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Preface

The development of functional biomaterials, such as osteoinductive materials, antibacterial

coatings, immunomodulatory implants, etc., has taken a central position in recent decades,

leading to a boom in the Chinese biomaterial community in terms of the research, development,

and commercialization of various biomaterials and medical devices. The Special Issue on

”State-of-the-Art Functional Biomaterials in China” is the Journal of Functional Biomaterials’ timely

attempt to inspect these essential advances and future directions.

By collecting 13 research and review articles, this Special Issue covers strategies to treat

device-associated infections (DAIs), multifunctional bioactive materials for tissue engineering,

and fabrication techniques. DAI is a common complication that boosts global antimicrobial

resistance, threatening public healthcare systems and, thus, urging the community to design

strategies and synthesize instructive materials for their prevention and treatment. Moreover,

DAI pathogenesis is a site-specific biological process having an unpredictable onset and possibly

involving multiple resistant pathogenic strains. As such, it has inspired studies on the roles of

various cell lines and protein adsorptions, such as macrophages, neutrophils, T cells, tissue cells,

fibrinogen, etc. Moreover, antibacterial activity is desired in various biomedical fields, including

orthopedic surgery, oral implantology, cardiovascular medicine, etc., raising concerns about its

synergistic problem with medical devices’ specific functions, yielding innovations in multifunctional

bioactive materials. Since mammalian and bacterial cells share many adhesion and metabolism

mechanisms, antimicrobial materials are likely toxic to tissue integration and undermine the

therapeutic efficacy of medical devices. Therefore, biomedical devices’ integration of antibacterial

activity is facing challenges in clinical translations. These hybrids and other multifunctional

materials orchestrate multiple mammalian cell lines that rely on finely controlled material structures,

properties, and progress in fabrication techniques. Surface modification techniques, such as ion

implantation, plasma electrolyte oxidation, and soft lithography, are well recognized as efficient

pathways to endow conventional biomaterials with bioactivity and multifunctionality. In addition

to surface modification, nanotechnologies yielding nanoparticles or metal–organic frameworks via

hydrothermal, ultrasonic-assisted, electrochemical, and mechanochemical methods are also being

explored in order to develop biomaterials for disinfection, immunomodulation, and drug delivery.

In summary, the “State-of-the-Art Functional Biomaterials in China” Special Issue collects diverse

contributions from leading experts in their respective fields associated with functional biomaterials.

It bridges basic research–clinical translation collaborations and provides unique and essential insights

to develop better functional biomaterials with promising clinical translations. This reprint is a

valuable resource for academic researchers, industry actors, regulators, and clinicians associated with

functional biomaterials’ innovation and translations.

We greatly appreciate all the contributors who devoted their valuable time and effort to writing

these excellent articles and making this Special Issue and reprint a reality.

Huiliang Cao and Yuqin Qiao

Editors
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1. Introduction

In recent years, rapid advancements in multidisciplinary fields (materials, biology,
chemical physics, etc.) as well as emerging techniques in biomedical sciences and materials
processing have led to a substantial evolution of biomaterials. Distinct from traditional
biomedical materials, which are designed to adapt to their microenvironments for tissue
integration, functional biomaterials are expected to dynamically and actively instruct cell
responses to promote tissue regeneration and tackle biomedical engineering challenges [1].
In China, functional biomaterial-based therapeutics has been identified as one of the main
strategies to meet public health problems nationally. Thus, besides pursuing the innovation
of functional biomaterials, accelerating their journey from the bench to clinical practice is a
top priority. Academic researchers, clinical professionals, and industry partners have been
encouraged to collaborate to achieve this goal and improve clinical outcomes.

This Special Issue, “The State-of-the-Art Functional Biomaterials in China”, presents
13 research and review articles collecting the latest research findings and developments.
The contributed manuscripts mainly focus on providing solutions to the challenges and
limitations faced by current implantable biomedical devices, which can be divided into
three categories: strategies to treat implant-associated infections, multifunctional bioactive
materials for tissue engineering, and fabrication techniques.

