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Preface to ”Biointerface Coatings for Biomaterials and

Biomedical Applications”

In addition to meeting the minimal requirements for biocompatibility, advanced biomaterials

have acquired functions allowing them to directly or indirectly influence specific biological

environments. Modifications to biomaterials are elegantly achieved by establishing a biointerface

layer to deliver the desired functions, but the definition and configuration required to balance

such an interface between the exploited materials or devices and the encountered biological

microenvironment pose challenges. The design of a successful biointerface usually depends on

criteria such as controlled presentation of functional biomolecules on the surface, low nonspecific

protein adsorption, responsive actions toward external stimuli, multifunctionality, compatibility with

micro- to nanofabrication, surface morphology or microstructures, biodegradability, and physical

or chemical gradients. Many promising approaches have been reported using existing surface

modification technologies based on both physical and chemical methods for rendering fabricated

coatings on biomaterials, from basic self-assembly of molecules to top-down construction of bulk

materials. The development of technologies in this field is pursued by exploring complimentary

and/or combinatorial strategies based on both existing and newly discovered methods, and these

technologies are paving the way for advanced and effective functional biointerfaces for prospective

biomaterials. This eBook provides insights into current obstacles in the development of biointerfaces

for biomaterials and discuss current progress with examples of solutions to interface problems, and

this work is suitable for audiences interested in biology and materials science who seek solutions to

biointerface problems and challenges. The Editors are grateful for the contributing authors and their

input regarding research and prospective insights for the eBook, the funding support (detailed in the

Editorial) leading to the publication of the eBook, and finally the publication resources provided by

MDPI Coatings.

• Surface coatings are useful for changing surface properties according to the requirements for

numerous marine and biological applications. Surface coatings modified by vapor phase, plasma,

dry-/wet-etching, and solutions also provide considerable advantages in forthcoming industrial

technology.

• For this eBook, we invited experts from different fields and describe their latest technology in detail

for material selection, deposition, characterization, and evaluation.

• In the editorial of the eBook, two Guest Editors summarize the latest technology and applications

of surface coatings in biomedical engineering. They split the surface properties into three

dominant factors, i.e., topography, chemistry, and stiffness, and discuss cell–material interactions at

biointerfaces.

• In the review paper in this eBook, the surface coatings of orthopedic implants are discussed

and summarized. The authors also highlight the currently available nanomaterial-based surface

modification technologies available to augment the function and performance of these metallic

bioimplants in a clinical setting.
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• In the next two feature papers, bioceramic coatings fabricated by plasma spray for bone implants

and microbicidal coatings for antimicrobial surfaces were investigated. The first paper shows that

Sr–HT–G and HAp coatings both have good biocompatibility for bone marrow mesenchymal stem

cells (BMSCs), whereas the second paper presents a new surface design for the production of durable

microbicidal coatings. These two applications will be widely useful in clinics and beneficial in

next-generation implants.

• In the next four research papers, the authors report different surface coating methods and

characterizations, including chemical vapor sublimation and deposition (CVSD), micro-arc oxidation,

magnetic poly(vinyl alcohol) (mPVA) gels, and matrix-assisted laser desorption/ionization-time of

flight mass (MALDI-ToF mass) spectroscopy. These studies show the diversity of surface coatings

and their applications.

• In the next two research papers, the authors focus on coatings for bone tissue engineering. The

first paper suggests that the established NT-ICA-ASP/PLGA substrate is a promising candidate for

functionalized coating materials in Ti implant surface modification. The second paper shows that

PPy/PDA NW coating has better biocompatibility and bioactivity than pure PPy NWs, and PDA and

has benefits for the adhesion, proliferation, and osteogenic differentiation of MC3T3-E1 cells cultured

on the surface. In addition, PPy/PDA NWs can significantly promote the osteogenesis of MC3T3-E1

cells in combination with micro-galvanostatic electrical stimulation (ES).

• In the last two research papers, corrosion properties and anticorrosion coatings are studied and

developed. The first paper reports that UMAO/PLGA/BR coatings have excellent biological activity,

which can effectively solve the clinical problem of the rapid degradation of pure magnesium and

easy infection. The second paper was inspired by mangrove leaves that have salt glands that

can secrete excessive ions to control ion transport in and out. The authors fabricated bipolar,

hydrophobic coatings by doping ion-selective resins and constructing surface structures, which

restrict the transport of corrosive substances and electrochemical corrosion at the coating/metal

interface. They showed that the bioinspired coatings effectively blocked and controlled the transport

of both Na+ and Cl, and together with the hydrophobic surface, the coating system exhibited

significantly improved anticorrosion properties, a more than three-fold decrease in corrosion current

density compared with the control group (epoxy varnish).

• Surface coatings have a decisive impact on a material and are constantly evolving with new needs.

It is expected that the above studies will be informative to the reader.

Hsien-Yeh Chen and Peng-Yuan Wang

Editors
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The success of recent material science and applications in biotechnologies should be
credited to developments of malleable surface properties, as well as the adaptation of conju-
gation reactions to the material surface [1–4]. An article additionally addressing the progress
and challenges of biointerface modifications using integrated nanomaterial bioimplants for
orthopedic applications was also thoroughly reviewed in the current Special Issue by Ahir-
war et al [5]. A biointerface is the region of contact between a biomolecule, cell, biological
tissue, or living organism considered living with another biomaterial or inorganic/organic
material. The surface property of a material is highly important, even compared to the bulk
property [6]. For example, a hydrogel is soft (e.g., 1–100 kPa) but could have a stiffer thin
layer on the top surface (>100 kPa) that modulates cell adhesion at the biointerface. On the
other hand, rigid materials can also be modified with a softer surface coating to enhance
biocompatibility. Therefore, surface modification or coatings have immense potential and
wide application in biomedical devices and implants [7]. The crucial biointerface properties
of using biomaterials include the ability to control the presentation of biomolecules with
precisely defined chemical topology, the ability to control and suppress undesirable back-
ground noise from nonspecific biomolecules (e.g., protein) adsorptions, smart response with
respect to environmental stimuli, multiple functions that are simultaneously activated, and
surface gradients with gradual and cascade guidance from physical and/or chemical cues.
These properties may subsequently lead to successful biodevice/material performance and
efficacy. In the article “Proteomic Analysis of Biomaterial Surfaces after Contacting with Body
Fluids by MALDI-TOF Mass Spectroscopy”, Hirohara et al. developed an analysis method to
evaluate the composition of protein absorbed on solid surfaces while preventing the effects
of pipetting artifacts. The method includes denaturation, reduction, alkylation, digestion,
and spotting of the matrix followed by matrix-assisted laser desorption/ionization-time of
flight mass (MALDI-TOF mass) spectroscopy. The authors also developed an algorithm to
evaluate the adsorbed proteins by collating the experimental and theoretical peak positions
of fragmented peptides. Their results showed the mechanism of how the cell and tissues
are affected after biomaterial contact [8].

Furthermore, biomolecular engineering technologies have enabled the successful use
of these polymer materials. The use of physical approaches or chemical means to install
biological functions onto polymer materials is of interest within this area of research. From
a physical point of view, the ability to control biomolecules at the solid/liquid interface
requires adequate knowledge and understanding of surface interactions, transport phe-
nomena of interacting molecules, interactions with external stimuli, and surface functional
groups. From a chemical point of view, conjugation reactions seek a fast reaction time, mild
reaction conditions, and, more importantly, specificity to achieve successful conjugation in
the vast array of functionalities present in biological microenvironments [9].

Coatings 2021, 11, 423. https://doi.org/10.3390/coatings11040423 https://www.mdpi.com/journal/coatings1
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Recently demonstrated and promising concepts have focused on the creation of
multiple surface functionalities on material surfaces [10–15]. The approaches consider the
physical and chemical surface properties while delivering cascading and/or simultaneous
activities to respond to sophisticated bioenvironments. Moreover, the need to precisely
incorporate biomolecules at specific locations on a micro/nanoscale, i.e., in confined
micro/nanodomains and to induce topographically derived responses toward biological
environments, has also become essential. These concepts have fueled modern schemes
for the design of prospective polymer materials for biological applications as well as more
advanced developments in biointerface science. In the article “Facile Route of Fabricating
Long-Term Microbicidal Silver Nanoparticle Clusters against Shiga Toxin-Producing Escherichia
coli O157:H7 and Candida auris”, Gangadoo et al. reported a facile coating technique using
silver nanoparticles (Ag NPs) to fabricate a surface with long-term microbiocidal activity.
The Ag NP coating was fabricated on copper surfaces via an ion-exchange and reduction
reaction followed by a silanization step, resulting in high-aspect-ratio Ag NP clusters. Their
results demonstrated the durability and high efficiency of microbiocidal activity against
both Shiga toxin-producing E. coli and C. auris cells [16]. In the article “One-Step Preparation
of Nickel Nanoparticle-Based Magnetic Poly (Vinyl Alcohol) Gels”, Li et al. established a one-
step synthetic method of magnetic poly (vinyl alcohol) (mPVA) gels. Using this method,
multiresponsive gels were obtained by incorporating Ni nanoparticles (NPs) into a stimuli-
responsive polymer. Ni-NP PVA gels are anticipated to be applied for controlled drug
delivery systems, especially anticancer applications. This novel and facile method can
be utilized for magnetic gels for biotechnology [17]. In the article “Mangrove Inspired
Anti-Corrosion Coatings”, Cui et al. discovered that well-controlled transport of corrosive
substances is the critical key to anti-corrosion performance. The authors demonstrated a
bipolar hydrophobic coating that can effectively block and control the transport of both
Na + and Cl-, exhibiting significantly improved anti-corrosion properties and a more than
three orders of magnitude decrease in corrosion current density. These bioinspired coatings
may lead to outstanding and long-term anti-corrosion performance [18].

Surface topography, including nanostructure and roughness, is one of the critical
parameters of materials at biointerfaces. Advanced technologies, including electron beam
lithography, laser ablation, and electrochemical etching, have been developed to generate
surface nanotopographies [19,20]. In the article “Vapor-Stripping and Encapsulating to Con-
struct Particles with Time-Controlled Asymmetry and Anisotropy”, Wu et al. demonstrated the
fabrication method of particles with asymmetric and anisotropic structures by utilizing a
time-controlled vapor stripping and encapsulating process. The results showed that the
innovative process, chemical vapor sublimation and deposition (CVSD), enabled sensitive
soybean agglutinin (SBA) protein tubes to be encapsulated in poly-p-xylylene particles.
The SBA protein tubes retained their original morphology and could be used to construct
particles with asymmetric and anisotropic structures. In addition, the size of the particles
could be predicted and controlled. The CVSD process is a promising strategy for fabricating
particles [21]. Nevertheless, these methods are material-dependent. For example, silicon
has been commonly used in lithography and etching methods. Nanostructures have been
used to control cell adhesion and differentiation. The outcomes depend on the size, geome-
try, arrangement, density, and, not surprisingly, cell type. In general, nanostructures are
biocompatible, cell adhesive, low bacterial adhesive, low inflammatory, and biofunctional.
For example, nanostructures on a bone implant should induce a mild inflammatory effect
and good bone cell affinity and bone integration. In the article “Icariin/Aspirin Composite
Coating on TiO2 Nanotubes Surface Induce Immunomodulatory Effect of Macrophage and Improve
Osteoblast Activity”, Ma et al. used an aspirin (ASP)/poly (lactic–co–glycolic acid) (PLGA)
coating on icariin (ICA)-loaded TiO2 nanotubes (NT-ICA-ASP/PLGA). Compared to those
cultured on the Ti surface, macrophages on the NT-ICA-ASP/PLGA substrate displayed
decreased M1 proinflammatory and enhanced M2 pro-regenerative gene and protein ex-
pression, which implied an activated immunomodulatory effect. Moreover, when cultured
with conditioned medium from macrophages, osteoblasts on the NT-ICA-ASP/PLGA
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substrate showed improved cell proliferation, adhesion and osteogenic gene and protein
expression compared with those on the Ti surface. These results suggested that the NT-
ICA-ASP/PLGA substrate is a promising candidate for functionalized coating material in
Ti implant surface modification [22]. In the article “The Bioactive Polypyrrole/Polydopamine
Nanowire Coating with Enhanced Osteogenic Differentiation Ability with Electrical Stimulation”,
He et al. used a two-step method to construct a functional conductive coating of polypyr-
role/polydopamine (PPy/PDA) nanocomposites for bone regeneration. The PPy/PDA
NW coating exhibited better biocompatibility and bioactivity than pure PPy NWs and
PDA and was beneficial for the adhesion, proliferation, and osteogenic differentiation
of MC3T3-E1 cells cultured on the surface. In addition, PPy/PDA NWs significantly
promoted the osteogenesis of MC3T3-E1 cells in combination with micro galvanostatic
electrical stimulation (ES) [23].

Surface chemistry, including material chemistry, biomolecule grafting, and chemical
coatings, is another critical parameter of materials at biointerfaces [24–26]. Surface chem-
istry represents functional groups, electrostatic properties, and wettability on the material
surface. These properties are crucial in interactions with proteins, cells, and tissues. For
example, the carboxy group can stimulate osteogenic differentiation of mesenchymal stem
cells (MSCs). Uniform coatings such as spin coating provide a thin layer of polymer (~sub-
microns) on materials. The adhesive force between the thin layer and substrate is essential
for the long-term application of the materials. Nonuniform coatings can be achieved using
dewetting methods, which in turn generate nano or micrometer-scale features. In the
article “Corrosion Behavior and Biological Activity of Microarc Oxidation Coatings with Berberine
on a Pure Magnesium Surface”, Mu et al. reported a coating named ultrasonic microarc
oxidation/polylactic acid and glycolic acid copolymer/berberine (UMAO/PLGA/BR) on a
pure magnesium substrate for bone materials. Different amounts of berberine (BR) can seal
the corrosion channel to different extents. These coatings have a self-corrosion current den-
sity (Icorr) at least one order of magnitude lower than that of the UMAO coatings. When
the BR content was 3.0 g/L, the self-corrosion current density of the UMAO/PLGA/BR
coatings was the lowest (3.14 × 10−8 A/cm2), and the corrosion resistance was improved.
UMAO/PLGA/BR coatings have excellent biological activity, which can effectively solve
the clinical problem of rapid degradation of pure magnesium and easy infection [27]. In
the report “Chemical and Biological Roles of Zinc in a Porous Titanium Dioxide Layer Formed
by Micro-Arc Oxidation” by Shimabukuro et al., zinc incorporated by microarc oxidation
(MAO) in porous titanium dioxide was investigated under physiological saline conditions.
The time transient state from zinc to zinc oxide led to early stage release in 7 days and
antibacterial ability after 28 days of incubation. Additionally, there was no interruption
of osteogenic cell proliferation and calcification in zinc specimens. In conclusion, time-
transient zinc not only gives antibacterial properties but also shows great compatibility
with osteogenic cells and has great potential in chemical and biological fields [28].

Surface stiffness in the material top surface (~submicrons) is crucial in controlling
cell adhesion, the cytoskeleton, and cell differentiation [29]. In vivo, the stiffness of the
extracellular matrix (ECM) ranges from a few kPa (e.g., brain) to GPa (e.g., bone). Thus,
it makes sense that surfaces with different stiffnesses could mimic the native ECM and
guide cells to become a specific cell type. The top surface of materials is easily oxidized,
altering the stiffness of the surface. Because the top surface has a more dominant effect
on cell behavior than the bulk material, technology with higher resolution is needed to
analyze the mechanical properties of the top layer. In the article “Mechanical Properties of
Strontium–Hardystonite–Gahnite Coating Formed by Atmospheric Plasma Spray”, Pham et al.
measured the mechanical properties and tested the cell viability of a bioceramic coating,
strontium–hardystonite–gahnite (Sr–HT–G, Sr–Ca2ZnSi2O7–ZnAl2O4), to evaluate the
potential use of this novel bioceramic for bone regeneration applications contrasted to
the properties of the well-known commercial standard coating of hydroxyapatite (HAp:
Ca10(PO4)6(OH)2). The Sr–HT–G coating exhibited a more uniform distribution of hardness
and elastic moduli across its cross-section compared to HAp. The Sr–HT–G coating also
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revealed higher microhardness, nanohardness and elastic moduli than those shown for the
HAp coating. The nanoscratch tests for the Sr–HT–G coating presented a low volume of
material removal without high plastic deformation. Furthermore, the Sr–HT–G coating
had a lower wear volume than the HAp. The Sr–HT–G coating had a slightly higher cell
attachment density and spreading area of bone marrow mesenchymal stem cells (BMSCs)
than the HAp coating [30].

Finally, biointerfaces often contain a combination of surface topography, chemistry,
and stiffness. These three properties are sometimes difficult to distinguish. For exam-
ple, the generation of surface nanotopography could change the surface wettability, and
polymer coating could alter the surface nanotopography. Recently, a new family of two-
dimensional (2D) materials called colloidal self-assembled patterns (cSAPs), composed
of different particles, has been developed [31,32]. The formed particle patterns can be
hexagonal, close-packed, or randomly distributed. The topography of cSAPs can be tuned
by controlling particle-particle interactions. It is easy to decorate biosignals on cSAPs
using pre- or postmodification of particles. cSAPs can be used as substrates, coatings, and
free-standing membranes, depending on the application. cSAPs can be the next-generation
material at biointerfaces. As more stringent specifications are required for designing the
surface properties of prospective materials and the development of new devices is pursued
with complicated geometries and minimized sizes, the surface properties of such mate-
rials/devices now also require a more defined and flexible presentation of the chemical
functionalities (e.g., multifunctional or gradient distribution) and the precise confinement
of these chemical conducts in relevant locations of interest [33]. The emerging applications
of the existing technologies and/or new technologies from two dimensions into more so-
phisticated three-dimensional regions [34] are challenging the field of biointerfaces science,
and further research developments are expected on this path.
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Abstract: Significant research and development in the field of biomedical implants has evoked the
scope to treat a broad range of orthopedic ailments that include fracture fixation, total bone replacement,
joint arthrodesis, dental screws, and others. Importantly, the success of a bioimplant depends not
only upon its bulk properties, but also on its surface properties that influence its interaction with the
host tissue. Various approaches of surface modification such as coating of nanomaterial have been
employed to enhance antibacterial activities of a bioimplant. The modified surface facilitates directed
modulation of the host cellular behavior and grafting of cell-binding peptides, extracellular matrix
(ECM) proteins, and growth factors to further improve host acceptance of a bioimplant. These strategies
showed promising results in orthopedics, e.g., improved bone repair and regeneration. However,
the choice of materials, especially considering their degradation behavior and surface properties, plays
a key role in long-term reliability and performance of bioimplants. Metallic biomaterials have evolved
largely in terms of their bulk and surface properties including nano-structuring with nanomaterials to
meet the requirements of new generation orthopedic bioimplants. In this review, we have discussed
metals and metal alloys commonly used for manufacturing different orthopedic bioimplants and the
biotic as well as abiotic factors affecting the failure and degradation of those bioimplants. The review
also highlights the currently available nanomaterial-based surface modification technologies to
augment the function and performance of these metallic bioimplants in a clinical setting.

Keywords: bioimplants; orthopedic; metallic biomaterials; degradation; surface modification;
coatings; nanomaterials

1. Introduction

Orthopedic bioimplants play a significant role in improving the quality of human life [1]. In this
regard, bone–implant interface greatly influences bone healing through an osseointegration process [2].
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The appropriate surface properties of orthopedic bioimplants include modulation of the differentiation
of mesenchymal stem cells to express osteogenic phenotype [3,4]. Besides, surface modification of these
bioimplants can also facilitate the biodegradation process [5,6], improve the mechanical properties
commensurate with the native bone and improve integration with host tissue nearby. Furthermore,
surface modification can provide antibacterial properties to avoid any post-surgery infections [7].
The above requirements of surface modifications can be adapted by metallic materials that have
inherent bulk properties to be used in orthopedic applications.

Metallic bioimplants are manufactured by innovative manufacturing technologies to meet the
ever-increasing demand for orthopedic applications [1]. Among the various bioimplants that have
been developed for orthopedic, bioimplants used to assist bone fracture are currently in demand [8,9].
Amid the reported metallic biomaterials, materials such as stainless steel (SS 316L), titanium alloy
(Ti-6Al-4V) and cobalt-chromium (Co-Cr) alloy have been investigated a lot owing to their suitable
bulk properties [10]. Other non-metallic materials that have been explored in bone fracture fixation that
include alumina (Al2O3), nylon 6/6, polymethyl methacrylate (PMMA), etc. [8,9,11,12]. Efforts have also
been directed towards the modification of bulk properties of metallic biomaterials to render them with
mechanical properties commensurate with that of a native bone, which could reduce stress shielding
at an interface of tissue and bioimplant [12,13]. The excellent biocompatibility, hemocompatibility and
high fatigue strength have positioned the metallic biomaterials as most suitable materials for orthopedic
applications [14]. However, these bioimplants are prone to problems of wear and corrosion in a
blood/tissue milieu [15,16]. The leachates of corrosion and infection labile nature of metallic surface may
trigger immunological reactions [17,18], leading to the need for heavy intake of immunosuppressant
or other treatments causing deleterious effects on the patient’s health [19]. The major limitations
of metallic biomaterials are their non-integration with host tissue owing to the above-mentioned
inappropriate surface properties, vulnerability to post-surgery microbial infections, and other related
risks that may demand a revision surgery and removal of bioimplants [8,12,20].

Although efforts have been directed to overcome the challenges associated with bulk and surface
properties of these metallic bioimplants, nanomaterials have of late emerged as an alternative to
alter the surface properties for their better integration with host tissue, reducing the immunogenicity,
providing an infection-free surface and enabling the drug loading [21–26].

Surfaces of the orthopedic bioimplants serve as the site of interaction for surrounding living
tissue. Hence, it is imperative to enhance the biological performance of these bioimplants using
bioactive nanomaterials [27–32]. Surface engineering using nanomaterials and other suitable coating
technologies aims to design and develop the bioimplants with improved osseointegration for orthopedic
applications [28,33,34]. The commercialized surface treatment strategies for several of the orthopedic
metallic bioimplants have already been developed; those include grit-blasting followed by washing
with non-etching acid and distilled water, spark anodization in the presence of calcium phosphate,
sandblasted and acid-etched (SLA) treatment for the generation of macro/micro scale topography,
laser-lok technology to generate structured grooves and channels, chemical treatment for the creation
of nanoscale topography, molecular impregnation of calcium phosphate on a surface, plasma treatment,
and acid etching [35–42]. Some of the common commercial generated surfaces include tiunite surface
on titanium implants (Nobel Biocare Implant System) [43], SLA surfaces on Roxolid™—an alloy of
titanium and zirconium (Straumann Implant System) [44], Microchannelled surfaces through laser-lok
technology (Bio-horizons Implant System) [45], micro textured surface created by grit-blasting on
titanium (Zimmer Implant System) [46], NanoTite™ surfaces on bone implants (3i Dental Implants) [47],
and others. Surface modification processes such as grit blasting are achieved by bombardment
of bioimplant surfaces by means of silica, hydroxyapatite, alumina, or TiO2 nanomaterials, and
thereafter the surface is treated with a non-etching acid and distilled water to clean the un-bonded
nanomaterials [37,39,42]. Acid-etching treatments are generally performed using strong acids such
as hydrofluoric, nitric, or sulphuric acid to create micro/nanoscale roughness on the surface of the
bioimplants [35,37,38]. Several other techniques such as deposition techniques including dip coating,
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laser technology that creates hydrophilic and chemically active surface that promote osseoconductivity,
surface patterning by micro/nanochannels/groves for cellular infiltration, thermal spraying, biomimetic
deposition of calcium phosphate and hydroxyapatite for better bone integration, and sol-gel deposition
have also been developed to alter the surface of the metallic bioimplants [40,48]. These techniques
have already been clinically accepted and have been used as a surface treatment solution for several
orthopedic bioimplants.

The current review incorporates the description of the metals and metal-alloys that are commonly
used in manufacturing of different orthopedic bioimplants. The review critically discusses the biotic as
well as abiotic factors responsible for the degradation and failure of metallic/metallic-alloy bioimplants.
It also highlights the currently available advanced nanomaterial-based surface modification technologies
to enhance the function and performance of these metallic bioimplants. To further stimulate the
exchange of ideas among the experts in the field, the opinion from some of our experts is also included
to make this review more interesting and appealing for future readers, expecting more practical and
mature orthopedic bioimplants to be explored to improve human health.

2. Materials for Orthopedic Bioimplants

Appropriate selection of materials to support fracture and healing is critical for the long-term
success of orthopedic bioimplants. The choice of a bioimplant is primarily driven by the intended
application, amenability to manufacturing, and the potential market size. Among the different types of
biomaterials, metallic biomaterials including metals and metal alloys are widely used for manufacturing
of orthopedic bioimplants because of their biocompatibility, low cost, rich in resources, and appropriate
mechanical properties such as high tensile strength that provides strength to the fractured bones [1].
Some of the key metals and metal alloys used for orthopedic bioimplant manufacturing are discussed.
Table 1 summarizes the different biomedical metals, their properties and the manufactured bioimplants
from these metals and their applications.

Table 1. Biomedical metals, properties, manufactured bioimplants, and their applications.

Biomedical Metals Properties Applications Ref.

Ti and its alloys

Biocompatible, high fatigue strength,
flexible, low Young’s modulus, expensive,
low wear and corrosion resistance, good
tensile strength, reduced Stress shielding,

good osteointegration

total knee replacement (TKR), total hip
replacement (THR), bone screws and plates
for bone fracture fixation, screws/plates for
maxillofacial application in the cranio-facial

and mandibular areas.

[7,49–61]

SS 316L
Biocompatible, low fatigue strength, high
Young’s modulus, cheaper, high tensile

strength, Stress shielding

Bone plates, medullary nails, screws,
pins, sutures and steel threads used in

fixation of fractures.
[10,12,13,49,62,63]

Co-Cr alloy Biocompatible, high tensile strength, high
Young’s modulus, stress shielding

Orthopedic prostheses for the knee,
shoulder, ankle and hip as well as fracture

fixation devices
[10,13,49,64,65]

Magnesium (Mg)
and its alloys

Biocompatible, good osteointegration,
lower Young’s modulus, high strength,

biodegradable, no stress shielding

Used as a mesh cage for segmental defect in
long bone, 3-D scaffold design (tissue

engineering) for bone regeneration
[20,66–72]

2.1. Titanium (Ti) and Ti-Alloys

Titanium (Ti) and its alloys have the characteristics of low density, high mechanical strength and
excellent biocompatibility [73]. Ti in combination with other metals forms biocompatible Ti-alloys,
which are widely used in bioimplant manufacturing. One of the most commonly used Ti-alloy is
Ti-6Al-4V. It occupies approximately 45% of the total industrial production of Ti-based bioimplants [74].
The Young’s modulus of Ti alloys is in the range of 55–110 GPa, which is higher than that of a native
bone [52]. Therefore, the stress shielding effect remains an issue that can only be reduced, but currently
impossible to avoid [74]. Ti and its alloys are non-toxic and inert at in vivo environment due to
their corrosion resistant properties [73]. However, some studies have reported that aluminum and
vanadium ions released from Ti-6Al-4V alloys can potentially damage vital organs [75]. Vanadium
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ions are cytotoxic and known to cause poor osteointegration, while aluminum ions are known to
cause neurological disorders [76,77]. These concerns have led to the development of Al/V-free α + β

type Ti alloys with improved mechanical, tribological, and biological properties. These Ti-alloys have
almost similar characteristics as that of Ti-6Al-4V. However, elastic modulus is still much higher than
that of cortical bones (30 GPa). Thus, the generated stress shielding effect may further loosen the
implanted bioimplants [53]. Other new generation β-type Ti-alloy includes Ti35Nb2Ta3Zr, Ti-Nb-Ta-O,
Ti-Nb-Ta-Zr, Ti-35Zr-5Fe-6Mn, and Ti-33Zr-7Fe-4Cr, which have shown their respective advantages
for manufacturing of orthopedic bioimplants [51,54,57–61]. β type Ti-alloys are known to consist of
β-stabilizing elements such as Nb, Mn, Sn, Ta, and Zr. These elements are considered as safe for human
health and hence the alloys are considered as biocompatible in nature.

To overcome the challenges of infection and support better osseointegration, the surface of
Ti-alloys were modified through nanotexturing by the surface mechanical attrition treatment (SMAT)
process [50,56,78]. Other methods such as coating technologies using micro-arc oxidation (MAO)
have also been used to enhance the surface characteristics, biocompatibility, and osseointegration
of the bioimplants manufactured from Ti-alloys, especially of β type. For example, TiO2 doped
calcium-phosphate coating (Ca-P) and calcium-phosphate-strontium coating (Ca-P-Sr) were used to
improve the surface properties of Ti35Nb2Ta3Zr to enhance the in vitro and in vivo performance of
the bioimplant [79].

Titanium or their alloys are used to develop the tibial tray that accommodates tibial polyethylene
component in prosthesis for total knee replacement (TKR), femoral stem of endoprosthesis for total hip
replacement (THR), and bone screws and plates to fix fractures and plates/screws for maxillofacial
applications in the cranio-facial and mandibular areas [55,80,81].

2.2. Stainless Steel (SS)

Stainless Steel (SS) is one of the most widely used metallic biomaterials in orthopedics because of
their ease of manufacturing, low cost, and wide resource availability. SS contains a minimum of 10.5%
chromium and varying amounts of other elements such as iron, carbon, etc. [82]. As a result of chromium
addition, the surface of SS develops a thin and relatively passive metal oxide layer that protects the
surface against corrosion. In addition, at least 0.03% carbon in stainless steel (SS 316L) increases
its mechanical strength and maximizes the corrosion resistance properties and improves the overall
tribological performance of the bioimplants [82]. The SS 316L is inexpensive, reliable, and widely used
in orthopedic bioimplant manufacturing [12]. It has a lower carbon content than SS 316 (a stainless-steel
grade having 0.08% carbon) and offers excellent toughness to the overall bioimplant. SS 316L exhibits
relatively good biocompatibility compared to SS316 [49,82]. It has much higher elastic modulus (about
200 GPa) than that of a typical human femur cortical bone (10–30 GPa) [11]. This may result in high
stress-shielding at bioimplant–tissue interface leading to the failure of the implanted bioimplant [13,82].
In addition, SS bioimplants also succumb to fatigue damage due to their low fatigue strength [62].
SS-based bioimplants either need revision surgery or to be used as a permanent bioimplant after
bioactive coating or surface modification using bioactive nanomaterials. The modification of SS with
bioactive hydroxyapatite (HA) improves the osseointegration and bio-integration properties of an
orthopedic bioimplant [63,83,84]. Typical applications include bone plates, medullary nails, screws,
pins, sutures, and steel threads used in fixation of fractures [14,85–90].

2.3. Cobalt (Co) Alloy

Co alloys are wear, corrosion, and heat-resistant metallic materials used in bioimplant
manufacturing [64]. In vitro and in vivo tests confirmed that these alloys as biocompatible and
appropriate materials for manufacturing of surgical bioimplants such as orthopedic prostheses for the
knee, shoulder, and hip as well as fracture fixation devices. Typical Co-based alloy (Co-Cr-Mo alloy)
in conjunction with an ultra-high molecular weight polyethylene (UHMWPE) is used in prosthetic
knees and ankles [91]. The major alloying elements include Co, Cr, Mo, and Ni. Although these

10



Coatings 2020, 10, 264

are essential trace elements in a human body, they have been well proven to be toxic when leached
out in a body due to corrosion of cobalt alloys. The excessive presence of these trace elements (Co,
Cr, and Mo) has been reported to damage organs such as the kidney, liver, lungs, and also blood
cells [92]. The elastic modulus and ultimate tensile strength of the Co-alloys are 200–230 GPa and
430–1028 MPa, respectively, which is approximately 10 times higher than that of a human bone [49].
Hence, the bioimplants manufactured from these materials may result in stress-shielding effect at
a bioimplant–tissue interface [13]. The surface modification of Co-Cr-Mo alloy implants could be
achieved by low temperature plasma treatment, where surface get alloyed with nitrogen and carbon
through S-phase transformation [65]. This process improves the hardness, corrosion, and wear resistant
properties of Co-Cr-Mo alloys.

2.4. Biodegradable Metals

Biodegradable metal-based orthopedic bioimplants eliminates the complications associated with
the long-term presence of bioimplants in human body. Once these materials degrade, the degradation
products can be metabolized to fulfill the elemental requirements of the metabolic pathways [20,66].
Among the different metals, magnesium (Mg) shows a great promise as a biocompatible and
biodegradable material [66,69]. The attractive characteristics of Mg are its high strength, elastic
modulus, and a close resemblance to the modulus of a human bone. The properties such as high
mechanical strength can reduce the amount of bioimplant material needed for an applied load and hence
to manufacture the bioimplant. The reduced elastic modulus of the bioimplant can prevent the modulus
mismatch between a bone and Mg-based bioimplant, leading to the reduction in the stress shielding
at bone–bioimplant interfaces [66]. The mechanical properties of the Mg alloys can be enhanced by
alloying with aluminum and other alloying elements [68]. Current investigations are centered on
identifying the new Mg-alloys with no or low cytotoxicity. Various biomedical Mg-alloys such as
Mg-Y-Nd [93] and Mg-Ca [94] have been studied for the development of biodegradable Mg-alloy-based
orthopedic bioimplants. Alloying metals have to be carefully selected to avoid metal-related toxicity
and corrosion [20]. The major limitation of Mg and Mg-alloys is their low corrosion resistance. Low
corrosion resistance results in rapid release of the degradation products due to fast in vivo degradation.
These necessitate the surface modification of these materials too [71]. Mg-alloys are also being explored
for tissue engineering (3-D scaffold design) for bone tissue regeneration [67,68,70,95].

3. Degradation of Orthopedic Bioimplants

Degradation is one of the major considerations in bioimplant design, processing, and application.
Biodegradable implants are expected to degrade progressively over a period of time to assist in the
healing process and compensate for the clinical need. Bioimplants are designed either to degrade
or remain inside a body rather than their removal after their function is served. Degradation of the
bioimplants is desirable in several cases such as absorbable sutures, drug delivery system, and tissue
engineering [3,96,97].

3.1. Metallic Bioimplant Degradation: Role of Biological Factors

Metallic materials used for the manufacturing of orthopedic bioimplants are high strength and
corrosion-resistant metals and metal alloys. The prospective applications of these materials are to
provide long-term mechanical support to the biological structures, while remaining inert and interacting
minimally with the neighboring biological tissues [98]. However, these metallic materials undergo
degradation following a time-dependent kinetics after being in contact with biological moieties for a
long period of time (Figure 1a). Biological components are also chemically active, generating various
ionic species during their metabolism. These chemical moieties are known to interact with the surface
of metal/metal alloy-based bioimplants [99]. After initial phases of adsorption and surface oxidation,
the proteins slowly interact with the implant surface in a size-dependent manner, with smaller proteins
interacting being the initiator. Johnson et al. reported the degradation effects of fetal bovine serum
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(FBS) on a Mg-alloy bioimplant [100]. The investigation demonstrated an oxidized Mg-Yttrium (MgY)
was much more resistant to degradation in FBS compared to a native Mg-Y. The response of host body
chemistry to the implant such as inflammation-dependent release of reactive oxygen species (ROS)
creating an oxidative environment determines the degradation pattern of metal and metal-alloy [101].

Figure 1. (a) Graphic illustration of the degradation kinetics of a typical metal bioimplant and (b) cyclic
representation of metallic bioimplant degradation pathway [99]. Adapted with permission from [99];
2018 Springer.

3.2. Time Dependent Degradation Effects

The degradation process starts immediately after the bioimplants are implanted inside the body.
The overall degradation is a time dependent process, as illustrated in Figure 1a. The degradation
pattern of a metallic bioimplant (for example, Mg-alloy-based bioimplant) undergoes an initial linear
degradation that includes the oxide layer formation followed by a metal-protein-based degradation
mechanism. The process is further followed by an encapsulation of a bioimplant by a fibrous tissue
causing a complete isolation of a bioimplant from the surrounding tissue site. In the final step,
the chronic inflammation starts clearing up the metallic implant materials via secretion of alkaline
enzymes and ROS [102]. The transition from an early phase of metal-alloy chemistry to late stage
of macrophages engulfing results in the erosion of metal particles, elevating the inflammation, and
rapid degradation of the bulk material. Long-term studies on metallic degradation (6–24 weeks) have
shown a time dependent decrease in the metal ion release in the tissue compared to the incremental
degradation observed in nature. This type of degradation was also found to pass through a stabilization
phase during a period of 6 to 24 weeks as shown in Figure 1a. Furthermore, it is also evident that some
proteins can bypass the normal route of metal-alloy interaction and directly bind to the metal surface
without the formation of an oxide layer as shown in Figure 1b. In addition, initiation of localized
corrosion at the load-bearing site contributes towards the metal erosion to a greater extent than the
other parts [99].

3.3. Degradation Mechanism

Metal and metal alloy-based bioimplants are prone to corrosion in a tissue and blood milieu.
The corrosion process is a hallmark of a degradation process. It usually starts with the redox reactions
and hydrolysis at the interface involving electron or proton exchanges (Figure 2a). These reactions
yield hydroxides that precipitate over the metal surface. These precipitates are known to cause foreign
body reactions, further resulting in a severe inflammation and long-term fibrous tissue development.
Metals such as silver (Ag) and gold (Au) are more resistant to the corrosion as compared to iron (Fe)
or aluminum (Al). These precious metals are sometimes used as a coating to modulate the corrosion
rate of the bulk metals used in manufacturing of the load bearing bioimplants for an orthopedic
application. Iron or related materials usually precipitate as metal-protein complexes in the subsequent
steps (Figure 2b). Steinemann et al. have reported that the produced metal–protein complexes are
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insoluble in a body fluid and determine the stability of the hydrolyzed products [103]. In addition,
metal oxidation depends on the physical properties of a metal such as crystalline or amorphous nature
of a metal [104]. It has been observed that the rate of degradation is lower for the amorphous metal
oxides compared to the crystalline oxides [104]. The slow degradation of any amorphous oxides
is due to the higher capacity of amorphous metal oxides to form organic complexes compared to
crystalline metal oxides in an aqueous medium dominated by hydroxyl ions. The observed effect could
also be due to weaker metal-oxide bonding with each other owing to larger inter-atomic distances in
amorphous metal oxides. This weaker bonding could be easily leveraged by the macromolecules such
as proteins, giving rise to the complexes (metal–proteins) that protects the underlying metal layer [105].
In this contest, metals such as Ti form the most stable oxide layer. The metal alloy-based orthopedic
bioimplants manufactured from titanium–aluminum–vanadium (TiAlV) have further shown promising
resistance to corrosion and metal ion release in the presence of proteins compared to the bioimplants
made from metal-alloys such as SS 316L [73]. In addition, the physical imperfections and long-term
wear and tear are also responsible for the corrosion of metal implants. Santos et al. have reported the
initiation of degradation in metallic screws and plates at the site of wear/tear that have undergone
specific corrosion at the load bearing areas [106]. In the implants such as screws and plates that bear
regular load, there is a greater tendency to accumulate maximum precipitate at the grain boundaries of
these metal/metal alloys implants (Figure 2c). Deposition of a larger precipitate at the grain boundary
in combination with the regular abrasive motion on the surfaces deems them much susceptible to
corrosion [106,107]. Furthermore, physical imperfections have also been known to contribute towards
the localized corrosion, precipitation, and aggregation of a large quantity of metal–protein complexes
at the specific site, thereby weakening the load-bearing structures. The physical imperfection also
leads to fretting corrosion that is a combined form of local imperfections and micro motion, observed
specifically in screw plate models of orthopedic bioimplants (Figure 2d).

Figure 2. Mechanism of metallic bioimplant degradation (a,b) [15,16] and fretting corrosion tests on
orthopedic plates and screws made of ASTM F138 stainless steel (c,d) [106]. Adapted with permission
from [15]; 2008 John Wiley & Sons; Adapted with permission from [16]; 2003 Springer.

Following ionic interactions, proteins are known to get adsorbed relatively quickly within seconds
to hours, even on a metal’s surface with similar charges. The differences in the kinetics of adsorption
of the different proteins leading to an intense competition for binding to the oxide layer on the
metallic surface. Moreover, this oxide layer formation is itself influenced by the surface properties like
roughness, surface energy, and others [108]. The formation of these metal oxide–protein complexes
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accelerates the degradation process. Several other factors in an in vivo environment such as ionic
strength of the local environment, pH, and physical stress on the oxide layer further govern the
degradation kinetics [108]. For example, albumin with high concentration in synovial fluid strongly
binds to the metal surfaces. The presence of any defect further enhances these phenomena generating
metal–protein complexes, which in turn reduce the rate of erosion of a metal surface [109].

3.4. Metal Self-Induced Biological Responses

Metal–protein conjugates can act as signaling molecules for the secondary inflammation that
is more intense than the primary inflammation [102]. The debris of the materials can sensitize the
immune system depending upon the size of debris (nano or macro size), which induces increased
cellular responses causing rapid degradation [110]. In in vivo environment, bioimplants subjected
to mechanical stresses are more vulnerable to degradation. Hence, metal-alloy bioimplants that are
mostly used in the high stress and load bearing conditions need to be evaluated for their long-term
fatigue and friction-based degradation [111]. Oxidative stress in the tissue due to an increased
ROS generation, Fenton chemistry-based corrosion in combination with fatigue-based degradation,
significantly promotes the degradation rate [112].

4. Surface Modification Effects

Surface modification is usually carried out to minimize bacterial adhesion, inhibit biofilm formation,
and provide effective bacterial extermination to protect the implanted biomaterials [7,28,113,114].
Furthermore, their role is to provide stealth properties to a bioimplant for any immunogenic reactions,
better integration with the surrounding tissue, and enable appropriate cellular responses. For example,
Ag nanoparticle coating over the Ti surface has been carried out to construct an improved bioactive
and biocompatible surface (Figure 3a–c) [115]. Ti-based bioimplant and tissue integration could be
promoted by surface decorated with Ag nanoparticles, through the promotion of H2S production.
The production of H2S upregulates the expression of sulphur containing proteins such as albumin
that is highly beneficial for the enhanced metal–protein interactions. Further the tissue could well
interact with the Ti-Ag complex, resulting in an enhanced bone regeneration as shown in the Figure 3b.
Controlled degradation behavior of Ti-Ag complex could cause the local release of Ag+ ions, resulting
in an enhanced tissue integration, anti-bacterial effect, osteoconductivity, and long-term low toxicity
(Figure 3c). These effects could demonstrate multiple therapeutic effects of Ag-nanoparticle coating on
a bioimplant surface. Similarly, different strategies are employed to prevent infection on a metallic
bioimplant surface using antibiotics, antimicrobial peptides, inorganic antibacterial metal elements,
and antibacterial polymers [116]. Certain surface modifications could also cause changes in the
mechanical and biological properties of the bioimplant material. The physical/bulk modification is
performed to obtain an optimum shape and size of a biomaterial with an appropriate mechanical
behavior, while chemical modification is carried out to render bioactivity to the surface of a material.
These alterations to materials empower them with improved cell adhesion, attachment, and eventually
proliferation [115,117]. The tissue interacts predominantly with these materials at an interface where
nanomaterials decorate the surface of a bioimplant. As shown in the Figure 3d, Ag-nanoparticle could
act as a focal point of tissue adhesion and bone growth through interaction with calcium that regulates
the biological responses. Nanomaterials are the advanced materials that could be effectively utilized
to improve the surface and bulk properties of orthopedic bioimplants. A class of nanomaterials in
response to electric/magnetic fields or polarization exhibit anti-bacterial properties without affecting the
surface chemistry of bioimplants [118]. Nanotechnologies could improve the antibacterial response of
the prosthetic bioimplants, which include compositional modification, surface chemistry alteration, as
well as the application of properly tuned external stimuli [7,118]. Various desirable surface properties
such as protein adsorption, osteoblast attachment, osteoblast differentiation, antibacterial activity,
biocompatibility with living tissues is achieved through nanomaterials. Further, corrosion resistance of
the bone–bioimplant interface has been achieved by modifying the surface of the bioimplants through
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nano-structuring and functional nanocoating. A number of antibacterial agents, such as Ag, Au,
zinc oxide (ZnO), zirconium nitrate (Zr(NO3)4), zirconium oxide (ZrO2), titanium oxide (TiO2), have
been incorporated in a hydroxyapatite (HA) matrix to develop HA-based antibacterial coatings for
orthopedic metallic bioimplants, which allows no bacterial growth on the bioimplant substrate and
improves bio-integration properties [25,119–123].

Figure 3. (a) Ti-based bioimplant–tissue integration promoted by Ag nanoparticles; (b) H&E staining at
2, 6, and 12 weeks of implantation showing enhanced bone growth around the bioimplant. (c) Controlled
release of Ag-nanoparticle (Ag NPs) from Ti surface causing enhanced tissue integration, anti-bacterial
effect, osteoconductivity, and long-term low toxicity; (d) Schematic showing AgNPs acting as focal
point of tissue adhesion and bone growth through interaction with calcium that regulates the biological
responses [115]. Adapted with permission from [115]; 2017 American Chemical Society.

5. Improving the Surface Properties of Bioimplants Using Integrated Nanomaterials

A proper design of a bioimplant material is aimed to provide durability, functional stability, and
an appropriate biological response. Durability and functionality depend on the bulk properties of
the material, whereas biological response depends on the surface chemistry, surface topography, and
surface energy of a biomaterial. Surface modifications of bioimplants play a vital role in matching the
complexities of the biological system and improving the performance of the bioimplant materials [25].
In this context, nanomaterials could be effectively utilized to improve the surface properties of several
orthopedic bioimplants [26,124].

5.1. Surface Coating Using Ag-Based Nanocomposites

Silver (Ag) possesses an inherent antibacterial property and low toxicity to human cells, rendering
it as an appropriate antibacterial agent for biomedical applications [125]. Ag can be used in the form of
ions and compounds to destroy the bacterial cells [26,121,125]. Ciobanu et al. introduced a method for
synthesizing Ag-doped nanocrystalline hydroxyapatite (HA) [126] in which Ag doped nanocrystals of
HA was synthesized at 100 ◦C in deionized water. The Ag-doped nano-HA materials demonstrated an
excellent cell adhesion and cell proliferation resulting in the synthesis of bone-related proteins and
deposition of calcium. These hybrid nanomaterials could be used as a promising candidate for the
coating and the surface modification of orthopedic bioimplants. There are two major mechanisms
primarily responsible for the antibacterial response of Ag in several nanomaterials [127]. Primarily,
it forms Ag+ ions during its oxidation, which is highly reactive with bacterial cells. These ions in
the form of nanoparticles can bind to DNA, RNA, and proteins in bacterial cells to further inhibit
the growth of bacteria [128]. Ag+ ions are also responsible for bringing the structural changes in the
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bacteria and promote cell distortion. The antibacterial activity of Ag-based nanocomposite could also
be attributed to the formation of ROS, which includes free radicals such as super oxides, hydroxyl
radicals, etc. These super oxides and hydroxyl-free radicals are responsible for the antibacterial
response from these surface modified orthopedic metallic bioimplants [121]. In order to induce
antibacterial properties to Ti bioimplants, Yang et al. utilized friction stir processing (FSP) to embed
silver nanoparticles (AgNPs) in a Ti-6Al-4V (TC4) substrate. Here, silver nanoparticles placed in the
preformed grooves on the surface of TC4 when subjected to FSP, they get homogenously distributed
in the surface of TC4 matrix. The distribution profile of AgNPs is dependent on the depth of the
preformed grooves [129,130]. On examination, it was observed that silver-rich NPs with a size ranging
from 10 to 20 nm were diffused into the substrate. Thus, both FSP and the addition of silver increase
the corrosion resistance and reduce the infection rate. The antibacterial effect is independent of Ag+

ion release and is likely due to the number of embedded silver NPs on the surface. TC4/Ag metal
matrix nanocomposite is a potential nanocomposite that embeds AgNPs on a biomaterial surface for
creating balance between the antibacterial effect and biocompatibility. The modified surface possesses
an antibacterial properties [129,130].

5.2. Surface Coating Using Nano-TiO2 and TiO2-Based Metal Nanocomposites

Titanium oxide (TiO2) nanomaterials have an excellent biocompatibility and chemical stability for
which these nanomaterials have been used as coating over the metallic bioimplants [131]. In presence
of light, TiO2 oxidizes to produce free radicals (e.g., hydrogen peroxide, superoxide and hydroxyl
free radicals). These free radicals have already demonstrated to elicit antibacterial responses [132].
TiO2 coating on metallic bioimplants could be activated using direct organic coating like spray coating
of polymers where doped antibacterial metal ions (Ag+) are released as an “antibiotic” providing
antibacterial property to a bioimplant surface. In this process, Ti-based bioimplant surface is doped
with Ag+ through hydrothermal treatment on polyethylene glycol (PEO), which significantly modulates
the surface chemistry of the metallic bioimplant. The remodeled surface undergoes a patterned and
slow degradation releasing Ag+ ions in a controlled manner, leading to increase in the expression of
ROS that is detrimental to the bacterial cell wall integrity (Figure 4a) [121]. The other method could
be the unique redox photochemical induced mechanism that promotes enhanced bone–bioimplant
integration [123]. The inorganic coating onto the bioimplant serves as a site for the redox photochemical
reaction. The photochemical reaction results in the development of an electrolytic process by release of
ions from the bulk material surface upon exposure to ultraviolet rays. The redox photochemical-based
deposition of TiO2 demonstrated highly active surface-induced antimicrobial activity by its capacity
to generate cations (Figure 4b). The later mechanism also creates an excellent corrosion resistance
TiO2 layer over the bioimplant surface that protects an orthopedic bioimplant from bacterial attack
as well as corrosion. TC4 surface modification is being explored by FSP to create a nanocomposite
of TiO2 and TC4. It is a method where an intense, localized plastic deformation is produced on the
surface of a TC4. This results in the formation of nanocrystalline and amorphous TiO2 on the surface
of TC4. The presence of nanocrystalline and amorphous TiO2 improved the surface properties like
surface microhardness, biocompatibility, and resistance to corrosion [133]. The FSP also resulted in the
uniform incorporation of TiO2 particles to the surface of TC4 matrix. Due to the grain refinement and
phase transformation, the surface microhardness and corrosion resistance properties of modified TC4
was improved. In vitro studies demonstrated an enhanced cell adhesion and proliferation capability of
the TC4 substrate and modulated the biocompatibility of TC4 substrate [133,134].
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Figure 4. (a) Schematic demonstrating stepwise fabrication of antibacterial responsive coating of
Ag+ doped TiO2 [121]; (b) Schematic showing the deposition and antibacterial action of TiO2 coated
bioimplant via redox photochemical method [123]; (c) Schematic illustration of antibacterial response
of ZnO-based nanomaterial coating [118]; (d) Schematic showing ion beam assisted coating of
antibacterial Ag-CeSZ-based nanomaterial coating [120]. Adapted with permission from [118]; 2018
ACS Publications; Adapted with permission from [120]; 2019 Elsevier; Adapted with permission
from [123]; 2011 SAGE Publications.

5.3. Surface Coating Using ZnO-Based Nanocomposite

The surface modification using HA-ZnO nanocomposite can reduce ions leaching from a metal alloy
and prevents the bacteria colonization over a bioimplant surface (Figure 4c) [118]. The experimental
investigation suggested that the number of bacterial colonies could be reduced to 13% from 50.45%
when ZnO content was increased from 1.5% to 30% (wt) in a HA-ZnO nanocomposite. The antimicrobial
responses of ZnO-based composites are due to the formation of ROS and release of Zn2+ ions as shown
in Figure 4c [119]. ROS are toxic to gram-negative bacteria, while Zn2+ ions are responsible for killing
of gram-positive bacteria. ROS reacts with lipid layer of the cell wall (gram-negative bacteria) leading
to the distortion of the bacterial cell wall. Such distortion destroys the cell wall and eventually leads to
bacterial cell death. Zn2+ ions diffuse inside the cell (Gram-positive bacteria) and disrupt the amino
acid metabolism and enzymes, resulting in a cell death [119].

