin iFLuor 488 (1:1000 in
PBS, (Abcam, UK)), washed with PBS (3x), and finally stained
with 4',6-diamidino-2-phenylindole (DAPI) for 30 minutes. A
laser scanning microscope was equipped with two argon-ion
lasers, providing wavelengths of 358 and 364 nm for DAPI, and
488 nm for iFluor (Olympus IX 81, Japan) was used. Images
were obtained at 10x and 30x magnification.*”*®

2.6. Scanning electron microscopy (SEM) imaging of the cells
and coatings

All images were obtained using an FEI Quanta 400 FEG scan-
ning electron microscope.

Coatings were visualized before and after cell culture, with
the top and side view at 10 kV and 20 kV accelerating voltage
under high vacuum conditions. The size of a coating in the
cross-section view was measured and compared before and
after the cell culture experiment.

The samples containing cells (from day 1, day 7 and day 14
of culture) were fixed in a 1 M sodium cacodylate solution
(Sigma-Aldrich) containing 2.5% paraformaldehyde. This solu-
tion was also used to store samples prior to SEM imaging. For
cryo-SEM, the samples were carefully washed with deminera-
lized water, immersed in liquid nitrogen and imaged at 3 kv
accelerating voltage, according to a previously developed proto-
col.*® In addition, samples from day 14 were investigated
under fully wet conditions at 3 °C and 750 Pa water vapor
pressure using the ESEM mode and in situ dried at 3 °C and
100 Pa water vapor pressure. The dried samples were sputter-
coated with Au (30 mA, 60 s) at room temperature and imaged
under high vacuum conditions at 3 kV accelerating voltage.

2.7. Antibacterial testing

The antibacterial effect of metal coatings was investigated in a
3D model with two bacterial strains, Gram-negative Escherichia
coli ATCC 25922 and Gram-positive Staphylococcus aureus ATCC
25923. Briefly, bacteria were cultivated in tryptic soy broth (TSB,
Biomaxima, Poland) with the following composition: pancreatic
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digest of casein 17 g L™, soy peptone 3 g L™, sodium chloride
5 g L', dipotassium hydrogen phosphate 2.5 g L™, and glucose
monohydrate 2.5 ¢ L™, pH 7.3 and harvested by centrifugation
(5000 rpm, 10 min, 25 °C) in the mid-logarithmic phase. 0.5%
agarose disks with 20% (v/v) of bacterial inoculum and 30% (v/v)
of TSB medium diluted 1 : 10 were placed on the surface of metal
coatings. After 18 h of incubation at 37 °C Live/Dead staining of
bacteria with FDA (5 pg ml™) and PI (25 pug ml™*) was performed.
The control samples were prepared on a glass slide without the
metal layer. All the samples, prepared in triplicate, were investi-
gated under a confocal laser scanning microscope (CLSM)
Olympus FluoView FV1000. The images were analyzed using
Image] software.

2.8. Statistical analysis

Statistical analysis using the two-way ANOVA test with the
Tukey post-hoc test in GraphPad Prism 8.0 was performed to
determine statistical significance. The data were reported as
mean value + standard deviation and were considered signifi-
cantly different at *p < 0.05, **p < 0.01, ***p < 0.001, and ****
p <0.0001 (N = 3).

3. Results and discussion

3.1. Characterization of the coating

In this research, the PVD coating of glass slides was employed
to mimic metallic implants and the cellular response to them
was analysed. Materials recognized for their biocompatibility
were used, i.e., Ag, Nb, Ta, Ti, W, and Zr. Fig. 1 shows the fol-
lowing steps of the study.