2. Overview of Published Articles

Bacterial infection is a common complication associated with various biomaterial
applications and has conventionally been treated by the administration of antibiotics [2].
However, the overuse and misuse of antibiotics have led to increasing antibiotic resistance,
which poses a serious public health threat around the world [3]. Thus, particular attention
is being given to alternative antibacterial agents or biomaterials-based delivery systems
that can improve the uptake of antibiotics at specific targeted sites. Yang and co-workers
(contribution 1) report the strong antimicrobial effects of silver-doped Zr implant abutments
against oral microorganisms, including P. gingivalis and S. mutants. From a clinical point of
view, this functionalized abutment demonstrates good biocompatibility with human gingi-
val fibroblasts because of the stability and low leaching property of silver nanoparticles.
Ye et al. (contribution 2) describe how ZnO nanoparticles maximize their antimicrobial
activities by improving the bacterial phagocytosis efficiency of polymorphonuclear neu-
trophils. These synergized effects promote the host’s resistance to pathogen invasion and
alleviate subcutaneous immune cell infiltration in vivo. Besides inorganic antimicrobial
agents, this delivery system offers a way to increase the effectiveness of antibiotics and
is considered another promising strategy to overcome antimicrobial resistance. Li et al.
(contribution 3) designed a multi-stimuli-responsive multilayer coating with controlled
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release of chlorhexidine acetate (CHA) to address bacterial infections that occur when
medical devices (such as urinary catheters or peripheral venous catheters) are connected
to open wounds in humans. The coating’s multi-responsive abilities, high bactericidal
capability (>99% against E. coli and S. aureus) and reusability (six times), as well as its
ease of adoption onto different substrates, are the key advantages it offers in real clinical
scenarios. The implantation site is a complex and dynamic microenvironment that involves
a sequence of molecular, cellular, and physiological events. Generally, host immune cells
(macrophages, neutrophils, T cells, etc.) are well recognized to have a major impact on the
outcome of bacterial infection [4]. However, the responses of bacteria to other mammalian
cells remain largely unknown. Inspired by the theory of “the race for the surface”, Chen
and co-workers (contribution 4) found that tantalum surfaces exhibited a lower infectious
state than titanium in an implant-related tibia osteomyelitis model, despite not revealing
any antibacterial activity against S. aureus in vitro. Bacteria preferentially adhere to the
surfaces of mammalian cells rather than those of materials, which may be detached from
dead-cell-containing surfaces to reduce the production of biofilms and the occurrence of
implant infection. Chen et al.’s study brings a new perspective to the manufacture of
implantable materials with antimicrobial activities. In another research study, Zhi and
co-workers (contribution 5) demonstrate that calcium- and protein-conditioned titanium
may act against bacterial colonization (S. mutants and P. gingivalis) by releasing calcium ions
and creating a basic local pH microenvironment to regulate the conformation of fibrinogen.
Their study solidly confirms the indirect antibacterial strategy originally proposed by Cao
et al. and provides a promising approach to tackle peri-implant infections [5].

In the field of tissue engineering, antibacterial activity has become an essential re-
quirement for diverse biomaterials [6]. Peng et al. (contribution 6) review the preparation
methods of hydrogels attached to substrate surfaces, assess the advantages and limitations
of each method when introducing antibacterial substances, as well as evaluate three major
antibacterial strategies applied in hydrogels, namely bacterial repellency and inhibition,
contact surface killing of bacteria, and release of antibacterial agents. They also discuss the
current challenges for researchers in this field, such as chemical stability and sterilization,
which may have long-term effects on the human body. In another review article, Zhang and
co-workers (contribution 7) discuss recent progress in metal–organic frameworks (MOFs)
as antibacterial agents and illustrate their possible molecular mechanisms, such as physical
interaction, component release, chemical dynamic therapy (CDT), photodynamic therapy
(PDT), photothermal therapy (PTT), sonodynamic therapy (SDT), and synergistic therapy.
The authors also raise concerns about these frameworks’ future clinical use. For example,
given that MOFs are commonly composed of metal centers and organic ligands, more
studies are still needed on the effects of MOF degradation products on human metabolism.
Notably, not only can biomaterials be used as antibacterial agents, but they also allow for
a targeted and controlled release of antibacterial agents to increase efficiency and safety.
Yang and co-workers (contribution 8) summarize recent advances in bacteria-responsive
drug delivery systems (DDSs) used for combating bacterial infections, categorizing them
by trigger mode, including physical-stimuli-responsive, virulence-factor-responsive, host-
immune-response responsive, and their combinations. Although DDSs may suffer from
limited specificity and accuracy, the pattern of on-demand drug release and the imple-
mentation of multiple functions for tissue repair/regeneration make them one of the most
important aspects of biomedical devices. Clinically, the available approaches and strategies
to combat bacterial infections are also highly dependent on tissue microenvironment and
on the types of biomaterials employed. Cao and co-workers (contribution 9) give a brief
overview of antibacterial designs for implantable medical devices from the perspectives of
unpredictable onset and site-specific incidence, possibly involving multiple and resistant
pathogenic strains. In their paper, Cao et al. intend to illustrate the complex relationships
of these devices and figure out future directions for promoting clinical translations.