5.4. Surface Coating Using Ag-CeSZ Nanocomposite

The surface modification using silver-ceria stabilized zirconia (Ag-CeSZ)-based nanomaterials
have well proven to offer better mechanical properties and fracture toughness to the bioimplant
compared to a conventional yttrium stabilized zirconia [120]. Three source electron beam physical
vapor deposition (EBPVD) is used for the deposition of these coatings over several orthopedic
bioimplants (Figure 4d). Silver block (99.99% purity) and CeSZ sintered pellets are taken in two
separate graphite crucibles and kept separately in a water-cooled copper hearth. The electron beam
is then generated and controlled with an accelerating voltage of 8 kV. The filament current is varied
between 30 and 60 mA using a 30 kV TT controller. In a case of Ag-CeSZ nanocomposite coating,
both Ag and CeSZ are evaporated separately using two E-beam guns. The substrates are kept at
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the temperature of 673 K and the thickness of the coating can be controlled in a range of 2 μm. Ti
bioimplants when coated with Ag-CeSZ nanocomposite coatings show improved mechanical and
biological properties. The mechanical properties of Ag-CeSZ nanocomposite coatings are due to its
crystalline nature. The coating also demonstrates excellent cell adhesion, antibacterial activity and
resistance to sodium fluoride (2%), showing its promising multifunctional importance in orthopedic
coating technologies [135].

5.5. Surface Coating Using Ti/SiC Metal Matrix Nanocomposite

The metal matrix composites offer increased stiffness, strength, and wear resistance over monolithic
matrix materials. Nanocomposites based on silicon carbide (SiC) have exhibited enhanced mechanical
properties. Recent reports on SiC have indicated that its biocompatibility is comparable to that of
HA, with respect to the long-term osteogenic properties [136]. The crystalline SiC surface promotes
adhesion, proliferation, and differentiation of the primary cultured osteoblast cells. Interestingly, SiC
also improves the wear resistance and hardness of the bioimplant on which it is coated. During FSP,
the metallic surface undergoes a plastic deformation, leading to an effective grain refinement. This
ultrafine-grained metal substrate produced by the application of plastic deformation provides superior
cell substrate attachment and biocompatibility. The surface nanocomposites produced by FSP exhibit
excellent bonding with the underlying metallic substrate. Zhu et al. have fabricated a novel Ti/SiC
metal matrix nanocomposite (MMNC) using FSP and investigated its microstructure and mechanical
properties. Additionally, the proliferation and osteogenic differentiation properties of rat bone marrow
stromal cells (BMSCs) on the sample surface were investigated and it was demonstrated that the
modified surfaces supported the cell attachment and osseointegration [137].

6. Conclusions and Future Recommendation

Manufacturing of bioimplants often involves the integration of processes of material selection,
design, and fabrication of bioimplants, and surface modifications through micro/nano texturing or
nanomaterial coating. Engineering native metals by converting them into alloys amalgamate best
properties of different metals in a single formulation. This provides the flexibility in tailoring the
bulk properties of metals as per the orthopedic requirements. However, the surface properties of
bioimplants based on alloys/metals require appropriate modification to elicit favorable biological
responses. The surface modification of bioimplants through nanocomposites materials have the
potential to enhance the host response in the long-run. These nanomaterials play a key role in
minimizing the bacterial adhesion to further inhibit biofilm formation to protect the implanted
biomaterials from microbial attack. They also play a vital role in eliciting appropriate cellular responses
like cell migration through contact guidance on patterned deposition of nanomaterials, cellular
differentiation, and gene expression through modulation of stiffness/hydrophobicity of the surfaces,
initiation of degree of immunogenicity, delayed surface erosion, and degradation and composition of
microenvironment at or in the vicinity of the bioimplant site. Advanced nanomaterials can also serve
as a reservoir of drugs to be delivered at the bioimplant site. Thus, coated nanomaterials have the
potential to alter the surfaces of various metallic materials for their adoption in orthopedic applications.
However, care must be taken during the preparation and deposition of the nanomaterials on the surface
of bioimplants like control over the size distribution of the nanomaterials, bonding of the nanomaterials
with the bioimplant surface, thickness of the deposited nanomaterial, and eventually, the scalability
of the process being used during nanomaterial deposition. In summary, it is imperative to say that
the modulation of the degradation process and surface modification using emerging nanomaterials is
going to generate a plethora of bioimplants for orthopedic applications in the near future. Therefore,
the application of nanotechnology would be critical for the future success of orthopedic bioimplants.
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Abstract: In this work, we measured the mechanical properties and tested the cell viability
of a bioceramic coating, strontium–hardystonite–gahnite (Sr–HT–G, Sr–Ca2ZnSi2O7–ZnAl2O4),
to evaluate potential use of this novel bioceramic for bone regeneration applications. The evaluation
of Sr–HT–G coatings deposited via atmospheric plasma spray (APS) onto Ti–6Al–4V substrates have
been contrasted to the properties of the well-known commercial standard coating of hydroxyapatite
(HAp: Ca10(PO4)6(OH)2). The Sr–HT–G coating exhibited uniform distribution of hardness and elastic
moduli across its cross-section; whereas the HAp coating presented large statistical variations of these
distributions. The Sr–HT–G coating also revealed higher results of microhardness, nanohardness
and elastic moduli than those shown for the HAp coating. The nanoscratch tests for the Sr–HT–G
coating presented a low volume of material removal without high plastic deformation, while the
HAp coating revealed ploughing behaviour with a large pileup of materials and plastic deformation
along the scratch direction. Furthermore, nanoscanning wear tests indicated that Sr–HT–G had a
lower wear volume than the HAp coating. The Sr–HT–G coating had slightly higher cell attachment
density and spreading area compared to the HAp coating indicating that both coatings have good
biocompatibility for bone marrow mesenchymal stem cells (BMSCs).

Keywords: Sr–HT–Gahnite; hydroxyapatite; atmospheric plasma spray; nanoindentation;
mechanical properties

1. Introduction

Substitutional materials for bone have been active research areas since the 1970s and ceramics
account for the majority of these replacements [1]. These bioceramics include three groups: (i) bioinert,
(ii) bioactive, and (iii) biodegradable or bioresorbable ceramics [2]. In brief, bioinert ceramics
have no or very little interaction with surrounding tissues when they are placed into the host body.
However, bioactive ceramics can form chemical bonds with surrounding bones and these biodegradable
ceramics are gradually replaced by endogenous tissues after implantation into the host body [2].
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Calcium phosphate ceramics are commonly used for bioactive applications of bone tissue repair and
augmentation because of their similar chemical composition to minerals in bone [3].

Hydroxyapatite (HAp:Ca10(PO4)6(OH)2) is the most widely accepted biocompatible and bioactive
calcium phosphate ceramic with respect to tissues [4]. In bulk form, HAp presents excellent
physio-chemical properties as a bioceramic; however, these attributes are deteriorated by an intrinsic
brittleness, low impact resistance and low tensile strength limit when implanted for load-bearing
applications [5]. One method to improve the mechanical properties while maintaining the bio-adaptive
properties is by forming a HAp coating onto a metallic biomaterial [6] in applications where the
bioceramic is under compressive loads. Implants that are based on a HAp coated metal can provide
excellent bioactivity and biocompatibility to the host bone, while retaining the good strength and
ductile properties of the metallic substrate [4].

Although a HAp coating on a metallic substrate has demonstrate good clinical and commercial
outcomes [7], the demand for improving the mechanical properties of a HAp coating is still imperative.
For example, the high-velocity suspension flame spray method has been used to coat a nano-structured
HAp/Ti composite onto 316L stainless steel (SS) substrates [8], and the suspension plasma spray (SPS)
method has been employed to produce a nano-diamond reinforced hydroxyapatite composite coating
onto a titanium substrate [9]. The advantages of these two methods using suspension-based feedstock
are the ability to deposit materials in submicron sizes or create new composite materials for thermal
spray coating [10]. However, the feedstock feeder system and torch re-configurations are required in
order to adapt to the suspension feedstock, which is considered costly and complicated. Using flame
spray as a coating method has been the preferred method in the last decades because it is a low cost
system, portable and easy to use, but a high porous coating with oxidation and low jet temperature
with low particle velocity are the major concerns of the flame spray [11]. In contrast, atmospheric
plasma spray (APS) is the most commonly used coating method for orthopedic implants and has been
approved by Food and Drug Administration [12]. The APS technology allows high jet temperature
and velocity so it can be used to create a denser coating with the same material [11].

Introducing substitute bioceramics that may enhance mechanical properties and biocompatibility
is an alternative approach addressed in this research. It is known that silicon is a trace element in
the human body that occurs naturally; e.g., 100 ppm in bone and 200–600 ppm in cartilage and other
connective tissues [13]. Silicon performs as a biological linkage to form the structure of connective
tissues and engages in the process of biomineralization to promote bone growth [14]. The development
of Si-containing biomaterials is an active area of research such as developing bioglasses and Si-doped
bioceramics [15]. Calcium silicate (Ca–Si) based ceramics, in particular CaSiO3 and Ca2SiO4 are
currently used in orthopaedic implants since they are bioactive materials that induce a bond with
bone to form an apatite layer and promote the bone growth [16–18]. However, the main concerns
of these bioceramics are low chemical stability with a high ionic dissolution and high degradation
rates; This instability affects the mechanical strength and osseointegration at high pH levels [19], i.e.,
pH = 8.34 after soaking CaSiO3 25 days in a simulated body fluid (SBF) solution [20]. One method to
control the dissolution is by incorporating metal ions into Ca-Si based bioceramics, which often uses
zinc or/and strontium metals [19]. Zinc supports bone formation, increases bone protein and alkaline
phosphatase activity in osteoblasts differentiation and mineralization, and enhances cell proliferation
osteoconductivity [21]. Strontium is associated with bone through two main mechanisms which
are (i) incorporation of Sr into bone crystal lattice–surface exchanging and (ii) ionic exchange with
bone–ionic substitution [19].

Therefore, strontium doped hardystonite (Sr–Ca2ZnSi2O7), named Sr–HT, is a Ca-Si based ceramic
that incorporates zinc and strontium, and which shows improvements in cellular activity and chemical
stability compared with CaSiO3 [19]. Sr–HT in the form of a scaffold (pore interconnectivity: 99%,
pore size: 300 to 500 μm, and porosity: 78%) has shown exceptional bioactivity as a scaffold to repair
large-sized bone defects. It presented a high compressive strength of 2.16 ± 0.52 MPa, which is a
favorable property for load-bearing applications. By mixing ~80 wt % Sr–HT with ~20 wt % gahnite
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(ZnAl2O4) [22], the Sr–HT–G ceramic had high fracture toughness and compressive strength properties
that were superior to those of cortical bone [22]. A Sr–HT–G scaffold (pore interconnectivity: 100%,
pore size: 500 μm, and porosity: 85%) presented higher compressive strength of 4.1 ± 0.3 MPa than
solely Sr–HT [22]. Sr–HT–G scaffolds are able to repair the large bone defects, which are outstanding
against the β-tricalcium phosphate/hydroxyapatite (TCP/HA) scaffolds [22]. The Sr–HT–G scaffolds
can promote the attachment of adipose derived stem cells and the alkaline phosphatase activity of
these cells when contrasting with β-TCP/HA scaffolds [23]. These scaffolds also enhance the migration,
proliferation and differentiation of human umbilical vein endothelial cells without adverse effect
on viability cells [23]. The 3D-printed Sr–HT–G scaffolds in the study of Li et al. have shown a
significant effect in repairing bone defects in sheep tibia for 3 and 12 months, where the bone formation
significantly bridged the defects [24].

In this study, the atmospheric plasma spray (APS) technique was employed to deposit Sr–HT–G
powders onto Ti–6Al–4V substrates in order to evaluate the possibility of using this coating for
applications of orthopedic implants. Commercial hydroxyapatite powders were used to produce
control samples. The study compares the mechanical and chemical properties of the Sr–HT–G to
HAp coating and includes: (i) surface characteristics of the coatings, (ii) chemical analysis and
phases of coatings, (iii) Vickers microhardness, (iv) distribution of hardness and elastic moduli via
nanoindentation, (v) nanoscratch and nanowear behavior, and (vi) stem cell culture study.

2. Materials and Methods

2.1. Powder Preparation

The Sr–HT–G powders were prepared by Allegra Orthopaedics Limited (Sydney NSW, Australia)
following the method that is described in the study of Roohani-Esfahani et al. [22]. Briefly, Hardystonite
(Ca2ZnSi2O7) powders were prepared through the sol–gel method from tetraethyl orthosilicate (“TEOS”
of formula (C2H5O)4Si), zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and calcium nitrate tetrahydrate
(Ca(NO3)2·4H2O). Then, strontium ions (from Sr(NO3)2, 5 wt %) were added to substitute calcium ions
to form Sr–HT. Finally, alumina (Al2O3) powder (15 wt %) was added into the Sr–HT system. Initially,
the Sr–HT–G powder was of submicrometer size and was not suitable for APS due to poor powder
flow characteristics. The flow behavior was improved by initially mixing the Sr–HT–G powder with
5 wt % polyvinyl alcohol (PVA, Sigma Aldrich, St. Louis, MO, USA). This mixture was consolidated
into bulk form by heating in an oven at 70 ◦C for 24 h. The consolidated mass was then ground in a
mortar and pestle before sieving to 45–106 μm. The HAp powder, from Medicoat SAS (Etupes, France),
exhibited particle sizes of 45 to 125 μm.

2.2. Plasma Coating Set Up and Operation

A Metco 9MB plasma torch with a 7 mm-Metco GH nozzle (Sulzer Metco, Westbury, NY, USA)
was used to deposit Sr–HT–G and HAp powders onto Ti–6Al–4V substrates. The coatings were
deposited at room temperature, using a six-axis robot (YR-SK16-J00; Motoman Robotics, Miamisburg,
OH, USA) to control the torch position with the velocity of between 100 to 150 mm/s. The same coating
parameters were applied for both Sr–HT–G and HAp powders (Table 1).

Table 1. Setup parameters for plasma coating of Sr–HT–G and HAp powders.

Parameters Value

Power (kW) 21
Primary gas flow, Ar (slpm) 30

Secondary gas flow, H2 (slpm) 5
Powder carrier gas flow, Ar (slpm) 9

Number of torch passes 5
Stand-off distance (mm) 90
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2.3. Coating Characterisations

Phase compositions of powders and coatings are analysed by the Bruker D8 Advance XRD system
(Bruker Corp., Billerica, MA, USA) with Cu Kα radiation. The XRD system operates at 40 kV and
30 mA to scan over the range of 20◦–70◦ with a step size of 0.08◦ and 2 s of dwell time. The XRD
results were indexed using Diffracplus EVA software (EVA V5, Bruker Corp., Billerica, MA, USA) and
then compared with database PDF2018-PDF-2-Release 2018 RDB from the International Center for
Diffraction Data (ICDD, Newtown Square, PA, USA). The crystallinity level is calculated based on the
intensity of peaks, which is described in Equation (1), where Ac and Aa are total intensity of peaks and
total intensity of amorphous phase [25].

Crystallinity = Ac/(Ac + Aa) × 100% (1)

where Ac and Aa are total intensity of peaks and total intensity of amorphous phase.
Chemical analysis of coatings was conducted using an X-ray photoelectron spectrometer (XPS)

with a Kratos Axis Nova system (Kratos Analytical, Manchester, UK) and Raman microspectroscopy
with an In-Via Raman Microscope system (Renishaw®, Gloucestershire, UK). The XPS system has
the X-ray source of Al Kα with hν = 1486.69 eV that operates at 150 W. XPS data were analysed by
CasaXPS software (Version 2.3.15, CASA Software Ltd., Cheshire, UK) after a Shirley background
subtraction with the correction of binding energy for carbon at 285 eV. The XPS characterisation was
done on the as-sprayed samples, which is how it would be used in actual orthopedic applications.
Raman microspectroscopy used 785 nm laser wavelength with 10% of the 150 W laser power and
10 s for exposure time. High-resolution electron micrographs were obtained using a field emission
SEM (SUPR 40 VP, Carl Zeiss, Oberkochen, Germany) at 5 kV. In all cases, the coating surfaces were
cleaned by ethanol and then dried by compress air. After that, the samples were place in a vacuum
environment till it underwent characterisation.

Coatings were cut and prepared following ASTM E1290-03 “Standard Guide for Metallographic
Preparation of Thermal Sprayed Coatings” [26] to get cross sections of coatings for analysis. A Vickers
microhardness tester (Micromet 2103 Microhardness tester, BUEHLER, Lake Bluff, IL, USA) was setup
to perform the microhardness test on cross sections of coatings at the load of 300 gf and dwell time of
15 s. Forty readings was recorded on each sample and the Weibull distribution analysis was performed
to analyse coating properties and reliability. Surface roughness, Ra, was measured using a portable
surface roughness tester SJ-210 (Mitutoyo, Kawasaki, Japan) with a 2 μm stylus diameter together with
a 3D optical profiler system (Bruker Corporation, Billerica, MA, USA).

A nanoindenter (Hysitron TI Premier, Bruker, Eden Prairie, MN, USA) with a Berkovich diamond
tip was used to perform the nanohardness and elastic moduli. A cono-spherical 1 μm diameter
diamond tip was used in the nanoindentation system to performe nanoscratch and nanowear tests.
The resolutions of the nanoindentation system are 1.0 nN and 0.006 nm for the applied load and
tip displacement, respectively. The distributions of hardness and elastic moduli of coatings were
investigated using accelerated property mapping (XPM) with the support of the scanning probe
microscopy (SPM) method. The nanoindentation test were performed following the testing procedure,
which was described in the previous study of Pham et al. [27]. Briefly, the tests were done on areas of
30 × 30 μm2 with 400 indents in each area (1.5 μm gap between indents). Fifteen areas was selected
along the cross section of each coating, and the applied loads were from 500 to 3000 μN. Elastic moduli
and hardness were determined by measuring penetration depths after indenting at the applied load
using the Oliver–Pharr method [28].

Nanoscratch tests were performed at the loads from 1000 to 2000 μN with the scratch length of
10 μm. Nanowear test was conducted by applying a load of 200 μN onto the area of 10 × 10 μm2

and scanned over the section three times for each selected areas at the scanned frequency of 0.8 Hz.
The wear volumes were calculated by measuring the different heights between the before and after
of the scanned areas, and multiplying the height difference with the scanning size. The results from
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nanoscratch and nanowear tests were analysed by TriboView software (Version 10.0.0.2, Hysitron TI
Premier, Bruker, Eden Prairie, MN, USA).

2.4. Stem Cell Culture

Human bone marrow mesenchymal stem cells (BMSCs) were purchased from Cyagen Biosciences
(HUXMF-0101, Suzhou Inc., Suzhou, China) at passage 2 and maintained in a complete growth media
(HUXMF-90011, Cyagen Bioscience). The complete growth media of BMSC was composed of 440 mL
basal medium, 50 mL fetal bovine serum, 5 mL glutamine, 5 mL penicillin-streptomycin. It was used
as purchased without the addition of extra growth factors. The growth media is only used for BMSC
maintenance. For the biocompatibility test, cells were seeded at a density 5000 cells/cm2 and fixed after
24 h. Phalloidin-Rhodamine B (cat# P1961, Sigma, Tokyo, Japan) and DAPI (cat# D1306, Sigma) were
employed for F-actin filament and cell nucleus staining, respectively. Immunostained samples were
washed thoroughly and examined under an inverted fluorescence microscope (IX73 Olympus, Tokyo,
Japan) at 20 magnification. Cell density (cells/mm2) and cell spreading area (μm2) on three different
substrates including as-received Ti, HAp coating, and Sr–HT–G coating, which were quantitatively
analysed based on the obtained images. The cell number and cell spreading area were analysed from
the DAPI stained and F-actin stained cells via NIH ImageJ software (Version 1.52). DAPI stained
images were processed via threshold color and the number of nuclei was automatically determined via
the plugin of cell counter in Image J software (Version 1.52); Similarly, F-actin stained images were
processed via threshold color and the occupied area was automatically measured via Image J software
(Version 1.52).

3. Results and Discussions

3.1. Feedstock Morphology

Morphologies of Sr–HT–G (after of mixing with PVA, consolidating, grinding and sieving) and
HAp powders are indicated in Figure 1a,b, respectively. Sr–HT–G powders were manually ground
and sieved so the powders are described as angular and blocky, while HAp powders are spherical-like
shape. The morphology of Sr–HT–G powders provide higher ratio of surface area to volume than that
of HAp powders, which can lead to a better degree of heating in plasma plumes [29]. HAp may present
better flow transportation characteristics than Sr–HT–G because spherical powders are preferable
morphology in plasma spray. These HAp particles can easily enter into the center of the plasma plume
to be well deposited, while Sr–HT–G powders may not be injected ideally into the plasma flame due to
irregular sizes [11,29].

 
Figure 1. Feedstock morphology of strontium–hardystonite–gahnite (Sr–HT–G) (a) and hydroxyapatite
(HAp) (b).
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3.2. Coating Surface Analysis

3.2.1. Phase Compositions

Figure 2 presents the XRD results of powders and coatings for Sr–HT–G and HAp. Sr–HT–Ga
powders consist of two distinct phases in Figure 2a, which are Sr–HT (PDF 01-072-1603) and gahnite
(PDF 01-070-8181). The gahnite phase in starting powders is formed by the reaction between zinc
in Sr–HT and alumina during the sintering process at high temperatures to produce powders [22].
Similar to the staring powders, the coating of Sr–HT–G also presents two phases, which are Sr–HT and
gahnite. The peaks of Sr–HT–G coating are significantly less sharp and are broaden after the plasma
coating, which indicate the reduction in the level of crystallinity. However, there is no new peaks
formed in the Sr–HT–G coating, but they are slightly shifted in the peaks of the coating comparing
with its powders. The reason for the peak shifts could be the internal or residual stress after coating,
which causes the change in lattice parameters. On the other hand, HAp powders present high purity
with phase of HAp, but its coating presented the phase of Ca10(PO4)6(OH)2 (PDF 00-064-0738) and a
new phase of tricalcium phosphate-TCP (Ca3(PO4)2) (PDF 01-072-7587) in Figure 2b. This new phase
TCP was formed by the reaction of HAp in the high temperature region of plasma plume [30].

Figure 2. XRD results of Sr–HT–G powder and coating (a) and HAp powder and coating (b).

Both coatings illustrate lower intensity levels or lower crystallinity compared with their starting
powders. Significant lower intensity of the peaks in a coating comparing to its starting powder can be
seen in the result of Sr–HT–G, of which the level of crystallinity from Equation (1) are 74.6% and 32.7%
for powders and the coating, respectively. On the other hand, levels of crystallinity in HAp powders
and coating are not significantly different, which are 84.8% and 75.5% for powders and the coating,
respectively. The lower crystallinity in the coating is a feature of the plasma process, which feedstock
are exposed and heated by a 10,000 ◦C plasma flame, then rapidly cooled at about 106 degrees per
second, where the feedstock do not have enough time to recrystallize [29]. It can be seen that the
Sr–HT–G coating presents lower levels of crystallinity than that in the HAp coating. Sr–HT–G is a
Ca-Si ceramic with the sorosilicate (Si2O7) group that has a more intricate crystalline structure, so the
process of recrystallize will be more complex than that of HAp [31]. In contrast, HAp powders with
larger particle sizes are well deposited with a larger quantity in the coating because they are fed into
the center of the plasma flame. As the result, a greater amount of bulk crystalline can be found in the
coating, which leads to a higher percentage of crystallinity [32].

3.2.2. XPS on Coating Surfaces

Figure 3a presents the XPS analysis result of Sr–HT–G coating with the presence of Sr, Ca, Zn,
Si, O, Al on the coating surface. Two peaks of Zn in the spectrum are Zn 2p and Zn 2p1/2 at 1022.9
and 1045.9 eV, respectively. Furthermore, the presenting of the peaks Al 2p at 74.0 eV and Al 2s at
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119.0 eV together with the peak O 1s at 531.5 eV indicates the formation of ZnAl2O4 on the coating
surface [33,34]. In a high-resolution scan presented in Figure 3c, Si presented the peak of Si 2p at 102 eV,
which refers to the presence of a silicate group [35]. This silicate group is Si2O7, which is in the structure
of Sr–HT. Formation of Sr–HT and gahnite phases are further supported by results from the analysis in
XRD. The Sr–HT and gahnite composite ceramic has shown an improvement in biocompatibility and
bioactivity, which has been evaluated by its capability in osteoconduction and osteoinduction [36].
Thus, a plasma coating with the present of Sr–HT and gahnite phases will potentially produce good
biocompatibility and bioactivity.

Chemical elements on the surface of HAp coating under XPS analysis are shown in Figure 3b.
The surface of HAp coating consists of Ca, P, and O as the main elements in its starting powders.
The peak of P 2p is 132.8 eV, while the peak of O 1s is 530.8 eV. This result indicates the present of the
PO4

3− group [35], which is in the structure of hydroxyapatite Ca10(PO4)6(OH)2. Calcium has four
peaks, which are Ca 2s, Ca 2p, Ca 3s, and Ca 3p. The Ca 2s presents a peak at 438.6 eV, while the
Ca 2p consists of a doublet with values of 346.9 and 350.4 eV for Ca 2p3/2 and Ca 2p1/2, respectively.
The peaks of Ca 3i and Ca 3p are 44.0 and 25.3 eV that are illustrated in Figure 3d. The results of calcium
peaks indicate the formation of Ca3(PO4)2 [37]. These HAp phases have been shown to support the
in vitro and in vivo formation of bone.

Figure 3. XPS analysis of Sr–HT–G coating (a) and HAp coating (b). The peaks of Si 2p (c), Ca 3i and
Ca 3p (d).

3.2.3. Morphologies of Coating Surfaces

Surfaces of the Sr–HT–G and the HAp coatings are shown in Figure 4a,b, respectively, where
both coatings show well-melted splats. However, the Sr–HT–G coating shows more uniform surface
morphology with spherical-like splat shapes, while HAp coating presents irregular splats with a big
splash at the rims. Furthermore, some fragmentations can be found within splats of the HAp coating,
whilst the Sr–HT–G coating shows more consistent structure on the surface with more uniform splats.
Under the melting and re-solidify processes in APS, well-melted splats or partially melted particles
will spread onto the substrate and form layers of splats [38]. Molten particles of Sr–HT–G show higher
spreading ability than the HAp, which could be closely related to its viscosity characteristics and
eventually reveals more regular Sr–HT–G splats [39].
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Figure 4. SEM of coating surfaces of Sr–HT–G (a) and HAp (b).

3.3. Coating Cross Section Analysis

3.3.1. Coating Microstructures

Figure 5 indicates the microstructure of the Sr–HT–G and the HAp coatings at cross sections. Both
coatings present features of thermal spray coating including cracks, pores, and unmelted particles [38].
Different phases can be found in the HAp coating as the result of different contrasts, which are shown in
bright gray and dark gray. The amorphous phase is easily removed during the polishing process, which
causes the height to be lower than the crystalline areas. As the result, the amorphous phase appears to
be darker. This observation has been re-confirmed with Raman spectroscopy. Similar results have
been presented in the works of Gross et al. [30,40]. However, there is not much difference in contrast of
phases in the Sr–HT–G coating as its microstructure presents a similar contrast to the source of ignition
during the SEM process. It can be seen that the Sr–HT–G coating has less cracks in microstructure,
while the HAp coating presents more cracks. Moreover, due to the reaction of alumina with zinc in
Sr–HT, a more uniform structure is formed [36], where the Sr–HT–G coating has a denser structure and
a more consistent microstructure compared with the HAp coating. Less pores in the structure of the
Sr–HT–G coating could come from the larger distribution of powder sizes, where different sizes of
Sr–HT–G splats are likely to fill up the pores in the microstructure during the process of deposition [11].
In addition, the interface of coating-substrate in the Sr–HT–G coating is quite consistent with crack-free
features, while the HAp coating shows minor cracks at the coating-substrate interface.

 
Figure 5. Microstructure of Sr-HT-G (a) and HAp (b) on coating cross section.

3.3.2. Vickers Microhardness

The results of Vickers microhardness are shown in Figure 6, where the hardness of the Sr–HT–G and
the HAp coatings are 330.4 ± 54.4 HV300 and 120.2 ± 24.3 HV300, respectively. Vickers microhardness
in the coating of Sr–HT–G is significantly high due to the addition of Zn into the Ca-Si structure [19,21],
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which is almost triple the hardness of the HAp coating. In addition, the formation of a glass phase
between Sr–HT grains and the existence of a strong restraint surrounding the Sr–HT grains from
the glass-ceramic phase of gahnite also leads to the improvement in mechanical properties of the
Sr–HT–G coating [36]. The coefficient of variant (CoV = standard deviation divided by the mean)
of the Sr–HT–G is coating slightly lower than that of the HAp coating, which are 16% and 20%,
respectively. The coating of Sr–HT–G has lower CoV values in microhardness because the Sr–HT–G
coating possesses a more uniform microstructure compared to those in the HAp coating. The Weibull
analysis of microhardness of the Sr–HT–G and HAp coatings are presented in Figure 6, where both
coatings present good regression fits with R2 values of 0.97 and 0.96, respectively [41]. The Weibull
moduli m, which presents the scattering behavior of results within the distribution [41], show that
both the Sr–HT–G and HAp coatings have low values of Weibull modulus but they are the typical
values in thermal spray. The Sr–HT–G coating has a slightly higher value of Weibull moduli than the
HAp coating, which indicates less variation in the microhardness results in the Sr–HT–G coating.

Figure 6. Weibull regression analysis of the Vickers hardness test of HAp and Sr–HT–G coatings.

3.3.3. Nanohardness and Elastic Moduli

The cross section of the Sr–HT–G coating shows a uniform structure in the coating, shown in
Figure 7a. Figure 7b,d presents corresponding the SPM and SEM images of the same area after
performing the nanoindentation. The indentation mapping results of the Sr–HT–G coating are
presented by the distributions of elastic moduli and hardness in Figure 7c,e, respectively. The variant
in the distributions of nanohardness and elastic moduli depends on the features of the selected area
such as element compositions, phase structure, cracks, and pores. Generally, lower hardness and lower
elastic moduli can be found in pore and crack areas [42]. Uniform distributions of nanohardness and
elastic modulus can be achieved in the Sr–HT–G coating, which indicate the consistent of mechanical
properties across the coating. This uniformity could be achieved by the presence of the gahnite phase
in the coating that could enhance the mechanical properties across the coating [36].

35



Coatings 2019, 9, 759

Figure 7. Results of the nanoindentation test of the Sr–HT–G coating. (a) The SPM image of surface
before applying the indents; (b) and (d) the SPM and SEM image of surface after applying the indents;
(c) and (e) property map of reduced modulus and hardness of the coating.

The distributions of nanohardness and elastic moduli in a selected area from the HAp coating
are found in Figure 8. Similar to the testing procedure of the Sr–HT–G coating, Figure 8a presents
a selected area that was pre-scanned to capture the features before performing the nanoindentation.
After performing the nanoindentation, the surface was captured again via SPM and SEM techniques,
which are shown in Figure 8b,d, respectively. The difference in contrast of the SEM image present
different phases that have formed, which are named as “A” and “B” regions. The results of elastic
moduli and nanohardness of the HAp coating are shown in Figure 8c,e in the form of distribution
maps, respectively. The marks of indents in the HAp coating at the “A” area present deeper and larger
sizes than those in the “B” area. Raman microspectroscopy was used to analyze the functional groups
of the highlighted Region A and B of the HAp coating. It can be seen that both regions have same
functional groups as the result of similar positions of Raman peaks in Figure 9. However, sharper
peaks with higher intensity can be found in Region B, which indicates the formation of crystalline
HAp while Region A presents the formation of an amorphous phase [43]. Similar to the study of
J. Wen et al. [44], Region B yielded better mechanical properties, which it showed higher results of
nanohardness and elastic moduli than Region A.

This indicates there is less uniformity of coating phases in the HAp coating when comparing with
the Sr–HT–G coating. As the result, both nanohardness and elastic moduli showed high variants in
distribution of values across the HAp coating. The average values of elastic moduli and nanohardness
of the Sr–HT–G coating were 93.0 ± 16.6 and 7.2 ± 2.1 GPa, respectively. On the other hand, lower
results of both elastic modulus and nanohardness can be found in the HAp coating, which the average
values were 77.6 ± 41.5 and 4.4 ± 3.2 GPa, respectively. The average results of both nanohardness
and elastic moduli in the Sr–HT–G coating showed significantly better results than that of the HAp
coating, which were in accordance with the results in the Vickers microhardness tests. Furthermore,
the Sr–HT–G coating presented lower values of CoV in both hardness and elastic moduli with 17.8%
and 29.2%, respectively, while these values of hardness and elastic moduli in the HAp coating were
higher at 53.4% and 72.7% due to the lack of uniform phases.
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Figure 8. Results of the nanoindentation test of the HAp coating. (a) The SPM image of surface before
applying the indents; (b) and (d) the SPM and SEM image of surface after applying the indents; (c) and
(e) property map of reduced modulus and hardness of the coating.

Figure 9. Raman microspectroscopy of the regions in the HAp coating.

3.3.4. Nanoscratch and Nanoscanning Wear Performance

Results of nanoscratch tests under the load of 1000 μN are presented in Figure 10, where
Figure 10a,d shows the surfaces of the selected areas after the scratching of Sr–HT–G and HAp coatings,
respectively. It can be seen that the Sr–HT–G coating depicts tearing behavior only with shallow depths
of penetration, while deeper and more plastic flow across the edge of the scratch direction can be
found in the HAp coating. The 3D maps in Figure 10b,e render more details of the behavior of these
coatings under scratch tests. The HAp coating experienced more plastic deformation with large pileup
of materials that represents ploughing behavior under the scratch test.
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Figure 10. Nanoscratch test results of the Sr–HT–G coating (a,b); and the HAp coating (d,e); friction
coefficient (c); and normal displacement (f).

Figure 10c,f reveals the coefficient of friction (CoF) and depth of the scratch (displacement) of the
Sr–HT–G and the HAp coatings, respectively, which show the details of Scratch 1, 2, and 3 from the
Figure 10a,c. In the nanoscratch test, the actual applied load started from the 27th second to the 42nd
second, while other times for loading and unloading periods are not considered. From the results of
the nanoscratch tests, CoFs and displacements of the Sr–HT–G coating show high consistency with
low values of CoFs and low penetration depths in all the scratches. On the other hand, CoF values
and displacements in the HAp coating fluctuate continuously, i.e., values of CoF and displacement
significantly decreased from 29.5 to 35 s in the scratches due to higher scratch resistance in this region
of the HAp coating. This result could have originated from the significant difference in mechanical
properties of different phases in the HAp coating, which has a similar trend with the distribution of
hardness and elastic moduli.

The average depths of scratch are 60.9 ± 9.7 nm (CoV = 16%) and 245.0 ± 150.4 nm (CoV = 61%) for
the Sr–HT–G and the HAp coatings, respectively. Lower scratch depth with less removal of materials in
the Sr–HT–G coating indicate that the Sr–HT–G coating is more resistant to scratches. Furthermore, the
average CoF of the Sr–HT–G coating is 0.14 ± 0.02 (CoV = 14%), which is much lower than the average
CoF in the HAp coating, 0.69 ± 0.14 (CoV = 20%). Similar to the analysis in the nanoindentation,
the lower result of CoV in the scratch test shows the coating microstructure of the Sr–HT–G coating
presents more uniform features than the HAp coating. This results in the Sr–HT–G coating shows
better scratch resistance than the HAp coating.

The wear behavior of the Sr–HT–G and the HAp coating under the applied load of 1000 μN are
presented in Figure 11, in which the pre-wear test, and post-wear test images were evaluated. The black
square areas indicate the regions that were selected to perform nanowear tests. The surface before
performing wear tests are presented in Figure 11a,d,g; while Figure 11b,e,h and Figure 11c,f,i illustrate
the surface after the wear test of SPM images and their 3D views, respectively. Similar to the result
from nanoindentation and nanoscratch tests, the Sr–HT–G coating presents uniform distribution with
consistent results of wear volume in Figure 11b,c. On the other hand, the HAp coating reveals more
variance of wear behavior due to a significant difference in the region of “A” and “B” as amorphous
and crystalline regions, respectively, in Figure 11e,h. It can be seen that amorphous areas present less
wear resistance than crystalline areas, showing similar trends in nanoindentation and nanoscratch tests.
The wear volume for Sr–HT–G and HAp coatings are 0.11 ± 0.03 and 5.52 ± 2.90 μm3, respectively.
This enhanced mechanical properties of the Sr–HT–G coating was achieved by doping zinc into a Ca-Si
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ceramic together with the formation of gahnite in the structure [19,36]. This result indicates that the
Sr–HT–G coating possesses superior wear resistance than the HAp coating.

Figure 11. Nanowear test results of the Sr–HT–G coating (a–c) and the HAp coating (d–i).

3.4. Results of Stem Cell Culture

After cell culture for 24 h, BMSC adhered on all the substrates indicating a good biocompatibility,
which can be seen in Figure 12a. Cell density on Ti substrates was relatively higher than samples of the
Sr–HT–G coating and the HAp coating in Figure 12b. In addition, BMSCs have a relatively larger cell
spread on Ti substrates than that of the Sr–HT–G and HAp coatings, which can be seen in Figure 12c.
This strong cell attachment on the Ti substrate is related to the differences in surface roughness profiles;
both coatings had similar and higher surface roughness than the Ti. The surface roughness (Ra) of
the Sr–HT–G coating and the HAp coating were 13.7 ± 0.76 and 10.2 ± 0.7 μm, respectively; while the
roughness of the as-receive Ti was about 0.1 μm. Nonetheless, the results indicate both coatings have
good biocompatibility for BMSCs, in which the Sr–HT–G coating presented slightly higher cell density
and spreading area of cell attachment compared to the HAp coating.
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Figure 12. Biocompatibility tests of different substrates using bone marrow stem cells. (a) BMSC
morphology on Ti, Sr–HT–G, and HAp surfaces. Cell nucleus (blue) and F-actin (red) were stained.
(b) Cell density and (c) spreading area on various substrates. ** p < 0.01 and *** p < 0.001 compared to
Sr–HT–G and HAp surfaces.

4. Conclusions

The deposition of Sr–HT–G powders onto Ti–6Al–4V as a novel coating via an atmospheric plasma
spray technique has demonstrated significant improvement in mechanical properties compared with
the current commercial relevant hydroxyapatite coating. The Sr–HT–G coating showed more uniform
microstructures with consistent distributions of hardness, elastic moduli, compared to the HAp coating.
The as sprayed Sr–HT–G coating presented phases of Sr-HT and gahnite without formation of new
phases. Vickers microhardness of the Sr–HT–G coating was significantly higher than results from
the HAp coating; 330.4 ± 54.4 and 120.2 ± 24.3 HV300, respectively. Nanoindentation tests revealed
consistent distributions of nanohardness and elastic moduli in the Sr–HT–G coating with the average
values of 93.0 ± 16.6 and 7.2 ± 2.1 GPa for hardness and elastic moduli, respectively. On the contrary,
the HAp coating showed lower and high variation in the distribution of hardness and elastic moduli,
especially between the distinct areas of crystalline and amorphous phases. The nanohardness and
elastic moduli of the HAp coating were 77.6 ± 41.5 and 4.4 ± 3.2 GPa, respectively. The Sr–HT–G
coating also showed better resistance to scratch and wear compared to the HAp coating under the
same tests. In addition, the Sr–HT–G coating presented slightly higher density and spreading area of
cell attachment in contrast to the HAp coating, indicating that the Sr–HT–G coatings possess good
biocompatibility with good attachment of bone marrow mesenchymal stem cells. This study indicates
that atmospheric plasma sprayed Sr–HT–G can be a viable approach for orthopaedic implants.
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Abstract: Microbial contamination remains a significant issue for many industrial, commercial, and
medical applications. For instance, microbial surface contamination is detrimental to numerous aspects
of food production, infection transfer, and even marine applications. As such, intense scientific interest
has focused on improving the antimicrobial properties of surface coatings via both chemical and
physical routes. However, there is a lack of synthetic coatings that possess long-term microbiocidal
performance. In this study, silver nanoparticle cluster coatings were developed on copper surfaces
via an ion-exchange and reduction reaction, followed by a silanization step. The durability of the
microbiocidal activity for these develped surfaces was tested against pathogenic bacterial and fungal
species, specifically Escherichia coli O157:H7 and Candida auris, over periods of 1- and 7-days. It was
observed that more than 90% of E. coli and C. auris were found to be non-viable following the extended
exposure times. This facile material fabrication presents as a new surface design for the production of
durable microbicidal coatings which can be applied to numerous applications.

Keywords: copper nanoparticles; silver nanoparticles; nanostructure; nanocluster; antifungal;
antibacterial; escherichia coli; candida auris

1. Introduction

The surface colonization of bacteria and fungi on abiotic substrates is commonly referred to as a
biofilm formation and significantly contributes to healthcare and industrial concerns [1,2]. This issue
is further impacted by the current rise in antibiotic resistance amongst microbial species, which has
caused a significant increase in persistent infections and related deaths [3]. Recent economic projections
have estimated that bacterial infections could be responsible for approximately 10 million deaths per
annum by 2050 if new antimicrobial surface therapies are not developed [4,5].

In particular, Escherichia coli (E. coli) and Candida auris (C. auris) are common pathogenic microbes
responsible for recent outbreaks [6,7]. Shiga toxin-producing E. coli (STEC) O157 has emerged as
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a public health threat following its initial identification as a pathogen in 1982, which was initiated
when an outbreak of illness was associated with the consumption of undercooked ground beef [8].
A 2018 outbreak of the E. coli strain O157:H7 was reported across 36 states, infecting 210 people [6].
C. auris is another emerging pathogen currently responsible for invasive disease in healthcare facilities
around the world [7,9] and the fungal infection carries an astonishingly high mortality rate of 60%
among infected patients, representing a significant healthcare issue [7,9]. This high mortality rate
has occurred due to the simultaneous emergence of multidrug-resistant C. auris isolates across three
separate continents [9], raising pressing concerns regarding the identification and detection of invasive
candidiasis isolates [10].

Silver nanoparticles (Ag NPs) are highly effective microbiocidal agents against both bacteria and
fungi [11]. Ag NPs have been used in forms including solutions, thin-film coatings, or embedding in
polymers [12–14]. While there have been some reported cases in which bacteria and fungi were found
to be resistant against Ag NPs [15,16], recent reviews have shown alternative ways in eradicating
bacterial cells via mechanical rupturing with nanostructure modifications [13,17–19]. There is a lack of
significant research within the ability of these nanostructures to rupture fungal cells, in particular with
the combination of Ag NPs and nanostructures not implemented as treatment strategies towards both
bacterial and fungal cell surfaces.

In this work, a facile route was used to fabricate Ag NPs coatings on copper (Cu) surfaces,
in which Ag NPs would assemble into high-aspect-ratio clusters. These surfaces were assessed for
their long-term microbiocidal activity against both Shiga toxin-producing E. coli and C. auris cells.
The fabricated surfaces present a new direction in the design of durable microbicidal surface coatings.

2. Materials and Methods

2.1. Fabrication of Hydrophobized Ag NP Coatings on Cu Surfaces

Cu surfaces were cut into 2 × 2 cm2 squares, pre-cleaned, and washed with HCl (Merck Pty Ltd,
VIC, Australia) and MilliQ water (Synergy®UV Millipak Express 20, Merck Pty Ltd, VIC, Australia).
The surfaces were then submerged with 0.1 M AgNO3 for 5 min, where Ag NPs formed on the Cu
surface via a series of reduction–oxidation reactions. Surfaces were again washed carefully with
MilliQ water, then with 100% ethanol (Merck Pty Ltd, VIC, Australia), and with MilliQ water as a last
wash, and were blown dry with compressed nitrogen. This study adopted the fabrication method
used in the previous work [20]. The Cu surfaces were further submerged with 0.1 M dichloromethyl
silane (Sigma–Aldrich, Castle. Hill, NSW, Australia) in dichloromethane (Sigma–Aldrich Pty Ltd,
NSW, Australia) for 15 min and were then washed with ethanol and MilliQ water to remove all
chemical residues. In this study, pristine ‘copper surfaces’ are noted as ‘Cu surfaces’ and ‘silver
nanoparticles embedding on copper surfaces’ were noted as ‘Ag NPs-Cu surfaces’.ImageJ version 1.8.0
(https://imagej.nih.gov/ij/) was implemented to analyze SEM images. Color Threshold and Analyze
Particles Plugins were used to determine the dimensions of non-spherical Ag NPs. A total of 90 data
points per system were used over three SEM micrographs to determine the distribution of NP clusters.

2.2. Bacterial Strains, Growth Conditions, and Sample Preparation

The antimicrobial efficacy of the surfaces was investigated using the strains E. coli O157:H7
and C. auris, which were obtained from the American Type Culture Collection and SA Pathology
Lab, respectively, and were chosen as representatives of two major emerging pathogen outbreaks.
The E. coli bacterial cultures were grown on Luria–Bertani (LB) agar (BD Difco, VIC, Australia) and
fungal C. auris cultures were grown on Potato Dextrose Agar (PDA) (Sigma-Aldrich Pty Ltd, NSW,
Australia) overnight at 37 ◦C. Bacterial and fungal cells were collected at the logarithmic stage of
growth. To determine similar numbers of cells, despite variations in cell densities following collection,
the density of the bacterial and fungal suspensions was adjusted to OD 600 = 0.1 at the logarithmic
stage of cell growth. To quantify cell numbers in the adjusted bacterial suspensions before attachment
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experiments, a hemocytometer was used as suggested previously [21]. Pristine Cu and Ag NPs-Cu
surfaces were cut into squares of 0.5 × 0.5 cm2. The surfaces were pre-sterilized with 70% ethanol,
dried within a sterilized laminar flow cabinet for 24 h and placed in a sterilized 24-well plates (Thermo
Fischer Scientific Australia Pty Ltd, VIC, Australia). Bacterial and fungal suspensions were prepared
as above with OD600 = 0.1 and 1 ml of each suspension was added into 24-well plates containing
the sterilized surfaces. The plates were incubated at 25 ◦C in dark conditions, to avoid any effects of
light on cell viability. The samples were incubated in static conditions for 1 and 7 days without any
disturbance from media addition or exchange. This procedure was adopted to avoid any effects of
fresh media and shaking on antimicrobial assays. Two technical replicates were done.

2.3. Confocal Laser Scanning Microscopy (CLSM)

The surfaces were washed with 10 mM PBS (pH = 7.4) prior to the CLSM imaging conducted
using ZEISS LSM 880 Airyscan upright microscope (Zeiss, Oberkochen, BW, Germany). To assess
their viability, adhered cells were stained using a LIVE/DEAD® BacLightTM Viability Kit (including
SYTO® 9 and propidium iodide) (Molecular ProbesTM, Invitrogen, Grand Island, NY, USA). In this
kit, SYTO® 9 binds to nucleic acids in both intact and damaged cells, while propidium iodide (PI)
predominantly enters cells with a damaged membrane considered non-viable. The bacterial and fungal
cells on surfaces were stained according to the manufacturer’s protocol [22]. The proportions of live
and dead cells on pristine Cu and Ag NPs-Cu surfaces were then evaluated using a ZEISS LSM 880
Airyscan upright microscope (Zeiss, Oberkochen, BW, Germany). To determine the percentage of
non-viable cells, CellC Cell Counting Software (https://sites.google.com/site/cellcsoftware/) was used
as previously instructed [19]. An analysis was done over 5 representative micrographs over 2 technical
replicates. A student t-test (Microsoft Excel) was conducted to compare the antimicrobial performance
of these samples.

2.4. SEM Characterization

Prior to the SEM imaging, bacterial and fungal cells on Cu and Ag NPs-Cu surfaces were fixed
using 3% glutaraldehyde and were dehydrated using a series of ethanol concentrations (30%, 50%, 70%,
80%, 90%, 100%). The samples were removed and dried under the laminar flow of a Biosafety Cabinet
Class II for 2–4 h. Fixed cells were coated with a thin film of gold prior to imaging. SEM images
were taken using a field-emission scanning electron microscope (FE-SEM) (FEI Verios, FEI company,
OR, United States) at 5 kV, where imaging of the systems uses methods that have been previously
described [23].

2.5. Focussed Ion Beam-Scanning Electron Microscopy (FIB-SEM) Characterization

Surfaces were affixed and dehydrated using the identical dehydration steps described above.
A cross-sectional analysis was carried out to show the interaction of E. coli and C. auris with the Ag NP
cluster substrates was performed using a FEI Scios Dualbeam FIB-SEM. The cells were first coated with
platinum (Pt) using an ion gun at 16 kV/0.15 nA to prevent further damage, followed by a sequential
ion slicing at 16 kV/0.15 nA. The imaging was carried out using a standard secondary electron (ETD)
and upper in-lens column (T2) detectors at 2 kV/0.1 nA.

3. Results

3.1. Fabrication and Characterisation of Hydrophobized Ag NP-Coated Cu Surfaces

Ag NP clusters were fabricated directly onto Cu surfaces via a single-step electrochemical synthesis.
A further surface silanization step was added to create a hydrophobic Ag NP cluster on the Cu surfaces.
The fabricated Ag NPs-Cu surfaces were then characterized using SEM and energy dispersive X-ray
(EDX) spectroscopy. In Figure 1A,B, the SEM micrographs show that the Ag NPs exhibit sizes that
are consistently less than 100 nm in diameter. These Ag NPs were found to form clusters, with wide
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sizes ranging from 70 nm to 1200 nm and an average size of ~350 nm per cluster. The aspect-ratio of
the clusters was estimated using the ratio of length (nm) to width (nm). This measurement revealed
that the clusters possess an aspect-ratio (length/width) ranging from 1 to 14. With the addition of
silane to the clusters, the surfaces exhibit water contact angles of ~120◦, meaning that the surfaces are
hydrophobic in nature. Silane coatings are well-known corrosion-inhibitors [24] and therefore provide
a strong potential in preventing the corrosion of Ag–Cu surfaces. In Figure 1C, chemical mapping
using Energy Dispersive X-ray Analysis (EDX) revealed that the Ag NPs are formed via replacing
Cu(0) using a series of electroless galvanic reactions (see Equations (1) and (2)) [25,26]:

Red: −2Ag+ + 2e− → 2Ag0 (1)

Ox: Cu→ Cu2+ + 2e− (2)

Galvanic replacement reactions are commonly known to produce Ag NPs via this route [27,28].
Importantly, low level of oxidation was detected on the Ag NPs-Cu surfaces. Therefore we provide a
simple method to fabricate Ag NP clusters which have demonstrated several advantages: simplicity,
facility, and a low fabrication cost. This galvanic replacement reaction method can be used on an
industrial scale, which highlights the utility of this synthetic route [29].
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Figure 1. Surface characterization of pristine Cu and Ag nanoparticle coatings (Ag NPs-Cu). (A) SEM
images showing the surface topography of pristine Cu (left) and Ag NPs-Cu (right) surfaces (Scale bar
20 μm, inset 3 μm). (B) High resolution SEM image showing Ag NPs cluster domains (scale bar 4 μm).
The inset shows the cluster size distribution. (C) EDX spectroscopy showing the distribution of Cu, Ag,
and O elements across the Ag NPs-Cu surfaces (scale bar 1 μm).
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3.2. Microbicidal Performance of Ag NPs-Cu Surfaces over 1- and 7-day Incubations

Two representative species of major global disease outbreaks in recent years, Shiga toxin-producing
E. coli O157:H7 and C. auris, were selected to study the relative material and surface interactions, with
the use of glass surfaces employed as control substrates (Figures S1 and S2). The data in this study reveal
the native cell morphology and viability of the respective bacterial and fungal pathogens incubated on
both pristine and Ag NPs-Cu surfaces for periods of 1 and 7 days. To assess their viability, LIVE/DEAD
Fluorescent Kits (Molecular ProbesTM, Invitrogen, Grand Island, NY, USA) were used to stain the
viable and non-viable cells [22]. SYTO® 9 dye enter the viable cells and propidium iodide would enter
the non-viable cells with compromised cell membranes. Control glass surfaces demonstrated over 90%
cell viability for both E. coli and C. auris over a 7-day incubation (Figure S2) while pristine Cu surfaces
showed slight killing activity against the cells as shown in Figure 1, despite the inherent antimicrobial
activity native of Cu surfaces. E. coli specifically formed a well-established biofilm on the pristine Cu
surfaces. In comparison, Ag NPs-Cu surfaces inhibited the growth of E. coli and C. auris (Figure 2),
with 75% and 98% of non-viability observed respectively, after a 1-day incubation only. Greater results
were obtained after a 7-day incubation on the Ag NPs-Cu surfaces with more than 90% and ~100%
non-viability observed for E. coli and C. auris respectively. Further investigation of the interactions
between bacteria/fungi and Ag NP clusters was carried out using FIB-SEM and clear deformations
of E. coli and C. auris were examined and shown by tearing of the cell membrane and presence of
multiple hole features in the cell morphology, as shown in Figure 3A,B. Past studies have reported
similar examinations [18,30].

