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Whether Carbon Nanotubes Are Capable, Promising, and Safe
for Their Application in Nervous System Regeneration. Some
Critical Remarks and Research Strategies

Andrzej Zieliński *and Beata Majkowska-Marzec

Department of Biomaterials Technology, Faculty of Mechanical Engineering and Ship Technology,
Institute of Manufacturing and Materials Technology, Gdańsk University of Technology, Narutowicza 11/12,
80-233 Gdańsk, Poland
* Correspondence: andrzej.zielinski@pg.edu.pl

Abstract: Carbon nanotubes are applied in or considered for different fields of medicine. Among
them is the regeneration or rebuilding of nervous system components, which still lack substantial
progress; this field is supported by carbon nanotubes to a great extent as the principal material. The
limited research on this issue has involved PU/silk/MWCNTs, PCL/silk/MWCNTs, PCL/PGS/CNTs,
chitin/CNTs, PGF/CNTs, CNTs/PGFs/PLDLA, MWCNTs/chitosan, MWCNTs/PPy, PLA/MWCNTs,
PU/PAA/MWCNts, GelMA/SACNTs, and CNTs alone, which have been subjected to different surface
modifications and applied in the form of solid materials or scaffolds that are degradable or nondegrad-
able. So far, these attempts have shown that the use of surface-modified MWCNTs is a promising way
to improve the functions of nervous systems as a whole, even though some drawbacks, such as the
potential cytotoxicity or the weak adhesion of CNTs to other components, may appear and be eliminated
by their proper functionalization. The present review presents an idea of a nonbiodegradable scaffold
structure composed of a chosen conductive polymer that is able to create a scaffold structure, a selected
nanocarbon form (with MWCNTs as the first candidate), and a corrosion-resistant metal as a conductor.
Other substances are also considered for their ability to increase the mechanical strength and adhesion of
CNTs and their biological and electrical properties. The novelty of this approach is in the simultaneous
use of nanocarbon and conductive metallic fibers in a polymer scaffold structure.

Keywords: nervous system failure and regeneration; carbon nanotubes and fibers; biodegradable
and conductive polymers; nanometals; bioactive reinforcing ceramics

1. Failures of the Nervous System

The damages to the nervous system belong to the toughest failures of the human
body, which frequently become irreversible. Some of them undergo difficult and risky
surgeries, and others can only be the object of long-term rehabilitation, but many such
accidents cannot be successfully treated. The reasons are due to the high entanglement of
the nervous system [1]. That following, the repairing of harmed nerves and the recovery of
their functions is still uncertain [2]. Neurological injuries appear to be the most recurrent
and need rapid and effective interventions [3].

The nervous system has two components: (i) the peripheral nervous system (PNS) and
(ii) the central nervous system (CNS). The PNS includes the cranial, spinal, and peripheral
nerves and neuromuscular junctions, and the CNS is located in the brain and spinal cord.
The PNS is more prone to impairment because it is not protected by, e.g., hard bone tissue
or the blood-brain barrier [4]. On the other side, the recovery of the CNS is slower and
less effective than for the PNS due to the deficit of the Schwann cells, which support the
development, performance, and regeneration of nerves [5,6]. The mutual contact between
bone and nerves is crucial for the correction of large bone defects as well as for the recon-
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struction of peripheral nerves using the materials most suitable to ensure osteoconduction,
osteoinduction, neuroconduction, neuroinduction, and neuroattraction [7].

Conventional surgery with the use of autografts, allografts, and xenografts is not an
excellent medical solution for many reasons. In particular, for autografts, the implanted
nerves come from other parts of the body, and it is often difficult to obtain the number of
nerves necessary for a full recovery [6]. Moreover, allografts and xenografts create the risk
of transmitting diseases that might be followed an implant rejection.

The current research strategies for the development of nerve implants focus on several
problems, which include the physical form and structure and the composition of the used
implant, its proper application, regeneration efficacy for the nervous system, and the
anticipated toxicity of this to different organs. This paper shows some of the selected
aspects of the strategy problems proposed based on the state-of-the-art in this field and
several of our assumptions, with the most plausible approach for future research, in our
opinion, keeping in mind that all these remarks and considerations are highly subjective.

2. Biomaterials for the Nervous Systems

As was suggested over 20 years ago, the tissue-engineered nerve construct should
have four components: a scaffold construction for the proliferation of axons, Schwann or
other support cells, growth factors, and an extracellular matrix [6]. According to another
concept, such a conduit must be dissolvable in a biological environment, fast vascularized,
and possess low antigenicity, porosity, and be resistant to long-term compressive stress [8].
An engineered “nerve guidance channel” (NGC) that is able to guide the regeneration of
damaged nerves was also proposed [9]. Such an NGC is imagined as a tubular device with
a single lumen creating the bridge for the reconstruction of the damaged peripheral nerves,
which separates the regenerating axons and scar tissue and prevents compression by the
surrounding tissue.

For implants, several material classes, like metals and alloys, solid and resorbable
ceramics, bioglasses, polymers, carbon (and its organic derivatives), and many composite
materials have been proposed [10], yet the nervous system needs specific materials. New
synthetic and natural polymers are used most frequently to assemble the perfect scaffold
enriched with some cells and growth factors, which can exactly mimic the extracellular
matrix (ECM). Such a combination of biochemical, topographical, and electrical signals
via various polymers, cells, and growth factors is considered the best solution for efficient
regeneration [11,12]. The regarded strategies propose to develop a scaffold similar to
the natural ECM that can provide an ideal environment for 3D cell cultures and is fully
biocompatible and biodegradable [13]. However, the FDA approved until 2016 [3] only
polyglycolic acid (PGA), PCL polycaprolactone, collagen, and polyvinyl alcohol (PVA).
Other polymers have been investigated for neurosurgery aims and they include natural
compounds such as hyaluronic acid (HA), the benzyl ester of hyaluronic acid (HYAFF), and
synthetic polymers such as PLLA (polylactide of lactic acid), PLGA (poly(lactic-co-glycolic
acid), polypyrrole (PPy), chitin, and chitosan, polyanhydride, polyhydroxyalkanoate, poly
(propylene fumarate) and polyvinyl alcohol [6,9,13,14], (poly(3,4-ethylene dioxythiophene)
(PEDOT) [15], and some others which are still under study. Such strategies look reasonable
if the nerve conduit implant is designed to undergo a complete transformation. As polymers
have several drawbacks, polymer-based composite materials have also been proposed
for nerve tissue engineering, including recently bicomponent 3D scaffolds consisting of
collagen and chondroitin sulfate [16] and antibacterial cellulose-based composites [17].

Other than only polymeric, materials are increasingly investigated for these consid-
ered branches of medicine, with nanotechnology and nano-based materials permanently
important. Among them, diverse nanocarbon forms, random and aligned nanofibers,
nanopatterning, and inorganic, organic, metallic, and biologically derived nanoparticles of
the surface are the most preferred [18]. A need for new materials is especially distinct for
long gaps in the nervous conduits [19]. In the past, various strategies have been proposed
to provide a bridge between two detached nerve stumps and facilitate the regeneration
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of axons [20]. Three generations of such materials include [1] (i) nondegradable materials
like silicone conduit, an implant that acts as a tube and connection bridge but must be
removed from the body; (ii) dissolvable conduits, like PLA, PVA, and PLGA-based conduits,
which, however, act only as a tube and cannot promote nerve regeneration [21–24]; and
(iii) conductive materials to form synthetic nerve conduits [25]. Conductive substrates can
support cellular activity with or without electrical stimulation [26–28]. The intrinsically
conductive and electroactive polymers with easy-to-tailor properties, such as polyaniline
(PANI), PPy, polythiophene, polyphenylene sulfide, and oligomers for neural stimulation
are among the most popular [29,30]. In addition, nanoparticles, such as gold nanoclusters,
graphene nanosheets, and the here-described carbon nanotubes, were applied to increase
the conductivity of polymer networks to the desired level of about 10−3 S/m [31,32].

Despite the materials used, electrical stimulation at various frequencies was shown to
enhance the progress of axonal outgrowth in nerves. Moreover, peripheral nerve regen-
eration in extended gaps occurred effectively after electrical stimulation [33–35], but also
pulsed magnetic field and ultrasound waves were utilized [36,37]. Among the different
compounds called piezoelectric nano-biomaterials are barium titanate nanoparticles, boron
nitride nanotubes, zinc oxide, polyvinylidene fluoride, and fluoride-trifluoroethylene, PLA,
collagen, silk fibroin, and graphene oxide [38]. The electrospun conductive PVA)/PEDOT
(poly(3,4-ethylene dioxythiophene) scaffolds seem to be one of the best for such a purpose
among the composite materials [39].

The electrical stimulation occurs via microelectrodes. When considering the non-
carbon materials used for coating, such electrodes are also used as polymers (such as
PEDOT [40]) and as composites for nano bioglass/gelatin scaffolds implemented with
antibacterial nanosilver and developed as a conduit for peripheral nerve regeneration [41].
The wide application of CNTs for biosensors (for glucose detection) and neurosensors is
well-known [42], and they can also be used as biocatalysts, ion channel blockers, tools
in cancer diagnosis and therapy, and nanovectors [43]. The electrochemical neurotrans-
mitter sensors capable of detecting dopamine, serotonin, acetylcholine, glutamate, nitric
oxide, and adenosine are widely based on carbon-nanostructure-modified electrodes, in-
cluding carbon nanotubes, graphene and graphene oxide (GO), graphdiyne, and carbon
nanofibers (CNFs) [44]. For example, CNTs were applied for flexible neuronal microelec-
trode devices [45–48], which were important because of their high surface-to-volume ratio.
The carbon fiber microelectrodes were covered with a high-surface diamond film to im-
prove neural stimulation [49]. The GO-PANI nanocomposite was shown to be promising
as a coating of microelectrodes [50].

The biomaterials for the regeneration of the nervous system can be classified differently.
They can be divided [2] into isotropic hydrogel fillers, which provide interluminal support
for nerve regeneration; fibrous interluminal fillers, which offer intraluminal topographical
guidance for neurites; and patterned interluminal scaffolds, which provide nerve growth
with three dimensional (3D) structural support. On the other side, to talk about such
biomaterials, it is plausible to consider them in their simplest form, based on either a
physical shape or chemical composition, depending on a specific application. However,
physical form, composition, and medical destination are interrelated so that the authors
have decided (keeping in mind elementary carbon as an essential element of all the here-
considered technical solutions) to divide all materials into nonporous (solid) materials and
scaffolds, both either prone or resistant to biological degradation. As the title alludes to,
we have focused on nanocarbon applications, mainly, but not exclusively, in the form of
nanotubes. This is because, despite numerous investigations and proposals focusing on
many biomaterials for repairing nervous systems, with a lot of reservations against carbon
nanotubes, the last elementary nanocarbon form is still being investigated with growing
interest. Therefore, this paper is exclusively limited to biomaterials and mainly to carbon
nanotubes (CNTs) destined for the regeneration of the nervous system. Our aim is not only
to demonstrate the state-of-the-art in this specific area but to propose a novel strategy for
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the future research and development of CNT-based nervous implants, together with the
existing hopes, justifications, and apprehensions.

3. Carbon Nanotubes

3.1. Forms and Characteristics of Elementary Bionanocarbon

Elementary carbon nanostructures are diverse. The three most popular ones used
for the anticipated medical applications are single-walled carbon nanotubes (SWCNTs),
multiwalled carbon nanotubes (MWCNTs), and carbon nanofibers (CNFs) [51–59]. Car-
bon nanotubes were created and described for the first time by Iijima in his well-known
article [60]. They are intensively investigated and used for different purposes in medicine
and engineering fields because of their significant mechanical, thermal, magnetic, optical,
electrical, surface, and chemical properties, in particular, a very high Young’s modulus and
strength, increased electrical and thermal conductivity, and high chemical activity [61].

These unique properties make CNTs promising candidates for drug carriers in cancer
treatment, and in regenerative medicine, bone implants, and nerve restoration [62,63].
Hopley et al. [64], in their nice review, have pointed out that the incorporation of CNTs into
polymer scaffolds results in, among other things, increased scaffold strength and flexibility,
improved biocompatibility, the retardation of cancer cell division, and the enhancement of
angiogenesis. What seems to be the most important, tensile properties of the CNTs gives
robust mechanics and dynamics, and their electrical and thermal features are plausible for
neural, bone, and cardiac implants. On the other side, carbon fibers were also proposed to
make organoids for studying brain-associated neurodegenerative diseases [65].

The CNTs are recommended as components of neural implants as they demonstrate
outstanding biocompatibility, cell adhesion, viability, growth, and differentiation, and
their high conductivity and mechanical behavior seem advantageous for neural tissue
engineering [66–68]. Recently, a major focus has been aimed at MWCNTs applications for
nerve regeneration [69]. In the first published paper in this field [70], embryonic rat-brain
neurons were grown on MWCNTs, demonstrating that nanotubes, after their functionaliza-
tion (coating with the bioactive molecule of 4-hydroxynonenal), allowed neurons to develop
multiple neurites and enhanced their extensive branching. Afterward, a great amount of
research confirmed the notable and subtle effects of CNTs which were attributed to starting
axon growth, enhanced by electrical stimulation and contact guidance signals [25,71–86].
The CNTs placed in conductive polymers, e.g., polypyrrole (PPy) [87], polyaniline (PAn),
poly (o-phenylenediamine) (PoPD), and polythiophene (PTh) [88], demonstrated remark-
able electrical, magnetic, and electronic performance. Moreover, CNTs have also been
considered as carriers for nano-drug delivery in chronic neurological disorders such as
Alzheimer’s and Parkinson’s diseases [89].

Such applications become possible due to the CNTs having dimensions comparable to
a single protein [90] and being chemically stable, biocompatible, having surface topography
mimicking neural tissue, and allowing for the intracellular delivery of biomolecules [71].
Most crucially, neurons and neuronal cell lines can grow and differentiate on CNT sub-
strates [70,80–82,91–95]. The fundamental purpose for such behavior is their high electrical
conductivity, in particular, that of purified MWCNTs, which can enhance neuronal circuit
network functioning [81,91,96,97]. Besides, functionalized MWCNTs do not alter neuronal
morphology and viability [98–100].

Various carbon nanostructures, such as CNTs and CNFs, were synthesized and tested
specifically for neural tissue engineering applications [68,82,101–105]. The CNTs remain
the most popular form of nanocarbon in medicine, even if there are opinions that CNFs
possessing similar properties are cheaper and can be more easily produced [106,107]. The
chemical-vapor deposition (CVD) at an elevated temperature is a method commonly used
to produce CNTs [95,104], despite some concerns related to the potentially allergic effect
of nickel used in the technological process. More advanced free-standing nanostructured
matrices were produced by another technology composed of conventional lithography
and a layer-by-layer technique [101]. These modified SWCNT structures held up the
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outgrowth of neuritis, cell-to-cell communication, and cell differentiation [8]. Patterned
microfabricated substrates composed of CNT islands [108] appeared to be a perfectly
organized neural network, in which the cells aggregated to the islands of the CNTs, and
neuronal cells between neighboring islands grew by connecting axons. The resultant
scaffold showed a cohesive structure and excellent mechanical flexibility. The graphitic
structure generated by annealing rendered the carbon nanofibrous scaffold with superior
electrical conductivity [35]. Fullerenes have also been considered for such a purpose [109].

Another physical form of CNTs, except for fibrous networks, is a mesh or a sponge
composed of CNTs [110], able to integrate neuronal networks. For example, in a sponge-
like structure, the 3D mesh was made from CNTs, creating the scaffold so as to efficiently
regenerate the damaged neural tissue [111]. The carbon nanotubes guided the formation of
the nerve fibers, creating a hybrid structure; without a scaffold form, nerve fibers regrew in
all directions, weakly creating the bridge between the damaged sections.

CNT-based scaffolds can be obtained by different methods. Scaffolds made by electro-
spinning, either by the “sandwich” or dual deposition methods, were highly electrically
conductive and cytocompatible and were proposed for several neural applications, such
as spinal cord and peripheral nerve regeneration, and even as microfluidic models of the
brain [35,112]. It is noteworthy that even if CNTs can be implanted to guide nerve regrowth,
these conduits cannot help with the repair of long defects [113]. However, the opposite
opinion [114] has also been presented, meaning further research seems necessary as it is a
crucial point in neural system regeneration.

As previously mentioned, besides being in the nanoscale range, the most attractive
feature of these materials relies on their ability to display metallic and superconducting
electron transport properties. However, original CNTs do not have the necessary solubility
for their direct application in Medicine. Therefore, it is obligatory to functionalize CNTs,
not only to make them more soluble but to allow for their integration into many organic,
inorganic, and biological systems and applications without any cytotoxic effects.

3.2. Functionalization of Carbon Nanotubes

Two of the main strategies applied to CNTs in physiological conditions include either
covalent or noncovalent functionalization [115]. Besides, functionalization, such as topo-
logical patterning and electrical stimulation, can yield a significant improvement in nerve
guidance conduits [97]. The functionalization of CNTs is important for the prevention of
toxicity, and MWCNTs seem safer than SWCNTs [116].

Covalent surface modification can reduce the possible toxicity of CNTs. The noncova-
lent functionalization destroys the van der Waals bonds and prevents the aggregation of
CNTs into bundles, improving water miscibility [51]. The chemical modification of CNTs
changes their surface charge, improving the growth of neurons [89,117–119]. Specifically,
the surface charges of MWCNTs can influence the length of neuritis, branching, and the
number of growth cones, and the positively charged MWCNTs, in comparison to the
negatively charged version, have a higher number of growth cones and neurite branches
that promote neurite outgrowth [120–122]. A positively charged surface enhances the
electrostatic interactions between the negatively charged plasma membranes of neural cells.
Besides, amine groups promote the growth of neurons. In an integrated SWCNT–neuron
system, electrical stimulation delivered by SWCNTs can induce neuronal signaling [94].
The growth of the neuronal circuit on a CNT substrate is accompanied by an increment
in the network activity related to the electrical conductivity of nanotubes, providing a
route for direct electric current transfer and distributing the charge along the surface,
which results in a strengthening of the direct electrical bonding between neurons [81,123].
CNT concentration has a critical impact on neurite outgrowth and extension [79]. The
incorporation of MWCNTs can result in abnormal neuronal growth and it is important
when making surface modification to keep balanced cellular activity [124]. CNTs have a
significant affinity for DNA and RNA, creating a complex with the polynucleotides that
can be suitable for delivering genes into cells, and CNTs functionalized with PEG improve
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blood circulation, reduce retention via the reticuloendothelial system, and stop the binding
of proteins [125]. To achieve this goal, CNTs in scaffolds are conjugated with biologically
active compounds or with differently charged molecules such as, e.g., 4-hydroxynonenal
(4-HNE), a lipid peroxidation product, type IV collagen, and extracellular matrix proteins.
Another approach is chemical functionalization via the covalent attachment of functional
groups such as neurotrophin [71], polylysine, polyornithine, poly-m-aminobenzene sul-
fonic acid (PABS), and ethylenediamine [126]. The CNTs chemically functionalized with
polyethyleneimine can enhance neural regeneration, in particular, neurite branching, out-
growth, and the attachment of growth cones [127]. MWCNTs can control and promote
neurite outgrowth if they are bonded with neurotrophin [71]. For unmodified nanotubes,
the neurons extend to only one or two neurites, and after receiving their coating with a
bioactive substance, multiple neurites and extensive branching were observed [70].

3.3. Surface Films and Membranes

The search for new electrode materials is crucial for improving the long-term perfor-
mance of neuroprosthetic devices. CNTs have been applied to the coating of electrode
sites as CNT electrode sites and 3D CNT probes [128]. One such attempt [129], which
involved electrochemically codeposited PPy/SWCNT films, saw the electrode-neural inter-
face characterized by a substantially high charge, low electrode impedance, and reasonable
stability, which resulted in cell adhesion and neurite outgrowth. In another neural applica-
tion, vertically aligned CNFs were coated with PPy films to use them as electrodes [130],
demonstrating the improved biocompatibility and electrical and mechanical properties
of such a coating. The combination of a conductive polymer (PEDOT) and MWCNTs
deposited on the electrode surface (and doped with dexamethasone) resulted in lower
in vitro and in vivo impedance values, less neuronal damage, and a reduced inflammatory
response [75]. In other research concerning the recording of electrodes [76], a polyimide-
based neural interface electrode was coated with gold, showing extremely low impedance
and a significant increase in the signal recording resolution. MWCNTs that were applied
as coatings on tungsten and stainless steel wire electrodes improved both the recording
and electrical stimulation of neural electrodes [131]. Finally, the glassy carbon electrodes
modified with bamboo-like CNTs and dispersed into DNA, were shown to achieve highly
sensitive and selective quantification of neurotransmitters [132].

The positioning of nanotubes on substrates has importance [133]. When producing
horizontally aligned CNTs, the longest neurites on the CNTs tended to align with their
direction, although the average neurite length was similar for both CNTs and glass surfaces.
Their flexible mechanical properties depend on the length of the CNTs as well as their
distance and diameter [134].

In order to avoid the mechanical failure of polymer/CNT composites, freestanding
SWCNTs/polyelectrolyte membranes were prepared using a layer-by-layer technique [135].
The tensile strength of such membranes was said to be close to that of ceramics [82]. Besides,
SWCNT/polymer films induced cell attachment and differentiation and controlled neurite
outgrowth. Such films both maintained the electrophysiological properties of neurons and
stimulated neuronal cells for repairing the injured nerves [136]. In other research [91], a
similar film was shown to improve the differentiation of neural stem cells into neurons and
aided neurite outgrowth.

Some other approaches and compounds were also reported. The layer-by-layer
SWCNTs-poly(ethyleneimine), with the last being a polyelectrolyte, seeded with mouse
embryonic neural stem cells successfully differentiated into neurons, astrocytes, and oligo-
dendrocytes with the clear formation of neurites [91]. In other research, a poly(acrylic
acid)-grafted CNT thin film, was fabricated exhibiting enhanced neuron differentiation
and cell adhesion [137]. The structural polarization-controlled neuronal differentiation
of human neuronal cells was developed on the CNT monolayer coating, promoting their
selective growth [138]. CNTs in conductive polymers were applied to create biosensors for
different (also not medical) applications [89]. Flexible 3D carbon nanotubes were proposed
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as a peripheral nerve interface [139]. Carbon multielectrode arrays were the best peripheral
nerve interface for neural recording and nerve stimulation [140].

3.4. Toxicity of Carbon Nanotubes

Cytotoxicity remains the limiting factor for the use of CNTs in biological systems [58].
All nanomaterials can promote cytotoxicity by mechanisms that depend on the type of
nanomaterial. Despite the lower cell penetration of carbon nanomaterials, single CNTs
can be detected inside cells, and they demonstrate high cytotoxic and genotoxic effects,
presumably because of surface chemistry [141]. The bioactivity and cytotoxicity of CNTs are
affected by their diameter, length, and functionalization in vitro and in vivo and also by the
fabrication method, e.g., a metal impurity such as iron can induce undesirable effects. The
genotoxic effect of CNTs via direct contact with DNA was shown to induce mutations in
the DNA. The physicochemical properties could then make CNTs toxic to living organisms
or the environment [142,143]. The toxicity manifests itself as membrane damage, DNA
damage, the appearance of oxidative stress, and changes in the mitochondrial activity and
intracellular metabolic routes. The nonbiodegradable nature of CNTs is then the strongest
contradiction against their use in implants. CNTs are considered to have carcinogenicity
and cause lung tumors, with the effect attenuated by decreasing tube length [144]. The
available data provide initial information on the potential reproductive and developmental
toxicity of CNTs. MWCNTs likely inhibit the neuronal differentiation of some cells [18]. An
exposure of MWCNTs to DRG cultures disturbs regenerative axonogenesis [145,146].

Inhalation of MWCNTs significantly alters the balance between the sympathetic and
parasympathetic nervous systems. Whether such transient alterations in autonomic ner-
vous performance would alter cardiovascular function and raise the risk of cardiovascular
events in people with pre-existing cardiovascular conditions warrants further study [147].
The toxicity of carbon can be expressed as cytotoxicity, pulmonary toxicity, genotoxic-
ity, dermotoxicity, cardiovascular toxicity, genotoxicity, carcinogenic toxicity, and liver
toxicity [146]. Truly, respiratory toxicity is the main concern when carbon nanomaterials
are used [148–150]. Other works report nontoxic effects both in in vivo and in vitro [73,83].
MWCNTs are likely to be a more neural-friendly interface than SWCNTs since they allow
for a wider external surface and effective functionalization [97].

Nanoparticles can damage and cause cell death due to their small size and large
surface area by different mechanisms: creating forms of reactive oxygen species (ROS),
rupturing cell membranes, and causing immune responses and chronic inflammation [64].
Four aspects of CNT toxicity have been proposed: (i) increased CNT contents, either
in solution or in polymer scaffolds, create reduced cell growth and increased apoptosis,
(ii) smaller CNTs show enhanced cell and protein adherence as they are more likely to
interfere with cell membranes, but CNT rods that are longer than macrophages (20 μm)
will not be phagocytosed and degraded, (iii) synthesis, postfabrication treatments and
functionalization influence CNT purity and toxicity, and (iv) each case of cytotoxicity
depend on the cell type.

The Fe impurities strapped inside the CNTs produced by CVD may be partially
responsible for neurotoxicity generation as they can reduce cell viability and increase
the cytoskeletal disruption of cells, diminishing the ability to form mature neurites [151].
CNTs can be manufactured by different methods (arc discharge, chemical vapor deposition,
and laser ablation of graphite, among others), and they can have adverse effects due to
several other heavy metal nanoparticles, like Fe, Co, Ni, and Y, being present during their
synthesis [144–146].

To summarize, carbon nanomaterials may enhance toxicity for two reasons [142]. First,
their small size induces permeability changes in cell membranes, enhancing cellular uptake.
Second, a high surface area may evoke great chemical reactivity, leading to toxicological
responses (positive or negative). But it seems certain that the proper functionalization
of CNTs can prevent all forms of toxicity provided that they are not present in excessive
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amounts. However, long-term in vivo studies of this grave problem should appear more
often than they do currently.

Figure 1 shows the possible advantages and drawbacks of the application of CNTs in
medicine. The positives seem to dominate over the negatives, and the last can be eliminated
or at least minimized by proper functionalization.

 
Figure 1. Scheme of anticipated interaction between carbon nanotubes and the nervous system: ad-
vantages and drawbacks. Figures on the top are from: (left) Michael Berger. Carbon nanotubes – what
they are, how they are made, what they are used for. https://www.nanowerk.com/nanotechnology/
introduction/introduction_to_nanotechnology_22.php (accessed on 28 September 2022); (right)
Alex Bolano. Labeled Neuron Diagram. From: “Neuron” by US National Cancer Institute via
WikiCommons CC BY-SA 3.0. https://sciencetrends.com/labeled-neuron-diagram/ (accessed on
28 September 2022).

4. CNT-Based Composite Materials

4.1. Nonbiodegradable Solid Nanocarbon-Based Composites

There are not many carbon-based composites that can be fully called nonporous
and nonbiodegradable. As the first such example [77], an active neural implant was
produced by immersing MWCNTs in silicone rubber, followed by etching the sur-
face. Then, the rubber layer was reduced to 13 nm, which covered the CNTs. The
fibroblasts and human neuroblastoma cell lines had adequate biocompatibility for
the neural implant. In another approach [78], the MWCNTs were incorporated into
a polydimethylsiloxane (PDMS) sheet via a printing method to promote the prolifer-
ation of the primary neuronal cells. Increased mechanical properties and roughness
and superior electroconductivity were observed when compared to PDMS. The new
composite material also saw increased adhesion and the proliferation of primary DRG
(Dorsal Root Ganglion) cells, and SCs (human peripheral blood mononuclear single
cells), referring to poly-l-lysine (PLL), were usually applied to increase cellular attach-
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ment. The polymer networks based on polyurethane (PU)/crosslinked polyacrylic
acid (PAA) and MWCNTs were also prepared [152]. Considering swelling, mechanical
strength, tensile strength, and electrical conductivity, the most plausible content for
the CNTs was 1–3 wt. pct. Additionally, the PU/PAA/MWCNT nanocomposites were
considered a properly biocompatible material for artificial tendons. Finally, another
approach saw the production of a graphene—MWCNTs hybrid material [62]. The
hybrid material was not toxic to hESCs (human embryonic stem cells) and could be
used for promoting and stimulating the adhesion, proliferation, and differentiation of
SCs for neural tissue regenerative treatment. In another study [153], a conductive and
nontoxic implant composed of agarose and carbon nanotube fibers allowed for orderly
nerve growth, increased differentiation, and the proliferation of neural cells.

4.2. Nonbiodegradable Carbon-Based Scaffolds

Such materials are more common than solid neural implants. The reason for this is
that scaffolds may make it possible to grow neural cells without any loss of electrical or
mechanical properties.

Among the most applied polymers is polycaprolactone (PCL). The scaffolds com-
posed of the MWCNTs and collagen/polycaprolactone (PCL) nanofibers were pro-
duced by electrospinning [83]. The composites supported SC adhesion and elongation
in vitro. In the in vivo studies, MWCNT-enhanced collagen/PCL conduits were shown
to effectively promote the nerve regeneration of sciatic nerve defects and prevent
muscle atrophy without body rejection or grave inflammation. Another study [154] fo-
cused on aligned PCL/PGS (polyglycerol sebacate) fibers containing different amounts
of MWCNTs, fabricated via electrospinning. The Young’s modulus, ultimate tensile
strength, wettability, and water uptake values increased for the observed scaffolds
with rising MWCNTs content. A quite similar approach [105] demonstrated a fibrous
composite based on PCL, and either CFs or SWCNTs. The PCL/SWCNTs nanocom-
posite was especially satisfactory in creating a suitable environment for endothelial
cells. Additionally, in [137], PCL/graphene and PCL/CNTs were tested as conductive
nerve guidance conduits in sciatic nerve repair. The PCL/graphene/CNTs composite
exhibited a higher number of axons and nerve areas when compared to PCL scaffolds
and either graphene or CNTs. Furthermore, the addition of graphene to the PCL/CNT
composite facilitated the CNT dispersion within the PCL, and enhanced nerve regenera-
tion. Two-dimensional thin film scaffolds composed of biocompatible polymer-grafted
carbon nanotubes (CNTs) can selectively differentiate human embryonic stem cells
into neuron cells while maintaining excellent cell viability.

Another highly interesting conducting polymer is the polyurethane (PU) used
in [155], together with polypyrrole (PPy) for the formation of a self-electrical stimu-
lated double-layered nerve guidance conduit (NGC), assembled from electrospun mats
with an aligned oriented inward layer covered with a random oriented outer layer.
The biomimetic NGC was achieved from chitosan-grafted PU with well-dispersed
functionalized MWCNT nanofibrous mats after a uniform coating of PPy. The struc-
tural framework of the NGC exhibited a cellular biomaterial interface improving the
electrical conductivity, mechanical strength, and cytocompatibility, in particular, the
regrowth, proliferation, and migration of Schwann cells. Nanostructured fibrous scaf-
folds based on flexible thermoplastic PU and surface-functionalized MWCNTs were
also produced by electrospinning [156]. A linear correlation between electrical con-
ductivity and cell signaling, and neural gene expression was found, and an increase in
both bulk and surface modulus was due to the presence of MWCNTs in the scaffolds.
In similar research [157], fibrous scaffold PU-silk fibroin-functionalized MWCNTs
showed the important electrical conductivity and absorption of extracellular matrices
(ECM), and in the aligned scaffolds, the substantial growth and proliferation of SCs.

Chitosan is a natural polymer frequently considered for medical applications,
even if its properties strongly depend on its deacetylation degree and are hardly
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repeatable. Such composite scaffolds [85] were created by aligning MWCNTs in a
chitosan scaffold fabricated by an electric-field-alignment technique. Not only were
the mechanical properties greatly improved, with the incorporation of only 0.5 wt.
pct. of the aligned MWCNTs, but also electrical conductivity increased 100,000 times
along its direction. In [158], an MWCNT/chitosan scaffold (highest conductivity) and
GNP (graphene platelets)/chitosan scaffold (lowest conductivity) were obtained. The
hybrid scaffolds showed increased elastic modulus and ultimate tensile strength over
the MWCNT/chitosan and GNP/chitosan scaffolds. Considering the potential cell
adhesion, the MWCNT/chitosan composites were more effective than GNP/chitosan
and both revealed cytocompatibility.

4.3. Biodegradable Solid Nanocarbon-Based Composites

Guidance conduits (to nerve cells) prepared as composites of MWCNTs and poly(2-
hydroxyethyl methacrylate) (pHEMA) composites showed effective adhesion, activity, and
viability to biological cells [159]. In another work, a composite of silk, fibronectin, and
SWCNTs resulted in ideal bioactivity and a subsequent nerve guidance conduit [160]. Three-
dimensional collagen–fibrin–MWCNT composite materials were also developed [161].
Investigating the PCL/nanocarbon/graphene composite, a two-fold increase in the number
of myelinated axons was found for this prosthesis of the sciatic nerve together with muscle
atrophy [162].

4.4. Biodegradable Nanocarbon-Based Scaffolds

Some totally or partially biodegradable porous or fibrous structures were used to
construct an implant for the nervous system. They include some polyesters, mainly
poly(glycolic acid (PGA), PLA, poly(lactic acid–glycolic acid) (PLGA), and only some
polyurethanes. Additional nondegradable materials include natural fibrin, collagen, ker-
atin, alginate, chitin and chitosan, and silk fibroin, as well as extracellular matrices [2]. The
idea of these technical solutions is to combine two substances: the first, which forms a
skeleton, and the second, which may degrade to allow the nerves to grow. Surprisingly,
in this specific review, no nanocarbon forms have been mentioned, even if a lot of these
composites have already been developed [54].

PLA and PLLA are likely the most often used biodegradable polymers. For the
conductive conduit prosthesis (nine weeks after implantation), the tissue-engineered
construct made of a rolled sheet of SWCNT/PLLA nanofibrous scaffolds, with some
implemented cells, promoted the axonal outgrowth and regeneration of peripheral
nerves [163]. A similar nanocomposite scaffold [74] was obtained by dispersing the
MWCNTs in a PLA matrix to provide electrical signals and mimic neural topography.
A more complex scaffold [164] for a neural guidance conduit was prepared from PLLA
and modified MWCNTs and was filled with SCs and nanocurcumin-encapsulated chi-
tosan nanoparticles. Controlled curcumin release decreased SC apoptosis, enhancing
the regeneration of injured peripheral nerves. A significant increase in the number
of axons in the damaged sciatic nerve and a compelling fall in the number of vessels
in the fibrin groups were detected by histological testing. The fabrication of nerve
guidance channels was also created using PLA/MWCNTs/gelatin nanofibrils coated
with recombinant human erythropoietin-loaded chitosan nanoparticles [165]. In the
work carried out by the authors of [84], laminated CNTs were chemically linked onto
the surface of aligned phosphate glass microfibers (PGFs). The CNT-interfaced PGFs
(CNT–PGFs) were successfully placed into 3D poly(L/D-lactic acid) (PLDLA) porous
tubes by wrapping the CNTs-PGFs onto a PLDLA nanofiber mesh embedding them
into a porous PLDLA tube afterward.
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4.5. Carbon Nanotubes on Solid Substrates

CNT networks deposited on solid substrates were also used for the directed growth
and differentiation of hMSCs, which could recognize the arrangement of individual CNTs
in the network and grow in the direction of the CNT alignment [166]. In other research [28],
a CNT rope substrate was developed and seeded with neural stem cells. After electri-
cal stimulation, neurite elongation and increased differentiation of NSCs into neuronal
cells appeared.

4.6. Hydrogels

The chitin/CNT composite hydrogels [73] demonstrated enhanced tensile strength
and elongation and decreased swelling when compared to chitin only. They also exhib-
ited good hemocompatibility, biodegradation in vitro, biocompatibility, and no cyto-
toxic effect. Besides, the promotion of adhesion in those implants enriched with calcium
ions in the form of tubular hydrogels was obtained [72]. Other technical solutions [167]
constituting methacrylated gelatin (GelMA) hydrogel and super-aligned carbon nan-
otube sheets (SACNTs) were used to form a material that showed good biocompatibility
(GelMA) and conductivity for CNTs. In another work [79], SWCNTs were applied
to control the electrical properties of a collagen-based composite hydrogel. Another
hydrogel was produced via a multistage complex technique and was composed of
reduced graphene oxide (rGO), CNTs, oligo(poly(ethylene glycol) fumarate) (OPF),
and 2-(methacryloyloxy)ethyltrimethylammonium chloride (MTAC) [63]. In [168], a
biomimetic core-shell scaffold based on aligned conductive nanofiber yarns (NFYs)
within a hydrogel was developed. The aligned NFYs were composed of PCL, silk
fibroin (SF), and CNTs. Such a 3D hierarchically aligned core-shell scaffold mimics the
nerve fiber structure and positively affects the alignment and extension of neurites,
with the hydrogel shell protecting nerve cell organization within a 3D environment/In
the other research„ a highly stable and uniform dispersion of multiwall carbon nan-
otubes in an aqueous solution was applied to prepare [169] CNT/sericin hydrogel,
in [170] multiwall carbon nanotube/gelatin–polyvinyl alcohol nanocomposites, with
varying MWCNT content using solution casting, and in [171] gelatin-chitosan hydro-
gel. The desired effect of the addition of the MWCNTs on the mechanical, thermal,
and swelling properties of the gelatin-chitosan composites was achieved. The cova-
lent functionalization of MWCNTs facilitated the interfacial interaction between the
natural polymer blend and the nanotubes, which further enhanced the dispersion
within the matrix and, thus, ultimately enhanced the mechanical properties of the
blends. The surface and interface structures of the composites were studied by SEM,
and the intimate relationship between the structure and the overall performance of
the composite was revealed. The thermal, swelling, and drug-releasing properties
were also found to be superior compared with the gelatin-chitosan blend due to the
addition of nanotubes. Besides the effectiveness of the drug release rate, the prepared
MWCNTs/gelatin-chitosan nanocomposites have not shown any cytotoxicity, and it is
believed that such nanocomposites can be employed as targeted drug delivery agents
in nanomedicine, targeted thermal tumor ablation, and the magnetic field-targeting of
tumors. The directional growth of hMSCs follows, as a rule, the alignment direction of
the individual CNTs.

The different materials applied for the regeneration of the nervous system are shown
in Figure 2, and their different physical forms are listed in Figure 3.
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Figure 2. Materials used for applications in the regeneration of the nervous system.

 
Figure 3. Different physical forms and chemical compositions of biomaterials for the regeneration of
the nervous system.
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5. Anticipated Research Strategy for Nervous Conduit Implants

For a start, let us consider what qualitative/quantitative indices should be the most
plausible for the specific application of an artificial nervous conduit.

It should have sufficient conductivity, at least 3 S/cm. This condition needs the
application of either carbon nanostructures or conductive polymers or some metallic
structures. We propose to use the following materials: (i) MWCNTs functionalized with
a chosen organic compound and carbon nanofibrils and/or graphene, (ii) polypyrrole
(PPy) and/or poly(3,4-ethylenedioxythiophene), and poly(styrenesulfonate) (PEDOT: PSS);
among the conducting polymers; (iii) gold, platinum, silver, and/or copper wires, as noble
or seminoble metals. So far, another applied solution is the use of biodegradable scaffolds
without any conductive components, besides the use of CNTs, whose electrical properties
increase after biodegradation, followed by gradual angiogenesis and the growth of neural
axons. A similar effect can be expected from stable scaffolds. The question remains whether
each patient’s body, possessing mechanical failures in the nervous system, will be capable of
developing a novel nervous network in a reasonable time and whether a gradual decrease
in scaffold mechanical strength will positively affect the delicate implant construction,
which might destroy the body. We think that the conductive nervous implant based on
permanent polymeric scaffolds is the best solution, at least for aged patients, or, better, for
those whose regeneration systems can be insufficient to create the electrical circuits by the
growth of new conduits. Therefore, the highly conductive implant seems a good alternative
compared to biodegradable scaffolds or stable solid implants.

The implant should demonstrate no cytotoxicity. For all the above-mentioned con-
ductors, and in particular, for CNTs, such fairs (justified or not as the experiments have
given different results, and the results obtained in vivo on animals can be the same for
human beings, also depending on individual patient’s features) appear. Carbon nanotubes
are often declared potentially carcinogenic. However, cancer cells appear in living bodies
for different reasons and grow abnormally fast only in some conditions. The use of small
quantities of CNTs, especially less toxic functionalized MWCNTs, seems reasonable. How-
ever, concerning the remaining CNTs, as important mechanical constructs, the electrical
conductance can be, according to our strategy, enhanced by carbon nanofibers.

The application of some polymers is reasonable, but it seems reasonable to select only
conducting polymers that have already proved their importance in forming scaffolds by
electrodeposition or patterning, or even 3D printing, as being the most likely. We are going
to look for other conducting polymers which fulfill four conditions: (i) are good conductors,
(ii) can form scaffolds, (iii) are nonbiodegradable, and (iv) are nontoxic.