The ultimate goal of functional biomaterials is to stimulate tissue repair/regeneration
following injury and damage [1]. When exposed to functional biomaterials, cells can sense
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signals from the material’s features, such as its topography and chemical composition,
and convert them into biological responses [7,8]. Zhang et al. (contribution 10) fabricated
four different submicron-grooved polystyrene films using soft lithography. The results
show that submicron groove structures can significantly transform the morphology and
cytoskeleton of Schwann cells and upregulate the gene expression of Schwann cells respon-
sible for axonal regeneration and myelination, which is promising for peripheral nerve
repair. Xie and co-workers (contribution 11) fabricated a duplex film with an inner MnOOH
layer and an outer FeOOH layer on PEO-treated AZ31 using a simple immersion processes.
The oxyhydroxide film completely sealed the pores on the PEO surface, thus providing
better corrosion resistance. The modified sample exhibited improved osteogenic activity
in vitro and enhanced bone regeneration in vivo, indicating promising potential for ortho-
pedic applications. Wang and co-workers (contribution 12) investigated the mechanism
of magnesium in regulating osteogenic activity. The results reveal that the AMPK/mTOR
signaling pathway is involved in the process of autophagy associated with magnesium-
induced osteogenic differentiation of BMSCs. Their study advances our understanding
of the link between autophagy induction and osteogenic differentiation. Recently, much
evidence has suggested that tissue repair/regeneration is not simply regulated by local
signals and does not occur independently of other organ functions; instead, it requires the
precise coordination of different organ systems [9]. Zhao et al. (contribution 13) provide
an overview of biomaterials-mediated immune responses that regulate bone regeneration,
methods to assess the bone immunomodulatory properties of biomaterials, as well as the
strategies that can be used for future bone tissue engineering applications.

The development of functional biomaterials is also highly reliant on the fine-tuning
of material structures and properties, as well as on progress in fabrication techniques [10].
Surface modification has been well recognized as an economical and efficient approach to
endow the surfaces of conventional biomaterials with bioactivity and multifunctionality
for therapeutic purposes [11]. This can help retain the favorable bulk properties that deter-
mine whether a material can adapt to the human body. For example, plasma immersion
ion implantation and deposition (PIII&D) can introduce metal or gas elements to objects
with flexible shapes [12]. Typically, the depth of the modified layer is relatively shallow
(<100 nm), and the amount of the doped element is relatively low. Thus, Ag-doped zirconia
implant can exhibit good biocompatibility with human gingival fibroblasts (contribution 1).
Among various surface modification techniques, plasma electrolyte oxidation (PEO) is
extensively used to produce porous and thick metal oxide coatings on metals (e.g., tita-
nium, magnesium, aluminum, and their alloys) in industrial and biomedical applications,
especially in dental implants, bone fusion, bone fixation, etc. [13]. It is for this reason that
this technique has been widely explored by researchers and used to develop a variety of
functional biomaterials (contributions 11 and 12). As a high-throughput tool for surface
patterning, soft lithography can create ordered topographical features (grooves, pillars, and
pores) and benefits from ease of preparation, high efficiency, and reusability [14]. It plays
an important role in exploring the relationship between surface topography and cellular
behaviors (contribution 10). Distinct from surface modification, nanomaterials such as
nanoparticles and MOFs are usually synthesized by one-pot, hydrothermal, ultrasonic-
assisted, electrochemical, and mechanochemical methods [15] (contributions 7 and 8). The
high cost of nanomaterials, as well as complications in their purification and stability, are
the main factors influencing their future applications.