The use of the PVD approach allows to obtain high purity
metallic surfaces. Fig. 2 shows coating on microscope slides
prepared using Ag, Nb, Ta, Ti, W, and Zr. The visible color
differences can be assigned to the different physicochemical
properties of the materials. The metallic grey appearance
observed in metals like Nb, Ta, Ti, W, and Zr is due to their
ability to reflect light across a wide, yet not entire, range of the
visible spectrum. In contrast, silver (Ag) reflects almost the
entire spectrum of visible light with exceptionally high
efficiency, giving it a bright and distinctly white appearance.*®
The images also suggest high coating efficacy, which we con-
firmed by SEM as described in the following.

Fig. 3a shows SEM images of the surfaces of the coatings
with different characteristics specific to each metal. The smal-
lest grains were visible for Nb, Ta, and W, and the largest grain
structure for Ag. Additionally, the coating thickness for all
metals was between 100 and 200 nm, whereas for Ag a coating
thickness of 730 nm was obtained. The sputtering rate of Ag
was approximately 4.75 times higher than other metals due to
its lower atomic binding energy, which makes it easier to eject
atoms during the sputtering process. This resulted in the
accumulation of more metal ions, causing the grains to
become larger as the coating thickness increased.’ In the PVD
method, coatings generally grow in a columnar pattern and,
subsequently surface roughness at the microscopic scale

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Steps of the study. (a) PVD metallic coatings of the slides; (b) PCL mesh printing using MEW; (c) placement of the GelMa/MEW mesh compo-
site scaffold containing fibroblasts on coated slides; (d) in vitro testing; and (e) imaging and analysis of samples.

Tungsten Tantalum Niobium

Fig. 2 PVD coatings with different metals.

occurs. The low deposition rates and high substrate tempera-
tures result in the formation of thin and smooth films. High
deposition rates and low substrate temperatures lead to the
observation of columnar structures. Intermediate deposition
rates and temperatures can result in a granular structure. This
provides a way to obtain controlled, application-specific
coating structures.

Water contact angle measurements were performed to esti-
mate the wettability of the surfaces. A contact angle greater

This journal is © The Royal Society of Chemistry 2025

Sy

Zirconium

Silver Titanium

than 90° indicates that the surface is hydrophobic (water-repel-
lent) while a contact angle below 90° indicates that the surface
is hydrophilic (water-attracting).>* The ranking of the coatings
from most hydrophobic to most hydrophilic states is Ag, Zr,
Ta, Nb, Ti, and W (Fig. 4). Ag exhibited the most hydrophobic
character, whereas W showed highly hydrophilic properties.
The results are directly related to the trend in the changes of
the surface morphology (Fig. 3). It can be observed that the
rougher surfaces tend to be more hydrophobic, while
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Fig. 3 SEM images of PVD metallic coatings on glass before cell culture studies (different metals are indicated in the left bottom corners). (a) Top

view; (b) cross-sectional view with a measured coating thickness (scale bar 500 nm).
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Fig. 4 Contact angle measurement of PVD-coated samples.

smoother surfaces are more hydrophilic. In general, metals
tend to be hydrophilic due to their high surface energy and
tendency to form oxide layers when exposed to air.>> However,
surface roughness can influence the intrinsic wettability of a
material. Rough surfaces can either enhance hydrophobicity
by trapping air pockets, which prevents water from fully
wetting the surface, or increase hydrophilicity through capil-
lary effects that promote water spreading.>>** For the final pro-
perties, both, chemical composition and surface structure play
a decisive role.

The hydrophobicity of a coating was tested as it could influ-
ence the interaction with the biofabricated model and also
affect cell-material interactions. It is expected that hydrophilic
surfaces will interact better with the hydrogel-based model. On
the other hand, while a certain degree of hydrophobicity can
be beneficial for promoting cell adhesion and proliferation,
surfaces that are too hydrophobic can hinder these
processes.>*>>

As the biofabricated 3D scaffolds (i.e., GelMa component)
were prepared in PBS, the stability of the coatings was tested in
PBS prior to cell studies. It was found that the PBS droplet
completely dissolved the W coating surface after 24 hours
(Fig. S37). All other metal coatings were stable for 14 days. W is
known for its excellent mechanical and thermal properties,