The antimicrobial behavior of Ag NPs is known to occur via several mechanisms: (1) physical
damage by direct contact [31], (2) the release of silver ions [32,33], and (3) reactive oxygen species
production [34,35]. The breadth of information concerning the antibacterial mechanism of Ag NPs is
beyond the scope of this article; however, the interested reader is directed towards several important
reviews in the field [11,34]. In previous work, Ag NPs have been reported as effective antimicrobial agents
against both bacteria (E. coli and Staphylococcus aureus) and fungi (e.g., Candida albicans) [11,12,16,36], but
past investigations have failed in showing the long-term effect of silver coatings against both bacteria
and fungi over a 7-day incubation, as shown in this study. Furthermore, this study is the first showing
the effects of antifungal coating towards C. auris. There are a number of studies demonstrating that
high-aspect-ratio nanostructures can be used to capture bacteria and disrupt bacterial membranes [18,37–40].
Surface nanostructures have been considered to be “promising methods” to stop bacterial adhesion and
proliferation; still, there are a number of questions that should be answered before being applied in the
actual environments [41]. However, the synergy between both surface nanostructure and chemistry
should be considered to be the good candidate in the development of antimicrobial approaches.
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Figure 2. Assessment of Shiga-toxin-producing E. coli O157:H7 and C. auris on copper and Ag NPs-Cu
surfaces over 1- and 7-day incubations. CSLM micrographs showing the viability of (A) E. coli and
(B) C. auris on pristine Cu and Ag NPs-Cu surfaces (green indicating viable cells; and red indicating
non-viable cells). CLSM images are 150 μm × 150 μm. (C) Quantification of cell viability on Cu and Ag
NPs-Cu (* indicating p < 0.05 comparing with Cu surfaces on day 1 and 7, respectively, n = 10).
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Figure 3. Morphology of E. coli and C. auris on control and Ag NPs-Cu surfaces (Scale bar 5 μm).
(A) Top-view SEM micrographs showing the cell deformation under the Ag NP clusters (scale bar
5 μm). (B) SEM cross-sections using FIB-SEM reveal the interfacial interaction between cell surfaces
and nanostructures (left scale bar 1 μm; right scale bar 4 μm).

4. Conclusions

Both E. coli and C. auris have been reported to be the main cause of recent outbreaks of disease.
These two microbes were chosen to investigate the antimicrobial activity of durable Ag NP cluster
coated Cu surfaces. Microbiocidal composite Ag NP cluster–Cu coatings were fabricated via an
ion-exchange reduction reaction. The durability of microbicidal efficacy of the surfaces was established
against pathogenic fungal and bacterial species, specifically E. coli O157:H7 and C. auris, over exposure
periods of 1 and 7 days. It was observed that more than ~90% of E. coli and ~100% C. auris were
non-viable, after only 7 days of surface immersion. The surfaces reported in this study provide a
facile fabrication route and a new design parameter to produce durable microbicidal coatings for
numerous applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/1/28/s1,
Figure S1: Scanning electron micrographs of E. coli and C. auris on glass surfaces (scale bar 2 μm). The morphology
of E. coli and C. auris were found to be intact and no damage on glass substrates, Figure S2: Confocal scanning
laser microscopic images of E. coli and C. auris on glass surfaces (scale bar 10 μm). Most of the cells were found to
be viable on glass substrates.
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Abstract: An innovative chemical vapor sublimation and deposition (CVSD) process was shown to
produce nanoscale anisotropic hybrid materials. Taking advantage of controlled thermodynamic
properties and the mass transfer of molecules, this process allowed for water vapor sublimation from
an iced template/substrate and stagewise vapor deposition of poly-p-xylylene onto the sublimating ice
substrate. In this study, the use of sensitive soybean agglutinin (SBA) protein tubes was demonstrated
as an example to prepare the anisotropic hybrid material based on the CVSD process. The rationale
of a timing parameter, Δt, was controlled to program the sublimation of the SBA-ice templates and
the deposition of poly-p-xylylene during the CVSD process. As a result of this control, a stripping
stage occurred, during which SBA tubes were exposed on the particle surface, and a subsequent
encapsulation stage enabled the transformation of the ice templates into a nanometer-sized anisotropic
hybrid material of poly-p-xylylene as the matrix with encapsulated SBA tubes. The timing parameter
Δt and the controlled stripping and encapsulating stages during CVSD represent a straightforward
and intriguing mechanism stemming from physical chemistry fundamentals for the fabrication of
hybrid materials from sensitive molecules and with predetermined sizes and asymmetrical shapes.
A simulation analysis showed consistency with the experimental results and controllability of the
timing mechanism with predictable particle sizes.

Keywords: vapor sublimation; vapor deposition; nanoparticle; anisotropic material; timed control

1. Introduction

Anisotropic micro- and nano-objects enable dissimilar and multiple properties in physical,
chemical, and biological aspects, thereby offering unrivaled synergistic multifunctional properties
compared to the simple functions usually found in conventional isotropic materials. These advanced

Coatings 2020, 10, 1248; doi:10.3390/coatings10121248 www.mdpi.com/journal/coatings
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anisotropic materials have been shown to be useful in a wide range of applications as energy materials,
optical materials, and biomaterials [1–3]. Many review articles have outlined recent progress in the
fabrication processes and the promising applications of these anisotropy materials [4–9].

Exciting combinations used to access anisotropy across the building blocks of distinct materials
have generated complexity with regard to a new dimension of combined physical (geometrical)
properties and chemical (material) functionalities. Although successfully predicted [2], there are
challenges regarding different thermodynamic complexities, such as intermolecular interactions
between diverse molecules in composited systems [10,11], unfavorable and phase-separated boundaries,
compromised functionality due to structural disorders, and limited experimental methods for the
fabrication of sophisticated and sensitive anisotropic materials. Currently, existing methods for
producing these materials include colloidal assembly [12], the application of postmachinal force to
reshape structures [13,14], the application of regional modifications to create directional patches [15,16],
and electrified jetting with combined jetting solutions (cojetting) [17,18]. Specific limitations, however,
include restricted sizes and low yields, problematic intermolecular interactions, e.g., chemical reactions
or physical bindings, causing various forms of aggregations, and uncontrollable diffusion or phase
separation, resulting in undesired cross-boundary issues in each component composed of sensitive
structures, which are subjected to irreversible deconstruction and denaturation during the fabrication
process. These problems still limit the construction of anisotropic materials composed of sensitive
structures and delicate functionalities, and novel approaches to produce these anisotropic materials
easily with high yields are still in great demand. Chemical vapor sublimation and deposition
(CVSD) is a unique and versatile technique to construct porous materials with sizes ranging from
centimeters to nanometers [19,20]. This technique has been successfully employed for vapor-depositing
a poly-p-xylylene polymer system on an iced template substrate. Compared to the stationary substrates
used in conventional vapor deposition, the CVSD deposition occurred on a dynamic sublimation
substrate, where shrinkage in the volume and perimeter of the sublimating substrate caused a
mobile surface in the direction of shrinkage. The resulting poly-p-xylylene deposition on this mobile
substrate enabled not only the planar coverage of poly-p-xylylene on the substrate surface, but also
allowed for deposition into the third depth dimension due to the mobile substrate, resulting in a
three-dimensional bulk material of poly-p-xylylene. Whereas past studies have exploited a refined
CVSD approach to form nanometer-sized objects [19,21], we found that CVSD on a mixed solution of
a solid template containing nonvolatile components can result in the construction of an anisotropic
material final product (Figure 1). Two stages were proposed to fabricate the anisotropic object by
CVSD and were controlled by a programmable time (Δt) parameter to regulate the sublimation and
deposition in the stripping stage and the encapsulation stage during the CVSD process, i.e., an iced
template was subjected to sublimation to evaporate water molecules, and the same template was
subjected to vapor-deposited poly-p-xylylene to transform the template into a poly-p-xylylene matrix
for encapsulation of the SBA protein tubes. CVSD offers the same advantages as the conventional
chemical vapor deposition process, i.e., no solvent, dry process, and conformal deposition with respect
to the substrate topology and geometry [22–24]. Additionally, it provides (1) controlled unsteady-state
mass transport by using a sublimation substrate, avoiding problematic intermolecular and phase
separation issues, (2) a time-dependent control parameter to independently regulate the mass transport
of each component in the sublimation phase and the deposition phase during CVSD, enabling the
construction of the final anisotropic object with tunable bulk size and/or geometric shape, and (3) the
predetermined distribution of the solute phases (one or multiple), eliminating stresses from interphase
and intermolecular interactions due to changes in concentrations and rehydration, which frequently
occur in conventional solution-based systems [25,26] and freeze-dried products [27,28], enabling the
preservation of the delicate function and structure of sensitive molecules.
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Figure 1. Illustration of the CVSD fabrication process to construct anisotropic nanomaterials.
A time-dependent (Δt) control parameter was used to control both the stripping stage and
encapsulating stage during CVSD to tune the final hybrid products with a determined size and
dimensional configuration.

2. Materials and Methods

2.1. Preparation Process of SBA Protein Tubes

First, 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer was prepared by
dissolving 0.952 g HEPES and 0.468 g NaCl into 200 mL pure water ([HEPES] = 20 mM and
[NaCl] = 40 mM). The pH of the buffer was adjusted by adding 1 mM NaOH solution until a value
of 7.2 was achieved. The SBA protein, CaCl2, MnCl2 and the ligands were dissolved in buffer
separately and kept at 4 ◦C for one day. All solutions were filtered through a 0.22 μm membrane before
use. The SBA tube sample was generated by simply mixing these solutions and adjusting the final
concentration of the sample to [SBA] = 0.1 mM, [ligand] = 0.1 mM, [CaCl2] = 5 mM, [MnCl2] = 5 mM),
[HEPES] = 20 mM and [NaCl] = 40 mM. The formation of these SBA protein assemblies was induced
by dual-supramolecular interactions: carbohydrate−protein interactions occurred first between the
protein and N-acetyl-α-D-galactosamine on the ligand, followed by rhodamine dimerization between
two ligands. The protein tubes were formed in 48 h, and their length gradually increased with
increasing time. These protein tubes remained stable for more than one year at 4 ◦C in a mild neutral
pH = 7.2 buffer solution.

2.2. Fabrication Process

The synthesized SBA protein tube solution with a concentration of 0.1 mmol/L was used to
prepare the ice-particle templates. Droplets of the solution were formed by spraying the solution
onto a hydrophobic poly(tetrafluoroethylene) (PTEF) substrate. A solidification procedure using a
liquid nitrogen bath was performed to transform the solution droplets into iced particles. These ice
particles served as templates for the subsequent CVSD process. The ice particles were placed
in a homemade vapor deposition chamber [23,24] for the sublimation and deposition processes.
The processing conditions were a pressure of 150 mTorr and at a deposition temperature of 4 ◦C. For the
vapor deposition of poly-p-xylylene, polymerization from a precursor dichloro-[2,2]-paracyclophane
(Galxyl C, Galentis, Marcon, Italy) was performed by vaporizing the precursor at approximately 120 ◦C,
followed by a higher temperature of 650 ◦C to pyrolyze the vapor precursor into quinodimethane
radicals. The deposition and polymerization finally occurred in a cooled sample holder at 4 ◦C.
Argon carrier gas at a flow rate of 15 sccm was used during the process to deliver the vapor precursors
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and the radicals. A deposition rate of 0.5 Å/s was monitored by in situ quartz crystal microbalance
(QCM) equipment (STM-100/MF, Sycon Instruments, East Syracuse, New York, NY, USA) mounted on
the deposition chamber.

2.3. Characterizations

The vapor compositions during the CVSD fabrication process were characterized by real-time
mass spectrometry with a residual gas analyzer (RGA, HAL RC 511, Hiden Analytical, Warrington,
UK). The operation conditions were a pressure of 10−7 mbar, an electron ionization energy of 70 eV
and an ionization emission current of 20 μA. The mass detection range was from 0 amu to 400 amu.
SEM images were recorded with a NovaTM NanoSEM (FEI, Hillsboro, OR, USA) at a primary voltage of
10 eV and emission current of 204 μA with an Everhart-Thornley detector (ETD). Negative TEM images
were obtained by staining the samples with 1 wt% uranyl acetate for 10 s. The TEM experiments
were then performed with an H-7650 TEM (Hitachi, Tokyo, Japan) at 25 kV, and the images were
captured by a Veleta TEM camera (Olympus, Tokyo, Japan). Cryo-TEM samples were obtained using
Vitrobot (Thermo Fisher, Waltham, MA, USA) then transferred to Fischione 2550 Cryo transfer holder
(Fischione, Export, PA, USA) and images were captured under 200 kV by a Tecnai TF20 TEM (FEI,
Hillsboro, OR, USA). AFM experiments were acquired by a nanoscope IIIa (Veeco, Edina, MN, USA) in
tapping mode using silicon nitride tips (Bruker, Billerica, MA, USA) with a tip radius of 12 nm and
a spring constant of 0.04 N/m. FT-IR spectra of the fabricated particle samples were recorded by a
Spectrum 100 spectrometer (PerkinElmer, Waltham, MA, USA) equipped with an advanced grazing
angle specular reflectance accessory (AGA, PIKE Technologies, Fitchburg, WI, USA) equipped with
a liquid nitrogen-cooled MCT detector. The recorded spectra ranged from 600 to 4500 cm−1 with
16 scan times at 4 cm−1 resolution. An IX71 fluorescence microscope (Olympus, Center Valley, PA,
USA) equipped with a Lumen200 200 W fluorescence lamp (Prior, Cambridge, UK) was used to detect
the ligand within the SBA proteins, and a VK-9500 3D profile microscope (Keyence, Osaka, Japan) was
also used to analyze the morphology and height of the fabricated particle samples.

2.4. Simulations

A simulation of the sublimation of an ice particle was performed and constructed with COMSOL
Multiphysics, and two-dimensional (2D) and three-dimensional (3D) finite element analysis were
applied. The deformed geometry method was employed to trace the sublimation interface. The model
framework was constructed based on the assumption of homogeneous and isotropic composition of
the ice particle with a symmetric and spherical geometry. The velocity of the deformed interface was
derived based on mass and heat balance and was given by:

NΔHsub = VSρiceΔHsub = QS (1)

where N is the mass flux of water vapor, ΔHsub is the latent heat of sublimation of ice, which is
determined by the Clapeyron equation [29] since we assumed that the frozen ice phase is in equilibrium
with the water vapor at the ice-air interface, VS is the interface velocity, ρice is the density of ice, and QS
is the heat flux at the interface. The interface velocity was determined by the Stefan condition [30] and
arbitrary Lagrangian–Eulerian (ALE) formulation [31]. The saturation vapor pressure at the boundary
was obtained from the real-time mass detector, which is measured to be 5× 10−8 torr. The general and
reasonable diffusion coefficient assumed a constant dependence on temperature [32]. The bulk and
interface temperatures were room temperature (20 ◦C) and at a phase change temperature of water at
150 mTorr, respectively.

3. Results and Discussion

Delicate soybean agglutinin (SBA) protein assemblies were fabricated by the ligand strategy
following previously reported procedures, and were used for the generation of the proposed anisotropic

58



Coatings 2020, 10, 1248

object due to their unique structure, which is symmetric and tubular in three dimensions. Briefly,
SBA assemblies were constructed utilizing the specific sugar-binding capability of its four monomers
in the presence of Mn2+ and Ca2+ [33]. Through the assistance of a developed ligand composed of
N-acetyl-α-D-galactosamine, ethylene oxide spacer and rhodamine B, a self-assembled SBA tetramer
structure with a helical tube with a diameter of approximately 20 nm and a length of 100–2000 nm was
generated. The synthesized SBA was characterized with dynamic light scattering (DLS) and Cryo-TEM
(cryogenic transmission electron microscopy), and the results showed an SBA tube approximately
250 nm in size and 26 nm in diameter (Figure 2a,b). Suspension solutions of the synthesized SBA protein
tubes with a defined composition were then prepared to form droplets on hydrophobic surfaces [21]
and transformed into solidified protein solution particles by a temperature solidification process, e.g.,
liquid nitrogen or dry ice bath, resulting in a sublimation template for the CVSD process used in this
study. The thermodynamic conditions (approximately 0.2 mbar and 20 ◦C) of the CVSD operation
favored the transformation of the solid-phase water component (ice) of the solidified protein solution
into water vapor, similar to the generation of CO2 vapor from dry ice in ambient conditions [34] or to
the freeze-drying process to evaporate the water (or solvent) phase from a solution mixture used in
many purification and processing operations [35,36]. Under the CVSD conditions, water molecules
were evaporated by sublimation from the solid iced particles, whereas the nonsublimating protein
molecules retained their controlled distribution on the substrate and were seamlessly encapsulated
into the deposited polymer structure [20,21].

Figure 2. (a) DLS and (b) Cryo-TEM data showed that the fabricated SBA tubes were approximately
234.3 ± 26.3 nm in length and 26 nm in diameter. (c) Droplets of protein solution were formed
on a hydrophobic surface. A measured water contact angle value of 137.3 ± 6.5 degrees was
shown in the inset. (d) Mass spectrometric analysis of vapor composition during the CVSD process.
Characteristic peaks at approximately 18 amu (water molecule), 104 amu (quinodimethane), and 139 amu
(chloro-quinodimethane) were detected.
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The construction of the proposed anisotropic objects was therefore established by CVSD with a
controllable two-stage process: (i) stripping stage, (ii) encapsulating stage, where the time-dependent
parameter, Δt, was used to control the sublimation degree of the sublimated ice template, and the
elapsed time was propositional to the sublimated volume of shrinkage. More specifically, in the
stripping stage, the protein molecules were used as a nonsublimation-solute system in the ice particles
with the sublimating water molecules (solvent system). The sublimation of water molecules resulted
in a smaller volume and receding interface perimeters of the ice particles, where the protein molecules
were located towards the outer particle surfaces, while in the encapsulating stage, the vapor deposition
of poly-p-xylylene occurred stagewise (after the same programmed time), and the remaining volume
(mass) of the sublimating ice particles was transformed into porous structures of poly-p-xylylene,
which was used a matrix for the encapsulation of the protein molecules without affecting their
configuration and structure. Compared to the stripping stage, during which mass transport flux only
occurred in one (outward) direction through sublimation, the encapsulating stage additionally involved
the mass flux of deposited poly-p-xylylene into the system onto the sublimating template/substrate,
which led to a transformation through the replacement of vaporized water molecules with the deposited
poly-p-xylylene molecules. The stagewise stripping and encapsulating processes finally resulted in the
proposed anisotropic nanoparticle product, which was composed of poly-p-xylylene as the matrix and
distributed SBA proteins within the poly-p-xylylene structure. In the experiments, symmetrical sphere
ice particles of the described protein solution were prepared by forming droplets on hydrophobic
surfaces (water contact angle approximately 137.3 ± 6.5 degrees, Figure 2c) followed by a solidification
process using a liquid nitrogen bath. The ice particles served as sublimation templates, and the
operation time (Δt1, Δt2, Δt3, . . . ) was controlled and resulted in emerging and eventually exposed
nonvolatile components of the protein solutes by the time-dependent shrinkage of the ice perimeter
due to sublimation in the two-stage process of the fabrication process. The controllable Δt parameter
regulated the timing of the sequences (i) and (ii) during the fabrication process and determined the
aspect ratio and shape of the finalized (hybrid-) nanoparticle products. A real-time mass spectroscopic
gas analyzer was used to monitor the vapor composition (Figure 2d), and the correspondent species
including water vapor (18 amu), carrier gas of argon (40 amu), derivatives of quinodimethanes (104 amu
and 139 amu) were detected in the studied vapor system of the CVSD fabrication process. A more
systematic analysis of the changes in mass was further performed to verify the controllability of
time during the stripping and encapsulating stages in the CVSD process. As revealed in Figure 3,
the detection of an increased level of water vapor (18 amu) indicated the occurrence of sublimation
in the stripping stage, and similarly, a vaporized chloro-quinodimethane precursor (139 amu) was
detected to indicate the initiation of deposition in the encapsulation stage. The timing parameter,
with values of Δt1 = 60 s, Δt2 = 120 s, and Δt3 = 185 s, was shown to control and program both the
stripping stage and the encapsulating stage, resulting in changes in the vapor compositions at the
selected and designated times. From a chemical point of view, characterizations for the resultant hybrid
particles products were also performed by using FT-IR analysis. As shown in Figure 4, the recorded
spectra showed the characteristic –C–Cl and –C–H bands from poly-p-xylylene, similar to other
reported poly-p-xylylene systems. For the hybrid product comprised both SBA and poly-p-xylylene,
despite possible overlapped peaks of –C=O and –C–O with the –C–Cl peaks, additional –N–H and
–O–H bands from solely SBA were detected and confirmed the successful fabrication of the hybrid
materials of poly-p-xylylene/SBA.
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Figure 3. Real-time mass spectrometry analysis of the vapor compositions during the CVSD process
showed controllable timing of Δt1, Δt2, Δt3, with corresponding regulations of vapor compositions in
the stripping stage and the encapsulating stage.

Figure 4. FT-IR spectra showed the chemical composition of the fabricated anisotropic composite
particles with poly-p-xylylene as the matrix and the encapsulated SBA proteins. Spectra were also
recorded for pure poly-p-xylylene and pure SBA for comparison.
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A simulation analysis was then performed to understand the timing mechanism during the
CVSD and to rationalize the controllability of the geometrical properties vs. the Δt parameters.
Taking advantage of the similarity of a freeze-drying process with the ice-template sublimation process
of the current system during the proposed stripping stage, a reported mathematical freeze-drying
model was used in the simulations [37]. Our model framework was designed according to the proposed
dimensional scale of an ice particle system, and the simulated dimensional and temporal information
was collected. Briefly, a spherical ice particle was initiated and coupled through heat and mass transfer
mechanisms in its sublimation process, and the moving sublimation boundary was treated as a sharp
interface. The interfacial temperature was obtained by the saturation vapor pressure, while the interface
velocity was determined by the normal heat flux difference at the interface. The processing pressure of
the CVSD process was used as the pressure of the external environment of the ice sphere. Although the
SBA tubes were described as nonsublimating solutes within the ice template, they were sparsely
distributed and nonreactive during the CVSD process. Therefore, the SBA proteins should have a
limited effect on the sublimation process in the simulation. The simulation results were consistent with
the experimental results, for example, a Δt = 60 s reduced the size of an ice particle from the initial
50 μm to 32 μm, 160 s resulted in a size decrease to 5 μm, 177 s to 500 nm, and 178 s to 250 nm, as shown
in Figure 5a. After the stripping stage, with the determined dimension configurations according to the
set Δt, the subsequent encapsulating stage initiated the transformation by inducing mass transfer of
poly-p-xylylene through vapor deposition (in contrast to retrograding mass transfer by sublimation)
onto the sublimating ice particle. The final asymmetrical nanoparticles were obtained by replacement
of the remaining ice/water molecules with the aforementioned polymerized poly-p-xylylene molecules.
As revealed in Figure 5b, combinations of characterization techniques, including optical microscopy,
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and AFM, showed that
the encapsulation and poly-p-xylylene deposition occurred by retrograding the outer surface of the
ice particles, thereby exposing the protein to the particle surface, and a time-dependent configuration
of the size and the exposed protein-assembly dimensions was found, which was consistent with the
simulation results. Particles with 38.3 ± 8.6 μm size were fabricated when Δt = 60 s, 6.3 ± 1.6 μm when
Δt = 160 s, 608.3 ± 56.8 nm when Δt = 177 s, and 294.3 ± 38.6 nm when Δt = 178 s; a first-order linear
correlation of Δt vs. length ( 3√ΔV) was found, which supported the simulation data and the reported
results [19]. The fabricated anisotropic particle structure was preserved without compromising the
delicate SBA tube structure, and a tube diameter of approximately 40 nm were found to be consistent
with the prepared SBA tube dimension in the solution phase. The approximately 14 nm-increased
diameter thickness (from 26 nm of a bare SBA tube to 40 nm) was found to be comparable to the
deposited thickness of poly-p-xylylene and was due to the deposition on the nonsublimating SBA
tube, analogous to conventional poly-p-xylylene depositions on a solid substrate [22,38]. To compare
the results, the time-dependent particle sizes based on the simulation trajectory and the fabricated
particles are plotted in Figure 6, and a recorded simulation video showing a sublimating ice particle
template with respect to the elapsed time is included in the supporting information.
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Figure 5. (a) Simulation results showed that Δt = 60 s reduced an initial 50 μm ice particle to
32 μm, Δt = 160 s to 5 μm, Δt = 177 s to 500 nm, and a Δt = 178 s to 250 nm. (b) Combinations of
characterizations by optical microscopy (OM), SEM, TEM, and AFM of the fabricated anisotropic
nanoparticles. Controlled sizes and geometries are shown with respect to the specified Δt.

Figure 6. Controlled particle size based on the programmed time-parameter during the two-stage CVSD
fabrication process. The simulation and experimental results were mutually consistent. The data points
were expressed as the mean value and the standard deviation based on three independent experiments.

4. Conclusions

In summary, controlling material anisotropy and asymmetry is a fascinating technique adopted
from nature which offers superior and diverse properties derived from both the chemical and
physical compartments of the materials. The current study demonstrated the challenge of inducing
a sensitive, self-assembled SBA protein into a vapor-deposited poly-p-xylylene structure that was
fabricated via a two-staged stripping and encapsulating process. The reported process employed
a vapor-phase construction process using water and ice as templates, and the controllable timing
parameter with controlled thermodynamic conditions and mass transport, particularly in the vapor
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phases of sublimation and deposition, offering flexible control over the particle sizes and aspect
ratios in the nanometer range. The sizes of the fabricated anisotropic materials were shown to range
from approximately 57 μm to 294 nm, and the simulation results were able to accurately predict
the size of fabrication (from 50 μm to 250 nm). With the ability to extend this straightforward
CVSD process to other nonsensitive materials (functional materials), we foresee the development of
prospective anisotropic and asymmetric materials with unlimited functional products and applications
in materials sciences.
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Abstract: Magnetic nanoparticles (MNPs) are of great interest due to their unique properties, especially
in biomedical applications. MNPs can be incorporated into other matrixes to prepare new functional
nanomaterials. In this work, we described a facile, one-step strategy for the synthesis of magnetic
poly(vinyl alcohol) (mPVA) gels. In the synthesis, nickel nanoparticles and cross-linked mPVA gels
were simultaneously formed. Ni nanoparticles (NPs) were also incorporated into a stimuli-responsive
polymer to result in multiresponsive gels. The size of and distribution of the Ni particles within
the mPVA gels were controlled by experimental conditions. The mPVA gels were characterized
by field emission scanning electron microscope, X-ray diffraction, magnetic measurements, and
thermogravimetric analysis. The new mPVA gels are expected to have applications in drug delivery
and biotechnology.

Keywords: one-step preparation; nickel nanoparticles; magnetic poly(vinyl alcohol) gels

1. Introduction

In biological and pharmaceutical fields, polymers have been highly advanced by developing the
synthesis methods, controlling the manufacturing steps, and designing the properties. Among such
materials, hydrogels have been widely applied to meet versatile requirements [1]. Since PVA hydrogel
was first formed by gamma rays in 1958, PVA hydrogels have been largely produced. Hydrogels were
used in the biomedical and biotechnological fields in the 1990s. With high water content, elasticity, and
biocompatibility, PVA hydrogels are widely used as biomaterials. However, there are limitations for
PVA hydrogels: the characteristics of low permeability, stability, and fixation. In order to overcome
the limitations, the properties of PVA hydrogels are enhanced by blending with other materials, such
as other polymers, metals, and clays. Polyvinyl alcohols (PVA) are synthetic polymers widely used
in industrial, medical, and food fields since the early 1930s [2]. PVA is relatively harmless when
administered orally, because PVA does not accumulate in the body.

Magnetic metal nanoparticles have gained research interest in biomedicine for their chemical,
electrical, and magnetic properties [3]. The crystalline structure, particle size, and magnetic properties
of the magnetic metal nanoparticles can control and improve the polymers for applications in medical
fields such as treatment of hyperthermia and drug delivery. The chemical composition and fabrication
processes have great effects on the sizes and shapes of the particles. To achieve different properties,
the synthesis routes are co-precipitation, sol-gel, ball-milling, gamma irradiation, laser irradiation,
the photoinduced method, e1tc. The mediated polymers improve the quality of the particles for
drug delivery. The idea of drug delivery was proposed by Paul Ehrlich [4]. To reduce the systemic
distribution and the required drug dosage, magnetic carriers are used. In 1976, Zimmermann and
Pilwat proposed magnetic erythrocytes for the drug delivery. Since then, researchers began to use
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magnetic microparticles and nanoparticles (NPs) to target specific sites within the body. Some magnetic
carriers are magnetic cores encapsulated in a biocompatible polymeric coating with drug loading
capability. The magnetic cores are NPs of metal or metallic oxide moieties with sizes between 1 and
100 nm.

Magnetic gels aconsist of magnetic particles embedded within polymers [5]. The term is commonly
applied to magnetic nanoparticles being immersed in a hydrogel. They are stimuli-responsive in
an external magnetic field, but biological matter is tolerant to magnetic fields. They are promising
candidates for controlled drug release due to the interplay between magnetic and elastic properties.
The magnetogels combine the advantages of hydrogels and magnetic nanoparticles [6]. Hydrogels
are similar to the cellular matrix with their high portion of water. Magnetic nanoparticles made of
any transition metal (Fe, Ni, Co, Cr, or Mn) and its oxides allow for the control to a specific location
under a magnetic field. The nanosystems improve target specificity, therapeutic effectiveness, magnetic
resonance imageology, and hyperthermia for cancer therapy.

The magnetic drug carrier particles have been applied for over 40 years under an external magnetic
field [7]. The magnetic nanoparticles can be removed to reduce risk of particle aggregation after
therapy is completed. The nanoparticles can be synthesized in the presence of polyvinyl alcohol (PVA)
or another substance to make them appropriate for in vivo applications. The polymers make the NPs
stable [8,9]. One of the challenges is to improve the localization of cross-linker release to minimize
in vivo toxicity. Controlling the density of cross-links in the gel matrix can tune the porous structure
and the swelling properties of the hydrogels in the aqueous environment. Manufacturing processes
still need to be developed for better-controlled hydrogels in terms of size, shape, distribution, and
mechanics [10].

Ni-based nanomaterials can be used as magnetically-responsive therapeutic platforms for
anticancer drugs [11]. Many different synthetic routes for magnetic nanoparticle synthesis have
been reported [12] Some of them are one-step, while others are multi-step procedures. They all have
advantages and disadvantages. But none of them provides a universal solution for all types of magnetic
nanoparticles. Employing simpler and easier synthetic routes for the magnetic nanoparticles with
desired characteristics remains highly challenging.

Doxorubicin (DOX) is a kind of cytotoxic anticancer drug. It is widely used in clinical therapy [13]
To reduce the limitation of cardiotoxicity and improve the biocompatibility and efficiency, drug delivery
systems are being developed [14]. The superparamagnetic nanodevice is designed to deliver DOX
under a magnetic field, with good stability [15]. The main aim of this work is to design a new formation
strategy of the magnetic polymer for the anti-cancer drug delivery system. An easy, one-step synthetic
method for nickel nanoparticles based on poly(vinyl alcohol) gel is described. Nickel chloride was
reduced by sodium borohydride in aqueous PVA solution. The Ni PVA gels were characterized by
various techniques. The loading and release process was studied.

2. Experimental

2.1. Materials

PVA was purchased from Aldrich (Saint Louis, MO, USA) with a hydrolysis degree of 98%–99%
and a molecular average weight of 85,000–124,000 g/mol. Nickel(II) chloride hexahydrated was from
Junsei Chemical Co. (Tokyo, Japan). Sodium borohydride was from Kanto Chemical Co. (Tokyo, Japan).
Doxorubicin hydrochloride (DOX) was obtained from Korea United Pharm. Inc. (Chungnam, Korea).

2.2. Synthesis of Ni-NP PVA Gel

Ni-NP PVA gel was prepared by reducing nickel chloride in PVA solution with sodium borohydride
as the reducing agent. The aqueous solution of 10 wt.% PVA was first prepared by dissolving PVA in
deionized water at 80 ◦C for 3 h. An aqueous solution of nickel chloride was then added to the PVA
solution in a beaker. NaBH4 solution was added drop wise, using a separation funnel, to the nickel
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chloride solution, while the temperature was maintained between 80 ◦C with continuous stirring.
The reaction mixture was allowed to stir for about 1 h at 80 ◦C, by which time black-colored solution
was obtained, and at the same time a large amount of gas bubbles of H2 were generated. The water in
this solution was evaporated at 70 ◦C. After evaporation of most solvent, the hot residue was poured
into a Petri dish. The black mixture was dried overnight at room temperature. After that, the residue
was dried in an oven at 70 ◦C, and thus a gel was generated. The resulting gel was washed with
distilled water, and further dried in an oven at 70 ◦C for 24 h. The resulting product was but to small
pieces for various tests with scissors.

2.3. Characterization

The morphology and elemental composition of the structure, and microstructural characterization
of the samples, were characterized using field-emission scanning electron microscopy (FE-SEM)
(S-4200, Hitachi, Tokyo, Japan), operated at 3–10 kV electron potential difference and equipped
with a semiconductor detector that allowed for the detection of energy dispersive X-rays (EDX).
X-ray diffraction analysis (XRD) patterns on samples were measured on a model D8-Advanced AXS
diffractometer (Bruker, Billerica, MA, USA) using Cu Kα radiation. Samples were supported on glass
slides. Measurements were taken using a glancing angle of incidence detector at an angle of 2◦, for 2θ
values over 10◦–80◦ in steps of 0.02◦. Magnetic properties of the samples were measured by using
a super-conducting quantum interface device (SQUID) magnetometer (MPMS-X 1, Quantum Design,
San Diego, CA, USA) under an applied magnetic field, at room temperature. Thermogravimetric
analysis (TGA) of the sample was performed on a TGA 7/DX Thermal Analyzer (Perkin-Elmer, Waltham,
MA, USA) with a scan rate of 10 ◦C/min by pursuing N2 gas as a carrier at a flow rate of 100 mL/min.
The differential scanning calorimetric (DSC) experiment was carried out using a DSC2010 Differential
Scanning Calorimeter (TA Instruments, New Castle, DE, USA) over a temperature range 20 to 1200 ◦C
at a scan rate of 10 ◦C/min.

2.4. Swelling Studies

For the swelling kinetics’ measurement, the gel (about 0.5 mm thick) was cut to 1 cm × 0.5 cm.
The gel was then immersed in distilled water. The rate of gel expansion was determined by measuring
the change in gel length at various time intervals. The dimensional change was estimated from the
length ratio of the swollen hydrogel sample after 24 h (at the equilibrium) compared to its original
length. The change in dimensions of the swollen samples (Ls) was calculated according to equation:

Ls(%) =
Lt − L0

L0
× 100% (1)

where L0 is the original gel length, and Lt is the equilibrium gel length at a given time.
The water uptake of a gel sample was measured at room temperature. A swollen sample was

removed from the solvent. After the water on the surface was absorbed gently with filter paper, the
sample was immediately weighed. Then, the sample was returned to the medium. The mass swelling
ratios (Ms) was calculated as follows:

Ms(%) =
mt −m0

m0
× 100% (2)

where mt, m0, and (mt − m0) are the masses of a swollen sample at a given time, dry gel, and absorbed
water, respectively.

The equilibrium water content We in swollen samples was calculated as:

We(%) =
m∞ −m0

m0
× 100% (3)

where m∞ is the weight of the swollen hydrogel at equilibrium [16].
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2.5. Drug Loading and Release

The drug release kinetics is important for the application of the gel to drug delivery. Doxorubicin
hydrochloride (DOX) was chosen as an anti-cancer model drug. The DOX loading was carried out
by dispersing 10 mg of PVA gel in 3 mL DOX solution at a concentration of 0.02 mg/mL at room
temperature in the dark. The mixture of PVA gel in DOX was shaken (80 rpm) at room temperature for
48 h to facilitate DOX uptake. The optical density of residual DOX in the supernatant was measured at
479 nm by UV-vis spectrophotometer (Cary 50, VARIAN, Palo Alto, CA, USA). The drug loading was
determined as the difference between the initial DOX concentration and the DOX concentration in the
supernatant. After the supernatant was removed, the release profile was obtained by reimmersing
the gel loaded with DOX in 3 mL of water under gentle stirring. The concentration of DOX in the
particle-free solution was determined at fixed time intervals by UV-vis spectrophotometry.

3. Results and Discussion

3.1. Reaction Mechanism of Ni-NP PVA Gel

Liquid phase reduction has some advantages over other synthetic methods for magnetic
nanomaterials. Using some popular reducing agents, liquid phase reduction was applied to reduce
magnetic metal ions to magnetic metal [12]. In this kind of reaction, hydrides are usually used for
reducing agents. It is difficult to handle the sensitivity of hydrides to the mild environment. No special
laboratory condition is required for these strong reactants, except for the moisture. Hydrides are also
penetrative to some polymers, so the particles can still be reduced even with protective coatings.

NaBH4 is a particularly powerful reducing agent in liquid phase reduction. It is soluble in both
methanol and water. The mechanism of reduction for Ni using NaBH4 is complicated. In the reaction,
a black metal powder of Ni-NPs formed due to an instantaneous Ni2+→Ni co-reduction reaction with
NaBH4 [17]. The reduction of nickel ions using NaBH4 followed the equation

NiCl2 + 2NaBH4 + 6H2O→ Ni + 2B(OH)3 + 2NaCl + 7H2↑

The byproducts of B(OH)3 and NaCl remained dissolved in the aqueous solution and were
removed after the washing process in fresh water.

Poly(vinyl alcohol) (PVA) is a good stabilizer for small metal particles in chemical synthesis to
prevent the agglomeration and precipitation [18]. The embedding of the particles is also advantageous
for the PVA casting. The Ni-NP PVA hydrogel was formed by the embedding of Ni-NPs into PVA
aqueous solution. The Ni-NP remained in gel form within the matrix, as sketched in Scheme 1.
Figure 1a,b shows photographs of the obtained PVA gel and Ni-NP PVA gel, respectively. Figure 1c,d
shows photographs of the Ni-NPs and Ni-NP PVA gel synthesized by the same reduction reaction in
the magnet field. When the Ni-NPs and the Ni-NP hydrogels were exposed to the field of a permanent
NbFeB magnet, they were be attracted to the external magnet. This simple analysis demonstrated the
magnetic properties of the polymers containing Ni-NPs.

 
Scheme 1. One step preparation of PVA/Ni magnetic gel.
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(a) (b) 

  
(c) (d) 

Figure 1. Photographs of (a) PVA gel; (b) PVA/Ni magnetic gel; (c) Ni-nanoparticle (NPs) in the magnet
field; (d) PVA/Ni magnetic gel in the magnet field.

3.2. Structural and Morphological Properties

To explore the sample morphology, FE-SEM micrographs are presented. Figure 2a–f shows
Ni-NPs, PVA gel, and PVA gel with magnetite particles. The surface of Ni-NP PVA gel is rough
(Figure 2c) compared to the surface of PVA gel (Figure 2b). The neat PVA gel showed a very smooth
surface. Figure 2c shows a micrograph of a Ni PVA gel with pores of about 50 nm. Ni-NPs’ formation
was evident from the presence of spherical particles over the PVA gel (Figure 2e) compared to the pure
Ni-NPs formed by the same reduction reaction in aqueous solution (Figure 2a). From the image in
Figure 2c, it can be seen that the magnetic particles are distributed in a compact PVA matrix. The EDX
spectrum of PVA gel containing 2.3% Ni (Figure 2d) confirmed the presence of Ni-NPs. The EDX
results revealed the percentage of Ni in PVA to be 10.97 wt.%. It is, thus, presumed that Ni-NPs
have good dispersion in PVA gel. Compare the FE-SEM micrograph of PVA gel containing 2.3% Ni
(Figure 2c) with 4.5% Ni (Figure 2e); the higher the amounts of magnetic nanoparticles, the rougher the
surface of the Ni-NP PVA gel is. The EDX results (Figure 2f) revealed the percentage of Ni in PVA to be
41.15 wt.%.

Figure 2. Cont.
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Figure 2. FESEM micrograph of (a) Ni-NPs; (b) PVA gel; (c) PVA gel containing 2.3% Ni; (d) EDX
spectrum of PVA gel containing 2.3% Ni; (e) PVA gel containing 4.5% Ni; and (f) EDX spectrum of PVA
gel containing 4.5% Ni.

Figure 3 shows the XRD spectra of PVA gel without or with Ni-NPs of different concentrations,
and pure Ni-NPs obtained by the reduction reaction of nickel chloride with sodium borohydride.
The XRD pattern of Ni-NPs (Figure 3d) shows that the products are metallic nickel. The average
crystallite sizes were calculated from the peak broadening of XRD patterns by the Scherrer equation.
The average size of the Ni-NPs was 7.0 nm. The X-ray diffractograms indicate a crystalline structure
with some amorphosity of the disordered surface layers. The XRD spectra of Ni-NPs for 2θ values
from 10◦ to 80◦ is similar to the literature, despite that an additional peak, the largest, at 2θ = 11.98◦
(intensity Ip = 100 u), was not mentioned [19]. The XRD Patterns do not correspond to face centered
cubic (fcc) nickel with space group Fm3m, but are indexed for a tetragonal crystal structure with space
group 14/mcm [17]. Those peaks at 2θ = 24.96◦ (Ip = 7.0 u), 2θ = 34.06◦ (Ip = 16.2 u), 2θ = 36.03◦
(Ip = 3.7 u), 2θ = 45.04◦ (Ip = 6.8 u), 2θ = 60.00◦ (Ip = 8.7 u), and 2θ = 71.96◦ (Ip = 2.2 u) are attributed
to (110), (002), (200), (211), (310), and (321) facets of the tetragonal crystal structure of Ni, respectively.
The lattice parameters are a = 0.4887 nm and c = 0.4516 nm for the nickel nanoparticle sample.

Figure 3a–c compares the X-ray diffractograms of PVA gel containing different amounts of Ni-NPs.
The interplaner distance was calculated. XRD patterns of the pure PVA gel (Figure 3a) indicate the
characteristic peak for poly(vinyl alcohol) at a 2θ value of 19.82 with the inter planner distance of
0.4476. The same phenomenon has been observed by Clémenson et al. [20]. PVA, known to be
semicrystalline in nature, shows a single broad peak. The relatively sharp and broad peak centered
on about 19 indicates that the semicrystalline nature of the polymer PVA contains crystalline and
amorphous regions. It is clear from Figure 3b,c that the peaks representing the tetragonal crystal
structure of Ni in XRD disappear, indicating the conversion of nickel nanoparticle to the amorphous
Ni-NP PVA gel. For both PVA gel with 1.5 mol% Ni and 2.3 mol% Ni-NPs, a broad peak centered on
a 2θ value of about 19 is observed. It suggests the characteristic peak of PVA gel, indicating that the
Ni-NP PVA polymer intercalation occurs with the formation of Ni-NPs within the polymer matrix.
The amorphous broad band decreased for PVA gel containing 2.3% Ni, indicating the metal interacts
with the polymer chain [21]. From the Figure 3a–c, comparing the XRD spectra of the bulk Ni-NPs,
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the smaller spectral intensity of the diffraction peak of PVA in the composite is due to the presence of a
higher content of Ni-NPs in hydrogels.

Figure 3. XRD patterns for PVA gel containing (a) 0% Ni; (b) 1.5% Ni; (c) 2.3% Ni; and (d) pure
Ni nanoparticles.

3.3. Magnetic Properties

The magnetic properties of PVA gel with or without Ni-NPs of different concentration, and pure
Ni-NPs were measured. Figure 4 shows the magnetization curves versus external magnetic field for
neat PVA gel, or PVA gel with Ni-NPs of different concentration and pure Ni-NPs. Magnetization
as a function of increasing external field up to 50 kOe at temperature of 5 K has been measured for
selected samples. It can be found that the magnetization of pure Ni-NPs is obviously higher than
other samples. The magnetic properties of Ni-NP PVA gel significantly changed with the composite
formation. The magnetization of Ni-NP PVA gel is far weaker than that of the pure Ni-NPs. The greater
the amount of Ni the Ni-NP PVA gel contains, the higher the value the magnetic moment shows at the
same magnetic field. In contrast, the curve of the neat PVA gel is mostly flat. It is well known that
the polymer is antimagnetic [22]. As shown in Figure 4, the curve of Ni-NPs shows that the magnetic
moment does not reach full saturation even at 50 kOe. Among all these samples, the maximum
magnetic moment value is 68.6 emu/g for pure Ni-NPs. The magnetization of the Ni-NPs and Ni-NP
PVA gel samples increases quickly as the intensity of applied magnetic field increased below 10 kOe.
The magnetization of the samples containing Ni increases slowly to reach saturation when the magnetic
field above 10 kOe increases. The saturated magnetizations of the PVA gel containing 2.3 mol% Ni
and PVA gel containing 4.5 mol% Ni at 50 kOe are 5.1 and 12.9 emu/g, respectively. Generally, the
saturation of the magnetic moment increases with a higher amount of Ni-NPs. This is in agreement
with the results of SEM and XRD.

In order to better understand the magnetic behavior, the samples were measured in the
zero-field-cooled (ZFC) and field-cooled states (FC). The ZFC and FC measurements were performed
by cooling the nanoparticles at zero field or in the presence of an external field. To obtain the ZFC
measurement, the samples were cooled to 5 K in the absence of an external field. An external magnetic
field of 1000 Oe was then applied to the samples. The magnetization was measured as the temperature
was increased. The samples were then immediately cooled to 5 K in the presence of a magnetic field
of 1000 Oe for the FC measurement. Figure 5a–c compares the magnetization versus temperature
measured under ZFC and FC conditions for PVA gel without or with Ni-NPs of different concentration,
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and pure Ni-NPs, respectively. The effect of cooling is clearly observed. ZFC and FC magnetization
curves split below T = 84, 54, and 35 K for PVA gels containing 2.3% Ni, 4.5% Ni, and the pure Ni
gel, respectively. The difference in the magnetic moment signals is due to a two times larger amount
of Ni in sample of PVA gel containing 4.5% Ni with respect to sample PVA gel containing 2.3% Ni,
and the pure Ni without PVA. Samples of Ni-NP PVA gels and pure Ni nanoparticles present a
significant magnetic irreversibility. The blocking temperature (TB) of a magnetic nanoparticle can be
measured where the FC and the ZFC curves diverge. The ZFC magnetization curve exhibits a peak
around T = 15 K. This temperature indicates a collective freezing of magnetic moments. The signal of
a magnetic moment is relatively weaker when the amount of Ni in the sample is lower. On the other
hand, no temperature dependence is observed for the PVA without Ni sample. It is confirmed that
pure PVA is diamagnetic. The results establish the role of Ni loading within the PVA polymer for
the magnetic moments. Figure 5a–c indicates that for all the samples containing Ni, the temperature
dependence of the magnetic moment does not follow Curie’s law at temperatures above 100 K. The
difference between PVA gel and Ni-NP PVA gel suggests that magnetic response of the Ni particles
manifests a certain degree of magnetic interaction [23].

Figure 4. Magnetization curves of the PVA gel containing (a) 0% Ni; (b) 2.3% Ni; (c) 4.5% Ni; and (d)
pure Ni nanoparticles.

  
(a) (b) 

Figure 5. Cont.
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(c) 

Figure 5. Field-cooling (FC) and zero-field-cooling (ZFC) magnetic moment curves measured for
samples: (a) PVA gels containing 2.3% Ni; (b) 4.5% Ni; and (c) pure Ni nanoparticles. The lower curve
of each sample represents the ZFC measurement and the upper one represents the FC measurement.

3.4. Thermogravimetric Analysis

To study the thermal changes in the PVA gels containing Ni, the samples were thermally
characterized by TGA and DSC. A typical TGA curve of the PVA gel containing Ni is presented
(Figure 6). The thermogram suggests that weight loss mainly occurs in three steps. First step
corresponds to the loss of water molecules and slow removal of impurities from room temperature
to 192 ◦C with a total weight loss of 14% in a PVA gel containing Ni. The second step corresponds
to the removal of oligomers and the decomposition of PVA in the range of 266–294 ◦C with a weight
loss of 29% [22]. The third step corresponds to the degradation of polymeric backbone in the range of
385–986 ◦C with a weight loss of 48% in the sample. At last, about 5% weight residue remained at
a temperature above 986 ◦C, due to the Ni magnet. There is nearly no residue that remained above
986 ◦C in the PVA alone. This result is consistent with Khanna et al. [18]. Figure 6 shows the DSC
thermogram of the PVA gel containing Ni [24].

Figure 6. TGA curve and DSC plot of Ni-NP PVA gel.

3.5. Swelling Studies

Swelling experiments can yield important information concerning the stability of PVA gels in
solution [25]. It can also be used to trigger drug release by controlling the hydrogel swelling properties.
Water uptake was measured to determine the swelling abilities of the hydrogels. This is most commonly
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used to evaluate the effects of different synthesis methods of PVA on water transport. The swelling
kinetic curves of the hydrogels are shown in Figures 7 and 8. Figure 7 shows the dimension changes as
a function of the exposure time for different PVA gels containing nickel in the amounts of 0 mol%,
1.5 mol%, 2.3 mol%, and 4.5 mol%. The mass change as a function of time from 5 min to 24 h for
different hydrogels in water is shown in Figure 7. From Figures 7 and 8, the samples attained their
maximum swelling ratio at about 16 h. The results of the dimension changes are in agreement with the
results of the mass changes. The equilibrium water contents in swollen samples (We) were 364.60%,
312.36%, 230.16%, and 166.67% for neat PVA gel, and PVA gels with 1.5 mol%, 2.3 mol%, and 4.5 mol%
Ni-NPs, respectively. From both Figures 7 and 8, it can be observed that the swelling ratio decreases as
the amount of Ni-NPs in a PVA gel increases. The NPs have effect an on the swelling properties of the
PVA gel by a simply physical method. The interaction of the PVA chains with Ni-NPs might induce the
formation of low-mobility regions that can act as additional physical cross-linking points. The swelling
ratio decreases with the presence of NPs, pointing to an increase of the physical crosslinking density as
reported for the formation of PVA ferrogels through a freezing–thawing procedure [26].

Figure 7. Dimension change (Ls) versus immersion time for PVA gel and PVA/Ni magnetic gel.

Figure 8. Water absorption (Ms) as a function of the exposure time for PVA/Ni magnetic gel.

76



Coatings 2019, 9, 744

3.6. Drug Loading and Release

To design the magnetic polymer for the anti-cancer drug delivery system, a well-known anti-cancer
drug was needed. It was convenient to investigate the drug release properties in vitro. Furthermore,
regarding swollen polymers—the drug is in an aqueous environment; its water solubility becomes
an important consideration. As one of the most common anti-cancer drugs, DOX was chosen in this
study to model the release action of anti-cancer drug from Ni-NP PVA gel. Most of the DOX was
up-taken about in 24 h. A loading capacity of about 96% of the drug weight was determined. This
result was used for the evaluation of the cumulative release of DOX. To investigate the drug delivery
properties, Ni-NP PVA gels with a cargo amount of 5.8 mg/g were studied.