3. Conclusions

In summary, this Special Issue, entitled “State-of-the-Art Functional Biomaterials in
China”, presents a diverse collection of research papers and review articles on trailblazing
antibacterial surfaces, advanced multifunctional biomaterials, and clinical studies on the
applications of biomaterials. These collaborations of academic and clinical research will
provide unique and essential insights into functional biomaterials and increase the efficiency
of their clinical translation.
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Abstract: Antibacterial coating with antibiotics is highly effective in avoiding device-associated
infections (DAIs) which is an unsolved healthcare problem that causes significant morbidity and
mortality rates. However, bacterial drug resistance caused by uncontrolled release of antibiotics
seriously restricts clinical efficacy of antibacterial coating. Hence, a local and controlled-release system
which can release antibiotics in response to bacterial infected signals is necessary in antibacterial
coating. Herein, a multi-stimulus responsive multilayer antibacterial coating was prepared through
layer-by-layer (LbL) self-assembly of montmorillonite (MMT), chlorhexidine acetate (CHA) and
Poly(protocatechuic acid-polyethylene glycol 1000-bis(phenylboronic acid carbamoyl) cystamine)
(PPPB). The coating can be covered on various substrates such as cellulose acetate membrane,
polyacrylonitrile membrane, polyvinyl chloride membrane, and polyurethane membrane, proving it
is a versatile coating. Under the stimulation of acids, glucose or dithiothreitol, this coating was able to
achieve controlled release of CHA and kill more than 99% of Staphylococcus aureus and Escherichia
coli (4 × 108 CFU/mL) within 4 h. In the mouse infection model, CHA releasing of the coating was
triggered by infected microenvironment to completely kill bacteria, achieving wounds healing within
14 days.

Keywords: device-associated infections; multi-stimulus responsiveness; antibacterial coating; wound healing

1. Introduction

Nosocomial infection is acquired in healthcare facilities [1]. More than 50% nosocomial
infections are related to medical devices [2]. Even with aseptic techniques, microbial
communities from the patient’s surface or external environment can be attached to medical
devices leading to device-associated infections (DAIs) which is a major health care problem
that has not been solved [3]. For instance, the substantial mortality caused by catheter-
associated infection have reached 25% [4,5]. A study from the World Health Organization
demonstrated that patients in the intensive care unit (ICU) are at a significantly higher
risk of acquiring DAIs. About 30% of patients have experienced at least one DAIs with
significant associated morbidity and mortality [6].

To prevent the occurrence of DAIs, a promising strategy is to modify the antibiotics on
the devices surface [7]. Chlorhexidine acetate (CHA), a kind of common broad-spectrum
antibiotic, carries a large number of positive groups that can bind to the anionic sites on
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the bacteria membrane [8]. This binding can disrupt bacteria membrane potential and
cause varying degrees of membrane damage [9]. Therefore, it is difficult for bacteria to
develop resistance to CHA [10]. Given the above advantages, CHA is often used as an
antibacterial component of the antibacterial coating. For instance, Usha et al. modified
CHA on the surface of fabrics and achieved the destruction of bacteria (almost 100%)
within 24 h [11]. However, these kinds of antibacterial coatings have obvious defects. While
killing bacteria, abundant surface positive charges will cause a large number of bacterial
fragments to accumulate, and the antibacterial ability of the coatings will soon fail [12].
At the same time, excessive release of antibiotics also contributes to the development of
bacterial resistance [13]. In order to solve the above problems, nano-lamellar MMT, as a
material with large specific surface area, good absorbability, good biocompatibility, and
drug carrying capability, was used to load CHA to complete slow drug release [14]. MMT
can load positively charged substances such as CHA between the lamellar layers through
cation exchange effect [15]. However, this drug delivery mode can only play a role of slow
release, but cannot achieve the effect of on-demand release and sustained maintenance
of antibacterial properties. Therefore, how to maintain the antibacterial ability of cationic
antibacterial coating on the medical device surface and significantly reduce the toxicity and
bacterial resistance is a major bottleneck in current research [16].