This journal is © The Royal Society of Chemistry 2025
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high melting point, and corrosion resistance in many environ-
ments. However, at the same time, W is susceptible to cor-
rosion in certain environments, including PBS solutions. At
higher pH values, this oxide layer would be expected to dis-
solve, leading to accelerated corrosion. Yet, the corrosion be-
havior of W in PBS was most probably mainly influenced by
the PBS concentration and the presence of other ions like
chlorides.>® The complex phosphate species from PBS can be
formed and attack the oxide layer, leading to corrosion.””

3.2. Characterization of the components of the biofabricated
scaffold

The biofabricated model was composed of the GelMa hydrogel
with the integrated MEW mesh. The components were charac-
terized with regard to mechanical properties.

3.2.1. Rheological testing of the GelMa component. To
determine the GelMa concentration appropriate for the 3D
model, rheology tests were conducted for hydrogels composed
of 5%, 7.5%, and 10% GelMa after UV crosslinking (Fig. 5a).
To determine the relative elastic (G’ storage modulus) and
viscous (G” loss modulus) components, we conducted fre-
quency sweep measurements ranging from w = 0.1 to 1000 rad
s~' at y = 1%. G’ was higher than G” for all 3 samples, indicat-
ing dominant elastic behavior. The storage modulus (G')
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Fig. 5 (a) Frequency sweep and stress—strain graph obtained in rheology testing of GelMa after 1 min UV curing. (b) Compression test of 7.5% cross-

linked GelMa (samples in triplicate: run 1, 2, and 3). (c) The tensile testing

values were as follows: 5.58 kPa for 10% GelMa, 3.98 kPa for
7.5% GelMa, and 1.06 kPa for 5% GelMa. GelMa at a concen-
tration of 10% exhibited a relatively high storage modulus (G')
posing the risk of hampered cell proliferation and migration.”®
Conversely, GelMa at a 5% concentration was found to poss-
ibly lack the necessary self-supporting properties. Therefore,
we selected the 7.5% concentration as it maintained a balance
between stiffness and flexibility, providing an ideal environ-
ment for cell proliferation.

Compression testing was performed for the crosslinked
GelMa hydrogel at 7.5% concentration, and the obtained stress
and strain curve is presented in Fig. 5b. The compression
modulus value was determined to be ca. 190-230 kPa.

3.2.2. Tensile testing of MEW scaffolds. The elasticity
modulus of the MEW meshes in the tensile mode was deter-
mined to be 19 kPa (Fig. 5c). The scaffold mesh exhibited
plastic deformation after an elastic strain range of 15-20%.
Breakage of the scaffolds occurred above the applied strain of
430% (Fig. 5c). These results align with the high ductility
demonstrated in the tensile test results reported before.*®
Though, the tensile modulus of scaffolds produced by melt
electrowriting (MEW) varies depending on the material type,

1082 | Biomater. Sci, 2025, 13, 1075-1090

of MEW scaffolds (samples in triplicate: run 1, 2, and 3,).

number of layers, layer thickness, geometry, manufacturing
parameters, and microstructure. Therefore, the parameters in
the literature may differ.>*®" Yet, in general, the MEW meshes
are characterized by a relatively low stiffness and pronounced
ductility. This may prove beneficial for applications necessitat-
ing substantial flexibility and a high capacity for deformation
prior to failure.

3.3. Biofabricated scaffolds

The primary goal of the study was to develop an advanced 3D
platform for testing metallic bioimplants and coatings. To this
aim, we intended to create a 3D tissue model, utilizing both
the MEW mesh and the GelMa hydrogel, to simulate the fea-
tures of natural tissues. This model was further used for a
detailed study of coatings and their interactions with biologi-
cal systems.