Finally, noble and seminoble metals can be supposedly safely used inside a living
body to increase the conductivity of a nervous implant. It is true that all metals, which
means over 90% of all elements, present in an elementary form (and not either in inorganic
(bone tissue) or organic (blood with chelated iron) compounds) have upper limits, above
which they might become toxic. However, in the expected applications, the corrosion
dissolution is very low, even after many years. Besides, the proposed amounts of metals
are also limited.

Passing over to the recapitulation and conclusions, it seems necessary or at least
plausible to show all important quantitative indices from the references here emphasized.
Table 1 illustrates this and the considered properties. It can be well-observed that there are
still many specific points that have not been characterized yet. On the other hand, some data
look discrepant, which can be certainly attributed to substrates and their characteristics,
process parameters, applied methods, and several other factors.
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Table 1. Mechanical and electrical properties of CNT-implemented coatings and scaffolds.

Components Morphology

Ultimate Tensile Stress or
Compression Strength **

Elastic Modulus at
Tension * or

Compression **
[MPa]

Electrical
Conductivity
S/m × 10−3

Reference

Carbon rope with
MWCNTs

Elevated and lowered ridgelike structures
propagating through the surface of the CNT

rope in a spiral direction; the bundles of CNTs
of diameters of about 20 nm.

- - [28]

GO and PANI
nanocomposite

coatings on titanium

The presence of two
phases derived from GO and PANI stacked on

top of each other to form a laminate
[50]

CNT-GO-OPF hydrogel

Four types of hydrogel: neutral transparent,
positively charged transparent; opaque with
dark color from carbon; positively charged

opaque (conductive)

0.56–58
0.60–0.80 ** 0.31–5.75 [63]

Chitosan-CNT-HAp
hydrogel Semi-transparent, network morphology 0.50–0.57 *

0.72–0.78 * - [72]

CNT-polymer scaffold Uniform coatings with
nanofibrous morphology - - [74]

SWCNT-collagen
hydrogel - -

No effect on bulk modulus [79]

Collagen/PCL/MWCNTs
scaffold Fibrous meshes and porous conduits 4.5 *

- - [83]

CNT-bioglass scaffold

Functional arrangement: the
microfibers packed inside, the thin wrapping

sheet, and the slightly
thicker outermost layer

- - [84]

CNT-chitosan scaffold Uniform black films, macroscale uniformity of
aligned CNTs

50–75 *
1600–1650 * 0.84–5.25 [85]

PCL/PGS/MWCNT
scaffold Bead-free and uniform aligned fibers 0.7–1.1 *

0.29–0.41 * - [154]

MWCNT/PU/PPy/chitosan
mat Random and aligned fibrous mats 14 *

- - [155]

PU-CNT scaffold MWCNT particles
oriented along the fibers’ axis

13.17–20.57 *
3.94–10.01 * 9–31.5 [156]

PU-SF-MWCNT scaffold MWCNT particles dispersed along the
fibers’ axis

16 *
- - [157]

MWCNT-graphene-
chitosan
scaffold

Tubular morphology for MWCNTs, and GNPs
appearing as wrinkled nanoplatelets in the

chitosan matrix

80–90 *
2700–3200 * 0.005–0.019 [158]

MWCNT-pHEMA
membrane

The MWCNTs were randomly distributed on
the hydrogel surface; some of the nanotubes

formed clumps and
some were dispersed

1.25–2.0 *
0.32–0.41 * - [159]

SF/MWCNT/FN tubular
nerve guide conduit

Aligned fibronectin containing
nanofibers on freeze-dried silk

fibroin/SWCNT substrates
- 2.1 [160]

CNT-GelMa scaffold
The ordered and parallel arrangement of the

super-aligned carbon nanotubes with a
diameter of 30–50 nm

- - [167]

CNT/sericin hydrogel Interconnected porous microstructure 0.04–0.07 *
0.034–0.76 * 0.03–0.39 [169]

CNTs-Gelatin-PVA

MWCNTs are homogeneously distributed
into the nanocomposites matrices and the

increase in
CNT loading progressively blackened the

blend nanocomposites.

90 *
641 * 0.0085 [170]

CNT-PDMS
(poly(dimethylsiloxane) - 4.3 *

3.6 * [172]

Hyaluronan/CNT
hydrogel

Porous structure with a mean pore size
decreasing in the presence of MWCNTs

0.017–0.067 ** in the low
compression zone and
0.45–0.60 in ** the high

compression zone

Conductivity is
slightly lower than of

hyaluronan alone
[173]
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Table 1 illustrates that mechanical properties are sometimes highly different. The
reason is that these material solutions appear as either scaffolds, coatings, membranes, or
mats and ropes. Among the coatings, the mechanical properties are similar. For scaffolds,
the differences are sometimes great, in particular, the Young’s modulus is particularly
high (i.e., the material is not deformed even at high loads) for the CNT-chitosan and
MWCNT-graphene-chitosan scaffolds.

Table 2 shows the results of some of the biochemical tests. There are several differences
and similarities between the tests.

Table 2. Biological properties of CNT-implemented coatings and scaffolds.

Components
WST-1 Test

[%]
LDH Test

[%]
MTT Test

[%]
Live/Dead Assay

[%]
Reference

Carbon rope with MWCNTs 103–105 About 100 > 90 [28]

GO and PANI nanocomposite
coatings on titanium

The cytotoxic effect
after 24 h observed
for GO:PANI (1:1)

weight ratio

[50]

CNT-GO-OPF hydrogel 100 80–102 [63]
Chitosan-CNT-HAp coating 97 to 112 [72]

Chitin/CNT hydrogel 100–115 [73]
CNT-polymer scaffold About 100 [74]
CNT-bioglass scaffold 105–110 [84]
CNT-chitosan scaffold 85–145 [85]
MWCNT-PAA scaffold About 100 [137]

PCL/PGS/MWCNT scaffold 120–220 [154]
MWCNT/PU/PPy/chitosan 140–220 [155]

PU-CNT scaffold 170–200 [156]
MWCNT-graphene-chitosan

scaffold 65–140 [158]

MWCNT-pHEMA membrane 14–124 [159]
SF/MWCNT/FN tubular

nerve guide conduit 105–110 [160]

CNT-GelMa scaffold 95–120 About 100 [167]
CNT/sericin hydrogel About 100% [169]

CNT-PDMS
(poly(dimethylsiloxane)

No significant
decrease in viability [172]

Hyaluronan/CNT hydrogel No significant effect [173]

The WST-1 assay comprises the reduction of the tetrazolium salt WST-1 to formazan. It
is applied for the measurement of cell mitochondria functionality. The CCK8 test is similar
with some small modifications.

The LDH assay measures the value of the enzyme lactate dehydrogenase (LDH),
which is released upon cell lysis. It is an index of necrosis.

The MTT assay assesses cell metabolic activity. Some cellular oxidoreductase enzymes
reflect the number of viable cells and can reduce the tetrazolium dye MTT to insoluble
formazan of a purple color. The assay is also similar to the WST and CCK tests, differing in
some chemicals and procedures.

The Live/Dead assay is a cell staining procedure. Live cells are stained with calcein
and demonstrate green fluorescence upon the excitation evolved by their cytoplasm. The
dead cells are labeled with the ethidium homodimer dye (EthD) bond to their DNA and
express the red fluorescence.

As can be seen, in almost every test, the viability of the tested cells has not demon-
strated cytotoxic effects. However, the effects of different materials on adhesion, migration,
and proliferation of cells have often been positive, yet they are shown here as being hardly
comparable to each other.

Summarizing our considerations, the most fruitful and safe material strategy can or
should (from our research planning) include MWCNTs and carbon nanofibers, with some
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conductive polymers (at least one among those proposed so far and recommended for
medical biodevices) and one of the four corrosion-resistant metals here mentioned. The
future strategy will focus on the optimal composition of this conduction part of an implant,
taking as criteria the conductivity, cytotoxicity, and mutual adhesion.

The shown research strategy defines, to some extent, the discrimination criteria and
materials to be investigated. The main criteria in vitro for an assessment of the tested
solutions are the following: (i) electrical conductivity, (ii) mechanical properties in long-term
tests, (iii) cytotoxicity, and (iv) biocompatibility defined as in vitro wettability. In addition,
we plan biological tests in vitro to monitor the growth of neural cells and the number of
axons. Besides, for mechanical strength, only carbon nanotubes, carbon nanofibers, and
possible graphene among the discussed nanocarbon-based conductive materials can likely
be purposeful. On the other hand, all elementary carbon forms have poor adhesion to the
rest of the composite, and cracks can be initiated at their interface. Therefore, CNTs are
usually (and must be) surface-modified to enhance their adhesion and prevent cytotoxicity.
Besides that, we plan to strengthen the composite materials by the addition of some
ceramics, in particular, a nano form of reduced graphene oxide (rGO), other nano oxides,
or nanohydroxyapatite.

The composite material for nervous conduits should demonstrate antibacterial prop-
erties. Such an effect can be obtained by implementing metals, but this hypothesis will
be verified.

Finally, each strategy should focus not only on the optimization of material properties
but also take into account the material and manufacturing costs. Therefore, each research
piece and proposal for new materials will also calculate such costs.

6. Future Perspectives

Based on the presented literature review, it can be concluded that carbon nanotubes
are a promising material candidate for applications in the regeneration of nerve tissues
due to their unique electrical, thermal, and mechanical properties. They are chemically
stable and biocompatible, and their topography mimics nervous tissue, which makes them
an ideal substrate for neurons and neuronal cell lines. To avoid toxic effects and to better
join the CNTs and polymeric scaffold, the MWCNTs subjected to obligatory chemical
functionalization should be applied as the first component. Moreover, functionalized CNTs
will change neither the morphology nor viability of neurons. The functionalization of
CNTs is also important as it affects their surface charge, improving the growth of neurons.
Making CNTs positively charged will promote neurite outgrowth and strengthen the direct
bonds between neurons.

The anticipated optimized artificial neural conduit should include MWCNTs and
carbon nanofibrils to elevate the electric conductance and strengthen the scaffold; one
or two have already been recommended for medical biodevices and are not prone to
degradation, with noble or seminoble metals used to increase the electric signals. The
nerve conduit would be best produced by rolling polymer(s) film with nanocarbon forms
and metallic wires set into the strong mechanical tube. The future strategy will focus
on the optimal composition of this conduction part of an implant, taking as criteria the
conductivity, cytotoxicity, and mutual adhesion, with focus on the development of the
fabrication procedure of these small implants.

Various forms of CNTs, such as sponges, 3D meshes, and CNTs islands, might also be
considered for making scaffolds for nerve substitutes. Additionally, CNTs are implanted to
direct nerve regrowth. The SWCNT/polymer films have also been shown to improve the
differentiation of neural stem cells into neurons and aid neurite outgrowth.

The main criteria for the optimization of the tested material solution should include
electrical conductivity, mechanical properties (in long-term tests), cytotoxicity, and bio-
compatibility defined by wettability. Special biological tests should monitor the growth of
neural cells in vitro and the number of axons. The other components of the scaffold, such
as graphene oxide, an increase in mechanical strength, and the growth factors should also
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be considered. These in vivo studies are necessary to accurately verify the achievement of
a substantial improvement in nervous conductivity.

Each strategy should also take into account the material and manufacturing costs,
which are usually the ignored aspects of research work.
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Abstract: In the scope of drug delivery, the transdermal route is desirable because it provides attain-
able therapeutic concentrations and has minimal systemic side effects. To make the skin a feasible
route for the delivery of therapeutic agents, the biggest challenge is overcoming its natural coating.
In this paper, we investigate the effect of the architectures (homopolymer vs. block copolymer vs.
hybrid block–graft copolymer) of several amphiphilic polymeric derivatives of poly(2-oxazoline) on
skin permeability. The block copolymers are composed of a hydrophobic poly(2-oxazoline) block and
a hydrophilic PEG block. The hybrid block–graft copolymers are obtained by grafting hydrophobic
side chains of polycaprolactone to a poly(2-oxazoline) backbone. We used the commercially available
EpiDerm™ by MatTek, composed of human epidermal cells, as a model of human skin. Two param-
eters of skin permeation are reported: penetration rate and lag time. We hypothesize that the skin
permeation characteristics correlate with the critical micelle concentration and particle size of the
studied polymers, while both parameters are a function of the complex architectures of the presented
macromolecular constructs. While homopolymer poly(2-oxazolines) show the least permeation, the
block copolymers demonstrate partial permeation. The hybrid block–graft copolymers exhibited full
penetration through the model skin samples.

Keywords: hybrid block–graft copolymer; block copolymer; critical micelle concentration;
poly(2-oxazolines)

1. Introduction

The stratum corneum (SC), the outermost layer of the skin, comprises about twenty
micrometers of dead corneocytes and squamous cells embedded in a lipid matrix. This
layer controls absorption and acts as an effective barrier against infection and penetration
of large therapeutics [1–3]. Methods such as microneedles and chemical enhancers are used
to overcome the SC barrier. However, there are preservation issues and the potential for
skin irritation when using such approaches [4–6]. Thus, a need for dynamic biocompatible
vehicles capable of permeating the SC is of great importance.

The use of amphiphilic polymers for skin penetration has come to the forefront of drug
delivery [7–10]. Micelle-forming nanocarriers have been shown to surpass the SC without
damaging the tissue while efficiently delivering therapeutics [11,12]. We previously re-
ported on the synthesis of a family of bio-benign amphiphilic poly(2-oxazoline)-based block
copolymers (BCPs) and hybrid block–graft copolymers (HCPs) [13]. Poly(2-oxazolines) are
a family of emerging innovative biomaterials that demonstrate notable results compared
to other polymeric therapeutics [14–16]. Some of these polymers are readily modifiable,
permitting amphiphilicity and solubility to be adjusted based on their functionality [17,18].

In this study, we hypothesize that poly(2-oxazoline)-based BCPs and HCPs will demon-
strate amphiphilic properties and permeate the epidermis of human skin (Figure 1). HCPs

Coatings 2023, 13, 1007. https://doi.org/10.3390/coatings13061007 https://www.mdpi.com/journal/coatings
25



Coatings 2023, 13, 1007

are macromolecular constructs constituted from a block copolymer (BCP) backbone with
side chains grafted from one of the blocks. Poly(2-oxazoline)-based HCPs composed
from both hydrophilic (polyethylene glycol, PEG) and hydrophobic (substituted poly(2-
oxazoline)) components are of significant interest for skin permeability, as they are expected
to be biodegradable and amphiphilic [19,20]. These qualities allow for low surface tension
at the oil/water interface; thus, micelle formation may occur [21]. Self-assembly into mi-
celles makes these amphiphilic hybrids useful in the delivery of medication, where the
drug can be enclosed in the hydrophobic portion of the polymer matrix [22–24]. Interested
readers are referred to a recent review on biodegradable polymeric micelles that summa-
rizes findings on targeted and controlled drug delivery using PEG; polylactic, polyglycolic,
and polyglutamic acids; poly(allyl glycidyl ether); poly(amido amine), etc. [25].

 
Figure 1. A generic structure for (A) aminothiophenol- and (B) cysteamine-functionalized homopoly-
mer, block copolymer (BCP), and hybrid block–graft copolymer (HCP).

The most widely used biodegradable polymer for drug delivery is PEG. However,
recent studies have highlighted the possibility of polymer buildup in tissues and an influx
of anti-PEG antibodies in the immune system [26–28]. Previous work has shown that
short sidechain poly(2-oxazolines) may be an improved PEG alternative due to better
biocompatibility [29,30]. Thus, the family of bio-benign amphiphilic poly(2-oxazoline)-
based BCPs and HCPs provide a promising substitution for PEG in drug delivery and
transdermal applications.

The skin permeation experiments were performed on the EpiDerm™ Skin Model
by MatTek. The EpiDerm™ tissues are cultured, normal, human-derived epidermal ker-
atinocytes [31] that are commonly used for skin permeability studies [32,33]. Polymers
functionalized with aminothiophenol (A) and cysteamine (B) were studied. The composi-
tions of the polymers were established using 1H NMR, Size-Exclusion Chromatography
and fluorescence of FITC-labelled amino groups [13]; they are summarized in Table 1.
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Table 1. Characteristics of the polymers tested in this study: weight-averaged molecular weight (Mw),
kDa, polydispersity index (PDI), and fractions of hydrophilic (PEG) and hydrophobic (PCL) blocks.

Mw, kDa PDI Fraction

PEG PCL

Homopolymer A 3.9 1.18 - -
BCP A 10.1 1.15 0.20 -
HCP A 17.1 1.21 0.12 0.41

Homopolymer B 10.2 1.11 - -
BCP B 19.2 1.12 0.10 -
HCP B 24.4 1.11 0.08 0.21

1.1. Experimental Section
1.1.1. Materials

Fluorescein isothiocyanate isomer I (FITC, ≥90% (HPLC)), dimethyl sulfoxide (DMSO)
(anhydrous, ≥99.9%), ethanol (anhydrous, 99%), diethyl ether (anhydrous, ACS reagent,
≥99%, contains BHT as inhibitor), and Pur-A-Lyzer™ Mega 6000 Da Dialysis Kit were
purchased from Sigma-Aldrich and used without purification. EpiDerm™ EPI-200-X
samples for skin permeability studies, EPI-100-LLMM-PRF (phenol red-free) media, and
skin permeation devices were purchased from MatTek (Ashland, MA, USA) and used
without purification.

1.1.2. Synthesis of the Hybrid Block–Graft Copolymer

This process is extensively described in our previous manuscript published else-
where [13], shown in Scheme 1. The HCPs probed for skin permeation were synthesized
using a three-step process. The first step was the functionalization of commercially available
2-isopropenyl-2-oxazoline with 4-aminothiophenol or 2-(Boc-amino) ethanethiol (common
structure HS-R) via a thiol-ene click chemistry reaction. The second step consisted of
ring-opening polymerization of the functionalized oxazoline monomers initiated by either
methyl p-toluenesulfonate (leading to homopolymers A or B) or 2.0 kDa PEG methyl ether
tosylate (macroinitiator). The latter resulted in BCP A and BCP B. (Note: homopolymer B
and BCP B were Boc-deprotected by heating in a vacuum.) The last step was grafting poly-
caprolactone (PCL) side chains via ring-opening polymerization initiated by amino groups
of (2-oxazoline) monomer units, yielding the amphiphilic biodegradable polyoxazoline-
containing HCP A and HCP B.

 

Scheme 1. The three-step synthetic scheme used for the synthesis of the HCPs. (A) aminothiophenol
and (B) cysteamine.

1.1.3. NMR Spectroscopy
1H NMR spectra were measured on a Bruker Avance III with a 400 MHz frequency

using deuterated chloroform CDCl3. All spectra were analyzed using TopSpin software.

1.1.4. Fluorescently Labeled Polymers

A solution of fluorescein isothiocyanate (FITC) was added dropwise to the homopoly-
mers, BCPs, and HCPs in DMSO (1:10) overnight at room temperature, Scheme 2. The
products were purified by precipitation in a 1:3 ethanol: diethyl ether solution and placed
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in dialysis for three days. The polymers were dried under vacuum and analyzed us-
ing fluorescence.

 
Scheme 2. Modification of hybrid block–graft copolymer with florescent fluorescein isothiocyanate.
(A) aminothiophenol and (B) cysteamine.

1.1.5. Fluorescence Spectroscopy

A Cary Eclipse Fluorescence Spectrometer was used to collect the fluorescence spectra.
The experiment was performed in emission mode. The PMT detector voltage of 750 V was
used. The excitation wavelength used for the negative control, homopolymers, BCPs, and
HCP was 490 nm, while the positive control wavelength was set to 260 nm.

1.2. Experimental Methods
1.2.1. Dynamic Light Scattering

Dispersions of HCP A and HCP B (0.1%) were prepared in water and prepared in
a pH 6.86 buffer (0.01%). Each sample was filtered using a 0.45 μm filter then particle
size was measured using a Malvern Zetasizer Nano ZS instrument at 30 ◦C; light source:
He-Ne laser with 633 nm wavelength, cuvette cell type: glass cuvette PCS8501 made with
quartz glass; the volume of the cuvette: 3.5 mL; light pathlength: 10 mm. Solvent: DI water,
n = 1.330; viscosity, 0.7920 cP; polymers, n = 1.47; material absorption, 0.01.

1.2.2. Equilibration of EpiDerm™ Tissues

Under sterile conditions, the tissues were removed from the agarose packaging and
placed in a 6-well plate with 0.9 mL of EPI-100-LLMM-X-PRF media. The samples were
incubated overnight before use.

1.2.3. Skin Penetration Studies

The EpiDerm™ samples were removed from the incubator and placed inside the
skin permeation devices provided by MatTek. Next, 0.4 mL of the fluorescently labeled
polymer solutions (0.01%) was added to the receiver chamber of the devices (Figure 2). The
media in the receiving chamber (5 mL) was collected after desired incubation time and
substituted by new media. Fluorescence of the receiver solution was measured immediately
after collection. The samples were taken and measured every 1–2 h for up to 24 h. Upon
completion of the penetration experiments (24 h), the fluorescence of the donor solution
was measured. The difference in fluorescence intensity of the donor solution before and
after experimentation corresponded to the cumulative penetration of the polymers through
the tissue film. The calculations for cumulative concentration and lag time were made in
accordance with the recommendations given by MatTek [30].
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Figure 2. Skin penetration studies were performed in MatTek devices (cross-section is shown on the
(right)) placed in 6-well plates (left). Donor solution was placed in the donor chamber on top of the
EpiDerm tissue film. The receiver solution was collected for fluorescence measurement after desired
incubation time.

1.2.4. Determination of Critical Micelle Concentration

The procedure was adapted from our previous work [13]. Aqueous stock solutions of
HCPs (0.1%) were prepared. Aliquots of stock HCPs were made using serial dilutions by a
factor of two. The absorbance of the HCP as a function of concentration was measured by
UV/Vis (600 nm).

2. Results and Discussion

The structure of the polymers and HCPs was analyzed using 1H NMR spectroscopy [13].
Homopolymer A is shown in green, and homopolymer B is shown in red (Figure 3). The
long-chain polymer peaks are shown at ‘e’ and ‘d’. The aromatic group of homopolymer A
is shown at 6.6 ppm and 7.2 ppm. The Boc-protecting group of homopolymer B is shown at
1.4 ppm.

 
Figure 3. 1H NMR spectra of the homopolymers probed for skin permeation: homopolymer A (green)
and homopolymer B (red).

HCP A is shown in green, and HCP B is shown in red (Figure 4). The aromatic group
on HCP A (green) remains unchanged and is visible at 6.6 ppm and 7.2 ppm. The PEG
block is shown in both spectra at 3.6 ppm. The α-carbon on the PCL side chain is visible at
2.33 ppm. The long-chain carbons are shown at 1.67 ppm, 1.40 ppm, and 4.07 ppm.
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Figure 4. 1H NMR spectra of the HCPs probed for skin permeation: HCP A (green), HCP B (red).

To study the size of the micelles formed by our HCPs, we performed DLS studies
(Figures S1–S4) [34,35]. We studied two sets of solutions in DI water and a pH (6.86) buffer.
The solutions in the buffer mimic the HCPs in the media when applied to the skin. The
summary of our data is reported in Table 2.

Table 2. Summary of Micelle Size Collected from Dynamic Light Scattering.

Micelle Size, nm

0.1% in DI Water 0.01% in pH 6.86 Buffer

HCP A 167.2.2 ± 71.6 275.5 ± 81.4
HCP B 227.9 ± 93.2 647.7 ± 119.2

Three parameters are considered to evaluate permeation efficiency: cumulative con-
centration, penetration rate, and lag time [36,37]. Cumulative concentration is the total
amount of the polymer that penetrates through the sample. The penetration rate is the rate
at which the polymer moves through the sample. The lag time is time required to polymer
to appear in receiver solution.

The positive control was salicylic acid and the negative control was sodium fluorescein.
Both controls were consistent throughout the experiment. Each experiment was performed
in triplicate. The neat media solutions showed background fluorescence (intensity of
132 a.u. measured at 490 nm). The fluorescence intensity of the neat media was subtracted
from the fluorescence intensity of the receiver media.

After two hours, the positive control fully penetrated the sample skin, and the negative
control did not penetrate it, as expected. The fluorescence intensity of the donor solution,
the donor solution after 24 h, and the analysis of the cumulative concentration are shown
in the supplementary information (Figures S5 and S6).

Permeation of Aminothiophenol-Functionalized Polymers (A):

The stock solutions were diluted with media before applying them to the skin sample.
The fluorescence intensity of the receiver media was taken every 1–2 h for 24 h. Each
experiment was performed in triplicate. The fluorescence intensity of the neat media was
subtracted from the fluorescence intensity of the receiver media. The fluorescence intensity
of the donor solution, the donor solution after 24 h, and the cumulative concentration are
shown in Figures 5 and 6.
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Figure 5. Emission spectra of (a) donor solution of homopolymer A before the experiment (black)
and donor solution after the experiment (red), (b) donor solution of BCP A before the experiment
(black) and donor solution after (red), and (c) donor solution of HCP A before the experiment (black)
and donor solution after (red).

Figure 6. Cumulative concentration vs. time of (a) homopolymer A, (b) BCP A, and (c) HCP A.
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The cumulative concentration plots show a change in the trend between 5 h and 10 h.
We propose that this trend is due to the more rigid non-amphiphilic polymers becoming
stuck in the skin sample.

Permeation of Cysteamine-Functionalized Polymers (B):

The stock solutions were diluted with media before applying them to the skin sample.
The fluorescence intensity of the receiver media was taken every 1–2 h for 24 h. Each
experiment was performed in triplicate. The fluorescence intensity of the neat media was
subtracted from the fluorescence intensity of the receiver media. The fluorescence intensity
and concentration of the donor solution, the donor solution after 24 h, and the cumulative
concentration are shown in Figures 7 and 8.

Figure 7. Emission spectra of (a) donor solution of homopolymer B before the experiment (black) and
donor solution after the experiment (red), (b) donor solution of BCP B before the experiment (black)
and donor solution after (red), (c) donor solution of HCP B before the experiment (black) and donor
solution after (red).

The average penetration rate and lag time for all samples are shown in Figure 9.
Homopolymer A slightly penetrated through the sample skin with a penetration percentage
of 8.8%. The lag time of homopolymer A was the shortest of the aminothiophenol polymers.
The penetration of homopolymer B was insignificant and could not be measured. BCP
A partially penetrated through the sample, with a penetration percentage of 26.8%. The
lag time of BCP A was between homopolymer A and HCP A. There was a significant
discrepancy in the triplicate data collected for BCP B. We associate this discrepancy with
the behavior of the BCP in the cells. Both HCPs fully penetrated through the sample of skin.
We observed that the architecture of the HCP is more suitable for skin permeation than
the architecture of the homopolymer and BCP. The lag time of HCP B (≤30 min) is much
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shorter than HCP A (9.38 h). This is in parallel with the DLS data, as well as previous data
collected for their critical micelle concentration (CMC) values [13]. The CMC of HCP A is
equal to 1.12 × 10−6 M ± 6.61 × 10−4 and HCP B is equal to 2.48 × 10−7 M ± 6.28 × 10−9

(Figure 10). The recorded micelle size of HCP A is smaller than the micelle size of HCP
B (Table 2). We hypothesize that the penetration rate and lag time are not only related to
micelle size but also may be related to CMC. The penetration characteristics, micelle size,
and CMC depend on the hydrophilic/hydrophobic balance in the HCP.

Figure 8. Cumulative concentration vs. time of (a) homopolymer B (b), BCP B, (c) HCP B.

Figure 9. Bar graph of averaged (A) penetration rate and (B) lag time for all studied samples.
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Figure 10. Critical micelle concentration of HCP A (blue) and HCP B (red).

3. Conclusions

The reported study shows that the hybrid block–graft copolymers based on a poly(2-
oxazoline) backbone successfully penetrate the stratum corneum matrix, citing architecture
and amphiphilicity as crucial characteristics for penetration efficiency. These hybrid poly-
mers are good alternatives to PEG and can provide a simple and biocompatible vehicle
for transdermal drug delivery. The skin permeation of the amino-containing oxazoline
homopolymers, block copolymers, and hybrid block–graft copolymers was studied using
the EpiDerm™ Skin Model. The homopolymers showed the lowest level of penetration.
The block copolymer PEG-block-poly(4-aminothiophenol-2-oxazoline) partially penetrated
the skin and had a lag time between that of the corresponding homopolymer and the
hybrid polymer. The data collected for PEG-block-poly(cystamine-2-oxazoline) showed
a significant discrepancy attributed to the micellar interaction with the cells. The hybrid
copolymers showed the most efficient permeation, wherein cysteamine-modified hybrid
B penetrated the tissue samples quicker than aminophenol-modified hybrid A. These ob-
servations correlate with the critical micelle concentration of the corresponding polymers.
Interestingly, the size of the micelles is a less relevant characteristic for skin permeation.
We hypothesize that a correct balance of hydrophobicity/hydrophilicity plays a primary
role in permeability along with the architecture of the polymer (homopolymer vs. block vs.
block–graft copolymer). More data are required to understand the mechanism of polymer
permeation, and this is currently under investigation. In particular, more data on the corre-
lation between hybrid polymer composition (fractions of hydrophobic polycaprolactone
and hydrophilic PEG) and the length of each block may be of great importance, as well as
toxicity studies of poly(2-oxazoline)-based constructs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings13061007/s1, Figures S1–S4: DLS data for 0.01% HCP A
in buffer pH 6.86, 0.1% HCP A in water, 0.01% HCP B in buffer pH 6.86, 0.1% HCP B in water.
Figure S5: Emission spectra of (a) donor solution of positive control before experiment (black) and
donor solution after the experiment (red) (b) donor solution of negative control before experiment
(black) and donor solution after experiment (red). Figure S6: Cumulative concentration vs. time of
(a) positive control (b) negative control. Figure S7. Calibration curve of (a) positive control salicylic
acid (b) negative control fluorescein sodium. Figure S8. Calibration curve of FITC-aminothiophenol-
functionalized (a) homopolymers (b) BCPs (c) HCPs. Figure S9. Calibration curve of FITC-cysteamine-
functionalized (a) homopolymers (b) BCPs (c) HCPs.
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Abstract: Materials exposed to the outdoors are prone to various deterioration processes. Architec-
tural coatings are designed to protect surfaces against environmental and biotic degradation and
to provide a decorative layer. The objective of this work was to examine the early colonisers on a
diverse set of coated and non-coated biobased façade materials. A set of 33 wood-based cladding
materials were exposed to four cardinal directions and monitored in outdoor conditions. The surfaces
were sampled using a wet swab and plated on DG-18 agar, which prevents the growth of bacteria
and limits the growth of fast-growing fungi. Pure cultures were then isolated and identified through
PCR amplification and Sanger sequencing of specific DNA regions/genes. The response of cladding
materials to weathering and fungal infestation was assessed. The proposed techniques enabled the
identification of features that promote/inhibit fungal colonisation and revealed the preference of
certain fungi for specific materials. Both the material type and the climate condition at the exposure
site influence fungal colonisation. This study is a starting point for more exhaustive assays that aim
to develop a novel coating system based on controlled and optimized fungal biofilm formation, and
is proposed as a nature-inspired alternative for the protection of architectonic surfaces.

Keywords: coating; materials performance; bioreceptivity; natural weathering; fungal infestation;
early fungal colonisers

1. Introduction

Wooden cladding materials are susceptible to biotic attack by moulds and decay fungi.
The latter causes structural weakening of the wooden material, while the former leads
to surface discolouration and affects the aesthetic appeal. The occurrence of either type
depends on the environmental conditions, wood moisture content, and durability of the
cladding material [1]. Together with other microorganisms and insects, fungi contribute to
the biodeterioration of wood that occurs in parallel with abiotic deterioration caused by
wind, rain, temperature, and UV radiation.

While their aesthetic appeal, availability, affordability, and environmental friendliness
contribute to the popularity of wooden cladding materials, their maintenance remains
challenging due to the reasons stated above [2]. Coatings are often applied for wood
protection but have historically contained substantial amounts of VOCs. With growing
environmental concerns, the use of high-VOC paints has been highly restricted according to
European Directive 2004/42/CE. Low-emission coatings are, however, still niche products
since 70% of the raw materials are based on petroleum (mineral oil) [3]. Nevertheless, there
is a shift from solvent-based to water-based architectural coatings. Water-based coatings
unfortunately do not always match the performance of solvent-based ones [4], posing a
significant challenge to the coating industry. The water-based formulation leads to quick
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evaporation of water resulting in tacky, more viscous paint [5]. Architectural coatings
manufacturers are, therefore, focusing on developing formulations that offer longer open
times for paint users, defined as the “time after application beyond which further reworking
of the paint film results in visible surface defects” [6]. Moreover, aqueous raw materials
used in the formulation of paints and coatings create a beneficial environment for the
growth of bacteria, fungi, and yeast [7]. To prevent the growth of microorganisms, various
biocides can be employed. Copper-rich systems are commonly used; however, there are
concerns regarding damage to aquatic systems as well as the disposal of treated wood [8].
Due to the stringent EU legislation as well as awareness of health and environmental
issues, there is a need to develop non-toxic biobased wood coatings with satisfactory
performance [9].

Bioreceptivity is defined as the ability of a material to be colonised by one or several
groups of living organisms without necessarily undergoing any biodeterioration [10].
However, it is often desirable to remove any kind of colonisation from building surfaces for
preventive conservation but also to maintain cleanliness and order [11]. Nevertheless, in
line with the bioreceptivity concept, an innovative approach to wood protection has been
described, where the growth of a yeast-like fungus, Aureobasidium pullulans (A. pullulans),
on wood impregnated with linseed oil has exhibited protection of the wood rather than its
degradation [12]. This was made possible by understanding the interaction between the
wood and the fungus and creating circumstances where the fungus exhibited a protective
effect. We consider this an important milestone in the development of alternative coating
systems, demonstrating that fungi are not necessarily only harmful but can be beneficial
as well. An understanding of fungal colonisation on façade materials is indispensable to
further such efforts and develop novel concepts for material protection. An example of
such an alternative coating system based on a controlled and optimised fungal biofilm is
currently under development within the frame of the ARCHI-SKIN project [13].

In most studies where fungal growth on wooden materials was investigated, the earli-
est time point for fungal infestation evaluation is 3 months after sample exposure [14–16]
or more [17,18]. We would like to argue that earlier time points deserve more attention as
they can provide information about the initial steps of fungal attachment and growth on
surfaces [19], which is relevant both for their prevention and promotion.

In the literature, samples are often exposed in a single cardinal direction [15–18],
yet Podgorski et al., who exposed samples in all four cardinal directions, found they did
differ [14]. In real life, cladding materials are exposed in all cardinal directions (on buildings)
and the information about their respective performance is of relevance. Moreover, the
architectonic design and specific 3D geometry of buildings create specific zones that might
be more or less exposed to the weathering process. Consequently, environmental exposure
(dose) is closely related to material response [20].

The objective of this work was to examine the early colonisers on a diverse set of
façade materials including commercial materials that are coated and non-coated. The effect
of the exposure site on the microbial burden and the presence of dominant species on
various materials were investigated. Simultaneously, the response of cladding materials to
weathering and fungal infestation was assessed to determine whether fungal presence is
necessarily connected with material deterioration. The experiment is ongoing with the aim
of identifying fungal species that simultaneously possess the potential to uniformly cover
the surface and not cause material deterioration.

2. Materials and Methods

2.1. Experimental Materials and Natural Weathering

Experimental samples were obtained from 30 industrial partners from 17 countries
that provided experimental material for the BIO4 ever project [21] and included specimens
representing natural wood, thermally, chemically, and surface-treated wood, impregnated
wood, biobased composites, and hybrid modification merging more than one of the above
categories. The size of each individual sample was ~150 L × ~75 W × ~20 T mm3. Before
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weathering, samples were scanned with an office scanner HP Scanjet 2710 (300 dpi, 24 bit)
and saved as TIF files (Figure 1a). All information available about the samples can be
found in Table 1. The 33 different cladding materials analysed in this work were a subset of
93 different cladding materials that were placed on the roof of the InnoRenew CoE building,
situated in the coastal town of Izola, Slovenia (45.5350, 13.6577). For each cladding material,
2 duplicate samples (left, right) were exposed in each cardinal direction. Samples were
mounted on a vertical stand on 13–14 October 2022 and exposed to natural weathering. The
results related to microbial growth reported in this work are from observations conducted
after the first month of exposure, unless when explicitly stated otherwise. The meteoro-
logical data were obtained from the Historical Weather API (https://open-meteo.com/,
accessed on 14 June 2023) (Figure 1b). The data are based on reanalyses of datasets and
employ a combination of radar, satellite, aircraft, buoy, and weather station observations.
Mathematical models are used to fill in gaps in the data. Reference (=unweathered) samples
were stored indoors at ambient conditions (~50% RH, ~21 ◦C).

Figure 1. (a) Scans of samples included in the study. The sample number (see Table 1) in the purple
square represents coated samples while those in the green square are not coated. (b) Weather data
for one month of exposure (14 October 2022–15 November 2022). Hourly data for temperature
(T), relative humidity (RH), precipitation, shortwave radiation (radiation), wind speed, and wind
direction are displayed. (c,d) Contact angle (c) and Sa (d) of reference samples. Mean ± SD of
technical replicates is shown. Colours are the same as in (a).
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Table 1. List of cladding materials.

Sample nr. Group 1 Sample Information Coating Species

1 therm Treated in 212 ◦C no spruce

2 hybr Treated in 212 ◦C with addition of FeSO4 no spruce

3 natr Heartwood kiln dried 50–70 ◦C no pine

4 surf Oiled stick-glued bamboo façade profiles no bamboo

5 impr Wood impregnated with silicone
and silicate no beech

6 hybr
Thermally treated and coated
(industrially)
Semi-transparent coating

yes spruce

7 chem Furfurylated (industrially) no pine

8 impr Impregnated with TO2 nanoparticles no pine

9 hybr Impregnated with TO2 nanoparticles and
linseed oil no pine

10 hybr
Thermally treated and impregnated with
copper oxide, boric acid,
and tebuconazole

no pine

11 natr Air dried no beech

12 therm Hydro-thermally treated (industrially) no frake

13 chem Acetylated (industrially) no beech

14 hybr
Thermally treated and coated
(industrially)
Semi-transparent coating

yes frake

15 impr Soaked with concentrated fluorosilane no poplar

16 impr Melamine treated no poplar

17 comp Coated acetylated MDF (industrially)
Opaque petroleum grey coating yes composite

18 surf Coated with solvent-based product
(industrially) Semi-transparent coating yes pine

19 impr Treated with copper ethanolamine no spruce

20 comp Coated acetylated MDF (industrially)
Opaque white coating yes composite

21 hybr Acetylated and coated (industrially)
Opaque white coating yes pine

22 hybr Acetylated and coated (industrially)
Semi-transparent coating yes pine

23 natr Natural fir (kiln dried) no fir

24 therm Thermally treated fir (vacuum) no fir

25 surf Coated (industrially)Transparent coating yes fir

26 hybr Coated thermally treated fir (industrially)
Transparent coating yes fir

27 surf Coated natural oak (industrially)
Transparent coating yes oak

28 hybr
Coated thermally treated oak
(industrially)
Transparent coating

yes oak

29 natr Natural oak (kiln dried) no oak
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Table 1. Cont.

Sample nr. Group 1 Sample Information Coating Species

30 therm Thermally treated oak (vacuum) no oak

31 surf Nanoparticle transparent coating, 3 layers
(DIY application) yes pine

32 comp Wood–plastic composite no composite

33 therm Over-thermally treated spruce no spruce
1 Group: therm = thermally treated; hybr = hybrid; natr = natural; impr = impregnated; chem = chemically treated;
comp = composite; surf = surface treated.

2.2. Surface Wettability and Topography Measurements

The contact angle and topography measurements of reference samples were obtained
with an Attension Theta Flex Auto 4 optical tensiometer equipped with a 3D topography
module (Biolin Scientific, Gothenburg, Sweden). On each sample, five contact angle
measurements with distilled water were performed. The drop volume was 4 μL, and
the contact angle was evaluated at the 20 s timepoint. Image processing was performed
with OneAttension v 4.0.5 software, and the Young–Laplace equation was employed to
determine the contact angle. The contact angle could not be measured on samples 19, 25, 31,
and 32. The last had a grooved surface, 19 and 25 were too hydrophilic and the contact angle
could not be measured for 20 s during all five measurements, while 31 was too hydrophobic
and the droplet did not attach to the surface. Three topography measurements, each
covering an area of 3.2 mm × 2.8 mm were performed. The Sa parameter was evaluated.
Measurements were performed on all reference samples except 17 and 22, which were
too reflective, 28, where the signal-to-noise ratio was not acceptable, and 32, due to its
particular topography. The contact angle and topography were also measured on a subset of
wooden samples dismounted from the roof at the 2.5-month timepoint. The measurements
were performed after climatising materials to the equilibrium moisture content (~50% RH,
~21 ◦C). The procedure was similar to the one described above; however, contact angle
measurements were performed in triplicates and not quintuplicates.