The release kinetics measured for Ni-NP PVA gel under two different conditions of 25 ◦C and
37 ◦C is shown in Figure 9. Both curves were measured by the UV-vis absorbance in water. From
the figure, the curve with temperature of 25 ◦C shows a relatively low cumulative release of DOX.
The corresponding cumulative release rapidly achieves the level of about 10% in 10 h. About 15%
of the drug was released in 48 h. The release rate was much higher with the temperature of 37
◦C. The corresponding cumulative release rapidly achieved the level of about 39% in 10 h. In total,
73% of drug was released in 48 h. This probably manifests through the fact that the Ni-NP PVA
gel is made from simply physical cross-linking. This kind of gel is flexible when put in wet or very
humid conditions under high temperatures. To study the release behaviors of the Ni-NP PVA gel, the
cumulative release ratio (Mt/M∞) was calculated based on the classic Korsmeyer-Peppas equation [27].
Mt/M∞ is the fraction of drug released after time t relative to the amount of drug released at infinite
time. There are two stages in the drug release curve. The initial diffusion of drugs mainly happened
in the outermost layer of the Ni-NP PVA gel. At that stage, the drug released rapidly. At the second
stage, the release was under diffusion’s control and the drug released relatively slowly.

Figure 9. Drug release profiles of Ni-NP PVA gel in water.

4. Conclusions

The magnetic hydrogels have sparked particular interest in the anti-cancer drug delivery
applications. PVA is a type of biocompatible material used for biomedicine. In this work, a new
kind of nickel nanoparticle-based magnetic PVA gel was synthesized by a one-step procedure.
The nickel nanoparticles and cross-linked mPVA gels were formed simultaneously. The structural
and morphological properties of Ni-NP PVA gel were measured by FE-SEM and X-ray diffraction.
The surface of Ni-NP PVA gel was rougher than that of the neat PVA gel. The amount of Ni-NPs
detected was consistent with the theoretical value. The peak of PVA in the XRD spectra was weaker
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than that of Ni-NP PVA gel. The magnetic and thermal properties were also measured. With a higher
amount of Ni-NPs, Ni-NP PVA gel had higher magnetic moments. There are noteworthy features for
the Ni-NP PVA gel in terms of ferromagnetism and thermally stability. All measurements confirmed
the good formation of the Ni-NP PVA gel. The release of DOX showed diffusion control in vitro.
With a higher temperature, the release rate of DOX was higher. The Ni-NP PVA gels are expected to be
applied for controlled drug delivery. The novel, simple synthetic method can be used to form other
magnetic gels for biotechnology.
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Abstract: We developed a method to identify proteins adsorbed on solid surfaces from a solution
containing a complex mixture of proteins by using Matrix-Assisted Laser Desorption/Ionization-Time
of Flight mass (MALDI-ToF mass) spectroscopy. In the method, we performed all procedures
of peptide mass fingerprint method including denaturation, reduction, alkylation, digestion, and
spotting of matrix on substrates. The method enabled us to avoid artifacts of pipetting that could
induce changes in the composition. We also developed an algorithm to identify the adsorbed proteins.
In this work, we demonstrate the identification of proteins adsorbed on self-assembled monolayers
(SAMs). Our results show that the composition of proteins on the SAMs critically depends on the
terminal groups of the molecules constituting the SAMs, indicating that the competitive adsorption
of protein molecules is largely affected by protein-surface interaction. The method introduced here
can provide vital information to clarify the mechanism underlying the responses of cells and tissues
to biomaterials.

Keywords: protein identification; matrix-assisted laser desorption/ionization-time of flight;
proteomics; quartz crystal microbalance; self-assembled monolayer

1. Introduction

Scaffolding protein in extracellular matrices (ECM) plays a significant role in determining
cellular responses. There are many situations where the scaffolding proteins govern the cellular
responses—biodevices implanted in a body [1], patterning of cells on solid substrates [2], and general
cell culturing in dishes, among others. For the thorough understanding of the mechanism underlying
the cellular behavior, we need to clarify the properties of the layer of the scaffolding proteins [3,4].

Investigation of the adsorbed proteins has been done mostly in terms of the amount of adsorption.
They are measured with surface plasmon resonance (SPR) spectroscopy [5], quartz crystal microbalance
(QCM) [6–8], and surface acoustic wave spectroscopy (SAW) [9–11] for real-time adsorption kinetic
measurements; and X-ray photoelectron spectroscopy (XPS) [12,13], Fourier transform infrared
absorption spectroscopy (FTIR) [14–16], and fluorescence microscopy with labeling molecules [17,18]
for samples in dry state after adsorption.

In contrast with the number of proteins in the scaffolding layer, the composition of proteins in the
protein layers formed on biomaterials after contacting body fluids or cell-culturing media has not been
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intensively studied even though this information is essential for the understanding of the mechanism
underlying the responses of the adhered cells to materials. In general, the identification of proteins in
solution is carried out by a peptide mass fingerprint method [19]. In this method, the proteins in the
solution are separated first by electrophoresis [20]. Then, the separated proteins are fragmented into
peptides by digestion with trypsin. Finally, the proteins can be identified from the pattern of the peaks
in the Matrix Assisted Laser Desorption/Ionization-Time of Flight mass (MALDI-ToF mass) spectrum.
However, in the case of the scaffolding proteins on the surface of biomaterials, especially on small
surface areas, this procedure is difficult to employ because the total amount of adsorbed proteins is
often not enough for a reliable and efficient separation by electrophoresis which, in general, requires
~20–30 μg of proteins.

Several works that overcame the problem have been reported. One is the usage of nanoparticles
to acquire a large interfacial area between materials and proteins [21]. However, this approach is
not universal because many biomaterials cannot be fabricated in the form of nanoparticles. Another
is the proteomic analysis of membrane filters for hemodialysis wherein the proteins adsorbed on
the membrane filters after hemodialysis were collected by an eluting solvent and then isolated
by electrophoresis followed by MALDI-ToF mass measurements [22,23]. Like the first example,
this approach also has the merit of having a larger interfacial area. Unfortunately, this method cannot
be employed for biomaterials with a flat surface. Moreover, proteins with relatively high hydrophobicity
can easily adhere to the walls of pipets resulting in the change in the composition of the protein and
thus greatly affects the results especially for a small collection of proteins [24]. Therefore, it is important
to perform all steps of the proteomic analysis directly on the surface of the materials. Although this
approach was already performed by Kirschhofer et al., who have succeeded in the identification
of the adsorbed proteins, the proteins used in their reports consist of only three kinds with known
compositions [25].

In this work, we performed the full peptide mass fingerprint method on the biomaterial
surfaces and obtained mass spectra by MALDI-ToF mass spectroscopy of the adsorbed proteins
from the more complex protein serum. To extract the composition of the adsorbed proteins from
the resulting complex spectra, we developed an algorithm to give assignments to the peaks by
collating the experimental and theoretical peak positions of peptide fragmented from the serum
proteins. Furthermore, we established a method to evaluate the molar ratio between proteins in the
scaffolding layer. In general, the composition of proteins strongly depends on the analytical techniques
used [26–29]. To solve this problem, we thereby employed a method to evaluate molar ratios between
proteins by using the results obtained from original standard samples with a known molar ratio.
We believe that our method may shed light on the role of the scaffolding layer in determining the fates
of cells or tissues after being in contact with biomaterials.

2. Materials and Methods

2.1. Self-Assembled Monolayers and Their Substrates

Metal substrates for self-assembled monolayers (SAMs) of alkanethiols were prepared by thermal
evaporation under vacuum (base pressure: 4 × 10−6 Pa). A 5-nm Ge (adhesion promoter) was first
deposited on a glass plate (18 × 18 mm2, Matsunami glass inc. Ltd., Oosaka, Japan) followed by the
deposition of 100-nm Au film. The glass plates underwent prior cleaning by sonication in ethanol,
then in pure water, and lastly dried with nitrogen gas.

Fabrication of the SAMs was carried out by immersing the substrates in a thiol solution in ethanol
(0.1 mM) for 24 h. We used five kinds of thiols in this work (Table 1) [Sigma-Aldrich (St. Louis, MI,
USA) and ProChimia Surfaces (Gdansk, Poland)]. After the immersion, the samples were carefully
rinsed with pure ethanol to remove the physisorbed thiol molecules from the surface.
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Table 1. Thiols used in this work and their chemical structures.

Abbreviation Chemical Structure of the Thiol Molecules

C8 HS–(CH2)7–CH3
COOH HS–(CH2)11–COOH

OH HS–(CH2)11–OH
NH2 HS–(CH2)11–NH2

EG3–OH HS–(CH2)11–(O–CH2–CH2)3–OH

2.2. QCM Measurements

The amounts of proteins adsorbed onto the SAMs from protein solution and fetal bovine serum
(FBS) (Equitech-Bio Inc, Kerrville, TX, USA, lot number: SFBM30-2485) were measured by QCM
(D300 Q-Sense, Gothenburg, Sweden). The sensors were cleaned by UV-Ozone treatment, followed
by rinsing with ethanol and pure water. The fabrication of the SAMs on the Au-coated QCM sensors
was done with the same procedure as the case of the Au/Ge/glass substrates. For the adsorption of
bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MI, USA) and fibrinogen (Biogenesis, Poole,
England), we prepared the protein solution by dissolving the proteins in phosphate buffer saline (PBS)
(Sigma Aldrich, St. Louis, MI, USA) at a concentration of 1 mg/mL. For the adsorption of proteins from
the serum, the FBS was diluted to 20% in volume with PBS.

In the QCM measurements, the measurement cell was first filled with PBS for background
measurements, then the protein or serum solution was injected. After the frequency shift was
equilibrated, PBS was injected again for rinsing. All measurements were performed at 25 ◦C We
calculated the amount of the adsorbed protein from the Sauerbrey equation (Equation (1))

Δm = −C·Δ f
n

, (1)

where C, Δf, n are the conversion constant (17.7 ng cm−2 Hz−1), change in the resonant frequency and
overtone number (n = 3 in this work), respectively.

2.3. Formation of Protein Layer on SAMs from FBS for Peptide Mass Fingerprinting

To form a layer of serum proteins on the SAMs, 50 μL of the 20% (v/v) FBS were placed on the
SAMs for 24 h at room temperature. Then, the SAMs were rinsed with PBS buffer and dried in air.

2.4. Digestion of the Serum Proteins Adsorbed on the SAMs

The procedure of the preparation of samples for MALDI-ToF mass measurements (denaturation,
reduction, alkylation, digestion, and spotting of a matrix) is summarized in Figure 1. A mixture of 25 μL
of 10 mM ammonium bicarbonate aqueous solution (Wako, Osaka, Japan), 25μL of 2,2,2-trifluoroethanol
(Wako, Osaka, Japan), and 10 μL of 20 mM dithiothreitol aqueous solution (Sigma-Aldrich, St. Louis,
MI, USA) was placed on the dried protein layer then was left still in an oven at 60 ◦C under atmospheric
pressure for 45 min to denature and reduce the adsorbed proteins. Then, the sample was taken out
from the oven, cooled to room temperature, added with 40 μL of 20 mM iodoacetamide (Sigma-Aldrich,
St. Louis, MI, USA) aqueous solvent to allow alkylation, and was allowed to stand at room temperature
for 1 h. In order to quench the iodoacetamide aqueous solvent, 10 μL of an aqueous dithiothreitol
solution used in the reduction was added and then dried at 60 ◦C under vacuum. Next, the proteins
underwent digestion with trypsin (Promega, Madison, WI, USA). A 200 μL of trypsin-acetic acid
solution was prepared by dissolving 20 μg trypsin in 1 mM acetic acid (Promega, Madison, WI, USA).
A 10-μL aliquot of the trypsin-acetic acid solution was mixed with 30 μL of a 10 mM ammonium
hydrogen carbonate aqueous solution, and 10 μL of the mixture was dropped onto the sample and
kept for 4 h. To stop the digestion, 50 μL of 10% trichloroacetic acid (Wako, Osaka, Japan) was added
and then the samples were dried in a desiccator at 60 ◦C. The digestion of proteins in 20% (v/v) FBS
was performed with the same procedure.
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Figure 1. Flow of preparation of samples for MALDI-ToF mass spectroscopic measurements.

The samples were fixed on a slide glass coated with an indium tin oxide (ITO) film with carbon tape.
To be able to check if the samples are of the same height level, a commercial peptide solution (Peptide
Calibration Standard II: PCS II) (Bruker, Billerica, MA, USA) was placed on all the samples. After that, the
matrix solution (α-cyano-4-hydroxycinnamic acid (Sigma-Aldrich, St. Louis, MI, USA)) saturated in a
mixture containing 30% of acetonitrile (Wako, Osaka, Japan), 69.9% of water and 0.1% of trifluoracetic acid
(TFA) (Wako, Osaka, Japan) is placed on the samples to be measured then dried. The height of the samples
was adjusted by placing blank substrates with the same thickness as a spacer at the corners (Figure 2).

 

Figure 2. Samples (protein/SAM/Au/Ge/glass) fixed on a MALDI target plate after all the processes
presented in Figure 1.
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2.5. Standard Samples to Calibrate Peak Intensity

A mixture of proteins of interest with a known ratio was prepared to calibrate the effect of
ionization of peptides, which is dependent on the peptide sequence, on their intensities in mass spectra.
In this work, we dissolved BSA, vitronectin, and fibronectin in PBS and prepare the mixed solution at a
molar ratio of 1:1.29:0.255 (weight ratio of 1:1:1). This solution was spotted on an ITO substrate and
processed as the same procedure as the case of serum proteins on the SAMs.

2.6. MALDI-ToF Mass Spectroscopic Measurements

We used a commercial MALDI-ToF mass spectrometer (ultrafleXtreme, Bruker Daltonics, Billerica,
MA, USA) for our measurements. Mass spectra in the range of 500 to 4000 Da were measured in the
positive-ion reflector mode with 5000 laser shots with raster. FlexAnalysis software (Bruker Daltonics,
Billerica, MA, USA) was used to assign peaks. For each sample, 10 spectra obtained at different
positions of the substrates were accumulated after the calibration of m/z values (linear offset in m/z)
using the fragment peak from BSA (m/z = 927.49). We prepared two samples for each SAM and
measured 15 spectra for each sample giving a total of 30 spectra for each SAM.

2.7. Analysis of the Obtained Mass Spectra

2.7.1. Finding m/z Values Unique for Proteins of Interest

From the complex spectra we obtained, we attempted to find m/z values unique for each protein.
Basing on the top 20 abundant proteins plus the proteins associated with cell adhesion (fibronectin
and vitronectin) (Table 2) in FBS, we constructed a list of all possible fragments after digestion using a
WEB-based database of ExPASy (https://www.expasy.org/) [30,31]. We omitted m/z values that are close
to each other within 0.5 Δm/z. Furthermore, we also removed m/z values that are close (0 ≤m/z < 3) to
that of the isotopes of the peptide fragments of BSA, because BSA is dominant (around 60%) in serum
and even the isotopes of its fragments exhibit peaks with considerable intensity. Finally, from the
remaining m/z values for each protein, we selected the one with the highest intensity in the spectra
and denote as the ‘reference m/z’ hereafter (Figure 3).

 
Figure 3. Procedure for determination of the reference m/z values.
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Table 2. Proteins of interest in serum (abundant and those with RGD moieties), their molecular weights,
and reference m/z obtained by the procedure presented in Figure 3.

Protein Molecular Weight Reference m/z

Serum albumin 69,293 927.493
Alpha-1-antiproteinase 46,104 873.468

Plasminogen 91,216 1426.640
Cone cGMP-specific 3′,5′-cyclic phosphodiesterase subunit alpha’ 98,798 1476.690

Lactoperoxidase 80,642 1423.830
NADH-ubiquinone oxidoreductase 75 kDa subunit 79,468 2048.070

Alpha-2-HS-glycoprotein 38,419 2058.130
Kininogen-2 68,710 1998.000
hemiferrin 24,091 1715.900

Integrin beta-1 88,094 1436.670
Prothrombin 70,506 1716.890

Apolipoprotein A-I 30,276 1772.920
Antithrombin-III 52,347 2062.050

Beta-2-glycoprotein 1 38,252 1475.770
Alpha-2-antiplasmin 54,711 1728.820

Protein AMBP 39,235 2058.930
Hemoglobin fetal subunit beta 15,859 1434.670

Alpha 1-antichymotrypsin 28,571 2210.180
Apolipoprotein A-II 11,202 657.324

Hemoglobin subunit alpha 15,184 2986.440
fibronectin 272,154 1323.710
vitronectin 53,615 946.489

2.7.2. Conversion from Peak Intensities to Molar Ratio

The peak intensity in the mass spectrum linearly correlates to the concentration of the peptide in
the sample [32]. However, the dependence of the signal intensity on the sequences of peptide must be
calibrated. In this work, we employ Equation (2) to evaluate molar ratios,

Ma/b =
Ia

Ib
·Ka/b, (2)

where I, M, and K are the intensities of the reference peaks, molar ratio between two proteins,
and coefficients to calibrate the intensity and molar ratios, respectively. Using the standard sample
with known composition, Kvitronectin/BSA and Kfibronectin/BSA were calculated to be 0.302 and 1.51,
respectively.

3. Results and Discussion

First, we verified whether the processes of the digestion affect the spectral patterns. Figure 4
compares the spectra obtained from proteins digested in different environments—on substrate and in
solution. The overall intensity of the spectrum (a) is about 10 times weaker than that of the spectrum (b),
which is rationalized by the total amounts of BSA molecules measured. The peak positions assigned
to the fragments of BSA and the relative ratio between the peaks of the fragments are consistent,
indicating that the digestion of BSA on C8-SAM provides the same result as in solution. It should
be noted that there is disagreement in the peak intensity of the other peaks. A possible reason is a
different ratio among BSA, trypsin, and other chemicals in the different environments of digestion.
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Figure 4. MALDI-ToF mass spectra of digested BSA. (a) BSA adsorbed on the C8 SAM then digested
(procedure shown in Figure 2) (b) BSA was digested in a vial and measured on an C8 SAM.

The results of the adsorption tests with proteins of single composition (Figure 5) showed that
EG3-OH exhibited strong resistance to fibrinogen and BSA, whereas the other SAMs adsorbed
these proteins. These results are consistent with previous findings reported from our group and
others [33–38] showing that SAMs of oligo(ethyleneglycol)-terminated alkanethiols exhibit strong
protein-resistance to various proteins at relatively low concentrations of protein solution (typically
< 2 mg/mL). In contrast with the adsorption of single protein at low concentration, the results of
adsorption tests with the serum diluted to 20% with PBS revealed that all the SAMs used in this work
adsorbed serum proteins. Considering that the adsorption amount of about 100 ng/cm2 corresponds to
a monolayer of fibrinogen [35], all the SAMs were certainly covered with a layer of serum proteins.
It should also be noted that this concentration of serum employed in this work is often used for cell
culturing. There is strong dependence of the amounts of adsorbed proteins on both the concentration
and composition of the proteins in the original solution [39]. This is one of the good examples that
demonstrate that conventional protein adsorption assays cannot predict the protein adsorption from
serum or other body fluids.

  
(a) (b) 

Figure 5. Amounts of adsorbed proteins and changes in the resonant frequency measured by QCM.
(a) Adsorption of BSA and fibrinogen from 1 mg/mL solution in PBS (n = 4) and (b) adsorption of
serum proteins from 20% serum diluted with PBS (n = 3). Error bars and n denote standard deviation
and the number of measurements, respectively.

After the confirmation of the formation of the protein layers on the SAMs by QCM-D, we processed
the adsorbed protein as the procedure shown in Figure 1. Figure 6a–e shows mass spectra of digested
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adsorbed proteins on the SAMs. In contrast with the peaks assigned to BSA, the patterns of other
peaks, e.g., in the ranges of m/z = 1300–1400 and 1600–1700 are different depending on the SAMs.
This indicates that the composition of proteins other than BSA is different depending on the terminal
groups of the molecules constituting the SAMs.

Figure 6. MALDI-ToF mass spectra of fragmented proteins on the SAMs; (a) C8, (b) OH, (c) COOH,
(d) NH2, and (e) EG3-OH SAMs. The locations of the reference m/z of BSA, vitronectin and fibronectin
are shown (m/z = 927.49, 946.48 and 1323.71 for BSA, vitronectin, and fibronectin, respectively).

The relative peak intensities of the reference m/z for each protein with respect to that for BSA
for each SAM are summarized in Table 3. Although we cannot discuss the exact amount of proteins
from peak intensities, the change in the composition of proteins after adsorption from serum onto
SAMs can be easily seen from the results. The final composition of the adsorbed proteins on materials
is a result of competitive adsorption of serum proteins (Vroman effect) [40,41]. In theoretical models
proposed so far, small proteins adsorb first because of their high mobility and replaced with larger ones.
However, the complexity of the problem includes a wide variety of protein-protein and protein-surface
interactions. Moreover, the conformational changes of proteins after adsorption complicates the issue.
Therefore, it is very difficult to correlate the composition with the physicochemical properties of the
SAMs. It should also be noted that we also compared the compositions of vitronectin and fibronectin
with respect to BSA obtained by the conventional methods, which incorporate pipetting processes,
and our method (Table S1), clearly indicating the effect of pipetting on the ratio of the peak intensities.

The main finding here is that the compositions of vitronectin and fibronectin on the SAMs, which
provide RGD moieties essential for cell adhesion, are higher than in serum (Figure 7). The evaluation
of the exact amounts of the serum proteins requires standard samples containing the proteins.
Unfortunately, many of the proteins listed in Tables 2 and 3 were not available, and we were not able to
evaluate the exact amounts by combining with the results of QCM-D. But fortunately, there have been
several works that attempted to predict peak intensities of peptides from their sequences by using
techniques of informatics [42–44]. These approaches may realize the exact evaluation of the protein
composition in the future.
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Table 3. Relative peak intensity of the reference m/z for each protein with respect to that of BSA in FBS
and on the SAMs. Errors denote a standard deviation of 30 spectra (two substrates for each SAM with
15 spectra each at different positions).

Protein
Relative Peak Intensity of the Reference m/z for Each Protein with Respect to that for BSA

FBS C8 OH COOH NH2 EG3-OH

Serum albumin 1.00 1.00 1.00 1.00 1.00 1.00
Alpha-1-antiproteinase 0.00719 ± 0.00421 0.212 ± 0.138 0.0843 ± 0.0333 0.109 ± 0.076 0.172 ± 0.084 0.111 ± 0.056

Plasminogen 0.950 ± 0.526 2.59 ± 1.81 0.746 ± 0.609 1.31 ± 0.50 1.54 ± 0.69 0.846 ± 0.314
Cone cGMP-specific

3′,5′-cyclic
phosphodiesterase subunit

alpha’

0.0639 ± 0.0442 1.24 ± 0.82 0.279 ± 0.177 0.298 ± 0.186 0.972 ± 0.537 1.17 ± 0.77

Lactoperoxidase 0.0132 ± 0.0075 0.166 ± 0.171 0.0575 ± 0.0308 0.0692 ± 0.0269 0.311 ± 0.539 0.222 ± 0.160
NADH-ubiquinone

oxidoreductase 75 kDa
subunit

0.0763 ± 0.0658 1.62 ± 2.03 0.101 ± 0.063 0.231 ± 0.157 0.533 ± 0.247 0.242 ± 0.062

Alpha-2-HS-glycoprotein 1.02 ± 0.97 0.707 ± 0.775 0.0908 ± 0.0489 0.152 ± 0.150 0.317 ± 0.194 0.179 ± 0.029
Kininogen-2 0.0118 ± 0.0055 0.135 ± 0.112 0.0731 ± 0.0489 0.0916 ± 0.0345 0.137 ± 0.088 0.103 ± 0.045
Hemiferrin 0.138 ± 0.123 0.155 ± 0.050 0.114 ± 0.057 0.142 ± 0.062 0.110 ± 0.039 0.100 ± 0.020

Integrin beta-1 0.0117 ± 0.00609 0.123 ± 0.039 0.114 ± 0.047 0.140 ± 0.052 0.0825 ± 0.0347 0.0676 ± 0.0361
Prothrombin 0.125 ± 0.118 0.212 ± 0.111 0.241 ± 0.075 0.234 ± 0.107 0.121 ± 0.057 0.143 ± 0.081

Apolipoprotein A-I 0.0242 ± 0.0237 0.157 ± 0.079 0.0925 ± 0.0457 0.107 ± 0.070 0.143 ± 0.108 0.0798 ± 0.0403
Antithrombin-III 0.0641 ± 0.0715 2.56 ± 2.17 0.786 ± 0.296 0.757 ± 0.676 1.01 ± 0.51 0.482 ± 0.122

Beta-2-glycoprotein 1 0.582 ± 0.481 0.117 ± 0.061 0.0784 ± 0.0327 0.128 ± 0.064 0.0953 ± 0.0403 0.0948 ± 0.0556
Alpha-2-antiplasmin 0.0355 ± 0.0297 0.256 ± 0.133 0.129 ± 0.038 0.153 ± 0.097 0.159 ± 0.092 0.0913 ± 0.0375

Protein AMBP 0.0596 ± 0.0383 0.204 ± 0.077 0.0859 ± 0.0331 0.131 ± 0.056 0.108 ± 0.038 0.0894 ± 0.0375
Hemoglobin fetal subunit

beta 0.0187 ± 0.0064 0.154 ± 0.121 0.0531 ± 0.0277 0.0703 ± 0.031 0.151 ± 0.082 0.216 ± 0.158

Alpha 1-antichymotrypsin 0.00869 ± 0.00451 0.192 ± 0.062 0.475 ± 0.310 0.467±0.191 0.208 ± 0.068 0.130 ± 0.054
Apolipoprotein A-II 0.00390 ± 0.00420 0.227 ± 0.263 0.110 ± 0.047 0.109±0.072 0.133 ± 0.061 0.115 ± 0.044

Hemoglobin subunit alpha 0.00598 ± 0.00580 0.166 ± 0.145 0.212 ± 0.121 0.346 ± 0.334 0.136 ± 0.064 0.125 ± 0.124
Fibronectin 0.00317 ± 0.00226 0.100 ± 0.051 0.0620 ± 0.0259 0.0803 ± 0.0365 0.0461 ± 0.0241 0.0451 ± 0.0176
Vitronectin 0.00297±0.00160 0.132 ± 0.129 0.0563 ± 0.0379 0.0761 ± 0.0329 0.0396 ± 0.0249 0.0435 ± 0.0200

Figure 7. Evaluated molar ratios of vitronectin and fibronectin with respect to BSA (n = 30). Error bars
and n denote standard deviation and the number of spectra analyzed, respectively.

4. Summary and Conclusions

In this paper, we proposed a new method to evaluate the composition of adsorbed proteins on
solid surfaces. In this method, we perform denaturation, alkylation, digestion, and measurements
without the collection of proteins. This method enables us to collect all the peptide fragments without
the artifact of pipetting. To find reference m/z values used to evaluate the protein composition, we first
looked for the m/z value unique for the proteins of interest by listing up m/z values of all possible
fragments of the top 20 proteins abundant in serum and the interesting proteins, i.e., those with RGD
moieties. Then, we determined a correlation factor to evaluate molar ratios between the proteins from
peak intensities by using standard samples with the known composition of proteins.

Our results clearly showed that the composition of the proteins adsorbed from serum onto SAMs
critically depends on the terminal groups of the molecules constituting the SAMs as a result of the
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Vroman effect (competitive adsorption of proteins onto surfaces). Moreover, in this work, we evaluated
the ratios of vitronectin and fibronectin to BSA. The compositions of vitronectin and fibronectin
govern the adhesion of cells that have integrin-mediated adhesion systems since RGD moieties of the
proteins provide binding sites for integrins. We found a clear correlation between cell adhesion and
the compositions of vitronectin and fibronectin. This finding will be published elsewhere.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/1/12/s1.
For quality assessment of identification of proteins. Here we simply show the matching ratio between theoretical
m/z values and experimentally observed peak positions, since we removed some of the m/z values and cannot
employ ROC plot analysis. In the case of the standard sample, which contains BSA, fibronectin, and vitronectin,
more than 95% of the theoretical fragment m/z values were observed in the spectra. In the case of serum proteins,
the matching rate is lower (Table S2). If the matching rate is larger than 25%, it can be considered to be marginally
matched [45]. Therefore, we consider that the identification is satisfactory in this work.
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Abstract: This study investigated the time transient effect of zinc (Zn) in the porous titanium dioxide
formed by micro-arc oxidation (MAO) treatment routinely performed for Zn-containing electrolytes.
The aim of our analysis was to understand the changes in both the chemical and biological properties
of Zn in physiological saline. The morphology of the Zn-incorporated MAO surface did not change,
and a small amount of Zn ions were released at early stages of incubation in saline. We observed a
decrease in Zn concentration in the oxide layer because its release and chemical state (Zn2+ compound
to ZnO) changed over time during incubation in saline. In addition, the antibacterial property of
the Zn-incorporated MAO surface developed at late periods after the incubation process over a
course of 28 days. Furthermore, osteogenic cells were able to proliferate and were calcified on the
specimens with Zn. The changes related to Zn in saline had non-toxic effects on the osteogenic cells.
In conclusion, the time transient effect of Zn in a porous titanium dioxide layer was beneficial to realize
dual functions, namely the antibacterial property and osteogenic cell compatibility. Our study suggests
the importance of the chemical state changes of Zn to control its chemical and biological properties.

Keywords: zinc; titanium oxide; micro-arc oxidation; antibacterial activity; osteogenic cell compatibility

1. Introduction

Recent studies have reported that biomaterial-associated infections caused by the formation of
biofilms on biomaterial surfaces were a major cause of failure in implant surgeries [1–6]. The biofilms
are generally formed as a result of bacterial adhesion, growth, colony formation, extracellular
polysaccharides, quorum sensing signals, and formation of nutrition channels. Biofilms can weaken
the effect of antibiotic agents due to the presence of a wide variety of bacterial species and the barrier
effect of the extracellular polysaccharide [7–12]. After the formation of biofilms, it becomes almost
impossible to remove the matured biofilms from implanted devices in the human body. The only
way of preventing sepsis is by retrieval of the device on which the biofilm was formed from the
patient. To avoid this, it is necessary to inhibit biofilm formation during implantation of devices in
advance. Prosthetic joint infection is divided into early infection (within three weeks after surgery)
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and late-onset infection (around three to eight weeks after surgery); this period is considered the
incubation stage [13]. Moreover, infections associated with hip implants have been reported in the
case of dental treatments [14,15]. Thus, the long-term antibacterial activity of the implant material
is strongly desired. An ideal biomaterial surface with antibacterial activity can not only prevent the
initial stages of infection such as bacterial adhesion, but also inhibit subsequent bacterial growth at
later stages.

Recent studies on antibacterial surfaces have used various surface treatments with silver (Ag)
species [16–23]. Ag is a well-known antibacterial agent and its effects on various bacteria have been
studied extensively. Many researchers have reported that Ag can strongly influence various kinds of
fungal and bacterial strains, including multidrug-resistant bacteria [23–27]. In addition to the efficacy of
Ag for bacteria, copper, zinc (Zn), gallium, selenium and silicon have been recently used as antibacterial
elements owing to their good antibacterial activity [23,28–35]. Among them, Zn is one of the most
important trace elements in living organisms and an effective antibacterial element [30,31,36–42].
Therefore, we expected that the application of Zn for the surface modification of implant devices might
offer antibacterial activity as effective as that of Ag.

Titanium (Ti) and its alloys are widely used as major implant materials owing to their excellent
mechanical properties and biocompatibility [43]. Recent studies related to the bio-functionalization of
a Ti surface has been widely reported and well-summarized elsewhere [44]. Among them, Micro-arc
oxidation (MAO) is an electrochemical surface treatment technique performed in a specific electrolyte
under high voltage. After MAO, the surface of the substrate metal is covered by a connective-porous
oxide layer. The resultant oxide layer formed by MAO treatment contained additional elements that
were contained in the electrolyte solution. Therefore, MAO treatment improved the osteogenic cell
compatibility of titanium (Ti) when the electrolyte contained calcium and phosphate ions [45–51].
The biocompatibility of MAO coatings has been demonstrated by numerous in vitro and in vivo
tests [52–57].

Several studies have focused on the incorporation of Zn onto a Ti surface by MAO treatment [58–64].
Hu et al. [59], Zhang et al. [61], Zhang et al. [62] and Du et al. [63] reported that Zn-incorporated TiO2

coatings showed good antibacterial activity against both Escherichia coli (E. coli) and Staphylococcus
aureus. Moreover, Zhao et al. [60] reported that a Zn coating on a Ti surface showed bacteriostatic
activity against Streptococcus mutans. These experiments provide adequate evidence to demonstrate
that MAO-treated Ti in the electrolyte with Zn inhibited both bacterial adhesion as well as growth.
In addition, Hu et al. [59], Zhao et al. [60] and Zhang et al. [64] reported that suitable amounts of Zn
could promote adhesion, proliferation, and differentiation of osteogenic cells (e.g., rat bone marrow
stem cells, MG63 cells and MC3T3-E1 cells). Thus, Zn plays a key role in the development of both
antibacterial activity and osteogenic cell compatibility, and the incorporation of Zn by MAO treatment
is a promising approach for surface treatment to achieve antibacterial activity in orthopedic and dental
implants. Nevertheless, little attention has been given to the chemical and biological changes of Zn in
the MAO coatings on their bio-function. Therefore, for the prevention of late-onset infections and the
application of Zn to medical and dental implants, it is important to evaluate the long-term behavior of
Zn in the body.

The purpose of this study was to investigate the long-term behavior of Zn-incorporated surface
oxide produced by MAO for the prevention of late-onset infections. We investigated the time transient
effect of Zn on chemical property, antibacterial activity, and osteogenic cell compatibility. The detailed
chemical state of Zn in physiological saline was characterized by X-ray photoelectron spectroscopy
(XPS). The change in antibacterial activity of the specimens before and after incubation for four weeks
in saline was evaluated by the ISO method using E. coli as typical gram-negative facultative anaerobic
bacteria. In addition, calcification by the cells on the specimens were evaluated at 14 and 28 days after
seeding. In this study, we considered different time points and investigated changes in the chemical
and biological properties of the Zn-incorporated MAO surface in a simulated body fluid environment.
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2. Materials and Methods

2.1. Specimen Preparation

Commercially pure Ti (CP Ti; Rare Metallic, Tokyo, Japan) with grade 2 was used as a substrate
material in this study. Two kinds of CP Ti disks with diameters 8 mm and 25 mm were obtained by
cutting from a rod of CP Ti. The surfaces of these disks were mechanically polished using #150, #320,
#600, and #800 grid SiC abrasive papers, followed by ultra-sonication in acetone and ethanol for 10 min.
The disks were then stored in an auto-dry desiccator till further use. Each Ti disk was then fixed onto a
polytetrafluoroethylene holder with an O-ring. The area in contact with the electrolyte was 39 mm2

(7.0 mm in diameter) or 398 mm2 (22.5 mm in diameter). Details of the working electrode were as
described earlier [65]. An AISI304 type stainless steel plate was used as a counter electrode. The base
composition of the electrolyte for MAO treatment was 100 mM calcium glycerophosphate and 150 mM
calcium acetate. Varying concentrations of ZnCl2 (0, 0.5, 1.0, and 2.5 mM) were added to the base
electrolyte. After pouring the electrolyte into the electrochemical cell, both electrodes were connected
to a DC power supply (PL-650-0.1, Matsusada Precision Inc., Shiga, Japan) and a positive voltage with
a constant current density of 251 Am−2 was applied for 10 min. The resultant voltage during the MAO
treatment was 400 V at all conditions. After the MAO treatment, the surfaces were thoroughly washed
in ultrapure water in order to remove any electrolyte solution remaining in the porous oxide layer.
A major part of the Ti disk was MAO-treated; an annular untreated area was 0.5 mm from the margin.
All surface characterization described below was performed in a MAO-treated area.

2.2. Incubation in Saline

The specimens treated in the electrolyte that had various concentrations of Zn were immersed
in physiological saline (0.9% NaCl) for 28 days. Saline is the simplest simulated body fluid, which is
suitable for long-period measurement. Moreover, chloride ion (Cl−) is unexceptionally contained in all
simulated body fluids. The specimens were fixed onto a polyethylene container to allow the release of
Zn ions from the surface into physiological saline. Incubation was performed at 37 ◦C in a humidified
chamber under constant shaking (100 rpm). Every 7th day, the pooled solution was changed with
fresh physiological saline. After immersion, the immersed specimens were used further for surface
characterization, evaluation of antibacterial activity, and quantification of Zn ions.

2.3. Surface Characterization and Evaluation of Zinc Ion Release

Scanning electron microscopy with energy dispersive X-ray spectrometry (SEM/EDS; S-3400NX,
Hitachi High-Technologies Corp., Tokyo, Japan) was used to observe the surface morphology and
composition before and after incubation. X-ray diffraction (XRD, BRUKER D8 DISCOVER, Bruker
AXS KK, Yokohama, Japan) was performed to characterize the crystal structure of the specimens
before and after incubation. The diffractometer was used with Cu-Kα radiation (40 keV, 40 mA).
XPS was performed using a spectrometer (JPS-9010MC, JEOL, Tokyo, Japan) with Mg Kα X-ray source
(energy: 1253.6 eV; acceleration voltage: 10 kV; current: 10 mA). The pressure of the measurement
chamber was 1 × 10−7 Pa. All binding energies mentioned in this paper are relative to the Fermi level.
The spectrometer was calibrated against Au 4f7/2 of pure gold, Ag 3d5/2 of pure silver, and Cu 2p3/2

of pure copper. Spectra were obtained using an analysis area of 1 mmφ with a pass energy of 20 eV.
The detection angle to the specimen surface was 90◦. The binding energies were calibrated with C
1s photoelectron energy region peak derived from contaminating carbon (285.0 eV). To calculate the
integrated intensity of peaks, the background was subtracted from the measured spectrum according
to Shirley’s method [66]. The chemical state changes of Zn were determined by the modified Auger
parameter (α’) on the Wagner plot with those of typical Zn compounds. The α’ of each specimen was
calculated using the following Equation (1).

α’ = EK(Zn L3M45M45) + EB(Zn 2p3/2) (1)
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Equation (1) contains both kinetic energy of Zn L3M45M45, EK(Zn L3M45M45) and binding energy
of Zn 2p3/2, EB(Zn 2p3/2). The composition of the specimens were calculated according to a method
described previously [67]. The photoionization cross-section of empirical data [68,69] and theoretically
calculated data [70] were used for quantification. Inductively coupled plasma-atomic emission
spectrometry (ICP-AES, ICPS-7000 ver. 2, Shimadzu Corp., Kyoto, Japan) was used to quantify Zn ion
release from the Zn incorporated surface. The amounts of Zn ions released into the pooled solution
were quantified each week.

2.4. Evaluation of Antibacterial Activity

The antibacterial activity was evaluated according to ISO 22196: 2007 method. To examine the
antibacterial activity of the specimens, we employed E. coli (NBRC3972). The experiment was approved
by the Pathogenic Organisms Safety Management Committee of the Tokyo Medical and Dental
University (22012-025c). E. coli is a representative gram-negative rod-shaped bacterium commonly
found in the gut. E. coli was cultured in Luria-Bertani (LB) broth (LB-Medium, MP Biomedicals, CA,
USA) at 37 ◦C for 24 h. The optical density of the bacterial suspensions were measured at 600 nm
using an ultraviolet-visible (UV–vis) spectrometer (V-550, JASCO, Tokyo, Japan) and diluted to obtain
concentrations of 4.9 × 106 colony-forming units (CFUs) mL−1. Prior to the antibacterial activity testing,
all specimens were sterilized with 70% ethanol, washed with distilled water, and dried. Drops of
bacterial suspension were added on all specimens, which were subsequently covered with a sterilized
plastic film and incubated at 37 ◦C for 24 h (n = 3). Bacterial cells were then collected from all the
incubated specimens; the obtained suspensions were diluted, pipetted onto nutrient agar plates,
and incubated overnight at 37 ◦C. The number of viable bacteria was determined by counting the
number of colonies formed.

2.5. Calcification by Osteogenic Cells

As described in our previous work [71], MC3T3-E1 cells (RIKEN BioResource Center, Tsukuba,
Japan) were maintained in a cell culture medium: alpha modification of Eagle’s minimum essential
medium (α-MEM; GIBCO, Grand island, CA, USA) supplemented with 10% fetal bovine serum (FBS;
GIBCO), 10 U mL−1 penicillin, 100 mg mL−1 streptomycin, and 0.25 mg mL−1 amphotericin B (GIBCO).
All specimens were sterilized in 70% ethanol for 20 min and thoroughly rinsed with deionized water
before in vitro testing. The cells were seeded on to the sterilized specimens with an approximate
initial density of 10,000 cells cm−2. As a control, cells were also seeded on MAO-treated Ti without
Zn. The cells were incubated at 37 ◦C in a fully humidified atmosphere under 5% CO2. For induction
of osteogenic differentiation, a cell culture medium supplemented with 2 mM β-glycerophosphate
(Calbiochem, Darmstadt, Germany) and 50 mg mL−1 L-ascorbic acid (Wako Pure Chemical Industries,
Osaka, Japan) was used when 100% confluence was reached for all the specimens. The medium
used for induction was named as the differentiation-inducing medium. The differentiation-inducing
medium was changed every three days.

After the seeding for the 1st, 2nd, and 3rd day, the cells attached to each specimen were harvested
with trypsin/EDTA, re-suspended in a cell culture medium, and transferred to 96-well microplates.
Then, the Cell Counting Kit-8 assay (CCK-8, Dojindo Laboratories, Kumamoto, Japan) was added to
each 96-well microplate, which contained cell suspension, and the reaction was continued for 4 h at
37 ◦C. The absorbance of the samples was measured at 450 nm using a microplate reader (ChroMate
Microplate Reader, Awareness Technology, Palm, FL, USA). The reference wavelength was set at
630 nm. In this evaluation, the tissue culture polystyrene (TCPS) was used as a control specimen
for quantification of the number of attached cells on each specimen. The cells that were attached
to the TCPS were harvested by treatment with Trypsin/EDTA followed by re-suspension of cells
in the cell culture medium. Cell suspensions were diluted serially. The number of cells in the cell
suspension harvested from TCPS were counted by Trypan blue (Trypan Blue Stain 0.4%; Gibco) using

96



Coatings 2019, 9, 705

a hemocytometer. Then, standard curves for cell number calibration and for light absorbance were
constructed and were used for quantification of the number of attached cells on each specimen.

The calcification of MC3T3-E1 cells on each specimen was evaluated by the calcified deposits
by a color change reaction after alizarin red S staining. After the removal of media from all the
specimens, cells were rinsed three times with phosphate-buffered saline. Cells were then fixed with 4%
formalin for 1 h and rinsed three times with ultra-pure water. Each specimen was stained with 1%
alizarin red S solution (adjusted to pH 4.2 with ammonium hydroxide) at room temperature for 30 min.
After removing the alizarin red S solution, cells were repeatedly rinsed with ultrapure water. When the
specimens were fully dry, the surface of each specimen was studied using an optical microscope
(OLYMPUS SZX12, Olympus, Tokyo, Japan).

2.6. Statistical Analysis

Data obtained by surface characterization were calculated from three independent specimens.
The results of biological tests are shown from at least two independent tests. Each test was performed
using at least three independent specimens. All values are presented as means ± SD, and commercial
statistical software KaleidaGraph (Version 4.1.1, Synergy Software, Reading, PA) was used for
statistical analysis. One-way analysis of variance (ANOVA) was used following multiple comparisons
with Student–Newman–Keuls method to assess the data, and P < 0.05 was considered to indicate
statistical significance.

3. Results

3.1. Surface Characterization and Evaluation of Zinc Ion Release

Figure 1 shows SEM images of the MAO-treated Ti surface treated in the electrolyte with 2.5 mM
Zn before (A) and after (B) incubation in saline. Typical connective porous morphology after MAO
treatment was observed. There was no difference in the surface morphology among the specimens
before and after incubation in saline for 28 days according to our SEM data under the indicated
magnification. In addition, the pore size on the specimens before incubation was 5.3 ± 2.3 μm and on
the specimens after incubation during 28 days was 4.8 ± 2.1 μm. There were no significant differences
in the pore size among the specimens before and after incubation.

 
Figure 1. Scanning electron microscopy (SEM) images of specimens before (A) and after (B) incubation
in saline during 28 days. These images show the connective porous oxide layer on a Titanium (Ti)
surface formed by micro-arc oxidation (MAO) treatment using Zinc-containing electrolyte.

XRD spectra obtained from the MAO-treated Ti surface treated in the electrolyte with 2.5-mM Zn
before and after incubation has been shown in Figure 2. The peaks originating from α-Ti and anatase
TiO2 were detected from each specimen. Moreover, the peaks originating from Zn were undetected.
There was no difference in the crystal structure among the specimens before and after incubation in
saline for 28 days.
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Figure 2. X-ray diffraction (XRD) spectra of the Zn-incorporated specimens before and after incubation
in saline during 28 days.

XPS survey spectra of the MAO-treated Ti surface in the electrolyte with 2.5 mM Zn before and
after incubation in saline has been shown in Figure 3A. In addition to peaks originating from C, O,
P, Ca, and Ti, those originating from Zn and Na were detected. Narrow scan spectra around Zn 2p
electron energy region is shown in Figure 3B. The binding energies of Zn 2p3/2 peaks obtained from all
specimens were 1022.2–1022.6 eV, indicating that Zn existed as Zn2+. Phosphorus was found to exist as
phosphate species and calcium existed as a divalent ion, because binding energies of the corresponding
peaks of P 2p and Ca 2p3/2 were 134.1 ± 0.2 eV and 347.8 ± 0.2 eV, respectively. The binding energy of
Ti 2p3/2 peak was 459.0 ± 0.1 eV, indicating that Ti existed as TiO2.

Figure 3. X-ray photoelectron spectroscopy (XPS) spectra of survey (A) and Zn 2p photoelectron energy
region (B) from specimens immersed in saline for 0–28 days.

Figure 4 depicts the Wagner plot of Zn in the oxide layer incubated for 0–28 days based on Zn
2p3/2 peaks and Zn L3M45M45 Auger peaks and reference plots from Zn2+ compounds as reported
by previous studies [72–75]. The chemical state of an element was determined by comparison of its
binding energy with modified Auger parameter values on the Wagner plot. According to the Wagner
plot of Zn, the binding energy decreased, and the Auger parameter increased with incubation time.
Moreover, since the value of the Auger parameter finally converged to 2010.2 eV, it became clear that
the chemical state of Zn incorporated in titanium dioxide by MAO approached to that of ZnO with
increasing incubation times.
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Figure 4. Wagner plot of Zn in the oxide layer incubated for 0–28 days based on Zn 2p3/2 photoelectron
peaks and Zn L3M45M45 Auger peaks (n = 3). Each parameter of Zn2+ compounds were plotted
according to previous studies [72–75].

Figure 5 shows the change in the Zn concentration in the oxide layer at each incubation time,
as determined by XPS. The concentration of Zn was relatively small even before the incubation; thus,
the amount of Zn incorporated during MAO treatment was small. The amount of Zn dramatically
decreased to about 0.8% by the incubation in saline from 0 to 7 days and was maintained for 28 days.

 
Figure 5. Change in the concentration of Zn in the oxide layer with incubation time determined by XPS
(n = 3).

Figure 6 shows the amount of Zn ions released from the oxide layer into saline, as determined by
ICP-AES. The amount of Zn ions released within the first 7 days was the highest and thereafter Zn was
not detected. In summary, there was no observed release of Zn ions after 7 days.
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Figure 6. The amount of Zn ions released into saline every week from Ti MAO-treated in the electrolyte
containing 2.5-mM Zn (n = 3).

3.2. Evaluation of Antibacterial Activity

Figure 7 shows the normalized CFU count for E. coli or antibacterial effects of MAO-treated Ti in
the electrolyte containing various concentrations of Zn. The vertical axis represents the normalized
bacterial number, defined as the bacterial number on each of the specimens divided by that of the
control, MAO-treated Ti in the electrolyte without Zn. The normalized bacterial number that was
below 1 (shown as dashed line in the figure) implied that the tested specimens had antibacterial activity.
Before incubation, there was no significant difference in E. coli counts among the specimens. On the
other hand, after incubation for 28 days, antibacterial effects against E. coli were observed. This effect
was independent of the concentration of Zn in the electrolyte for MAO treatment, indicating that
antibacterial activity of Zn developed after incubation in saline.

Figure 7. Antibacterial effects of Ti MAO-treated in the electrolyte containing various concentrations of
Zn. Data are shown as the mean ± SD. *: Significant difference between specimens before and after
incubation, **: Significant difference against the specimen without Zn (n ≥ 3, P < 0.05).
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3.3. Calcification by Osteogenic Cells

Figure 8 shows the number of MC3T3-E1 cells on MAO-treated Ti in the electrolyte containing
various concentrations of Zn with varying culture times. The number of viable cells on all specimens
increased with culture time. The Zn concentrations in the electrolyte did not differ significantly
among specimens.

Figure 8. Number of MC3T3-E1 cells on Ti MAO-treated in the electrolyte containing various
concentrations of Zn with culture time. Data are shown as the mean ±SD. n.s.: No significant difference
(n ≥ 5, P < 0.05).

Figure 9 shows photographs of alizarin red S staining of calcified deposits by MC3T3-E1 cells on
each specimen cultured for 14 and 28 days. In case of MAO-treated specimens, we observed that only
the central part (7 mm in diameter) was covered with the oxide layer formed by MAO treatment while
the margins (0.5 mm) were not treated. Calcified cells were observed in all the specimens. However,
untreated Ti showed bare metal-colored parts that indicated the presence of incompletely calcified
cells. On the other hand, all MAO-treated specimens showed completely stained surfaces. There was
no segregation seen for calcified and non-calcified areas on the MAO-treated surface. In addition,
there were no visual differences among the MAO-treated specimens with and without Zn.

 
Figure 9. Color scale stained by alizarin red S of calcified deposits by MC3T3-E1 cells on each specimen
cultured for 14 and 28 days. Scale bar represents 2 mm.
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4. Discussion

The morphology and crystal structure of the porous oxide layer formed by MAO treatment did not
show any changes during incubation in saline (Figures 1 and 2); this property is highly advantageous
for implant surfaces.

The peaks originating from Zn were not detected from the specimens by XRD. The amount of Zn
incorporated during MAO treatment was 3.5%, and decreased with incubation (Figure 5). Therefore,
we believe that XRD peaks originating from Zn were relatively small compared with Ti, which was not
detected by XRD.

The chemical state and concentration of Zn in the oxide layer changed during incubation in saline
(Figures 3–5). In addition, the Zn ions were released into saline during the 7-day incubation period;
thereafter, no Zn ions were eluted (Figure 6). These phenomena indicate that Zn incorporated into
specimens would be released only during the initial stages of implantation in vivo. The concentration
of Zn in the oxide layer decreased with the release of Zn ions during the first 7 days and was maintained
at 0.8 at % in the subsequent period. In other words, despite the presence of Zn in the oxide layer,
no Zn ions were released from the surface from 7 to 28 days. This indicated that the released Zn ion
was adsorbed on the surface of the oxide layer to form zinc oxide as an insoluble corrosion product of
Zn. The insoluble corrosion product of Zn was converted to ZnO to achieve chemical stabilization of
Zn in saline. In other words, Zn incorporated into the oxide layer by MAO treatment changed the
chemical state by interaction with saline and was finally stabilized by conversion into ZnO. Moreover,
ZnO was already generated on the surface of oxide layer in the 14-day incubation (Figure 4). Therefore,
it was considered that Zn ions did not elute during the 14–28 days period due to both the conversion
into ZnO and stabilization in saline.