The GelMa hydrogel was selected for its remarkable
capacity to emulate the natural tissue milieu, fostering cell
proliferation. Its hydrophilic nature and adjustable mechanical
properties render it ideal for fabricating scaffolds that not only
support cellular growth but also facilitate tissue regener-
ation.*” In contrast, the MEW mesh, produced through a

This journal is © The Royal Society of Chemistry 2025
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precise electrowriting process, was implemented to provide a
durable and supportive framework. The framework, composed
of micro-sized fibers, can support the formation of complex
networks, further optimizing the environment for cell attach-
ment and proliferation.>” The scaffolds were fabricated from
PCL which is a gold standard material in the MEW approach,
well known for its biocompatibility, low toxicity, high flexibility
and slow degradation rate.®

It was observed under a microscope that 20 pm was a
sufficient volume to fully cover the MEW scaffold, whereas
30 pm was excessive, as shown in Fig. S4.1 Taking into account
the possibility of some liquid evaporation and hydrogel shrink-
age during UV curing, the amount of hydrogel to be integrated
with the mesh was set to 25 pm. The hydrogel was effectively
mixed with the cells, leading to homogeneous cell distribution
(see Fig. 6), and successfully integrated with the MEW mesh
(see Fig. S47). The final scaffolds were on average 450 pm high
and were virtually divided into 3 zones (see Fig. 9) for further
characterization of their biological performance. Each zone
was 150 pm high; zone 1 was the closest to the glass surface,
while zone 3 was the outermost one.

3.3.1 Characterization of cell viability, morphology and be-
havior in the biofabricated 3D model. The cell-laden hydrogel
integrated with MEW meshes was used to investigate cell viabi-
lity and proliferation when cultured in contact with metal-
coated substrates. NIH3T3 fibroblast cells were employed in
cell culture studies due to their well-characterized behavior
and widespread use across scientific research.®® The cell con-
centration was adjusted to 2 million cells per 1 mL in a GelMa
solution.

The Live/Dead assay was used to assess the distribution and
viability of cells within 3D cultures over intervals of 1, 7, and
14 days. Live/Dead cell imaging analysis (no distinction to
zones) revealed that at day 1 (Fig. 6a and 7a) samples coated
with Ag, Nb, Ta, and Ti exhibited superior cell viability, at the
levels of 89%, 97%, 86%, 97% and 91%, generally suggesting no
toxic effect. The W coating’s dissolution in the cell medium sig-
nificantly reduced cell viability to 66%. The increase in the
number of dead cells was further observed at day 7 (63% viability)
due to the continued toxic influence of W ions. By day 7 (Fig. 6b
and 7a), the adverse effects of Ag also became apparent, and the
cell viability was at the level of 42%. Day 14 imaging (Fig. 6¢ and
7a) shows that Ag’s toxicity persisted as proved by the viability of
25.5%; Nb, Ta, Ti, and Zr maintained high viability, at the level of
85%, 89%, 86%, and 80%, respectively. For W samples, after the
effects of the metal ions diminished, cell survival resumed, reach-
ing a level of 96% at day 14, indicating a recovery from earlier
adverse impacts. This pattern underscores the nuanced inter-
actions between cell viability and metallic environments within
3D cultures, highlighting the variable effects of different metal
ions on cell viability over time. Compared to 2D models, the 3D
cell culture model allows for unique observations, such as cell
migration within a structured matrix, cellular network formation,
and tissue-like response.®>°°

Furthermore, the Alamar Blue reduction assay was used to
measure cell metabolic activity. An increase in reduction indi-

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Live/dead assay images of cells in the in vitro models placed at
the coatings (green: live, red: dead): (a) day 1; (b) day 7; (c) day 14; and
(d) control — cells on the glass slides (scale bar 200 pm).
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data were reported as mean value + standard deviation (*p < 0.05, ** p
<0.01, ***p < 0.001, and **** p < 0.0001). Only differences with control
samples are marked.