2.3. Evaluation of Microbial Growth

Dichloran glycerol agar (DG-18, REF: 40587, NutriSelect® Plus, Merck Millipore, Merck
KGaA, Darmstadt, Germany), potato dextrose agar (PDA, REF: 4019352, Biolife, Milan,
Italy), and malt extract agar (MEA, REF: 4016552, Biolife, Milan, Italy) were prepared
according to the manufacturers’ instructions and poured into 90 mm diameter plastic Petri
dishes. The plates were left to solidify at ambient conditions and stored at 4 ◦C until
use. Nylon swabs (REF: 2123-1003, Citotest, Haimen, Jiangsu, China), wetted in sterilised
distilled water, were used for sampling. An area of approx. 2.5 cm × 2.5 cm in the upper left
corner of each sample was swabbed and directly spread on DG-18. Plates were incubated
under ambient conditions for 1 week before evaluation. Colony forming units (CFU) were
counted if possible—100 was defined as the upper limit and all plates containing counts
>100 were assigned a CFU count of 100. From DG-18 plates with at least 10 CFU, where at
least 90% of the colonies appeared to be of the same morphology (by visual evaluation), a
representative colony of the prevalent morphology was isolated to a pure culture on PDA
plates. Cultures were deposited in the Microbial Culture Collection Ex (Department of
Biology, Biotechnical Faculty, University of Ljubljana, Ljubljana, Slovenia).

2.4. Visualisation and Identification of Fungal Macro- and Micromorphological Features

Selected cultures were retrieved from the Microbial Culture Collection Ex and grown
on MEA at ambient conditions for 7–9 days. The macromorphology of pure cultures
was visualised and imaged using the colonyQuant automated colony counter (Schuett,
Göttingen, Germany). For A. pullulans, A. melanogenum, and Penicillium sp., a small portion
of each respective pure culture was placed directly in a drop of 0.9% w/v sodium chloride
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solution on a microscope slide, covered with a cover glass and sealed with nail polish. From
pure cultures of Alternaria alternata and Cladosporium sp., two slide cultures were prepared
using MEA agar cubes, as described previously [22]. Briefly, the agar cubes were placed
on microscope slides, inoculated with each of the selected pure cultures, and covered with
a cover glass. The slide cultures were incubated at 25 ◦C for 3 days. Subsequently, the
cover glass was removed, placed on a drop of 0.9% w/v sodium chloride solution on a
microscope slide, and sealed with nail polish. Transmitted light microscopy was performed
with an EVOS™ M7000 Imaging System (Thermo Fisher Scientific, Waltham, MA, USA)
using a 60× objective.

A subset of wooden samples was dismounted from the roof at the 2.5-month timepoint
and imaging was performed after climatising materials to the equilibrium moisture content
(~50% RH, ~21 ◦C). The samples were imaged with a Keyence VHX-6000 digital microscope
(Keyence, Osaka, Japan). Colour images were acquired at 500× magnification.

2.5. Molecular Identification of Selected Isolates

Prior to DNA isolation, selected isolates were grown on PDA plates for one week.
Genomic DNA was extracted after mechanical lysis in CTAB buffer as described previ-
ously [23]. Identification was based on PCR amplification and Sanger sequencing of certain
DNA regions/genes. These included internal transcribed spacers 1 and 2 including the 5.8S
rDNA (ITS) with primer set ITS5 [5′-GGA AGT AAA AGT CGT AAC AAG G-3′] and ITS4
[5′-TCC TCC GCT TAT TGA TAT GC-3′] [24] for a majority of isolates, partial sequences of
genes encoding for actin (act) for genera Alternaria and Cladosporium with primers ACT-512F
[5′-ATG TGC AAG GCC GGT TTC GC-3′] and ACT-738R [5′-TAC GAG TCC TTC TGG
CCC AT-3′] [25], and β-tubulin (benA) for genus Penicillium with Ben2f [5′-TCC AGA CTG
GTC AGT GTG TAA-3′] [26] and Bt2b [5′-ACC CTC AGT GTA GTG ACC CTT GGC-3′] [27].
After obtaining sequences of isolates from Microsynth (Austria), the most similar sequences
of type strains and other important taxonomical reference strains were retrieved from the
GenBank nucleotide database with the blast algorithm [28]. All sequences were aligned
and phylogenetically analysed using the maximum likelihood method as implemented in
program Mega11 [29]. All DNA sequences from the representative isolates from this study
were deposited in the GenBank database: OR054020-OR054066.

For two samples where a majority of pink yeast (presumably Aureobasidium sp.) was
observed, we were not able to obtain the species identity (29 west, left panel and 18 east,
left panel).

2.6. Data Analysis

The R programming language [30] was used for data analysis. R and Inkscape were
used for data visualisation. p-values were adjusted using the Bonferroni multiple testing
correction method. The size of all tests was 0.05.

3. Results and Discussion

3.1. Experimental Setup

The investigated sample set consisted of a wide range of coated and non-coated
commercial cladding materials (Table 1, Figure 1a). Since most of the samples were obtained
from commercial entities, the exact chemical composition of certain coatings and treatments
could not be obtained. Nonetheless, we considered these materials relevant for investigation
since these are the materials that are used as façade elements in “real life.” Just over a
third of the investigated materials were coated, half of those were hybrid materials, one-
third were surface-treated, and the rest were composites. Among non-coated samples,
thermally treated and impregnated were the most represented, followed by natural, hybrid,
chemically treated, surface-treated and composites. Eight different species were represented
among non-coated samples, five among coated. The materials were exposed in all cardinal
directions, with duplicate samples for each material in each direction—all together this
amounted to eight samples for each material.
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The roughness and wettability of investigated materials were evaluated (Figure 1c,d).
We considered these parameters important as it has previously been shown that they
influence fungal spore adhesion to surfaces [31,32]. There was no overall difference in the
wettability and roughness between the coated and non-coated materials, both categories
containing samples that spanned a wide range. Interestingly, certain non-coated samples
(7, 10, 12, 23, 24) exhibited a rather wide scatter of the measured contact angles but not
of Sa. This might be due to biological nature and intrinsic heterogeneity of investigated
materials (e.g., differences between early and late wood, presence of wood defects).

The samples were exposed to natural weathering between mid-October and mid-
November (Figure 1b). This was early autumn in a coastal region, with consistently high
relative humidity and temperatures between 10 ◦C and 25 ◦C. These conditions were
favourable for microbial growth [33] and the results presented in this work would most
likely be different if another time period would be chosen for weathering and sampling.

3.2. Microbial Burden across Cardinal Directions

It has previously been reported that the cardinal direction of exposure affects the
colour and chemical changes in the wood due to weathering [19,34–36]. Few reports
are available on the effects of cardinal direction on fungal growth and/or associated
surface discolouration [14,36]. To investigate this, samples exposed in all directions were
swabbed and colony forming units (CFUs) were counted (Figure 2). The placement of
sample materials on the stand (Figure 2a) and a visual representation of averaged counts of
duplicate samples exposed in all cardinal directions are represented (Figure 2b–e).

It is important to mention that despite the physical contact between the samples, the
fungal counts of neighbouring samples can differ profoundly. This means that the fungi did
not spread uncontrollably between materials, indicating that their growth was governed by
specific material properties.

Differences between the cardinal directions are summarised in a boxplot shown in
Figure 2f. For all directions, we have materials that range between 0 and 100 colonies
(upper limit); however, the central tendencies (represented by median and mean) between
the cardinal directions differ. The distributions of the CFU counts on samples exposed in
the four directions were found to differ significantly. The least growth was observed in
the south, which might be due to the longer exposure to UV radiation leading to faster
changes in surface moisture [19]. The highest fungal burden was observed in the east
and west, which can partly be explained by the predominant wind direction in autumn
in Izola (Figure 1b). The wind-driven rain is the largest moisture source that influences
the hygrothermal performance of building envelopes [37], causing more pronounced
mould growth.

Wet swabbing and direct re-plating on agar is a relatively fast method that made
it possible to swab the 264 samples exposed on the roof in a single day, but there are
shortcomings that need to be taken into account. Since only a limited area of the sample
was swabbed, the results might not always be representative of the whole surface. Moreover,
the swabbing technique in itself is problematic for the enumeration of CFUs since spores
can produce more colonies on agar compared to the same biomass consisting of hyphae,
and the choice of culturing media can affect the growth of fungi [38]. We did not perform
dilution plating, which resulted in some plates being overgrown and the CFUs could not be
enumerated but were assigned the arbitrary number of 100 CFU. Nonetheless, the approach
taken was robust and enabled comparisons between samples, since the same errors were
introduced for all samples. However, the interpretation of any absolute values should be
performed with caution.

These results demonstrate that the cardinal direction of exposure influences fungal
colonisation of materials and is in line with previously published reports [39]. The doses of
UV, wind, and wind-driven rain all strongly depend on the exposure direction and influence
material weathering, which might directly and indirectly influence fungal growth.
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Figure 2. (a) Placement of material samples on the stands. The sample number (see Table 1) in the
purple square represents coated samples while those in the green square are not coated. (b–e) Average
number of colonies from duplicate samples exposed to the (b) east, (c) north, (d) south, and (e) west.
(f) Average number of colonies at different cardinal directions. Black points represent mean values.
The four groups do not have equal distributions (Friedman test, p < 0.05). There are significant
differences between east and north, east and south, north and south, west and south (Wilcoxon
signed-rank test, p < 0.05). Note: The colour gradient (bright yellow to dark red) corresponds to the
average number of colonies (0 to 100, respectively).

3.3. Materials Resistant to Fungal Growth

Due to the biodegradation and discolouration associated with fungal colonisation and
growth on wooden materials, great efforts are being invested in prevention. Most of the
materials used in this study are commercial and several were treated to provide antifungal
properties (Table 2).

To determine which samples were not susceptible to fungal colonisation and growth
in our test, we identified those that had less than 10 CFUs from the swabbed regions of at
least seven out of eight exposed samples (Figure 3a). Two of these samples were coated
(samples nr. 6, 17) and two were not (samples nr. 4, 19). Two and a half months after
the samples were exposed (that is 6 weeks after the first sampling), several samples (all
N-L) were dismounted, conditioned, and examined under the microscope for the visual
presence of fungi. Interestingly, samples 4 (Figure 3b) and 6 (Figure 3c) were still devoid of
any visible fungal growth. This was in stark contrast with several other samples, where
abundant growth was observed. As an example, sample 13 is shown in Figure 3d.
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Table 2. Cladding materials with putative antifungal properties.

Sample
Antifungal Treatment/
Property

Mode of Action

2, thermally treated and
impregnated Iron(II) sulphate Excess iron leads to disturbed iron homeostasis [40,41]

5, impregnated Silicone and silicate Acts as a water repellent and reduces moisture uptake of wood [42,43].

8, impregnated
9, impregnated

Titanium dioxide
nanoparticles

Generation of free radicals (hydroxyl and superoxide anion) and
hydrogen peroxide causing microbial growth reductions [44]

10, thermally treated and
impregnated

Copper oxide, boric acid,
and tebuconazole [45]

Copper can cause membrane damage [46] and protein
denaturation [47]. Tebuconazole leads to ergosterol
degradation [48,49].

15, impregnated Fluorosilane Acts as a water repellent and reduces moisture uptake of wood [50].

19, impregnated Copper ethanolamine Copper can cause membrane damage [46] and protein
denaturation [47].

Figure 3. (a) Samples resistant to fungal growth. The abbreviations on Y-axis represent cardinal
direction and panel (e.g., E-L = east left, N-R = north right). Colours represent coated (purple) and
non-coated (green) samples. Symbol size corresponds to the number of CFUs (<10). (b–d) Microscope
images of samples (b) 4, (c) 6, and (d) 13 at 500×. Scale bar represents 10 μm.

Sample 4 contains bamboo cladding and its resistance to fungi is surprising, given
the breadth of the literature reporting its susceptibility to mould and decay [51]. However,
the material used in this experiment (stick-glued bamboo façade profiles) provided by the
industrial partner was additionally protected by oil, which might explain its high resistance.
The second non-coated sample (19) was treated with copper ethanolamine, which is known
to prevent fungal growth. For the two coated samples, 6 and 17, provided by industrial
partners, the exact composition of the coating is unknown, and it is, therefore, difficult to
interpret these results. It must be mentioned that only sample 19 from Table 1 demonstrated
antifungal properties in practice, while we would expect similar performance from at least
sample 10. However, the treatment of sample 10 was conducted under laboratory conditions
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contrary to sample 19, which was prepared by an industrial partner. This might be the
reason for the lower effectiveness of the treatment in this particular case.

3.4. Dominant Species

In long-term experiments, Aureobasidium sp., a polyextremotolerant fungus [52], has
consistently been shown to be the prevalent species on wood-based materials [14,17,36].
Podgorski et al., who performed sampling every 3 months, reported that the diversity
of fungal species decreases over time and that it is after 9 months that Aureobasidium sp.
predominates [14]. To investigate the occurrence of dominant species in more detail and in a
more quantitative manner, at the 1-month timepoint we identified samples where ≥ 90% of
the CFUs appeared to have the same morphology. Pure cultures were obtained and selected
DNA regions (internal transcribed spacers 1 and 2 including the 5.8S rDNA (ITS) and/or
actin and/or β-tubulin) were sequenced to allow for identification. Dominant species were
identified on at least one sample (out of 8) for 16 of the 33 tested materials (Figure 4a). Most
of them were “heavily” colonised, having a CFU count of 100. On the vast majority of
these materials, Aureobasidium sp. was the dominant genus, implying that Aureobasidium
can establish dominance already during the early phases of colonisation. We found that
Aureobasidium melanogenum (A. melanogenum) is the predominant species, with only a few
occurrences of A. pullulans. However, it was only in 2014 that A. melanogenum was defined
as a species [53]. Before this, it was a variety of Aureobasidium pullulans (Aureobasidium
pullulans var. melanogenum), which explains why A. pullulans is the species commonly
mentioned in publications. It has been shown that A. melanogenum is the predominant
Aureobasidium species on oil-treated wood [54], but no other studies have, to our knowledge,
compared the species composition on commercial cladding materials since A. melanogenum
acquired the status of a species. A. melanogenum is considered an opportunistic pathogen
as it can grow at 37 ◦C, which is a unique trait in the genus [53]. This might make it more
competitive against A. pullulans when growing on surfaces exposed to warm weather.
Another possible advantage of A. melanogenum could be its higher melanin content [55],
which could provide efficient UV protection. Importantly, there might also be several other
reasons contributing to the prevalence of A. melanogenum—such as its higher presence in
the local environment, better attachment, faster growth, biofilm formation etc.

Only one material representing a wood–plastic composite (32) had a dominant species
on all replicates. Different species of Cladosporium, as well as Alternaria alternata and Peni-
cillium sp., were found on the surface of this material. The spores of all three species
are commonly present in the outdoor air [56–59]. It must be mentioned that this wood–
plastic composite had a specific topography (grooved surface), which might have influ-
enced the retention of certain types of spores and/or led to non-homogenous growth over
the material.

Representative macro- and micromorphologies of all species isolated from the materi-
als are shown in Figure 4b,c, respectively. A. melanogenum is smooth, matt, and pinkish with
areas of dark brown, indicating melanisation. On the microscopic picture, partly melanised
vegetative hyphae and conidia can be observed. A. pullulans colonies are smooth, matt, and
pinkish. Hyaline vegetative hyphae and conidia are visible. The colonies of Cladosporium sp.
are powdery and olivaceous green, septate hyphae with conidiophores and conidia can be
discerned from the microscopic image. Alternaria alternata appears woolly, olive-brown, and
covered with short aerial hyphae. Dark, septate hyphae and ellipsoidal conidia, some in
chains, are present. Penicillium sp. colonies appear powdery and greenish-blueish. Typical
conidiophores with phialides forming basipetal conidia can be observed.
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Figure 4. (a) Samples with dominant species. The abbreviations on Y-axis represent cardinal direction
and panel. Colours represent fungal identity; inner symbol size corresponds to the number of CFU.
(b) Images of pure cultures. (c) Microscopic images of pure cultures obtained with a 60× objective.
Scale bar represents 50 μm.

3.5. Materials Characterisation

Roughness and wettability measurements for selected samples exposed to the north
were conducted before and after 2.5 months of exposure. Samples were dismounted from
the stand and stored in a controlled environment to reach equilibrium moisture content
before measurements. The highest increase in surface roughness was evident for natural
cladding materials (e.g., samples 29, 23, or 11). The arithmetical mean surface height
(Sa) is the basic irregularity quantifier corresponding to the arithmetical mean height of
the roughness profile (Ra), traditionally determined from the two-dimensional surface
roughness profiles. ΔSa for the averaged measurements of samples 29, 23, and 11 was
8.9, 5.9, and 5.2 μm, respectively. An increase in surface roughness during weathering is
associated with general erosion of the wood surface, removal of the single fibres, and the
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leaching of photodegraded components [60]. Changes in the surface roughness during the
weathering process are also linked to increased susceptibility to dirt accumulation, moisture,
and pollutants as well as enhanced spore attachment and germination [61]. On the contrary,
samples protected with a coating (e.g., 6) did not exhibit a change in the Sa parameter.
Similar observations can be made while interpreting wettability results. Low contact angle
values indicate that the liquid easily spreads over the assessed surface. Conversely, a high
contact angle implies poor spreading and physical affinity. Unprotected samples already
exhibited lower contact angle measurements after 2.5 months of the natural weathering
process. The surfaces were easily wetted, and the sessile drops disappeared after a few
seconds of the test. Contact angle parameters remained stable for coated samples (e.g., 6)
where the difference was negligible. The contact angle measurement implies wettability by
water (or other liquids) of the exposed material surface. The extent to which the contact
angle changes is an important indicator of the progression of weathering [62]. Evaluation
of investigated biobased cladding materials confirms that the most common material
characteristics for improving bioreceptivity are high surface roughness, high open porosity,
high capillary water content, and high wettability [63].

4. Conclusions

The goal of this work was to examine the early fungal colonisers on a diverse set
of façade materials including commercial, coated, and non-coated materials. A set of 33
wood-based cladding materials were exposed to four cardinal directions and monitored in
outdoor conditions. The response of these cladding materials to weathering and fungal
infestation was assessed to verify if fungal presence is necessarily connected with material
deterioration. The surfaces were sampled with a wet swab and plated on DG-18 agar.
Pure cultures were then isolated and identified through PCR amplification and Sanger
sequencing of specific DNA regions/genes.

• On most of the investigated materials where a dominant morphology was present,
Aureobasidium sp. was the dominant genus, implying that Aureobasidium can establish
dominance already during the early phases of colonisation.

• Both the material type and the climate condition at the exposure site influenced fungal
colonisation. Samples exposed in another climate zone or at a different time of the
year might exhibit different infestation patterns. Therefore, the current findings can
only be interpreted within the experimental setting used.

• Coated materials were generally less susceptible to fungal infestation. The distribu-
tions of the CFU counts on samples exposed in four directions differed significantly.
The least growth was observed in the south, while the highest fungal burden was
observed in the east and west.

• Based on described results, Aureobasidium sp. is considered a candidate for a living
component of a new nature-inspired coating system designed to effectively protect
architectonic surfaces. We assume that due to its polyextremotolerance, Aureobasidium
sp. would be a good candidate for living coatings to be used in different climate zones.
Nonetheless, further research in diverse climatic regions might identify alternative
species and/or even polymicrobial communities as candidates for living coatings.
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53. Gostinčar, C.; Ohm, R.A.; Kogej, T.; Sonjak, S.; Turk, M.; Zajc, J.; Zalar, P.; Grube, M.; Sun, H.; Han, J.; et al. Genome Sequencing of

Four Aureobasidium Pullulans Varieties: Biotechnological Potential, Stress Tolerance, and Description of New Species. BMC
Genom. 2014, 15, 549. [CrossRef]

54. van Nieuwenhuijzen, E.J.; Houbraken, J.A.M.P.; Meijer, M.; Adan, O.C.G.; Samson, R.A. Aureobasidium Melanogenum: A Native
of Dark Biofinishes on Oil Treated Wood. Antonie Leeuwenhoek 2016, 109, 661–683. [CrossRef]
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Abstract: In addressing the issue of optimizing the mechanical and electrochemical properties of
hydroxyapatite (CaP) materials for biomedical applications, this research explored the incorporation
of copper (Cu) into the material and scrutinized its impact through various processing stages, from
powders to ceramics and finally to coatings. Our investigation indicated that the integration of CuO
into CaP significantly changed the lattice parameters of hydroxyapatite from manufactured powders
to sintered targets, indicating a structural evolution. Simultaneously, the change in the elemental
composition and Ca/P ratio was also followed by each step from manufactured powders to deposited
coatings. Mechanical testing revealed an impressive increase in the hardness of coatings to a high of
37 GPa for the 0.2CuO-CaP sample, a substantial improvement when compared to 13 GPa for pure
Ti. The corrosion resistance of the coatings also improved, evidenced by the decrease in corrosion
current density (Icorr) from 60.2 ± 5.2 nA/cm2 for pure Ti to a lower 3.9 ± 0.5 nA/cm2 for the CaP
coating. Our study has revealed that the structural, mechanical, and electrochemical properties of
CaP materials can be finely adjusted through the addition of Cu, promising advances in the realm
of biomedical applications. Moreover, these results hint at the potential to tune the electrophysical
characteristics of CaP coatings, an avenue for future exploration.

Keywords: substituted hydroxyapatite; thin films; bioactivity; magnetron sputtering; ceramic materials

1. Introduction

Recent advancements in the field of medical materials science have set the stage for a
new era in the treatment of diseases related to the musculoskeletal system. This innovative
approach harnesses the potential of regenerative medicine. It employs the use of varied
implant types. Many of these implants are specifically modified to address various clinical
scenarios [1,2].

The lifespan and effectiveness of these implants are largely influenced by their surface
characteristics. This highlights the crucial role played by the choice of material and any
subsequent modifications [3]. Notably, the material selection for these implants is not
arbitrary; it is dictated by the need for mechanical compatibility with bone tissue. Therefore,
materials with similar mechanical properties to bone tissue, such as metals and their alloys—
including stainless steel, cobalt, titanium, zirconium, and tantalum—have been the choice
of preference [4–6].

These selected alloys, known for their high strength and fatigue resistance, have
found extensive use in the medical field. They have become integral in the fabrication
of various medical devices, particularly those required for treating pathologies of the
maxillofacial region and the musculoskeletal system. Titanium and its alloys have emerged
as the most suitable materials for implants. Their ideal combination of mechanical and
biomedical properties make them optimal for use in fields such as orthopedics, dentistry,
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and maxillofacial surgery [7–10]. As we move forward in this era of personalized medicine,
patient-specific implants, tailor-made through the comprehensive understanding of implant
materials, their surface properties and modification techniques, will likely lead to improved
clinical outcomes and quicker recovery periods [11].

A significant challenge for modern healthcare is the effective prevention of bacterial
infections that accompany implant surgeries. One potential method for reducing the risk
of postoperative complications due to bacterial infections is to modify implant surfaces
with antibacterial coatings [12–15]. Forming antibacterial coatings on implants, which
would possess high strength and adequate adhesion for operation under mechanical loads,
is a pertinent issue in medical materials science. Importantly, these coatings should be
biocompatible and bioactive, supporting bone growth and accelerated healing. Calcium
phosphate (CaP) biocoatings meet these requirements [16–19].

Hydroxyapatite (HA)-based CaP biomaterials are widely used in implantology due
to their elemental composition, being close to the mineral constituent of bone tissue [20].
The production and application of HA-based CaP biocoatings with the partial replacement
of Ca2+ ions in the structure by cations of other metals are of considerable interest, as
substitutions in the HA structure significantly change their physicochemical and biological
properties, including improved biocompatibility [21–23]. Various metal ions can be used
for synthesizing substituted HA, with Zn and Cu being particularly noteworthy. It has
been found that ions of these metals contribute to the osteogenesis processes when used in
certain concentrations. They are also interesting for their antibacterial properties, which
could be useful for preventing peri-implantitis—inflammation of the tissues around a
previously placed implant. By replacing Ca2+ ions with Zn2+ and Cu2+ in the HA lattice
through manipulating deposition parameters, it is possible to tailor coating properties such
as its biological activity and antibacterial effect [19,24].

RF magnetron sputtering serves as a commonly adopted approach for depositing
calcium phosphate (CaP) coatings onto implant surfaces [25,26]. This technique enables
the achievement of impressive adhesion between the coating and substrate while also
offering control over the properties and morphology of CaP coatings. This control is
crucial given the significant mechanical strain experienced by the surfaces of implant
materials during the process of implantation [18,27,28]. Regarding the formation of CaP
coatings via RF magnetron sputtering, targets play a pivotal role. The configuration and
dimensions of these targets are dependent on the nature of the sputtering system and
can be adjusted as per the technical requirements. it is essential to note that CaPs are
typically brittle; therefore, the target must boast substantial microhardness and density for
its secure attachment to the cathode [29]. The creation of a target involves two primary
steps: forming the target from the relevant powdered material and subsequently sintering
it. The initial target formation process comprises the manufacture of a press powder (a
humid mass that includes a plasticizer and the original powder of a defined chemical
composition). This press powder is then subjected to hot or cold pressure in molds [30,31].
Sintering is a densification procedure where the particles of the powder interconnect under
high temperatures, resulting in material hardening [32]. It is widely accepted that the key
properties of single-phase ceramics are strongly associated with material densification,
which considerably reduces the level of porosity [33]. However, the choice of sintering
regimes for HA ceramics is constrained due to the potential for hydroxyl group loss and
material degradation at high temperatures [34]. During sintering in a vacuum, HAs can
decompose into calcium oxide (CaO), tricalcium phosphate (TCP), tetracalcium phosphate
(TTCP), and potentially result in the formation of phosphorus oxide P2O5 [35]. Thus, the
production of HA targets for RF magnetron sputtering is a complex process requiring
careful control over every step. Balancing the need for high-density, defect-free ceramics
with the brittle nature of CaP materials, as well as the challenges posed by sintering, means
that careful material and process selection is vital. With appropriate strategies in place,
however, this method could provide an efficient way to create high-quality antibacterial
coatings for implants.
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The synthesis of CaP powder, the prior step to target sintering, plays a vital role in
the success of the desired outcome. Over the past few decades, the mechanochemical
method has emerged as a popular choice for synthesizing various compounds, including
HA [36–38]. The appeal of this method lies in its simplicity and environmental benefits, as
it can perform solid-phase reactions in a solvent-free environment, reducing the likelihood
of undesirable side reactions. This procedure eliminates the need for high temperatures,
executing processes at room temperature and pressure. In the mechanochemical synthesis,
energy is liberated from the collisions of balls in a specialized planetary mill, instigating
chemical reactions. This energy release is contingent on the mill’s technical characteristics,
specifically the kinetic energy of the balls, determined by the flask’s rotation speed. Con-
sequently, HA synthesis, occurring directly within the grinding flasks, is solely possible
in ball mills operating at high rotation velocities. A higher rotation speed of the flask
correlates to a shorter HA synthesis duration [38].

Furthermore, the mechanochemical method enables the creation of novel HA forms
and facilitates HA synthesis with different doping ions, thus expanding the scope of
potential applications. It also provides avenues for fabricating more complex, multi-
component systems, underscoring its versatility in the realm of materials science. As it has
already been said, the main focus nowadays in the field of materials science is to prevent
complications related to infections. Therefore, many studies have already been performed
in terms of antibacterial Cu containing coating deposition and materials manufacturing. In
a study by Y. Huang et al., novel antibacterial Zn-Cu-HA coatings were synthesized using
an electrodeposition method [39]. Similarly, this electrodeposition method was used to
manufacture nanostructured Fe/Cu-coatings [40]. However, still a very limited number of
papers have dealt with the RF magnetron deposition of Cu containing CaP coatings; some
of the results could be found in two comprehensive review papers [41,42]. Therefore, there
is a need for further research that could facilitate a deeper understanding of and reveal
properties of Cu-containing CaP deposited by RF magnetron sputtering.

In our previous research [17,18,24], we used Cu-substituted powder manufactured
by mechanochemistry when Cu content was introduced at small, doping concentrations
in order to ensure manufacturing of a single-phase product. It is dictated by the fact that
the CuO phase that might occur during synthesis, or that RF magnetron sputtering has
drastically different bioactivity when compared to Cu [43]. In the present work, we aim
to explore the difference in Cu addition to the HA structure up to the formation of CuO
second phase and its influence on the deposition rate and properties of formed targets and
resulting coatings in terms of structural, mechanical, and electrochemical properties of CaP
materials, for each stage of preparation from powders to deposited RF magnetron coatings.

2. Materials and Methods

The preliminary materials for HA-based and Cu-HA-based targets were produced
from powders, and manufactured via mechanochemical synthesis (MC), with the help of
researchers from the Institute of Solid State Chemistry and Mechanochemistry’s Laboratory
of Intercalation and Mechanochemical Reactions, of the Siberian Branch of the RAS, Novosi-
birsk. Mechanochemical synthesis initiates chemical reactions using the energy discharged
during the ball collisions in a unique planetary ball mill, facilitated by frictional forces. A
planetary ball mill equipped with three steel drums, each having a 2000 mL capacity, was
employed to manufacture the powders of stoichiometric HA and Cu-containing HA. The
process took approximately 25–30 min to complete. The reactions that occurred during
the synthesis are outlined below, including the denotations for the samples researched in
the study:

6CaHPO4 + 4CaO → Ca10(PO4)6(OH)2·2H2O; (CaP)

6CaHPO4 + 3.8CaO + 0.2CuO → Ca9.8Cu0.2(PO4)6(OH)2·2H2O; (0.2CuO-CaP)
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6CaHPO4 + 3.75CaO + 5CuO → Ca9.75Cu0.25(PO4)6(OH)2·2H2O + 4.75CuO (5CuO-CaP)

The targets were synthesized from the resulting powders via uniaxial compression in
steel molds using a hydraulic press model MIS-6000.4K (manufactured by IMASH LLC,
Armavir, Russia). A maximum pressure of 80 MPa was applied during the last stage of a
four-stage pressing regimen. The targets were sintered in an ITM 12.1200 electric furnace
(ITM LLC, Tomsk, Russia) under ambient air conditions. The peak sintering temperature
reached 1100 ◦C, with a heating cycle extending to this maximum over four hours, and a
cooling cycle lasting beyond 30 h. The ceramic targets produced, namely, CaP, 0.2-CuO-CaP,
and 5CuO-CaP; each had a diameter of 110 mm. Post-sintering, the targets were installed
on a magnetron sputtering apparatus.

The substrates used for deposition were titanium (Ti) specimens, sourced from Russia
(VSMPO-AVISMA, Verkhnyaya Salda, Russia), having dimensions of 10 × 10 × 1 mm.

Prior to sputtering, each Ti sample was mechanically processed using grinding papers
of grades P400, P600, and P1000 (GOST 6456-82). The samples were then polished using
diamond pastes with abrasive qualities of 14/10 and 5/3 (GOST 25593-83). After the polish-
ing phase, the surfaces of the Ti disks were cleaned ultrasonically with the aid of acetone,
soapy water, and alcohol. The samples were subsequently allowed to air-dry at room
temperature. In every deposition process, a silicon wafer (Si) of dimensions 10 × 10 mm
(100) was also coated for later ellipsometry studies. The current study employed an RF
(13.56 MHz) magnetron system to deposit CaP coatings. This installation is equipped with
a 2.5 kW RF power supply (COMDEL CX-2500S, Gloucester, MA, USA) and an automatic
matching network (COMDEL Match pro CPMX-2500, Gloucester, MA, USA). The depo-
sition of CaP coatings was conducted within a vacuum chamber where the operational
gas, Ar, was maintained at a constant pressure with the help of a gas flow meter. This
was configured to 20 sccm, leading to a deposition pressure of 0.1 Pa. The arrangement of
the substrate ensured a throw distance of 70 mm. The substrate holder, operating under
a floating potential, was positioned beneath the magnetron target during the deposition
process. A stationary mode was chosen for sample deposition. To assess the kinetics of
coating growth, the deposition process was set for a duration of 120 min, with an RF power
range from 50 to 350 W. The target in use was pre-sputtered before each deposition cycle by
gradually escalating the supplied RF power at a rate of 50 W every 5 min.

The thickness of the coatings was determined via ellipsometry, using monocrystalline
Si samples. These measurements were conducted on an ELLIPS-1891 SAG spectral el-
lipsometric complex (SPC “Nanotechnology center”, Novosibirsk, Russia). To ensure
reliability, at least six samples from six different deposition runs, all operating under the
same sputtering conditions per sputtering target, were evaluated. The results are presented
as the mean ± standard deviation. The structural analysis of the resultant HA powders,
post-sintering targets, and RF magnetron coatings was conducted via the X-ray diffraction
(XRD) method. The structural phase state of the powder material and sputtering targets
was determined using a DRON-8H diffractometer (Bourevestnik, St. Petersburg, Russia).
This instrument operated in the range of angles 2θ = 10–100◦, with a scanning step of 0.02◦
in Cu-Kα radiation. The full-profile Rietveld method was employed to determine lattice
parameters and the size of coherent scattering regions (CSRs). In every case, the Rexp2-
factor was no less than 0.94. Calculations of the lattice parameters and phase relations
were performed using the Powder Cell 2.4 full-profile analysis program (Federal Institute
for Materials Research and Testing, Berlin, Germany). The XRD study was conducted in
standard Bragg–Brentano geometry. Standard ICDD PDF 4+ cards (International Centre for
Diffraction Data, Newtown Square, PA, USA) were utilized for phase analysis, which in-
cluded HA (00-009-0432), Ca3(PO4)2 (00-032-0176), Ti (00-044-1294), and CuO (00-041-0254).
A scanning electron microscope (SEM, LEO EVO 50, Carl Zeiss, Oberkochen, Stuttgart,
Germany) equipped with an electron dispersive X-ray spectroscopy (EDX) INCA system
(Oxford Instruments, High Wycombe, UK) was used to evaluate the surface morphology
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and elemental composition of CaP powders, sintered targets and deposited coatings. EDX
analysis was performed from the area under investigation that is visible in SEM image.
To examine the microstructure of the synthesized CaP powders, a transmission electron
microscope (TEM), specifically the JEOL JEM-2100 model (JEOL, Akishima, Japan), was
employed. A minute quantity of CaP powder was dispersed in an alcohol solution via
sonication, and subsequently transferred to a copper mesh for the TEM analysis. In or-
der to assess the mechanical parameters of the deposited coatings, nano-indentation was
performed on an MTS Nano Indenter G200 machine at loads of 10, 25, and 50 mN, with
6 imprints on each sample. The chosen load values for indentation are used to control
the mechanical characteristics of the coating and to determine the optimal indentation
parameters to eliminate the influence of substrates. The indenter is a Berkovich pyramid
with a 65.3◦ apex angle, and a tip rounding radius of 20 nm. This analysis was performed
using the National Research Tomsk Polytechnic University (TPU) instrumental base. Fi-
nally, the coatings’ corrosion properties were examined using the electrochemical corrosion
method. The measurements were carried out with a P-40X potentiostat-galvanostat coupled
with an FRA-24 frequency analyzer module (Electrochemical instruments, Chernogolovka,
Russia). All experiments were conducted in an E-7SF three-electrode cell (Electrochemical
instruments, Chernogolovka, Russia) at room temperature. The electrolyte used consisted
of 0.9 wt. % NaCl in distilled water, with a graphite counter electrode and a 4.2 M silver
chloride reference electrode. The cell featured a fixed sample window, providing a constant
area of 1 cm2 for electrolyte–sample interaction. A gold-plated textolite served as a current
collector. Potentiodynamic curves were drawn at a sweep of 2 mV/s across a range of
±300 mV of the open circuit potential (OCP) for each sample. Prior to the commencement
of the experiment, each sample was kept in the cell for 60 min to ensure stabilization of all
processes at the electrolyte–material interface. To determine the corrosion characteristics,
Tafel lines were plotted with a correlation coefficient of at least 0.998 (±0.05 V from the
Ecorr value), with an allowable potential error of no more than 1 mV, in the accompanying
ES8 software (Electrochemical instruments, Chernogolovka, Russia). The polarization
resistance (Rp) was computed using the Stern–Giri Formula (1):

Rp =
(βa·βk)

2.3jcorr·(βa + βk)
(1)

Impedance spectroscopy was carried out in a potentiostatic mode at an open circuit
potential with a sweep amplitude of 50 mV in a frequency range from 105 to 10−2 Hz.
Approximation of the results of impedance measurements was carried out using the ZView
software, followed by the modeling of equivalent circuits.

3. Results and Discussion

3.1. Characterization of Sintered Powders

X-ray diffraction (XRD) analysis was conducted on HA powders synthesized with
varying concentrations of CuO (Figure 1), and results of calculated structural characteristics
are summarized in Table 1. The nomenclature used for the samples throughout the study—
CaP, 0.2CuO-CaP, and 5CuO-CaP—reflects the amount of CuO used in the synthesis process.
XRD results revealed the presence of both HA and CuO phases in samples where a high
concentration of CuO was used. Specifically, the crystal structure was determined to consist
of 64% HA and 36% CuO. There could be a small quantity of CuO in the 0.2CuO-CaP
sample (denoted by an asterisk); however, these reflections seem to overlap with those
arising from the HA lattice.

Notably, the coherent scattering region of HA appeared to diminish with the addition
of CuO. For the pure CaP, the coherent scattering region was found to be 94 ± 21 nm.
However, for the 0.2CuO-CaP and 5CuO-CaP samples, the coherent scattering regions
were 74 ± 13 nm and 18 ± 6 nm, respectively. This observation indicates that the CuO
phase could be hindering the growth of HA crystals, leading to smaller crystal sizes with
an increased concentration of CuO.
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Figure 1. XRD of synthesized powders.

Table 1. Results of X-ray diffraction analysis of powders after mechanochemical synthesis.

Powder
Phase Concentration,

Mas.% a = b, Å c, Å CSR, nm

CaP 100 HA 9.4163 ± 0.0031 6.8763 ± 0.006 94 ± 20

0.2CuO-CaP 100 HA 9.4209 ± 0.0142 6.7664 ± 0.186 74 ± 14

5CuO-CaP 64 HA/36 CuO 9.4348 ± 0.0164 6.8858 ± 0.425 18 ± 5

ICDD 100 HA 9.422 6.881

The alteration in the lattice parameter ‘a’ further corroborates this hypothesis. A
gradual increase in the lattice parameter was observed as the CuO concentration in-
creased. The ‘a’ parameter for CaP, 0.2CuO-CaP, and 5CuO-CaP was 9.4169 ± 0.0031 Å,
9.4211 ± 0.0042 Å, and 9.4344 ± 0.0086 Å, respectively. These results signify a potential
distortion of the HA lattice structure due to the incorporation of Cu and interference of the
CuO phase, as similarly reported in [44,45].

Considering these findings, it can be inferred that the addition of CuO not only
interferes with the crystal growth of HA but may also result in the deformation of its
crystal structure.
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The introduction of Cu appears to significantly alter the microstructural and composi-
tional properties of the powder, which is evident from SEM measurements (Figure 2). A
noticeable trend was observed in the shape transition from more angular to rounder forms
for 0.2CuO-CaP and 5CuO-CaP. There were also changes in the median particle size when
CuO was incorporated. The median size for HA was 1.3 μm, while for 0.2CuO-CaP and
5CuO-CaP, the sizes were 4.1 μm and 2 μm, respectively. This shift may be attributed to the
effect of Cu on the crystal growth of HA. With a greater Cu concentration, the HA crystals
might experience inhibited growth, leading to smaller and more irregularly shaped parti-
cles. Turning to the EDX results, the Ca to P ratio, which is critical for calcium phosphates,
showed a decrease as the Cu concentration increased. This might be due to the substitution
of Ca ions by Cu ions in the HA lattice structure.

 
 

 
(a) 

 

(b) 

 
 

(c) 

Figure 2. Scanning electron microscopy (SEM) images showing the morphological comparison
of CaP (a), 0.2CuO-CaP (b), and 5CuO-CaP (c) synthesized powders with corresponding grain
size distribution.
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For the 5CuO-CaP sample, the Ca/P ratio was 1.61 ± 0.2 with 11.7 ± 2.6 at.% Cu,
whereas for the 0.2CuO-CaP sample, the Ca/P ratio was 1.65 ± 0.2 with 0.48 ± 0.18 at.%
Cu. The CaP sample showed a Ca/P ratio of 1.87 ± 0.45.

It is notable that the decrease in the Ca/P ratio did not exactly correspond to the
increase in the Cu content. This discrepancy could be due to various factors, such as
changes in the crystal structure, the formation of secondary phases, or the incomplete
substitution of Ca ions by Cu ions.