The specimens incubated in saline exhibited antibacterial activity against E. coli, while the
specimens before incubation did not (Figure 7). Ti incorporated with Zn in the surface oxide layer
formed by MAO treatment exhibited late-onset antibacterial activity against E. coli. The release of Zn
ions were observed only during the initial stages of the incubation process (0–7 days). This indicated that
Zn ions itself did not have any antibacterial activity. Du et al. [76] reported that the minimum inhibitory
concentration (MIC) for Zn ions against E. coli was 768 μg·mL−1. The maximum concentration of Zn
ions released from the specimens in this study was smaller than the previously reported MIC of Zn ions.
For this reason, development of antibacterial activity by other factors needs to be considered. Prasanna
et al. [77] reported that ZnO could produce reactive oxygen species (ROS) in the dark, owing to singly
ionized oxygen vacancy in the crystal lattice of ZnO, and that generation of ROS contributed to its
antibacterial properties. This study clearly revealed that Zn was finally converted to ZnO and was
stabilized by interactions in saline. Therefore, the development of the late-onset antibacterial activity
of Zn was due to the generation of ZnO in saline. In other words, this study proved that the chemical
state of Zn incorporated in the oxide layer played a key role in the development of its antibacterial
activity. Therefore, we believed that antibacterial activity was developed when ZnO was generated.
According to Figure 4, we considered that the specimens incubated in saline during 14–21 days could
exhibit the antibacterial activity, while the specimens incubated in saline during 0–7 days may not
affect to bacteria. On the other hand, it is believed that bacteria interact with titanium dioxide through
surface siderophores, and the oxides provide a template for biofilm formation [78,79]. For this reason,
it is expected that bacteria can be captured by the interaction between the porous titanium dioxide
and the siderophore on the cell surface, and killed by ZnO. We believe that Zn-incorporation for a Ti
surface by MAO treatment may be suitable for realizing both bacterial capture ability and antibacterial
activity, namely a ‘trap-killing’ system [80].

The MAO-treated specimens containing Zn showed no toxic effects on proliferation of osteogenic
cells (Figure 8). Moreover, the calcification of cells on MAO-treated specimens with Zn were at the
same level as that on the specimen without Zn. Therefore, the existence of a slight amount of Zn
did not affect the osteogenic property of cells and proliferation was normal. The porous oxide layer
consisted not only of titanium oxide but also incorporated Ca, P, and Zn (Figure 3). Relatively large
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amounts of Ca and P were contained in the oxide layer of MAO-treated Ti-based alloy at 7.6 and 10.0
at %, respectively [81]. Ca and P are the main mineral components in bone tissues and are present
as calcium–phosphate compounds. The presence of Ca and P in the porous oxide layer formed by
MAO treatment enhances the activity of osteogenic cells [47]. In our previous study, MAO-treated
specimens containing a small amount of Ag showed osteogenic cell compatibility, which accelerated
the calcification process by MC3T3-E1 cells without any cytotoxicity [22]. Therefore, we predicted that
Zn-containing specimens in this study might have the same calcification ability.

In addition, a specific antibacterial activity of Zn, which was incorporated in the oxide layer was
observed. Zn-incorporated oxide layer formed by MAO exhibited late-onset antibacterial activity and
osteogenic cell compatibility, namely dual function. The amount of Zn ions released during 7 days
incubation (0.02 ppm) was much less than IC50 for MC3T3-E1 cells reported by Yamamoto et al. [82].
Moreover, our results indicated that the small amount of ZnO generation did not affect osteogenic
cells. In other words, the time transient effect of a suitable amount of Zn was effective for only bacteria.
Therefore, MAO treatment of Ti using Zn made it possible to exhibit both late-onset antibacterial activity
and osteogenic cell compatibility on Zn-containing TiO2 layer. In addition, our study proposed the
importance of the chemical state of Zn in the oxide layer for the development of antibacterial properties
of Zn. Our results have suggested that due to the time transient effect of Zn in TiO2, its chemical and
biological properties could be easily changed and this property could be adapted for achieving changes
in simulated body fluids (Figure 10). In particular, we suggest the importance of the chemical state
changes of Zn in the various environments to control its chemical and biological properties. We hope
that in future, that the outcome of the present study would be useful in the design of bio-functional
implants related to Zn and contribute to the development of antibacterial biomaterials.

 
Figure 10. The schematic illustration of time transient effect of Zn in the porous titanium dioxide layer
on chemical and biological properties.

5. Conclusions

This study investigated the time transient effect of Zn in titanium dioxide with incubation in
saline. Although the morphology of the porous oxide layer formed by MAO treatment did not change,
the chemical state of Zn in the oxide layer changed to ZnO during incubation in saline. Moreover,
the antibacterial activity of the specimen with Zn developed in the late stages after the incubation
process in saline for 28 days. We propose that the generation of ZnO in the oxide layer played a
key role in development of antibacterial activity. In addition, the Zn-incorporated specimen did not
exhibit any cytotoxicity in MC3T3-E1 cells and did not hinder the proliferation and calcification of
cells. Therefore, MAO treatment of Ti using Zn is suitable for realizing both late-onset antibacterial
activity and osteogenic cell compatibility.
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Abstract: Surface coating modification of titanium-based alloys is an efficient way to accelerate early
osseointegration in dental implant fields. Icariin (ICA) is a traditional Chinese medicine that has
bone activating functions, while aspirin (ASP) is a classical non-steroidal anti-inflammatory drug
with good antipyretic and analgesic capabilities. Moreover, poly(lactic–co–glycolic acid) (PLGA) has
attracted great attention due to its excellent biocompatibility and biodegradability. We superimposed
an ASP/PLGA coating onto ICA loaded TiO2 nanotubes structure so as to establish an icariin/aspirin
composite coating on TiO2 nanotubes surface. Scanning electron microscopy, X-ray photoelectron
spectroscopy, a contact angle test and a drug release test confirmed the successful preparation of the
NT–ICA–ASP/PLGA substrate, with a sustained release pattern of both ICA and ASP. Compared to
those cultured on the Ti surface, macrophage cells on the NT-ICA-ASP/PLGA substrate displayed
decreased M1 proinflammatory and enhanced M2 proregenerative genes and proteins expression,
which implied activated immunomodulatory effect. Moreover, when cultured with conditioned
medium from macrophages, osteoblast cells on the NT-ICA-ASP/PLGA substrate revealed improved
cell proliferation, adhesion and osteogenic genes and proteins expression, compared with those on
the Ti surface. The abovementioned results suggest that the established NT-ICA-ASP/PLGA substrate
is a promising candidate for functionalized coating material in Ti implant surface modification.

Keywords: icariin; aspirin; composite coating; TiO2 nanotubes; immunomodulatory effect; macrophage;
osteoblast activity

1. Introduction

Dental implant dentures are the preferred treatment option for patients with dentition defect
and edentulous jaws [1]. Titanium and titanium—based alloys have become the main steam material
for dental implants due to their excellent mechanical properties and biocompatibility [2]. However,
the biological inertness of pure titanium impairs the rapid bonding between dental implant and bone
tissue, even causes implant failure [3]. Therefore, surface modification of Ti-based implant materials
has become the main way to enhance cell activity, exert antibacterial effect and so as to promote
osseointegration [4]. Various strategies have been employed for improving surface characteristics of
dental implant, including physical, chemical and biological methods [5].

Among them, the application of protein growth factor on implant surface has been proved to be
an effective way for enhancing osteogenesis and could accelerate osseointegration at the implant–tissue

Coatings 2020, 10, 427; doi:10.3390/coatings10040427 www.mdpi.com/journal/coatings

109



Coatings 2020, 10, 427

interface, such as bone morphogenetic protein–2 [6–8]. However, the lack of chemical stability of
growth factor proteins hinders their wide application in implant surface modification [8,9]. In addition,
inflammation reaction generated during the drilling, screwing and inserting processes of implant
surgery may hamper bonding strength between implant and surrounding bone tissue [10]. In order
to overcome the drawbacks, it becomes imperative to develop a new surface modification method,
which could load osteogenic drug with chemical stability and subside inflammation accompanied with
implant surgery at the same time.

Epimedium is widely used in traditional Chinese medicine and has the kidney invigorating
and bone activating functions [11]. Icariin (ICA), an inexpensive and chemically stable monomer
components of Epimedium [12,13], retains the osteogenic function of Epimedium and has
antiatherosclerotic, anti-inflammatory and anticancer capabilities [14]. At the same time, icariin can
promote the proliferation activity of osteoblasts and inhibit the formation of osteoclasts. Therefore, it is
widely used in the treatment of osteoporosis [15]. In addition, icariin is also a promising osteoinductive
compound for bone tissue engineering [11,16]. We previously reported that the icariin-functionalized
coating on TiO2 nanotubes surface promote osteoblast function and accelerate osseointegration [17].
Moreover, recently the anti-inflammatory [18,19] and immunoregulatory [20] functions of ICA has also
been raised. Therefore, ICA becomes an ideal candidate drug for Ti-based implant surface modification
to regulate immune response and promote bone formation at the same time.

Aspirin (ASP) is a well-established non-steroidal anti-inflammatory drug (NSAID), with chemical
stability and an inexpensive price. In addition to its long-term application as an antipyretic and analgesic
for postoperative pain relief [21], ASP is also reported to substantially improve immunomodulatory
function, manifested as regulatory T cells upregulation and Th17 cells downregulation in vitro [22].
In addition, systemic use of ASP revealed enhanced bone regeneration in vivo [23]. Moreover, some
scholars have recently demonstrated that low doses of ASP can regulate the balance between bone
resorption and bone formation in osteoporosis caused by ovariectomy [24–26]. Evidence from
both in vitro cell culture tests and in vivo animal studies also revealed that ASP has a protective
effect on bones by promoting the proliferation of osteoblast precursor cells and differentiation of
osteoblasts [27]. Therefore, in the present work, we further superimposed ASP on the ICA-loaded
TiO2 nanotubes surface, in order to simultaneously resolve acute inflammation after implant insertion
and improve osteogenesis.

Due to the lack of immobilization sites for drug molecules on the pristine Ti surface, we
fabricated TiO2 nanotubes on Ti surface as the reservoir for drug storage and delivery. Prepared by
anodization, TiO2 nanotubes are widely used as a surface modification method for dental implants [28].
It is well-accepted that nanostructured morphology can promote osteoblast adhesion, proliferation,
differentiation activity and accelerate osseointegration around the implant [29]. However, since the
end of nanotubes are in an open state, loading drug on TiO2 nanotubes surface may cause undesired
early burst release of the drug [30]. To solve this problem, it is necessary to find a coating material
combined with nanotube architecture so as to endow the modified surface with a controlled drug
release platform.

In order to effectively overcome the initial fast drug release of the simple TiO2 nanotubes
surface, various coatings were applied to acquire sustained drug release capacity on the nanotubes
surface [31,32]. Among them, poly(lactic-co-glycolic acid), often shortened to PLGA, is one of the
important materials for preparing controlled drug release coatings. A large amount of literature
have reported different types of PLGA-based drug delivery systems (DDSs), such as nanoparticles,
microspheres, implants, nanogels, nanofibers, rods, films, etc. [33,34]. The PLGA controlled release
coating can load a variety of substances from hydrophilic to lipophilic drugs, from micromolecule to
macromolecule and from single molecules to multiple molecules [35].

Therefore, in the present study, TiO2 nanotubes structure were first prepared on the Ti surface
and then loaded with ICA. Afterwards, the ASP/PLGA coating is employed to cover the pre-existed
ICA loaded nanotubes surface. Thus, we constructed the icariin/aspirin composite coating on TiO2
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nanotubes surface, abbreviated as NT–ICA–ASP/PLGA substrate. Scanning electron microscope
(SEM), X-ray photoelectron spectroscopy (XPS) and contact angle test were utilized for characterization
of the physical and chemical features of the established icariin/aspirin composite coating on TiO2

nanotubes surface. While the drug release tests were used to evaluate the release profiles of ICA and
ASP, respectively.

Previously, researchers have made great effort on titanium surface modification to improve
osteogenic properties in mesenchymal stem cells or osteoblast cells. However, the discrepancies of
biological responses between in vitro and in vivo experiments exist when evaluating implant materials
so far. It implies that the complexity of the in vivo environment has not been fully understood and
some important factors, including immunomodulatory factors, are often ignored [36,37]. Among all the
immune cells, macrophages play a central role in inflammation reaction [38,39]. Macrophage cells were
also one of the cell types, which firstly contact with implant materials after insertion [40]. Therefore, in the
present work, we intend to simultaneously explore the immunomodulatory function and osteogenic
effect of the icariin/aspirin composite coating on TiO2 nanotubes surface. At first, we examined the
immunomodulatory effect of the established NT–ICA–ASP/PLGA substrate using macrophage cells.
Then, we employed the indirect coculture system including macrophage conditioned media (CM) and
osteoblast cells to evaluate the osteogenic function of the constructed NT–ICA–ASP/PLGA substrate.

Our hypothesis is that icariin/aspirin composite coating on the TiO2 nanotubes surface could
improve osteogenic effect of osteoblast cells through regulating the polarized status of macrophages.
By exerting immunomodulatory function of macrophages at the interface between implant and surround
bone tissue, an immune microenvironment that favors bone formation is created. The combined effects
of icariin and aspirin may synergistically accelerate osseointegration of the dental implant.

2. Materials and Methods

2.1. Chemicals and Reagents

ICA and ASP was provided by Sigma-Aldrich (St. Louis, MO, USA). PLGA (Resomer RG
503, lactide:glycolide 50:50, ester terminated, Mw 24,000–38,000) was provided by Sigma-Aldrich
Phosphate buffered saline (PBS) was obtained from Solarbio, Inc. (Beijing, China). Ammonium fluoride
(NH4F) and ethylene glycol (EG) were provided by Tianjin FengChuan Chemical Reagent Co., Ltd
(Tianjin, China).

2.2. Specimen Preparation and Surface Characterization

2.2.1. TiO2 Nanotubes Fabrication

To prepare the TiO2 nanotubes surface, titanium (Ti) discs with diameter of 15 mm and thickness
of 1 mm were fabricated from commercially produced titanium plate (Grade 2, ASTM F67 unalloyed
Ti; 99.7% Ti; 0.14% O; 0.09% Fe; 0.04% C; 0.02% N; 0.008% H; 0.002% other elements), which were
purchased from Baoji Titanium Industry (Baoji, China). Ti discs were polished by 320, 800, 1500 and
2000 grit sand paper in sequence, ultrasonically washed with acetone, ethanol and deionized water
in turn for 10 min, and then dried in air. The solvent of the electrolyte is ethylene glycol (EG), the
solute is 0.16 mol/L NH4F, with 10% deionized water by volume added. The TiO2 nanotubes discs
were fabricated under a voltage of 40 V for 1 h by high-voltage DC power supply (Dongwen High
Voltage Power Supply Factory, Tianjin, China). After reaction, discs were ultrasonically cleaned by the
EG solution. Later, the discs were rinsed with deionized water for 3 times, and left to dry naturally to
obtain the TiO2 nanotubes (NT) surface.

2.2.2. Construction of Icariin/Aspirin Composite Coating on the TiO2 Nanotubes Surface

To fabricate the NT–ICA surface, ICA was dissolved in anhydrous methanol, with the concentration
adjusted to 1.15 mg/mL, then the solution was mixed by vortex oscillators for 2 min. The NT slices were
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placed in the wells of a 24–well plate, one well for each slice, then 1 mL prefabricated ICA solution was
added to each well, sealed with parafilm membrane and left to stand for 24 h at 4 ◦C. After that, the
excess liquid was sucked out and air-dried to obtain the NT-ICA surface.

To construct the Ti-PLGA and NT-ICA-PLGA surfaces, we dissolved 30 mg of PLGA powder in
1 mL acetone solution, mixed thoroughly by vortex. We spread 100 μL mixed solution evenly on the
surface of the Ti and the NT–ICA slices, dried naturally and repeated four times to obtain the Ti–PLGA
and NT-ICA-PLGA surfaces, respectively.

To establish the NT–ASP/PLGA and NT–ICA–ASP/PLGA substrates, we took 30 mg PLGA and
10 mg ASP powder into a 15 mL centrifuge tube, add 1 mL acetone solution, and mix thoroughly by
vortex. Then apply 100 μL of the mixed solution of ASP, PLGA and acetone to the surface of the NT and
NT–ICA slices and left to dry naturally. Repeat the coating step four times to obtain the NT–ASP/PLGA
and NT–ICA–ASP/PLGA substrates, respectively.

2.2.3. Surface Characterization

Observe the macro surface morphology of Ti, Ti–PLGA, NT, NT–ICA, NT–ICA-PLGA,
NT–ASP/PLGA and NT-ICA-ASP/PLGA surfaces with stereomicroscope (S9i; Leica Microsystem,
Tokyo, Japan). The micro surface topography of various surfaces was observed using a scanning
electron microscope (SEM, Zeiss Merlin Compact; ZEISS, Jena, Germany), the working distance was
22.4–27.8 mm. X-ray photoelectron spectroscopy (XPS, AXIS Nova; Kratos Analytical, Manchester,
UK) was used for analyzing the elemental composition of each sample’s constituents. At room
temperature, the wettability of the sample surfaces were evaluated by contact angle measurement
using deionized water. The droplet volume used was 2 μL, and a contact angle goniometer (JGW-360A,
Chongda Intelligent Technology, Xiamen, China) was used to acquire droplet images. Values of initial
contact angle were analyzed using image analysis software (version 1.0, Anglem, Chongda Intelligent
Technology, Xiamen, China). Three different positions were measured for each sample, and values
were determined as mean ± standard deviation, n = 3.

2.3. Icariin and Aspirin Drug Release Amount Measurement

The drug release profiles of two drugs ICA and ASP were detected by the high performance
liquid chromatography system (HPLC; 1100 Series; Agilent Technologies, Santa Clara, CA, USA).
The MS 105 electronic balance (Mettler-Toledo., Greifensee, Zurich, Switzerland) of 0.01 mg accuracy
was used to accurately weigh the ICA and ASP reference substance. Anhydrous methanol was used
to prepare the standard solution used in the standard curve by half dilution method. The standard
solution concentrations of ICA and ASP are 0, 0.5, 1, 2, 4, 8 and 16 μg/mL and 0, 2.5, 5, 10, 20, 40
and 80 μg/mL, respectively. The samples were immersed in PBS (pH 7.4) at 37 ◦C for drug release
experiments. Various samples were immersed in 10 mL PBS and incubated for 24 h, and then the
solution was daily collected for analysis by the HPLC system. After that, fresh PBS solution was added
to replace the extracted solution. The test periods for ICA and ASP lasted for 30 and 8 days, respectively.
The total amount of drug loaded on the sample was calculated according to the accumulated amount
of drug released until the end of the test period used in this experiment. The drug cumulative release
percentage was calculated by dividing the accumulated amount of released drug at each time point by
the total amount of drug loaded. Data are collected from three separate experiments and expressed as
mean ± SD (n = 3).

2.4. Behaviors of RAW 264.7 Cells Cultured on Different Surfaces

2.4.1. Cell Culture of Macrophage Cells

All samples were sterilized by irradiation with 25 kGy Cobalt 60 for 30 min and placed in 24–well
plate. RAW 264.7 macrophage cells (American Type Culture Collection, ATCC, Manassas, VA, USA)
were cultured in Dulbecco’s modified eagle medium (DMEM, Gibco, Carlsbad, CA, USA) supplemented
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with 10% fetal bovine serum (FBS, Gibco, Carlsbad, CA, USA) and 1% (v/v) streptomycin/penicillin
(Gibco, Carlsbad, CA, USA) in a 5% CO2 incubator (Thermo Fisher Scientific, Waltham, MA, USA) at
37 ◦C. Culture medium was daily changed and cells were stimulated with Lipopolysaccharides (LPS;
Sigma Aldrich, St Louis, MO, USA) at the concentration of 1 μg/mL for the first three days. All samples
were sterilized by irradiation with 25 kGy Cobalt 60 for 30 min.

2.4.2. Proinflammatory (M1) and Proregenerative (M2) Marker Gene Expression

The gene expression levels of proinflammatory (M1) and proregenerative (M2) markers in RAW
264.7 macrophage cells cultured on different substrates were analyzed by quantitative real-time
polymerase chain reaction (qPCR). RAW 264.7 macrophage cells were seeded on all surfaces at a density
of 1 × 104 cells/well for 3 days. Then, total RNA was extracted by TRIzol (Thermo Fisher Scientific,
Waltham, MA, USA). The RNA concentration and purity were measured at 260 nm by Nanodrop
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Mouse mRNA encoding genes
for tumor necrosis factor-alpha (TNF–a), interleukin-1β (IL–1β), transforming growth factor-beta
(TGF–β) and heme oxygenase-1 (HO–1) were selected, glyceraldehyde–3–phosphate dehydrogenase
(GAPDH) was amplified in parallel with the target genes and used as an internal control. Reverse
transcription and qPCR were performed. Then relative gene expression levels were determined using
the relative threshold cycle (CT) method and reported as 2−ΔΔCt. Primers used for both the target genes
and the housekeeping gene were shown in Table 1. For every interested gene, the cDNA amplification
was performed in triplicate by a single sample. The results were from three independent tests.

Table 1. Primers for proinflammatory (M1) and proregenerative (M2) marker genes.

Gene Gene Bank ID DNA Primer Sequence Size (bp)

TNF–α NM_001278601.1
Forward 5’-TGCCTATGTCTCAGCCTCTTC-3’

117Reverse 5’-GAGGCCATTTGGGAACTTCT-3’

IL–1β NM_008361.4
Forward 5’-TGTGCAAGTGTCTGAAGCAGC-3’

129Reverse 5’-TGGAAGCAGCCCTTCATCTT-3’

TGF–β NM_011577.2
Forward 5’-TTGCTTCAGCTCCACAGAGA-3’

183Reverse 5’-TGGTTGTAGAGGGCAAGGAC-3’

HO–1 NM_010442.2
Forward 5’-GCCGAGAATGCTGAGTTCATG-3’

86Reverse 5’-TGGTACAAGGAAGCCATCACC-3’

GAPDH NM_008084.3
Forward 5’-GGTGAAGGTCGGTGTGAACG-3’

233Reverse 5’-CTCGCTCCTGGAAGATGGTG-3’

2.4.3. Enzyme-Linked Immunosorbent (ELISA) Assay

The proinflammatory (M1) and proregenerative (M2) marker protein expression levels in RAW
264.7 macrophage cells incubated with all kinds of samples were further measured by enzyme-linked
immunosorbent (ELISA) assay. RAW 264.7 macrophage cells were seeded on different surfaces at a
density of 1× 104 cells/well for 3 days. The supernatants were then collected and measured immediately.
The concentrations of proteins including tumor necrosis factor-alpha (TNF-a), interleukin–1β (IL–1β),
transforming growth factor-beta (TGF–β) and heme oxygenase–1 (HO–1) were determined by ELISA
kits (ImmunoWay Biotechnology, Plano, TX, USA). Three different slices were measured for each group.
Three independent experiments were repeated.

2.5. Behaviors of MC3T3-E1 Cells on Various Surfaces in Conditioned Medium (CM)

2.5.1. Collection and Preparation of CM

RAW 264.7 macrophages were seeded on various surfaces at a density of 1 × 104 cells/well for
14 days. Cells were stimulated with LPS (1 μg/mL) for the first three days, and culture medium
supernatant were collected daily and changed with new medium. The collected supernatant was
centrifuged at 1500 rpm for 15 min, and then filtered through a 0.22 μm filter. Then, the filtered
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supernatant was mixed with DMEM containing 10% FBS and 1% penicillin/streptomycin at a volume
ratio of 1:1 to obtain the conditioned medium (CM), and stored at 4 ◦C for later use.

2.5.2. Cell Culture of Osteoblast Cells

MC3T3-E1 preosteoblast cells (ATCC, Manassas, VA, USA) were first cultured in the DMEM
supplemented with 10% FBS and 1% (v/v) streptomycin/penicillin in a 5% CO2 incubator at 37 ◦C. After
4 h of inoculation, cells were seeded on different surfaces at a density of 1 × 104 cells/well and the CM
prepared in 2.5.1 was used for cell culture. Various samples were disinfected through irradiation with
25 kGy Cobalt 60 for 30 min.

2.5.3. Cell Proliferation

The cell proliferation ability of RAW 264.7 macrophage cells incubated with various substrates
were measured using cell counting kit-8 assay (CCK-8, New Cell and Molecular Biotech, Suzhou,
Zhejiang, China). Cells were cultured with all kinds of substrates in 24–well plates at a density of
1 × 104 cells/well for 7 days. At 1, 3, 5 and 7 d, 1 mL of culture medium containing 100 μL CCK-8
solution was distributed to each well. After incubation for 2 h in the incubator, 100 μL reserved
solution was transferred into a new 96-well plate, and then measured by a microplate reader (Cytation
5, Bio-Tek, Winooski, VT, USA) at 450 nm. The values were measured and recorded as mean ± standard
deviation, n = 3. The cell proliferation tests were repeated three times.

2.5.4. Cell Morphology

To examine cell morphology on various surfaces, MC3T3–E1 cells were incubated with different
surfaces for 24 h before observation. Then, all samples were rinsed twice with PBS, fixed with 2.5%
glutaraldehyde solution (Solarbio, Beijing, China) at 4 ◦C overnight. Then the fixed cells were rinsed
by PBS for three times, 10 min each time. Afterwards, samples were further fixed by 1% osmic acid
away from light for 1 h and then dehydrated using sequential ethanol solutions (30%, 50%, 75%, 90%,
95% and 100% (v/v)). Subsequently, various substrates were dried by critical point dryer (EM CPD030,
Leica Microsystems, Wetzlar, Germany, the working distance was 8.3–9.4 mm. Lastly, cells grown on
various samples were observed by SEM (SU8010, Hitachi, Tokyo, Japan). The typical images from
three independent slices were shown for each group.

2.5.5. Osteogenic-Related Gene Expression

To detect the osteogenic-related gene expression levels in MC3T3-E1 cells incubated with different
substrates, MC3T3–E1 cells were cultured for 14 days and the culture medium was changed daily.
At 14 d, cells on the samples were extracted by TRIzol. Expression levels of mouse mRNA encoding
genes for alkaline phosphatase (ALP), collagen type 1 alpha 1 (COL1A1), osteopontin (OPN) and
osteocalcin (OCN) were detected, with the housekeeping gene GAPDH used as the internal control.
Reverse transcription and quantitative real-time polymerase chain reaction were performed and data
were calculated by the 2−ΔΔCt method. Primers used for the target genes and the housekeeping genes
were shown in Table 2. The cDNA amplification of each gene of interest was conducted in triplicate by
one sample and data were reported from three separate tests.
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Table 2. Primers for osteogenesis-related genes.

Gene Gene Bank ID DNA Primer Sequence Size (bp)

ALP NM_007431.3
Forward 5’-ATCTTTGGTCTGGCTCCCATG-3’

106Reverse 5’-TTTCCCGTTCACCGTCCAC-3’

COL1A1 NM_007742.4
Forward 5’-TAAGGGTCCCCAATGGTGAGA-3’

203Reverse 5’-GGGTCCCTCGACTCCTACAT-3’

OPN NM_001204203.1
Forward 5’-CTCACATGAAGAGCGGTGAG-3’

174Reverse 5’-TCTCCTGGCTCTCTTTGGAA-3’

OCN NM_007541.3
Forward 5’-GGACCATCTTTCTGCTCACTCTG-3’

131Reverse 5’-GTTCACTACCTTATTGCCCTCCTG-3’

GAPDH NM_008084.3
Forward 5’-GGTGAAGGTCGGTGTGAACG-3’

233Reverse 5’-CTCGCTCCTGGAAGATGGTG-3’

2.5.6. Western Blot Test

The osteogenic-related protein expression levels in MC3T3–E1 cells cultured with various surfaces
were examined by Western blot test after 14 days of incubation. MC3T3–E1 cells were cultured for
14 days and medium changed daily. Cells were then harvested on ice, washed twice using PBS,
and 200 μL lysis buffer supplemented with protease inhibitor were added to each well. After being
incubated on ice for 10 min, cell extracts were subjected to centrifuge with 12,000 rpm at 4 ◦C for
15 min. Protein samples were separated by SDS-PAGE and then transferred to polyvinylidene fluoride
(PVDF) membranes. After blocking using skim milk powder (5 g/100mL, Solarbio, Beijing, China) for
1 h, PVDF membranes were hybridized with specific antibodies of ALP (1:1000, ab229126), COL1A1
(1:1000, ab6308), OPN (1:1000, ab63856) and OCN (1:1000, ab93876) from Abcam, Cambridge, UK,
respectively overnight at 4 ◦C. Data of expression levels from interested proteins were compared
with that of internal control beta-Actin (1:1000, ab8226, Abcam, Cambridge, UK) to normalize loaded
protein amount of different samples. The membranes were washed three times, and then incubated
with goat anti-mouse secondary antibody at 1:5,000 dilution for 1 h. The protein bands were visualized
using chemiluminescence imaging system (ChemiDocTM XRS+ workstation, Hercules, CA, USA).
The relative intensity of the protein bands was quantified using image analysis software (Image
Pro-Plus 6.0, Media Cybernetics, Silver Spring, MD, USA).

2.6. Statistical Analysis

All experiments were performed three times and the data were expressed as means ± standard
deviations (SD). The one-way ANOVA combined with Tukey post hoc test was applied to examine
the statistical difference between different samples. All differences considered to be significant when
p < 0.05.

3. Results

3.1. Surface Characterization

First, the macro surface morphology of various surfaces was observed with stereomicroscope (S9i;
Leica Microsystem, Tokyo, Japan) and shown in Figure 1. The Ti slice looks silver and the Ti-PLGA
surface observed a transparent film covering the original Ti surface, suggesting that PLGA can form
thin film materials on the prepared surface. For the NT surface, a faint gray-green color was seen after
anodic oxidation. Whereas, the surface of NT–ICA samples had obvious yellow color, with scattered
icariin particles deposited. The NT–ICA–PLGA surface obtained by dripping the PLGA solution on the
surface of the NT–ICA sample was still yellow, but the original ICA particles were covered and difficult
to identify. Since ASP and PLGA are both white, the NT–ASP/PLGA surface revealed a white-color
film on the faint gray-green color NT base material. While for the NT–ICA–ASP/PLGA substrate,
a white-color film covering yellow base of NT-ICA was seen.
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Figure 1. Macro surface morphology of various surfaces was observed under stereomicroscope (S9i;
Leica Microsystem, Tokyo, Japan) and representative images were shown (10 ×).

Second, the micro surface morphology of all samples was observed using a scanning electron
microscope (SEM, Zeiss Merlin Compact; ZEISS, Jena, Germany). As shown in Figure 2, scratch marks
were seen on the surface of Ti after gradient polishing. After loading the PLGA coating, the Ti–PLGA
group displayed a smooth and uniform surface. After the anodizing process, nanotubes with uniform
and controllable diameter and length can be detected on the surface of NT group. The diameter of
nanotubes was 100 ± 5 nm, while the length of which was 3 ± 0.5 μm. On the surface of the NT–ICA
group, scattered granular substances of ICA were observed. For the NT–ICA–PLGA surface, ICA
was completely enwrapped by the uniform smooth film of PLGA coating, with many needle-like
configurations indicating the existence of ICA. While on the NT–ASP/PLGA substrate, short needle-like
ASP crystals were observed in the PLGA coating layer. The morphology of NT–ICA–ASP/PLGA
surface combined the common features of NT–ASP/PLGA and NT–ICA–PLGA surfaces, and displayed
both the configuration of ICA and ASP in the PLGA coating.

Figure 2. Surface micromorphology images of different substrates were obtained with scanning electron
microscope (SEM, Zeiss Merlin Compact; ZEISS, Jena, Germany). Red and white arrows indicate icariin
(ICA) and aspirin (ASP), respectively; 1000×, scale bar = 10 μm. Insets of images of NT and NT-ICA
substrates were magnified SEM graphs (30,000×, scale bar = 200 nm).

XPS results were used to determine the elemental composition of different samples. All binding
energies were referenced to the C 1s spectrum peak (284.8 eV) as an internal reference after calibrating
peak position. As shown in Figure 3 and Table 3, the spectra of the Ti and NT mainly include C1s, O1s
and Ti2p3. For the NT-ICA surface, increased peak of C1s may originate from ICA (C33H40O15), while
the decreased peak of Ti2p3 may be explained by the partial coverage of the TiO2 nanotubes structure
by ICA, compared to the NT surface.
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Figure 3. X-ray photoelectron spectroscopy (XPS) analysis displaying chemical composition of
different surfaces.

Table 3. Chemical compositions of samples measured by XPS.

Substrates C% N% O% Ti%

Ti 47.19 ± 0.05 3.57 ± 0.01 39.27 ± 0.05 9.97 ± 0.02
Ti–PLGA 61.17 ± 0.05 0.34 ± 0.01 38.49 ± 0.03 0

NT 38.2 ± 0.03 2.97 ± 0.01 43.19 ± 0.03 15.63 ± 0.02
NT–ICA 50.49 ± 0.03 2.16 ± 0.01 39.47 ± 0.02 7.87 ± 0.02

NT–ICA–PLGA 90.66 ± 0.05 0 9.34 ± 0.02 0
NT–ASP/PLGA 72.3 ± 0.05 0 27.71 ± 0.02 0

NT–ICA–ASP/PLGA 64.53 ± 0.01 0 35.47 ± 0.05 0

In addition, the disappearance of the Ti peak on the Ti–PLGA, NT–ICA–PLGA, NT–ASP/PLGA
and NT–ICA–ASP/PLGA surfaces indicate that the PLGA coating totally overspread the original Ti
and nanotubes structures. As we known, PLGA ([C5H8O5]n), ICA (C33H40O15) and ASP (C9H8O4)
are all composed of C, H and O. Due to the small photoionization cross section of H, the signal of
H is too weak for XPS to be detected. Therefore, only C and O could be detected on the Ti–PLGA,
NT–ICA–PLGA, NT–ASP/PLGA and NT–ICA–ASP/PLGA surfaces by XPS analysis. Moreover, since
both icariin and aspirin have higher C and lower O element content than PLGA, the increased C and
decreased O element content observed in NT–ICA–PLGA, NT-ASP/PLGA and NT–ICA–ASP/PLGA
groups compared to the Ti–PLGA group may be explained by the successful loading of ICA and ASP.

In addition to surface topography and chemical composition, hydrophilicity is also an essential
factor, which affects the biological compatibility of materials. Figure 4 showed that the contact angle of
Ti was 89.5 ± 0.6◦, while after the application of PLGA coating, the contact angles decreased to Ti–PLGA
(69.5 ± 0.6◦), NT–ICA–PLGA (58.9 ± 0.8◦), NT–ASP/PLGA (69.8 ± 0.5◦) and NT–ICA–ASP/PLGA (64.5
± 1.6◦), respectively, with statistical significance. This indicates that PLGA coating could improve
the wettability of surfaces, compared to pure Ti surface. Moreover, the contact angles of the NT and
NT–ICA groups were 19.5 ± 3.0◦ and 21.3 ± 1.0◦, respectively, even lower than those of various PLGA
coated substrates, with statistical significance. This phenomenon suggested that the titanium nanotube
structure fabricated after anodization could substantially enhance the hydrophilicity of surfaces. In
this experiment, we only detected the initial contact angles. In a follow-up experiment, we will further
test the frequency acquisition of the droplet images and monitor the time dependence of the water
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contact angle so as to obtain more kinetic constant and exponential parameters of material and evaluate
hydrophilicity of the material much more accurately.

Figure 4. Contact angles of various surfaces. (A) Contact angle degree of different surfaces. Different
lowercase letters indicate statistically significant differences between different groups (p< 0.05). Data are
expressed as mean ± SD, n = 3 replicates each group. (B) Images of contact angles on different surfaces.

3.2. In Vitro Drug Release Profile

The drug release pattern of ICA in the NT-ICA-ASP/PLGA surface is shown in Figure 5A.
A sustained release profile of ICA was seen during the 30 days detection period. At the same time,
the daily concentration of ICA always maintained within the range of 0.1–1 × 10−5 mol/L per day,
which was proved to be effective concentration of icariin to promote MC3T3–E1 cells osteogenesis in
our preliminary experiment (data not shown). Taken into consideration of this point, the addition of
ICA in the NT–ICA–ASP/PLGA surface is expected to exert continued osteogenic function during the
release period.

As shown in Figure 5B, the release profile of ASP also displayed controlled release pattern during
the release period, and finally reached a plateau at day 7. In addition, the release concentration
of ASP maintained between 0.2 and 4 mM during day 1–5, within the effective concentration of
anti-inflammatory and proregenerative function of ASP by our preliminary data (data not shown).
Therefore, we hypothesized that the addition of ASP in the coating may promote RAW 264.7 macrophage
cells to change from M1 to M2 polarization status.

Meanwhile, the release kinetics of both ICA and ASP in the NT–ICA–ASP/PLGA surface were
assessed by fitting the release profiles of the two drugs to the Korsmeyer−Peppas model [41].
The mechanism of ICA and ASP release from the established surface during dissolution investigations
in PBS was determined using Equation (1):

Mt

M∞
= ktn (1)

where Mt
M∞ is the fractional drug release at denoted time point t, k is a kinetic constant reflecting

the structural and geometric properties of the drug/carrier system, and n is the release exponent,
which relies on the release mechanism. As shown in Figure 6, the first 10 days of ICA release profile
was used for simulation and the release exponent n was 1 ± 0.0251, which is close to a desirable
time-dependent release mechanism, as indicated by Korsmeyer et al. [41]. While for ASP, since there
were relatively less time points for simulation, we selected the first 4 days for simulation and the
diffusional release exponent n value was 0.5438 ± 0.0725, which implied a drug release mechanism
approximately controlled by anomalous (non-Fickian) diffusion. As illustrated in Figure 6, the data fit
the model well as the correlation coefficient R2 of ICA and ASP release curves are 0.9946 and 0.9485,
respectively. In addition, the kinetic constant of ICA and ASP were 5.9699± 0.2496 and 47.5629 ± 3.2833,
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respectively, which indicated different structural and geometric properties of the two kinds of drugs in
the drug/carrier system. The drug release percentage scatter diagrams as a function of time and sketch
view of the established substrate were shown in Figure 6A–C. The sustained release mechanism of ICA
may partly be interpreted by its poor water solubility [42] and the existence of the outside ASP/PLGA
coating, which generate a viscous layer that further retarded the drug diffusion to the solvent, similar
to a previous report [43]. In the future, drug release amount at more time points, especially for ASP,
are needed to be measured to evaluate the kinetic mechanism much accurately.

Figure 5. In vitro release profile of ICA (A) and ASP (B) on the NT-ICA-ASP/PLGA surface.
(a) Cumulative release amount curve. (b) Cumulative release percentage curve. (c) Daily release
concentration curve. Data are expressed as mean ± SD (n = 3).

Figure 6. (A) ICA release behaviors in the first ten days. (B) ASP release behaviors in the first four
days. (C) Sketch view of the NT–ICA–ASP/PLGA release system.
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3.3. Polarization Status of RAW 264.7 Cells Cultured on Different Surfaces

3.3.1. Proinflammatory (M1) and Proregenerative (M2) Marker Genes Expression

Quantitative real-time polymerase chain reaction (qPCR) was performed to detect expression
levels of proinflammatory (M1) and proregenerative (M2) gene markers in RAW 264.7 macrophage
cells incubated with different substrates. The results were displayed in Figure 7. In the physiological
healing of wound, the inflammatory phase last hours to days. Therefore, the initial several days after
dental implant insertion was crucial for ideal osseointegration. Since the drug release curve of ASP
revealed a relative steady release profile during day 2–4, we selected day 3 to evaluate the polarization
of macrophages. As shown in Figure 7, M1 proinflammatory genes IL-1β and TNF-α expression
levels decreased in cells cultured on the NT surface, compared with those on the pristine Ti surface,
indicating that the 100 nm diameter NT used in this experiment could inhibit inflammatory reaction at
the gene level. Whereas the Ti−PLGA surface evoked higher proinflammatory genes expression than
Ti surface. It indicated that although PLGA is a non-toxic and harmless material that can be absorbed
by the human body, it could promote inflammatory reaction in RAW 264.7 cells during the early period
after implantation. However, the decreased M1 proinflammatory gene levels in cells incubated with
the NT-ICA-PLGA surface, compared with those with the Ti-PLGA surface implied that ICA may
exert anti-inflammatory function. In particular, the addition of ASP, a well-established non-steroidal
anti-inflammatory drug, obviously decreased proinflammatory gene expression in macrophage cells
cultured on NT−ASP/PLGA and NT−ICA−ASP/PLGA substrates, compared with the Ti surface.

The M2 proregenerative marker genes expression in RAW 264.7 macrophage cells cultured on
various surfaces were further evaluated. After 3 days of incubation, the addition of PLGA coating
on the Ti−PLGA surface did not change TGF-β and HO-1 gene expression levels much, compared
with Ti surface. It indicated that PLGA had no significant effect on induction of macrophages towards
M2 polarized status. Previously, ICA has been reported to exert anti-inflammatory effect by elevated
cytoprotective gene expression HO−1 [44,45]. Therefore, the observed highest HO−1 gene level on
the NT−ICA surface may be attributed to the burst release of ICA occurred during the first 3 days,
which evoked the substantially increased HO−1 gene expression. Most importantly, TGF−β and
HO−1 gene levels in cells on the NT−ICA, NT−ICA−PLGA, NT−ASP/PLGA and NT−ICA−ASP/PLGA
substrates were obviously higher than those on the Ti surface, with statistical significance. These
results suggest that both ICA and ASP could induce M2 polarization of macrophage, which endowed
the NT−ICA−ASP/PLGA substrate with superior proregenerative immunomodulatory ability.
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Figure 7. Real-time PCR results of interleukin-1β (IL-1β), tumor necrosis factor-alpha (TNF-a),
transforming growth factor-beta (TGF-β) and heme oxygenase-1 (HO-1) gene expression levels in the
RAW 264.7 cells on different substrates after 3 days of incubation. Different lowercase letters indicate
statistically significant differences between different groups (p < 0.05). Data are mean ± SD, n = 3
replicates each group.

3.3.2. Enzyme-Linked Immunosorbent (ELISA) Assay

We further examined the proinflammatory (M1) and proregenerative (M2) marker protein
expression levels by ELISA assay. As shown in Figure 8, decreased IL−1β and TNF−α and increased
TGF−β and HO−1 protein levels were observed in cells cultured on the NT surface, compared with
those on the Ti surface, displaying that the nanotube structure could reduce inflammation and induce
regeneration. On the contrary, proinflammatory IL−1β and TNF−α protein levels were enhanced,
while the proregenerative TGF−β and HO−1 protein levels do not change much in cells on the Ti−PLGA
surface, compared with the Ti surface. It showed that the PLGA coating could induce M1 inflammatory
reaction, but failed to induce M2 polarization in macrophages. After the addition of ICA and ASP,
M1 proinflammatory IL−1β and TNF-α protein levels reduced, whereas TGF−β and HO−1 protein
levels elevated in cells on the NT−ICA, NT−ICA−PLGA, NT−ASP/PLGA and NT−ICA−ASP/PLGA
substrates, compared to the original Ti surface, with statistical significance. In particular, NT-ASP/PLGA
and NT−ICA−ASP/PLGA groups had relatively lower M1 and higher M2 proteins secretion than the
other groups.

Combined the results from gene and protein detection in RAW 264.7 cells, similar to the
NT−ASP/PLGA surface, the NT−ICA−ASP/PLGA substrate also exhibited a superior ability of
inflammation inhibition and regeneration enhancement than other surfaces. It implies that the
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combination of ASP and ICA on the NT−ICA−ASP/PLGA surface could achieve anti-inflammatory
and proregenerative function.

Figure 8. ELISA results representing the RAW 264.7 cytokine secretion on different substrates after 3
days of culture. Different lowercase letters indicate statistically significant differences between different
groups (p < 0.05). Data are mean ± SD, n = 3 replicates each group.

3.4. Behaviors of MC3T3-E1 Cells on Various Surfaces in Conditioned Medium (CM)

3.4.1. Cell Proliferation

The proliferation of MC3T3-E1 cells seeded on all samples was assessed by CCK-8 assay. Figure 9
showed cell numbers cultured on different surfaces after 1, 3, 5 and 7 days of incubation. At day 1 and 3,
there was no statistical significance in the cell proliferation capacity of each group although a tendency
of a higher cell proliferation rate on the NT−ICA−ASP/PLGA substrate was seen, compared with the
Ti group. After 5 and 7 days of incubation, cells cultured on NT−ASP/PLGA and NT−ICA−ASP/PLGA
substrates revealed higher cell proliferation ability compared with that on the pristine Ti, p < 0.05. This
suggests the relative strong effect of aspirin to promote osteoblast proliferation under the existence
of CM from macrophage cells. Interestingly, the proliferation rate of cells on the NT−ASP/PLGA
group was moderately higher than that on the NT−ICA−ASP/PLGA group, although there was no
statistical difference. This phenomenon may be explained by that the NT−ICA−ASP/PLGA substrate
had an additional prodifferentiation effect on osteoblasts than the NT−ASP/PLGA surface, due to the
existence of ICA. It is well accepted that during cell life activity, higher proliferation activity is often
inhibited when cell differentiation is promoted and vice versa [12,46]. Therefore, the slightly inhibited
cell proliferation of the NT−ICA−ASP/PLGA group may imply its enhanced cell differentiation due to
the additional prodifferentiation effect of released ICA, compared to the NT−ASP/PLGA group.
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Figure 9. The CCK-8 results of MC3T3−E1 cells cultured on different surfaces for 1, 3, 5 and 7 days.
Different lowercase letters indicate statistically significant differences between different groups (p< 0.05).
Data are mean ± SD, n = 3 replicates each group.

3.4.2. Cell Morphology

Cell morphologies of MC3T3−E1 osteoblast cells on different samples after 24 h of incubation
were acquired with scanning electron microscope (SEM, SU8010, Hitachi, Tokyo, Japan) and shown in
Figure 10. After 24 h of incubation, cells attached along the direction of scratch marks on the pure
Ti surface. While on the NT and NT−ICA substrates, cells revealed well-distributed morphology,
with filopodia stretching into the nanotubular structures, which implies good cell adhesion induced
by the nanostructure. In addition, cells on the Ti−PLGA, NT−ICA−PLGA, NT−ASP/PLGA and
NT−ICA−ASP/PLGA substrates displayed a spread-out morphology, towards different directions.
This can be explained by that PLGA improved cell adhesion to some extent, similar with previous
report [47]. In particular, for the NT−ICA−ASP/PLGA substrate, cells extend towards all directions,
which revealed the satisfied cell adhesion ability.

Figure 10. Images of MC3T3−E1 cells showing the representative morphology on different substrates
after 24 h of culture were obtained with scanning electron microscope (SEM, SU8010, Hitachi, Tokyo,
Japan). The pseudo colored pink cells indicate morphology of MC3T3−E1 cells; 1000×, scale bar= 10μm.

3.4.3. Osteogenesis-Related Gene Expression

Figure 11 shows osteogenesis-related genes expression of MC3T3−E1 cells cultured on different
surfaces after 14 days of culture under the condition of macrophage CM. Gene expression levels of ALP,
COL1A1 and OCN all increased on osteoblast cells cultured on the NT−ICA−PLGA, NT−ASP/PLGA
and NT−ICA−ASP/PLGA substrates, compared with that on the pristine Ti and Ti-PLGA surfaces,
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p < 0.05. It’s worth noting that the NT−ICA−ASP/PLGA substrate showed highest expression levels for
all of the osteogenesis-related genes examined than the other surfaces, with statistical significance. These
results suggested that the employment of ICA and ASP could both improve osteoblast differentiation,
and the superior osteogenic function of the NT−ICA−ASP/PLGA substrate lies in the synergistic
function of ICA and ASP.

Figure 11. Real-time PCR results representing the gene expression levels of alkaline phosphatase (ALP),
collagen type 1 alpha 1 (COL1A1), osteopontin (OPN) and osteocalcin (OCN) in MC3T3-E1 cells after
14 days of culture on different samples. Different lowercase letters indicate statistically significant
differences between different groups (p < 0.05). Data are mean ± SD, n = 3 replicates each group.

3.4.4. Western Blot Test

Western blot analysis was used to evaluate the protein expression levels in MC3T3-E1 cells
cultured on different samples for 14 days. Figure 12A,B displayed Western blot bands and quantitative
analysis, respectively.

Consistent with the gene expression levels, the protein expression levels of ALP, COL1A1 and OCN
were all higher in cells incubated with NT−ICA−PLGA, NT−ASP/PLGA and NT−ICA−ASP/PLGA
substrates, compared to that on the original Ti and Ti-PLGA surfaces. Especially, NT−ICA−ASP/PLGA
substrate revealed enhanced expression levels for all of the osteogenic proteins determined in this
experiment than those on the other surfaces, p < 0.05. The optimal osteogenesis-related protein
expression of the NT−ICA−ASP/PLGA substrate is attributed to the combined effects of both ICA and
ASP to facilitate bone formation in osteoblast cells.
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Figure 12. (A) Western blot showing the protein expression levels of ALP, COL1A1, OPN and OCN
and beta-Actin in MC3T3-E1 cells after 14 days of culture on different samples. (B) The corresponding
gray-scale values of proteins levels in the 7 groups. Different lowercase letters indicate statistically
significant differences between different groups (p < 0.05). Data are mean ± SD, n = 3 replicates
each group.

4. Discussion

Numerous strategies have been implemented to integrate bioactive molecules into the implant
surface so as to promote osseointegration. Previously, most investigators endeavored to optimize
dental implant materials to promote osteogenic differentiation in mesenchymal stem cells or osteoblast
cells and have developed satisfied implant materials to a certain degree. However, only promoting bone
formation in osteoblast cells is not enough to fulfill implant osseointegration in vivo. The reason is that
after implant were inserted in to the bone tissue, in addition to its interaction with osteoblast, immune
cells, such as macrophages, also play an important role in osseointegration [48]. In order to uncover
the close relationship between skeletal and immune system, we applied the icariin/aspirin composite
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coating on TiO2 nanotubes surface, named as the NT-ICA-ASP/PLGA substrate, and explore its
immunomodulatory effect on macrophage and osteogenic activity in osteoblast cells. We hypothesized
that the NT–ICA–ASP/PLGA substrate could induce immunoregulatory function in macrophages and
provide an immune microenvironment, which is favorable for osteogenesis in osteoblast cells.

In the current work, the NT-ICA-ASP/PLGA substrate was fabricated. The SEM, XPS detection and
contact angle tests confirmed the successful preparation of the icariin/aspirin functionalized coating
on TiO2 nanostructured surface. The established NT–ICA–ASP/PLGA substrate achieved controlled
release of both ICA and ASP, with satisfied hydrophilicity. The drug release curves revealed that the
releasing period of aspirin is about 7 days, while icariin achieved a sustained release period until
30 days.

To maintain the controlled release of the two kinds of drugs, we firstly prepared TiO2 nanotubes on
the surface of pure titanium by anodization. It is well established that 70–100 nm diameter nanotubes
could induce improved cell adhesion, differentiation toward osteoblasts [49–51]. Previously, we have
chosen 80 nm diameter nanotubes for the fabrication of functionalized coating [17]. In the present
study, we selected a 100 nm diameter of TiO2 nanotubes for further functionalization study after taking
two reasons into considerations. First, as a drug loading reservoir, the larger diameter of the nanotubes,
the stronger ability to load drugs [52]; second, 100 nm diameter nanotubes displayed highest ability of
protein adsorption, which is critical in mediating cell attachment and proliferation so as to promote
bone formation [53,54]. In view of this, we selected 100 nm diameter nanotube as a drug carrier, hoping
that it will balance the drug-loading capacity and osteogenic ability at the same time. Another thing
should be clarify is that we changed the anodization parameters, compared to our past article [17].
In our previous work, HF was used as an electrolyte, while in the present experiment we employed the
reaction system composed of NH4F, ethylene glycol and water. The reason that we adopted this new
method lies in that it can increase the viscosity of the electrolyte and reduce the activity of fluoride
ions in order to acquire much controllable and orderly aligned nanotubes with uniform diameter [55].
In present work, we analyzed the bioactivity, gene expression and immune regulatory responses of the
established icariin/aspirin composite coating on 100 nm diameter TiO2 nanotubes. In the future, we
will continue to evaluate the influence of different sizes of TiO2 nanotubes on the biological behaviors
of the coated surface.