cates higher metabolic activity. The metabolic activity of cells
in the 3D environment on metallic coatings was measured on
days 1, 5, 7 and 14 and compared with the controls (Fig. 7b).
After 24 hours of culture, no significant differences were
noticed for any metallic coating and controls. After 5 days of
culture, the cellular activity for Ag was significantly low com-
pared to the control and all other coatings. W similarly showed
a low reduction rate with a mean value of 19%. On day 14, the
highest reduction rate was determined in the control sample,
with significantly lower cellular activity of Ti and Zr, which
could be attributed to the relatively high population of the
cells and difficulty in nutrient and oxygen transport. However,
Ta and Nb showed no difference when compared to the
control samples on day 14.

To further evaluate cell performance, cells in a biofabri-
cated 3D model were stained to observe nuclei (DAPI) and
actin filaments (Phalloidin) on day 1, day 7, and day 14
(Fig. 8a-c). Control samples are presented in Fig. 8d. After
24 hours of culture, it was observed that the cells were evenly
distributed in the hydrogel between the MEW PCL fiber
without forming any clumps. Furthermore, the samples coated
with Ti and Zr displayed elongated cytoskeletal extensions. In
contrast, the cell morphology of Ag, Nb, Ta, and W samples
resembled that of control samples with a rounded shape. At
one week of culture, the toxic effect of Ag became evident, as
only a few rounded cells were observed indicating that the Ag
ions had disrupted the normal cellular processes, ultimately
leading to cell death. The negative impact of the metal ion
release on cells in terms of viability and proliferation, as
detected by Live/Dead and Alamar Blue assay, was confirmed
by fewer cells visible in the scaffolds for W-coated samples.
Nb, Ta, Ti, and Zr samples had a high number of nuclei when
compared to Ag and W. Interestingly, we observed at the end
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Fig. 8 Confocal images (blue: nuclei, green: actin): (a) day 1; (b) day 7;
(c) day 14; and (d) control samples on the glass slides (scale bar
200 pm).
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of the 14-day culture that fractures and deterioration occurred
in the Zr metallic coatings, while Ag separated from the glass
surface as a foil.

The growth mechanism of NIH-3T3 fibroblast cells in 3D
cell culture can be different from their growth in traditional
2D cell culture.®” In the 3D culture, NIH-3T3 cells can form
spheroids or clusters, unlike their uniform adherence and
spreading onto the flat surface of the culture dish. When cell-
laden hydrogel is reinforced by the PCL scaffold mesh, the
cells can attach and proliferate on the mesh surface. The
hydrogel provides a 3D environment that allows for cellular
organization and differentiation, while the PCL scaffold pro-
vides a structural framework that supports cellular growth. We
observed that for all the samples, besides Ag, at later time
points, the fibroblasts aligned and migrated along the fibers of
the PCL scaffold mesh, the effect was observed in other
studies before.®®

To improve the clarity of investigating how coatings affected
cell behavior and proliferation and to define zonal-specific
activities in 3D scaffolds, biofabricated models were divided
arbitrarily into zones, as illustrated in Fig. S5.1 Three zones of
ca. 150 pm were selected. Zone 1, which was close to the metal-
lic substrate, zone 2 in the middle, and zone 3 on the top of
the scaffold.

Based on the observations in Fig. 9, it appeared that in the
control sample (hydrogel/mesh composite on uncoated glass
slide), cells primarily grew on the hydrogel located between the
PCL fibers. The cell density was lower in zone 1, near the glass
surface, than in zone 2 and the lowest in zone 3 (Fig. 9d). We
hypothesise that the cells sedimented slightly during the time of
culture, leaving the upper part less populated. We also considered
that zone 1 could be slightly negatively affected by the worst nutri-
ent and oxygen supply or by the cell preference to attach to a
GelMa/PCL material rather than to the glass slide.