In the TEM analysis, a marked difference in the morphology of CaP- and Cu-containing
powders can be observed (Figure 3). The CaP powder comprises of nanometer-sized grain-
like crystallites, characterized by well-defined, high-contrast boundaries. The crystallite
size and strong contrast borders are indicative of a well-defined crystalline phase. The
addition of CuO results in a deviation of crystallites, as is evident from the TEM results.
This is consistent with the XRD results, which revealed a primarily HA phase for the CaP
powder. The role of CuO during the mechanochemical process could be crucial to this
behavior. Acting as a binder for the HA particles, the CuO could facilitate the formation of
aggregates. The deviation in aggregate size governed by CuO content may also suggest an
influence on the crystal growth process, with CuO possibly altering the growth kinetics or
acting as a catalyst.

The detection of the CuO phase in the 5CuO-CaP powder via selected area electron
diffraction (SAED) further substantiates this hypothesis. SAED patterns provide crystal-
lographic information about the material, in this case revealing the presence of CuO in
addition to the HA phase. This is further reinforced by the dark-field TEM image, which
highlights the existence of Cu-containing species. For the 0.2CuO-CaP sample, the presence
of the CuO phase was not prominent and could be found only in a few agglomerates,
as depicted in Figure 3b, and which was confirmed by SAED. A crystallite that contains
a significant concentration of Cu is revealed also by a notable change in contrast at the
middle of an agglomerate. Otherwise, the sample is represented by an HA phase with
distorted lattice parameters in relation to the ICDD database. However, it is worth noting
that microscopy-based techniques, such as SEM and TEM, provide a very localized anal-
ysis. Therefore, to precisely monitor size deviation, alternative methods for particle size
calculation should be employed. This, however, was not the primary focus of this research.

In conclusion of this subsection, it can be said that the combination of TEM, SAED,
and dark-field imaging offers a detailed structural analysis of the synthesized powders,
and, coupled with the SEM and XRD results, provides a comprehensive understanding of
how CuO addition influences the crystal growth, aggregation, and phase composition of
the HA powders.

   
(a) (b) (c) 

Figure 3. Cont.
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(d) (e) (f) 

Figure 3. TEM image of CaP (a), 0.2CuO−CaP (b) and 5CuO−CaP (c) synthesized powders in
bright-field mode with corresponding SAED obtained from the powder agglomerates and dark−field
images (d–f).

3.2. Sintered Targets for an RF Magnetron Sputtering

In Figure 4, we have presented optical images of sintered targets derived from CaP,
0.2CuO-CaP, and 5CuO-CaP powders. A striking observation from these images is the
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significant color shift from the pure white hue observed in the CaP target to the reddish
and brownish shades seen in the 0.2CuO-CaP and 5CuO-CaP targets, respectively.

  
(a) (b) (c) 

Figure 4. Optical images showing the appearance of the sintered targets composed of CaP (a),
0.2CuO-CaP (b), and 5CuO-CaP (c). The images display the color changes in the targets with the
varying concentrations of CuO.

This alteration in color can be primarily attributed to the integration of Cu ions into
the HA matrix. Cu, in its various oxidation states, brings about distinct colorations to the
compounds it forms. In our case, the observable shift to reddish-brown is indicative of
the presence of Cu(II) ions in the HA samples, similarly to what was previously reported
for 3D sintering of Cu-containing HA [46], likely a consequence of Cu’s d-orbital electron
transitions when exposed to specific light wavelengths.

This color transformation also suggests changes in the band structure of the material,
due to the different energy levels available for electronic transitions. As the concentration
of CuO increases, it becomes evident that Cu ions are integrated more prominently into the
crystal structure and possibly a CuO phase was formed, resulting in the observed color
shifts. In addition to providing a visual indication of successful Cu integration, these color
changes also offer valuable insights into the local crystal environment.

In Figure 5, we have presented the SEM images of the sintered targets prepared from
the CaP (a), 0.2CuO-CaP (b), and 5CuO-CaP powders. The corresponding EDX analysis
reveals the following Ca/P ratios and Cu percentages: for the 5CuO-CaP sample, Ca/P is
1.61 ± 0.1 and Cu is 12.1 ± 0.18 at.%; for the 0.2CuO-CaP sample, Ca/P is 1.69 ± 0.1 and
Cu is 0.51 ± 0.08 at.%; for the CaP sample, Ca/P is 1.78 ± 0.2.

The SEM images highlight discernible differences in the surface morphology of the
sintered targets, contingent on the Cu content. The CaP target exhibits modest porosity,
with the particle coalescence suggesting the impact of the 1100 ◦C annealing process.
However, as we increment the Cu content slightly, it appears that Cu might act as a fluxing
agent, yielding a considerably smoother surface for the 0.2CuO-CaP target. The visible
grooves likely arose from the grinding step.

Interestingly, the second phase is not detectable in the 0.2CuO-CaP target. When the
Cu content is boosted further to 5CuO-CaP, it becomes apparent that the surface of the
target consists of two distinct phases. The bright spots are believed to be linked to the CuO
phase; nevertheless, EDX mapping did not provide definitive confirmation. Considering
the bulk target’s homogeneous Cu content, the EDX signal likely originates from not only
the surface layer but also the lower layers. As a result, EDX mapping can only serve as an
indicative tool in this context.

XRD analysis was conducted on sintered targets with varying concentrations of CuO
(Figure 6), and the results of the calculated structural characteristics are summarized in
Table 2. Based on the X-ray diffraction analysis of sintered targets, it is evident that the
sintering process significantly impacted the crystal structure and phase composition of the
samples, particularly those with CuO.
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(a) (b) 

 
(c) 

Figure 5. SEM images of sintered targets made of CaP (a), 0.2CuO-CaP (b) and 5CuO-CaP (c).

Figure 6. XRD of synthesized targets.
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Table 2. Results of X-ray diffraction analysis of targets after synthesis.

Powder
Phase

Concentration,
Mas.%

a = b, Å c, Å CSR, nm

CaP 100 HA 9.4181 ± 0.0028 6.8765 ± 0.0027 93 ± 19

0.2CuO-CaP 100 HA 9.4158 ± 0.0013 6.8792 ± 0.0113 74 ± 15

5CuO-CaP 57 HA/42 CuO 9.4232 ± 0.0041 6.9038 ± 0.0036 57 ± 18

ICDD 100 HA 9.422 6.881

For the CaP and 0.2CuO-CaP samples, the HA phase is dominant and is indicated by
the sharp and high-intensity peaks in their diffractograms. The lattice parameters for these
samples are close to the standard values for HA according to the ICDD database, signifying
that the HA structure is maintained during sintering. It is interesting to note that the ‘a’
lattice parameter for the 0.2CuO-CaP sample slightly decreased compared to the powdered
form, which might suggest a slight rearrangement or more ordered packing of atoms
within the HA structure during sintering. The crystallite size, represented by the coherent
scattering region (CSR), was slightly decreased for 0.2CuO-CaP, which could be due to
the effect of sintering conditions on crystal growth. On the other hand, for the 5CuO-CaP
sample, the presence of CuO had a more pronounced effect. Here, the phase composition
consists of HA (54%), CuO (42%) and TCP (3%), indicating that a significant portion of
the CuO is present after sintering. This CuO phase might have acted as a binding agent
during sintering, which promoted densification and possibly inhibited the growth of HA
crystals. Moreover, due to the high temperature influence, a small portion of TCP appeared.
The ‘a’ lattice parameter in this sample slightly increased compared to the powdered form,
suggesting some lattice distortion or expansion, likely due to the incorporation of Cu ions
into the HA structure. The CSR also decreased compared to the powdered form, indicating
that the crystal size became smaller, potentially due to the hindrance of crystal growth by
the CuO phase.

These results indicate that the sintering process, in conjunction with the CuO concen-
tration, plays a critical role in the phase composition, crystal structure, and crystallinity.

In conclusion to this subsection, it could be said that the inclusion of CuO significantly
influenced the structural properties of HA in sintered targets. Lower CuO concentrations
maintained the HA crystal structure, while high CuO concentrations revealed a HA-CuO
mixed-phase composition. Distinct variations in structural parameters suggested potential
lattice distortion and crystal size variation due to the CuO concentration and sintering
effects. The CuO content also affected the target’s visual appearance, leading to color
change, and resulted in a smoother surface. These observations highlight the profound
effect of CuO and sintering on the HA structure, paving the way for the improved design
of HA-based materials. Further investigations will extend these findings, exploring the
suitability of the sintered targets for RF magnetron sputtering.

3.3. Analysis of Deposited Coatings

The deposition rate is an essential characteristic that should be researched as it allows
one to precisely control the coating thickness. In Figure 7, the deposition rate from all
targets is reported. As observed from the SEM analysis of the sintered 5CuO-CaP target,
there is clear phase segregation, resulting in two distinct phases. The presence of two
distinct phases suggests a differential sputtering yield for the HA (CaP) and CuO phases.
Given the inherent material properties, it is reasonable to propose that the CuO phase may
have a higher sputtering yield compared to the CaP phase.
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Figure 7. Deposition rate determination for sintered targets. Sputtering duration was 120 min in
all cases.

The sputtering yield is influenced by several factors, including the mass and binding
energy of the target material. CuO, being a metal oxide, likely has a lower binding energy
compared to the complex HA structure, making it easier to sputter. Thus, areas of the target
with a higher concentration of the CuO phase, due to phase segregation, would exhibit
higher sputtering yields, leading to higher deposition rates.

Comparatively, the 0.2CuO-CaP target, with a lower Cu content, shows a more uniform
and smooth surface under SEM. This implies a more homogeneous distribution of the
CuO phase within the CaP matrix. This homogeneity would moderate the differences in
sputtering yield across the target, resulting in a lower deposition rate than the 5CuO-CaP
target, but higher than the pure CaP target. Lastly, the pure CaP target, without the presence
of CuO, would likely exhibit the lowest sputtering yield among the three due to its higher
binding energy and complex crystalline structure. Therefore, this results in the lowest
deposition rate among the three targets.

Based on the SEM analysis (Figure 8), it was observed that all deposited coatings
mimicked the surface structure of the ground Ti substrate, resulting in visibly marked
grooves and ridges. Notably, the smoothest surface was evidenced in the case of the
5CuO-CaP sample, an outcome that might be attributable to an incremental increase in the
deposition rate. The measured Ca/P ratios for each sample revealed distinct variations in
stoichiometry. For the CaP sample, the Ca/P ratio was found to be 1.91 ± 0.2, deviating
from the stoichiometric ratio of 1.67 for pure HA. An even higher deviation was observed
for the 0.2CuO-CaP sample, with a Ca/P ratio of 2.22 ± 0.3, while maintaining a minimal
Cu content of 0.4 at.%.

Contrastingly, the 5CuO-CaP sample exhibited a Ca/P ratio of 1.62 ± 0.1, which was
closest to the stoichiometric ratio for HA, while simultaneously maintaining a significant
Cu content of 12.6 ± 0.5 at.%. This observation indicates that the increase in Cu content led
to the Ca/P ratio being closest to HA, while also introducing substantial amounts of Cu. It
is a well-known fact that the Ca/P ratio is altered by the sputtering yield and re-sputtering
of growing film. Interestingly, a high content of Cu could improve the stoichiometry of
deposited using RF magnetron sputtering coatings.

A detailed analysis of the deposited coatings was conducted using X-ray diffraction
(XRD) in order to assess the potential presence of CuO in the coatings and to study the
structure of the deposited layers (Figure 9). From the XRD data, it is clear that only the
peak corresponding to the Ti substrate could be distinctly identified in the area of interest.
Concurrently, a halo arising from the amorphous calcium phosphate was observed for all
the deposited coatings.
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Figure 8. SEM images of coatings deposited using CaP (a), 0.2CuO-CaP (b) and 5CuO-CaP (c) targets.

Figure 9. XRD of deposited coatings from corresponding targets. The deposition parameters for all
cases were as follows: duration was set to 120 min, power was 250 W and throw distance was 70 mm.

Interestingly, the short-range order, evidenced by the halo intensity, appears to be
affected by the presence of Cu, suggesting that the local structure of the amorphous calcium
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phosphate may be modulated by CuO incorporation. Despite the high-sensitivity and
comprehensive data provided by XRD, their efficacy for the analysis of thin solid films and
low dopant concentrations can be limited.

For a more nuanced understanding of the structure and short-range order of the
deposited layers, a cross-section TEM analysis is recommended. This technique will offer a
more in-depth analysis and potentially reveal structural intricacies that could be pivotal in
understanding the effect of CuO incorporation on the physical and chemical properties of
the coatings.

Load–unload curves (Figure 10) for the 0.2CuO-CaP and 5CuO-CaP were analyzed
under loads of 10, 25, and 50 mN in relation to the unmodified Ti substrate. A reduction in
the surface indentation depth was observed, indicating an increased hardness of the coating
relative to the Ti substrate. By examining the area under the load and unload curves, it is
clear that the recovery behavior of the coatings exhibits an elastic–plastic nature (smaller
area under the curve), while the recovery of Ti shows predominantly plastic behavior
(larger area under the curve).

  
(a) (b) 

 
(c) 

Figure 10. Load–unload curves for the polished Ti substrate and Cu-containing CaP coatings (0.2CuO-
CaP and 5CuO-CaP) obtained at max. load of 10 mN (a), 25 mN (b) and 50 mN (c). The graph illus-
trates the differences in the mechanical responses of the materials under applied and removed load.

Further, the mechanical properties (hardness, modulus of elasticity, and plasticity (δ))
of the sample surfaces were assessed. The indentation depth (h) in the coatings was less
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than in Ti, a distinction attributable to the variance in the mechanical properties (hardness
and modulus of elasticity) of the coating and the Ti substrate. It is a well-known fact that
ceramics exhibit a higher level of hardness; however, even amorphous thin CaP films
also reflect the high values of hardness. The plasticity of the coating was almost half
that of the Ti samples (under loads of 10 and 25 mN), suggesting a predominance of
elastic properties in the coatings, while the polished titanium specimens exhibited a more
plastic-deformation behavior.

As the indentation depth increased, the influence of the Ti substrate became more
significant, causing the hardness and modulus of elasticity of the coatings (0.2CuO-CaP:
H = 16 GPa, E = 272 GPa; 5CuO-CaP: H = 17 GPa, E = 211 GPa) to decrease to values close
to those of titanium (H = 13 GPa, E = 360 GPa) (Figure 11). The mechanical properties of the
coatings were analyzed using data obtained at a 10 mN load because the indentation depth
was minimal and the substrate influence was minimized, as evidenced by the measured
values of the hardness and modulus of elasticity (0.2CuO-CaP: H = 37 GPa, E = 503 GPa;
5CuO-CaP: H = 30 GPa, E = 304 GPa).

Figure 11. Mechanical characteristics of tested surfaces at different indentation loads.

It is noteworthy that the coating with a lower Cu content exhibited a higher hard-
ness and modulus of elasticity than the coating with a higher Cu content. The observed
mechanical properties of the coatings, particularly the hardness and modulus of elas-
ticity, are largely attributed to their amorphous nature and the specific influence of the
incorporated Cu. These mechanical enhancements, coupled with the already-known bio-
compatible nature of these coatings, highlight their potential utility in various orthopedic
and dental applications.

The higher hardness and modulus of elasticity in the coating with the lower Cu content
could be related to the reduced phase segregation. This may be due to the fact that with
increasing Cu content, there is an increase in the proportion of the softer CuO phase, which
would affect the overall hardness and modulus of elasticity of the coating. It is also possible
that the introduction of a larger amount of CuO could lead to structural defects, further
reducing these mechanical properties. However, it has not been reliably proven by XRD
analysis. On the other hand, the lower Cu content may have facilitated a more homogenous
distribution of the elements, leading to more-uniform mechanical properties.

Additionally, as the indentation depth increased, the influence of the Ti substrate
became more prominent, causing the hardness and modulus of elasticity of the coatings to
decrease towards the values for Ti. This is indicative of the effect of the substrate material
properties at a larger indentation depth.
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Finally, the electrochemical parameters of the deposited coatings were studied and
Tafel slopes are presented in Figure 12. The corrosion characteristics of the material samples
were presented in Table 3. The Open Circuit Potential (Eocp) for pure Ti was found to be
−0.03 ± 0.03 V while the corrosion potential (Ecorr) was at −0.32 ± 0.03 V, with a corrosion
current density (Jcorr) of 60.2 ± 5.2 nA/cm2. The corrosion rate was significantly higher
in the case of the unmodified Ti sample compared to the coated samples, indicating their
improved corrosion resistance due to the coating. The CaP-coated sample demonstrated a
considerably lower corrosion current density (3.9 ± 0.5 nA/cm2), which corresponds to a
higher polarization resistance (Rp) of 16.0 MOhm/cm2, indicating a lower rate of corrosion
compared to the uncoated Ti sample.

Figure 12. Potentiodynamic curves for pure Ti and coatings in 0.9 wt. % NaCl solution. (The dashed
lines represent Tafel’s slopes).

Table 3. Corrosion characteristics of material samples.

Sample
Eocp,

V
Ecorr,

V
Jcorr,

nA/cm2
βa,

V/dec
βk,

V/dec
Rp,

MΩ/cm2
|Z|f→0.01 Hz,
MΩ × cm2

Pure Ti −0.03 ± 0.03 −0.32 ± 0.03 60.2 ± 5.2 0.13 0.40 0.7 0.2 ± 0.1
CaP −0.32 ± 0.03 −0.32 ± 0.03 3.9 ± 0.5 0.21 0.47 16.0 0.2 ± 0.1

0.2CuO-CaP 0.22 ± 0.03 −0.01 ± 0.03 16.3 ± 1.6 0.26 0.44 4.4 9.2 ± 0.8
5CuO-CaP 0.07 ± 0.03 −0.04 ± 0.03 6.4 ± 1.1 0.23 0.34 9.4 5.1 ± 0.3

Adding a small amount of Cu in the CaP coating (0.2CuO-CaP) resulted in an increase
in the corrosion current density (16.3 ± 1.6 nA/cm2) compared to the CaP coated sam-
ple, but still much lower than the uncoated Ti sample. The corresponding polarization
resistance was 4.4 MOhm/cm2. When a higher amount of Cu was added (5CuO-CaP), the
corrosion current density decreased to 6.4 ± 1.1 nA/cm2, indicating improved corrosion
resistance compared to the 0.2CuO-CaP sample. The polarization resistance increased to
9.4 MOhm/cm2.

From these results, it is evident that the addition of Cu to the CaP coating affects the
corrosion characteristics of the coated Ti samples. This is especially true in the case of
the 5CuO-CaP sample, which demonstrated superior corrosion resistance characteristics
compared to the other samples. The data of the corrosion characteristics suggest an
intriguing relationship between the doping concentration and the conductivity of the CaP
coatings. The addition of a small amount of Cu (0.2CuO-CaP) appears to significantly
enhance the conductivity of the CaP. This increase could be attributed to a shift from
ion conductivity to electron conductivity, a transition that has been observed in other
metal-doped ceramic systems as Cu-doping results in an increase in the charge carrier
concentration [47]. However, increasing the Cu concentration further (5CuO-CaP) seems to
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reduce the conductivity. This trend may be attributed to the presence of CuO clusters in the
coating, originating from the CuO in the target material used for deposition. CuO is known
to behave as a dielectric, which might hinder its electron movement, thus decreasing its
overall conductivity. An increase in insulating properties upon the increase in CuO content
has been reported elsewhere [48].

Furthermore, impedance spectroscopy was performed for the deposited coatings, and
Bode and Nyquist plots are presented in Figure 13a,b. Using these results, an equivalent
circuit was modeled (Figure 13c–f). An equivalent circuit for a pure Ti sample is shown
below (Figure 13c), consistent with the findings of other researchers [49]. This equivalent
circuit, generally speaking, comprises three components: the active resistance of pure Ti
(Rs), the TiO2 oxide layer (CPE1, R1), and the interface between the electrolyte and oxide
layer (CPE2, R2). The constant phase element (CPE) involves the charge transfer process
related to the dispersion of a capacitance around a mean value, and can be modeled by two
parameters, CPE-T and CPE-P. CPE was used here since it is more suitable to describe the
non-ideal behavior of the coating. This circuit was characteristic of all metallic samples
with a dielectric coating; in this case, the coating was the TiO2 oxide layer. The values for
simulated elements are presented in Table 4.

Table 4. Calculated values of the simulated circuit elements.

Sample Pure Ti CaP 0.2CuO−CaP 5CuO−CaP

Rs, Ω × cm2 140 20 80 100

CPE1−T, F × cm−2 4.04 × 10−5 1.40 × 10−6 1.74 × 10−7 7.63 × 10−8

CPE1−P 0.89 0.57 0.76 0.81

R1, Ω × cm2 2.65 × 105 1.63 × 103 2.53 × 105 1.88 × 106

CPE2−T, F × cm−2 2.39 × 10−4 2.91 × 10−5 7.73 × 10−8 5.05 × 10−7

CPE2−P 1.44 0.58 0.66 0.53

R2, Ω × cm2 1.36 × 105 - 2.72 × 106 5.09 × 106

CPE4−T, F × cm−2 - - 2.72 × 10−7 -

CPE4−P - - 0.35 -

χ2 (KK) 0.091 0.001 0.001 0.002

Since impedance measurements were performed at low frequencies (0.01–1 Hz) in
this study, it was necessary to confirm whether these system data are stationary. For
this, a Kramers–Kronig transformation (KK) was performed for each of the impedance
spectra with the subsequent calculation of χ2 as a parameter to assess the accuracy of
the approximation. These values are provided in Table 3. All spectra demonstrated high
convergence (χ2 < 0.1) after the transformation, which allowed us to assert the correctness
of the selection of equivalent circuits at low-frequency intervals. In the case of the Pure
Ti sample, the χ2 value was slightly inflated compared to other samples due to the active
resistance Rs, a more precise value of which could not be calculated.

It should be noted that as the proportion of copper oxide in the coating structure
increases, the capacitance of the CPE1-P element decreases. This may suggest a higher
conductivity of the TiO2 surface layer in the case of the 5CuO-CaP sample. In the case
of active resistances (R1, R2), their value increases, which indicates an increase in the
proportion of active resistance when alloying the coating with copper.
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Figure 13. Bode plot (a), Nyquist plot (b) and equivalent circuit for pure titanium (c), CaP (d),
0.2CuO−CaP (e) and 5CuO−CaP (f).
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The deposition of a coating (Figure 13d) modifies the nature of the third component,
increasing the influence of the reactive resistance; therefore, R2 is excluded from the
equivalent circuit. This behavior is associated with the dielectric conductivity of the
transition layer CaP-electrolyte, which at low frequencies possesses a quasi-infinite active
resistance. The addition of a small amount of Cu to the CaP coating (Figure 13e) adds
another component to the equivalent circuit (CPE4) and leads to a limit in the active
resistance of the third component. The fourth component characterizes the interface
between the Cu-electrolyte, since small amounts of Cu do not form a uniform matrix,
and the element is evenly distributed throughout the CaP layer as separate species in the
amorphous matrix of CaP.

Adding more Cu content to the CaP coating (Figure 13f) leads to the exclusion of the
fourth component due to the fact that Cu particles begin to form a uniform matrix within
the CaP layer. Hence, the surface layer now comprises a unified structure in the form of a
CuO-CaP composite, characterized only by the third component, similar to the case of pure
Ti with a TiO2 oxide layer. This suggests that the addition of higher concentrations of Cu
change the electrochemical properties of the CaP layer.

These observations suggest the potential of tuning the electrical properties of CaP
coatings by careful control over the dopant concentration. Given the growing interest in the
electro-physical properties of biomedical coatings due to their potential use in implantable
detectors, transducers, and actuators, this finding may have significant implications for
future research. In particular, the enhancement of electrical properties of CaP coatings may
pave the way for more advanced and functional biomedical implant coatings.

4. Conclusions

The transition of CuO-doped CaP materials from powders to ceramics to coatings
demonstrated a significant evolution in their structural and elemental parameters. With
lattice parameters for ceramics (a = 9.420 Å and c = 6.884 Å) notably higher than for the
raw powders (a = 9.413 Å and c = 6.875 Å), we confirmed successful CuO incorporation
into the HA lattice. The Ca/P ratio underwent an interesting transition from powders to
ceramics and coatings. For example, the Ca/P ratio decreased from 2.22 ± 0.3 in 0.2CuO-
CaP powder to 1.62 ± 0.1 in 5CuO-CaP coating. Simultaneously, the Cu content ascended
from less than 0.4 at.% in the initial powder to an impressive 12.6 ± 0.5 at.% in the fi-
nal coating, denoting the material’s adaptability. Mechanical tests showed the hardness
and Young’s modulus of the coatings to be much higher than those of the Ti substrate,
with the 0.2CuO-CaP coating exhibiting the highest hardness (H = 37 GPa) and modulus
(E = 503 Gpa). In terms of electrochemical performance, the 0.2CuO-CaP coating exhibited
an appreciable decrease in corrosion current density (16.3 ± 1.6 nA/cm2) compared to pure
Ti (60.2 ± 5.2 nA/cm2), along with an increase in polarization resistance (4.4 Mohm/cm2).
The TEM study highlighted the need for in-depth layer analysis for thin solid films and low
dopant concentrations, revealing a short-range order modification induced by the presence
of Cu. It is important to note that comprehensive, long-term testing under physiological
conditions, including evaluations of structural, mechanical, and electrochemical behavior,
is essential to substantiate our findings. Our forthcoming research will be dedicated to
assessing the cytotoxicity, immunological activity, and antibacterial effect of such coatings
with an increased Cu content. With enhanced mechanical strength and electrochemical
resilience, these coatings possess considerable potential for biomedical applications, such as
implantable sensors and actuators. In conclusion, our study demonstrates the remarkable
adaptability and tunability of CuO-doped CaP materials across various phases, under-
scoring their potential in materials science and biomedical applications. The structural,
mechanical, and electrochemical enhancements realized through controlled Cu doping
highlight the promise of this material for future research and practical applications.
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1 MD-RI Institute for Materials Research in Medicine, Bohoričeva 5, 1000 Ljubljana, Slovenia;
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Abstract: In this paper, we present the mechanisms of premature fracture of modular neck stems
in two case studies: (I) when the neck and stem are both made of the same Ti6Al4V alloy, and
(II) when the neck and stem are made from two different alloys, CoCrMo and Ti6Al4V alloy. Our
study integrates two orthopedic patients who have undergone primary uncemented THA for usual
indications in two orthopedic centers (Community Health Centre and University Medical Centre).
Both centers are part of the national public health care system. Both surgeries were performed by
two skilled orthopedic surgeons with more than 10 years of experience in THA. The survivorship
of the modular neck of cast CoCrMo alloy was 24 months. The survivorship of the modular neck
from Ti6Al4V alloy was 84 months. Multivariate analyses were performed to assess the differences
in the fretting, corrosion, and fatigue of the two prematurely failed modular neck stems: stereo
light microscopy (SLM), scanning electron microscopy (SEM), X-ray energy-dispersive spectroscopy
(EDS), and electron backscatter diffraction (EBSD). Patient demographic information, including sex,
age, body mass index, survivorship of implants, and reason for the revision, was collected from
medical records. We found that fretting and fatigue occurred on both neck-stem retrievals due to
additional galvanic corrosion, but the CoCrMo/Ti6Al4V alloy system suffered more corrosion due to
additional galvanic corrosion and fractured earlier than the Ti6Al4V/Ti6Al4V metal alloy system.
Both metallic alloy systems used in this application are known to be highly corrosion-resistant, but the
bio-tribo-corrosion processes need to be understood in detail and characterized so that appropriate
improvements in design and materials can be made.

Keywords: total hip arthroplasty; modular neck; Ti6Al4V alloy; CoCrMo alloy; corrosion

1. Introduction

Modular neck stems were introduced to hip endoprosthesis with the expected benefits
of reducing pain and improving the range of motion and leg length [1–3]. Besides classic
stems (Figure 1a,c), Wright Medical Technology/Microport, Stryker, Depuy, Lima Corpo-
rate, Zimmer, Adler Ortho, Cremasoli, and others are recognized worldwide manufacturers
of modular neck stems (Figure 1b). The stem and the neck are available in different sizes
and different neck angles, as seen in Figure 1b, to tailor the implant to the individual patient.
Increased implant modularity with modular necks made from Ti6Al4V and stems from the
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same alloy has generated interest in recent years because the various neck sizes, offsets,
lengths, and design configurations allow the surgeon to optimize the range of motion and
the patient’s leg length. However, there have been concerns due to early in vivo fractures
as well as adverse tissue reactions related to corrosion at the neck–stem interface [2–11].

Figure 1. (a) Classic Ti6Al4V femoral cementless ZM stem; (b) modular stem with 5 different modular
necks; the stem and the neck are in different sizes with different neck angles to tailor the implant to
the individual; (c) total hip endoprostheses, classic stem with an acetabular composed of a ceramic
head, highly cross-linked PE cup, and a trabecular metal cup.

The presence of the neck–stem interface using titanium alloys makes the neck junction
vulnerable to fretting, corrosion, and fatigue fracture. Several authors reported an early
fracture of long modular necks made of Ti6Al4V alloy [5–11].

Many of the femoral modular stems suffer from premature fractures after total hip
arthroplasty (THA) of the titanium alloy neck. Due to the results of in vitro investigations
which presented better wear and mechanical properties, as seen in Table 1, a cobalt–
chromium–molybdenum neck was introduced [9–13].

CoCrMo neck fractures have also been reported after only a few months of implan-
tation [12,14]. Some reports have shown cases of fractured necks that could not be de-
tracted from the stem pocket, requiring the replacement of the otherwise well-fixed femoral
stems [2,4,7,11].

Table 1. Physical and mechanical properties of CoCrMo cast alloy [15] and Ti6Al4V alloy [16].

Material
Density
(kg/m3)

Elastic
Modulus

(GPa)

Poisson’s
Ratio

Thermal
Conductivity

(W/mK)

Specific Heat
(J/kgK)

Thermal
Expansion
Coefficient

(10−6/K)

Melting
Point (K)

CoCrMo 8768 283 0.29 14.8 452 12 1663

Ti6Al4V 4430 109 0.34 6.8 611 9.0 1878

The main aim of our work was to investigate mechanisms of premature failure of
two case studies due to the fracture of the long neck in two different metallic alloy sys-
tems: the same alloy (neck and stem are both made from the same Ti6Al4V alloy with a
survivorship of 84 months) and different alloys (neck made from CoCrMo alloy with better
mechanical properties and a stem body made from Ti6Al4V alloy, with a survivorship of
only 24 months) [12–14].

The research was a joint effort of orthopedic surgery clinicians and material scientists.
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2. Materials and Methods

2.1. Patient Characteristics

The present study examines the outcomes of two orthopedic patients who underwent
primary uncemented total hip arthroplasty (THA) for typical indications at two reputable
orthopedic centers: the Community Health Centre and the University Medical Centre. Both
centers are part of the national public health care system.

2.2. Surgery Characteristics

Both surgeries were performed by two skilled orthopedic surgeons with more than
10 years of experience in THA, performing at least 200 THAs yearly. A standard anterolat-
eral approach was used in both cases. Preoperative planning was performed using analog
templates on standard calibrated 110 cm AP pelvic X-rays. Both surgeries were performed
according to the patient’s preoperative planning and anatomical features to restore hip
anatomy, preventing hip instability and minimal postoperative leg length discrepancy. Pa-
tients received routine follow-ups at institutional outpatient clinics at 3 months, 6 months,
and 1 year postoperatively, and thereafter upon request of the patient and/or their family
physician. The X-rays of the patients with failed implants are shown in Figure 2.

Figure 2. (left panel) Standard calibrated 110 cm AP pelvic X-rays of a fractured CoCrMo/Ti6Al4V
modular neck of a 51-year-old male, survivorship 24 months. (right panel) X-ray of a fractured
Ti6Al4V/Ti6Al4V modular neck of a 42-year-old male, lifetime 84 months.

The fractured surfaces of the CoCrMo modular neck of the different-metal system
CoCrMo/Ti6Al4V with a survivorship of 24 months and the Ti6Al4V modular neck of
the same-metal system Ti6Al4V/Ti6Al4V with a survivorship of 84 months are shown in
Figure 3.

Figure 3. (Left panel) Fractured surface of CoCrMo modular neck of a 51-year-old male, survivor-
ship 24 months. (Right panel) Fractured surface of Ti6Al4V modular neck of a 42-year-old male,
survivorship 84 months. Stereo light microscope Tagarno FHD trend was used for the visualization
of fractured surfaces of the CoCr Mo modular neck and Ti6Al4V modular neck.
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2.3. Implant Characteristics
2.3.1. Modular Neck Stem Made of CoCrMo (Neck) and Ti6Al4V (Stem) Alloy

The fractured modular neck of cast CoCrMo alloy, manufactured by Wright Medical
Technology/Microport, Profemur Plus Modular Neck size /o8 with reference PHAC 1254
(CoCr Mo alloy), was retrieved and provided by a community hospital. The femoral stem
of forged Ti6Al4V alloy, manufactured by Wright Medical Technology Microport, was
retrieved, with a stem size of 5 and length of 125 mm (Ti6Al4V alloy). The modular neck
stem (CoCrMo/Ti6Al4V) is the femoral component of the hip endoprosthesis and Biolox
Delta femoral head, size 32 mm PHA0410—the alumina matrix composite is a modern
press-fit acetabulum acetabular component. The fractured sample was provided by the
community hospital. The survivorship of the hip endoprosthesis was 24 months (2 years).
The fracture surface of the retrieved implant is presented in Figure 3, left panel.

The chemical composition of CoCrMo cast alloy is presented in Table 2, and that of
Ti6Al4V is presented in Table 3. The physical and mechanical properties of CoCrMo and
Ti6Al4V are presented in Table 1.

Table 2. Chemical composition of CoCrMo (Mass%) cast alloy, ICP measurements at IMT.

Material Cr Mo Ni Fe C Si Mn P S Ti Co

CoCrMo 29.5 6.6 0.25 0.07 0.35 0.7 0.5 0.2 0.1 0.1 balance

ICP—inductively coupled plasma spectroscopy, IMT—Institute of Metals and Technology, Ljubljana, Slovenia.

Table 3. Chemical composition of Ti6Al4V (Mass%), ICP measured at IMT.

Material Al V Fe O C N H Ti

Ti6Al4V 6.40 4.30 0.04 0.08 0.05 0.01 0.001 balance

ICP—inductively coupled plasma spectroscopy, IMT—Institute of Metals and Technology, Ljubljana, Slovenia.

The microstructure of CoCrMo alloys consists of face-centered cubic (fcc) and hexago-
nal close-packed (hcp) crystalline structures. Typically, the (fcc) phase is predominant at
room temperature but the (fcc) → (hcp) transformation could be isothermally or strain-
induced, as reported in detail in our previous paper [13].

The microstructure of Ti6Al4V alloy consists of a dual-phase microstructure, where the
matrix is the Ti-α phase and the V-rich phase is the Ti-β phase, as reported in our previous
paper [13].

2.3.2. Modular Neck Stem Made of the Same Ti6Al4V (Neck) and Ti6Al4V (Stem) Alloy

The fractured modular neck of forged Ti6Al4V alloy manufactured by Wright Medical
Technology/Microport was retrieved, fractured, Profemur Plus Modular Neck size /o8
with reference PHAC 1254 (Ti6Al4V alloy). The femoral stem of forged Ti6Al4V alloy
manufactured by Wright Medical Technology/Microport was retrieved, with a stem size
of 8 and length of 140 mm (Ti6Al4V alloy). The modular neck stem (Ti6Al4V/Ti6Al4V)
is the femoral component of the hip endoprosthesis and the Biolox Delta femoral head,
size 32 mm PHA0410—the alumina matrix composite is a modern press-fit acetabulum
component. The failed endoprosthesis was provided by the University Medical Center. The
survivorship of hip endoprosthesis with a modular neck stem of the same alloy (Ti6Al4V
neck and Ti6Al4V stem) was 84 months (7 years). The fracture surface of the retrieved
implant is presented in Figure 3, right panel.

2.4. Sample Preparation

The retrieved Ti6Al4V stems and long modular necks of CoCrMo and Ti6Al4V alloys
were cut using a Struers’s saw for the preparation of metallographic samples and the
samples for other investigations. For the microstructure analyses and surface chemistry
measurements, the samples were ground with SiC 220 grinding paper (1 min), polished
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with MD Largo 9 m blue lubricant (5 min), and oxide-polished with MDCHEM OP-S
(STRUERS GmbH, Zweigniederlassung, Austria) and H2O2 (10 min). The samples for the
bulk microstructure analyses were additionally etched with Kroll’s reagent.

2.5. Methods
2.5.1. Stereo Light Microscopy (SLM)

A stereo light microscope, Tagarno FHD trend, was used for the visualization of the
fractured surfaces of the Ti6Al4V modular neck and the Co-Cr-Mo modular neck.

2.5.2. Scanning Electron Microscopy (SEM, SEM/EDS, SEM/EBSD) Analysis

The morphology and microstructure of the fracture surfaces were analyzed using
a scanning electron microscope, JEOL JSM 6500-F (JEOL Ltd., Japan). The SEM images
were acquired using an accelerating voltage of 15 kV, with a current of about 500 pA and a
working distance of 10 mm. Secondary electron and backscattered electron images were
acquired. The elemental compositions of the samples were analyzed using Oxford INCA
EDS analysis. The EDS spectra were acquired using a 15 kV and 1 nA beam, with an
acquisition time of 60 s for each spectrum. The EDS spectra were analyzed using INCA
Energy software to determine the elemental composition and distribution in the sample.
Electron backscatter diffraction (EBSD) was also used to determine the type of carbides
present in the microstructure. A Nordlys EBSD detector (HKL) and a Channel 5 data
analysis suite were used. The EBSD patterns were acquired at 15 kV accelerating voltage
and 2 nA current.

3. Results

3.1. Modular Neck Stem Made of CoCrMo (Neck) and /Ti6Al4V (Stem) Alloys

The patient with the implanted hip endoprostheses with a modular neck stem man-
ufactured from two different alloys (long modular neck of CoCrMo and stem of Ti6Al4V
alloy) was an active 51-year-old male with a normal BMI; he maintained his physical
condition by light cycling. He slipped on the stairs at home, suddenly had terrible pains,
and panicked because he was motionless. X-rays confirmed a fractured stem neck and
required urgent revision surgery (Figure 2, left panel). The survivorship of the modular
neck stem was 24 months (2 years).

Figure 4 represents in the inner panel the SLM image of the fractured surface of the
CoCrMo modular neck in the inner panel with the marked Zones A, B1, B2, C, and D.

Details of the first part of the fracture, marked as Zone A, are shown in Figure 4.
Deposits of biological material were observed on the surface, as well as cracked carbide
particles. The crack initiated on the surface of the CoCrMo modular neck stem (pink arrow
in Figure 4) due to several different factors, but the dominant mechanisms were fretting
and crevice corrosion. The CoCrMo femoral neck was dynamically loaded, exposed to a
corrosive medium in the human liquids, and surrounded by a Ti6Al4V alloy with different
electrochemical potentials. Constant micromotions caused repeated breakage of the passive
oxide films and an unstable electrochemical environment within the crevice for both the
cobalt alloy and Ti alloy passive films, as reported in the literature [17–20]. AES and XPS
analyses of the thin oxide (passive film), described in detail in our previous studies [12,13],
show that the oxide film on CoCrMo consists of Cr2O3 and traces of CoO3 oxides with
an estimated thickness of 2 nm. The oxide film on Ti6Al4V alloy consists of TiO2 and
traces of Al2O3 with an estimated thickness of 7 nm. Thermodynamic data of passive oxide
formation as well as electrochemical studies on CoCrMo and Ti6Al4V alloy confirm that
the re-passivation is much faster on Ti [21–26].
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Figure 4. SLM of the fractured surface of CoCrMo neck on the main inside image represents the
mechanism of CoCrMo alloy modular neck fracture. The blue arrow indicates the crack initiation;
Zone A, the corroded fractured surface with deposited biological material, is shown in three SE
images in three blue-marked panels: the left panel (A) at lower magnification, the detail of fatigue
fracture and cracked carbides at higher magnification, panel (A) in the middle, and cracked carbide
at highest magnification in the right panel (A). The red arrows show the direction of fatigue crack
propagation in location (B1) and location (B2). The fatigue striations were observed in SE images in
areas marked in yellow, and the microstructure details are shown in the middle and upper panels.
In Zone (C), the fracture surface is very rough and angular. The fracture surface shows several
secondary cracks that are perfectly straight and short. Next to these flat cracks, larger secondary
cracks can be seen, which are branched and longer than the flat ones. The lower SEI shows the crack
propagation and the middle and upper SEI shows the details at higher magnifications. The SE image
of Zone (D), marked in green, shows a sudden fracture. Zone (D) in the right panel shows areas of
EDS analysis of the fracture surface (yellow squares marked in the right panel).