We further used PLGA to avoid the initial burst release of drug from the TiO2 nanotubes surface.
PLGA is commonly applied in bone tissue engineering because of its favorable mechanical properties
and drug-loading capacity [56,57] and used in wound dressings due to its excellent bonding ability [58].
PLGA has also been employed as coating materials on the surface of titanium implants [59,60]. Serving
as biodegradable material [61], PLGA polymer-coated nanotube displayed longer drugs release period
compared to chitosan-coated nanotubes [62]. In addition, compared with protein growth factor, icariin
and aspirin were both chemical stable and heat-resistant drugs [63,64]. More importantly, since we
adopted the dip-coating method for preparation of the PLGA coating onto the NT–ICA–ASP/PLGA
substrate, this mild coating method could further protect icariin and aspirin from denaturation during
the coating procedure and achieve sustained and multiple release of two kinds of drugs at the same
time. Therefore, in this way, we successfully superimposed the ASP/PLGA coating onto the ICA loaded
TiO2 nanotubes structure so as to obtain the established NT–ICA–ASP/PLGA substrate. In the future,
we will further detect the interfacial adhesion strength between the coating and titanium substrate.

We have previously reported that ICA and TiO2 nanotubes structures could exert osteogenic
effects synergistically [17]. In the present work, apart from its well-established osteogenic effect,
we also intend to explore other functions of ICA. Although there is less report about this issue, it
has been revealed that icariin could exert anti-inflammatory function [18]. Icariin and its derivate
have demonstrated anti-inflammatory effects in macrophage cell lines, human myeloid cells, and a
mouse model of inflammation. Additionally the anti-inflammatory effect was concomitant with a
down-regulation of IL–10, IL–6 and TNF–α [19]. Other researchers also found that icariin possess
significant therapeutic effect on rheumatoid arthritis (RA) clinically [9]. Moreover, the mechanism of
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icariin to prevent RA might be related to its immunoregulatory function, which was mediated through
the decrease in the cell number of immune cells Th17. Additionally, icariin administration could inhibit
IL–17 production [20]. Taking the above-mentioned factors into consideration, we attempt to discover
the anti-inflammatory and immunoregulatory functions of ICA in this work. In the present study,
during inflammation markers detection, we discovered decreased IL–1β gene expression and inhibited
IL–1β and TNF–α protein levels on the NT–ICA and NT–ICA–ASP/PLGA surfaces, compared to Ti
surface. Moreover, enhanced gene and protein levels of M2 phenotype markers TGF–β and HO–1
were also observed on ICA–loaded surfaces, compared with Ti and Ti–PLGA substrates. These results
confirmed the anti-inflammatory and immunoregulatory functions of ICA.

Aspirin (ASP), a classic non-steroidal anti-inflammatory drug, remains the first-line clinical drug
due to its good antipyretic and analgesic capabilities and extremely low drug side effects [65]. Some
researchers showed that ASP down-regulate iNOS and TNF-α expression in macrophage cells in vitro
and improve bone regeneration in vivo by inhibiting LPS-induced macrophage activation in the early
stages of inflammation [66]. In addition, aspirin may be a promising option for preventing and curing
osteoclastic bone destruction, including peri-implant osteolysis [67]. Another researcher also proved
that on the surface of titanium primed with phase-transited lysozyme, a coating loaded with aspirin
could promote osseointegration [68]. In our experiment, compared with Ti surface, NT–ASP/PLGA and
NT–ICA–ASP/PLGA surfaces displayed decreased IL-1β gene level and reduced IL–1β and TNF–α
protein levels, with upregulated TGF–β and HO–1 gene and protein expression levels, p < 0.05. As
expected, our results confirmed the anti-inflammatory and immunoregulatory functions of ASP, with
the established NT–ICA–ASP/PLGA substrate exhibiting decreased M1 inflammatory and increased
M2 proregenerative effects at the same time.

It is well known that macrophages are the main effector cells of the inflammatory response,
and have great plasticity. When stimulated by different signals, they can show a M1 or M2
phenotype [38,39]. The timely transformation of M1–type to M2–type macrophages effectively
promotes the regression of inflammation and tissue repair [69,70]. Generally speaking, classically
activated macrophages (M1) secrete a variety of proinflammatory factors, such as TNF–α, IL–1β, IL–6,
etc. While the alternatively activated M2 phenotype macrophages generate anti-inflammatory or
immunoregulatory cytokines such as TGF–β and IL–10 [71]. In addition, heme oxygenase HO–1, the
derivable isoform of the heme-degrading enzyme HO, plays an important role in inflammation and
immunoregulation of homeostasis. Myeloid HO–1 expression modulates macrophage polarization to
M2 [72,73]. Furthermore, high HO-1 level increased the expression of osteonectin, OPG and BMP–2,
and increase osteoblast function and differentiation [74]. In our experiment, down-regulated M1
proinflammatory and up-regulated M2 proregenerative genes and proteins expression were shown
on the novel icariin/aspirin composite coating covered TiO2 nanotubes surface, compared with pure
Ti surface. These results indicated that the NT–ICA–ASP/PLGA substrate revealed optimal ability,
which could inhibit inflammation and enhance regeneration simultaneously, probably attributed to the
synergistic effects of ICA and ASP.

Recently, osteoimmunomodulation (OIM) has been raised to emphasize the importance of immune
response during osteogenesis at biomaterial–tissue interface. As the concept of OIM has been gradually
accepted, more and more attention has been paid to the positive regulation of immune response at
implant–tissue interface so as to accelerate implant osseointegration [75]. After implant insertion,
inflammation should be properly regulated to achieve faster bone integration, particularly for patients
who are suffering from systemic diseases, which were adverse to bone formation [76,77]. By regulating
the early inflammatory response of macrophages, tissue repair can be enhanced, thereby promoting
the early rapid formation of bone tissue around the implant.

In order to evaluate OIM, we firstly extracted conditioned media (CM) from macrophage cells
incubated with various implant materials. Then the extracted CM was added to osteoblast cells to
simulate the immune microenvironment around the implant site. Thus, the indirect coculture system
composed of sample slices, macrophage CM and osteoblast cells is ready to evaluate the effects of
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immune cells on osteoblast differentiation. Our results suggested that in the coculture system, osteoblast
cells on the NT–ASP/PLGA and NT–ICA–ASP/PLGA substrates displayed increased cell proliferation,
compared with the other groups at day 5 and 7. Moreover, cells showed well–spread morphology
on the NT–ICA–ASP/PLGA substrate, suggesting good cell adhesion on the modified substrate.
In addition, we also detected the osteogenic gene and protein levels in the coculture system. During the
osteoblast cell differentiation process, an early increase in alkaline phosphatase (ALP) was observed.
Then followed by an augment in collagen type 1 and OPN, with osteocalcin expressed later [78].
We measured expression levels of the abovementioned four typical marker genes, including ALP,
COL, OPN and OCN, which expressed at different stages of osteoblast differentiation and osteogenesis.
As predicted, the highest gene levels were observed on the NT–ICA–ASP/PLGA substrate, implying
the collaborative pro-osteogenic effect of ICA and ASP at the genetic level. Not only that, both ICA
and ASP modified surfaces revealed relatively higher protein levels of osteogenic proteins than pure Ti
surface. Especially, the NT–ICA–ASP/PLGA substrate demonstrated the highest expression levels for
all of the osteogenesis-related proteins. It is well-accepted that enhanced gene and protein expression
levels related to osteoblast cell differentiation may accelerate osseointegration at the implant–tissue
interface. The advanced expression levels of both osteogenesis-related genes and proteins on the
NT-ICA-ASP/PLGA substrate implied its superior ability to induce osteoblast cells differentiation.
The optimal effect of the NT-ICA-ASP/PLGA substrate might be ascribed to the synergistic effects of
ICA and ASP, which is in line with its excellent cell proliferation and adhesion results.

5. Conclusions

In view of the concept of OIM, it is especially to be expected to fabricate an implant material,
which possesses both early immune regulatory property and long-term osteogenic ability. Both ICA
and ASP are candidate drugs for implant surface modification with multiple function including
anti-inflammation, immunoregulation and osteogenesis. Taken into consideration of the factors
mentioned above, we constructed the NT–ICA–ASP/PLGA substrate. The novel substrate could trigger
an effective and timely shift of macrophage from the inflammatory reaction stage to restorative stage.
The established NT–ICA–ASP/PLGA surface endowed the modified surface with immunomodulatory
function in macrophages and osteogenic effect in osteoblast cells at the same time. This study provides
a very promising strategy for fabricating functionalized coating on titanium-based alloys to improve
implant osseointegration.
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Abstract: Polypyrrole (PPy) is a promising conducting polymer in bone regeneration; however, due to
the biological inertia of the PPy surface, it has poor cell affinity and bioactivity. Based on the excellent
adhesion capacity, biocompatibility, and bioactivity of polydopamine (PDA), the PDA is used as a
functional coating in tissue repair and regeneration. Herein, we used a two-step method to construct
a functional conductive coating of polypyrrole/polydopamine (PPy/PDA) nanocomposite for bone
regeneration. PPy nanowires (NWs) are used as the morphologic support layer, and a layer of highly
bioactive PDA is introduced on the surface of PPy NWs by solution oxidation. By controlling the
depositing time of PDA within 5 h, the damage of nano morphology and conductivity of the PPy
NWs caused by the coverage of PDA deposition layer can be effectively avoided, and the thin PDA
layer also significantly improve the hydrophilicity, adhesion, and biological activity of PPy NWs
coating. The PPy/PDA NWs coating performs better biocombaitibility and bioactivity than pure PPy
NWs and PDA, and has benefits for the adhesion, proliferation, and osteogenic differentiation of
MC3T3-E1 cells cultured on the surface. In addition, PPy/PDA NWs can significantly promote the
osteogenesis of MC3T3-E1 in combination with micro galvanostatic electrical stimulation (ES).

Keywords: PPy/PDA nanocomposite; nanowires; polydopamine; electrical stimulation

1. Introduction

Conducting polymers (CPs) especially polypyrrole (PPy) with excellent conductivity, long-term
stability and biocompatibility have been widely applied in many fields [1–3]. In particular, the conductivity
of CPs enables their use as sensors [4], controlled drug release [5,6], and functional tissue repair
materials [7,8]. Moreover, CPs with nano morphology, which mimics the natural morphology of the
extracellular matrix (ECM), can be easily fabricated via electrochemical and chemical polymerization
on various substrates, and makes it an outstanding coating used in the biomedical field [9,10]. Actually,
many studies confirmed that the PPy applied with electrical stimulation (ES) could promote the
expression of proliferation and differentiation for tissue regeneration such as bone and nerves [11–13].
However, PPy does not display functional groups to help it adhere to surfaces [14]; therefore, generating
composite materials with PPy and other adhesive polymers can effectively enhance the functionality of
PPy-containing coatings.

Polydopamine (PDA) could be synthesized by the self-oxidative polymerization of dopamine
(DA), which is the most abundant catecholamine neurotransmitter in the brain. PDA has excellent
biocompatibility and biological activity [15]. The rich functional groups, especially the catechol
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compounds, offers PDA astonishing adhesive ability on a variety of materials [16,17]. Many studies
focusing on the use of PDA as a surface functional modification material to improve the biocompatibility
and surface modifiability of other materials were reported [18]. However, the PDA has poor conductivity
without electrical signal response. Moreover, the inescapable fact is that the oxidative polymerization
of dopamine (DA) is uncontrollable, which means it is very difficult to control the morphology [19,20],
and the condition for preparing the PDA coating with nano morphology is quite harsh.

At present, many researchers are attentive to the preparation of PPy/PDA composites, which can
solve the drawbacks of the above-mentioned materials. This kind of composites can be fabricated via
one-pot or two-step method to avoid the disadvantages of pure PPy and PDA [21–24]. By controlling
reaction conditions, the pyrrole (PY) and DA composite material has both good morphology,
conductivity, and bioactivity. Zhao et al. have demonstrated that the copolymer of DA-PPy performs
improved water dispersibility, improved electrical conductivity and film adhesion than pure PPy [17,25].
Electrochemical method has more advantages than chemical polymerization in the preparation of
nanostructured conducting coatings with better controllability and uniformity of thickness and
morphology. By precise regulating the concentration of PY and DA, PDA/PPy composite coatings
with nanowires and vesicular structure morphology with enhanced conductivity, adhesion and cell
affinity have been successfully prepared via a one-pot electrochemical polymerization [26–28]. In the
one-pot reaction system of PY and DA, the concentration of PY and DA both have obvious effects
on the morphology and conductivity of the copolymer. The concentration of dopamine and the
polymerization potential need to be precisely controlled in order to obtain the copolymer with nano
morphology. Compared with the co-polymerization of PPy/PDA, the reaction condition for preparing
PPy/PDA composite coatings by a two-step method is relatively simple, as for the reaction condition
of preparation pure PPy coating with various nano structure and size morphology can be controlled
more easily and precisely by electrochemical deposition [29,30]. However, in order to better control the
morphology and conductivity of the products, the most reported study on preparation of PPy/PDA
composites via a two-step method is always setting fabrication of PPy layer as the final step to ensure
the excellent conductivity [23,31]. Taking the PDA as the outer layer is more beneficial to improve the
biocompatibility of PPy/PDA composites, and the key point is to precisely control the thickness of
PDA deposition. The best result is that the deposition of PDA on the surface of PPy NWs will not
significantly change the nano morphology of the first layer, nor reduce the conductivity.

In this study, the PDA modified PPy/PDA nanowire (NW) coating is synthesized by a two-step
reaction (Figure 1). The first layer is preparation PPy NWs coating by electrochemical polymerization
as the template, and the PDA layer is following deposited on each PPy NWs surface by solution
oxidation. By regulating the deposition time of PDA, the influence of different PDA depositing
time on the conductivity of PPY/PDA NWs coating is studied, and the optimal PDA deposition
time is determined. The morphology, chemical structure, hydrophilicity, adhesiveness are further
characterized. The cell affinity and bioactivity of the PPy/PDA NWs coating on MC3T3-E1 cell are
further evaluated. The PPy/PDA NWs coating provides enhanced hydrophilicity and adhesiveness.
The introduced PDA layer indeed improves the cell adhesion, proliferation, and differentiation of
MC3T3-E1. Combined with ES, the PPy/PDA NWs coating shows better osteogenic activity to accelerate
maturation of MC3T3-E1 cells.
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Figure 1. Illustration of preparation of PPy/PDA NWs coating and the synergistic effect with electrical
stimulation on MC3T3-E1.

2. Materials and Methods

2.1. Materials

Pyrrole (PY, 98%) and sodium p-toluenesulfonate were purchased from J & K Chemical Ltd.
(Beijing, China) Dopamine hydrochloride (98%), Vitamin C and β-glycerophosphate were bought
from Sigma-Aldrich (Shanghai, China). Tris(dydroxymethyl) aminomethane (Tris-HCl, 99%) was
purchased from Sangon Biotech Co. Ltd. (Shanghai, China). Other used inorganic salt reagents such as
sodium chloride (NaCl), potassium chloride (KCl), disodium hydrogen phosphate (Na2HPO4), sodium
dihydrogen phosphate (NaH2PO4), hydrochloric acid (HCl) were bought from SINOPHARM (Beijing,
China). Monocrystal silicon wafer (p-type, 0.5 mm) was taken from Xiamen Zhongli Technology
Co. Ltd. (Xiamen, China).

Before used, pyrrole need to be purified by distillation under the protection of N2 gas and stored
in the refrigerator at −20 ◦C for future use. Other reagents can be used directly without additional
treatment. The water used in experiments was ultrapure water (18.2 MΩ).

Monocrystal silicon wafers were first cleaned via boiled in Piranha solution (H2SO4:H2O2 = 4:1)
for 15 min and washed in hot water, then dried by nitrogen for further use. Next, a 500 nm thick of
oxide layer was formed on the silicon surface by thermal diffusion oxidation. Finally, 50 nm titanium
and 100 nm gold layer were fabricated in the silicon wafer surface via magnetron sputter. The Au/Ti/Si
wafer was diced for further experiment.

2.2. Synthesis of PPy/PDA Nanowires (NWs) Coating

The PPy/PDA NWs coating was fabricated via a two-step method. In brief, the first step was
the polymerization of PPy NWs layer by electrochemical deposition, and the second step was the
deposition of PDA layer on the surfaces of PPy NWs via solution oxidation.
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First, Pyrrole monomers could be polymerized with proper oxidation potential to form PPy.
In this manuscript, the PPy NWs coating was directly fabricated by electrochemical polymerized on
the Au/Ti/Si wafer under a potential at 0.8 V for 200 s with CHI660D electrochemical workstation
(Chen Hua Instrument Company, Shanghai, China). The electropolymerization process of pyrrole
was carried out in a traditional three-electrode system, in which the Au/Ti/Si wafer was the working
electrode, a platinum wire was the counter electrode and a saturated calomel electrode (SCE, INESA
Scientific Instrument Co. Ltd., Shanghai, China) was the reference electrode. The pyrrole monomer
was dissolved in the electrolyte of 0.2 M PBS solution (pH = 7.4) containing 0.14 M of pyrrole and
0.085 M sodium p-toluenesulfonate. After 200 s, a uniform layer of PPy NWs can be deposited on the
surface of the Au/Ti/Si substrate.

Second, the PDA layer was directly deposited on the PPy NWs by immersing the PPy NWs
substrate into the fresh 2 mg/mL DA alkaline Tris-HCl solution (10 mM, pH = 8.50). The whole reaction
vessel was opened and standing at room temperature for 5 h. Finally, the PPy/PDA NWs coated
substrate was fished out and cleaned with distilled water.

The pure PPy NWs coating was fabricated by electrochemical polymerized the same as the first
step. The Pure PDA coating was obtained on Au/Ti/Si substrate by direct immersing the bare Au/Ti/Si
substrate in the fresh 2 mg/mL DA alkaline Tris-HCl solution (10 mM, pH = 8.50) for 5 h. The fabricated
PPy/PDA NWs, PPy NWs, and PDA coatings were carefully washed with distilled water and dried in
vacuum at 50 ◦C for further use.

2.3. Characterization

The morphologies of PPy NWs and PPy/PDA NWs were observed by scanning electron microscopy
(SEM, SU-70, Hitachi, Tokyo, Japan) at an accelerating voltage of 10.0 kV and transmission electron
microscopy (TEM, JME-2100, JEOL, Tokyo, Japan) under 200 kV accelerating voltage. The chemical
composition of pure PDA, PPy, and PPy/PDA were characterized by Fourier transform infrared
spectroscopy (FTIR, Nicolet IN10, Thermo Scientific, Waltham, MA, USA) with potassium bromide
(KBr) tablet method. The static contact angle of different coating samples was measured by a contact
angle meter (JC2000A, Shanghai Zhongchen digital technic apparatus Co. Ltd, Shanghai, China) with
2 μL water dropped at five different positions for each sample. Each sample randomly tested three
parallel specimen. The electrical conductivity of the PPy and PPy/PDA NWs coatings was evaluated by
a four-point probe apparatus (SZ83, Suzhou Baishen Technology Co. Ltd, Suzhou, China). Adhesion
ability of PPy NWs and PPy/PDA NWs coating with the substrate was tested with ScotchTM MagicTM
Tape 810 (3M, Saint Paul, MN, USA) and each sample was repeated three times in the same direction.
Cyclic voltammetry (CV) was conducted in the 0.9% NaCl solution with a CHI660D electrochemical
workstation. The voltage test ranging from −0.9–0.5 V at the scan rate of 10 mV/s.

2.4. Cell Culture

The mouse embryonic osteoblast precursor cells (MC3T3-E1) was bought at the Wuhan Cell
Bank of Chinese Academy of Sciences Basic Science Cell Center. MC3T3-E1 cells were cultured in the
alpha-modified minimum essential medium (α-MEM, Gibco, Waltham, MA, USA) supplemented with
10% FBS (Gibco, Waltham, MA, USA) and 1% penicillin and streptomycin (Hyclone, Chicago, IL, USA)
in the saturated humidity incubator with 5% CO2 at 37 ◦C. During the normal subculture of cells, the
medium was changed every two days.

2.5. Effect of Surface Morphology on MC3T3-E1 Adhesion and Proliferation and Differentiation

Three different morphology substrates including PPy NWs, PDA and PPy/PDA NWs coatings on
Au/Ti/Si wafers and bare Au/Ti/Si wafers were first sterilized by soaking in 75% ethanol for 24 h and
following immersing in distilled water for another 24 h. The bare Au/Ti/Si wafer was the control group.
Before the experiment, all substrates were further irradiated under UV radiation for another 2 h.
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The sterilized substrates with different morphology were placed in the 24-well plate and washed
with PBS. Then 1 mL of MC3T3-E1 (2 × 104 cells/mL) suspension was seeded to each well and then
cultured in cell incubator (5% CO2, 37 ◦C).

2.5.1. MTT Test

To test the adhesion and proliferation ability of MC3T3-E1 cell on different substrates, the MTT
assay was used to evaluate the cell viability after cells were seeded and cultured for 4, 6, 8, 12, 24,
and 48 h, respectively. In brief, at the tested time point, the cell culture was carefully removed and
washed with PBS twice. 500 μL fresh culture medium containing 10% MTT working solution (5 mg/mL)
was added to each well and continued to incubate for another 4 h. Next, the working solution was
completely removed and incubated with 500 μL DMSO to dissolve the formazan crystal under 37 ◦C.
Finally, the optical density was tested at 570 nm using a Microplate reader (Infinity 200 pro, Tecan,
Männedorf, Switzerland). Each sample was set four-parallel experiments.

2.5.2. Cell Morphology

The cell morphology of adhesion and proliferation was observed via Fluorescence microscope
(Leica DM2500, Leica Camera, Wetzlar, Germany). By staining the filamentous actin (F-actin) of the
MC3T3-E1 cytoskeleton, the cell spreading morphology on substrates could be observed. Generally,
after MC3T3-E1 cells were cultured for 12 and 24 h, cells were rinsed with PBS and then fixed with 4%
paraformaldehyde solution for 15 min. After washed with PBS, cells were continued treated with 0.1%
TritonX-100 solution to enhance the permeability of cell membrane. Next, the cell was incubated in 1%
BSA solution for 20 min and washed with PBS. Followed above treatments, cells were finally stained
with 5 U/mL Alexa Fluor 568 phalloidin solution for 30 min in the dark environment. Samples were
observed by using a fluorescence microscope.

The morphology of MC3T3-E1 cell on different substrates was further watched with SEM.
After cultured for 12 h, cells were fixed and dehydrated with gradient ethanol successively. After drying,
samples were sputter-coated with gold before SEM testing.

2.5.3. Total Protein Content and Alkaline Phosphatase Activity

The MC3T3-E1 cell proliferation and differentiation activities were further measured by testing
the total protein content and alkaline phosphatase (ALP) activity in the period of cell proliferation
and differentiation. After MC3T3-E1 cell was seeded and cultured on different substrates for 24 h,
the culture medium was changed to induced medium, which additionally added 1% Vitamin C
(5 mg/mL) and β-glycerophosphate (1 M). The cells were cultured normally and the fresh induced
medium was changed every 2 days.

The total protein content and ALP activity were tested at 3, 7 and 14 d. At each time point,
cells in each group were washed with PBS and lysed on ice by incubation with 0.1% TritonX-100-PMSF
pyrolysis liquid for 3 min, then centrifuged at 4 ◦C for 10 min. The supernatant was collected for
further protein content and ALP activity detections. Total protein content measured by using a
commercial BCA protein Assay Reagen Kit (Beyotime Institute of Biotechnology, Shanghai, China)
and tested absorption signal at 562 nm. The ALP activity was tested using the commercial ALP Assay
Kit (Beyotime Institute of Biotechnology, Shanghai, China), and measured the absorption intensity at
405 nm. Each sample was set four-parallel experiments.

2.6. Effect of Electrical Stimulation on MC3T3-E1 Adhesion and Proliferation and Differentiation

Micro constant current electrical stimulation signal (10 μA) was directly applied on the surface of
different substrates (PPy NWs and PPy/PDA NWs) via an electrochemical workstation. ES was applied
from the 12 h after cells inoculation and lasted for 2 h per day for 14 days. The cell proliferation and
mineralization activity detection were the same as described in the above part.

137



Coatings 2020, 10, 1189

2.7. Statistical Analysis

Quantitative results were presented as mean ± standard deviation. Statistical differences among
groups were analyzed by ANOVA followed by Turkey’s posttest. p < 0.05 was considered a significant
difference and represented by *, and p < 0.01 was considered a highly significant difference and
represented by #.

3. Results and Discussion

3.1. Characterization of PPy/PDA NWs

The PPy/PDA NWs was fabricated via a two-step method. First, PPy NWs coating was
electrochemical polymerized on the surface of Au/Ti/Si wafer. Under the constant voltage of 0.8 V,
after 200 s, the gold electrode surface could be covered with a layer of black PPy coating completely
without revealing the color of the substrate, which mean the PPy coating could effectively cover the
substrate with sufficient thickness. SEM images further showed the detailed morphology of obtained
PPy NWs (Figure 2a). The PPy coating had nanowire morphology. PPy NWs were slender and uniform,
and tightly wound with each other. The high magnification SEM and TEM images (Figure 2c,e) detailed
showed the structure of PPy NWs, the surface of PPy NWs was smooth with a diameter of about
40–60 nm. Next, after immersing PPy NWs coating into the fresh dopamine (DA) alkaline solution for
several hours, a layer of PDA could be formed on PPy NWs. The PDA coated PPy NWs composites
retained the former nanowire morphology with uniform size (Figure 2b,d). While compared with pure
PPy NWs, the surface roughness of PPy/PDA nanowires increased, and the PDA protrusion structure
adhered to the surface of PPy nanowire could be observed clearly by TEM image (Figure 2f). At the
same time, the diameter of PPy/PDA NWs also increased to about 80–100 nm, indicating that PDA
could be successfully polymerized on the surface of each single PPy nanowire, and the PPy/PDA had
core-shell structure.

PPy has excellent electrical conductivity and electrochemical activity. Many studies were conducted
to prepare responsive coatings with electrical conductivity based on the electrical conductivity of PPy.
As a bioactive material, PDA can significantly improve the bioactivity of the composite. However,
PDA has poor conductivity. In alkaline solution, the thickness of PDA increases with the reaction,
and after reacted for 24 h, the thickness of PDA could reach above 50 nm [32]. In addition, an excessively
thick layer of PDA deposition covered on PPy NWs not only concealed the nano-scale morphology
of PPy/PDA composite, but also significantly reduced the conductivity of the material. Therefore,
it was very important to control the depositing thickness of PDA effectively on PPy NWs surface in
order to ensure the maximum retention of excellent nano morphology and conductivity. As Figure 3
indicated, by controlling the PDA depositing time, the morphology and conductivity of the PPy/PDA
nanocomposite performed regular changes. Within 5 h of PDA polymerization, the morphology of
the PPy NWs could be well maintained and no obvious PDA aggregates were observed. With the
prolongation of deposition time, a large number of PDA random aggregates were adhered on the
surface of PPy NWs. When the deposition time prolonged to 15 h, PDA particles even filled into the
gap of PPy NWs, and the nanostructure morphology was gradually disappeared. At 20 h, PDA almost
completely covered the whole PPy NWs coating (Figure 3a). At the same time, the conductivity change
of PPy/PDA coating also displayed cliff fall after deposition time above 5 h (Figure 3b). Therefore,
the deposition time of PDA was chosen at 5 h. Under this condition, the PPy/PDA nanocomposite
coating could retain both good nanowire morphology and conductivity (about 1 S·cm−1).
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Figure 2. SEM images of PPy NWs (a) and PPy/PDA NWs (b). High resolution SEM images of PPy
NWs (c) and PPy/PDA NWs (d). TEM images of PPy NWs (e) and PPy/PDA NWs (f).

Figure 3. (a) SEM images of PPy/PDA NWs with different deposition time of PDA. (b) The conductivity
of PPy/PDA NWs with different deposition time of PDA.

Comparing the FTIR spectra of pure PDA, PPy and PPy/PDA nanocomposite, it could be seen that
the PPy/PDA nanocomposite possessed characteristic peaks of both pure PDA and PPy (Figure 4a):
the broad peak around 3400 cm−1 was belonging to the N–H and O–H stretching vibrations, where PDA
and PPy both have a broad peak. The peak at 1544 cm−1 was the characteristic peak of PPy attributed
to the symmetric stretching vibrations of pyrrole ring [33]; and the characteristic peaks of PDA at 1615
and 1488 cm−1 ascribing to C=C and C=N/N–H stretching vibrations in aromatic amine species were
also appeared [34,35], which further indicated the PDA was successfully deposited on the surface of
PPy NWs to form a composite structure. Furthermore, the change of element proportion could also
prove the successful modification of PDA by XPS analysis (Figure 4b). PY and DA monomers have
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the same elemental composition, but there is a significant difference in the N/C ratio between PY and
DA. PY (1:4) has higher theoretical N/C ratio than that of DA (1:8). After polymerization, it could
be seen that the N/C ratio of PPy NWs coating (0.164) was higher than that of pure PDA coating
(0.094). In addition, after PDA deposited, the N/C ratio in PPy/PDA NWs coating decreased to 0.14,
which further demonstrated that PDA was successfully deposited on the surface of PPy NWs.

PDA had better hydrophilicity than PPy due to rich hydrophilic groups. The contact angle
measurement displayed the change of surface hydrophilicity after PDA deposition (Figure 4c). For the
bare Au surface, it had large hydrophobicity, which the average contact angle was more than 90◦.
After the Au surface was covered by PPy NWs or pure PDA, the water contact angle decreased
more than 30◦, and nanowire morphology was more conducive to the decrease of contact angle.
The PPy/PDA NWs coating had the minimum water contact angle, which was only 16◦. The excellent
hydrophilicity of PPy/PDA composite mainly came from both the rough porous nanostructure and a
large number of exposed hydrophilic groups such as ammonia hydroxyl groups on the surface of PDA.

PDA have astonishing adhesion ability, which can adhere to a variety of materials. We used the
3M tape to test the adhesion ability of different coatings with the substrate by tear test (Figure 4d).
The result demonstrated that the deposited layer of PDA could even enhance the adhesion property of
the PPy/PDA NWs coating with the Au surface compared with pure PPy NWs. After several instances
of the tear test, PPy/PDA NWs coating still adhered to the substrate firmly with almost no material
loss. Therefore, the enhancement of surface hydrophilicity and the increase of adhesion stability with
substrates made PPY/PDA NWs a better coating material than pure PPy NWs.

The PPy/PDA NWs had good conductivity. The electrochemical property was measured by cyclic
voltammetry in 0.9% NaCl solution (Figure 4e). Pure PDA was hardly conductive and had no obvious
electrochemical activity. After PDA deposited, compared with pure PPy NWs, the electrochemical
activity of PPy/PDA NWs did not decrease significantly. However, compared with pure PPy NWs,
the redox peak of PPy/PDA NWs was slightly shifted, indicating that PDA was not only successfully
modified on the surface of PPy, but also interacted with PPy.

Figure 4. (a) FITR spectra of pure PPy NWs, PDA and PPy/PDA nanocomposite NWs. (b) XPS spectra
of PPy NWs, PDA and PPy/PDA nanocomposite NWs. (c) The water contact angle of different material
substrates. (d) The adhesion test of pure PPy NWs and PPy/PDA NWs. (e) Cyclic voltammogramms of
different materials in 0.9% NaCl solution at the scan rate of 10 mV/s.

The above experiments demonstrated that via a two-step method, the PPy/PDA NWs
nanocomposite coating was obtained. Compared with pure PPy NWs, PPy/PDA can effectively
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increase the hydrophilicity of the coating and the firmness of adhesion with the substrate materials
while retaining the excellent nanostructure, conductivity, and electrochemical activity. PDA has
excellent biocompatibility and bioactivity. It has been confirmed that PDA can promote osteoblast cell
adhesion and biomineralization [14]. We speculated that this nano-structured PPy/PDA NWs might
have excellent promoting effect on osteogenesis than pure PDA and PPy.

3.2. Effect of PPy/PDA NWs Coating on MC3T3-E1 Activity

When contacting with materials, in the beginning 8–12 h, the main behavior of cells is to interact
with the material and then adhere to the surface of material. The morphology, structure and chemical
microenvironment of the materials all have significant effects on anchorage-dependent cell adhesion.
SEM images showed that at the initial 12 h after cells were seeded, MC3T3-E1 cell could adhere and
spread well on pure PPy NWs, PDA and PPy/PDA NWs coatings (Figure 5a). MTT test indicated that
compared with bare Au, all modified coatings including pure PPy NWs, PDA and PPy/PDA NWs
could promote the adhesion and proliferation of MC3T3-E1 cells, and the PPy/PDA NWs coating
performed most effective facilitation (Figure 5b). SEM and fluorescence images detailed showed the
morphology of MC3T3-E1 cells adhesion and spreading on the surface of different materials (Figure 5a).
After 12 h, most cells on PPy NWs coating performed spindle and fibrous shape with some pseudo
feet anchored on near PPy NWs. On the other hand, cells on the surface of PDA were flat and full
spreading, and there were lots of pseudopods linked cells with each other, which proved that PDA can
promote cell spreading better than PPy NWs, while MC3T3-E1 cells grew on PPy/PDA NWs coating
were well spreading than pure PPy NWs. Most cells on PPy/PDA NWs surface were spreading flat,
and pseudopodia filaments of cells were dispersed into surrounding nanowires and adhered closely
to the substrate. Moreover, MC3T3-E1 cells were interconnected with each other through a large
number of pseudopods. After 12 h of inoculation, the adherent cells entered the fast proliferative phase
(Figure 5a,b). MC3T3-E1 cells on all substrates were grew well, and cells on PPy/PDA NWs coating had
the fastest growth rate, which ensured that the PPy/PDA NWs coating had excellent biocompatibility
and bioactivity and was more benefit for cell adhesion and proliferation than pure PPy NWs and PDA.

For the PPy/PDA NWs nanocomposite, the PDA deposition introduced abundant active functional
groups on the inert surface of PPy, which facilitated early cell recognition and anchoring adhesion
process. Moreover, the morphology of nanowires was closer to the natural extracellular matrix (ECM)
morphology and the primary growth environment of osteoblasts, which significantly promoted the
adhesion and proliferation of MC3T3-E1 cells on the surface. Therefore, the PPy/PDA NWs coating
took the advantages of both nano morphology came from PPy NWs and excellent biological active
inherited from PDA, and had the best value for cell adhesion and proliferation than pure PPy NWs
and PDA.

In the procedure of culture osteoblasts for 14 days, it can be divided into three stages [36]. First,
the adhesion between cells and matrix was mainly carried out within 12 h after cells were seeded.
After 2–3 days, the cells entered the rapid proliferation stage. In this stage, large amounts of protein
and DNA were synthesized. Finally, after 6–9 days, the cell proliferation basically stopped and began
to enter the mineralization stage. At this stage, the metabolic activity of cells was still vigorous, and the
activity of osteoblast markers represented by alkaline phosphatase (ALP) increased significantly, and
osteoblasts began to enter differentiating and mature process.

The content of total protein in cells could be used to describe the proliferation and metabolic
activity of cells. By testing the total protein content of MC3T3-E1 that cells grew on different coatings
(Figure 5c), it could be found that the proliferation and metabolism activity of MC3T3-E1 cells growing
on the surface of PPy NWs, PDA and PPy/PDA NWs coatings were all more vigorous than that of the
control group (bare Au), and the cell on the PPy/PDA NWs coating maintained the highest protein
content during the 14 days throughout, which indicated the PPy/PDA NWs coating could promote the
cell rapid proliferation and metabolism activity than pure PPy NWs and PDA.
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Figure 5. (a) SEM and fluorescence images of MC3T3-E1 cells on PPy NWs, PDA and PPy/PDA NWs
cultured for 12 h and 24 h. (b) Proliferation of MC3T3-E1 cells on different coatings. (c) The protein
content of MC3T3-E1 cells cultured on different coatings. (d) The ALP activity of MC3T3-E1 cells
cultured on different coatings. * p < 0.05, and # p < 0.01.

The ALP activity, the early marker of osteogenic differentiation, could evaluate the osteogenic
activity of MC3T3-E1 cells cultured on different coatings. As the result indicated (Figure 5d), at the
initial stage of three days, the ALP activity of cells grown on four kind of coatings were all at low level
without obvious difference. At this time, t cells were mainly in the rapid proliferation phase with low
osteogenic activity. After 7 days, cells gradually entered the mineralization stage and the ALP activity
in all group increased, and the PPy/PDA NWs group had the highest ALP activity. After 14 days,
the advantage of ALP activity in PPy/PDA NWs group continued to expand, indicating that PDA/PPy
NWs could significantly promote the mineralization and osteogenesis of MC3T3-E1 cells.

Above results demonstrated that the PPy/PDA NWs nanocomposite coating was not only helpful
to the rapid adhesion of cells on the surface of materials, but also conducive the osteogenic activity for
new bone formation.

3.3. Synergistic Effect of PPy/PDA NWs Coating with Electrical Stimulation on MC3T3-E1 Activity

In the process of bone formation and bone remodeling, electrical microenvironment around the
bone cells occurs. Many studies confirmed that a small amount of electrical stimulation (ES) can
significantly promote the proliferation and differentiation of osteoblasts at the cellular and tissue
level [37,38]. PPy has good conductivity, and could be fabricated as a conductive coating to apply
ES on cells sensitive to electrical signals. Our previous study have demonstrated that MC3T3-E1
cells shows better osteogenic activity on the surface of PPy coating with ES [39]. The PPy/PDA NWs
was well maintained the excellent conductivity of PPy NWs layer, and performed better osteogenic
differentiation activity than pure PPy NWs. Next, we used a self-made device to apply a constant
current electrical stimulation (10 μA) to MC3T3-E1 cells through the PPy/PDA coating, and to study
the synergistic effect of PPy/PDA NWs and ES working together on MC3T3-E1 cells.

After 12 h of the MC3T3-E1 cell culture, the constant ES was applied on cells for 2 h a day until
14 days. It could be seen that continuous ES can significantly increase the adhesion and proliferation

142



Coatings 2020, 10, 1189

of MC3T3-E1 cell (Figure 6a), the number of MC3T3-E1 cells on PPy/PDA NWs coatings was almost
doubled higher after ES was applied. Additionally, the total protein content and ALP activity tests
relating to the proliferation and osteogenesis activity of MC3T3-E1 cells both revealed that the ES could
promote the osteogenic differentiation of MC3T3-E1 cells (Figure 6b,c). It was noticeable that the total
protein content and ALP activity value of MC3T3-E1 cells with ES at 7 days was very close to that
of the cells without ES at 14 days, which proved that the PPy/PDA NWs coating together with ES
addition could accelerate the cells entering the mature stage of osteogenic differentiation.

 

Figure 6. (a) The effect of ES on the proliferation of MC3T3-E1 cells on PPy/PDA NWs coating.
(b) The effect of ES on the total protein content of MC3T3-E1 cells cultured on PPy/PDA NWs coating.
(c) The effect of ES on the ALP activity of MC3T3-E1 cells cultured on PPy/PDA NWs coating. * p < 0.05,
and # p < 0.01.

4. Conclusions

We successfully fabricated the PPy/PDA NWs coating via a simple two-step method. By well
controlling the depositing time of PDA within 5 h, the PPy/PDA NWs nanocomposite retained the
nano morphology, conductivity, and electrochemical activity from the PPy NWs layer. Moreover,
the introduction of the PDA deposition layer significantly improved the hydrophilicity and bioactivity
of the material surface. In vitro experiments further proved that the PPy/PDA NWs composite
coating had better biocompatibility and osteogenic differentiation ability than pure PPy NWs and
PDA. MC3T3-E1 cells could quickly adhere and anchor on the surface of PPy/PDA NWs coating,
and enter the proliferation and differentiation process. Furthermore, external applied ES with PPy/PDA
NWs coating had the synergistic effect in stimulating the osteogenesis of MC3T3-E1 cell. Therefore,
the PPy/PDA NWs composite is a potential coating with enhanced biocompatibility and biological
activity in bone regeneration and repairing.
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Abstract: Bone tissue repair materials can cause problems such as inflammation around the
implant, slow bone regeneration, and poor repair quality. In order to solve these problems,
a coating was prepared by ultrasonic micro-arc oxidation and self-assembly technology on a pure
magnesium substrate. We studied the effect of berberine on the performance of the ultrasonic
micro-arc oxidation/polylactic acid and glycolic acid copolymer/berberine (UMAO/PLGA/BR) coating.
The chemical and morphological character of the coating was analyzed using scanning electron
microscopy, X-ray diffraction, and X-ray photoelectron spectroscopy. The corrosion properties were
studied by potentiodynamic polarization and electrochemical impedance spectroscopy in a simulated
body fluid. The cumulative release of drugs was tested by high-performance liquid chromatography.
The results indicate that different amounts of BR can seal the corrosion channel to different extents.
These coatings have a self-corrosion current density (Icorr) at least one order of magnitude lower
than the UMAO coatings. When the BR content is 3.0 g/L, the self-corrosion current density of the
UMAO/PLGA/BR coatings is the lowest (3.14 × 10−8 A/cm2) and the corrosion resistance is improved.
UMAO/PLGA/BR coatings have excellent biological activity, which can effectively solve the clinical
problem of rapid degradation of pure magnesium and easy infection.

Keywords: pure magnesium; ultrasonic micro-arc oxidation; berberine; corrosion resistance

1. Introduction

Traumatic bone repair materials have become a research hotspot in the field of orthopedics.
They are mainly derived from autologous and allogeneic bone grafts [1]. The source of autologous
bone grafting materials is limited, complications are prone to occur after surgery, and the success
rate is low. Allogeneic bone graft materials are expensive and prone to rejection. The degradation
of allogeneic bone is slow, resulting in a smaller volume of new bone. In order to solve the above
problems, material researchers are trying to find suitable human bone repair materials. With the
development of biodegradable materials, metal bone repair biomaterials are undergoing a revolution.
The properties of metal biomaterials have changed from being biologically inert to having biological
activity and multiple biological functions [2,3]. Magnesium and magnesium alloys are characterized
by good osteoinductivity, spontaneous degradability, and excellent biological safety. Their mechanical
properties are similar to those of human cortical bone, and the biological properties of the graft are
similar to those of natural bone, which has attracted a great amount of attention in the bone repair
materials field [4,5]. The degradable properties of magnesium will eliminate the need for a second
surgery to remove the implant. Thus, magnesium and magnesium alloy bone repair materials would
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not only further reduce the pain and burden for patients, but also increase the application of these
advanced materials [6]. However, a series of biological problems have been discovered during the
clinical application of pure magnesium, such as osteolysis around the implant, easy loosening of the
implant, rapid degradation, and hemolytic infection, which limit the application of pure medical
magnesium and magnesium alloys [7–9].

Therefore, researchers should study composite coatings with antibacterial, anti-inflammatory,
and bone growth promotion effects, and then adjust and control the degradation rate and biological
characteristics of pure medical magnesium to solve the fundamental problem of magnesium implants
and make magnesium more suitable as an implant material [10]. In recent years, ultrasonic micro-arc
oxidation (UMAO) has been shown to be an effective surface modification technology that can effectively
reduce the degradation rate of materials [11,12]. UMAO can effectively improve the corrosion resistance
of magnesium alloys. However, the micropores and microcracks of the UMAO surface may cause
undesirable rapid and unexpected degradation of magnesium and its alloys [13]. Therefore, scholars
have tried to compound other surface modification technologies on the UMAO surface [14–16]. Li [17]
reported using KH550 as a silane coupling agent to modify the surface of the ultrasonic micro-arc
oxidation coating on pure magnesium. The organic film of the Si–O–Mg bond formed on the surface
helps to reduce the pores in the UMAO coating and improve its corrosion resistance. In order to further
improve the bone growth around the implant, as well as the antibacterial and anti-inflammatory effects,
Peng [18] prepared a phytic acid puerarin solution on the UMAO coating by dip coating. The composite
coating has better corrosion resistance than UMAO. It also accelerates the mineralization of apatite
and improves the biological activity. Wang [19] prepared an UMAO/chitosan/citrin coating on a pure
Mg substrate. They found that the Chinese herbal extract coating enhanced the corrosion resistance
and biological activity of pure Mg, and also enhanced the adhesion and proliferation of osteoblasts.
However, the coating drug released quickly and the concentration was low. Furthermore, its ability
to promote bone growth, as well as its antibacterial and anti-inflammatory effects, did not reach the
expected effect.

The most difficult problem with these coatings in bone injury is the low drug concentration at the
lesion site. If the drug concentration around the local implant is maintained in a reasonable range,
it will be slowly released around the implantation area at a certain rate within a certain period of
time to achieve the purpose of the treatment. At present, long-acting sustained-release drug-loaded
artificial bone is considered feasible [20,21]. The preparation of drug-loaded artificial bone usually
includes methods such as the vacuum adsorption freeze-drying method and the compression molding
method. The above methods can achieve the effect of sustained drug release. However, studies have
found that the release of drugs is too fast or the drug-carrying materials cannot be degraded or they
degrade very slowly, which limits the application [22–24]. Polylactic acid glycolic acid copolymer
(PLGA) is a degradable functional polymer organic compound, usually used as a carrier for drug
release [25]. PLGA is widely used in the fields of pharmaceutical and medical engineering materials,
mainly because it is biocompatible, non-toxic, shows controllable degradation, and produces harmless
metabolites in the body. It also has excellent coating-forming properties. At the same time, PLGA as a
biomedical material has been certified by the U.S. Food and Drug Administration. Sevostyanov [26]
studied the coating of PLGA-containing triple anti-tuberculosis patients’ bones, which can stably and
slowly release drugs and maintain the local drug concentration at a high level in the lesion. Qian [27]
found that the degradation of PLGA in the human body is acidic, and magnesium is degraded to
alkaline. After degradation, the environment is neutralized to a certain extent. Wu [28] prepared
magnesium-enhanced PLGA copolymer composites by extraction and oil bath methods, and found
that the pH of the environment during the degradation process is normal, does not affect bone growth,
and can effectively regulate the strength and characteristics of the material according to the location
and characteristics of the repaired bone degradation rate.

Until now, PLGA has mostly been used as a carrier for the preparation of slow-release Western
medicines. At present, the focus of attention has shifted from synthetic medicine to natural medicine
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(Chinese medicine), mainly because traditional Chinese medicine has the characteristics of stable action,
low toxicity, and natural materials. Traditional Chinese medicine plays a positive role in promoting
the growth of osteoblasts, has antibacterial and anti-inflammatory effects, and is able to regulate the
differentiation and biological activity of osteoblasts. Berberine (BR), the main active component of
the Chinese medicine coptis, has a variety of biological activities, such as inhibiting inflammation,
promoting bone formation, and inhibiting osteoclasts [29,30]. However, few reports have focused on
combining PLGA and BR to form a composite sustained-release drug coating to enhance the biological
activity and corrosion resistance of magnesium alloys [31].

In this study, by modifying the surface of pure magnesium, we obtain a PLGA/BR multi-element
composite functional coating that has antibacterial function, promotes bone growth, and can control
the degradation rate, and the structural characteristics, corrosion resistance, and biological activity of
the composite coating are systematically evaluated.

2. Materials and Methods

2.1. Materials and Drugs

Mg (Technology Co., Ltd., Yi’an, China) was cut into 10 × 10 × 1 mm sample cubes. The molecular
weight of PLGA (polylactic acid/glycolic acid, 50:50) was 90,000 (Daigang Biological Engineering
Co., Ltd., Jinan, China), and the berberine content was 99% (China Institute for Food and Drug Control).

2.2. Sample Preparation

Sandpaper was used to polish the samples to a smooth surface; which were then soaked and
degreased with ethanol for 30 min; and then cleaned with deionized water, dried, and sealed for later
use. The following electrolytes were used in UMAO: Na2SiO3·9H2O (15 g/L), KOH (10 g/L), KF (8 g/L),
and C10H14N2Na2O8 (1 g/L). The working parameters for the UMAO treatment were as follows: first,
a pulse width of 50 μs, a pulse frequency of 500 Hz, an auxiliary ultrasonic frequency of 60 kHz,
an ultrasonic power of 50 W, a voltage of 300 V, and an oxidation time of 7 min; and second, a regulated
voltage of 260 V and an oxidation time of 3 min, cleaned with deionized water and dried in air.

The composite coating was prepared by immersion in 3 mol/L NaOH solution at 60 ◦C for 1 h,
referred to as alkali treatment. Then, 500 mg of PLGA was dissolved in 10 mL of dichloromethane
under ultrasound for 30 min. BR-loaded solutions in concentrations of 1.5 g/L, 3.0 g/L, and 6.0 g/L
were prepared ultrasonically using the 50 g/L PLGA solution as the solvent for 30 min, giving a
self-assembly solution. The sample was immersed in the self-assembly solution for 3 min. Then,
the sample was removed from the solution in the vertical direction at a speed of 5 cm/min and dried in
air. UMAO/PLGA/BR coatings were marked as 1.5, 3.0, and 6.0 g/L, respectively.

2.3. Coating Characterization

The microstructure and elemental composition of the coatings were characterized by scanning
electron microscopy (SEM, JSM-7800JJEOL, Tokyo, Japan) and energy dispersive spectroscopy (EDAX,
FALCON60S, Mahwah, NJ, USA). The phases in the coatings were identified by X-ray diffraction
(XRD, D8 ADVANCE, BRUKER, Karlsruhe, Germany) with Cu Kα radiation in the 2θ range of 10◦ to
90◦. The contact angle of the coatings was measured by a contact angle meter (JC2000C1, Zhongchen,
Shanghai, China). The micro-roughness of the coatings was observed by German Bruker atomic
force microscopy (AFM, BRUKER, Karlsruhe, Germany). X-ray photoelectron spectroscopy (XPS,
ESCALAB250XI, Thermo Fisher Scientific, Waltham, MA, USA) was used to qualitatively analyze the
presence of elements, carbon components, and chemical bonds on the sample surface. The excitation
source was Al Kα, the test power was 300 W, and C1s (binding energy 284.8 eV) was used before the
test to correct the charge displacement of each element in the test. For the XPS peak, software was
used to fit the peaks of the high-resolution XPS spectra of the corrected elements.
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2.4. Electrochemical Test

The electrochemical impedance spectroscopy (EIS) and the Tafel curve measurements of the
coating were performed by a VersaSTAT 3 electrochemical workstation in the simulated body fluid
(SBF) solution at 37 ◦C to evaluate the corrosion behavior of the coating. SBF [32] composition is shown
in Table 1. All reagents comply with American Chemical Society standards (ACS). The frequency range
of EIS measurements was 10−1–104 Hz. ZsimpWin software was used to perform equivalent circuit
fitting on the impedance results.

Table 1. Chemical composition and reagents grade (ACS, American Chemical Society standards) and
purity used for preparation of simulated body fluid (SBF).

No.
Chemical
Formula

Amount Reagent Grade Purity Manufacturer

1 NaCl 8.035 g/L ACS reagent ≥99.90%

Comeo Co.,
Ltd., Tianjin,

China

2 NaHCO3 0.355 g/L Bio Reagent ≥99.50%
3 KCl 0.225 g/L ACS reagent ≥99.50%
4 K2HPO4·3H2O 0.231 g/L ACS reagent ≥99.90%
5 MgCl2·6H2O 0.311 g/L ACS reagent ≥98.00%
6 1.0M-HCl 39 mL ACS reagent ≥37.00%
7 CaCl2 0.292 g/L ACS reagent ≥99.90%
8 Na2SO4 0.072 g/L ACS reagent ≥99.90%
9 (CH2OH)3CNH2 6.118 g/L Standard & Buffer ≥99.90%

2.5. Immersion Tests

The temperature of the experiment was maintained at 37.0 ± 0.5 ◦C using a constant temperature
water bath and soaked for 3, 7, and 14 days. The degradation and corrosion resistance of the composite
bio-coating was identified by SEM. The morphology and composition of the sample before and after
immersion were analyzed and studied.

2.6. Slow-Release Drug Measurement

A high-performance liquid chromatography (HPLC) method was established for the qualitative
analysis of berberine standard products. The chromatographic conditions were selected as follows:
column: Hypersil GOLD C18 (100 × 2.1 mm, 1.9 μm); mobile phase: 0.1% formic acid–acetonitrile/0.1%
formic acid water (A/B = 30:70); flow rate: 0.3 mL/min, temperature: 40 °C; injection volume: 10 μL;
detection wavelength: 345 nm. A constant temperature method was used for the in vitro drug release
test. The samples were sealed and placed in an eppendorf (EP) tube, added to a simulated body fluid
with a pH of 7.4, and placed in a 37 °C incubator to simulate the growth environment. Samples were
taken after 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29, and 31 d. Then, 40 μL of the sample was
added to 360 μL methanol, and the same amount of simulated body fluid was added to the EP tube.
The sample was injected into the HPLC, the peak area was recorded at 345 nm, and the cumulative
release of BR was calculated using the peak area. The time was the abscissa and the cumulative release
rate was the ordinate to draw the release curve, and analyze the results.