In zone 1, a dense cell population was seen on the surface
of Nb, Ta, Ti, and W coatings, indicating good cell adhesion
and, therefore, high biocompatibility, while Zr had relatively
fewer cells in this area. In contrast, almost no cells were
observed on the surface of the Ag sample (Fig. 9a). As demon-
strated in Fig. 9b, the cellular density in the Nb and Ta
samples in zone 2 was comparable to that of zone 1. Notably,
Zr exhibited increased cell proliferation in zone 2 compared to
zone 1. Ag samples did not contain any cells, and the number
of cells in Ti and W was relatively lower than that observed in
zone 1. In zone 3 a lower number of cells were seen in all the
samples with metal coatings (Fig. 9). This is due to the gravita-
tional effect causing cells to move towards lower regions. This
differential cell behavior across zones highlights the varying
biocompatibility of the tested metallic coatings, with Nb, Ta,
and Ti, demonstrating more favorable conditions for cell
growth compared to Zr and Ag. W-containing samples revealed
good cell performance, however, the coating was not stable,
and so the conclusion about metal biocompatibility should
not be directly drawn. In the future, studies with live-cell track-
ing could be performed to further observe cell migration and
interaction directly with the coatings.

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Day 14 confocal images in different zones (blue: nuclei, green:
actin): (a) zone 1; (b) zone 2; and (c) zone 3 of the coated samples (scale
bar 200 ym, inner images 100 ym).
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In order to analyze cell morphology and density in a liquid-
free environment, cryo-SEM imaging was conducted on cells
within a 3D model on metal-coated substrates (see Fig. S67).
The results revealed that PCL scaffold meshes maintained the
structure of the hydrogel intact for up to 14 days during cell
culture. However, cell morphology could not be clearly seen
due to embedment inside the frozen hydrogels. Therefore,
ESEM imaging was performed on dried hydrogels to investi-
gate cell morphology and growth within the hydrogel. Based
on this imaging (see Fig. 10), high cell density was observed in
all other coatings with good cell-cell connections, except for
Ag.

3.3.2. Degradation of GelMa scaffolds. SEM imaging
allowed for the measurement of the thickness of the coatings
before (day 0) and after (day 14) cell culture study (see Table 1).
As previously mentioned, the W coating had completely
degraded from day 1. The degradation % in the Ta coating was
smaller than all other metals, indicating the most stable
coating. The thickness of the Ag, Nb, and Ti coatings
decreased by approximately 100 pm in 14 days, and that of the
Zr coating by approximately 50 pm.

3.4. Anti-bacterial testing

The antibacterial effect of Ag, Nb, Ta, Ti, W and Zr coatings
and control samples were investigated in a 3D model with two
bacterial strains, Gram-negative Escherichia coli ATCC 25922
and Gram-positive Staphylococcus aureus ATCC 25923 (see
Fig. 11). After 18 hours of incubation, a Live/Dead assay was

View Article Online
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Table 1 Degradation of the coatings based on the height measure-
ments of the cross-sectional profile of the coatings

Metal coatings ~ Day O (um)  Day 14 (um)  Degradation rate (%)
Ag 730 600 17.8

Nb 208 101 51.4

Ta 153 144 5.8

Ti 153 64 58.1

w 108 0 100

Zr 166 125 24.6

performed. The presence of red cells indicates dead bacteria
and good antibacterial properties of the coating, while cells in
green are alive, suggesting poor antimicrobial properties. Ag
coating showed a significant reduction in bacterial colonies
(only dead cells in red were visible), indicating a strong anti-
bacterial effect against both E. coli and S. aureus. W also
exhibited antibacterial properties, though to a lesser extent
than Ag, likely due to its dissolution in PBS in 24 hours which
diminished its antibacterial effect. Ta demonstrated antibac-
terial activity primarily against S. aureus, possibly due to struc-
tural differences between the bacterial species. Ti and Zr coat-
ings showed moderate antibacterial effects, with some
reduction in bacterial colonies but not as pronounced as Ag or
W. Nb coatings had the least antibacterial effect, with minimal
reduction in bacterial colonies compared to the control.