In the zones marked B1 and B2, in Figure 4 (main inside panel), gradual fatigue crack
progression is visible, and the main direction of crack progression is also marked with red
arrows. Traces of the gradual progression of the crack at slightly higher magnifications
using a scanning electron microscope are shown in panel B1, marked in yellow. Smaller
secondary cracks are also present on the fracture surface, which were formed during the
gradual progression of the main crack. The topography of the fracture is rounded, which
is an indication that the crack was present for a long time and that during use, there was
regular mutual contact between the two parts of the implant, which led to wear and, as a
result, a smooth fracture surface [14].

In Zone C, the fracture surface is very rough and angular. The fracture surface shows
several secondary cracks that are perfectly straight and short. Next to these flat cracks,
larger secondary cracks can be seen, which are branched and longer than the flat ones.
Based on the microstructure of the CoCrMo alloy, it can be concluded that the straight and
short cracks originated at the twin boundaries (deformation twins in the microstructure)
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and ended at the crystal grain boundaries. Longer and branched cracks, however, run
along the crystal boundaries and the boundaries between the carbides and the matrix [14].

Due to crack propagation, the loads on the diminishing cross-section of the modular
neck increased. When the remaining nonfractured area was too small, the rest of the
material suddenly fractured. The fracture surface is shown in Figure 4, Zone D, marked in
green. The marked yellow rectangles represent areas of EDS analysis. EDS analysis of the
fracture surface showed that there was indeed some transfer of Ti from the Ti6Al4V part of
the prosthesis to the CoCrMo part. The results of the EDS analysis are given in Table 4. EDS
analysis confirms the dissolution of Co into the soft tissue, which is evident from the low
content of cobalt on the fracture surface. The same observation is reported in the literature
where cobalt is present in the serum, erythrocytes, and urine of patients caused by MoM
(metal-on-metal) joints [26].

Table 4. EDS elemental analysis of spectra from the areas marked in Figure 4 (mass %).

Spectrum C O Si Ti V Cr Mn Fe Co Mo

1 3.9 5.5 0.8 4.7 0.0 26.7 0.0 0.9 50.9 6.2

2 4.5 7.4 0.5 6.3 0.0 26.7 0.0 0.0 48.4 6.2

3 1.3 6.7 0.0 28.0 1.9 27.3 0.0 0.0 34.7

The upper half of Figure 5 shows the SE image of the CoCrMo microstructure, which
was found under the fracture surface. For this purpose, a sample 15 mm below the fracture
surface was cut and the metallographic sample was prepared by classic metallographic
preparation methods, as described in Section 2.4. The brittle Cr23C6 carbides are embedded
in the tough CoCrMo matrix. The fracture surface exhibits the cracked carbide Cr23C6,
determined using EBSD–Kikuchi lines, as seen in the lower half of Figure 5. In addition to
fretting and crevice corrosion, modular neck stems made of different alloys also suffered
galvanic corrosion [23,26]. Our previous studies determined that the CoCrMo passive layer
is thinner than the passive layer of the Ti6Al4V alloy and that CoCrMo is vulnerable to
crevice corrosion on the surface due to the carbide formation and depletion of Cr [13].

 

Figure 5. SE image of CoCrMo microstructure. The sample was cut 15 mm under the fractured
surface. Matrix hcp structure is light gray, and brittle Cr23C6 carbide is dark gray. The fractured
surface exhibits the cracked carbide Cr23C6 determined by the EBSD method by Kikuchi lines.

EDS results show the transfer of Ti ions from the stem to the CoCrMo neck, where
Spectrum 3 shows an unexpectedly high titanium content (28.0 mass%) and, vice versa, a
very low content of Co (34.7 mass%). According to Gilbert [26], the preferential dissolution
of Co and the formation of intermetallic-phase Ti-CrMo occurred.
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3.2. Modular Neck Stem Made of the Same Alloy: Ti6Al4V (Neck) and Ti6Al4V (Stem)

The patient with the implanted hip endoprostheses with a long modular neck stem
manufactured from the same alloy (both the long modular neck and the stem were made of
forged Ti6Al4V alloy) was an active 42-year-old male with a normal BMI. He felt a sudden
pain in the hip and heard a crack from that region, and afterward, he was unable to stand.
X-rays confirmed a fractured Ti6Al4V neck and required urgent revision surgery (Figure 2,
right panel). The survivorship of the modular stem neck was 84 months (7 years).

The fracture surface of the Ti6Al4V neck is shown in Figure 6. The crack initiation
site is marked by a green arrow, and the red arrows represent the direction of fatigue
crack propagation.

 

Figure 6. SLM image of the fractured modular neck made from Ti6Al4V alloy, taken from a 42-year-
old male, lifetime 84 months. See the text for a description of the arrows.

With the increased stresses on the modular neck stem interface, passive oxide lay-
ers of Ti6Al4V are interrupted and re-passivation of the metal surface is prevented due
to poor oxygen supply, which causes the release of chloride ions within the joint, and
the consequence is a lower local pH. An anaerobic and acidic environment is created,
and further abrasive wear and corrosion increase the risk of modular neck fracture over
time [12,13,21,24–26].

The combined effects of corrosion, long modular necks, metal-on-metal components,
patient obesity, as well as metallic, ceramic, corundum, and polyethylene wear particles
and activity levels may create a local microenvironment that can initiate crack formation.
During the loading of the same Ti6Al4V neck/Ti6Al4V stem metal system, the crack site
of the long modular neck slowly and gradually advanced. Micro-motions at the interface
induce fretting and crevice corrosion, contributing to micro-crack creation within the zone
of corrosion and increasing the risk of dynamic fatigue fracture.

The part of the fractured surface was covered with organic material of ultra-high-
molecular-weight polyethylene (UHMWPE) nanoparticles. The load on the rest of the
cracked modular neck increased and traces of gradual crack progression appeared. When
the remaining nonfractured area was too small, the rest of the material suddenly fractured.

Figure 7 shows the fractured surfaces on the Ti6Al4V long modular neck (a), where
two different regions are found on the fractured surface; the first one is marked with a
yellow square (b), and the second is marked with a green square (c). The first region shows
signs of mechanical deformation due to walking, and in that region, signs of gradual crack
propagation are visible at higher magnification where fatigue striations are seen in the
range of 50–100 nm steps (d and e). The second region (a–c) shows the surface of the
sudden fracture where a rough and uneven ductile fractured surface is seen with visible
ridges and dimples, indicating tearing and deformation of material before the final fracture.
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Figure 7. (a) Image of different fractured surface regions of fractured Ti6Al4V modular neck;
(a–b) yellow-marked region and yellow-framed SE image of fatigue failure and with higher magnifi-
cations (b,d,e); (a,c) green-marked region and green-framed SE image with sudden ductile fracture.
Organic deposits on fractured Ti6Al4V surface due to PE nanoparticle migration were found and
visible as blue color (a).

4. Discussion

The use of modular femoral stems in total hip arthroplasty has increased in popularity
over the past three decades. Although it offers several distinct advantages intraoperatively,
long-term success has not yet been established. The potential complication of increasing
modularity is modular neck fracture [3–11,14,17–20].

The results of our studies on the mechanisms of premature modular neck fracture of
different and same alloys showed that fretting, corrosion, and fatigue occurred on both
neck–stem retrievals of the same Ti6Al4V neck/Ti6Al4V stem alloy, as well as different
CoCrMo neck/Ti6Al4V stem alloys where galvanic corrosion was also involved, which is
in good agreement with literature data [21–27].

Our findings are in good agreement with Ref. [24], where Virtanen reports that for or-
thopedic implants, fretting corrosion (or generally, wear-assisted corrosion/tribo-corrosion)
is often discussed as the dominant failure mode, especially in the case of high-corrosion-
resistance passive alloys, for which the tribological load leads to local mechanical destruc-
tion of the passive film. Even though a subsequent spontaneous re-passivation reaction
takes place in many cases, continuous activation/re-passivation cycles lead to an increased
material loss. Virtanen reported that the fretting corrosion behavior and restoration ability
were studied under various combinations of load, frequency, and number of fretting cycles
and that the thickness and the nature of oxide–passive layers on Ti strongly influence
the mechanism and the intensity of tribo-corrosion. The degradation of biomaterials in
the biological environment is a complex process that depends on all material parameters
(e.g., chemical composition, microstructure), environmental parameters (e.g., chemistry,
temperature), as well as construction (e.g., presence of crevices). For materials in biomedi-
cal applications, the situation is more complex than in classical engineering applications
because the biological environment of the host is a highly dynamic system [24].

In the case of a stem and neck composed of different alloys, Ti6Al4V and CoCrMo,
the hip endoprosthesis designers ignore the fact that Ti6Al4V and CoCrMo have different
electrochemical potentials which, after implantation, are immersed in a corrosive electrolyte,
human liquids. Besides fretting, fatigue and corrosion occurred. The corrosion is usually
crevice corrosion, but galvanic corrosion also occurred. This caused the formation of
corrosion damage on the surface, and everyday normal activity due to dynamic loading
leads to the formation of microcracks on the surface which then gradually propagate. No
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excessive mechanical loadings were needed since crack tips are usually very sharp and
stress concentrations are consequently high enough to cause the crack to propagate. Once
the remaining cross-section of the implant is diminished, it can no longer support the
loads, leading to a catastrophic break [21–24]. This statement is in good agreement with
the survivorship of the modular neck stem of different alloys, which was only 24 months in
our case study.

The main aim of our studies was to emphasize the importance of the optimal choice of
materials for the modular neck stem of hip endoprostheses. To emphasize the importance
of the materials, two cases of failed modular neck stems, which we received from two
hospitals (a university clinical center and a community hospital), were studied.

Both metal systems of different alloys, CoCrMo/Ti6Al4V, and the same alloy, Ti6Al4V/
Ti6Al4V, were immersed after implantation into a corrosive electrolyte, human liquids,
and exposed to constant micromotion, leading to fretting and corrosion, but the system
of different alloys suffered more corrosion due to additional galvanic corrosion due to
different electrochemical potentials [26].

The neck and stem composed of the same material, Ti6Al4V, have the same electro-
chemical potential and the prosthesis is still immersed in body liquids and electrolytes. In
this case, the initial crack formation can be slower and is not the consequence of corrosion
damage, but occurs due to fretting and wear corrosion [19,20,22,24,26,27]. Again, the crack
propagates by everyday normal activity, where each step represents the dynamic cycle
of loading and causes the crack to slowly propagate. When the nominal cross-section of
the implant is diminished to such an extent that the remaining cross-section can no longer
support the load, catastrophic failure occurs. This statement is in good agreement with
the survivorship of the modular neck stem of the same Ti6Al4V/Ti6Al4V alloy, which was
84 months in our case study.

The recent literature data on survivorship of the modular neck stem THA system
confirm a lower yield than the similar mono-block stem THA system in a comparable
clinical environment with long-term follow-up [28–33].

5. Conclusions

We found that fretting, corrosion, and fatigue occurred on both neck–stem retrievals
of the same (Ti6Al4V neck/Ti6Al4V stem) and different (CoCrMo neck/Ti6Al4V stem)
metal systems.

The cracked femoral neck made of CoCrMo alloy was dynamically loaded, exposed to
a corrosive medium, and surrounded by a Ti6Al4V alloy with a different electrochemical
potential. Due to the constant dynamic load and a combination of different materials in a
corrosive medium, galvanic corrosion on the surface of the modular neck occurred.

The different-metal system made of CoCrMo/Ti6Al4V suffered more corrosion than
the same-metal system made of Ti6Al4V/Ti6Al4V alloy due to additional galvanic corrosion.

The nature of the in vivo mechanisms causing the formation of the bio-tribo-corrosion
processes needs to be understood and characterized so that appropriate changes in design
and materials can be implemented.

Investigations of retrieved modular hip implants have revealed that significant corro-
sion can occur in vivo over the long term and may be a significant contributor to adverse bio-
logical effects and clinical failure seen in some patients (third body wear, remote trace metal
accumulation, aseptic loosening, etc.), bringing into question the concept of modularity.
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Abstract: Various calcium phosphates (hydroxyapatite, α- and β-tricalcium phosphate, and brushite)
containing silver or gallium ions were synthesized via standard methods and subjected to physico-
chemical analysis by Fourier transform infrared spectroscopy (FT-IR), powder X-ray diffractometry
(PXRD), and atomic absorption spectrometry (AAS). In the next step, the obtained calcium phosphate
powders, sodium alginate, and chondroitin were used to produce composite granules. Ciprofloxacin,
a broad-spectrum antibiotic that can be used in local delivery systems targeting bone tissue, was
loaded into the granules. The release of silver and gallium ions as well as ciprofloxacin was then
examined by inductively coupled plasma mass spectrometry (ICP-MS) and high-performance liquid
chromatography (HPLC), respectively. The cytotoxicity of the granules was studied using a neutral
red uptake (NRU) test and mouse embryonic fibroblasts. Moreover, preliminary antibacterial activity
against Staphylococcus aureus and Escherichia coli was measured. The study showed that the type
of calcium phosphates enriched in silver or gallium significantly affects the release profile of these
ions. Biphasic calcium phosphates also have an impact on the morphology of the granules. Most
of the granules turned out to be non-toxic to mammalian cells. Microbiological tests showed high
antibacterial activity against both strains of bacteria.

Keywords: calcium phosphates; silver; gallium; ciprofloxacin; drug release

1. Introduction

Surgical site infection (SSI) is still a huge problem and a major challenge in orthopedic
surgery. Conventional orthopedic implants are prone to bacterial adhesion and biofilm
formation, making antibiotics less effective [1–3]. Orthopaedic SSI, which leads to a bone
infection known as osteomyelitis, may be caused by many different strains of bacteria. The
most common of these, i.e., Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli,
and Acinetobacter baumanii, can occur as resistant strains (e.g., methicillin-resistant S. aureus,
MRSA), which hinder and prolong the treatment process and require a careful selection of
antibiotics [1,4–7].

Ciprofloxacin, which belongs to the fluoroquinolone family, is one of the antibac-
terial drugs with favorable bactericidal and penetration effects on most bone infection
pathogens [8–10]. Nevertheless, consistent increases in hospital-acquired infections caused
by resistant strains of bacteria often reduce its effectiveness. According to the literature,
the use of other antibacterial agents, such as silver and gallium ions, can help solve this
problem [11,12].
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Silver is well known as an antibacterial agent, used in the treatment of open wounds,
burns, chronic ulcers, and on surfaces in hospitals to decrease nosocomial infections [13,14].
Silver exhibits a broad antimicrobial spectrum, including against various resistant strains,
which is connected with the poor ability of microorganisms to develop immunity against
silver [13,15]. The mechanism of action is mainly based on the interaction of silver with
thiolic groups of proteins, where hydrogen atoms are exchanged for silver atoms. As a
result, Ag-S bonding is formed, which causes the inactivation of bacteria proteins and,
finally, cell death [15]. It is also worth noting that silver can enhance the antibacterial
activity of antibiotics [14]. Unfortunately, higher concentrations of silver ions exhibit
toxicity towards human cells, necessitating restricted therapeutic concentrations of silver.

The antibacterial mechanism of gallium action is known as “the Trojan horse strategy”,
which is strictly connected to its similarities with iron (such as the atomic radius, electronic
configuration, and coordination chemistry). This results in gallium being actively trans-
ported into bacteria, where it replaces iron in various metabolic pathways, blocking them
and impairing the functioning of bacterial cells [15–17]. Although its antibacterial activity
is weaker, gallium is not as toxic as silver, and because of its different mechanisms of action,
it can complement silver as an antibacterial agent.

In the treatment of bone infections, special attention must be paid to the route of
administration of antibacterial agents. Antibiotics are typically administered intravenously
or orally. Unfortunately, due to the low vascularity of bone tissue, it may lead to an
increased risk of systemic adverse effects, their intensification, and the destruction of
human natural microbiota because of the need for higher doses of drugs in order to obtain
a therapeutic concentration in an infected area [18]. Therefore, the best solution to the
aforementioned problem can be the direct delivery of antibiotics to bone tissue, as well
as other antibacterial agents, in an attempt to widen the antibacterial spectrum of the
implemented material [19].

Among biomaterials used in orthopedic surgery, calcium phosphates (CaPs) seem
to be the best choice as a delivery system for antibacterial substances. CaPs (hydroxya-
patite, Ca10(PO4)6(OH)2; α- or β-tricalcium phosphate: α- or β-Ca3(PO4)2; and brushite
CaHPO4·2H2O) have become increasingly important as inorganic biomaterials, especially
in orthopedics and dentistry, where they are used in fracture or bone defect treatments,
total bone augmentation, spinal surgery, craniomaxillofacial reconstruction, and as dental
implants and coatings for bone implants [20,21]. The interest in these materials results
from their specific properties, especially their similarity to the mineral fraction of human
bones and teeth [20,22]. CaPs exhibit bioactive behavior towards bone tissue, such as
osteoconductivity and osteointegration, allowing the adhesion, proliferation, migration,
and differentiation of bone cells, making these materials an excellent active scaffold for
remodeling implanted bone [20,23,24]. Another crucial feature of CaPs, strictly connected
to their potential use in delivery systems, is the ease with which they can adsorb drug
substances, enabling them to be used as carriers for antibiotics or other antibacterial agents.
Hydroxyapatite (HA) exhibits the highest similarity with the mineral fraction of bone
tissue. However, tricalcium phosphate (TCP) and brushite (DCPD) are more soluble and
biodegradable than HA [20,25]. By combining different CaPs and changing their ratios,
biphasic or even multiphasic materials can be obtained, with adjustable properties, e.g.,
biomaterials with modified solubility, which facilitates a gradual release of antibacterial
agents and drugs to the local environment [22,26,27].

To the best of our knowledge, there are few studies that focus on the development
of materials that simultaneously deliver an antibiotic and ions with antibacterial proper-
ties [28,29]. Nevertheless, according to reports of a significant increase in the therapeutic
effectiveness of antibiotics, while reducing the dose, such a solution seems to have great
potential. The work in Ref. [30] also indicates a synergistic effect of these antibacterial
agents and a less frequent occurrence of the problem of resistance.
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The study presented in this work focused on the synthesis of different CaPs (HA,
α-TCP, β-TCP, and brushite) doped with gallium or silver ions and then on the fabrica-
tion of porous composite granules containing these CaPs and loaded with ciprofloxacin.
Physicochemical characterization of the obtained materials was performed using infrared
spectroscopy, powder X-ray diffractometry, transmission and scanning electron microscopy,
and atomic absorption spectrometry. The release kinetics of ciprofloxacin and gallium and
silver ions were then explored. Preliminary biological studies were carried out, along with
in vitro antibacterial activity against Staphylococcus aureus and Escherichia coli.

2. Materials and Methods

2.1. Synthesis of Silver- and Gallium-Containing Calcium Phosphate Powders

In this work, seven samples of different calcium phosphates enriched in silver or
gallium ions were synthesized using the well-established wet method, which was described
in detail in our previous work [31]. The powder materials obtained are listed in Table 1.

Table 1. List of all synthesized calcium phosphate powders with the estimated number of doped
ions.

Material Comment Nominal wt% of Doped Ion

Ag-HA Silver-containing hydroxyapatite 0.22
Ag-aTCP Silver-containing tricalcium phosphate α type 0.23
Ag-bTCP Silver-containing tricalcium phosphate β type 0.23
Ag-DCPD Silver-containing brushite 1.26

Ga-HA Gallium-containing hydroxyapatite 3.35
Ga-aTCP Gallium-containing tricalcium phosphate α type 3.61
Ga-bTCP Gallium-containing tricalcium phosphate β type 3.61

The reagents used in the aforementioned procedure are presented below. Calcium
nitrate tetrahydrate Ca(NO3)2·4H2O (Sigma-Aldrich, Mumbai, India), ammonium dibasic
phosphate (NH4)2HPO4 (Chempur, Piekary Slaskie, Poland), gallium nitrate trihydrate
Ga(NO3)3·3H2O (Sigma-Aldrich, Burlington, MA, USA), and silver nitrate AgNO3 (Avan-
tor Performance Materials, Gliwice, Poland) were used as sources of calcium, phosphor,
gallium, and silver, respectively. An adequate amount of Ca(NO3)2·4H2O and (NH4)2HPO4
was weighed out to obtain a specific molar ratio of (Ca + Ag)/P or (Ca + Ga)/P: 1.67 for
hydroxyapatite, 1.5 for tricalcium phosphate, and 1.0 for brushite. An aqueous solution of
ammonium dibasic phosphate was added dropwise into an aqueous solution of calcium
nitrate tetrahydrate and one of the previously mentioned sources of gallium or silver, with
gentle stirring. The mixture was then adjusted to a proper pH (10.0 for hydroxyapatite or
tricalcium phosphate and 5.0 for brushite) and left under gentle stirring at a temperature of
60 ◦C for 2 h. Next, the precipitate was left aging for 24 h. Finally, the precipitates were
washed, soaked several times with distilled water, and dried at 120 ◦C (HA and TCP) or
60 ◦C (DCPD) in air. In order to obtain TCPs from the synthesized powders, they were
sintered at 700 ◦C for 8 h and then at 1050 ◦C for 8 h (β-TCP) or at 700 ◦C for 8 h and then
at 1250 ◦C for 8 h (α-TCP).

2.2. Preparation of Biphasic Granules

The following reagents were used in order to fabricate biphasic granules: sodium
alginate (Sigma Aldrich, Burlington, MA, USA), calcium chloride anhydrous CaCl2 (Sigma-
Aldrich, Shanghai, China), chondroitin sulfate sodium salt (TCI, Zwijndrecht, Belgium),
and the previously synthesized powders: Ag-HA, Ag-aTCP, Ag-bTCP, Ag-DCPD, Ga-HA,
Ga-aTCP, and Ga-bTCP.

Firstly, a 4% aqueous solution of sodium alginate was prepared at 40 ◦C, and an
adequate amount of chondroitin sulfate sodium salt was added to obtain a 0.5% suspension.
After this, seven types of granules were prepared by combining two different CaP powders:
one doped with silver, and a second one doped with gallium ions; a total of 1.0 g of each
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powder was added to 10 mL of the suspension and mixed thoroughly until dense, and
a milky slurry was acquired. Approximately 0.2 g of ciprofloxacin hydrochloride (TCI,
Tokyo, Japan) was then added to the slurry. At the same time, a cross-linking aqueous
solution containing CaCl2 (1.5%) was prepared. The slurry was added dropwise to the
cross-linking solution with magnetic stirring, and granules were formed. These were left in
the CaCl2 solution for 20 min, then rinsed with distilled water several times, dried in air
at room temperature, and lyophilized (see Figure 1). The obtained granules were covered
with polycaprolactone (PCL) (Sigma-Aldrich, Gillingham, UK) by soaking them in a 7 %
PCL chloroform solution. All the obtained granules are listed in Table 2.

Figure 1. Scheme of composite granules preparation (CS—chondroitin sulfate, SA—sodium alginate,
CaPs—different calcium phosphates).

Table 2. List of granules prepared of previously obtained CaP powders.

Standard Granules Granules Layered with PCL Silver Component Gallium Component

G1 G1p Ag-DCPD Ga-HA
G2 G2p Ag-DCPD Ga-aTCP
G3 G3p Ag-aTCP Ga-bTCP
G4 G4p Ag-HA Ga-aTCP
G5 G5p Ag-HA Ga-bTCP
G6 G6p Ag-bTCP Ga-HA
G7 G7p Ag-aTCP Ga-HA

2.3. Physicochemical Analysis of CaP Powders

The chemical structure of all the obtained CaP powders was evaluated using Fourier
transform infrared spectroscopy (FT-IR). The study was conducted using a Spectrum
1000 spectrometer (Perkin Elmer, Llantrisant, UK) using a standard KBr pellet technique.
The measurements were performed with 30 scans and a 2 cm−1 resolution, over a range
of 2000–400 cm−1. Powder X-ray diffractometry (PXRD) was carried out to analyze the
crystalline homogeneity. The study was performed using a PXRD diffractometer (Bruker
D8 Advance, Bruker, Billerica, MA, USA) equipped with an LYNEXEYE position-sensitive
detector and with Cu-Kα radiation (λ = 0.15418 nm). The data were collected using Bragg–
Brentano (θ/θ) horizontal geometry in flat reflection mode (between 20◦ and 45◦) (2θ) in
a continuous scan, and 0.08◦ steps and 2 s/step were used, with a total time equal to 384
s/step. Phases for obtained diffractograms were determined by comparing them with
adequate standard patterns (JCPDS 09-0077 for DCPD, JCPDS 09-0432 for HA, JCPDS
09-0169 for β-TCP, and JCPDS 09–0348 for α-TCP).

FT-IR spectra and PXRD diffractograms were then processed in GRAM/AI 8.0 soft-
ware (Thermo Scientific, Burlington, ON, USA) and KaleidaGraph 3.5 Software (Synergy
Software, Reading, PA, USA).
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Atomic absorption spectrometry (AAS) was conducted to evaluate the content of Ag+

and Ga3+ in the synthesized CaP powders. The study was carried out on an AAS spec-
trometer (ANALYST 400, Perkin Elmer, Llantrisant, UK), with detection at a wavelength of
λ = 287.42 nm and λ = 328.07 nm, for gallium and silver, respectively. The samples were
prepared by dissolving the powder in super-pure 63% nitric acid and diluting the obtained
solution with distilled water. The calibration curves were prepared by dissolving an ade-
quate amount of calibration standard in distilled water—AgNO3 (Avantor Performance
Materials, Gliwice, Poland) and Ga(NO3)3·3H2O (Sigma-Aldrich, Burlington, MA, USA),
for silver and gallium, respectively—and then preparing the dilution series in distilled
water.

2.4. Physicochemical Analysis of Granules

Scanning electron microscopy (SEM) using a JSM 6390 LV SEM microscope (JEOL,
Tokyo, Japan) (at 20 or 30 kV accelerating voltage) was conducted to examine the morphol-
ogy of the obtained granules. Before the experiments, the granules were covered with a
gold layer in a vacuum chamber, and images were taken of the outer and inner surfaces
(after the cross-section).

The release study was performed for all granules containing ciprofloxacin. Therefore,
0.5 g of granules was put into a conical tube, to which 50 mL of phosphate-buffered saline
(PBS) (pH = 7.4) was added. The tubes were then placed in a water bath at 37 ◦C under
continuous stirring. The release studies of ions (gallium and silver) and ciprofloxacin were
carried out for four weeks. Sample aliquots were collected after 1 h, 2 h, 3 h, 6 h, 12 h, 24 h,
48 h, 5 days, 7 days, 14 days, and 28 days. After the collection of the samples, the tubes
were replenished with PBS as per the initial volume.

In order to determine the amount of silver and gallium ions released from the granules,
inductively coupled plasma mass spectrometry (ICP-MS, Agilent Technologies 7800, Santa
Clara, CA, USA) was used. Samples and a dilution series for calibration curves were
prepared in the same manner as previously, with a change of solvent from distilled water
to PBS.

The amount of ciprofloxacin released was evaluated using a reverse-phase HPLC method.
An HPLC instrument was used, consisting of a column (Varian RP-18, 250 × 4.6 mm), ther-
mostat (Shimadzu CTO-10ASVP, Shimadzu, Tokyo, Japan), pump (Varian Prostar 210),
injection loop (20 mL Rheodyne), and UV-Vis detector (Varian Prostar 325). The mobile
phase was composed of acetonitrile and phosphate buffer (pH = 3.0; 20:80), with detection
at a wavelength of λ = 278 nm.

2.5. In Vitro Cytotoxicity Study

The neutral red uptake assay was conducted in accordance with ISO 10993, An-
nex A [32,33], with BALB/c 3T3 mouse embryonic fibroblasts (American Type Culture
Collection). Quantitative estimation of the cell viability was based on their neutral red
uptake compared to the untreated culture. Cells were seeded in 96-well microplates
(15,000 cells/100 μL) in Dulbecco’s Modified Eagle Medium (Lonza), supplemented with
10% of calf bovine serum, 100 IU/mL penicillin, and 0.1 mg/mL streptomycin, and incu-
bated for 24 h (5% CO2, 37 ◦C, >90% humidity). After that, each well was examined to
ensure that the cells formed a confluent monolayer. The culture medium was replaced
by the extracts. Extracts were obtained by the preincubation of the materials in a culture
medium (100 mg/mL) with a 5% serum concentration, at 37 ◦C for 24 h and sterilized
by filtration. Cells were treated with a twofold dilution series of the extracts for 24 h at
540 nm. As the reference materials, polyethylene film and latex were used (non-cytotoxic
and highly cytotoxic, respectively). The cell viability was calculated by comparing OD540
then the treatment medium was removed. The cultures were washed with PBS and treated
with medium containing the dye for 2 h. The medium was discarded, and the cells were
washed with PBS and treated with an ethanol and acetic acid water solution (desorbing
fixative). The color of each well was evaluated colorimetrically, results were compared with
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the untreated control. Samples were classified as cytotoxic if they reduced cell survival to
below 70%. If the BALB/c 3T3 fibroblasts retained a viability of at least 70% across the full
range of tested dilutions, they were considered to be non-cytotoxic.

2.6. Microbiological Activity Studies

The antibacterial activity of the synthesized granules was assessed against Gram-
negative E. coli bacteria (ATCC 25922) and Gram-positive S. aureus bacteria (ATCC 6438),
according to a methodology previously reported in [34], with 0.5 McFarland standard
microbial cultures. Bacterial strains cultured on MacConkey and Columbia agar (Biocorp,
Warsaw, Poland) were transported to Tryptic soy broth medium (Merck, Burlington, MA,
USA) and incubated for 24 h at 37 ◦C, after which the density of the bacterial suspension
was measured using a densitometer (Biomerieux, Marcy-l’Étoile, France) and then diluted
to a density with an order of magnitude equal to 106 CFU/mL. Next, 50 mg of each type
of granule produced was placed in 5 mL of Tryptic soy broth medium, and the bacterial
suspensions prepared earlier were added. The mixture was incubated for 24 h at 37 ◦C,
after which the bacterial colonies were counted using a Scan300 counter (Interscience, Saint
Nom la Bretêche, France). As a positive control (C+), free microbial culture was assessed
at the same time intervals. The measurements were repeated three times. The data are
presented as mean ± SD.

3. Results

3.1. Characterization of Synthesized Powders

In the first step, the selected calcium phosphates containing silver or gallium ions were
synthesized (see Table 1). For comparison, their unsubstituted counterparts—hydroxyapatite
(HA), α- and β- tricalcium phosphates (aTCP and bTCP, respectively), and dicalcium
phosphate dihydrate (DCPD)—were prepared using the same methods.

It should be noted that while there are many papers on substituted hydroxyapatite
in the available literature, substitutions with silver and gallium ions in other calcium
phosphates (brushite, α -TCP, and β -TCP) are described in only a few papers [28,31,34–37].

Figure 2A,B show the FT-IR spectra in the most informative range: 2000–400 cm−1.
The spectra of the Ag-HA and Ga-HA samples were similar and had a dominant band at
approximately 1110–955 cm−1 and bands at approximately 603 and 565 cm−1, correspond-
ing to the vibrations of ν1 + ν3 and ν4 of the apatite phosphates, respectively. Both spectra
exhibited a band at approximately 630 cm−1, originating from the liberational vibrations of
the structural OH groups of HA [35,38].

The spectra of the Ag-aTCP and Ga-aTCP samples were characterized by very wide
and poorly separated bands, similar to the spectra of unsubstituted α-TCP (as evidenced in
the literature and Figure S1 in Supplementary Materials) [39–41]. It should be noted that
the spectra were very complex and barely identifiable, which is consistent with theoretical
data showing that the α-TCP spectrum can contain up to 216 phosphate bands (24 distinct
bands in the case of ν1; 48 distinct bands for ν2; and 72 bands each for ν3 and ν4) [40].
In addition, it should be noted that the Ag-aTCP spectrum showed a narrow band at
approximately 725 cm−1, which is characteristic of pyrophosphates formed during the
thermal treatment of calcium phosphates [41–43]. This band was also present in the spectra
of samples synthesized at high temperatures: Ag-bTCP and Ga-bTCP.
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Figure 2. FT-IR spectra of the obtained calcium phosphates: (A) enriched with silver ion, (B) enriched
with gallium ion.

As for the spectra of Ag-bTCP and Ga-bTCP samples (Figure 2), in the ν1 and ν3
vibration region, they contained narrow, well-separated bands, which is characteristic of
β-TCP [39,44]. In turn, the ν4 region contained two major bands (at approximately 615 and
550 cm−1), confirming the β-TCP structure of these materials (see Figure S1).

The representative spectrum of brushite enriched with silver ions (Ag-DCPD) is pre-
sented in Figure 2A. The dominant features here are v3 phosphate bands at approximately
1130 and 1065 cm−1, as well as ν1 bands at approximately 990 cm−1. The wide band at
900 cm−1 proves the presence of P-OH groups, characteristic of the structure of brushite
(Figure S1 in Supplementary Materials). In the ν4 region, two typical DCPD bands can be
seen at 580 and 525 cm−1 [45,46].

The PXRD diffractograms of the obtained powders are shown in Figure 3A,B. For
comparison, the patterns of the unsubstituted powders are summarized in Figure S2 in
Supplementary Materials. All reflections on the Ag-HA and Ga-HA diffractograms were
indexed to hydroxyapatite (JCPDS 09-432). The reflections were wide, especially for the
Ga-HA sample, which is typical of nanocrystalline samples.

In turn, the PXRD pattern of the Ga-aTCP sample exhibited narrow, sharp reflections
only from the α-TCP crystalline structure (JCPDS 09-348). The diffractogram of the Ag-
aTCP sample contained additional reflections at approximately 27.0 and 27.9◦, attributable
to calcium pyrophosphate, in accordance with the presented FT-IR tests.

The Ag-bTCP and Ga-bTCP samples were not homogeneous and, like Ag-aTCP,
contained calcium pyrophosphate. The diffractogram for the Ag-DCPD sample showed the
presence of only one crystalline phase; all reflections originated from the brushite structure
(JCPDS 09-077).

For all the obtained powders, the content of silver and gallium was examined by AAS
spectrometry. It turned out that the ions were introduced with a fairly good yield from 66
to 97%. The concentration of silver decreased in the following order: Ag-DCPD (1.06 ±
0.03 wt.%); Ag-bTCP (0.20 ± 0.02 wt.%); Ag-aTCP (0.18 ± 0.03 wt.%); and Ag-HA (0.15 ±
0.02 wt.%).
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Figure 3. PXRD diffractograms of the obtained calcium phosphates: (A) enriched with silver ion,
(B) enriched with gallium ion (*-calcium pyrophosphate).

Ga-aTCP and Ga-bTCP were synthesized at high temperatures. The amount of gallium
was approximately 3.50 ± 0.02 and 3.52 ± 0.03 wt.%, and the substitution efficiency was
the highest (97%). In turn, the gallium concentration in the Ga-HA sample amounted to
2.21 ± 0.02 wt.%, which was 66% of the nominal value.

The above physicochemical tests of the obtained CaPs powders allowed us to confirm
their identity and the degree of substitution with foreign ions, i.e., silver and gallium.

3.2. Morphology of the Synthetic Granules

The next step was to obtain composite granules containing alginate, chondroitin
sulfate, and two different calcium phosphates enriched with silver and gallium ions. In
this way, seven types of granules were obtained (see Table 2).

According to literature reports, bone substitute materials are often prepared in the
form of granules or microgranules [47,48]. This form is beneficial in the case of filling small
bone defects. Moreover, by filling the 3D space, the materials form intra-granular pores
between the granules, thus contributing to better vascularization and facilitated adhesion
of bone cells.

Representative SEM photos of each granule type are shown in Figure 4.
Figure 4A shows a granule in its entirety. It can be seen that it has a regular, spherical

shape, quite a rough surface, and an average diameter of 3–4 mm. The images that follow
(Figure 4B–H) depict cross-sections of the granules. G1 and G2 granules are characterized
by the most compact structure, with the least developed surface. In both of these, single
clusters of crystals are visible, with elongated shapes, typical of brushite (DCPD). The
cross-sections with the highest porosity and the least homogeneous structure belong to
the G3, G4, and G7 samples. The G5 sample appears to be the most homogeneous, with
regular microporosity.

All types of granules were also prepared by covering them with an additional layer
of PCL. This treatment did not significantly affect the morphology of the surface or the
interior of the granules (data not shown).
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Figure 4. SEM representative images of the granules: (A) the outer surface of the granule; (B–H)
internal cross-sections of granules G1–G7. The arrows indicate the crystals of calcium phosphates.
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3.3. Ion Release Studies

The obtained composite granules were tested for the release of silver and gallium
ions. Figure 5 shows the silver release curves for standard and polycaprolactone-coated
granules (A and B, respectively). Figure 5A clearly shows that the greatest amount of
released silver could be observed for samples containing Ag-DCPD powder (curves G1
and G2). In granules containing tricalcium phosphates (i.e., Ag-aTCP and Ag-bTCP), no
silver release was observed throughout the entire study period (samples G3 and G6; results
not shown), or the release of silver was significantly delayed. In the case of sample G7, the
first concentration of released silver was recorded on the fifth day.

Figure 5. Release profiles of silver (A,B) and gallium ions (C,D) from the granules.
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It is also worth noting that the amount of silver released from the G1 and G2 gran-
ules was similar, so it can be assumed that the composition of these granules and their
morphology did not have a significant impact on the release of silver ions, and the main
factor determining the kinetics of release was the type of CaP, to which silver ions were
introduced.

The granules containing silver ions in hydroxyapatite (G4 and G5) were characterized
by different kinetics of Ag+ release to those of the G1 and G2 granules. Silver ions were
released during the first 50 h, and then, a plateau could be observed in the curve. Consider-
ing the fact that hydroxyapatite is characterized by lower solubility than brushite, it can be
assumed that the released silver ions mainly came from the surface of apatite crystals. This
is also supported by the low degree of Ag+ release (the remaining amount was not released
during the experiment). It is also worth noting that sample G5 had the smallest amount of
released silver, most likely due to the different morphology of the granule interior.

Covering the composite samples with an additional layer of PCL polymer (Figure 5B)
did not cause any significant differences in the silver ion release profile. On the other hand,
in all but one of the samples (i.e., not G5), the total amount of released ions decreased
significantly (even almost five-fold). As with granules without PCL, no release or a delayed
release was observed in samples containing Ag-TCP (sample G7—first measurements on
the fifth day of the experiment).

Figure 5C,D show the gallium ion release profiles for granules with and without the
cover of PCL. Of particular note is the fact that, despite the higher content of gallium than
silver in the samples, a significantly lower degree of release was recorded. There was also
a smaller difference between the release of gallium from the PCL and non-PCL samples.
Samples G2 and G4 showed a trace release of gallium ions (data not shown). In both
samples, the gallium ions were substituted into α-TCP crystals. The G1, G3, G5, G6, and
G7 granules released a similar amount of gallium ions at a similar rate (see Figure 5C).

Summarizing the obtained results, it can be stated that the release of both silver and
gallium ions is very slow. During the time under study (28 days), the percentage of released
silver did not exceed 20%, and gallium was even lower and did not reach 1%. We can
therefore assume that the obtained materials are stable during this time, and the release
will proceed with the degradation of the obtained granules. It should be noted that we
presented similar research on the release of silver and gallium ions from hydroxyapatite-
containing granules in Ref. [49], and we also demonstrated a slow release of these ions
there. The results of ion release from granules containing non-apatite silver and gallium
sources are shown here for the first time.

3.4. Ciprofloxacin Release

Figure 6 shows the release profile of ciprofloxacin from granules G1–G7 (without
PCL coating) and G1p–G7p (with PCL coating). Generally, the percentage of ciprofloxacin
released in vitro at pH = 7.4 ranged between 38% and 55%. For each type of granule,
the release profile of ciprofloxacin was characterized by a slight burst release in the first
few hours (see Figure 6B,D). It can be assumed that the type of material does not have a
significant impact on the drug release profile, although coverage of PCL granules seemed
to weaken the release of the drug during the first few hours in some samples (G1p, G4p,
G5p, and G7p). At the same time, it could also be seen that the total amount of released
ciprofloxacin was slightly lower for the PCL-coated samples than for the standard granules.

In Figure 6, instead of a plateau, a slight tendency towards a downward curve can
be observed (see Figure 5A,B, G5 and G7 curves). This may be related to the high affinity
of calcium phosphates to the adsorption of drug molecules. It is worth noting that the
ease of adsorption of molecules and ions depends on many factors, including the chemical
properties of the adsorbed molecules and their size, but also the surface properties of
calcium phosphate (including their surface area, porosity, and particle morphology). Each
type of granule contained two different calcium phosphates; however, in each case, one
of them was hydroxyapatite enriched with silver or gallium ions. Our research and
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the available literature show that substitution with gallium and silver ions affects the
morphology and size of crystals [31,50]. Significant reduction in the size of crystals and
their strong tendency to form agglomerates occurs for apatite samples containing gallium
ions. The powders consist of very fine plate-like crystals in the order of a few nanometers
in size. This makes them characterized by a very large specific surface area and, thus, high
susceptibility to adsorption. Therefore, it can be assumed that the downward slope of the
curves is related to the re-adsorption of the drug on the surface of calcium phosphate, in
particular, nanocrystalline hydroxyapatite.