3. Results and Discussion

3.1. SEM Analysis

The surface morphologies of the various coatings were characterized by SEM, as shown in Figure 1.
The surface of the UMAO coating had a porous honeycomb structure typical of the micro-arc oxidation
process [33,34], as shown in Figure 1a. The porous structure of the coating surface became a channel
for body fluids to etch the substrate, which corroded the pure Mg substrate. The surface of the
UMAO/PLGA/BR coatings was covered by PLGA/BR coating (Figure 1b–d). When the BR content was
1.5 g/L, the morphology of the micro-arc oxidation began to be obscured. When the content of BR was
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3.0 g/L and 6.0 g/L, the surface morphology of the coating changed significantly. Most of the micro-arc
oxidation morphology was filled by PLGA/BR, so the pore size and number were reduced, with better
compactness. As the amount of the drug increased, the morphology of the micro-arc oxidation was
more completely covered. As PLGA was acidic after degradation, the coating had some holes, and the
degraded magnesium could be neutralized with PLGA degradation that was produced to avoid a local
pH that was too low or too high [35].

 

Figure 1. Scanning electron microscopy (SEM) cross-sectional morphologies of various coatings:
(a) ultrasonic micro-arc oxidation (UMAO); (b) UMAO/polylactic acid and glycolic acid copolymer
(PLGA)/berberine (BR)1.5; (c) UMAO/PLGA/BR3.0; (d) UMAO/PLGA/BR6.0.

The cross-sectional morphologies of the coatings with different amounts of BR were characterized
by SEM, as shown in Figure 2. Obvious through holes were seen in the UMAO coating section,
and the coating thickness was 4.8 μm (Figure 2a). UMAO/PLGA/BR coatings had obvious double-layer
superimposed structures, and the interface between the UMAO layer and the PLGA/BR layer was very
clear. When the concentration of BR was 1.5 g/L, UMAO through holes were reduced, and the coating
thickness was 5.4 μm (Figure 2b). At 3.0 g/L of BR, the UMAO through holes were significantly reduced,
and the coating thickness was 7.7 μm (Figure 2c). Compared with the research of Peng [18], the coating
thickness increases and the coating becomes denser. At 6.0 g/L of BR, the coating was dense and the
coating thickness was 6.0 μm (Figure 2d). Comparative analysis of the cross-sectional morphology
of the coating showed that, with the increase of the amount of BR, the thickness of the coating first
increased and then decreased, but the overall coating thicknesses increased and the corrosion channels
were better filled. When the BR drug content reached 3.0 and 6.0 g/L, the cross sections of the coatings
were denser, and the bonding effect between the coatings was better.

Figure 2. SEM cross-sectional morphologies of various coatings: (a) UMAO; (b) UMAO/PLGA/BR1.5;
(c) UMAO/PLGA/BR3.0; (d) UMAO/PLGA/BR6.0.
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3.2. Phase Analysis of the Coatings

All the samples were investigated from the phase structural point of view. The phase structures of
the various coatings were characterized by XRD, as shown in Figure 3. Contrasted with international
centre diffraction data (ICDD). The UMAO coating mainly consisted of MgO (ICDD file no. 65-0476)
and Mg2SiO4 (ICDD file no. 83-1807) phase [36,37]. MgO and Mg2SiO4 phase were detected
UMAO/PLGA/BR coatings. In addition, owing to the thin film, the Mg phase was detected in various
coatings (ICDD file no. 35-0821).

Figure 3. X-ray diffraction (XRD) patterns of coatings with various BR contents: (a) UMAO;
(b) UMAO/PLGA/BR1.5; (c) UMAO/PLGA/BR3.0; (d) UMAO/PLGA/BR6.0.

3.3. Contact Angle Analysis

The wettability of the various coatings was determined by the static water contact angle, as shown
in Figure 4. The five contact angles measured by various coatings are shown in Table 2. The water
contact angle on the UMAO coating was 20.63 ± 0.56◦ (Figure 4a). Because the surface of the UMAO
coating had higher porosity, the contact angle of the coating was smaller. The water contact angles of the
UMAO/PLGA/BR (1.5 g/L), UMAO/PLGA/BR (3.0 g/L), and UMAO/PLGA/BR (6.0 g/L) coatings were
68.12 ± 0.96◦, 69.73 ± 0.83◦, and 70.46 ± 0.89◦, respectively (Figure 4b–d). After UMAO self-assembled
BR treatment, the contact angle of the coating increased significantly, restricting the entry of corrosive
media and improving the corrosion resistance of the coating [38]. However, the angle was less than
90◦, and the hydrophilic coating did not affect cell adhesion.
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Figure 4. Contact angles of UMAO and coatings with BR on pure magnesium: (a) UMAO;
(b) UMAO/PLGA/BR1.5; (c) UMAO/PLGA/BR3.0; (d) UMAO/PLGA/BR6.0.

Table 2. Contact angle of various coatings. UMAO, ultrasonic micro-arc oxidation; BR, berberine.

Sample UMAO BR (1.5 g/L) BR (3.0 g/L) BR (6.0 g/L)

contact angle 1 20.13◦ 67.42◦ 70.23◦ 71.35◦
contact angle 2 20.07◦ 69.08◦ 69.53◦ 69.64◦
contact angle 3 20.93◦ 68.42◦ 68.90◦ 71.12◦
contact angle 4 21.19◦ 67.16◦ 69.43◦ 70.62◦
contact angle 5 20.83◦ 68.52◦ 70.56◦ 69.57◦
average value 20.63 ± 0.56◦ 68.12 ± 0.96◦ 69.73 ± 0.83◦ 70.46 ± 0.89◦

3.4. Coating Roughness

The micro-roughness of the coatings was observed by German Bruker atomic force microscopy
(AFM). The roughnesses of the coatings with different amounts of BR are shown in Figure 5. The BR
changed the micro-roughness of the various coatings. The surface of the UMAO membrane was
densely populated with raised cells and hills, the size was obviously increased, and the roughness
arithmetic (Ra) value was larger (Figure 5a). The surface roughness of BR (1.5 g/L) showed a downward
trend, which effectively eliminated the bumps on the surface of the UMAO and reduced the surface
roughness of the coating (Figure 5b). With the increase in BR content, the surface roughness value
showed an increasing trend. At 3.0 g/L of BR, the bulges and depressions on the film surface increased,
and the roughness of the coating became larger (Figure 5c). The surface roughness at 6.0 g/L of BR
became smaller. This was because BR further filled the holes in the coating surface and the coating
became flat (Figure 5d). It was seen that the amount of BR added greatly affected the Ra value of the
UMAO/PLGA/BR coating. The specific roughness values are shown in Table 3.

Table 3. Roughness values of various coatings.

Sample UMAO BR (1.5 g/L) BR (3.0 g/L) BR (6.0 g/L)

Roughnesses (nm) 246 92.4 190 145
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Figure 5. Atomic force microscopy (AFM) images of coatings with various BR contents: (a) UMAO;
(b) UMAO/PLGA/BR1.5; (c) UMAO/PLGA/BR3.0; (d) UMAO/PLGA/BR6.0.

3.5. XPS Analysis

XPS measurements were carried out to characterize the composition of the coatings, as shown
in Figure 6. Figure 6a illustrates the XPS survey spectra of the different coatings. The chemical
composition and element state of the composite coatings were determined. The BR (1.5), BR (3.0),
and BR (6.0) coatings all produced spectral peaks of Mg, C, O elements, and this result was consistent
with the surface morphology of the coating.

Figure 6b–d illustrate the fine fitting spectra of the O, C, and N elements of the BR (3.0) coating.
Using the BR (3.0) coating as an example, the peaks of the UMAO/PLGA/BR coating were analyzed.
The fine fitting spectrum of the BR (3.0) coating is shown in Figure 6b–d. According to the further
peak analysis of O 1s (shown in Figure 6b), the distinctive peak at 530.8 eV in its fine spectrum is
the binding energy of the oxygen element in the Mg–O bond [39]. Figure 6b illustrates the O 1s XPS
pattern for the UMAO/PLGA/BR coating, in which the Mg–O bond was present at a binding energy
of 530.8 eV and the O element of the –OH was present at a binding energy of 531.4 eV. Figure 6c
illustrates the fine spectrum of C 1s. There were two characteristic peaks at 286.3 eV and 284.6 eV in
the fine spectrum of C 1s. The characteristic peak at 286.3 eV was attributed to the binding energy
of C elements in –C–O– in PLGA. The characteristic peak at 284.6 eV was attributed to the binding
energy of the C element in –C–H and –C–C– in PLGA and the binding energy of the C=C functional
group C in BR [40,41]. Figure 6d illustrates the fine spectrum of N 1s. The characteristic peaks at
398.6 eV and 399.7 eV were attributed to C–N in BR [42]. It was further seen that, after changing the
amount of BR, UMAO/PLGA/BR coating materials were self-assembled on the surface of the pure
magnesium substrate.
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Figure 6. X-ray photoelectron spectroscopy (XPS) spectra of coatings with various BR additions:
(a) survey spectrum; (b) O 1s spectra; (c) C 1s spectra; (d) N 1s spectra.

3.6. Corrosion Resistance

The polarization curves of the UMAO, 1.5 g/L, 3.0 g/L, and 6.0 g/L samples are shown in Figure 7.
Relevant electrochemical values were obtained by fitting. The corrosion current density (Icorr) of
the UMAO, UMAO/PLGA/BR (1.5 g/L), UMAO/PLGA/BR (3.0 g/L), and UMAO/PLGA/BR (6.0 g/L)
coatings was 2.26 × 10−6, 3.33 × 10−7, 3.14 × 10−8, and 1.26 × 10−7 A/cm2, respectively. The more
positive corrosion voltage (Ecorr), smaller corrosion rate (CR) and Icorr demonstrate that BR (3.0 g/L)
improves the corrosion resistance of Mg by forming the modified structure as described previously [43].
The corresponding fitting parameters are shown in Table 4.

 

Figure 7. Potentiodynamic polarization curves of various samples.

The Icorr of UMAO/PLGA/BR coatings with different BR content was at least one order of
magnitude lower than that of UMAO. For the coating prepared by Zhang [44], the corrosion current
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of magnesium alloy in simulated body fluid was 2.05 × 10−6 A/cm2. This illustrates that coatings
with different amounts of BR protected magnesium substrates more effectively than UMAO coatings.
In addition, among the drug-loaded coatings, the UMAO/PLGA/BR (3.0 g/L) coating had the lowest
Icorr value. It is well known that the Ecorr can describe the thermodynamic property, so the corrosion
resistance cannot be evaluated in terms of Ecorr [45]. It can be concluded that the UMAO/PLGA/BR
(3.0 g/L) coating showed a lower corrosion rate and corrosion current density compared with other
coatings. It was inferred that the corrosion resistance of the 3.0 g/L coating was the best.

Table 4. Corrosion current densities and corrosion potentials for different coatings in SBF at 37 ± 1 ◦C.
Icorr, corrosion current density; Ecorr, corrosion voltage; CR, corrosion rate.

Sample UMAO BR (1.5 g/L) BR (3.0 g/L) BR (6.0 g/L)

Ecorr (V) −1.834 ± 0.007 −1.741 ± 0.006 −1.872 ± 0.007 −1.769 ± 0.006
Icorr (A/cm2) (2.26 ± 0.02) × 10−6 (3.33 ± 0.019) × 10−7 (3.14 ± 0.017) × 10−8 (1.26 ± 0.023) × 10−7

CR (mm/yr) 5.16 × 10−3 7.60 × 10−4 7.17 × 10−5 2.88 × 10−4

To further analyze the corrosion behavior of the various coatings, EIS measurements were
performed in the SBF, as shown in Figure 8. The EIS measurements were analyzed using ZsimpWin
software and fitted to the appropriate equivalent circuit. The symbols represent the experimental
data, and the solid lines represent the fitted data. Figure 8a shows the Nyquist plots of the samples.
The Nyquist plot of the UMAO coating is composed of a capacitive loop. The capacitive loop at the
high frequency is attributed to the resistance and capacitance of the electrolyte penetrating through
the UMAO layer [46]. The Nyquist plots of the UMAO/PLGA/BR coatings are composed of widened
capacitive loops. The capacitive loop is attributed to the resistance and capacitance of the electrolyte
penetrating through the PLGA/BR layer at the medium frequency [47]. The radii of the semicircles
corresponding to the UMAO/PLGA/BR coating were visibly larger than those of the UMAO coating.
These results reveal that the UMAO/PLGA/BR coating has a higher impedance value and higher
corrosion resistance.

Figure 8b shows the impedance modulus |Z| of different coatings, which were 4.20 × 104 (UMAO),
5.24 × 105 (BR 1.5 g/L), 1.68 × 106 (BR 3.0 g/L), and 1.41 × 106 (BR 6.0 g/L) Ω·cm2. The impedance
modulus of the drug-loaded coatings was an order of magnitude higher than that of the UMAO coating.
However, after the addition of 6.0 g/L BR, the impedance modulus value of the UMAO/PLGA/BR
coating did not continue to increase. Because the solution was a suspension when 6.0 g/L of BR was
added, it was not conducive to the formation of self-assembled coatings. As we all know, good corrosion
resistance between the coating and the electrolyte corresponds to a higher R value [48,49]. The results
showed that, when the amount of BR was 3.0 g/L, the coating had higher resistance and better
corrosion resistance.

The Bode plots of the coatings with different amounts of BR are shown in Figure 8c. The shapes
were similar. Both coatings have two time constants distributed at a low frequency (10−1–102 Hz) and
a high frequency (102–104 Hz). The low-frequency time constant is the response of the UMAO coating,
and the high-frequency time constant is the response of the PLGA and PLGA/BR layers [46].

The time constant of the high frequency zone was ascribed to the PLGA/BR layer, and the time
constant of the low frequency zone was ascribed to the UMAO layer. The phase angles of BR (1.5),
BR (3.0), and BR (6.0) coatings were 65◦, 68◦, and 62◦, respectively. When the amount of BR added
reached 3.0 g/L, the phase angle of the coating was the largest and the corrosion resistance was the
highest. The Nyquist diagram of the composite coating was consistent with the results of the Bode
diagram, indicating that the BR (3.0) coating had good corrosion resistance.

The equivalent circuit used to fit the electrochemical impedance plot of the coatings is shown
in Figure 8d. The corresponding fitting parameters are shown in Table 5. In the circuit, Rs is the
solution resistance, R1 is the resistance of the UMAO coating, and R2 is the resistance of the PLGA/BR
coating. CPE1(capacitance of coating) and CPE2 are constant phase angle components of electric double
layer capacitors, which represent the capacitive reactance of the UMAO dense layer coating and the
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PLGA/BR drug-loaded layer, respectively. In UMAO, R2 and CPE2 represent load transfer resistance
and interface electric double layer capacitance, respectively. The impedance of the drug-loaded coating
was greater than that of the UMAO coating, indicating that the drug-loaded coating could prevent
corrosion more effectively [50].

Figure 8. Nyquist, Bode diagrams and equivalent circuits of different coatings: (a) Nyquist; (b) and
(c) Bode plots; (d) equivalent circuit (CPE, capacitance of coating).

Table 5. Values of the equivalent circuit parameters for the various coatings extracted from the
electrochemical impedance spectroscopy (EIS) plots. CPE, capacitance of coating.

Sample Rs (Ω·cm2) CPE1 (F·cm2) R1(Ω·cm2) CPE2 (F·cm2) R2(Ω·cm2)

UMAO 269.2 4.35 × 10−7 4.37 × 104 2.59 × 10−5 1.18 × 104

BR1.5 126.9 1.67 × 10−7 4.31 × 105 4.16 × 10−6 1.17 × 105

BR3.0 152.1 1.09 × 10−7 7.02 × 105 1.06 × 10−8 1.61 × 106

BR6.0 117.9 1.46 × 10−7 1.95 × 105 7.49 × 10−9 1.29 × 106

Therefore, a conclusion can be drawn from the polarization curve and the EIS impedance; that is,
the corrosion resistance of the coating was improved by doping BR in the PLGA solution to form a
drug-loaded coating. The main reason was that the addition of BR to the PLGA solution was equivalent
to a filler, which can fully block the defects, such as pores, of the ceramic layer in the drug-loaded
coating and prevent the body fluid from penetrating the Mg matrix too quickly, thereby improving the
corrosion resistance.

3.7. Surface Morphology and Phase Composition Analysis in SBF

SEM images of UMAO and UMAO/PLGA/BR (3.0) coatings soaked in SBF solution for 0, 3, 7,
and 14 days are shown in Figure 9. Figure 9a1,b1 shows the surface morphology of UMAO coating
and UMAO/PLGA/BR coating without soaking. Compared with the UMAO coating, after 3 days of
soaking, the surface of the coating was gray, and insect-like substances were deposited on the surface
of the UMAO film around the pores (Figure 9a2,b2). After being immersed for 7 days, cracks appeared
on the surface of the coating, and white deposits in the shape of flower clusters were attached to the

157



Coatings 2020, 10, 837

cracks. This deposit can effectively fill the cracks and form a new composite surface to prevent the
corrosive medium from passing through the pores or cracks (Figure 9a3,b3), which was also reported
in other studies [51,52]. After 14 days of soaking, the cracks deepened, the number increased, and the
white deposits increased. The surface of the coating material became rough, and its surface area
increased to provide an interface for ion adsorption (Figure 9a4,b4). Because of the extension in the
immersion time, Ca and P elements were enriched and nucleated on the surface, and the mass increased
with time. At the same time, Mg ions gradually degraded from the surface and were replaced by Ca
ions, which‘adsorb more CO3

2− and PO4
3− on the surface of the coating material; when the solubility

product of forming bone-like apatite was reached, a new phase was formed on the surface [53,54],
so the BR coating had excellent biological activity.

Figure 9. SEM patterns of different coatings after immersion in SBF. 0 days: (a1) UMAO;
(b1) UMAO/PLGA/BR. 3 days: (a2) UMAO; (b2) UMAO/PLGA/BR. 7 days: (a3) UMAO;
(b3) UMAO/PLGA/BR. 14 days: (a4) UMAO; (b4) UMAO/PLGA/BR.
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3.8. Slow-Release Drug Measurements

The drug-loaded coating on the metal surface gave it functional requirements [55,56]. According to
the conditions and methods under Section 2.6, the UMAO/PLGA/BR (3.0) sample was subjected to an
in vitro release test. The peak area at 345 nm was measured and used to calculate the cumulative release
of BR. The results are shown in Figure 10. The cumulative release of BR from the UMAO/PLGA/BR
coating reached 92.13% after soaking in the SBF solution for 28 days. Peng [18] and Wang [19] studied
the drugs released for 2–3 days. This prolonged the action time of the drug, increased the concentration
of the drug in the local lesion, and avoided the physical and mental harm to the patient caused by
long-term oral administration or external topical administration.

Figure 10. Cumulative release curve of the UMAO/PLGA/BR coating in vitro.

4. Conclusions

The UMAO coating has through-pores and these were sealed by the capillarity of the PLGA/BR
coatings to inhibit permeation of body fluid. The corrosion resistance of the UMAO coating was
significantly improved by the coverage of PLGA/BR coatings with higher impedance and lower current
density. This is because the PLGA/BR coating with high cross-link density and networks has a better
capacity to inhibit the permeation of ions. In addition, after the BR-loaded coating was immersed
in SBF for 14 days, a large amount of substance adhered to the surface, and the prepared composite
coating had excellent in vitro biological activity. After 28 days, the cumulative amount of released BR
was 98.12%. Thus, the inclusion of PLGA/BR on the UMAO coatings induces an antimicrobial effect.
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Abstract: Marine corrosion accounts for one-third of the total corrosion cost and has been one of the
greatest challenges for modern society. Organic coatings are known as the most widely used protective
means. An effective control of the transport of corrosive substances is the key to the anti-corrosion
performance. In nature, the mangrove survives and thrives in marine tidal zones despite high salinity
and humidity. We first showed that the mangrove leaves have salt glands that can secrete excessive
ions to control the ion transport in and out. Inspired by this, we proposed a design of bio-inspired,
anti-corrosion coating that mimics this functional feature, and fabricated the bipolar, hydrophobic
coatings by doping ion-selective resins and constructing surface structures, which restrict the transport
of corrosive substances and the electrochemical corrosion at the coating/metal interface. Our results
show that the bio-inspired coatings effectively block and control the transport of both the Na+ and
Cl−, and, together with the hydrophobic surface, the coating system exhibits significantly improved
anti-corrosion properties, more than a three orders of magnitude decrease in corrosion current
density when compared with the control group (epoxy varnish). Therefore, the mangrove-inspired
coatings show a promising protective strategy for the ever-demanding corrosion issues plaguing
modern industries.

Keywords: bio-inspiration; anti-corrosion coating; salt gland; mangrove

1. Introduction

Corrosion, often metal corrosion, is the material destruction that leads to failure in function. It has
been a major problem plaguing mankind dating back to ancient times. The first written description of
corrosion appeared in the works of Plato (427–347 B.C.) [1] and the first patent of a protective paint
appeared in 1625 [2]. Since a large number of metallic materials are developed and utilized in various
fields such as marine oil and gas exploitation and transportation industries, the accompanying problem
of corrosion becomes greater, which brings enormous economic loss and poses great threats to personal
safety and the natural environment. According to the National Association of Corrosion Engineers
International study 2016, the direct global corrosion cost was estimated to be $2.5 trillion, which is
equivalent to roughly 3.4% of the global Gross Domestic Product [3]. This study also reported that
implementing corrosion control/prevention practices could result in savings of 15%–35% of the cost
of damage. Among a variety of anti-corrosion techniques including the passive coatings and active
methods [4], organic anti-corrosion coatings, which isolate and protect the substrate metal kinetically,
are the most cost-effective and environmentally-friendly approach for the ever-pressing corrosion
issue [5].

The fundamental principles of corrosion reveal that material corrosion is thermodynamically
spontaneous and kinetically mediated by corrosive substances such as H2O, Na+, and Cl−.
These substances invade and transport through the coating to the coating/substrate interface, which leads
to an accelerated corrosion reaction [6] that consists of chemical corrosion and electrochemical corrosion.
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Moreover, the electrochemical corrosion processes at a high rate and it is a complex process that
includes anodic and cathodic reactions. The anodic reaction transfers metal atoms into metal cations.
This process can be accelerated by Cl−, especially the pitting corrosion process [7,8]. On the other
hand, the cathodic reaction generates OH− followed by the aggregation of Na+, and this process could
accelerate the accumulation of corrosion products, which leads to peeling-off of the coating [9,10].
These reactions, supplied by the penetrated corrosive substances, not only consume the metal substrate
but also lead to the failure of the protective coatings. Therefore, the key to high-performance
anti-corrosion coatings requires effective blocking of corrosive substances at the external surface and
control of ion transportation within the coating [11–13].

Among the rapid research progress in protective coatings, learning from nature to design novel
anti-corrosion materials is one of the best ways for creating these materials. Over the course of
evolution, nature develops ingenious strategies that can be implemented to address the issues of
surface blocking and ion control in anti-corrosion coatings. One representative dealing with the
blocking is the superhydrophobic coating bio-inspired from self-cleaning lotus leaves, which protects
metals from corrosion and has been studied extensively. The mechanism involves an isolative air layer
formed between the external corrosive solution and the substrate, usually fulfilled by the hierarchical
structure and the chemical constituents of the coating. Once the corrosive medium penetrates into the
coating as time goes by, controlling the transportation of corrosive ions becomes significant to delay
and, thus, prevent a corrosive reaction. Research efforts in controlling the transmission of corrosive
agents can be passive, e.g., by adding fillers, such as zinc particles [14]. The mechanism involves the
blocking and prolonging of the path of corrosive agents, and the preferred corrosion of zinc rather
than steel due to a higher electrochemical activity. The other is an active approach that includes
combining with conductive/reactive components to identify and interact with the ions selectively.
A variety of ion-selective organic coatings doped with different ion exchange resins, first studied
by Wang et al. [15–17], show effective control of the moving direction of ions such as Cl− and Na+.
The ion-selective coating that interacts with one type of ions is called single polar coating. An anionic
coating (cation-selective film) blocks the invasion of anions (e.g., Cl−) and allows the passage of cations
(e.g., Na+), while a cationic coating blocks the transmission of cations. A bipolar coating composed
of cationic and anionic layers, which can restrict both types of ions, shows promising application in
metal protection. Besides, conductive polymers, such as polyaniline (PANI) and modified PANI [18],
have also been used for ion selective anti-corrosion coatings [8]. However, the ion selective coatings
can only adjust the transport of ions and cannot deal with the water infiltration, which deteriorate the
protective function of the coatings greatly. Therefore, preventing the invasion of H2O into the coating
layer is another important consideration of developing advanced anti-corrosion coatings.

Effective control of ion-containing fluids can also be observed in nature, e.g., the mangrove plants
which survive and thrive in the marine intertidal environments featuring high humidity and high
salinity through salt secretion [19]. The harsh habitat is close to the anti-corrosion coatings that protect
the substrate metals in marine surroundings [20], and the strategies utilized by the mangrove through
salt glands are vivid inspirations for developing ion-control coatings, formulated first in this work.
In an aim to develop high-performance anti-corrosion coatings addressing the control of ion transport
and external blocking, we explore the salt secretion of the mangrove, and, for the first time, fabricate
mangrove-inspired anti-corrosion coatings employing ion-selective resins and hydrophobic surface
construction. The structural and functional features of the salt glands on the mangrove (Ceriops tagal
(perr.) C. B. Rob) are presented, and the bio-inspired, bipolar hydrophobic coatings were fabricated
to exclude external H2O and corrosive ions (Cl− and Na+). Our results show that the bio-inspired
anti-corrosion coatings exhibit excellent properties in restraining the corrosive ion intrusion and
transport within the coating, which leads to significantly improved anti-corrosion performance.

164



Coatings 2019, 9, 725

2. Materials and Methods

2.1. Observation of the Mangrove Leaves

The optical images of living mangrove were taken by a digital camera. Mature mangrove
(Ceriops tagal (perr.) C. B. Rob) leaves and some branches of the mangrove were collected from Shenzhen
Bay. The mangrove branches were cultured in nutrition solutions that were diluted by 100 mL tap
water and 100 mL 3.5 wt % NaCl solution, respectively, for eight days.

For scanning electron microscopy, mangrove leaf samples were sputter-coated using a Leica EM
ACE200 Automatic low vacuum coating apparatus (platinum, 30 s) (Leica, Wetzlar, Germany), and then
observed by a ZEISS SUPRA55 Field emission sweep electron microscope (Carl Zeiss, Jena, Germany).
The elemental mappings through energy-dispersive X-ray spectroscopy (EDS) of the samples were
scanned by an Oxford X-Max 20 Electrically cooled X-ray spectrometer (Oxford, England).

2.2. Fabrication of the Mangrove-Inspired Coatings

Epoxy varnish (E-44 bisphenol A epoxy resin) was used as the film forming material. Single-polar
coatings (two types) were obtained by doping different ion-selective resins, the 719 (202) strong base
styrene anion exchange resin, and the 732 strong acid styrene cation exchange resin, respectively, into
the epoxy varnish as paints. The ion exchange resins and epoxy varnish were diluted by xylene, and the
doping concentrations were 0, 2.5 wt %, 5 wt %, 10 wt %, and 20 wt % for both groups. After the
paints were evenly distributed in the epoxy varnish, TY-650 polyamide was mixed to cure the epoxy
varnish. Then they were brush-coated on silica gel plate and also metal substrates (Q235) to obtain the
single-polar coatings and the coated metal samples, respectively.

Q235 steel with the size of 10 mm × 10 mm × 5 mm was the metal substrate and the main elements
are (wt %), C 0.127, Si 0.15, Mn 0.41, P 0.018, S 0.019, Fe balance. All metal substrates were polished
with water on graded sandpapers (150#, 400#, 600#, 800#, and 1000#) step-by-step and were linked with
copper wire by soldering. Metal samples were sealed by epoxy resin with a working surface of 10 mm
× 10 mm exposed. Sealed samples were polished with water phase sandpapers (150#, 400#, 600#, 800#,
and 1000#,) step-by-step, washed by anhydrous ethanol, dried, and kept in a dryer until utilization.

For the bipolar, hydrophobic coatings, a hydrophobic surface layer was fabricated using a
template method. A superhydrophobic silicon plate was fabricated following the method in previous
work [21,22]. The silicon nanowires and grooves were fabricated based on a 425-mm thick silicon wafer.
A standard Micro-Electro-Mechanical System process technology was employed to fabricate rough
structures on a silicon surface, which consists of two essential structural features, silicon micropillars,
and silicon grooves. A photolithography process was first used to selectively cover a photoresist
on a silicon wafer, which was followed by reactive ion etching (RIE) to etch the wafer areas that
are not protected by the photoresist, and deep RIE was used to further etch the silicon substrate.
This process formed silicon micropillars. The deep RIE process included cyclic passivation and etching
modes in which C4F8 and SF6 were used. In the etching cycle, the SF6 flow rate was 130 sc·cm
and platen power was set at 12 W. In the passivation cycle, the C4F8 flow rate was 85 sc·cm. Lastly,
the photoresist was removed and deep RIE was used to further etch the silicon substrate covered
by photoresist, which formed a silicon groove. Then, the surface fabrication process was completed.
The prepared silicon wafer was taken as an original template, and PDMS was applied to copy the
structure on the coating surface. The thicknesses of all fabricated coatings were measured by a
micrometer. The thicknesses of bare metal substrates were monitored at three different points, and the
average of all the measurements was taken as the thickness of metals (TM). The total thickness of
coatings and metal substrate (TT) were measured by the same processes. Then the thickness of the
coating is the difference of the TT and the TM. For the first type of single polar coatings, the coating
thicknesses of the fabricated coatings and control groups were kept the same (45 ± 5 μm). For the
second type of bipolar coatings, the total coating thicknesses of the fabricated bipolar coatings and
control groups were kept the same (90 ± 5 μm), since those were fabricated layer-by-layer.
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2.3. Electrochemical Measurements

Electrochemical tests including open circuit potential (OCP), electrochemical impedance
spectroscopy (EIS), and polarization curves were performed on CHI760E. The electrochemical
experiments were carried out in 3.5 wt % NaCl aqueous solution and a three-electrode configuration was
applied, including the as-prepared samples (Q235 steel coated with the epoxy varnish, the bioinspired
single-polar coatings, and the bioinspired bipolar, hydrophobic coatings), platinum plate, and saturated
calomel electrode (SCE) as working, counter, and reference electrodes, respectively. If there is no
other specific indication, all potentials reported in this paper are taking SCE as the reference. EIS tests
were performed in a frequency range of 105 through 0.01 Hz at the open circuit potential with an
amplitude of 10 mV. Potentiodynamic polarization curves were obtained by setting the sweeping
range of ±300 mV versus the rest potential value, and a rate of 1 mV/s was employed for scanning.
The measured results were further analyzed by using software Cview.

2.4. Wettability and Ion-Resistant Property

The surface wettability was measured using a contact angle meter (DSA-100, KRüSS Instruments,
Hamburg, Germany) recording the contacting scenario of a water droplet to the surface. For the
ion-selectivity analysis, the fabricated single-polar coatings were fixed in a custom-designed equipment,
as shown in Figure 5a, between the 3.5 wt % NaCl solution (30 mL) on the left side and the ultrapure
water (100 mL) on the right side. With increasing time at fixed intervals, 100 μL solution on the left
side was taken out and the concentrations of Cl− and Na+ were measured by ion chromatography
(ICS-900, DIONEX, Sunnyvale, CA, USA) and inductively coupled the plasma mass spectrometer
(iCAP Q, Thermo Scientific, Bremen, Germany).

3. Results and Discussion

3.1. Salt Particles Deposited on Mangrove Leaves and Salt Gland

Mangrove plants live along the marine coast sustaining the high salinity of seawater (living
mangrove forest shown in Figure 1a). On the mangrove leaves, there are plenty of deposited particles
(Figure 1b). To analyze the elements of the deposited particles, EDS was used and the results show
that the main elements are Cl and Na with an atom ratio of approximately 1 (Figure 1c–e). Thus,
the deposited particles are mainly NaCl particles. As reported in references [23–26], salt glands on
the mangrove leaves can secrete salt solution to adapt to the harsh environment. However, the salt
contained in the marine atmosphere can also be deposited on leaves. To further explore the source of
the salt particles, we washed the fresh leaves (growing on branches) with distilled water to remove
the deposited particles and cultured the collected branches in nutrition solutions diluted by tap
water (NTW) and 3.5 wt % NaCl (NSW), respectively. After eight days, the cultured leaves were
collected. The optical images of mangrove leaves cultured in NTW and NSW are shown in Figure 2a,b
respectively. There are plenty of particles on leaves cultured in NSW, while no clear deposited particles
on leaves cultured in NTW were observed. The same results can be seen in SEM images, as shown in
Figure 2c,d with more particles observed in the sites of salt glands. EDS was applied and the results
(Figure 2e,f) show that the deposited particles are NaCl. Thus, we conclude that, even though there
may be two sources for the deposited salt particles on the fresh mangrove leaves, the salt glands of
the mangrove leaves within the salted environment perform salt secretion well, which results in salt
particles deposited on the leaf surfaces.
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Figure 1. The mangrove and the deposited salt on the surface of fresh mangrove leaves. (a) The natural
mangrove plants along the Shenzhen Bay. (b) SEM of the deposited salt on mangrove leaves, (c), (d) and
(e) EDS of the deposited salt particles.

 
Figure 2. The deposited salt on the surface of cultured mangrove leaves. (a) and (b) are mangrove
leaves cultured by nutrition solution and 3.5 wt. % NaCl nutrition solution, respectively. (c) and (d) are
SEM images of mangrove leaves deposited with salt particles and the inserted images are the salt
glands of mangrove leaves. (e) and (f) are EDS of the deposited salt particles.

Salt glands on mangrove leaves are multi-cellular tissues typically including cell types differentiated
into basal collecting cells and distal secretory cells. The collecting cells are presumed to create a salt
efflux gradient to collect salt from neighboring mesophyll cells and transport it to the secretory cells.
The secretory cells are completely surrounded by a cuticle, with the exception of where they contact the
subtending basal collecting cells, which is a feature that appears to channel the flow of salt through the
secretory cells and prevent leakage back into the neighboring tissue via the apoplast [27]. We observe
salt glands on both the top and lower surfaces of the mangrove leaves, as shown in Figure 3a,b.
The magnified image (Figure 3d) of the salt gland shows that it is different from the stoma (breathing
tissue). Based on the results we observed, we made a schematic illustration of salt gland distribution
on the mangrove leaves. Salt glands function as a safety guard to control the ion transport into and out
of the leaf to maintain healthy. From the perspective of bio-inspiration, this function is also necessary
for an effective anti-corrosion coating, as well as needed to control the transport of corrosive ions and
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water within the coating system. For this aim, we design and fabricate mangrove-inspired protective
coatings that inhibit and control the transport of corrosive ions.

Figure 3. Salt glands distributed on the top and lower surfaces of mangrove leaves. (a) and (b) are
morphologies of mangrove leaves on both surfaces. (c) Schematic illustration of the distribution of the
salt glands on mangrove leaves. (d) SEM image of the salt gland on mangrove leaves.

3.2. Design and Properties of Mangrove-Inspired, Single-Polar and Bipolar Coatings

As ions diffuse/transport from a high concentration to a low concentration without external
energy input/interference, we employed doping pigment materials that react with ions to resist or
reduce this tendency. Ion exchangeable pigments have been applied in organic coatings to improve
the anti-corrosion performance by preventing the transport of corrosive ions. In this case, we chose
two types of commercial ion-exchange resins (719 (202) strong-base styrene anion exchange resin and
732 strong acid styrene cation exchange resin) as pigments to modify the epoxy varnish, which can
function as inhibiting corrosive ions.

Anion exchange resin has positive charges that exclude cationic ions. Thus, doping anion
exchange resin into epoxy can obtain a coating that blocks cations and we call this coating as cationic
coatings, as illustrated in Figure 4a. Similarly, doping cation exchange resin can obtain anionic coatings
(Figure 4b). These bio-inspired, single-polar coatings, with different doping concentrations, were tested
by performing potentiodynamic polarization curves to find the optimized percentage, as shown in
Figure 4c,d and Tables 1 and 2. It is clear that Q235 covered with epoxy varnish has decreased corrosion
current density compared with the bare substrate, while the anti-corrosion property was further
improved by the single-polar, cationic coatings. The lowest current density of Q235 protected with the
cationic coating was 1.0091 × 10−7 A/cm2, which corresponds to a doping concentration of 10 wt % of
anion exchange resin. Similarly, the single-polar, anionic coatings also showed enhanced anti-corrosion
properties compared with the epoxy varnish on the Q235 substrate, and the optimal doping amount
was 5 wt % of cation exchange resin.
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Figure 4. The single-polar, ion-selective coatings and the protective performance. (a) and (b) are the
schematic illustrations of the repulsion function of the cationic coating and anionic coatings. (c) and
(d) are potentiodynamic polarization curves of the cationic and anionic coatings with different doping
concentrations of anion and cation exchange resins.

Table 1. Fitting results of Q235 steel coated with cationic coatings with different concentrations of anion
exchange resin.

Parameters Bare Metal Epoxy Varnish 2.50 wt % 5.00 wt % 10.00 wt % 20.00 wt %

Ecorr/V −0.84156 −0.6171 −0.56056 −0.6270 −0.674 −0.82369
Icorr/Acm−2 3.1212 × 10−6 6.1134 × 10−7 4.2421 × 10−7 1.2796 × 10−7 3.0586 × 10−7 4.6885 × 10−7

Rp/Ωcm2 2.6962 × 105 8.9052 × 105 1.3214 × 106 4.9000 × 106 2.2036 × 106 1.7568 × 106

Table 2. Fitting results of Q235 steel coated with anionic coatings with different concentrations of cation
exchange resin.

Parameters Bare Metal Epoxy Varnish 2.50 wt % 5.00 wt % 10.00 wt % 20.00 wt %

Ecorr/V −0.84156 −0.6171 −0.5724 −0.5740 −0.5450 −0.59219
Icorr/Acm−2 3.1213 × 10−6 6.1134 × 10−7 3.0475 × 10−7 2.9602 × 10−7 1.0091 × 10−7 8.1367 × 10−7

Rp/Ωcm2 2.6962 × 105 8.9052 × 105 1.88 × 106 1.89 × 106 1.9357 × 106 1.9203 × 106

The different single-polar coatings (cationic and anionic) exhibit clear superior protective
performance than the epoxy varnish coatings (e.g., the much lower corrosion current densities
and higher corrosion resistance). This is due to the resisting/blocking ability of the coatings to
corrosive ions (Na+ and Cl−) resulting from electrostatic repulsion, which is investigated by the
ion-selectivity measurements, as shown in Figure 5a. The single-polar, cationic/anionic coatings were
placed and fixed between the 3.5 wt % NaCl aqueous solution and the ultrapure water. Measuring the
concentration changes of Na+ and Cl− of the ultrapure water with increasing time provides information
about the ion-selectivity/ion-blocking properties of the single-polar coatings. For cationic coatings
(Figure 5b), the concentration of Na+ is much lower than that of Cl− throughout the testing time range,
which illustrates a good blocking ability of Na+. This accounts for the lower corrosion current density
of the cationic coatings covering Q235 than that of epoxy varnish. The anionic coatings clearly block
Cl−, as the concentration of Cl− is much lower than Na+ during the entire time range (Figure 5c),
and this explains the improved anti-corrosion properties of Q235 steel coated with anionic coatings.
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Figure 5. The ion-selectivity of the single-polar coatings. (a) Illustration of the custom-designed
experimental equipment. (b) and (c) are the plots of the concentrations of Na+ and Cl− in ultrapure
water versus increasing time for the cationic and anionic coatings.

Another consideration of the anti-corrosion coatings is the water transmission. The ion-exchange
resins could easily absorb water from surroundings, which is not favorable for corrosion inhibition.
Our results of the single-polar, cationic, and anionic coatings immersed in 100 mL 3.5 wt % NaCl
aqueous solution show significant water uptake (calculated via Equation (1)), which is much higher than
the epoxy varnish (Figure 6a). For this, we include an external hydrophobic layer on the single-polar
cationic/anionic coating systems in the design. In addition, a high-performance protective coating
should control the transport of both the Na+ and Cl− ions at the same time. Therefore, we present a
design of bipolar, hydrophobic coating system (Figure 6b), which shows our top-down, bio-inspired
approach that can block corrosive substances such as water and control transport of corrosive ions
within the coating to enhance corrosion protection. The top hydrophobic surface, fabricated by copying
the hierarchical structure of microgrooves and micropillars, is shown in Figure 6c, and the contact
angle of the water droplet is about 139.1◦, which indicates the hydrophobicity.

η = (w −w0)/w0 (1)

w- weight of coating at certain immersion times, w0- weight of the coating before immersion

Figure 6. Water absorption property of the coatings, design of bipolar, hydrophobic coatings, and the
surface structure of the hydrophobic layer. (a) The water uptake with increasing immersing time
of the single-polar and epoxy coatings. (b) The constructed bipolar, hydrophobic coating systems:
hydrophobic, cationic/anionic/metal (H, Cationic/Anionic/M) and hydrophobic, anionic/cationic/metal
(H, Anionic/Cationic/M). (c) The morphology of the hydrophobic surface with an insert showing the
contact angle of a droplet about 139.1◦.
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3.3. Anti-Corrosion Performance of the Bipolar, Hydrophobic Coating

The representative polarization curves of Q235 with different bipolar, hydrophobic coatings and
epoxy varnish after being immersed in 3.5 wt % NaCl solution for 10 days are shown in Figure 7
and the corresponding fitting results are listed in Table 3. For Q235 coated with epoxy varnish,
the corrosion current density is 6.1134 × 10−7 A/cm2 (Table 3). For Q235 protected by bipolar
coatings, the corrosion current density decreased significantly, which indicates a significant increase
in anti-corrosion performance. The corrosion current density is only 8.3562 × 10−11 A/cm2 for the
hydrophobic,anionic/cationic/metal system, and that for the hydrophobic,cationic/anionic/metal system
is 1.6966 × 10−11 A/cm2, which is more than three orders of magnitude of decrease in the corrosion
current density when compared to the epoxy varnish. This demonstrates a substantial enhancement in
corrosion protection. The change of polarization resistance is in accordance with the change of the
corrosion current density, as shown in Table 3.

Figure 7. The potentiodynamic polarization curves of different coating systems after being immersed
in 3.5 wt. % NaCl aqueous solution for 10 days.

Table 3. Fitting results of Q235 steel coated with the bipolar, hydrophobic coatings and the epoxy
varnish after 10 days of immersion.

Parameters Epoxy Varnish H, Anionic/Cationic/M H, Cationic/Anionic/M

Ecorr/V −0.6117 −0.1941 −0.2308
Icorr/Acm−2 6.1134 × 10−7 8.3562 × 10−11 1.6966 × 10−11

Rp/Ωcm2 8.9052 × 105 2.3228 × 109 1.3604 × 1010

Electrochemical impedance spectroscopy was employed to investigate the protective performance
of the bipolar, hydrophobic coatings. The impedance modulus |Z| decreased with the increase
of immersion time, which indicates that the coating was gradually broken and, thus, the corrosion
protection decreased (Figure 8a,b). The corrosion protection of the hydrophobic, cationic coating/anionic
coating/metal (H, Cationic/Anionic/M) system was much better than that of the hydrophobic, anionic
coating/cationic coating/metal (H, Anionic/Cationic/M) system. This could be attributed to the different
degrees in changes of water absorption after applying the hydrophobic surface. The single-polar cationic
coatings absorb much more water than the anionic coatings (Figure 6a), and an external hydrophobic
surface could lead to a more significant decrease in water uptake, and, thus, a higher increase in
corrosion inhibition and anti-corrosion performance enhancement for the H, Cationic/Anionic/M system.
Additionally, the impedance modulus |Z|of the H, Cationic/Anionic/M system still remained a high value
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after immersion for 10 days (the low frequency range in Figure 8a). For the H, Anionic/Cationic/M
system, the impedance modulus |Z| clearly decreased after 1-day immersion, and this decrease
was substantial after 10 days, which suggests that the surface was broken. These results indicate
that the H, Cationic/Anionic/M system has better anti-corrosion performance than the H, Anionic
/Cationic/M system.

 

Figure 8. The anti-corrosion capability of the bipolar, hydrophobic coatings during immersion from one
to ten days. (a) and (b) are Bode plots of the H, Cationic/Anionic/M system and H, Anionic/Cationic/M
system, respectively. (c) is the Nyquist plot of the H, Cationic/Anionic/M system, and (d), (e), and (f) are
those of the H, Anionic/Cationic/M system.

The same results can be observed through the Nyquist plots. The results include the impedance
change of the different bipolar, hydrophobic coating systems during immersion in 3.5 wt % NaCl
solution for 10 days (Figure 8c–f). A large radius of the impedance represents a higher corrosion
resistance, and, thus, better anti-corrosion property. Since the radius of the impedance becomes
smaller, the anti-corrosion performance of the coatings decreases. Moreover, it is observed that the H,
Anionic/Cationic/M system loses protective ability at a faster rate than the H, Cationic/Anionic/M system
when comparing the changes of the radius of the impedances. Therefore, the mangrove-inspired, bipolar
hydrophobic coatings (H, Cationic/Anionic) can protect the substrate Q235 steel more significantly and
for a much longer time.

4. Conclusions

To control the corrosive substances, e.g., water, Na+, and Cl−, is the key for a high-performance
anti-corrosion coating to inhibit the corrosion reaction. Strategies developed by nature could provide
numerous ingenious designs for dealing with that issue. In this study, we investigated the mangrove salt
glands, which are distributed on both surfaces of the leaves (Ceriops tagal (perr.) C. B. Rob), and the salt
secretion of the salt glands. Inspired by the function of controlling transport of ions into and out of the
plant, we designed single-polar and bipolar coatings that have different ion-selective abilities and, thus,
control of transport of Na+ and Cl−. We further fabricated mangrove-inspired, bipolar hydrophobic
coatings that have a top-down protective ability. Our electrochemical evaluations show that, among
the manufactured mangrove-inspired protective coatings, the bipolar, hydrophobic coatings (H,
Cationic/Anionic) possess significant outstanding and long-term anti-corrosion performance.

Author Contributions: Conceptualization, M.C., Z.W., and B.W. Data curation, M.C., Z.W., and B.W. Investigation
and methodology, M.C., Z.W., and B.W. Writing-original draft, M.C. Writing-review and editing, M.C., B.W., Z.W.,
and P.-Y.W.
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Abstract: Modifications of biomaterials based on the combination of physical, chemical, and bio-
logical cues for manipulating stem cell growth are needed for modern regenerative medicine. The
exploitation of these sophisticated modifications remains a challenge, including substrate limitation,
biocompatibility, and versatile and general cues for stem cell activities. In this report, a vapor-phase
coating technique based on the functionalization of poly-p-xylylene (PPX) was used to generate a
surface modification for use with stem cells in culture. The coating provided the ability for covalent
conjugation that immobilized bone morphogenetic protein 2 (BMP-2) and fibroblast growth factor 2
(FGF-2), and the modified coating surfaces enabled direct stem cell differentiation and controlled
proliferation because of the specific activities. The ligations were realized between the growth factors
and the maleimide-modified surface, and the conjugation reactions proceeded with high specificity
and rapid kinetics under mild conditions. The conjugation densities were approximately 140 ng·cm−2

for BMP-2 and 155 ng·cm−2 for FGF-2. Guiding the activities of the human adipose-derived stem cells
(hADSCs) was achieved by modifying surfaces to promote the hADSC differentiation capacity and
proliferation rate. The reported coating system demonstrated biocompatibility, substrate-independent
conformity, and stability, and it could provide an effective and versatile interface platform for further
use in biomedical applications.

Keywords: growth factor; surface modification; CVD polymerization; biointerface; stem cells

1. Introduction

Surface properties are fundamental to advanced biomaterials that are designed to
induce biological functions, and they include tuning surface wettability; the ability to
enhance or to resist protein adsorption, cell adhesion or resistance; antibacterial action;
and engineered niches for stem cell proliferation, migration, and differentiation [1–5]. In
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particular, sophisticated applications of these modification techniques that make stem
cells renew themselves and retain their potency (i.e., the capability to differentiate into
specialized cell types) [6,7] are under development. Promising results of unlimited cell
expansion or lineage-specific differentiation in a reproducible and controlled manner
and efficient and controlled differentiation commitment of specific cells and tissues were
achieved in vitro and in vivo with combinations of mimicked physical, chemical, and/or
biological cues [8–10]. Emerging therapeutic uses, encouraged by the advances in modern
regenerative medicine, have also benefited from these promising results from research on
stem cells used for tissue transplantation and repair. The current obstacles to achieving
sophisticated material modifications include the potential harm from substances used
during the process, the need for multiple steps to achieve the required sophistication, and
techniques that are based on previous performance in a case-by-case manner and with a
limited selection of materials.

The study herein aims to demonstrate an effective and general interface modification
method for use in defining stem cell fate and enhancing the functions related to proliferation
rate and multilineage differentiation capacity. The proposed modification technique was
realized by the functionalization of poly-p-xylylene that includes a maleimide side group.
The functional polymer was synthesized as an interface layer generated in one vapor-phase
coating process and applied to the material surface through the exploitation of a chemical
vapor deposition (CVD) polymerization process used to prepare maleimide-functionalized
poly-p-xylylene (hereafter referred to as maleimide-PPX) coatings. Compared to other
similar poly-p-xylylene systems, this technology, free of solvents, initiators, and catalysts,
produced a coating that exhibited good conformability with the topology and geometry
of substrates [11–13] with excellent cohesive properties and thermal stability on various
substrates, including metals, oxides, polymers, nonvolatile liquids, silicon, and glass [12].
Most importantly, in the current study, conjugation-immobilized (i) bone morphogenetic
protein 2 (BMP-2) and (ii) fibroblast growth factor 2 (FGF-2) enabled the modified coat-
ing surfaces to direct stem cell differentiation and controlled proliferation driven by the
functions specified by (i) and (ii), respectively. The resulting BMP-2- and FGF-2-modified
substrates were expected to be sustainable and multifunctional, so that they could provide
an effective and flexible interface platform for biomedical applications.

2. Materials and Methods

2.1. CVD Surface Modifications

The synthesis of the coating, poly[(4-N-maleimidomethyl-p-xylylene)-co(p-xylylene)]
(maleimide-PPX), was conducted by a custom-built CVD system (Kao Duen Technology Co.,
Ltd., Taipei, Taiwan) consisting of a sublimation zone, pyrolysis furnace, and deposition
chamber. During the CVD process, the starting material (dimer) of 4-N-maleimidomethyl-
[2.2]paracyclophane, which was prepared following procedures reported elsewhere [14],
was first sublimated at approximately 120 ◦C in the sublimation zone. The sublimated
species were then transferred to the pyrolysis furnace (560 ◦C) with a constant flow
(30–50 sccm) of argon carrier gas. Following pyrolysis, the resulting highly reactive
monomers were transferred into the deposition chamber and polymerized onto a ro-
tating holder at 20 ◦C to form a uniformly deposited film of maleimide-PPX. To optimize
the deposition, a pressure of 75 mTorr was maintained throughout the CVD process, and
deposition rates were controlled at approximately 0.5 Å·s−1, which was monitored via
an in-situ quartz crystal microbalance (STM-100/MF, Sycon Instruments, Syracuse, NY,
USA). The thickness of the polymer layer was measured as approximately 100–150 nm
by using spectroscopic ellipsometry (M2000, Woollam Co., Inc., Lincoln, NE, USA) after
retrieving the coated samples from the CVD system. The resultant polymer coating was
also characterized by using Fourier transform infrared (FT-IR, PerkinElmer, Waltham, MA,
USA) and X-ray photoelectron spectroscopy (XPS, Thermo Scientific, Leicestershire, UK) to
verify the anticipated chemical compositions.
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2.2. Growth Factor Immobilization

Selected human recombinant growth factors, including BMP-2 and FGF-2, were ob-
tained commercially from R&D Systems Inc. (Minneapolis, MN, USA) and reconstituted
into a 100 μg·mL−1 solution following the manufacturer’s instructions. These two growth
factors were then conjugated to the maleimide-PPX coated substrates via a coupling reac-
tion between the maleimide and the thiol (sulfhydryl) groups under conditions of 4 ◦C and
pH 6.5–7.5 for 6 h. Dithiothreitol (DTT, Sigma Aldrich, St. Louis, MO, USA) (5 mM) was
used as a reducing agent for the BMP-2 and FGF-2 immobilization. A rinsing process was
performed three times with PBS to remove any unbound molecules.