To summarize, when evaluating cell viability alongside anti-
bacterial properties, Nb and Ti displayed neither toxic nor

Fig. 10 Day 14 SEM images of the 3D biofabricated models (scale bar 400 um).
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Fig. 11 Anti-bacterial testing of the Ag, Nb, Ta, Ti, W and Zr coatings and control samples after 18 h of incubation with E. coli and S. aureus

embedded in the 3D agarose model (scale bar 200 pym).

strong antibacterial effects. Ti is known for inherent antibac-
terial properties, but in our study probably the concen-
tration of the released ions was not enough to exert an anti-
bacterial effect on cells additionally protected by agarose. Ta
demonstrated no toxic effect on cell viability and exhibited
antibacterial properties specifically against S. aureus. Ta
exhibited antibacterial activity only against S. aureus, which
can be ascribed to structural differences between these two
bacteria. E. coli as a Gram-negative species is additionally
protected by the outer membrane which can greatly influ-
ence the metal’s uptake. As Staphylococci are responsible for
implant infections in orthopedic implants, Ta coatings can
be used with high cellular compatibility in areas where such
infections are likely to occur.®® In contrast, Zr showed more
toxicity in terms of cell viability compared to Ti, Nb, and
Ta, but it did exhibit antibacterial activity against E. coli. Zr
can influence essential metabolic pathways and disrupt the
cell membranes of the bacteria, which can lead to bacteri-
cidal effects.”® Taking together these
results, Ta coatings were identified as the most biocompati-
ble and beneficial.

or bacteriostatic

This journal is © The Royal Society of Chemistry 2025

4. Conclusions

This study explored a biofabricated 3D model as a testing plat-
form for analyzing the response of the cells exposed to the
model biomaterial, i.e. the metal coating, in 3D. The model
was composed of a MEW scaffold integrated into 7.5% GelMa
hydrogel, and divided into three zones for analysis of cell per-
formance at a different distance from the biomaterial. Such a
prepared system was placed on high-purity metallic coatings
(Ag, Nb, Ta, Ti, W, and Zr) obtained on glass slides with PVD
technique.

The experimental methodology encompassed analysis of
the physical properties of these coatings and assessing their
impact on NIH3T3 fibroblast cell viability, and proliferation,
during 14-day culture. Furthermore, the study evaluated the
infection resistance of the scaffolds through antibacterial tests
against S. aureus and E. coli. The study found that most coat-
ings maintained their integrity, except for W, which dissolved
in PBS within 1 day. Results indicated varying degrees of cellu-
lar activity and viability when in contact with the different
metal coatings, with Ag exhibiting toxicity and Nb, Ta, Ti, and
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Zr supporting cellular activity. The variations in cell behavior
at different distances from the metal coatings were observed,
proving the potential of the model for capturing more detailed
biocompatibility profiles, closer to the anticipated in vivo per-
formance. In the future, to obtain a more refined characteriz-
ation of cellular responses to metal ions within the system, the
incorporation of additional cellular marker analyses and pro-
teomic profiling is envisioned. The antibacterial properties
varied across metals, with Ag and W demonstrating strong
antibacterial effects, particularly against E. coli and S. aureus.
This nuanced understanding of metal biocompatibility within
3D tissue models underscores the potential of Ta, Nb, Ti, and
Zr as biocompatible materials, with the most advantageous
features of Ta, and suggests careful management of silver’s
antibacterial properties to mitigate cytotoxic effects.

By offering an idea of a novel 3D in vitro testing platform,
allowing zone-specific analysis of cellular response, this study
provides a valuable framework for future research on safe and
effective materials for biomedical applications, for example, to
enhance the efficacy and safety of metallic implants in medical
settings.
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