Figure 6. Release profiles of ciprofloxacin from the granules without PCL (A,B) and the granules
with PCL (C,D).
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The semi-empirical Korsmeyer–Peppas model was used to evaluate the mechanism of
ciprofloxacin release from the obtained composites. This model was chosen because it is
dedicated to the description of drug release from polymer systems and typical hydrogels.
Moreover, the use of this model is possible when the amount of released drug substance
does not exceed 80% [51,52].

The model is described by the following formula:

X% = ktn, where

X% is the fraction (in %) of the dissolved drug at a given time t;
K is the constant describing the features of the structure and geometry of the matrix;
N is a parameter indicating the release mechanism [53].
Figure 6B,D show that the percentage of ciprofloxacin released did not exceed 60%.

The fitting parameters are presented in Table 3. The correlation coefficient (R2) in all fittings
was quite high and ranged between 0.9239–0.9979. The n parameter describing the drug
release mechanism, for all analyzed fittings, was in the range of 0–0.45. In the Korsmeyer–
Peppas model, for n ≤ 0.43, drug release kinetics occur according to Fickian diffusion from
polydispersive systems (see Figure S4A,B in Supplementary Materials) [50]. Thus, we can
conclude that the obtained materials release the drug similarly to typical hydrogels: quite
quickly and with non-zero kinetics.

Table 3. Fitting parameters for ciprofloxacin release from granules (k—constant; n—parameter of
release mechanism; R2—correlation coefficient).

Sample k/min−n n R2

G1 17.0 ± 1.1 0.17 ± 0.01 0.9791
G2 11.5 ± 2.1 0.23 ± 0.03 0.9351
G3 17.9 ± 1.4 0.13 ± 0.02 0.9979
G4 21.8 ± 2.4 0.15 ± 0.02 0.9238
G5 11.1 ± 1.2 0.16 ± 0.01 0.9331
G6 11.0 ± 1.1 0.23 ± 0.02 0.9791
G7 17.7 ± 1.8 0.15 ± 0.02 0.9324

G1p 12.7 ± 0.9 0.17 ± 0.02 0.9683
G2p 21.0 ± 1.5 0.16 ± 0.02 0.9655
G3p 14.9 ± 1.5 0.15 ± 0.02 0.9494
G4p 21.4 ± 1.7 0.15 ± 0.02 0.9555
G5p 10.6 ± 1.2 0.23 ± 0.02 0.9711
G6p 18.9 ± 1.8 0.15 ± 0.02 0.9384
G7p 9.4 ± 0.2 0.24 ± 0.02 0.9855

3.5. Cytotoxicity Studies

The viability of the BALB/c 3T3 cells did not fall below 70%, in comparison to the
untreated control, in most samples. Therefore, all these materials were classified as non-
cytotoxic in the neutral red uptake assay (see Table 4). Only G1, G2, and Ag-DCPD powder
(all samples containing brushite doped with silver ions) decreased the viability of 3T3 cells
to less than 70% after exposure to the undiluted extracts (100 mg/mL), and these were
classified as cytotoxic. However, in the first dilutions of the twofold dilution series, none
of the samples negatively affected the cell culture condition, i.e., the cell viability did not
differ from the untreated control (see Figure 6).
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Table 4. Results of the neutral red uptake test for the highest concentrations of tested extracts (100
mg/mL) in comparison to the untreated control.

Sample Cell Viability ± SD [%] IC50 [mg/mL] Classification

Pure HA 101 ± 2 N Non-cytotoxic
Ag-HA 102 ± 4 N Non-cytotoxic
Ga-HA 94 ± 4 N Non-cytotoxic

Pure β-TCP 105 ± 2 N Non-cytotoxic
Ag-bTCP 98 ± 3 N Non-cytotoxic
Ga-bTCP 114 ± 1 N Non-cytotoxic

Pure α-TCP 101 ± 3 N Non-cytotoxic
Ag-aTCP 106 ± 3 N Non-cytotoxic
Ga-bTCP 99 ± 1 N Non-cytotoxic

Pure DCPD 111 ± 6 N Non-cytotoxic
Ag-DCPD 21 ± 10 83 Cytotoxic

G1 10 ± 7 76 Cytotoxic
G2 44 ± 4 94 Cytotoxic
G3 99 ± 3 N Non-cytotoxic
G4 87 ± 4 N Non-cytotoxic
G5 100 ± 4 N Non-cytotoxic
G6 85 ± 4 N Non-cytotoxic
G7 99 ± 3 N Non-cytotoxic
LT 0 ± 0 <10 Cytotoxic
PE 102 ± 7 N Non-cytotoxic

LT—latex, reference cytotoxic material. PE—polyethylene foil, reference non-cytotoxic material. N—calculation
was not possible due to the lack of cytotoxicity in the whole range of tested concentrations. Results with cell
viability decreased under 70% are underlined.

The obtained results are very promising. In the case of hydroxyapatite and tricalcium
phosphate, they show that the amount of silver and gallium introduced did not cause a toxic
effect on fibroblasts. Our previous studies on silver-containing hydroxyapatite [31] showed
that a higher amount of silver in the HA powder obtained by the same method is cytotoxic,
as is the gallium-containing hydroxyapatite obtained by the dry method (unpublished data).
In turn, attention should be paid to the toxicity of the Ag-DCPD material and granules
containing this material. Further research on the optimal concentration of silver is required
in order to obtain a material that is non-toxic to mammalian cells.

3.6. Antibacterial Activity

The results for the test of antibacterial activity against S. aureus and E. coli for the
synthesized granules are presented in Tables 5 and 6. It can be seen that biphasic granules
containing ciprofloxacin (both without cover and covered with polycaprolactone) exhibited
antibacterial activity against both strains of bacteria, reaching a 6-logarithmic reduction
in bacterial growth in most samples. All types of granules reduced the growth of Gram-
negative E. coli bacteria entirely. On the other hand, in the case of Gram-positive S. aureus
bacteria, diminished antibacterial activity could be observed for G1 and G2 granules (with
and without PCL), which were the only granules composed of brushite. The full impact
of the aforementioned granules on the bacterial growth of S. aureus is shown in Table 6.
It should be mentioned that the antibacterial activity of granules containing brushite
decreased over time (with a similar observation recorded for E. coli).
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Table 5. Bacterial growth of S. aureus and E. coli in medium containing examined samples after 24 h
of incubation.

Type of Granules
Bacterial Growth [CFU/mL]

Staphylococcus aureus Escherichia coli

G1 1.25 × 103 0
G2 1 × 102 0
G3 5 × 101 0
G4 5 × 101 0
G5 5 × 101 0
G6 5 × 101 0
G7 0 0

G1p 1.5 × 103 0
G2p 2.75 × 103 0
G3p 0 0
G4p 0 0
G5p 0 0
G6p 0 0
G7p 0 0

The average initial bacterial concentration for S. aureus was equal to 5 × 106 CFU/mL. The average initial bacterial
concentration for E. coli was equal to 4.75 × 106 CFU/mL.

Table 6. Bacterial growth of S. aureus in a medium containing selected examined samples after 24 h
of incubation in three repetitions with weekly intervals.

Type of Granules
Bacterial Growth—Staphylococcus aureus [CFU/mL]

1st Week 2nd Week 3rd Week

G1 1.25 × 103 2.61 × 104 1.55 × 105

G1p 1.5 × 103 1.65 × 103 4.96 × 105

G2 1 × 102 1.45 × 103 2.51 × 105

G2p 2.75 × 103 4.68 × 104 1.6 × 105

Average initial bacterial concentrations for S. aureus were equal to 5 × 106 CFU/mL (1st week), 4.65 × 106

CFU/mL (2nd week), and 6.58 × 106 CFU/mL (3rd week).

This is an interesting observation, especially in the context of fibroblast toxicity studies
(see Section 3.5). It seems that the G1, G2, G1p, and G2p granules, which contain brushite
as a source of silver, do not meet the conditions of bone substitute materials releasing
antibacterial agents.

Moreover, when comparing the results for granules with and without PCL, it should
be noted that, in the case of granules covered with PCL, there was less inhibition of the
bacterial growth, which is associated with a slower release of active substances from these
types of granules, as has been seen in release studies.

4. Conclusions

In the study presented here, ciprofloxacin was loaded into composite granules con-
taining calcium phosphates substituted with silver and gallium ions. These formulations
showed a sustained release of the antibiotic and ions with antibacterial activity. During
the first five hours, a slight burst release was found, while in the hours that followed, a
slower, diffusion-mediated, sustained release was observed. Moreover, most of the ob-
tained granules were able to effectively inhibit the growth of S. aureus and E. coli bacterial
strains. These granules were non-toxic toward mammalian BALB/c 3T3 cells. Accordingly,
composite granules have promising potential as drug carriers and bone-filling materials.
The exception is granules containing Ag-DCPD, which turned out to be toxic to mammalian
cells, and at the same time, granules made of it had ineffective antibacterial activity.
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However, further research is necessary, and should be primarily focused on selecting
the optimal granule composition in order to obtain the highest antibacterial activity while
ensuring there is no toxicity to mammalian cells. It is also worth conducting research in
order to select the appropriate amount of ions with antibacterial activity in relation to
the amount of introduced antibiotic. In addition, further analyses should aim to use vivo
models.
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www.mdpi.com/article/10.3390/coatings13030494/s1. Figure S1: FT-IR spectra of the unsubstituted
calcium phosphates; Figure S2: PXRD diffractograms of the unsubstituted calcium phosphates; Figure
S3: The NRU test results obtained for samples Ag-DCPD (A), G1 (B), and G2 (C) in the whole range
of tested concentrations. Black stars indicate a decrease in cell viability under 70%, which classified
each of these samples as cytotoxic. The rest of the tested materials did not reveal cytotoxicity in the
whole range of tested dilutions; Figure S4: Cumulative release of ciprofloxacin (%)—fitting curves.
A—the composite without PCL; B the composite coated with PCL.
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Abstract: Usually, before being used in biomedical applications, a biomaterials’ bioactivity is tested
by in vitro methods that simulate similar conditions to those found in the human body. In this
work, we report on the synthesis of zinc-doped hydroxyapatite–chitosan (ZnHApC) composite
coatings by the vacuum deposition method. The surface microstructure and the chemical and
molecular modification of the coatings before and after soaking in DMEM (Dulbecco’s Modified
Eagle’s Medium) were studied. For this objective, techniques such as attenuated total reflection (ATR),
Fourier transform infrared (FTIR) spectroscopy, metallographic microscopy (MM), and scanning
electron microscopy (SEM) were applied used. Also, water contact angle measurements and swelling
studies were made on ZnHApC composite coatings before and after soaking in a biological medium.
The coatings’ adherence to the substrate was also studied. The results of antifungal studies on
ZnHApC composite coatings against the Candida albicans microbial strain reveal their good antifungal
activity. The biocompatibility of the composite coatings was tested using a primary osteoblast cell line.
Our results suggest that zinc-doped hydroxyapatite–chitosan samples could be used as a bioimplant
material due to their enhanced bioactivity and biocompatibility.

Keywords: biological medium; zinc; surface changes; hydroxyapatite; osteoblast cell line

1. Introduction

Usually, prior to being used in biomedical applications (e.g., coatings for medical
devices, metallic implants, bone fillers, etc.), biomaterials are tested for their bioactivity
through in vitro methods that simulate similar conditions to those found in the human
body [1]. For this purpose, since the beginning of the 1990s, SBF (simulated body fluid)
was proposed by Kokubo et al. as a medium that could predict the in vivo bone bioactivity
of a biomaterial [2]. Normally, the SBF solution contains only the inorganic part of blood
serum [3,4].

Recently, in the literature, it was proposed to use DMEM (Dulbecco’s Modified Ea-
gle’s Medium) solution as a substitute for SBF solution in order to evaluate a material’s
bioactivity [1,4]. DMEM solution is frequently used as a culture medium for cell lines,
and, unlike SBF, contains both the inorganic and the organic parts of blood serum [1,4].
In previous studies, it has been highlighted that by immersing samples in SBF or DMEM
solution (between 1 and 21 days), the precipitation of an apatitic layer on the sample surface
occurs [4–6]. It is well known that the formation of new bone tissue around the implant
implies many biological processes that take place at the interface between the implant and
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the bone tissue [6]. Hydroxyapatite (HAp) is one of the most often used biomaterials for
covering metallic implants [6,7].

Among the most common causes that lead to implant failure are infections that occur
immediately after the implant and the formation of an insufficient amount of new bone
tissue around the implant [8]. Furthermore, previous studies have shown that the bioac-
tivity of hydroxyapatite layers can be improved by ionic substitution [8,9]. For example,
in the study conducted by Kazimierczak P. et al. [10] regarding the biocompatibility and
osteoinductivity of chitosan–agarose–nanohydroxyapatite scaffolds, it was reported that
the hydrophilic surface of the obtained nanocomposites confers on them a good biocompat-
ibility with the osteoblast (hFOB 1.19) cell line. Furthermore, the presence of zinc ions in the
zinc-doped nanohydroxyapatite-based bone scaffolds gives them excellent antimicrobial
properties and a nontoxic effect against the osteoblast cell line [11].

On the other hand, Candida species are well known as an important nosocomial
pathogen. Moreover, Candida albicans is frequently identified in the biofilm found on
the surface of implanted biomedical devices (e.g., urinary catheters, joint replacements,
etc.) [12–14]. Therefore, the attainment of biomaterials with good antifungal activity is of
great interest to the medical community and could represent a viable alternative to the
classic antimycotic treatment.

Currently, for the development of bioceramic layers, techniques such as electrophoretic
deposition [15], pulsed laser deposition (PLD) [16], matrix-assisted pulsed laser deposition
(MAPLE) [17], radio frequency magnetron sputtering (RFMS) [18], the sol-gel method [19],
electrochemical deposition [20], vacuum deposition [21], etc., are used.

For example, Vranceanu D. M. et al. [6] have found, along with the growth of the
immersion time (up to 21 days) of silver-doped hydroxyapatite (AgHAp) and hydroxya-
patite (HAp) coatings in a DMEM solution, the formation of increased quantities of new
apatite phases on their surface [6]. This behavior suggests that the studied samples have
an improved biomineralization ability [6]. The results obtained on the AgHAp and HAp
coatings after immersion in an SBF solution were discussed. Their results indicate that the
DMEM solution may be used for preliminary evaluation of biomineralization efficiency [6].

Another study, conducted by Dumelie N. and collaborators [22] revealed that after
the immersion of up to 21 days in a DMEM medium of calcium-deficient hydroxyapatite
coatings on a Ti6Al4V substrate, the precipitation of a new crystalline apatite occurs. It was
also noticed that there was an increase in the Ca/P atomic ratio value from 1.5 (before the
immersion in the DMEM medium) to a Ca/P value of around 1.65 (after the immersion
in the DMEM medium) [22]. Further, it was noticed that by immersing in a DMEM
solution, the dissolution of calcium-deficient hydroxyapatite coatings occurs followed by
the precipitation of a new apatite layer [22]. These results make such biomaterials suitable
for use in orthopedic or dental applications since they favor the formation of new bone
tissue [22].

It is known that Zinc (Zn) ions are one of the significant trace elements present in bone
tissue [23]. Zinc ions participate in important bone processes such as bone development and
biomineralization [23–25]. Therefore, the Zn incorporation in the hydroxyapatite structure
can enhance their bioactivity [23–26].

The point of this study was to evaluate for the first time the new layer formation on the
surface of zinc-doped hydroxyapatite–chitosan (ZnHApC) composite coatings after soaking
in a biological medium (DMEM). For this purpose, we used techniques such as attenuated
total reflection (ATR), Fourier transform infrared (FTIR) spectroscopy, metallographic mi-
croscopy (MM), and scanning electron microscopy (SEM). In addition, water contact angle
measurements and swelling and adhesion studies were performed. The ZnHApC coatings
were developed by vacuum deposition technique, and their physicochemical and biological
features before and after soaking in a DMEM medium were presented. The biological assay
conducted on ZnHApC was done with the aid of a primary osteoblast cell line. Moreover,
antifungal activity against the Candida albicans fungal strain was evaluated.
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2. Materials and Methods

2.1. Synthesis of Zinc-Doped Hydroxyapatite–Chitosan (ZnHApC) Powders

For the synthesis of zinc-doped hydroxyapatite–chitosan (Ca10−xZnx(PO4)6(OH)2;
xZn = 0.07; ZnHApC) powders, the protocol described in our previous paper was used [21].
For this objective, during the synthesis, the [Ca + Zn]/P ratio was kept at 1.67 and the pH
value was maintained at 11. The obtaining procedure was performed in air. The proper
amounts of Zn(NO3)2·6H2O (Alfa Aesar, Karlsruhe, Germany) and Ca(NO3)2·4H2O (cal-
cium nitrate tetrahydrate; Sigma Aldrich, St. Louis, MO, USA) were dissolved and the
obtained solution was slowly added into a solution containing (NH4)2·HPO4 (Alfa Ae-
sar, Karlsruhe, Germany) and chitosan (C6H11NO4; Sigma Aldrich, St. Louis, MO, USA).
The obtained mixture was stirred at 100 ◦C for 4 h and then centrifugated. Then, the pre-
cipitate was redispersed in an aqueous solution under vigorous stirring at 100 ◦C. Last,
the ZnHApC precipitate was dried at 100 ◦C and used for the vacuum deposition of the
ZnHApC composite coatings.

2.2. Deposition of ZnHApC Coatings on Si Substrate

The ZnHApC thin films were deposited on Si substrates. Before the vacuum de-
position, the substrate was cleaned several times with acetone and dried in the air at
40 ◦C. The parameters used for the coating’s deposition were described in detail by Predoi
et al. [16]. Further, the ZnHApC thin films were soaked in a DMEM medium (Sigma
Aldrich, St. Louis, MO, USA) in an incubator (GFL 4010, GFL Gesellschaft für Labortechnik
mbH, Burgwedel, Germany) at 37 ◦C ± 0.5 ◦C. Initially, 2 sample batches were soaked
in DMEM (which was changed daily). The first sample batch was taken out after 7 days
(ZnHApC-7D) and the second sample batch after 14 days (ZnHApC-7D). After being taken
out from the biological environment, the samples were washed with double-distilled water
and placed in a desiccator.

2.3. Physical, Chemical, and Morphological Characterizations

The attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra were
obtained with the aid of a Jasco FTIR-6600 spectrometer (Easton, MD, USA). The spectra
were acquired from 450 to 2000 cm−1 with a spectral resolution of 4 cm−1 averaging
128 scans.

The morphology and EDX compositional studies of ZnHApC powders and coatings
were performed using a scanning electron microscope (Hitachi S4500, Hitachi, Tokyo, Japan).

Preliminary assessments of the ZnHApC coatings surface before and after the soak-
ing in the biological medium were obtained using the 10× magnification objective of
an inversed trinocular metallographic microscope OX.2153-PLM, (Euromex, Arnhem,
The Netherlands). Image J software (Image J 1.51j8) [27] was used for the 3D represen-
tation of SEM and metallographic images.

The water contact angle studies were performed under ambient conditions using a
contact angle goniometer (DSA30 Kruess GmbH, Hamburg, Germany). For these experi-
ments, the sessile drop technique was used. The contact angle measurements were repeated
3 times for each composite coating. The values of the contact angle ± SD are presented.

Dried ZnHApC, ZnHApC-7D, and ZnHApC-14D coatings were weighted (WD) before
the swelling test. Then the dried coatings were immersed in deionized water. Finally,
the samples were taken out of the water after 24 h. The water excess was removed with
filter paper and then the samples were weighed again (WW). The swelling test was repeated
3 times, and the results are presented as mean value ± SD. The swelling percentage was
calculated with the following formula:

Swelling (%) =
WW−WD

WD
× 100 (1)
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The adherence of the ZnHApC, ZnHApC-7D, and ZnHApC-14D coatings to the
substrate was determined using the tape-pull test. The adhesion tests were performed
using the 3M Performance Flatback Tape 2525, having a peel adhesion of 7.5 N/cm.

2.4. Cytotoxicity Assay

The biological properties of the ZnHApC, ZnHApC-7D, and ZnHApC-14D samples
were investigated using primary human osteoblast cells, hFOB 1.19. The cells were procured
from the upper part of a patient’s femur following the protocol described by Gallagher
et al. [28]. The in vitro biocompatibility study assays were performed as previously reported
in detail in [29] and the cell viability of the hFOB 1.19 cells was determined after 24 and 72 h
of incubation with the composite layers. The in vitro experiments were done in triplicate.
The data were reported as mean ± standard deviation (SD). Furthermore, the statistical
analysis was performed using the t-test and analysis of variance (ANOVA).

2.5. Antifungal In Vitro Assay

Studies regarding the antifungal activity of the ZnHApC, ZnHApC-7D, and ZnHApC-
14D coatings were performed against the fungal strain Candida albicans ATCC 10231.
The in vitro antifungal assays were done according to the experiments described in [30]
and the activity of the samples was determined after 24, 48, and 72 h of incubation with the
fungal suspensions. All the experiments were performed in triplicate and the data were
graphically represented as mean ± SD.

3. Results

ATR-FTIR measurements were used to study the molecular changes that took place
before and after the soaking of ZnHApC coatings in DMEM (Figure 1). In Figure 1,
the presence of characteristic adsorption bands of HAp can be easily observed. The ab-
sorption bands were found at 480, 564, 606, 960, and 1090 cm−1 and are ascribed to PO4

3−
vibration, and their presence was observed for all studied coatings [21,31]. On the other
hand, in the FTIR spectra of ZnHApC-14D (Figure 1c) coatings, the presence of the adsorp-
tion bands at 869, 1416, and 1484 cm−1, ascribed to CO3

2− groups, was noticed, which
suggests the presence of a carbonated hydroxyapatite layer on the sample’s surface [31].
Furthermore, in the region from 1300 until 1500 cm−1, bands that are ascribed to the
chitosan structure are present [21,31].

 
Figure 1. Absorbance ATR-FTIR spectra of ZnHApC (a), ZnHApC-7D (b), and ZnHApC-14D
(c) coatings.
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According to the studies made by Vladescu A. and collaborators, [32] the presence of
carbonate bands in the FTIR spectra suggests the formation of an apatitic layer. Moreover,
the presence of carbonate bands in the FTIR spectra underlines the replacement of PO4

3−
with CO3

2− functional groups in the HAp structure [31,32].
After the coatings were soaked in DMEM for 7 and 14 days, the increase in adsorption

band intensity can be observed. Also, the ZnHApC-14D exhibits more intense peaks
ascribed to carbonate groups. The FTIR studies’ results underline that samples soaking in
DMEM induce some changes in the soaked coatings [31,32].

First, we have conducted SEM and EDX studies on ZnHApC powders and the re-
sults are depicted in Figure 2. Close observation of the SEM micrographs reveals that
the ZnHApC powders consist mainly of spherical particles with dimensions in the nano-
metric range. In the collected SEM images, it can also be observed that the nanoparticles
are agglomerated.

 
Figure 2. SEM micrographs in 2D and 3D obtained for ZnHApC powders (a,b). EDX spectra
(c) and elemental distribution maps ZnHApC powders (d).

From the EDX spectra and elemental distribution maps, as depicted in Figure 2,
the characteristic peaks of Ca, P, Zn, N, and O are present in the ZnHApC powders. The N
line in the EDX spectra arises due to the presence of chitosan in the sample. Also, the surface
homogeneity is underlined by the good distribution of the chemical elements in the studied
powder. The results of the EDX chemical composition highlighted the purity of the samples.

Figure 3 shows the results of the SEM and EDX studies performed on the ZnHApC
coatings before and after soaking (for 7 and 14 days) in DMEM. In the case of ZnHApC,
the coatings were inspected before soaking in DMEM. There was the presence of a continu-
ous and uniform layer on the Si substrate surface without the observation of any crack on
the coating surface, as indicated by the SEM micrographs (Figure 3a,d).

The formation of a new layer based on calcium and phosphorus (probably a calcium-
deficient hydroxyapatite) on the surface of the ZnHApC coatings after 7 and 14 days of
exposure to DMEM was proven. The formation of the new layer probably took place by
the biomimetic mineralization process as explained by Vranceanu, D.M. and coworkers [6]
in their paper entitled: “In vitro evaluation of Ag doped hydroxyapatite coatings in
acellular media”.

Regarding the EDX chemical composition of the analyzed layers, our results indicate
the presence of the following chemical elements: calcium, phosphorus, zinc, carbon, nitro-
gen, and oxygen, in all the samples (Figure 3g–i). Some variation of Ca and P line intensity
was observed.
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Figure 3. Scanning electron microscopy micrographs (2D and 3D representations) of ZnHApC
(a,d), ZnHApC-7D (b,e), and ZnHApC-14D(c,f) coatings and their 3D representations. The energy
dispersive X-ray analysis (EDX) spectrum of ZnHApC (g), ZnHApC-7D (h), and ZnHApC-14D
(i) coatings.

The results of energy dispersive X-ray spectroscopy (EDS) quantitative analysis (inset
of Figure 3g–i) suggest the presence of stoichiometric hydroxyapatite (Ca + Zn)/P = 1.67
in the chitosan matrix in the case of ZnHApC composite coatings. After the soaking
in a DMEM medium, the value of the (Ca + Zn)/P ratio varies between 2.095 (for the
ZnHApC-7D sample) and 1.99 (for the ZnHApC-14D sample). These values can indicate
the formation of a new apatite layer. Our results are in good agreement with the EDX
quantitative results previously reported by Vranceanu, D.M. et al. [6].

In the EDX elemental distribution obtained for the ZnHApC-14D coatings, it can be
observed that the major constituent are Ca, P, and O. The minor components are represented
by Zn, N, and C. Furthermore, the well spatial distribution of both minor and major
elements on the ZnHApC-14D coatings surface was observed (Figure 4).

The complementary information regarding the surface characteristics of ZnHApC
coatings were achieved by metallographic microscopy (MM) measurements. Figure 5
presents the metallographic image characteristics of the ZnHApC (a and d), ZnHApC-7D
(b and e), and ZnHApC-14D (c and h) coatings. In Figure 5, the lack of fissures on the
coatings’ surface can be observed. The metallographic data sustain the results provided
by the SEM studies regarding the formation of a new layer on the ZnHApC subsurface.
This is supported by the change in surface morphology of the DMEM-immersed coatings
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compared to that of the nonimmersed coating. The SEM features were in agreement with
the findings previously reported in the literature [6,32–34].

Figure 4. The EDX elemental distributions obtained for ZnHApC-14D coating.

 
Figure 5. Images in 2D and 3D obtained by metallographic studies on ZnHApC (a,d), ZnHApC-7D
(b,e), and ZnHApC-14D (c,f) coatings.

113



Coatings 2023, 13, 472

Furthermore, the adherence of ZnHApC, ZnHApC-7D, and ZnHApC-14D on the
silicium substrate was investigated using the tape-pull test method. This test is widely
known and used for the determination of a coatings’ adherence being deemed one of
the simplest and fastest-used methods to evaluate a coating’s adhesion. In the case of
ZnHApC, ZnHApC-7D, and ZnHApC-14D, the experiments highlighted that the scotch
tape came off approximately clear, having an insignificant amount of material stuck to it.
Therefore, the analysis performed on the coatings suggested that not much of the ZnHApC,
ZnHApC-7D, and ZnHApC-14D coatings were actually removed from the substrate. These
results emphasized that the ZnHApC, ZnHApC-7D, and ZnHApC-14D coatings presented
a good adhesion to the substrate.

The surface properties of ZnHApC t”In ’ilms were evaluated by contact angle mea-
surements and their results are revealed in Table 1. It is known that values higher than
90◦ indicate a hydrophobic nature of the material surface and values <90◦ suggest the
hydrophilic nature of the sample surface [35].

Table 1. Water contact angle on ZnHApC composite coatings surfaces.

Sample Contact Angle θ (◦)

ZnHApC 57.86 ± 2.75
ZnHApC-7D 48.97 ± 2.3
ZnHApC-14D 42.05 ± 1.5

The obtained value for the contact angle varies between 57.86 ± 2.75◦ (for ZnHApC)
and 42.05 ± 1.5◦ (for ZnHApC-14D). Therefore, a decrease in the contact angle value
that could be attributed to the hydrophilic behavior of apatite could be noticed. More
than that, in previous studies, it was shown that the hydrophilic surfaces allowed better
cell proliferation and a good growth of apatite in the physiological environment, thus
supporting bone growth [36]. In this context, the wettability features of ZnHApC, ZnHApC-
7D, and ZnHApC-14D suggest that our samples are hydrophilic which makes them suitable
for biomedical applications (orthopedics, dentistry, tissue engineering, etc.) with our results
being in concordance with the results previously reported [37].

The water uptake abilities of ZnHApC thin films before and after their soaking in
DMEM medium were evaluated by aqueous swelling studies. The results of aqueous
swelling studies are presented in Figure 6. Our results suggest that the swelling per-
centage decreased with the increase in immersion time of the ZnHApC thin films in the
DMEM medium.

 

Figure 6. Aqueous swelling percentage of ZnHApC, ZnHApC-7D, and ZnHApC-14D coatings.
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The higher swelling percentage was obtained for the ZnHApC thin films (26%),
and the lowest value was obtained for the ZnHApC-14D sample (16%). In agreement
with the results reported by Bhowmick, A. et al. [38], this behavior may be attributed to
the fact that the presence of the apatitic layer on the ZnHApC thin films’ surface induced a
decrease in the water update capacity. Ponnusamy, S., and coworkers, showed that swelling
properties facilitate the use of nutrients from the physiological environment and lead to
better adherence [39].

The biocompatibility of the ZnHApC, ZnHApC-7D, and ZnHApC-14D coatings was
assessed by in vitro experiments using human fetal osteoblast hFOB 1.19 cells. The coatings
were incubated for 24 and 72 h with the hFOB 1.19 cell suspensions, and their viability
was determined with the aid of the MTT assay. The results obtained from the in vitro MTT
tests regarding the cell viability of the hFOB 1.19 incubated with ZnHApC, ZnHApC-7D,
and ZnHApC-14D coatings are depicted in Figure 7.

 
Figure 7. Cell viability of the hFOB 1.19 cells after 24 and 72 h of incubation in the presence of
ZnHApC, ZnHApC-7D, and ZnHApC-14D. The results of the experiments are graphically represented
as mean ± SD. The data were statistically analyzed using paired and two-sample t-tests for means,
with p ≤ 0.05 accepted as statistically significant.

The experiments were performed in triplicate and the presented data is mean ± SD.
The results of the MTT assay determined that all the samples exhibited very good bio-
compatibility after 24 h of incubation with the hFOB 1.19 cells. However, an increase in
cell viability was observed in the case of ZnHApC-7D and ZnHApC-14D compared to the
ZnHApC sample. The data suggested that the cell viability increased for the ZnHApC
coatings immersed in a DMEM medium. More than that, the results also suggested that the
immersion period of the samples in the DMEM medium had an influence on cell viability.
In addition, the results of the MTT assays highlighted that all the samples exhibited excel-
lent biocompatibility, being above 92% compared to the control. The obtained results are
in concordance with previously reported data regarding hydroxyapatite biocompatibility
and its properties of promoting the adherence and proliferation of osteoblast cells [40–50].
Moreover, the cell viability of the hFOB 1.19 cells after 72 h of exposure to ZnHApC,
ZnHApC-7D, and ZnHApC-14D coatings presented a significant increase compared to the
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control cell culture. Furthermore, the results obtained from the MTT assays after 72 h of
exposure of the hFOB 1.19 cells with the composite layers emphasized that all the composite
layers presented strong biocompatibility activity and that also helped promote the hFOB
1.19 cells’ proliferation and adhesion on the surfaces of the coatings. In addition, the studies
demonstrated that the increase observed in the cell viability of hFOB 1.19 cells exposed
to ZnHApC-7D and ZnHApC-14D for 72 h was higher than the increase observed in the
case of the ZnHApC composite layers. These results could be attributed to the surface
changes attained by the ZnHApC composite layers following their immersion in the DMEM
medium for 7 and 14 days. More than that, the data also suggested that the increase in cell
viability was also influenced by the period of time that the layers were immersed in the
DMEM. Therefore, the results highlighted that the immersion in DMEM of the ZnHApC
composite layers provided the layers with new surface properties that are responsible for a
better proliferation and adhesion of the hFOB 1.19 cell.

Furthermore, the morphology of the hFOB 1.19 cells incubated for 24 and 72 h with
the ZnHApC, ZnHApC-7D, and ZnHApC-14D coatings was investigated by microscopy.
The results of the morphology investigation of the hFOB 1.19 cells incubated for 24 h with
ZnHApC, ZnHApC-7D, and ZnHApC-14D coatings are depicted in Figure 8.

 

Figure 8. The morphology of hFOB 1.19 cells incubated with ZnHApC (b,f), ZnHApC-7D (c,g),
and ZnHApC-14D (d,h) for 24 h (a–d) and 72 h (e–h) relative to an untreated hFOB 1.19 cell culture
used as control (a,e).

The images of the hFOB 1.19 cells incubated with ZnHApC, ZnHApC-7D, and ZnHApC-14D
coatings highlighted that the cells have adhered on the surface of the ZnHApC, ZnHApC-
7D, and ZnHApC-14D coatings and also that the adhered cells exhibit the typical morphol-
ogy of the hFOB 1.19 cells. Moreover, the visualization of the hFOB 1.19 cells incubated for
24 h with the ZnHApC, ZnHApC-7D, and ZnHApC-14D coatings revealed that coatings
did not induce changes to the morphology of the hFOB 1.19 cells. Furthermore, the fluores-
cence micrographs highlighted that after 72 h of incubation with the ZnHApC composites,
the hFOB 1.19 cells adhered and spread until covering almost the entire surface of the
composite layers. In addition, the results of the visualization depicted that after 72 h of
exposure to the composite layers, the osteoblast cells had the appearance of being orga-
nized in confluent layers spread out on the surface of the composite layers. More than that,
the results also suggested that the composite layers immersed in a DMEM medium exhib-
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ited better biological activity, conferring upon the cells the ability to proliferate and adhere
to their surface. These results are in agreement with the MTT assay and emphasized that
the immersion in the DMEM medium of the composite layers, as well as the immersion
time period, influenced the physicochemical and biological activities of the composite
surface, conferring on them enhanced biological properties that lead to better proliferation
and adhesion of the cells. Therefore, the data obtained from both the MTT assay, as well as
the optical visualization, suggested that the surface of the composite layers affected the
metabolic activity of the cells by enhancing their growth. The increase in the hFOB 1.19 cell
number was not significant after 24 h of incubation compared to the control cell culture,
however, the results showed an abrupt and significant increase (p < 0.05) in the number
of hFOB 1.19 cells after 72 h of incubation. These results are in good agreement with the
results of the quantitative MTT in vitro assay and highlighted that ZnHApC, ZnHApC-7D,
and ZnHApC-14D coatings have good biocompatibility and could be suitable for being
used in biomedical applications.

The results are in good agreement with previously reported studies [51–53] regarding
the biological properties of materials based on zinc ions and hydroxyapatite on human os-
teoblast cells MG-63 [50], mesenchymal stem cells derived from human adipose (MSCs) [44],
and MRC-5 fibroblast cells [45]. More than that, in their study, Thian et al. [44] reported
that the presence of zinc ions in the structure of hydroxyapatite influenced the bioactivity
properties of HAp. In addition to the existing reported data, the results of this study also
emphasize that immersion in DMEM of the ZnHApC for 7 and 14 days had an influence
on the biological properties of the coatings. Therefore, in the case of ZnHApC-7D and
ZnHApC-14D coatings, both the MTT in vitro assays, as well as the microscopic visual-
ization, the results depicted that the cell viability, adherence, and proliferation are higher
compared to the control cells and ZnHApC coatings. This phenomenon has been explained
due to the effect and transformation that appear on the surface of the ZnHApC coatings
after being immersed in a DMEM medium. Even though complex studies are still scarce,
it has been reported that the increase of the surface charge could also lead to an increase in
the wettability and surface energy of various HAp surfaces when using SBF and DMEM
mediums [54,55]. Bodhak et al. [50] demonstrated that the increase in the surface energy
of HAp obtained by immersion in SBF and DMEM mediums created a better hFOB cell
attachment and more points of adhesion between the cells and the surface. On the other
hand, Clupper et al. [54] demonstrated that S520 fibers immersed in SBF and DMEM
showed promising preliminary results regarding the proliferation, and cell attachment,
of osteoblast cells. These preliminary results are promising stepping stones for the future
development of novel materials and coatings for biomedical applications that will possess
higher bioactive properties and promote faster healing.

In addition, for a better understanding of the complex nature of the influence of the
DMEM medium on the biological properties of ZnHApC composite layers, the antifungal
properties of ZnHApC, ZnHApC-7D, and ZnHApC-14D coatings were also investigated.
For this purpose, due to the fact Candida albicans is known as being one of the most
opportunistic microorganisms and is also the prevailing cause of fungal infections in
humans [56–59], the antifungal properties of the ZnHApC, ZnHApC-7D, and ZnHApC-
14D coatings were evaluated against C. albicans ATTCC 10231. The composite layers were
exposed to the fungal suspensions and their activity against the fungal cell’s development
was assessed at three different time intervals, 24, 48, and 72 h. The results of the antifungal
studies were represented graphically and are depicted in Figure 9.

The results of the in vitro studies regarding the antifungal properties of the ZnHApC,
ZnHApC-7D, and ZnHApC-14D composite layers depicted that all the investigated sam-
ples exhibited good inhibitory effects against the C. albicans fungal cells’ development.
More than that, the data also suggested that the antifungal activity was influenced by both
the incubation time as well as the investigated samples. Therefore, the results showed
that the antifungal activity of the samples increased with the increase in the incubation
time. In addition, the data also suggested that the best inhibitory against the develop-

117



Coatings 2023, 13, 472

ment and adherence of C. albicans fungal cells on the surface of the composite layers was
attributed to the ZnHApC-14D composite layers, therefore implying that the antifungal
activity of the ZnHApC composite layers was also influenced by the DMEM immersion.
The data obtained in this study is in agreement with previously reported data regarding
the antimicrobial properties of materials based on zinc-doped hydroxyapatite in a polymer
matrix [26,60–64]. The antifungal properties could be attributed both to the constituent
elements of the materials used in the obtaining of the composite layers, as well as to the
synergies that could take place between both the constituent elements found in the coatings
and the substrate, as well as the synergies between the constituent elements of the com-
posite layers [65,66]. In the case of ZnHApC, ZnHApC-7D, and ZnHApC-14D composite
layers, the antifungal properties could be associated first with the presence of zinc ions as
well as the presence of chitosan. Over the years, chitosan has been employed in different
medical applications due to the fact that is a natural, biodegradable, linear polysaccharide
that has been reported to possess both good biocompatibility as well as strong broad-
spectrum antimicrobial activity [67–69]. Even though there are numerous papers regarding
studies on the antibacterial activity of zinc-doped hydroxyapatite against gram-positive
and gram-negative bacterial strains, different efficiencies have been reported [60,61,70–72].
The differences in antimicrobial activity amongst the materials might were reported to be
attributed to both particles’ physio-chemical characteristics and, especially, to the different
surface properties, which can be strongly influenced by the type of material as well as their
surface properties.

 
Figure 9. The graphical representation of the antifungal activity of ZnHApC, ZnHApC-7D,
and ZnHApC-14D composite layers after 24, 48, and 72 h of exposure to Candida albicans ATCC 10231.