2.3. Characterizations

FT-IR spectra were recorded using a spectrum 100 FT-IR spectrometer (PerkinElmer,
Waltham, MA, USA) equipped with an advanced grazing angle specular reflectance acces-
sory (AGA, PIKE Technologies, Fitchburg, WI, USA) and a liquid nitrogen-cooled MCT
detector. The samples were mounted in a nitrogen-purged chamber to eliminate noise
from the CO2 and H2O, and the recorded spectra were corrected for any residual baseline
drift. The XPS data were recorded using a Theta Probe X-ray photoelectron spectrometer
(Thermal Scientific, Leicestershire, UK) with a monochromatized AlKα X-ray source at an
X-ray power of 150 kW. The pass energies were 200.0 eV and 20.0 eV for the survey scan and
the high-resolution C1s elemental scan, respectively. The XPS spectrum atomic analysis was
reported based on atomic concentrations (%), and the results were compared to theoretical
values calculated based on the structure. The binding capacities of the modified surfaces
for the growth factor protein were measured using a standard QCM instrument (ANT
Technologies, Taipei, Taiwan) with a quiescent mode under sealed conditions, and the
measuring of the deposited protein mass was based on the fundamental frequency shift as
compared with unbinding or unmodified surfaces. For the antibody affinity experiments
performed by flow mode, the QCM instrument was further equipped with a flow injection
analysis (FIA) device (MasterFlex, Cole-Parmer Instrument Co., Chicago, IL, USA), and a
continuous frequency variation recording device was used for the characterization. The
flow rate was controlled using a peristaltic pump connected to the FIA device, and the
pumping process was temporarily stopped for 25 min (10 min after injection) to allow
anti-BMP-2 or anti-FGF-2 antibodies to bind to the proteins. All experiments were carried
out at 25 ◦C, and each sample was measured in triplicate. The frequency shift ΔF resulting
of a deposited mass Δm is described by the Sauerbrey equation [15]:

ΔF =
−2Δm f 2

A√
μρq

= −Cf Δm

where f is the intrinsic crystal frequency (9 MHz), A is the piezo-electrically active area
(0.091 cm2), ρq is the quartz crystal density (2.648 g/cm3), μ is the shear modulus of the quartz
crystals (2.947× 1011 dyn/cm2), Cf is the mass sensitivity (2.013 Hz/ng for a 9 MHz crystal),
and Δm is the adding mass on the crystal surface due to specific binding, respectively.

2.4. μCP and Immunofluorescence

Confinement of the reactions using μCP was performed using two different poly-
(dimethylsiloxane) (PDMS) stamps consisting of squares with 30 μm × 30 μm sides (for
BMP-2) and 50 μm × 50 μm sides (for FGF-2) and arrays with 100 μm center–center
spacing. Solutions with the growth factor proteins (BMP-2 or FGF-2) were used as the
inking solutions and allowed to react on top of the maleimide-PPX-modified substrates for
6 h. The μCP process was performed at 4 ◦C and 55% humidity. The resulting sample was
washed twice with PBS to remove any unbound molecules. For the self-assembled binding
of the primary and secondary antibodies, the BMP-2- and FGF-2-modified samples were
incubated in the corresponding antibody solution, anti-BMP-2 antibody (50 μg·mL−1 in
PBS, R&D Systems, Minneapolis, MN, USA) or anti-FGF-2 antibody (50 μg·mL−1 in PBS,
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R&D Systems, Minneapolis, MN, USA), for 2 h, and the samples were washed twice with
PBS to remove any unbound antibodies. Subsequently, fluorescently labeled secondary
antibodies were incubated with the samples for 1 h and washed twice with PBS to remove
any unbound antibodies. The samples with fluorescence signals were analyzed under a
LEICA fluorescence microscope (DMI3000B, Leica Microsystems, Wetzlar, Germany).

2.5. Induced Cellular Activities

Tissue culture polystyrene (TCPS) plate substrates (24 well, Corning) were modified
with a CVD copolymer coating and conjugated with BMP-2 or FGF-2 growth factor proteins
following the procedures described above, and the modified TCPS plates were used for
cell culture experiments. The pure maleimide-PPX coating surface and the untreated TCPS
plate surface served as controls for the comparison. Normal human adipose-derived stem
cells (hADSCs) were isolated from subcutaneous adipose tissue following the reported
procedures [13], and the protocols were approved by the Internal Ethical Committee
of National Taiwan University Hospital. To evaluate differentiation and proliferation
activities, the hADSC cultures were initially seeded at a density of 1 × 105 cells·cm−2 and
2 × 104 cells·cm−2, respectively, for the following characterization. Each experiment was
conducted in triplicate.

2.6. Osteogenesis

Osteogenic differentiation-induced activity was examined by culturing hADSCs in
osteogenic differentiation medium [16]. The osteogenic activity of early stage alkaline phos-
phatase (ALP) expression was analyzed using a 5-Bromo-4-Chloro-3-Indolyl Phosphate /
Nitroblue Tetrazolium (BCIP/NBT) liquid substrate system (Sigma-Aldrich, St. Louis, MO,
USA) at day 10, whereas the late stage osteogenic activity, as indicated by calcium depo-
sition, was confirmed by staining with a 2% alizarin red S solution (ARS, Sigma Aldrich,
St. Louis, MO, USA) at day 21. The resulting ALP and ARS signals were quantitatively
measured using a microplate spectrophotometer (BioTek Instruments, Winooski, VT, USA)
with an absorbance wavelength of 405 nm following the manufacturer’s instructions.

2.7. Chondrogenesis

Chondrogenic differentiation-induced activity was examined in chondrogenic differ-
entiation medium [16] for 14 days. The cultured cells were fixed in 10% formalin (Macron
Fine Chemicals, Center Valley, PA, USA), and the proteoglycan present in the cartilage
matrix was detected by staining with 0.4% (w/v) toluidine blue O (Sigma-Aldrich) in
0.1 M sodium acetate buffer (pH 4.0). The sulfated glycosaminoglycan (sGAG) content
was further analyzed by using a 1,9-dimethylmethylene blue (DMMB, Sigma-Aldrich)
dye-binding spectrophotometric assay, and quantification was based on the absorbance dif-
ference between 525 and 595 nm [17]. The expression profiles of the chondrogenesis-related
gene encoding collagen type II were also analyzed.

2.8. Adipogenesis

For the analysis of adipogenic differentiation induced activity, hADSCs were cultured
in adipogenic differentiation medium [16]. On day 10, the cells were fixed with 10% forma-
lin and then stained with 0.25% (w/v) oil red O (Sigma-Aldrich) to observe lipid droplets.
The resulting oil red O signals were further quantified using a microplate spectrophotome-
ter (BioTek Instruments, Winooski, VT, USA) with an absorbance wavelength of 510 nm
following the protocol reported [18]. The expression profiles of the adipogenic gene Fatty
Acid-Binding Protein 4 (FABP-4) were also analyzed.

2.9. Proliferation Activities

To judge proliferation activities, a cell growth medium recipe and culture conditions
were used as previously described [19]. After culturing with cells for 1 day and 5 days,
the resulting cultured sample surfaces were observed and photographed using an opti-
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cal microscope to determine cell proliferation levels. The cell numbers for the studied
surfaces were further measured quantitatively using a 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium Bromide (MTT) assay (Sigma-Aldrich) according to the manufac-
turer’s instructions. The normalized ratio of cells on day 5 to cells on day 1 was used to
evaluate the cell proliferation-induced capacities of the modified surfaces.

2.10. Gene Expression Profiles

The gene expression levels were determined by quantitative real-time polymerase
chain reaction (qPCR) analysis following the manufacturer’s protocols. Briefly, total RNA
from the hADSCs and differentiated cells was extracted with TRIzol reagent (Thermo Fisher
Scientific, Waltham, MA, USA), and then the RNA concentration was determined using a
NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific). Complementary DNA
(cDNA) was synthesized subsequently from the RNA template using a high-capacity cDNA
reverse transcription kit (Thermo Fisher Scientific). Gene expression level was analyzed
using a StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific) with gene-specific
primers (as indicated in Table 1), and the β-actin was used as a loading control to normalize
the expression of the target gene(s) between different samples. The thermal program for
PCR was as follows: 35 cycles of 94 ◦C for 30 s; 60 ◦C for 30 s; and 72 ◦C for 1 min followed
by incubation at 72 ◦C for 5 min. The fold changes in gene expression were calculated with
the delta-delta Ct method [20].

Table 1. PCR primer sets used in this study.

Gene
Name

Primer
Sequence (5′-3′)

Product
Length (bp)

Collagen
type II

Forward- ACG GCG AGA AGG GAG AAG TTG
Reverse- GGG GGT CCA GGG TTG CCA TTG 352

FABP-4 Forward- TGG GCC AGG AAT TTG ACG AA
Reverse- GAC GCA TTC CAC CAC CAG TT 158

β-Actin Forward- CAG GAG ATG GCC ACT GCC GCA
Reverse- TCC TTC TGC ATC CTG TCA GCA 275

2.11. Statistical Analysis

All data are reported as the mean ± standard deviation (S.D.) and are representative of
three or more independent experiments. According to the unpaired t-test, GraphPad Prism
7 software (GraphPad Software, Inc., San Diego, CA, USA) was used to test the statistical
differences between the experimental group and the control group, and a two-tailed p-value
less than 0.05 was considered significant.

3. Results

The synthesis of the maleimide-PPX coating was conducted similarly to that of other
poly-p-xylylene (PPX) systems; that is, a precursor of a maleimide-substituted [2.2]paracy-
clophane (prepared in-house) [21] was sublimated at approximately 120 ◦C and pyrolyzed
at approximately 560 ◦C to generate reactive monomers of quinodimethane. The entire
process involved vapor-phase deposition and polymerization (chemical vapor deposi-
tion, CVD) under a reduced pressure of 75 mTorr, and a deposition rate of approximately
0.5–1.0 Å·s−1 was regulated during the CVD process with a linear-dependent time theo-
retical parameter [22,23] that was controlled to ensure that the final coating thickness was
in the range of 100–150 nm. As shown in Figure 1a, the rational maleimide functionality
enabled the resultant coating to readily undergo a maleimide-thiol coupling reaction to
the target molecules that contain thiols through a Michael-type nucleophilic addition at
pH 6.5–7.5 [14], and successful conjugation created through this reaction to attach protein
molecules without compromising protein structures and functions has been shown [24].
The important application of using maleimide-PPX to conjugate FGF-2 and BMP-2 growth
factor proteins was therefore exploited under mild reaction conditions. The successful
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conjugation was confirmed by comparing the Fourier transform infrared (FT-IR) spectra
with those of a pure maleimide-PPX coating, and the characteristic absorption values
of N–H peaks in the range from 3200 to 3600 cm−1, which represent the immobilized
FGF-2 and BMP-2 proteins, were detected (Figure 1b). The additional FT-IR spectra that
comparing maleimide-PPX surface with parylene-C surface combined with the X-ray pho-
toelectron spectroscopy (XPS) survey to verify the anticipated chemical compositions of
the maleimide-PPX coating are included in Supplementary Figure S1. Most importantly,
the FT-IR spectra showing the thiol groups of BMP-2 and FGF-2 proteins (i.e., the S-H band
at 2634 cm−1) were highlighted in Supplementary Figure S2. After conjugating BMP-2 and
FGF-2 to the coating surface, the S-H peak disappeared (see Figure 1). This result proved
that the two adhesion cues BMP-2 and FGF-2 are covalently bonded to the coating surface.

Figure 1. (a) Schematic illustration of the created cell differentiation-induced surfaces using the maleimide-PPX coating to
immobilize the BMP-2 and FGF-2 growth factor proteins. (b) FT-IR spectra show the immobilized BMP-2 and FGF-2 on
the maleimide-PPX surface. The peaks in the range from 3200 cm−1 to 3600 cm−1 indicate the characteristic N–H band
absorption of BMP-2 and FGF-2. FT-IR spectra of the pure maleimide-PPX surfaces are also presented for comparison.
The peaks located at 1396 cm−1 (C–N) and 1706 cm−1 (C=O) correspond to the characteristic stretching bands for the
maleimide groups.

Furthermore, the generation of the maleimide-PPX coating and the subsequent conju-
gation of FGF-2 and BMP-2 were seamlessly performed on a quartz crystal microbalance
(QCM) sensor chip, and the recorded frequencies before and after conjugation were com-
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pared to estimate the density of conjugated FGF-2 and BMP-2, which was thus determined
as approximately 140 ng·cm−2 for BMP-2 and 155 ng·cm−2 for FGF-2 (Figure 2a). These
results showed agreement with other similar PPX systems that have been used to attach
biomolecules. Theoretically, the conjugation density is tunable, and the effectiveness of
the resultant biological activities is predictable [25]. On the other hand, as presented in
Figure 2b, a dynamic QCM analysis in which anti-BMP-2 or anti-FGF-2 antibodies could
bind to the modified surfaces was performed in the elapsed time, and the results indicated
significantly decreasing frequencies due to the binding of anti-BMP-2 antibody and anti-
FGF-2 antibody on the BMP-2-modified and the FGF-2-modified coatings, respectively,
compared to the nearly unchanged frequencies on the pure coating surfaces. Notably,
the small frequency drop in the pure coating study cannot be considered as expected
antibody-antigen specific bonding, because this reduction level of frequency may be due
to the limitations of the QCM equipment and the measurement errors caused by random
fluctuations in the experimental phase [26]. The results not only confirmed the identity and
activity of the immobilized FGF-2 and BMP-2 proteins but also indicated a firm attachment
of these proteins by covalent conjugation, which was also found by the abovementioned
FT-IR data. Other supporting data were used to verify the reactivity and specificity of
the immobilized FGF-2 and BMP-2 surfaces. As shown in Figure 2c, they were derived
from the use of a microcontact printing (μCP) technique with a PDMS stamp to induce a
selective reaction with BMP-2 and FGF-2 at confined locations of the maleimide-PPX coat-
ing surfaces. Subsequently, solutions with a primary antibody and a fluorescently labeled
secondary antibody (fluorescein for the BMP-2 secondary antibody and Alexa Fluor® 555
for the FGF-2 secondary antibody) were incubated with these selectively modified samples,
and the combined self-assembled bindings between the growth factor proteins and these
antibodies showed strong, distinguishable fluorescence signals in the green channel with
fluorescein on the BMP-2-modified regions and in the red channel by Alexa Fluor® 555 on
the FGF-2 regions. These patterns were consistent with those from the μCP stamps. The
specific binding affinities of the two growth factor proteins were unambiguously verified.

Figure 2. (a) Quantification of the conjugation densities of BMP-2 and FGF-2 by using QCM analysis. (b) QCM dynamic
analysis of the binding affinity of the studied surfaces toward anti-BMP-2 and anti-FGF-2 antibodies. (c) The activity and
specificity of the immobilized growth factors were verified by exploiting a μCP technique to spatially confine the conjugation
of BMP-2 and FGF-2 to defined locations. Combinations of self-assembled binding affinities by first antibodies (anti-BMP-2
and anti-FGF-2) and by secondary antibodies (fluorescently labeled secondary antibodies) show that the fluorescence
patterns are consistent with the μCP patterns.
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The induction of these hADSCs toward osteogenic differentiation was studied by
examining their alkaline phosphatase (ALP) expression in the early stage and alizarin red
staining (ARS) in the mature stage of osteogenesis, and the results in Figure 3a indicated
the enhanced ALP expression at day 10 on the modified surfaces of BMP-2 compared
to the expression levels on the control surfaces consisting of pure maleimide-PPX and
unmodified tissue culture polystyrene (TCPS) plates. Similar results from experiments on
enriched calcium deposition, as evaluated by ARS signals at day 21, were also observed
for the BMP-2 surfaces. Statistical analysis of these ALP and ARS signals, shown in
Figure 3b,c, further confirm the enhanced osteogenesis on the growth factor-modified
surface (*** p < 0.001 relative to the control surfaces). The BMP-2-modified surface had
a greater level of osteogenesis activity signal expression, with a 276.9% higher intensity
compared to the lowest level, which was for the TCPS control surface. Furthermore, the
hADSC activity toward chondrogenic differentiation was investigated on those surfaces
by detecting the known mechanism and characteristic indications of chondrogenesis, as
determined at day 14 by (i) staining and characterizing the color and intensity changes
caused by the metachromatic binding between toluidine blue and cartilage polysaccharides,
(ii) sulfate glycosaminoglycan (sGAG) deposition, and (iii) collagen type II expression. The
results presented in Figure 4a–c reveal that the intensities and signals for (i), (ii), and (iii)
were all consistently greater on the BMP-2-modified surface than they were on the other
surfaces (*** p < 0.001), indicating that chondrogenesis was best enhanced on this modified
surface among those studied.

 

Figure 3. The osteogenesis activities of hADSCs were examined on the modified surfaces with immo-
bilized BMP-2 growth factor protein. Pure maleimide-PPX coating surfaces and unmodified tissue
culture polystyrene (TCPS) surfaces were used for the comparison. (a) The early stage osteogenesis
marker, ALP expression, was analyzed at day 10, and the mature stage marker, calcium deposition,
was observed at day 21 using alizarin red staining (ARS). The results of statistical analyses of the
quantified (b) ALP signals and (c) ARS signals were also compared for the studied surfaces. The data
bars represent the mean value (n = 3) and the standard deviation (±SD) based on three independent
experiments. The significance level *** stands for *** p < 0.001, and is shown by the results of the
unpaired t-test.
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Figure 4. Chondrogenic activities of hADSCs were examined on the studied surfaces. (a) Toluidine blue staining was
performed on day 14 to trigger the metachromatic color change (yellow arrows). The detected intensities from (b) sulfated
glycosaminoglycan (sGAG) by using a spectrophotometric 1,9-dimethylmethylene blue (DMMB) dye binding assay and
(c) the chondrogenic marker collagen type II gene expression by quantitative PCR analysis were statistically analyzed and
compared for the studied surfaces. The data bars represent the mean value (n = 3) and the standard deviation (±SD) based
on three independent experiments. The significance level *** stands for *** p < 0.001, and is shown by the results of the
unpaired t-test.

Furthermore, the adipogenic induction of hADSCs on the modified coating surfaces
was analyzed by observing the light-refraction of lipid droplets, which accumulate during
adipogenesis, within the differentiated cells at day 10. A characteristic staining tech-
nique in which oil red O dye binds to lipids was used to visualize the lipid droplets
(Figure 5a). In addition, 172.3% increases in adipogenesis activity based on quantitative
oil red O staining were confirmed for the FGF-2-modified surfaces, significant difference
(*** p < 0.001) compared to that for other surfaces (Figure 5b), and the expression of the
FABP-4 gene was detected (Figure 5c), further supporting the quantitative results. Fi-
nally, in another demonstration, the functions that determine stem cell action, as based
on the use of the growth factor-modified coating, were examined by culturing normal
human adipose-derived stem cells (hADSCs) on the modified surfaces. As displayed in
Figure 6, the analysis by using phase-contrast microscopy and MTT assay revealed high
biocompatibility for cell growth (data are included in Supplementary Figure S3) and re-
flected a consistent level of cell adhesion for all the studied surfaces on day 1 (Figure 6a,b).
Notably, significant variation was discovered between these surfaces over an extended
culture time frame such that, at day 5, the FGF-2-modified surfaces specifically exhibited
profound proliferation of hADSCs compared to that of the pure maleimide-PPX coating
surface and unmodified TCPS surface (Figure 6a,b). Statistically, the proliferation ratio of
cell number that was normalized by day 5 to day 1 unambiguously revealed the anticipated
results by showing an approximate 377.8% higher ratio for the FGF-2-modified surfaces, a
significant difference (*** p < 0.001) compared to that for other surfaces, and the enhanced
hADSC proliferation activity from using the growth factor-modified coating technique was
also evident (Figure 6c).
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Figure 5. The adipogenic activities of the hADSCs were examined on the studied surfaces. (a) Recorded oil-red O staining
images of differentiated cells on these surfaces at day 10. Statistical analyses of the (b) oil red O signal intensities obtained by
spectrophotometry and the (c) FABP-4 marker gene expression obtained by quantitative PCR was performed and compared
for these sample surfaces. The data bars represent the mean value (n = 3) and the standard deviation (±SD) based on three
independent experiments. The significance level *** stands for *** p < 0.001, and is shown by the results of the unpaired t-test.

The conjugation was attributed to the maleimide-equipped functionality, which was
readily accessible to site-specific and covalent binding to thiol moieties through Michael-
type nucleophilic addition with high specificity and rapid kinetics under mild conditions
at room temperature in aqueous solutions of pH 7.4. Such conjugation reactions have been
shown to be successful without perturbing the protein structures or functions [13,24,27].
In addition, the covalent immobilization of the growth factors to biomaterial interfaces
addresses challenges associated with delivering freely diffusible growth factors and has
thus emerged as a promising method of achieving localized and sustained growth factor
delivery based on a phenomenon called juxtracrine signaling (or contact-dependent sig-
naling) [3,28,29]. Immobilized growth factors (i.e., BMP-2 and FGF-2) provide chemical
cues for the guidance of stem cell behaviors and are therefore applicable to the material
surface, where they demonstrate the concept. More importantly, both BMP-2 and FGF-
2-functionalized surfaces can promote multilineage differentiation. However, only the
FGF-2-functionalized surface had an enhanced effect on the normal growth of cultures, and
this result is consistent with other publications. BMP-2, which belongs to the transforming
growth factor beta (TGF-β) family, is now recognized as a multipurpose cytokine. When
the chemical composition of the modified coatings and the conjugation reactions were
confirmed, the current coating technique was also demonstrated to direct cellular activities
for mesenchymal stem cells (MSCs) and induce BMP-2 function via activation of the SMAD
signaling mechanism [30,31], which leads to MSC multilineage differentiation that includes
not only osteogenesis and chondrogenesis [32] but also adipogenesis [33–35]. On the other
hand, FGF-2 has been shown to be part of a signaling pathway distinct from that of BMP-2
that enhances the self-renewal of MSCs such that they maintain their multilineage differen-
tiation potential [36–38]. The coating material, poly-p-xylylene, is a highly biocompatible
polymer of Class VI in the United States Pharmacopeia (USP), and the biocompatibility (or
cell viability) examinations associated with the polymer system (thin films) or the same
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produced devices were well-reported during the past including biocompatibility against
various types of cells (including hADSCs). The convincing results of stem cell differen-
tiation in this report also clearly support the argument that the cells are alive, especially
in the final stage of cell differentiation. Compared with committed or differentiated cells,
the most fascinating feature of undifferentiated stem cells is their strong plasticity [39,40],
and the coating technology based on the proposed growth factor modifications by using
vapor-phase maleimide-PPX can give full play to these characteristics of stem cells. The
statistical quantification of these guided cellular activities and, for comparison, that of
the pure maleimide-PPX coating surfaces and the unmodified TCPS control surfaces, is
further analyzed and summarized in Table 2. These results clearly support that the surface-
modified products can promote the differentiation and proliferation of stem cells under
various induction conditions, so as to achieve the expected effects for potential regenerative
medicine applications.

 
Figure 6. The proliferation activities of hADSCs were examined on the studied surfaces. (a) Phase-contrast micrographs
of cell growth patterns recorded on day 1 and day 5. (b) Estimated cell numbers on day 1 and day 5 were compared for
these surfaces. (c) The proliferation ratio that statistically normalized the cell numbers on day 5 to day 1 was compared
for these studied surfaces. The data bars represent the mean value (n = 3) and the standard deviation (±SD) based on
three independent experiments. The significance levels n.s. and *** stand for nonsignificant difference and *** p < 0.001,
respectively, and are shown by the results of the unpaired t-test.
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Table 2. Enhanced induction properties of growth factor-modified surfaces based on the maleimide-functionalized poly-p-
xylylene (maleimide-PPX) coating a.

Induction b BMP-2
Modified

FGF-2
Modified

Maleimide-PPX
Coating

Unmodified
TCPS

Potential
Applications

osteogenesis 277% - 108% 100% bone regeneration [41,42]
chondrogenesis 156% - 100% 100% cartilage regeneration [43]

adipogenesis - 172% 94% 100% soft tissue reconstruction [44–46]
proliferation - 378% 94% 100% repair damage from wound or cuts [47]

a Data were normalized and compared against data from a control surface of commercially available tissue culture polystyrene (TCPS)
plates. b Data were compared and shown based on results from alizarin red staining, 1,9-dimethylmethylene blue staining, oil-red O
staining, and cellular expansion rates.

4. Conclusions

In this study, an effective and general interface modification method for use in defining
stem cell fate and enhancing the functions related to proliferation rate and multilineage
differentiation capacity was demonstrated. The introduced surface modification was
synthesized based on a clean and dry vapor deposition process that rendered a functional
polymer coating. Most importantly, the facile integration of the maleimide functionality
into the coating enabled the covalent conjugation of BMP-2 and FGF-2 growth factor
proteins in mild conditions, which enabled guided differentiation and proliferation of the
MSCs. With the proven concept that coating technology can be used not only on a variety
of substrate materials, but also for conformity and stability on devices with sophisticated
topology and geometry, we foresee that these findings have significant potential for further
use in biomedical applications because of the various controllable parameters in favorable
conditions offered by this coating technology.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/coatings11050582/s1, Figure S1: Maleimide-functionalized poly-p-xylylene (maleimide-PPX)
coating. (a) Infrared reflec-tion-absorption spectroscopy (IRRAS) spectra for the maleimide-PPX
coating. The peaks located at 1396 cm−1 (C–N), 1706 and 1767 cm−1 (C=O) correspond to the
characteristic band stretches for the maleimide groups. Infrared reflection absorption spectroscopy
(IRRAS) spectra for the Parylene-C coating which has no maleimide was also shown for the better
comparison. (b) X-ray photoelectron spectroscopy (XPS) characterization of the maleimide-PPX
coating. The table com-pares the experimental values of the XPS survey high-resolution C1 s spectra
with the theoretical predictions. The signal at 285.0 eV is attributed to the aliphatic and aromatic
carbons (C–C, C–H), and the intensity at 84.5 at% compares well with the theoretical concentration of
84.2 at%. The C–N bond was detected with 5.6 at%, which compares well with the theoretical value of
5.3 at%. The peak at 288.6 eV was assigned to the O=C–N group of the maleimide (7.1 at%) and agrees
with the theoretical value of 10.5 at%. The signal at 291.4 eV (2.8 at%) indicates π→π* transitions,
Figure S2: FT-IR spectra of BMP-2 (bone morphogenetic protein 2) and FGF-2 (fibroblast growth
factor 2) alone. The thiol groups of the BMP-2 and FGF-2 proteins (i.e., S-H band at 2634 cm−1) in
the spec-tra were highlighted, Figure S3: Biocompatibility analysis of the maleimide-PPX coatings.
The human adipose-derived stem cells (hADSCs) were cultured on each surface for 1 day and the
cell viabilities were then quantified by using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. The data bars represent the mean value and the standard deviation (±SD)
based on three inde-pendent samples. The p-value large than 0.05 indicates the studied surface
has a good biocom-patibility with no significant difference (n.s.) as compared to the unmodified
TCPS surfaces.
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Abbreviations

PPX Poly-p-xylylene
BMP-2 Bone Morphogenetic Protein 2
FGF-2 Fibroblast Growth Factor 2
hADSCs Human Adipose-Derived Stem Cells
CVD Chemical Vapor Deposition
Maleimide-PPX Poly[(4-N-maleimidomethyl-p-xylylene)-co(p-xylylene)]
TGF-β Transforming Growth Factor Beta
MSCs Mesenchymal Stem Cells
FT-IR Fourier Transform Infrared
XPS X-ray Photoelectron Spectroscopy
DTT Dithiothreitol
QCM Quartz Crystal Microbalance
μCP Microcontact Printing
PDMS Poly(dimethylsiloxane)
TCPS Tissue Culture Polystyrene
ALP Alkaline Phosphatase
ARS Alizarin Red S
sGAG Sulfated Glycosaminoglycan
DMMB 1,9-Dimethylmethylene Blue
FABP-4 Fatty Acid-Binding Protein 4
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide
qPCR Quantitative Real-Time Polymerase Chain Reaction
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Abstract: A vapor-phase process, involving the sublimation of an ice substrate/template and the
vapor deposition of a maleimide-functionalized poly-p-xylylene, has been reported to synthesize
an advanced porous material, with readily clickable chemical interface properties, to perform a
Michael-type addition of a maleimide functionality for conjugation with a thiol group. In contrast to
the conventional chemical vapor deposition of poly-p-xylylenes on a solid surface that forms thin
film coatings, the process reported herein additionally results in deposition on a dynamic and subli-
mating ice surface (template), rendering the construction of a three-dimensional, porous, maleimide-
functionalized poly-p-xylylene. The process seamlessly exploits the refined chemical vapor deposition
polymerization from maleimide-substituted [2,2]paracyclophane and ensures the preservation and
transformation of the maleimide functionality to the final porous poly-p-xylylene products. The
functionalization and production of a porous maleimide-functionalized poly-p-xylylene were com-
pleted in a single step, thus avoiding complicated steps or post-functionalization procedures that
are commonly seen in conventional approaches to produce functional materials. More importantly,
the equipped maleimide functionality provides a rapid and efficient route for click conjugation
toward thiol-terminated molecules, and the reaction can be performed under mild conditions at room
temperature in a water solution without the need for a catalyst, an initiator, or other energy sources.
The introduced vapor-based process enables a straightforward synthesis approach to produce not
only a pore-forming structure of a three-dimensional material, but also an in situ-derived maleimide
functional group, to conduct a covalent click reaction with thiol-terminal molecules, which are
abundant in biological environments. These advanced materials are expected to have a wide variety
of new applications.

Keywords: vapor sublimation and deposition; functional poly-p-xylylene; maleimide; porous mate-
rial; orthogonal conjugation

1. Introduction

Porous materials, owing to their remarkable interface properties, have been widely
applied in sensing, catalysis, biomedical, drug delivery, adsorption/desorption applica-
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tions, etc. [1–4]. These applications can especially be highlighted in their drug delivery and
emerging biomedical applications due to the multiple premium interface properties that
are required [5,6]. The benefits of porous structures are attributed to their large surface area,
the adjustable number of pores, and a functionalized surface, which can provide multifunc-
tional active sites [7]. In addition to porous properties, bioconjugation functionalities that
provide selectivity and orthogonal reactivity, while avoiding any side reactions in the vast
and diverse conditions of biological microenvironments, are key to achieving successful
biointerface construction. For example, thiol–maleimide “click” chemistry and maleimide
functional polymers selectively target thiol-containing cysteine residues in proteins and
enzymes, with excellent levels of selective conjugation being achieved. Cysteine-reactive
polymers can be applied to prevent the degradation of sensitive poly(ester) backbones [8].
In addition, the prototypical click chemistry reaction, Cu(I)-catalyzed azide–alkyne cycload-
dition (CuAAC), involves a modification to the triazole-forming 1,3-dipolar cycloaddition.
The application of CuAAC to produce fluorogenic compounds would be a powerful way
to track biomolecules in the cell [9]. Specific reactions can also be applied for protein
modification. The ligation between trans-cyclooctene and 3,6-di-(2-pyridyl)-s-tetrazine
enables protein modification at low concentrations. This reaction can tolerate multiple
functional groups and proceed in high-yield organic solvents, water, or cell media [10].
Recently, many bio-orthogonal reactions have been developed that enable the efficient
formation of a specific product in complex environments, which is particularly beneficial
for biological research [11].

These fascinating chemistries, however, have seldom been exploited during the fab-
rication of porous materials and are sporadically seen using complicated synthetic ap-
proaches [12] or by post-modification attempts, which involve using harsh solvents or
potentially harmful chemicals during the modification process [13,14].

In the current study, we introduced a simple and versatile approach, based on a
vapor-phase fabrication process, to produce a functionalized porous polymer material.
Fabrication occurred by the vapor deposition of a poly-p-xylylene polymer on an iced
substrate (vapor sublimation), which was discovered in our previous reports, and was
compared to the conventional vapor deposition of poly-p-xylylene on a still and nonsub-
limated substrate to produce a thin, dense coating [15]. This sublimation mechanism
resulted in the formation of a porous poly-p-xylylene monolith [16,17]. Such a unique
fabrication process, with the use of doped ice templates, has also been exploited to fabri-
cate tissue repair membranes [18] and scaffolds for stem cell cultures [19]; however, only
composites combined with other functional materials have been used for these works
in the past. On the other hand, the functionalization of the poly-p-xylylene polymers
can be prepared by modifying the substituents of [2,2]paracyclophane precursors, and
a variety of such substitutions have been produced for functionalized poly-p-xylylene
polymer and copolymer coatings and applications [20–32]. Therefore, in the current work,
we hypothesized that maleimide-substituted [2,2]paracyclophane could be used during
vapor sublimation on an iced substrate, and that vapor deposition by such a precursor
can produce a maleimide-functionalized poly-p-xylylene in porous and monolith forms
(Figure 1). Compared to the maleimide-functionalized coating prepared previously [33],
the current monolith poly-p-xylylene comprised (i) porous and structural information
in three dimensions and (ii) a maleimide functionality that exhibits specific reactivity to-
ward thiol-terminated biomolecules. This unique fabrication process, and the resultant
polymer product, combines interface properties from its surface porosity, topology, and
specific chemical reactivity and provides a robust tool with enhanced synergistic ability for
biointerface engineering.
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Figure 1. A schematic illustration of vapor-phase fabrication by chemical vapor deposition polymerization of
4-N-maleimidomethyl-[2,2]paracyclophane on a sublimating ice substrate/template to construct a porous and maleimide-
functionalized poly-p-xylylene material. The resultant functional material exhibits interface chemical properties and is
readily able to perform the maleimide-thiol click reaction under mild conditions.

2. Materials and Methods

2.1. Fabrication Process

For the production of poly-p-xylylene three-dimensional porous materials, cube-
shaped ice templates, with the dimensions of 300 μm × 300 μm × 300 μm, were prepared
in order to prove the concept of the reported fabrication process. Using a negative mold of
polydimethylsiloxane (PDMS) with the same dimensions to prepare this ice template, it
was created as previously reported for the PDMS mold [34]. For the preparation of the ice
templates, deionized water was held in the PDMS mold, and then the solution underwent
a solidification process using a liquid nitrogen bath to transform the water into ice, which
was then retrieved from the PDMS mold after a few minutes to obtain the ice templates.
The obtained ice templates were then used for further vapor sublimation and deposition
processes. During the vapor deposition, 4-N-maleimidomethyl-[2,2]paracyclophane was
used as the starting material, and the monomer was polymerized and deposited to form
poly[(4-N-maleimidomethyl-p-xylylene)-co-(p-xylylene)] via chemical vapor deposition
(CVD) polymerization. The starting materials were vaporized under reduced pressure at
100 mTorr and approximately 90 ◦C, followed by pyrolysis at approximately 670 ◦C, for
conversion to highly reactive monomers. During the vapor sublimation, the prepared ice
templates were placed in the chamber with an operating environment of approximately
4 ◦C and 100 mTorr, which is below the triple point for ice. From a thermodynamic point of
view, ice naturally undergoes a sublimation process from the solid phase to the vapor phase.
Under the same conditions, the vapor-phase monomer of the maleimide-functionalized
poly-p-xylylene underwent polymerization and was then simultaneously deposited onto
the ice surface. During the above fabrication process, argon gas, with a mass flow rate of
20 sccm (standard cubic centimeter per minute), was used as a carrier gas for transporting
the starting material for the sublimation of the maleimide-substituted [2,2]paracyclophane.
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Depending on the feed amount of the starting material, the deposition rate was adjusted
to approximately 0.5 to 1.0 Å/s and monitored by a real-time quartz crystal microbalance
(QCM) sensor (STM-100/MF, East Syracuse, NY, USA) mounted in the deposition chamber.

2.2. Characterizations

Ice substrate/template images were recorded by using a cryo-SEM (scanning electron
microscope) instrument (Tabletop TM-3000, Hitachi, Tokyo, Japan), and the samples were
examined at the sample stage by cooling with a continuous supply of liquid nitrogen.
SEM was performed with an electron energy of 15 keV and a pressure of 100 mTorr. The
detection of poly-p-xylylene bulks was performed with a Nova NanoSEM 230 scanning
electron microscope (FEI, Hillsboro, OR, USA) that was operated at room temperature
under a reduced pressure of 4 × 10−6 Torr. A micro-CT (micro computed tomography)
X-ray imaging system (SkyScan 1176, Bruker, Billerica, MA, USA) was used to examine the
three-dimensional images of the porous structures that scanned the sample at 40 kV. The
scanning resolution was 9 μm voxels with an integration time of 2000 ms per projection. The
acquired projection images were converted into three dimensional (3D) images using CTvox
software (Bruker, Billerica, MA, USA). The FTIR spectra were recorded with a Spectrum 100
FTIR spectrometer (PerkinElmer, Waltham, MA, USA). During spectral acquisition, a liquid
nitrogen-cooled mercury–cadmium–telluride (MCT) detector and an advanced grazing
angle specular reflectance accessory (PIKE Technologies, Fitchburg, WI, USA) were applied.
The scanning range was from 500 cm−1 to 4000 cm−1 with 64 acquisitions each time. The
X-ray photoelectron spectroscopy (XPS) was completed using monochromatic Al K-alpha
radiation as the X-ray source with 150 kW of power. The process was performed with
a Theta Probe X-ray photoelectron spectrometer (Thermo Scientific, Leicestershire, UK).
Elemental analysis of high-resolution C1s was performed at a flux energy level of 20 eV,
and the experimental results were compared with the theoretical (calculated) values based
on the proposed chemical structures. Analysis of the real-time mass spectra was carried
out with a residual gas analyzer (RGA, Hiden Analytical, Warrington, UK) mounted on the
deposition chamber. The RGA was operated at 10−9 Torr in an ultrahigh vacuum with an
ionizing emission current of 20 μA and ionizing electron energy of 70 eV. The fluorescence
images were obtained with a TCS SP5 CLSM confocal laser-scanning microscope (Leica
Microsystems, Wetzlar, Germany) with an Ar/ArKr laser light source (wavelength: 488 nm)
to detect the fluorescein (FITC)-labeled cysteine (emission wavelength: 505–525 nm).

2.3. Conjugations

The conjugation of FITC-labeled cysteine (Thermo Fisher Scientific, Waltham, MA,
USA) was carried out by the reaction of a 5 mM molecular solution of FITC-labeled cysteine
with the thiol groups of a manufactured sample of porous material for 4 h at 20 ◦C. To
remove excess and unreacted reagents from the conjugated samples, a washing process
was performed using the following procedure: wash three times with phosphate buffered
saline (PBS, pH = 7.4, containing Tween 20, Sigma-Aldrich, St. Louis, MO, USA), once with
PBS (without Tween 20) and finally rinse with deionized water.

3. Results and Discussion

To fabricate the proposed maleimide-functionalized poly-p-xylylene materials, ice
templates were first constructed, and a reported mechanism showed that the vapor depo-
sition of polychloro-p-xylylene on a dynamic substrate of the sublimating ice can result
in a final porous and three-dimensional polychloro-p-xylylene material [17]. Theoreti-
cally, other poly-p-xylylene systems, such as its functionalized derivatives [15] and the
maleimide-functionalized poly-p-xylylene proposed herein, which have been deposited
using the same conventional chemical vapor deposition (CVD) polymerization, should
be extendable and applied on an ice substrate. Thus, in this experiment, the preparation
of the ice substrates/templates was enabled by using a polydimethylsiloxane (PDMS)
mold, with the dimensions of 300 μm × 300 μm × 300 μm, and resulted in ice cubes

194



Coatings 2021, 11, 466

with the same dimensions, analogous to how ice cubes are made. For vapor deposition,
a maleimide-substituted [2,2]paracyclophane starting material was synthesized via the
reported routes [33]; theoretically, in the conventional CVD polymerization, these starting
materials were sublimated at approximately 90 ◦C under a reduced pressure of 100 mTorr
and pyrolyzed at 540 ◦C, forming highly reactive monomer quinodimethanes species.
Finally, these monomers underwent radical polymerization upon condensation at a low
temperature (40 ◦C or below) and solid substrate formation of thin-film coatings [27,33,35].
However, in the experiments herein, the vapor deposition and polymerization occurred on
the prepared ice substrates/templates and under the devised thermodynamic conditions
(10 ◦C and under 100 mTorr). The ice substrate transformed from its solid phase to a vapor
phase by sublimation, and the deposition and polymerization of quinodimethane occurred
on the dynamic ice substrate instead of a conventional solid substrate. The vapor composi-
tion during the process was measured by a mass spectrometric residual gas analyzer (RGA).
The recorded mass spectra in Figure 2 indicated the presence of sublimating H2O molecules
at 18 amu, the Ar carrier gas at 40 amu, and pyrolyzed quinodimethane monomers and
derivatives, including N-ethylmaleimide and maleimide-substituted quinodimethane, at
104 amu, 125 amu, and 213 amu, respectively. These data support the hypothesis that
the proposed vapor-phase species existed and underwent the sublimation and deposition
processes at the substrate interface. The two processes finally resulted in a construc-
tion mechanism [16,17] to build a porous, three-dimensional, maleimide-functionalized
poly-p-xylylene material. As shown in Figure 3a, the scanning electron microscopy (SEM)
images revealed that the resultant porous materials represented replica structures as ice
substrates/templates with the same measured dimensions (300 μm × 300 μm × 300 μm).
Moreover, the formed porous structures were measured to be in the range of 3 μm to 45 μm,
which was confirmed with an average of 20 μm based on micro-computed tomography
(micro-CT) analysis (Figure 3b). In addition, the expected interconnection of the pores due
to the voids of vapor sublimation and the nucleated polymerization of the poly-p-xylylene
was confirmed by the reconstructed micro-CT scanning images in Figure 3b, and a video is
also included in the Supplementary Materials. From the pore distribution data, the total
porosity was 53.8%, of which open porosity accounts for the majority (99.8%). There is an
advantage to this structure when combining cell therapy or drug delivery. This structure is
beneficial for cell growth, as open pores will not stop drugs from moving, and the drug
can also be released smoothly to work in the open pore. Moreover, with closed pores,
the materials will be blocked from the outside. However, closed pores only account for
0.2% of the total pores. Various types of porosity and pore sizes were computed during
the micro-CT analysis (Figure 3c). Hence, in this study, we demonstrate that micro-CT is
versatile in evaluating scaffolds and is able to characterize them from multiple aspects.
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Figure 2. The characterizations of the vapor compositions, based on mass spectrometric analysis
using a (residual gas analyzer) RGA during the fabrication process. The recorded mass spectra
in (a) show the presence of 5 expected molecules: (1) the sublimating water molecules at 18 amu,
(2) the carrier gas of argon at 40 amu, (3) the depositing quinodimethane at 104 amu, (4) a fraction of
N-ethylmaleimide at 125 amu, and (5) the maleimide-substituted quinodimethane at 213 amu. (b) A
table summarizing the details of the detected molecules in the vapor compositions.

Figure 3. Cont.
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Figure 3. The characterization of the porous structures and porosity. (a) Scanning electron microscopy (SEM) images
showed that cube-shaped ice templates, with the dimensions of 300 μm × 300 μm × 300 μm, were used to form porous
maleimide-functionalized poly-p-xylylene materials by the proposed fabrication method. (b) A reconstructed micro-CT
image shows the three-dimensional structure and the pore structures. (c) The calculated pore size distribution based on a
micro-CT analysis suggests an interconnected pore structure (high open porosity) with an average porosity of 53.8 ± 0.12%
and an average pore size of 20 ± 2 μm.

Furthermore, the chemical structures of the resulting porous materials were verified
by using Fourier transform infrared (FT-IR) spectroscopy, X-ray photoelectron spectroscopy
(XPS), and mass spectrometry analysis. As shown in Figure 4, the FT-IR spectra com-
pared the characteristic peaks of the porous materials of the maleimide-functionalized
poly-p-xylylene with the thin-film form of this polymer that was deposited on a con-
ventional, gold-coated silicon wafer solid substrate. The verification of the maleimide
functionality was found from the peaks between 1704 to 1775 cm−1 that were attributed
to C=O bands, while the peak at 1345 cm−1 was from the C-N bond of maleimide. Ad-
ditionally, the characteristic peaks widely seen for poly-p-xylylenes and their derivatives
were also observed from 2920 to 2854 cm−1 [26,27,30,32,33,36]. Compared to the pure
poly-p-xylylene, the spectra of the maleimide-functionalized poly-p-xylylene were found to
be significantly higher with the peaks of C=O and C-N bonds. In addition, the comparison
with pure (non-functionalized) poly-p-xylylene spectra showed an absence of C=O and C-N
bonds for the pure poly-p-xylylene, and strong aromatic C=C bands (1530 to 1480 cm−1)
were discovered for the pure poly-p-xylylene but weak bands were discovered for the
maleimide-functionalized poly-p-xylylene groups. The variations in the aromatic C=C
bands, and in other fingerprint regions for different poly-p-xylylene derivatives, were
also previously reported [30,33,37,38]. On the other hand, XPS analyses confirmed the
molecular compositions and chemical structures. As shown in the XPS high-resolution C1s
spectrum (Figure 5), the signal at 285.0 eV belonged to the aliphatic and aromatic carbons
(C–C, C–H). In addition, the 76.7 atom% intensity was consistent with the theoretical
concentration of 76.2 atom%, and the anticipated binding states, including C-C=O, C-N,
O=C-N, and π→π* transition bonds (indicated in the enlarged image), were also analyzed.
The characteristic signals at 286.0 eV and 286.7 eV, whose calculated values were 9.6 atom%
and 4.6 atom%, respectively, corresponded to the C–C=O and C–N bonds matching the
theoretical values of 9.5 atom% and 4.8 atom%, respectively. The signal at 289.2 eV had a
comparably low value from O=C–N bonds (6.7 atom% compared to the theoretical value
of 9.5 atom%), and the signal at 291.5 eV (2.4 atom%) indicated π→π* transitions that
are characteristic of aromatic polymers and have been reported for other functionalized
poly-p-xylylenes [38]. Collectively, the combined FT-IR and XPS data confirm the chemical
structures and support the assumption of the synthesized porous maleimide-functionalized
poly-p-xylylene materials.
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Figure 4. Fourier transform infrared (FT-IR) analysis showed consistent spectra. Characteristic
peaks of the maleimide-functionalized poly-p-xylylene were detected for C-H, C=O, and C-N on
the fabricated porous materials. The results were compared to a thin-film maleimide-functionalized
poly-p-xylylene and pure (non-functionalized) poly-p-xylylenes.

To further verify the maleimide functionality of the fabricated 3D porous materi-
als that would be available to perform bio-orthogonal reactions toward thiol-terminated
molecules, we devised a series of conjugation experiments for the fabricated samples. The
maleimide functionality enabled a Michael-type addition that crossed the unsaturated
carbon–carbon bonds of the maleimide moiety and specifically reacted with a thiol group.
The reaction represented a class of mild, but specific, reactions that were able to conjugate
thiol-terminated molecules (widely available in biological systems) at room temperature
and in water solvents without the need for metal catalysts, a high temperature, or UV irra-
diation. Analogous to a series of click reactions, including thiol-ene or thiol-yne reactions
and azide–alkyne 1,3-dipolar cycloaddition, the maleimide-thiol coupling reaction has also
been described due to its click characteristics and benign reaction conditions [39]. In these
experiments, fluorescein (FITC)-labeled cysteines were selected as a model molecule for
demonstration, and via the aforementioned reaction mechanism, maleimide specifically
clicked to the thiol terminus of a cysteine residue (i.e., the distributed maleimide func-
tionality at the material interface readily reacted with cysteine-FITC, and green-channeled
FITC fluorescence signals were therefore detected in the expected and registered areas). As
indicated in Figure 6, the FITC signals detected by the confocal laser scanning microscopy
(CLSM) showed the same 300 μm × 300 μm × 300 μm array patterns that were consis-
tent in both the ice substrates/templates and the fabricated maleimide-functionalized
poly-p-xylylene porous materials. The coupling reaction ensured firm covalent bonding
between the maleimide and thiol, and precise interface chemistry could be realized com-
pared to approaches using physical adsorption and desorption, which comprise loosely
bound interactions that are usually uncontrollable [40]. Therefore, in control experiments,
a nonfunctionalized poly-p-xylylene porous material was fabricated from unsubstituted
[2,2]paracyclophane, and the same ice substrates/templates were used to attempt the
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same conjugation reaction by applying cysteine-FITC molecules to the fabricated samples.
However, due to the lack of the required maleimide functionality, only the physically and
loosely bound cysteine-FITC molecules were attached to the sample surfaces; a regular
wash process with detergent removed these physically adsorbed molecules from the sam-
ples, and only suppressed fluorescence signals were detected [25,30]. In addition, the
CLSM images were collected along the z-axis with a devised distance interval (Z= 10 μm,
50 μm, 90 μm, 130 μm, 170 μm, 210 μm, 250 μm, and 290 μm). These images, in the specific
positions shown in Figure 6, indicated distinct patterns of the attached fluorescence signals
and are believed to be due to conjugation occurring on the anisotropic porous structure
of a maleimide-functionalized poly-p-xylylene within the material’s 3D architecture. The
sustained intensity of the fluorescence signals after the wash process also confirmed the
firm attachment of cysteine-FITC via the conjugation reaction. The fabricated maleimide-
functionalized poly-p-xylylene materials provided a porous structure and additionally
exhibited clickable functional conduct from the maleimide available on the material inter-
face for specific targeting of thiol-terminated molecules, which are widely seen in biological
systems. Such porous and functional products are expected to have unlimited applicability.

Figure 5. (a) X-ray photoelectron spectroscopy (XPS) high-resolution analysis shows the recorded
spectra of the fabricated porous maleimide-functionalized poly-p-xylylene. Details of the decon-
volution spectra showing components with respect to a specific binding energy, including C-C=O,
C-N, O=C-N, and π→π* transition bonds, are indicated in the enlarged image. (b) Detailed chemical
compositions were confirmed by comparing the binding energies of the expected chemical states for
the experimental values with the theoretical values (in brackets).
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Figure 6. An analysis of the reactivity of the fabricated porous maleimide-functionalized poly-p-xylylenes. The fluorescence
images recorded by confocal laser scanning microscopy (CLSM) showed consistent 300 μm × 300 μm arrayed patterns
that confirmed the conjugation between the fluorescein (FITC)-labeled cysteine and the maleimide group on the porous
materials, and the images at various Z-axes (with a 40 μm spacing interval from 10 μm to 290 μm) further verified the
reactivity on the interface of the porous materials in three dimensions.

4. Conclusions

A unique fabrication process by vapor sublimation and vapor deposition to produce a
porous and functionalized poly-p-xylylene monolith material was introduced in the current
work. The monolith comprised structural information in terms of porosity and topology
and, more importantly, a maleimide functional moiety for specific conjugation reactivity
via a maleimide–thiol coupling reaction. The vapor-phase fabrication process was simple,
clean, and free of harsh chemical agents, and the poly-p-xylylene used is a USP (United
States Pharmacopoeia) Class VI biocompatible material, which is favorable for sensitive
applications. The enhanced and synergistic interface properties, combining the porosity and
chemical functionality of the fabricated porous monolith, represent robust bioengineering
materials and will be useful for unlimited applications in scaffolding for tissue engineering,
biosensors, bioimaging, targeted drug-eluting devices, and regenerative materials.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/coatings11040466/s1, Video S1: Reconstruction images of the three-dimensional pore structure
by micro-CT.
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