The results obtained by the biological assays emphasized that the Immersion in
DMEM medium for 7 and 14 days of the ZnHApC composite layers determined changes
in the layers’ surfaces and granted the layers novel enhanced biological properties that
helped promoted the adherence and proliferation of osteoblast cells on their surfaces while
inhibiting the development of C. albicans fungal cells. In addition, the data also suggested
that the immersion time helped improve the biological properties of the ZnHApC composite
layers. The results of this study could contribute significantly as leading-edge knowledge
for the future development of coatings with enhanced biological properties and antifungal
properties for biomedical applications.
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4. Conclusions

The main objective of this paper was to develop, by an adapted coprecipitation method,
zinc-doped hydroxyapatite–chitosan (ZnHApC) powders. The ZnHApC nanopowders
were used for fabrication by the vacuum deposition method of ZnHApC coatings. Then,
on the obtained coatings, studies were performed in order to evaluate the formation of a
new apatitic layer after their exposure to DMEM (a biological medium) for 7 and 14 days.
Thus, FTIR, SEM, EDX, and metallographic studies were carried out. Our findings prove
the development of a layer rich in Ca and P that underlines the good mineralization abili-
ties of ZnHApC exposed to a biological medium. The good biocompatibility of ZnHApC,
ZnHApC-7D, and ZnHApC-14D was pointed out with the aid of the hFOB 1.19 cell line.
Furthermore, the antifungal activity of the ZnHApC, ZnHApC-7D, and ZnHApC-14D
composite layers was also assessed against C. albicans fungal cells. The results of the biolog-
ical assays demonstrated that all the samples exhibited good biocompatibility and strong
inhibitory effects against the tested fungal cells. In addition, the results also suggested that
the biological properties of the ZnHApC composite layers were considerably enhanced due
to immersion in the DMEM medium. More than that, the data also emphasized that the bio-
logical properties of the layers were also influenced differently according to their immersion
time in the DMEM medium. These first results are promising stepping stones for the future
development of novel materials and coatings for biomedical applications that will possess
higher bioactive properties, promote faster healing, and exhibit antifungal properties.
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Abstract: Oxygen (O2) and argon (Ar) plasma give a significant improvement in the wettability of
PLA films. This study investigates the effectiveness of plasma activation with a mixture of these
two gases. The study includes contact angle measurements with water and diiodomethane and
calculation of surface free energy (SFE) together with its polar and dispersion components. In
addition, a chemical analysis of the surface, surface roughness, weight loss and the change in tensile
strength were examined. As a result of the study, it was found that the use of a mixture of oxygen and
argon during the plasma activation of the polylactide film gives better improvement in wettability
than the use of pure gases. Moreover, the use of a mixture of these gases in equal proportions turned
out to be the most effective, providing the highest value of the SFE and its polar component, as well
as the lowest value of the water contact angle. Furthermore, plasma activation with this gas mixture
results in reduced surface etching compared to other gas compositions, which manifests itself in
lower weight reduction and an insignificant change in tensile strength.

Keywords: biodegradable polymers; PLA films; plasma activation; argon plasma; oxygen plasma;
hydrophilicity; wettability

1. Introduction

Polylactide (PLA) is one of the most popular biodegradable plastics [1]. It is a good
eco-friendly alternative to traditional plastics, which are currently the source of much
debate regarding their use due to the problem of environmental pollution [2]. The question
of the use of plastics is no longer just a matter of post-consumer waste or depleting oil
resources, but also the threat of microplastics, which are found in the seas, oceans, soil, or
in food products, cosmetics and even human blood [3,4]. Therefore, it seems important
to replace plastics with biodegradable plastics, which are completely decomposed by
microorganisms (bacteria and fungi) through aerobic or anaerobic processes into carbon
dioxide or methane, respectively, and water and biomass. Furthermore, polylactide, besides
being biodegradable, is produced from renewable raw materials [5]. PLA is mainly used
in the production of disposable consumer goods in the packaging industry, e.g., loose-fill
packaging, compost bags, food packaging and disposable tableware [6] and in the textile
industry, e.g., disposable clothing. It also has biomedical applications such as surgical
threads, in the production of implants [7], scaffolds for bone regeneration [8] or drug
delivery microsphere [9]. At the same time, the properties of polylactide depend on the
constituent isomers, molecular weight, processing temperature and annealing time [10].

Polylactide is a fairly hydrophobic material, as the water contact angle of unmodified
PLA is 70–80◦ [11]. Moreover, PLA films, like all polymeric materials, are non-absorbent
materials, which means that they require surface preparation before printing and finishing
processes [12,13]. Both effective improvement of wettability and cleaning of the material’s
surface are possible through the use of plasma activation processes [14–16]. In addition,
plasma activation also results in improved adhesion [17], as well as sterilization of the ma-
terial [18]. Only low-temperature plasma, also called non-thermal, cold, or non-equilibrium
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plasma, is applicable for modifying polymeric materials due to their thermal sensitiv-
ity. Low-temperature plasma activation, depending on the device, can be carried out as
low-pressure plasma (pressures in the range of 10–75 Pa are the most commonly used) or
atmospheric plasma [18,19]. With low pressures, it is easier to control the plasma reaction
because the discharge is more stable [20].

A number of different gases are used for plasma activation of polymers, such as air,
oxygen (O2), helium (He), argon (Ar), nitrogen (N2), ammonia (NH3), carbon dioxide (CO2),
tetrafluoromethane (CF4), etc. The type of gas used during plasma activation determines
the physical and chemical properties of the surface being modified [14,16]. At the same
time, the use of reactive gases, among which oxygen is the most commonly used, leads to
chemical changes, while the use of inert gases, of which argon is a representative, leads
mainly to crosslinking [11,12,21]. Previous research [22–25] demonstrated the beneficial
effect of oxygen plasma on PLA films, while other reported works [11,26,27] described the
effect of argon plasma on PLA. Considering good results that can be obtained with both
gases and taking into account the significant differences in the changes occurring in the
material during plasma activation, this scientific work studies the effects of their mixture on
polylactide films. Gas mixtures including oxygen and argon have important applications
in thermal plasma processes [28]. Moreover, the effect of gas mixtures has been studied
for traditional plastics such as low-density polyethylene (LDPE) [29,30], polyethylene
terephthalate (PET) [31] and polyethersulfone (PES) [32]. Due to the significant influence of
the type of polymer [22] and the parameters of the activation process [33] on the activation
efficiency and given the growing importance of PLA for environmental reasons, this study
concentrates on cold plasma activation with a mixture of gases for PLA films, which, to the
author’s knowledge, has not been studied so far.

Plasma activation of polymers is mainly aimed at changing their wettability, achieving
the required adhesion and cleaning the surface, which is achieved by changing the chemical
structure through functionalization with oxygen-containing functional groups and chang-
ing the roughness through etching or ion bombardment [21,34–36]. The type of functional
groups generated on the polymer surface depends on the gas used for plasma activa-
tion [20,37]). Evaluation of the chemical changes in the surface layer and identification of
the types of functional groups that appear is commonly performed by Fourier transform in-
frared (FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS). Oxygen-containing
functional groups are highly polar groups, and therefore oxygen-containing polymers will
exhibit better wettability than oxygen-free polymers [38].

Wettability, or the ability of a surface to be wetted by various liquids, is one of the most
important surface properties determining the ability to further coat, bond, print, laminate
or otherwise refine polymeric materials. A common way to determine the wettability of a
polymeric material is to measure the contact angle of the polymer using a drop of water
planted on its surface [16,39,40].

An important parameter affecting the contact angle is the surface roughness [41], and
it has a significant effect if Ra ≥ 100 nm. Moreover, the influence depends on the magnitude
of the contact angle, and for hydrophilic surfaces for which it is less than 60◦, an increase in
roughness will result in a decrease in the contact angle [42]. Atomic force microscopy (AFM)
and confocal microscopy can be used to characterize surface topography and roughness.

A parameter closely related to the contact angle is the surface free energy (SFE). Various
methods are available for determining SFE values, including Fowkes, Owens–Wendt, van
Oss–Chauhury–Good, Neumann, Zisman, for which knowledge of the contact angles of the
surface layer of the polymeric material with at least two measuring fluids is required. The
Owens–Wendt method is chosen here as being the most applicable [43]. The calculation
of SFE and its polar and dispersion components makes it possible to determine the polar
or non-polar nature of interactions at the liquid/solid boundary and the hydrophilic or
hydrophobic nature of the surface [44]. High values of SFE and its polar component are
important for printing, coating, and bonding processes, for example, as proper wetting
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of a substrate with ink, requires that the substrate’s SFE be much higher than the surface
tension of the liquid [45].

The purpose of this research is to determine the effect of a mixture of oxygen and
argon on improving the wettability of plasma-activated PLA films and to determine how
the gas proportions affect the effects of plasma activation. In addition, the chemical
and physical changes occurring during the modification are identified and the optimum
proportion of each gas for obtaining the highest hydrophilicity of plasma-activated PLA
film is determined.

These studies supplement the state of knowledge in the field of low pressure plasma
treated PLA. This work has particular significance due to the fact that PLA is a biodegrad-
able material which is an attractive alternative to currently dominant plastic materials
which are increasingly controversial for their environmental impact.

2. Materials and Methods

2.1. Materials

Commercially available, biodegradable and compostable EarthFirst PLA BCP film
(Plastic Suppliers, Inc., EarthFirst, Ghent, Belgium) was used for the study. It is a high-
gloss transparent film dedicated to packaging purposes with FDA certificates for food
contact and compostability certificates in accordance with the EN 13432 standard. The
material used was 50 μm thick with the following properties: surface free energy 38 mJ/m2,
gloss 125 G.U. (60◦), haze 7%, oxygen transmission rate O2TR = 29 cc/100 in2/24 h,
moisture vapor transmission rate MVTR = 10 g/100 in2/24 h and ultimate tensile strength
MD = TD = 55 MPa. The film was supplied by the manufacturer in the form of A4 sheets,
which were cut to 105 mm × 148 mm format before the plasma activation process. The film
samples were conditioned in a climatized laboratory room in standard ambient conditions:
temp. 23.0 ± 0.5 ◦C, relative humidity (RH) 50.0 ± 1.5% (ISO 187:1990) before treatment,
moreover, all test procedures were carried out under such conditions.

Two pure industrial gases were used in the study: oxygen O2 (99.8%) and argon
(99.998%). The gases were compressed in cylinders at 200 bar, stored and operated in
standard ambient conditions.

2.2. Plasma Activation

PLA films were exposed to low-pressure plasma in a half-automated vacuum chamber
with a Diener Nano low-pressure plasma system basic unit (Diener Electronic, Altensteig,
Germany). Process parameters were as follows: radio frequency 40 kHz, power pressure
0.4 mbar (40 Pa), gas supply process pressure 0.3 mbar (30 Pa), pumping off pressure
0.2 mbar (20 Pa), control pressure via gas, venting time 1 min, gas supply time 2 min
and plasma activation time 4 min. The process parameters were selected on the basis of
previous studies [25,27,33]. The temperature in the chamber was close to that in a climatized
laboratory room, as in this process the plasma temperature hardly rises compared to the
non-excited gas. Two gases, oxygen and argon, were used for testing, with different
proportions of these gases used during activation, namely: 100% Ar, 75% Ar + 25% O2,
50% Ar + 50% O2, 25% Ar + 75% O2, 100% O2.

2.3. Contact Angle Measurements and Calculation of Surface Free Energy

The contact angles (CA) were measured with Tangent method 2 [27], using a DSA
100 drop shape analysis system (Krüss, Hamburg, Germany). Two measuring fluids,
distilled water and diiodomethane 99% CH2I2 (Sigma-Aldrich, Taufkirchen, Germany),
were used for the measurements. Sessile drops of the liquids were deposited on the film
with needles of 0.5 mm diameter and the drop shape analysis was done 15 s. after the
drop deposition. All measurements were done in stable environmental conditions (temp.
23.0 ± 1.0 ◦C). Fifteen contact angle measurements were made for each sample both before
activation and immediately after plasma activation. The surface free energy of PLA film
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and its polar and dispersive components were calculated with the Owens–Wendt method.
Formulas for calculating the SFE (1) and its components (2)–(3) are presented below [46,47].
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where γd
S is the dispersive component of SFE of the examined films, γ

p
S is the polar com-

ponent of SFE of the films, γd is the SFE of diiodomethane, γd
d is the dispersive compo-

nent of diiodomethane SFE (= 48.5 mJ/m2), γ
p
d is the polar component of diiodomethane

SFE (= 2.3 mJ/m2), γw is the SFE of water, γd
w is the dispersive component of water

SFE (= 21.8 mJ/m2), γ
p
w is the polar component of water SFE (= 51 mJ/m2), Θd is the

contact angle of diiodomethane and Θw is the water contact angle.

2.4. Chemical and Topographic Surface Analysis

Chemical analysis of the surface was carried out by X-ray photoelectron spec-
troscopy. XPS tests were performed on a 100 SSX ESCA Spectrometer (Surface Sci-
ence Laboratories Inc., Mountain View, AB, Canada). A monochromatic Al K α ra-
diation was used with energy 9 kV, 19 mA. Measuring spot sizes were appropriately
0.25 mm × 1.0 mm, 0.15 mm × 0.8 mm, 0.15 mm × 0.1 mm. Overview spectra pa-
rameters were as follows: passing energy 150 eV, resolution/channel: 0.16 eV, step
size/measurement point 0.5 eV, neutralizer energy 0.5 eV. Meanwhile, the binding spec-
tra settings were following: matching energy: 50 eV, resolution/channel: 0.054 eV, step
size/measurement point: 0.1 eV, neutralizer energy: 0.5 eV. The decomposition of the
carbon and oxygen peak into corresponding components was performed with CASA
XPS software (version 2.3.15, Casa Software Ltd., Teignmouth, UK) [27,48].

Surface topographic analysis and roughness measurements were made using the
Sensofar Plμ Neox microscope optical profiler (Sensofar-Tech, SL., Terrassa, Spain). To-
pographic images were taken at three different locations on the sample using the follow-
ing microscope settings: lens 50 × 0.95 N, white light, measured area 768 × 576 pixels
(254.64 × 190.90 μm2), layer thickness 15.2 μm and threshold 15%. The roughness was
determined using Sensofar software (Sensofar-Tech, SL., Terrassa, Spain).

2.5. Weight Loss and Change in Mechanical Properties

Weight loss was determined from weight measurements taken immediately before and
after plasma activation of the samples using a semi-microbalance Sartorius LE 225D-OCE
(Sartorius, Göttingen, Germany). Samples with dimensions of 50 mm × 50 mm were used
for the analysis. The weight loss value was calculated from 4 measurements.

The tensile strength of the film was tested using a static testing machine Roell (Zwick-
Roell GmbH & Co. KG, Ulm, Germany) and testXpert II software. The test was conducted
in accordance with ISO 527-3. Measurements were performed on 5 samples per film, both
for treated and untreated films.

2.6. Statistical Analysis

Statistical analysis was done using a data analysis toolkit in Excel (Office 365, Microsoft,
Redmont, WA, USA). ANOVA test was used to analyze the data. In order to check which
group averages differed significantly, a Tukey–Kramer post-hoc test was performed. In
addition, as roughness and contact angle are a pair of parameters that can have a significant
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impact on each other’s values, their correlation was verified using the r-Pearson test.
Significant differences were assumed with a significance level greater than 95% (p < 0.05).

3. Results and Discussion

3.1. Analysis of Changes in Water Contact Angle and Surface Roughness

The change in water contact angle (WCA) is the primary parameter used to ana-
lyze changes in wettability. As roughness may have a significant effect on WCA values,
changes in these two parameters resulting from plasma activation of the PLA film are
analyzed together in this chapter. The changes in contact angle and roughness are shown
in Figures 1 and 2, respectively.

Figure 1. Values of water contact angle of PLA film, unmodified and plasma modified, using different
gas compositions (box plot chart for 15 measurements, where: upper whisker—maximum, lower
whisker—minimum, box height shows 1st and 3rd quartile and includes median).

Figure 2. Values of roughness of PLA film, unmodified and plasma modified, using different gas
compositions (box plot chart for 3 measurements, where box height shows maximum, minimum
and median).
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As a result of plasma activation, a change was observed from a nearly hydrophobic
(the value of the contact angle before plasma activation was 72.6◦) to a hydrophilic material
(the values of the contact angle after plasma activation were in the range of 27.3–39.4◦)
(Figure 3). Using one-way analysis of variance (ANOVA), a significant effect of plasma
activation on the obtained water contact angle values was confirmed. The result of the
ANOVA test for contact angle measurements (F(5,84) = 2.323, p = 9.4 × 10−91) indicates
significant differences between group averages. At the same time, the best wettability was
obtained for the film modified with a mixture of gases, where their proportion was equal,
as confirmed by an analysis of the absolute values of the mean differences. Furthermore,
the Tukey–Kramer test confirmed statistically significant differences between the averages
of all groups with the exception of the activation carried out with 75% O2 + 25% Ar and
100% Ar plasma. Similar conclusions regarding the positive effect of argon in the gas
mixture used for plasma activation were made by Kim et al. [29], Fang et al. [31] and
Saxena et al. [32]. However, for other polymeric materials (LDPE film, PET film and PES
membranes, respectively), they showed that different proportions of gases in the mixture
give the best results (90%, 99.7%–99.8%, and 40% Ar, respectively).

Figure 3. Water contact angle of (a) non-activated PLA film, (b) oxygen plasma-activated PLA film,
(c) plasma-activated PLA film with a gas mixture of 25% Ar + 75% O2, (d) plasma-activated PLA
film with a gas mixture of 50% Ar + 50% O2, (e) plasma-activated PLA film with a gas mixture of
75% Ar + 25% O2, (f) argon plasma-activated PLA film.

One-way analysis of variance showed no statistically significant differences between
group averages for roughness (F(5,12) = 3.106, p = 0.318). However, although the F-test
result was not statistically significant, it is worth noting that the plasma-activated film
with 50% Ar + 50% O2 gas had the lowest surface roughness (Figure 2), indicating that the
contact angle was indeed the lowest. The remaining samples, especially those modified
by plasma with 100% and 75% oxygen, were characterized by high roughness, which
theoretically could significantly affect the value of the contact angle by lowering it, but
this was not confirmed by the statistical analysis carried out. Verification of whether there
was a significant relationship between water contact angle and roughness was carried out
using the r-Pearson test. The result obtained, with p = 0.547 (p > 0.05), does not support a
statistically significant correlation between the two parameters. Therefore, roughness has
no confirmed influence on the contact angle values obtained in the case studied.

Moreover, the topographical changes of the material’s surface prove that plasma
activation led not only to the functionalization of the surface and its etching, but also to
the cleaning of the surface of impurities formed on the surface of the produced film [16].
Surface topography of the films is presented in Figure 4.
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Figure 4. Surface topography of (a) non-activated PLA film, (b) oxygen plasma-activated PLA film,
(c) plasma-activated PLA film with a gas mixture of 25% Ar + 75% O2, (d) plasma-activated PLA
film with a gas mixture of 50% Ar + 50% O2, (e) plasma-activated PLA film with a gas mixture of
75% Ar + 25% O2, (f) argon plasma-activated PLA film.

3.2. Analysis of Surface Free Energy and Its Components

Based on measurements of the contact angle with water and diiodomethane, the values
of SFE and its components were determined using the Owens–Wendt equation. The results
obtained are shown in Figure 5.

Figure 5. Values of surface free energy and its polar and dispersive components for unmodified and
plasma-modified PLA film using different gas compositions.

Plasma activation resulted in a significant increase in the values of SFE (from 40.1 to a
maximum of 65.8 mJ/m2) and its polar component (from 8.8 to a maximum of 38.7 mJ/m2)
while slightly reducing its dispersive component (from 31.4 to a maximum of 27.0 mJ/m2).
The obtained values of SFE and its polar component confirm that the greatest improvement
in hydrophilicity can be achieved using plasma activation with oxygen and argon in equal
proportions. Moreover, the results obtained testify to the correct choice of activation process
parameters and to high efficiency in improving the wettability of PLA films for both plasma
with oxygen, argon and a mixture of these gases.

In comparison, Jordá-Vilaplana et al. [49] obtained similar but still lower SFE values
(58.9 mJ/m2) only for air atmospheric plasma activation of PLA film using the most
aggressive parameters, while for other parameters the values were much lower. On the
other hand, Moraczewski et al. [22] obtained an SFE value slightly higher than ours at over
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70 mJ/m2 for PLA film activated with pure oxygen, although using an activation time of
as much as 30 min, but when the time was reduced to 3 min, the result was already much
worse (SFE of about 53 mJ/m2).

3.3. Surface Chemistry Analysis

Although the water contact angle, as mentioned earlier, depends on the surface
roughness, it is primarily a function of surface chemistry [34].

XPS analysis was performed for unmodified film, modified with pure argon and pure
oxygen, and a mixture of these two gases at 50% Ar and 50% O2 (Figure 6). Samples
activated with a mixture of gases in different proportions were omitted, as their wettability
was lower than that of the 50% Ar + 50% O2 samples. The composition of the surface layer
of the samples was determined from the detailed analysis of the Cls and O1s peaks of the
XPS spectra (Table 1).

Figure 6. Carbon and oxygen XPS signals of PLA films: (a) Cls peaks of untreated film, (b) Ols
peaks of untreated film, (c) Cls peaks of 50% O2 + 50% Ar plasma treated film, (d) Ols peaks of
50% O2 + 50% Ar plasma treated film, (e) Cls peaks of 100% Ar plasma treated film, (f) Ols peaks of
100% Ar plasma treated film, (g) Cls peaks of 100% O2 plasma treated film, (h) Ols peaks of 100% O2

plasma treated film.
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Table 1. Various components (in area %) of Cls and Ols peaks of XPS spectra of PLA films untreated
and plasma treated with different gas compositions.

PLA Films

C1s Components (%) O1s Components (%)

C-C/C-H
285 eV

C-O
286.3 eV

C=O
288 eV

O-C=O
289.1 eV

O=C
532.25 eV

O-C
533.66 eV

Without plasma 39.9 24.6 13.8 21.7 34.1 65.9
50% O2 + 50% Ar plasma 15.6 53.3 0 31.1 34.8 65.2

100% Ar plasma 14.6 44.8 9.9 30.7 29.2 70.8
100% O2 plasma 23.8 28.5 22.8 25.0 50.1 49.9

The results confirm that plasma activation, regardless of the type of gas or gas mixture
used, led to noticeable chemical changes on the sample surface. At the same time, the
type of gas had a significant effect on the changes occurring in the surface layer of the
polymer. The use of argon during activation led to the breaking of C-C and C-H bonds of
the polymer chain and the formation of free radicals. Carbon radicals, as highly unstable
elements, can react with one another leading to cross-linking of polymer chains and react
with air when the sample is removed from the chamber after modification [11,16]. The
results testify to significant oxidation of the sample after modification, both those modified
with pure argon and with a mixture of oxygen and argon. Primarily hydroxyl and carboxyl
groups were formed on the surface. In contrast, the use of oxygen during activation led
to the formation of both hydroxyl, carboxyl and carbonyl groups. The hydroxyl group is
polar, which makes it a suitable hydrogen bond donor. Not only does it improve water
wettability, but the concentration of OH groups can also have a significant effect on the
strength of adhesive bonds [50]. An example is the effect of hydroxyl groups from cellulose
nanocrystals [51] on the adhesion properties of composite films [52]. In summary, the
formation of polar compounds on the surface of a polymer has a significant impact on
its functional properties and thus on its industrial applications, which can be adequately
achieved by plasma activation and appropriately selected parameters. A higher number of
oxygen-containing functional groups on the sample surface in the case of activation with
a non-zero amount of argon is reflected in slightly lower water contact angle values and
higher SFE values compared to those modified by pure oxygen plasma.

3.4. Analysis of Changes in Mass and Strength Properties

In addition to the changes in roughness indicative of the surface etching processes
occurring during plasma activation, a removal of material from the surface can be identified
by changes in mass [35]. Changes in sample mass and tensile strength are shown in
Figures 7 and 8. In addition, Figure 9 shows an example of stress-strain carves obtained
during PLA film strength tests.

Gas composition has a significant effect on the weight change of plasma-activated
PLA film samples, as evidenced by the results of the ANOVA test ((F(4,5) = 5.192, p = 0.016).
Furthermore, the Tukey–Kramer test confirmed statistically significant differences between
the means of all groups. Moreover, it was observed that the use of oxygen during plasma
activation has a significant effect on mass loss (Figure 7). Increasing the proportion of
oxygen in the gas mixture during the activation process led to greater mass loss. In the
case of activation with pure argon, the mass loss was significantly lower. This is due to
the fact that during plasma activation there is etching of the material, while with argon
activation it is mainly just cleaning. Nevertheless, the values obtained do not indicate
significant degradation of the material, although undoubtedly oxidation is accompanied
more by chain scission than crosslinking [12,53]. Results by Kim et al. [29] confirm that
cross-linking depends on the ratio of argon to oxygen and that pure argon plasma-treated
samples showed the highest degree of cross-linking.
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Figure 7. Changes in sample weight as a result of plasma modification of PLA with different gases
and their mixtures (box plot chart for 2 measurements, where box height shows minimum, average
and maximum).

Figure 8. Changes in tensile strength as a result of plasma modification of PLA with different gases
and their mixtures (box plot chart for 5 measurements, where: upper whisker—maximum, lower
whisker—minimum, box height shows 1st and 3rd quartile and includes median).

The lack of significant degradation is also confirmed by the tensile strength results
(Figure 8). It is true that activation regardless of the type of gas used led to a deterioration
of the material’s tensile properties, but these changes were not significant enough to affect
the application aspects of the material. The results of the ANOVA test ((F(5,24) = 2.621,
p = 0.011) confirm the significant differences in tensile strength values. Moreover, slightly
worse resistance was obtained for plasma-activated materials using pure oxygen or mix-
tures of gases 25% O2 + 75% Ar compared to pure argon or other mixtures of gases. This is
evidenced by the results of the Tukey–Kramer test, which confirmed statistically significant
differences only between, first, the averages of non-activated and plasma-activated films
involving pure oxygen and, second, non-activated and plasma-activated films involving
25% O2 + 75% Ar gases. Studies by other researchers [35] confirm the minor effect of cold
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plasma on tensile strength, where both a slight decrease and a slight increase in tensile
strength were recorded depending on the type of plasma and the type of polymer material.

Figure 9. Stress-strain curves of plasma modified PLA with gases mixtures 50% Ar + 50% O2 (lines
correspond to 5 sample measurements).

Sample weight loss due to etching accompanying plasma activation of PLA film can
be caused by chemical processes such as cleavage of chemical bonds, scission of polymer
chains, or chemical degradation of film components by the influence of free radicals, or
physical processes which include the removal or re-aggregation of low molecular weight
components on the polymer surface [35]. The results obtained (Figure 7) suggest that the
weight loss is related to physical processes. The higher weight loss of plasma-modified
samples with a higher proportion of oxygen may indicate that during oxygen plasma
activation, products poorly bound to the sample surface were formed on the modified PLA
surface and were removed [22,25,49].

4. Conclusions and Future Perspectives

The results indicate that the use of a mixture of oxygen and argon during plasma
activation of the polylactide film yields a superior improvement in hydrophilicity than the
use of pure gases. The use of a 50% O2 + 50% Ar gas mixture during plasma activation
enables the best wettability of PLA films, as evidenced by the highest value of SFE and
its polar component and the lowest value of water contact angle. Only slightly worse
wettability results were obtained for the gas mixture of 75% O2 + 50% Ar. Nevertheless,
in this case there was a greater negative effect of plasma activation on surface roughness,
weight loss and tensile strength.

Moreover, the use of a gas composition of 50% O2 + 50% Ar during plasma activation
results in the lowest surface roughness. In addition, the observed significant improvement
in wettability is due to the significant number of highly polar groups, and the number of
oxygen-containing functional groups is much higher than for activation with oxygen alone.

In addition, the proportion of oxygen during plasma modification led to increased
weight loss compared to modification with argon or its higher proportion in the mixture.
However, the use of a mixture of oxygen and argon leads to a reduction in weight loss,
as well as a favorable effect on the strength properties of the modified film. Nevertheless,
as a result of plasma activation, regardless of the type of gas, a slight reduction in tensile
strength was observed, but it was too small to affect the applicability of PLA films.
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Polylactide is not only important in medical applications, but it is also a major
biodegradable plastic with industrial applications and could become the polymer of the
XXI century, once its prices are further aligned with other plastics and when waste regula-
tions are even further tightened. PLA helps reduce the problem of post-consumer waste
due to its biodegradability and possibly even compostability in case of some PLA-based
plastics. It is now widely used in 3D printing, where its market share is increasing year
on year, and is finding growing use in packaging, both in flexible and rigid packaging
applications. PLA is an alternative packaging material to PET, polystyrene (PS), polyvinyl
chloride (PVC) and cellulosic polymers and has applications in multilayer compositions.
In packaging applications, it can be used in the form of films and laminates as well as
extruded and thermoformed packaging. Packaging generally requires printing, which
involves appropriate wetting of the printing inks and their adhesion to the substrate, while
lamination processes require appropriate adhesion as well—thus both printing and lami-
nation require modification of the polylactide. As shown in this work, PLA modification
can be efficiently achieved through a low-temperature plasma activation process, which is
environmentally friendly—it does not generate chemical waste, allows the desired polymer
surface properties to be obtained by adjusting the process parameters, and is useful for
temperature-sensitive materials, both in the form of flat films and complex spatial details.
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Abstract: Endophthalmitis most likely originates from both planktonic bacteria suspended in the tear
film and bacteria adherent to the conjunctiva and the eyelid. This study aimed to expand the research
on the effectiveness of a colloidal silver solution (Silverix®) against ocular microorganisms. The
activity of Silverix® was evaluated against methicillin-resistant Staphylococcus aureus, S. epidermidis,
ofloxacin-resistant Pseudomonas aeruginosa, and Candida albicans strains, previously characterized for
their antibiotic resistance and biofilm-forming capabilities. The microbial killing was estimated at
various times in the presence and absence of colloidal silver solution against planktonic and biofilm-
embedded cells. The results documented the efficacy of Silverix® on planktonic cells of S. aureus
and S. epidermidis (2.49–2.87 Log CFU/mL reduction) and P. aeruginosa strains (3–4.35 Log CFU/mL
reduction). On the contrary, C. albicans showed mild susceptibility. Regarding early biofilm, the
ocular isolates were harder to kill (2–2.6 Log CFU/mL reduction) than the reference strains, whereas
a similar decrease (3.1 Log CFU/mL reduction) was estimated for P. aeruginosa strains. The light
microscope images of biofilms treated with colloidal solution confirmed the ability of Silverix® to
destroy the biofilm.

Keywords: colloidal silver; antimicrobial activity; antibiofilm activity; ocular infections

1. Introduction

Endophthalmitis is an inflammatory condition of the intraocular cavities, usually
caused by infection. It most likely originates from both planktonic bacteria suspended in
the tear film and bacteria adherent to the conjunctiva and the eyelid [1,2]. The margin of
the eyelid can be colonized by microorganisms with a sessile-growth lifestyle able to build
biofilm communities with a key role in the development of chronic infections. One of the
most common eye infections that usually affects both eyes along the edges of the eyelids is
represented by blepharitis. Blepharitis is often a condition difficult to treat, characterized
by edema, redness and inflammation of the ciliary edge which affects the lid and its dermis,
eyelashes, conjunctiva and the meibomian glands. The etiology is complex, including
chronic bacterial infections, infestations with certain parasites such as Demodex, and inflam-
matory skin conditions such as seborrheic dermatitis. Among various bacterial pathogens
that impact blepharitis, emerge Staphylococcus aureus, S. epidermidis, Propionibacterium acnes
and Corynebacteria sp.. Recently, microbial biofilms have been implicated in a wide array of
ocular diseases, including recurrent or chronic blepharitis leading to dry eye, a pathology
particularly widespread and often underestimated [3]. The microbial biofilms are cause of
a worsening of the pathological picture with lowered vision and chronic inflammation of
connective tissue. Today, blepharitis and dry eye disease are considered a single disease
referred to as “Dry Eye Blepharitis Syndrome” (DEBS) [3]. Biofilms have become a clinical
and therapeutic problem, as microorganisms embedded in a self-produced polymeric ma-
trix constitute impenetrable microbial communities, plugging the meibomian glands or
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blocking the lash follicles, less susceptible to conventional treatment than their planktonic
counterparts [4]. Furthermore, a biofilm extracellular polymeric substance is composed
of DNA, proteins, and polysaccharides; it can also constitute a nutrient source for the
growth of Demodex mites. These eyelash mites are parasites that live in or around human
hair follicles, in symbiosis with many bacterial species, and are involved in blepharitis
with cylindrical dandruff [3]. In light of the above, together with the serious concern
raised by the increasing phenomenon of antibiotic resistance, it is necessary to shift toward
alternative therapies to achieve better success in infection treatment.

Renewed attention has been focused on silver (Ag) because of its broad-spectrum
antimicrobial activity against Gram-positive [5] and Gram-negative [6] organisms, fungi [7],
protozoa [8], and some viruses [9]. It is known that Ag interacts with multiple target sites,
such as cell membranes and microbial proteins, affecting permeability and respiration and
causing cell death [5–11]. Current studies on the experimental biofilm models suggest
that it also interferes with bacterial adhesion, destabilizes the biofilm matrix, and kills the
bacteria embedded in the biofilm [12–14]. However, silver ions (Ag+) or salts have only
limited usefulness as antimicrobial agents. As provided from current literature available
on silver, there is still a lot to know about the clinical potential of this element. It is pivotal
to take in consideration possible side effects for human health. Today, one of the most
common forms of Ag is represented by colloidal silver (CS) in nanoparticles (NPs), as the
Ag in nanoform is far better and more biocompatible agent. Nanoparticles have higher
antibacterial activity than free Ag+ due to both the physical properties of nanoparticles
and the elution of Ag+ [15]. AgNPs have multiple modes of action that lead to cell killing,
cause structural and physiological alterations in microbial cell membranes, such as changes
in permeability and membrane potential, as well as penetrate into the cell, resulting in
binding interactions with proteins and DNA. The AgNPs have a surface/volume ratio
much greater than the corresponding bulk material; therefore, interactions with microbial
surfaces are facilitated, allowing a better ability to release/produce Ag+/reactive oxygen
species [16–18]. It should be emphasized that, due to the non-specific nature of these
mechanisms, AgNPs do not exert selective pressure on bacteria and have a much lower risk
of developing resistance than conventional antibiotics. Silver nanoparticles have been also
incorporated into different matrices and formulations, such as gels, coatings, composites,
membranes, and thin films, to use in biomedical applications, food production, cosmetics,
and numerous household products [15,19–21]. A form of gelatin-capped AgNPs has been
studied as a promising antimicrobial and antiangiogenic nanotherapeutic for preclinical
treatment of bacterial keratitis and eye-related microbial infections [22]. Specifically, the
stabilized AgNPs showed efficient dispersion in aqueous media and interaction with
S. aureus, improving antibacterial properties [22].

Starting from the preliminary data presented as a poster at the EVER Annual Congress [23],
the current study expands the research on the activity of a colloidal silver solution (CST),
providing new results on its efficacy against ocular isolates of S. aureus, S. epidermidis,
Pseudomonas aeruginosa, and Candida albicans, chosen as representative microorganisms im-
plicated in eye infections. Furthermore, microscopic biofilm analysis were also performed.

2. Materials and Methods

2.1. Materials

CST is used to soak gauzes for periocular hygiene (Silverix®, Alfa Intes already on
the Italian market; Ocusilver® available on other markets, Italy) containing the following
active ingredients: CS of 20–30 nm (0.001%) as an antimicrobial agent, sodium hyaluronate
(0.05%) as a hydrating agent, and glycol extracts of Matricaria chamomilla L. (0.22%) and
Euphrasia officinalis L. (0.22%) as soothing and emollient agents. Specifically, the CS used
as a raw material has an Ag content of 70% to 80% of Ag dried substance, as required
in accordance with the European Pharmacopoeia (EU) for CS for external use. As per
chemical and physical properties, it is soluble in water and insoluble in ethanol (96%) and
methylene chloride. The appearance of the CST is liquid, with a limpid yellowish color.
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The pH range is 6.30–8.30, with a characteristic floral scent due to the presence of natural
extracts of Matricaria chamomilla and Euphrasia officinalis.

2.2. Microorganisms and Inoculum Preparation

The microbial strains, belonging to the private collection of the Microbiology Sec-
tion, Department of Chemical, Biological, Pharmaceutical, and Environmental Sciences,
University of Messina, and previously characterized for antibiotic resistance [24–27] and
biofilm-forming ability [28–31], were used. Methicillin-resistant Staphylococcus aureus 815
and S. epidermidis 813 have been selected for their well-characterized biofilm-related proper-
ties such as the presence of the icaA/icaD genes evaluated by PCR analysis, slime production
evaluated by the Congo red agar assay and ability of forming biofilm on polystyrene sur-
face [24]. Moreover, S. aureus 815 was also characterized for its haemolytic activity and agr
system by PCR analysis, properties correlated with a background of biofilm producers [28].
Ofloxacin-resistant P. aeruginosa 1 and C. albicans 4 strains have been selected for their
biofilm formation on polystyrene surface [29–31]. The following international reference
strains from American Type Culture Collection (ATCC) were also included: S. aureus ATCC
6538, S. epidermidis ATCC 35984, P. aeruginosa ATCC 9027, and C. albicans ATCC 10231.

Bacteria were cultured in Muller Hinton broth (MHB) at 37 ◦C for 24 h, while C. albicans
was grown on RPMI-1640 at 37 ◦C for 48 h. For microbial inocula, the centrifuged cells were
standardized in phosphate-buffered saline (PBS), pH 7.4, using turbidimetry absorbance to
a concentration of 1 × 106 CFU/mL, approximatively.

2.3. Killing Activity

Aliquots of colloidal solution (1 mL) were dispensed into tubes containing the stan-
dardized microbial strain and incubated at 37 ◦C. After 0, 5, 10, and 15 min, the samples
were serially diluted in PBS and seeded on Tryptic Soy Agar (TSA) or Sabouraud agar. All
plates were then incubated at 37 ◦C for 18–24 h up to 48–72 h. CFU was counted [31]. All
determinations were performed in triplicate, including the growth controls.

2.4. Effectiveness on Biofilm-Embedded Cells

As reported previously, microbial cultures were grown as biofilms on polystyrene
flat-bottomed microtiter plates (Costar; Corning) [32]. Briefly, overnight culture in Tryptic
Soy Broth (TSB, P. aeruginosa and C. albicans) or TSB + 1% glucose (TSBG, S. aureus and
S. epidermidis) was adjusted to 105 CFU/mL and dispensed individually to 96-well cell
culture polystyrene microtiter plates. The plates were incubated at 37 ◦C for 6 h (early
biofilms) and 24 h (late biofilms). After incubation, the planktonic phase was gently
removed, and the biofilm was carefully washed twice with sterile PBS. Biofilms were then
treated with CST or PBS (control). The effect of CST on cell viability was evaluated after
different exposure times of 5, 15, 30, and 120 min. The colloidal solution was removed, the
remaining biofilm was resuspended in PBS and the wells were scraped with sterile pipette
tips as previously reported [32]. The microbial counts were assessed by plating serial
dilutions onto TSA. After an incubation period of 48 h at 37 ◦C, the CFU were detected. All
determinations were performed in triplicate.

2.5. Light Microscopy

Microbial early (6 h) biofilms of S. aureus ATCC 6538, S. epidermidis ATCC 35984,
P. aeruginosa ATCC 9027 and C. albicans ATCC 10231 formed on polystyrene flat-bottomed
microtiter plates (Costar; Corning), as described above, were washed three times with
sterile PBS and treated with CST. Sequentially, PBS was added, serving as the control. After
an exposure time of 15 min, the CST was removed; the plates were washed with PBS and
stained using 0.4% crystal violet for 10 min [33]. The biofilms were observed with a light
microscope X 200 (Leica DMLB).
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2.6. Statistical Analysis

ANOVA was employed to evaluate any significant differences between the values
obtained with and without the solution. A p-value < 0.05 was considered significant.

3. Results

3.1. Killing Activity

The antimicrobial activity of CST was tested on Gram-positive and Gram-negative
bacteria and yeasts. The Log CFU/mL of planktonic microbial cells following the exposure
to CST is presented in Table 1. It can be observed that the microbial load decreased as the
time exposure increased. After 5 min of exposure, a mild decrease in the bacterial count was
observed for both ATCC and ocular isolates of S. aureus and S. epidermidis (1.65–1.92 Log
reduction) and P. aeruginosa (1.5–1.95 Log reduction) strains.

Table 1. Effectiveness of colloidal solution against microbial strains in planktonic phase. Data are the
means of Log CFU/mL ± SD of three independent experiments carried out in triplicate.

Strains Time (min)
0 5 10 15

Log CFU/mL

S. aureus 815 (MRSA) 6.17 ± 0.31 4.25 ± 0.33 4.17 ± 0.35 3.30 ± 0.12
S. aureus ATCC 6538 5.28 ± 0.24 3.48 ± 0.22 3.08 ± 0.15 2.52 ± 0.08
S. epidermidis 813 6.06 ± 0.22 4.3 ± 0.18 4.0 ± 0.14 3.50 ± 0.10
S. epidermidis ATCC 35984 5.05 ± 0.25 3.4 ± 0.15 2.9 ± 0.10 2.56 ± 0.12
P. aeruginosa 1 (ofloxacin-resistant) 8.0 ± 0.41 6.5 ± 0.40 5.5 ± 0.26 5.0 ± 0.30
P. aeruginosa ATCC 9027 7.05 ± 0.35 5.1 ± 0.19 3.8 ± 0.08 2.70 ± 0.05
C. albicans 4 4.25 ± 0.20 4.14 ± 0.25 4.0 ± 0.22 3.6 ± 0.15
C. albicans ATCC 10231 4.0 ± 0.23 2.6 ± 0.23 2.42 ± 0.14 2.0 ± 0.11

Interestingly, after 15 min contact, the CST has proved to be more effective achiev-
ing a significant (p < 0.05) load decrease ranging from 2.49 to 2.87 Log CFU/mL (about
99.7%–99.8%) for S. aureus and S. epidermidis strains (both ATCC and ocular isolates) and
equal to 3–4.35 Log CFU/mL (99.9%–99.99%) for P. aeruginosa strains ATCC and ocular iso-
late, respectively. Except for C. albicans ATCC 10231, which showed a decrease of 1.4–2 Log
units, the C. albicans ocular isolate was the least susceptible strain.

3.2. Effectiveness on Preformed Biofilm

The effect of the colloidal solution on the viability of the cells embedded in early (6 h)
and late (24 h)-established biofilms is reported in Figures 1–4. The results demonstrated that
the inhibitory activity of the solution was more pronounced on early biofilm (Figures 1–4)
than on late biofilm (Figures 1–4). Furthermore, different levels of susceptibility were
found between the biofilm formed by ocular isolates and ATCC strains of S. aureus and
S. epidermidis. Specifically, after 15 min of contact, a reduction of 2.63 Log for S. aureus and
2.4 Log for S. epidermidis ocular isolates and a reduction of 3.7 Log and 4 Log for S. aureus
and S. epidermidis ATCC strains were detected (Figures 1 and 2). Regarding the effect of the
colloidal solution on P. aeruginosa biofilm, a reduction of 3.1 Log was displayed for both
the ocular isolate and ATCC strain at 15 min of exposure (Figure 3). For C. albicans, the
biofilm cell count decreased at a much slower rate. After 120 min, a 3.7 Log reduction was
achieved for C. albicans ATCC, while a 1.5 Log reduction was observed for the C. albicans
ocular isolate (Figure 4).
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Figure 1. Quantitative measurement of S. aureus biofilm-embedded cells after treatment with CST.
Data are expressed as means ± SD of three independent experiments carried out in triplicate and
relative Log reduction. *, p-value < 0.05 shows the statistical difference between treated groups and
control groups.

Figure 2. Quantitative measurement of S. epidermidis biofilm-embedded cells after treatment with
CST. Data are expressed as means ± SD of three independent experiments carried out in triplicate
and relative Log reduction. *, p-value < 0.05 shows the statistical difference between treated groups
and control groups.
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Figure 3. Quantitative measurement of P. aeruginosa biofilm-embedded cells after treatment with CST.
Data are expressed as means ± SD of three independent experiments carried out in triplicate and
relative Log reduction. *, p-value < 0.05 shows the statistical difference between treated groups and
control groups.

Figure 4. Quantitative measurement of C. albicans biofilm-embedded cells after treatment with the
solution. Data are expressed as means ± SD of three independent experiments carried out in triplicate
and relative Log reduction. *, p-value < 0.05 shows the statistical difference between treated groups
and control groups.
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In contrast, the late-established biofilms were less susceptible to the colloidal solution
than the early biofilms. Discrete inhibition was achieved only after prolonged exposure
times (30–120 min) for all microorganisms (Figures 1–4).

3.3. Light Microscopy

The results were substantiated by observing early biofilms under a light microscope
(Figure 5). The images showed the ability of a colloidal solution to reduce the biofilm of
S. aureus, S. epidermidis, and P. aeruginosa. After treatment for 15 min, the biofilm observed
in controls (Figure 5a–c) became partially destroyed, and the bottom of the well was only
covered by a few cells (Figure 5e–g). The effect was less evident for C. albicans (Figure 5d,h).

Figure 5. Light microscope images of early biofilms. Biofilm control and biofilm after treatment with
CST for 15 min of (a,e) S. aureus ATCC 6538, (b,f) S. epidermidis ATCC 35984, (c,g) P. aeruginosa ATCC
9027, (d,h) C. albicans ATCC 10231.

4. Discussion

Bacteria are frequently associated with various ocular infections such as conjunctivitis,
keratitis, blepharitis and endophthalmitis [34]. Conjunctivitis is the most common ocular
infection and if became chronic can also affect the eye lid with potential risk for extra or
intraocular infections [34]. Keratitis is a serious eye infection and can also progress to
endophthalmitis. Both keratitis and endophthalmitis are potentially devastating ocular
infections if not diagnosed and treated early. Effective antimicrobial therapy is the most
important approach that should be promptly initiated for treatment of patients afflicted
with these eye infections. However, the continue emergence of antimicrobial resistance
and the close correlation between biofilm and antibiotic tolerance represent alarming
concerns. The identification of alternative strategies effective alone or as adjuvants to
common antimicrobials is highly desirable. In recent years, the introduction of AgNPs
profoundly impacted clinical settings including the treatment of ocular infections, even
those caused by resistant bacterial strains. Nanoparticles are effective in increasing the
retention time of active compounds on the ocular surface, protecting them from enzymatic
degradation and improving their corneal permeability. Colloidal silver nanoparticles have
been demonstrated to be relatively safe when administered to oral mucosa, eye and skin of
the animal models for short periods of time [35].

In this study, the CST solution (Silverix®) has been developed according to EU phar-
macopoeia for the topical use of silver and it is used to soak gauzes for periocular hygiene.
Silverix® is indicated for periocular hygiene of adults and children with ongoing infections
such as blepharitis, meibomitis and in patients in treatment with ophthalmic ointments to
provide a delicate cleaning while efficiently removing ointments’ residues. Thanks to its
unique composition, it can be used also by contact lenses users without any side effects
reported to date. Silverix® is also recommended before and after ocular surgery for a
cleaning of delicate periocular region. The findings of this study provide the scientific
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basis for the efficacy of CST against planktonic and sessile microorganisms. The results
documented that the activity against planktonic growth was more pronounced against
P. aeruginosa than against S. aureus and S. epidermidis. Accordingly, higher activity of AgNPs
on E. coli than on S. aureus has been reported [16]. It is known that the antimicrobial activity
of AgNPs is influenced by differences in the structure, thickness, and composition of the
cell walls of Gram-negative and Gram-positive bacteria. Notably, Gram-negative bacteria
possess an inner layer of peptidoglycan less thick than Gram-positive bacteria, and their
outer membrane consists of phospholipids, lipopolysaccharides (LPS), lipoproteins, and
surface proteins [36]. Therefore, the thinner peptidoglycan layer and the negative charge
of LPS that promotes the adhesion of AgNPs may explain the increased susceptibility of
Gram-negative bacteria [37]. As exposed above, the activity of AgNPs is also influenced
by the dimensions. By decreasing the particle size to nanometer range (between 1 and
100 nm), antibacterial activity of silver can be increased due to a larger surface area-to-mass
ratio [38]. The dimensions of the nanoparticles of the colloidal silver solution (Silverix ®)
ranged from 20 to 30 nm.

However, it is noteworthy that other components of the colloidal silver solution, such
as Matricaria chamomilla L. and Euphrasia officinalis chamomilla extracts, have been studied
for their antimicrobial activity [39,40]. Specifically, M. chamomilla-extract-mediated AgNPs
exhibited highly effective antimicrobial activity against S. aureus, E. coli, and C. albicans [41].
Theoretically, the components present in the formulation act in combination, causing
considerable effects on the cell structural and functional properties.

Interestingly, the colloidal silver solution showed antimicrobial activity against MRSA
and ofloxacin-resistant P. aeruginosa 1. These strains are generally less susceptible to topical
prophylaxis regimens. Specifically, MRSA is a major public health problem all over the
world, frequently associated to serious ocular multi-resistant infections [42]. In accordance,
Panáček et al. [43] demonstrated the significant bactericidal potential of colloidal AgNPs
against MRSA and Gram-negative bacteria.

The colloidal silver solution showed minimum efficiency against C. albicans compared
with bacteria, and this probably stems from the differences between the bacterial and yeast
cells. On the other hand, it has been reported that the fungicidal activity of AgNPs is lower
than the bactericidal effects [44].

Although growing antibiotic resistance is one of the major causes of treatment failure,
the spread of biofilm-forming microorganisms contributes to serious public health threats,
including ocular infections [45–48]. Here, we reported the inhibitory activity of a colloidal
solution on preformed microbial biofilms, with a more pronounced effect on early biofilms
than late biofilms. Indeed, a significant reduction in the viability of cells embedded in
the early biofilm matrix and a disaggregation effect documented in microscopic images
were observed. Kalishwaralal et al. [14] described the action of AgNPs on microorganisms
organized in biofilms with a detachment of biofilms formed by pathogens causing keratitis,
such as P. aeruginosa and S. epidermidis. The Authors suggested that the inhibitory effect
of AgNPs on the mature biofilm may be due to the presence of water channels (useful for
nutrient transport) which would allow the direct diffusion of AgNPs through the glycocalyx
matrix layer, imparting the antimicrobial effect.

Silver nanoparticles have also been assayed for the effect on biofilm formation pro-
duced by the P. aeruginosa, P. putida, Shigella flexneri, S. aureus and Streptococcus pneumo-
nia [49,50]. The inhibitory effect of AgNPs was analyzed alone or in combination with
antibiotics [50]. Interestingly, AgNPs in combination with antibiotics increased the cell
death and increased ROS generation than antibiotics or AgNPs alone. The enhancing
effects for ampicillin and vancomycin against Gram-negative and Gram-positive bacteria,
respectively suggest that AgNPs can be used as an adjuvant for the treatment of infectious
diseases [50]. Although the mechanism of action is not yet known, it is plausible to hypoth-
esize that the components of the colloidal solution may destroy the polar polymeric matrix
and predispose the cells to specific interactions with the CST, thus having considerable
effects on the structural properties of the biofilm. It is also speculated that the differ-
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ent mechanisms employed by methicillin-susceptible Staphylococcus aureus (MSSA) and
MRSA strains for biofilm formation may be involved in the reduced biofilm susceptibility
of MRSA ocular isolates. MSSA strains predominantly form biofilms dependent on the
polysaccharide intercellular adhesin type, whereas MRSA strains promote the formation of
proteinaceous-type biofilms [51].

Effective antimicrobial strategies are needed in many preventive efforts in ophthal-
mology. The results of this study documented that the colloidal solution is active against
microorganisms in both planktonic and biofilm phases and, therefore, could be used to
assist in treating periocular surface infections.
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Abstract: According to rough estimates, one in every 125 newborns born in the United States
has a congenital cardiac abnormality that must be repaired. With the recent development of new
biomaterials and innovative treatment methods, percutaneous cardiac valve replacement has been
considered as an alternative to surgical procedures. While percutaneous heart valve replacement is a
relatively new procedure with a few commercially available devices, the devices are not sufficiently
low-profile, and do not grow with the child. To address this issue, a novel low-profile growing
percutaneous pediatric heart valve frame made of two types of unique metallic biomaterials (supere
lastic nitinol and biodegradable iron) has been developed through this study. The developed pediatric
heart valve frame has an innovative mechanism that will expand its diameter by disconnecting
biodegradable metals, enabling the growth of the device with the surrounding tissue in the cardiac
space. The thermally treated iron wires show stable and gradual degradation characteristics, showing
approximately 7.66% for both wires treated under 350 and 450 ◦C. Polymer-coated wires show
a degradation range of 4.96 to 5.55% depending on the type of coating. Degradation test results
show the predicted 9–23 months of degradation depending on the type of surface treatment (e.g.,
thermal treatment, polymer coating), which is a suitable range when compared with the theoretical
arterial vessel remodeling process period in the human vascular system. Radial forces calculated by
finite element analysis and measured by mechanical testing matched well, showing 5–6 N with a
20% diameter reduction considering the deployed valve frame in the heart. Biocompatibility study
results demonstrated superior cell viability in thermally treated iron wires after 3 days of cell culture
and showed rarely found platelets on the surface after 3-h blood exposure tests. Prototype devices
were successfully fabricated using optimized advanced joining processes for dissimilar metallic
materials such as nitinol and iron. This study represents the first demonstration of self-expanding
and biodegradable percutaneous heart valve frames for pediatric patients that grow with a child.

Keywords: superelastic nitinol; biodegradable iron; percutaneous; pediatric heart valve

1. Introduction

Heart valve disease is a condition in which the valve between the main pumping
chamber of the heart (left ventricle) and the main artery to the body (aorta) malfunctions.
Heart valve disease sometimes may be a congenital condition. Defects in heart valves
and associated structures for infants account for 25 to 30 percent of all cardiovascular
malformations [1]. In adults, over 182,000 heart valve replacements are performed annually
for the treatment of valvular heart disease, but it remains as a major cause of morbidity
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and mortality, with approximately 91,000 transcatheter valve replacements performed in
the USA every year [2–4].

There are typically two types of prosthetic heart valves used for replacement—mechanical
and bioprosthetic. Mechanical heart valves are made entirely of synthetic materials such
as metals and polymers, while bioprosthetic heart valves are made of tissue from animals
(e.g., bovine or porcine) or humans [5,6]. Mechanical heart valves are durable, lasting at
least 20 to 30 years [7,8]. However, these valves have limited central flow due to their
design, such as bileaflets, the ball in a cage, or a tilting disc [6,9]. In addition, a major
drawback is that mechanical heart valves require daily anticoagulant treatment because of
the increased risk of artificial material-induced thrombosis and thromboembolism [10–13].
On the contrary, bioprosthetic heart valves have improved central blood flow due to their
bio-mimicking trileaflet design and do not require anticoagulant therapy. However, these
bioprosthetic heart valves also have some drawbacks, including limited durability due to
leaflet calcification, leaflet tearing, fatigue damage, and tissue failure [14–17]. Therefore,
10 to 20 percent of homograft bioprostheses and 30 percent of heterograft bioprostheses fail
within 10 to 15 years of implantation and require replacement [18–20].

Furthermore, both mechanical and bioprosthetic heart valves are large and bulky and
require open heart surgery, which has a severe risk factor for infants and young children
who are too weak or ill to undergo major open surgery [5]. Recently, a less invasive therapy,
percutaneous heart valve replacement, has drastically improved with the development of
novel biomaterials and suggests innovative treatment strategies. While percutaneous heart
valve replacement is an emerging technology with a few commercially available devices,
the devices are still relatively bulky for infants or children and will not grow with the child,
which may not be suitable for pediatric patients with congenital heart disease.

To address this issue, this study has demonstrated a novel concept of a pediatric heart
valve frame that utilizes two types of metallic biomaterials, i.e., superelastic nitinol and
biodegradable metals such as iron, as depicted in Figure 1. Biodegradation of surface-
modified iron will enable the pediatric device to grow with the child, while superelastic
nitinol can play an important role in the self-expanding mechanism. Both thermal treatment
and polymer coating strategies were adapted to extend the degradation period for the
purpose of the desired length of mechanical integrity. With the outcomes produced from
the degradation study, prototypes have been designed and fabricated to demonstrate the
growing pediatric valve frame. In addition, both the blood and cytocompatibility of the
degradable metallic devices have been studied.

Figure 1. Schematic illustration of a growing pediatric percutaneous heart valve frame concept: (A) en
face view of the frame that contains both superelastic nitinol and biodegradable metal, (B) original
dimension of the device, showing the angle of leaflet, and (C) 200% increased dimension of the device
with the leaflet angle change assuming the growth of the child.
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2. Materials and Methods

2.1. Materials

Nitinol (Ni + Ti + Naval Ordinance Lab) was discovered in 1963 and has been used in
a wide range of transcatheter devices due to its shape memory property [21]. The shape
memory response is defined as mechanical deformation in a low-temperature state (i.e.,
martensite), with deformations fully recovered when the material is heated to body tem-
perature (i.e., austenite). This shape memory behavior is critical for transcatheter devices
because nitinol can easily be collapsed into a small-diameter catheter in its martensite phase.
Upon exposure to blood temperature, it deploys spontaneously to its original shape (the
austenite phase). Because the magnitude of its recoverable deformation is much greater
than the elastic deformation of metals such as surgical steel, nitinol-based devices can
be placed into remarkably smaller-diameter catheters for a wide range of catheter-based
procedures [22–24].

An iron stent was first implanted in the rabbit model in 2001 [25]. Iron is one of
the important biodegradable metallic biomaterials, with high radial strength compared
with other biodegradable metals, e.g., magnesium. This attribute enables the iron-based
stent to have thinner struts, permitting an endovascular low-profile device. There were no
significant adverse events (e.g., thrombosis and excessive neointima hyperplasia) during a
6-18 month follow-up period with in vivo animal tests [25,26].

2.2. Surface Treatments
2.2.1. Thermal Treatments

A biodegradable material’s mechanical performance and biodegradation behavior
are crucial for biodegradable implant applications. Thermal treatment, or annealing, has
been proven to have a substantial impact on the mechanical performance of pure iron
(99.85%, outer diameter of 250 μm, GoodFellow, Pittsburgh, PA, USA) [27]. However,
only a few research articles have addressed the influence of thermal annealing on the
biodegradation behavior of pure iron [28]. When pure iron samples are thermally treated,
a newly formed iron oxide layer starts to cover the outer surface of the iron, which may
affect the sample’s degradation rate. Furthermore, various treatment parameters, such as
treatment temperatures and times, can significantly affect the growth of the iron oxide layer
and its thickness [29]. At different treatment temperatures, Simmons et al. investigated the
formation of iron oxide and its microstructure, showing that a distinct microstructure, a
mixture of nonstoichiometric and stoichiometric magnetite and hematite, at 350 ◦C, was
observed, while, at 450 ◦C, stoichiometric magnetite was the only oxide observed [30].

In this light, pure iron wire samples were prepared and subjected to multiple combina-
tions of thermal treatments at different times to investigate the influence of these treatment
parameters on the sample’s degradation. Iron wires were thermally treated at both 350 ◦C
and 450 ◦C for 0.5, 1.5, and 4 h. Additional wires were prepared at 550 degrees but were
deemed inappropriate for experimental use due to flaking of the outer oxide layer.

2.2.2. Ultra-Thin Polymer Coating

Iron (Fe) wires (length: 70 mm, outer diameter: 250 μm, GoodFellow, Pittsburgh, PA,
USA) underwent phytic acid–metal conversion coating [31] and coating with poly(carbonate
urethane) urea (PCUU, inherent viscosity: 0.80 ± 0.1) [32,33], in which each coating step
was separately investigated using scanning electron microscopy (SEM), as illustrated in
Figure 2. For the phytic acid–metal conversion coating, phytic acid (PA) solution in deion-
ized (DI) water (10 μg/L) was mixed with the same volume of Zn(NO3)2 solution in DI
water (5 mmol/L) and then the pH was adjusted to 6.0 by adding 1N NaOH solution. Iron
wires were washed with DI water and then immersed in the mixed PA-Zn(NO3)2 solution
for 10 min with gentle shaking. After the PA-Zn2+ coating, the wires were washed with DI
water three times and dried under a vacuum. In addition, PCUU was coated onto the PA-
Zn2+ coated wires by dip coating using 2% (w/v) PCUU solution in hexafluoro-2-propanol
(HFIP). The dip coating was repeated ten times for each wire. For the spray-coated wires,
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10 mL of 2% PCUU solution was sprayed onto each PA-Zn2+ and PCUU-dip-coated wire at
a 15 cm distance using a customized airbrush.

 

Figure 2. Iron wire samples treated with (A) phytic acid–Zn, (B) phytic acid–Zn + PCUU dip coating,
and (C) phytic acid–Zn + PCUU dip and spray coating.

2.3. Degradation Test

Directly after the surface treatments of the iron wires, the degradation performance
is assessed by immersion testing in phosphate-buffered solution (PBS, Fisher Scientific,
Waltham, MA, USA). PBS is a physiologic aqueous solution that imitates the ionic concen-
tration, osmolarity, and pH value of human blood but does not contain larger particles such
as proteins, lipids, or blood cells. The iron samples were placed at the middle of a 0.5-inch-
diameter silicone elastomer tube (Thermo Scientific, Waltham, MA, USA) by fixing these
wire samples at the inner walls of the tubes, as shown in Figure 3A. The PBS was designed
to flow in the tubes with the help of a peristaltic pump (Harvard Apparatus, Holliston,
MA, USA) at a flow rate of 147.961 mL/min, flowing with a 100 mm Hg flow pressure, to
mimic the blood flow parameters inside the aortic artery of the human body. The samples
were fully immersed in the flow of PBS to ensure constant solution circumstances, and the
immersion testing setup was kept at a constant temperature of 37 ◦C.

 

Figure 3. In vitro test device performance test setups: (A) degradation test setup, and (B) radial force
measurement test setup.

After weighing and before immersion testing, four wire samples with the same treat-
ment parameter combination were prepared to be submerged in PBS for four weeks. During
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immersion testing, iron wires were formed into 0.25-mm-diameter and 10-mm-tall, exposed
wires. In addition, wire samples were then regularly removed each week to check the
effect of the immersion time on the degradation of the wires. Before weighing, all the
prepared samples were cleaned in order with alcohol, acetone, and DI water and carefully
dried. After sample removal, they were cleaned in acetone using an ultrasonic bath after
immersion, and the leftover corrosion products were then removed with a small brush.
Finally, the samples were washed with acetone once more before being weighed for the
second time after the test.

2.4. Mechanical Testing

Radial force tests were performed using a force measurement system (FMS-500, Star-
rett, Athol, MA, USA) clipped to a Dacron strip, which was looped and tightened around
the heart valve frame, as depicted in Figure 3B, to measure the required forces with the
reduction of the diameter from 10 to 20% of its original diameter. To measure radial force,
external circumferential pressure was applied on the outer surface of the valve while con-
straining the displacement of the lower surface of the valve. The pressure was multiplied
by the surface area to calculate the radial force, and the change in diameter was used
to calculate the diameter reduction %. The model was utilized to show the relationship
between the valve diameter and the radial force. In addition, the model was used to predict
the stress levels for the reduction ratio.

2.5. Computational Modeling

Finite element analysis (FEA) was utilized to predict the mechanical performance of
the pediatric heart valve. The valve model was constructed as longitudinally repeated
circumferential iron struts that were connected with nitinol connections. The 3D model
of the valve was built using computer-aided design (SolidWorks, Waltham, MA, USA)
and then imported into the Ansys software (Ansys, Canonsburg, PA, USA) for further
computational analysis. A static structure module was employed to model and calculate
the radial forces, stresses, and strains of the pediatric valve. The diameter of the valve was
examined using 10, 12.5, and 15 mm while fixing the valve thickness to 0.2 mm. Figure 4A
shows the structure of the pediatric valve, where the two materials were appropriately
defined for the valve structure. In Figure 4B,C, the differences between connections made
of nitinol and iron-based struts are, respectively, illustrated. The modeling of the nitinol
behavior was conducted using the superelasticity built-in module in Ansys, where the
material’s pseudoelasticity properties were adopted from Wu et al. The iron material model
from the Ansys material library was exploited to model the struts [34].

2.6. Prototype Fabrication

Nitinol wires with different diameters were joined by a precision micro laser-welding
system (LZR-100; Sunstone Engineering, Payson, UT, USA). Welding parameters were
optimized to acquire the best material and mechanical properties of the structure for nitinol
wires with various thicknesses. The laser process parameters were 1.4 KW power, 0.7
mm spot size, 1.2 ms time duration, 3Hz frequency, and rectangular wave. A machined
aluminum mandrel based on the anatomy of the animal model was used to create the
nitinol backbone with the desired cylindrical geometry, where the external diameter of
the mandrel corresponded to the deployed device’s diameter. The mandrel diameter was
oversized by 20% to produce the oversized stent backbone to achieve sufficient radial force
for the device. The mandrel with the frame was heated up to 350–600 ◦C with a tube
furnace (Lindberg/Blue M Moldatherm, Fisher Scientific, Pittsburgh, PA) for 30–40 min;
then, the frame was rapidly cooled in water to 20 ◦C in 10 s (quenching). Thermal treatment
was performed to set the final shape of the nitinol wires with the required superelastic
properties, eliminating any potential local stress concentration caused by welding.

153



Coatings 2023, 13, 184

 

Figure 4. The 3D modeling of the pediatric heart valve: (A) valve’s struts linked with connections,
(B) nitinol connections, and (C) iron-based struts.

2.7. Biocompatibility Studies

In vitro cell viability studies were designed and conducted using a typical cell culture
method and MTS assay. Rat vascular smooth muscle cells (rSMCs) were cultured in
Dulbecco’s modified Eagle medium (DMEM) with 10% heat-inactivated fetal bovine serum
(HI-FBS) and 1% penicillin/streptomycin at 37 ◦C and 5% CO2 [35]. Both the untreated
and thermally treated iron wire samples were cultured for 3 days. Negative controls were
also compared to determine the differences using the data normalization to the negative
control including cultured cells in the medium. For the hemocompatibility studies, whole
fresh ovine blood was collected and used under the approval of the Institutional Animal
Care and Use Committee at the University of Pittsburgh. The collected blood was stored
in a vacutainer tube (BD Vacutainer) and sterilized, and then incubated for 3 h at 37 ◦C
in a hematology mixer (Fisher Scientific, Waltham, MA, USA) [36]. After 3 h, the samples
were thoroughly rinsed with PBS solution 10 times, and then the deposited platelets on
wires were qualitatively analyzed via scanning electron microscopy (SEM, JSM 6335F, JEOL,
Tokyo, Japan).

3. Results

3.1. Degradation

Multiple wire samples were thermally treated at various combinations of treatment
times and temperatures to investigate the effect of the iron oxide layer formation on the iron
wires’ degradation. In addition, these samples were treated for three time periods to check
the influence of the iron oxide layer thickness on the degradation rate of pure iron wires.
All treated wires were typically compared with the original wire (i.e., with no treatment)
with respect to the final diameter over several weeks of testing in PBS. When the samples
were thermally treated at a temperature of 350 ◦C, as depicted in Figure 5A, the wire’s
diameters increased with the increase in the treatment time before immersion testing due to
the formation of an iron oxide layer. In this figure, at week zero, the wire diameter increased
from 254 ± 1.23 μm for the untreated sample to 261 ± 0.89 μm after 4 h of heat treatment.
The slope of the diameter reduction resulted in that of the 4 h treated samples being lower
than that of the original one and the samples with a shorter treatment time, achieving a
reasonable overall diameter of 241 ± 1.14 μm after 4 weeks of degradation testing.
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Figure 5. Iron wire diameter (μm) vs. the testing time (week): (A) heat-treated at 350 ◦C, (B) heat-
treated at 450 ◦C, and (C) polymer-coated wire.

As in Figure 5B, the heat treatment temperature was increased to 450 ◦C, attaining a
greater iron oxide layer thickness with a total wire diameter of 262 ± 1.04 μm for the 4 h
heat-treated sample than the corresponding one under 350 ◦C heat treatment. The slope
of the diameter reduction resulted in that of the 4 h treated sample being lower than that
of the original one and the samples with a shorter treatment time, achieving a reasonable
overall diameter of 242 ± 0.72 μm after 4 weeks of degradation testing. The lower slope of
the diameter reduction indicates the superiority of heat treatment at different temperatures.
Regarding the coated samples represented in Figure 5C, both dip and spray-dip-coated
wires exhibited almost the same corrosion rate in terms of diameter reduction, but their
slope of degradation was lower than the slope of thermally treated wires. In the fourth
week, both coated samples showed a lower diameter reduction (diameter >250 μm), while
all thermally treated wires were higher in corrosion with diameter (<250 μm).

As seen in Figure 6, when the wire samples were investigated using SEM, the diameter
along the wire varied due to the non-regularity of the iron oxide layer along the wire length.
As depicted in Figure 6A, the iron oxide layer with a bright glow only covers the right
side of the wire, with a total diameter of 259.7 μm, while the dark iron wire with no oxide
layer appears with a lower diameter of 253 μm on the left side of the image. Consistently,
after two weeks of immersion testing, as shown in Figure 6B, the diameter over the wire’s
length varied from 224.7 μm on the left to 249.6 μm on the right of the figure. Hence, the
wire’s diameters collected from the SEM analysis were averaged for each sample due to the
non-uniformity of the oxide layer over the length of the iron wires.

 

Figure 6. SEM imaging for the iron wire upon heat treatment at 450 ◦C: (A) for 4 h after the first week,
and (B) for 3 h after the second week.
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Since the wires were weighed before and after the immersion tests, another measure of
degradation of body mass reduction was tracked and plotted, as in Figure 7. Both thermally
treated samples at different temperatures showed the same corrosion trend as shown in
Figure 7A,B. In both figures, the wire’s masses were increasing with the increase in the
treatment time before the immersion test due to the formation of an iron oxide layer with
no loss in corrosion products. Before testing, as in Figure 7A, the wire mass increased
from 0.0161 ± 0.0075 g for untreated samples to 0.0186 ± 0.0037 g after 4 h of 350 ◦C heat
treatment. The slope of the mass reduction resulted in that of the 4 h treated samples being
lower than that of the original one and the samples with a shorter treatment time, achieving
a final wire mass of 0.0136 ± 0.0054 g after 4 weeks of degradation testing. As seen in
Figure 7B, the heat treatment temperature was increased to 450 ◦C, and the wires’ masses
slightly increased compared to the values corresponding to the 350 ◦C heat treatment due
to the greater iron oxide layer thickness. The wire mass increased to 0.0192 ± 0.0063 g
for the 4 h heat-treated sample compared to the corresponding one under 350 ◦C heat
treatment. The slope of the mass reduction resulted in that of the 4 h 450 ◦C thermally
treated samples being lower than that of the original one and the samples with a shorter
treatment time, achieving a reasonable overall mass of 0.0138 ± 0.0047 g after 4 weeks of
degradation testing. The lower slope of the mass reduction indicates the superiority of heat
treatment at different temperatures. Regarding the polymer-coated samples represented in
Figure 7C, both dip and spray-dip-coated wires also exhibited very similar corrosion rates
in terms of mass reduction to that in diameter reduction, but their slope of degradation
was lower than the slope of thermally treated wires.

Figure 7. The relationship between the iron wire mass (g) and the types of surface treatment over
time (week): (A) heat-treated at 350 ◦C, (B) heat-treated at 450 ◦C, and (C) polymer-coated wire.

3.2. Biocompatibility Study Results

Figure 8 shows the biocompatibility study results on both the cytotoxicity (i.e., cell
viability) and hemocompatibility of the thermally treated iron wires to assess basic biologi-
cal interactions. The cell viability study was analyzed via methyltransferase (MTS) assays,
as shown in Figure 8A, which demonstrated higher cell viability in the thermally treated
iron wire compared to the untreated wire after 3 days of incubation in vitro. The thermally
treated wires showed approximately 21% higher cell viability than the untreated wire sam-
ples. The representative SEM image shown in Figure 8B shows uniformly distributed cells
on the surface of the iron wire. Another biocompatibility study to evaluate the implantable
device focused on hemocompatibility. In this study, only a qualitative assessment was
conducted to evaluate the surface to observe the thrombosis formation using SEM analysis.
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Figure 8. Cytotoxicity and hemocompatibility study results: (A) cell viability comparison study
results of the thermally treated iron wires using MTS assay, (B) a representative scanning electron
microscopy (SEM) image of the thermally treated wire after the cell viability test, (C) qualitative study
results with SEM (low-magnification), and (D) high-magnification SEM image.

3.3. Prototype Fabrication

Figure 9A shows that the prototype pediatric valve frame consists of superelastic
nitinol and biodegradable iron wires. The diameter is 15 mm and the length is 25 mm.
Figure 1B shows three different segments of the nitinol–iron valve frame, which are the
nitinol tube, iron wire, and “X”-shaped nitinol strut. This structure has been manufactured
by (1) precision trimming of the “X”-shaped nitinol strut from a Neuroform stent (Stryker
Corp., Fremont, CA, USA); (2) a superelastic thin-wall nitinol tube (0.006” inner diameter,
Confluent Medical, Fremont, CA, USA) for joining two materials, and mechanical strength-
ening without creating severe deformation of the iron wire (125 μm thick, GoodFellow,
Pittsburgh, PA, USA). A small amount of biocompatible polymer adhesive (Loctite 4902,
Henkel Corp) was applied inside the nitinol tubes to tightly join both the nitinol strut and
iron wire during the collapse and deployment procedure. An ultra-precision micro laser
welding process was applied to create a solid joined structure via a localized metal melting
process. Figure 9C shows the end section of the valve frame that required a “V”-shaped
nitinol strut for the joining. A subsequential thermal annealing process was conducted
under 350–600 ◦C for 30–40 min to release any potential stress concentration issue and
to recover the superelasticity of the nitinol material. The fabricated frame was tested for
radial strength exertion under varied diameter changes, which were compared with the
computational modeling results to validate the device design.

3.4. Radial Strength Analysis and Experimental Validation
3.4.1. Computational Modeling Results of the Stress vs. Strain of the Valve Frame

The finite element model for the pediatric heart valve was built and utilized to estimate
the stress caused at different sections of the valve. It was typically anticipated that the max-
imum stress in the proposed valve design would take place at the nitinol connections due
to this being the location of the main deformation of the valve. As depicted in Figure 10A,B,
the undeformed and the deformed shapes of the valve frames were observed, showing
both the amount and shape of deformation that took place in the valve upon applying
an external radial force. These figures show uniform valve deformation through the full
length of the valve. The stresses caused in the structure of the valve after deformation
were also calculated and are represented in Figure 10C, while the stresses inside the nitinol
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connections only are shown in Figure 10E. Figure 10D depicts that the maximum Von Mises
stress occurred on the stent connections, with a maximum stress value equal to 552 MPa. In
terms of strain values in the pediatric heart valve, Figure 10D,F show the Von Mises strain
of the valve, whereas Figure 9E depicts the Von Mises strain in the whole valve, while
Figure 10F depicts only the strain inside the nitinol connections. The maximum Von Mises
strain inside the valve was 1.1%; however, the maximum Von Mises strain in nitinol was
0.9%.

 

Figure 9. Prototype valve frame and details: (A) entire valve frame, (B) the nitinol and iron wire
integration using a thin-wall nitinol tube for the middle connection, and (C) the end section device
details with “V”-shaped nitinol connection.

Figure 10. Stress and strain computational analysis of the pediatric valve: (A) undeformed valve
shape, (B) deformed valve shape, (C) stress of the entire frame after deformation, (D) Von Mises
strain in the frame after deformation, (E) stress of nitinol connection regions, and (F) Von Mises strain
of nitinol connection regions.

3.4.2. Comparison of Computational Modeling and Experimental Results on
Radial Strength

Upon solving the structural model of the heart valve, the radial forces were then
computed with the advantage of the stress and strain results. The radial forces at multiple
valve diameters of 10, 12.5, and 15 mm were solved to predict the effect of the designed
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diameter on the radial force needed to deform the full structure. As shown in Figure 10A,
the relationship between the radial force and diameter reduction % is composed of two
segments: linear and non-linear segments. The first linear segment shows the reversible
elastic deformation of the valve until it reaches a 10% diameter reduction, while the
irreversible non-linear segment shows steady plastic deformation starting from 10% up
to a +20% diameter reduction. In addition, the higher the valve diameter, the lower the
radial forces that are required to crimp the valve to smaller diameters, and Figure 10A also
depicts the radial force up to 30% diameter reduction. The maximum radial force for a
10 mm diameter is 6 N.

An experimental investigation was also performed to validate the computational
simulation results for the radial forces required to collapse the valve up to various diameter
reduction values (Figure 10B). Vertical forces were first collected at a sampling rate of 10 Hz,
and then converted to circumferential averaged forces to plot the radial forces applied at
various diameter reduction percentages. These depicted radial forces in Figure 11B also
demonstrate the two successive linear and non-linear force–deformation segments, where
the forces can be elastically reversible in the linear part and continue plastically after a 10%
diameter reduction. The experimental test was performed up to a 20% diameter reduction
to avoid the massive plastic deformation of the pediatric heart valve prototype, achieving
5 N as the maximum applied radial force.

Figure 11. Computational (A) and experimental (B) results of the radial force (N) vs. diameter
reduction (%) for the varied valve diameters.

4. Discussion

Despite the technological advancement in the area of endovascular devices, there are
no appropriate heart valve devices available for pediatric patients who have congenital
heart valve defects [37]. As the child grows, the implanted devices must be replaced often
during growth. As a result, any percutaneous heart valve device technology that can avoid
or eliminate repeated open surgery would provide a new therapeutic option for infants or
children who have heart valve defects.

Vascular stents or percutaneous heart valves have offered an alternative to open
surgical procedures including patients who are too weak or very young, who would
be unsuitable for open operation [38]. In addition, a child will grow over time, so the
endovascular device used in children must change its dimensions to accommodate the
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anatomical size changes. A novel percutaneous heart valve frame studied here for pediatric
patients allows partial biodegradation (>90%) for the device to change with the growth of
the child. This new approach utilizes two novel metallic biomaterials, namely superelastic
nitinol and biodegradable iron.

Iron degradation with surface treatments is one of the most important functions in
the device. The iron materials used in our valve frame show an approximately 7%–10%
diameter reduction per 4-week period in both thermally treated iron wires under two
different temperature conditions, i.e., 350 and 450 ◦C (Figures 5–7). The polymer-coated
iron wires showed slower degradation, with approximately 4% diameter reduction per
4 weeks. Therefore, 9–23 months are needed for the complete degradation of the wires.
Considering a theoretical arterial vessel remodeling process period in the human vascular
system of 6–12 months, the surface treatments shown in this study are valid and suitable
for the required degradation period after the device’s implantation [39,40].

In addition to the iron degradation study, an in vitro biocompatibility study was
conducted to assess the materials’ biological interaction, both quantitatively and qualita-
tively, using cell viability and hemocompatibility analyses. The thermally treated iron wire
showed higher cell viability up to 21% compared to untreated samples, as shown Figure 8.
This sample also shows qualitatively excellent hemocompatibility under an in vitro platelet
adhesion study. There are limitations to the biocompatibility studies since only thermally
treated wires were compared with untreated wire samples to assess cell viability, and only
qualitative SEM-based analysis was used in the hemocompatibility evaluation. Although
these study results show that the thermally treated iron wires are superior to untreated
wires, a more detailed study including polymer-coated iron wires would be needed for
diverse comparison studies in the future. In this work, the acute in vitro biocompatibility
evaluation is important because any issues that may develop should be addressed prior to
entering animal studies in the future.

The third fundamental study to develop a novel heart valve device is the design via
computational modeling and subsequent mechanical testing [41,42]. Radial strength is
one of the most important force values needed for self-expanding endovascular devices
that contain superelastic nitinol [43]. Computational modeling and experimental test
data, shown in Figures 9 and 10, have clearly demonstrated the optimized design and
its validation through mechanical testing. The radial force exerted with 20% diameter
reduction shows approximately 5 N both from computational and experimental results
(Figure 10). It is challenging to compare the radial force of the newly developed nitinol–
iron valve frame with commercial products, since there are no such devices available for
pediatric patients. As a reference, commercial adult heart valve frames made of nitinol can
be compared for validating the radial force produced in the experiment. Typical values of
adult nitinol heart valve frames’ radial force are in a range between 9 and 54 N [44]. The
Acurate neo S (ANS; Symetis, Switzerland) shows the smallest radial force, lower than 9N,
but two other CoreValve devices (CV 23, CV26, Medtronic, Minneapolis, MN, USA) show
higher forces with an increased deployed diameter [44]. This comparison study’s results
show the relationship between the deployed diameter and radial force. The radial force is
also dependent on the mesh geometry.

Once necessary fundamental studies were successfully conducted, a functional proto-
type was fabricated using various advanced manufacturing technologies, including a micro
laser joining process [45–47]. As shown in Figure 9, a new joining process for constructing
a heart valve frame was developed and optimized. Three typical endovascular device fab-
rication methods are (1) laser cutting of thin-wall metal tubes, (2) braiding thin metal wires,
or (3) bending metal wires to the desired shape [48,49]. Since three different components
were used to develop the new heart valve frame, none of these technologies could be used.
Thus, a micro laser welding-based joining technique utilizing a thin-wall nitinol tube was
selected as the best fabrication technique for the growing valve frame, minimizing the
stress concentration and achieving durable connections for the three different materials.
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5. Conclusions

In the present work, the development of a novel self-expanding biodegradable per-
cutaneous heart valve frame for pediatric patients was conducted, which shows clinical
significance. The new design of the heart valve frame employs two forms of metallic
biomaterials, namely superelastic nitinol and biodegradable iron. The biodegradation of
iron wires with varied surface treatment showed a gradual and stable diameter reduction
of 7%–10% for 4-week blood-mimicking circulation tests. Polymer-coated wires show rela-
tively slower degradation, showing approximately 4.69%–5.66% compared to the original
wire diameter. The biodegradation of surface-modified iron struts allows the pediatric
device to grow with the child with gradual degradation, and the superelastic nitinol connec-
tions offer a firm structure during delivery, deployment, and for the future tissue growth
process. The device design was optimized both through computational modeling and
experimental studies. The prototype valve frame has been successfully developed based
on computational modeling, radial strength analysis, biodegradation, and acute in vitro
biocompatibility studies. The radial force exerted with a 20% diameter reduction shows ap-
proximately 5 N both from computational and experimental results. The thermally treated
iron wire showed higher cell viability up to 21% compared to untreated samples. This work
has demonstrated the viability of employing nitinol–iron valve frames in children in vitro,
showing potential as a new therapeutic option in children with congenital heart diseases.
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