In recent years, stimulus-responsive antibacterial coatings have attracted great atten-
tion because of the reduction of the excessive release of antibiotics. This antibacterial coating
can be used for topical drug delivery by responding to the bacterial infection microenvi-
ronment (e.g., weak acid environment (pH < 5), high peptidoglycan content, and high
glutathione content) [17], which will inhibit the development of antibiotics resistance and
achieve the long-term antibacterial effect. Most of the previous work on stimuli-responsive
antibacterial coatings has focused on responding to a single stimulus (e.g., pH, electric
field, light, temperature or bioactive molecules [18–22]). Although such single stimulus-
responsive antibacterial coatings have been researched deeply in the treatment of DAIs, it
is clear that antibacterial coatings with multi-stimulus responsive ability would be more
advantageous and widely applied. Because multiple stimulus occurs simultaneously in a
real biological and physical environment [7]. For example, Yang Zhou et al. [23] constructed
a surface coating with a multi-stimulus response on a silicon substrate containing thermally
responsive components poly(N-isopropylacrylamide) (PNIPAAm) and phenylboric acid.
The coating can respond to changes of pH, sugar and temperature in the biological environ-
ment to release drugs and kill bacteria. Therefore, constructing multi-stimulus-responsive
antibacterial coatings that are sensitive to the bacterial infection environment may serve as
a good strategy for the treatment of DAIs.

However, most coatings are highly selective to the substrate and are limited to the
variety of substrate materials [24]. Therefore, it is necessary to develop a kind of coating that
can modify the surface of various substrate. In this process, we need to integrate antibacte-
rial agents and responsive drug delivery systems into the coating material. However, it is
not easy to load antibiotics into releasing systems because the weak binding between the
matrix and small molecules [25], which would result in bacterial antibiotic resistance [26].
Layer-by-layer (LbL) technology provides a solution to this problem. LbL technology
originally refers to a technique of forming self-assembled multilayers on charged substrates
by alternating deposition of polyelectrolytes, which was first studied and proposed by R.
K. Iler [27]. Since the 1990s, LbL technology has developed rapidly. LbL technology can
be widely used in various forms (e.g., spraying or immersion) for surface modification of
various materials (e.g., planar or particulate substrates) [28]. It has been proved that LbL
assembly could provide a controlled carrier system in respect of releasing antibiotics [29].
LbL self-assembly technology has the ability to fully absorb and retain the biological activity
of the drug, which is used to construct a good responsive drug releasing mechanism on the
surface of the medical devices.

In this paper, a multi-stimulus responsive multilayer antibacterial coating (MMT-
PPPB-CHA)n was prepared by the electrostatic adsorption between the inorganic nano-
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lamellar MMT, cationic antibacterial agent CHA and PPPB (Figure 1). We studied the drug
loading capacity, drug release capacity, and antibacterial activity of (MMT-PPPB-CHA)n
coating to prove that the coating can be a versatile material used to modify a variety of
substrate, and the coating has good drug loading ability and responsive drug release
ability. In addition, a mouse epidermal infection model was established to study the
in vivo antibacterial activity of (MMT-PPPB-CHA)n coating. This coating can respond to
the microenvironment of bacterial infection (such as weak acid environment (pH < 5), high
peptidoglycan content, and high glutathione content) to release cationic CHA, providing a
new strategy for solving DAIs.

 
Figure 1. Schematic illustration of the multi-stimulus responsive multilayer antibacterial coating
(MMT-PPPB-CHA)n.

8



J. Funct. Biomater. 2022, 13, 24

2. Materials and Methods

2.1. Materials and Instrumentation

Ethanol absolute (AR Grade, ≥99.7%) and chloroform (AR Grade, ≥99.0%) were
purchased from Sinopharm Chemical Reagent Shanghai Co., Ltd. (Shanghai, China). Acetic
acid (AR Grade, ≥99.5%), phosphate buffer saline (PBS buffer), and dimethyl sulfoxide
(DMSO, molecular biology grade, ≥99.7%), 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydro (EDC, ≥95.0%, C600433-0025), glucose (≥99.8%, A100188-0005) were purchased
from Sangon Biotechnology Co., Ltd. (Shanghai, China). E. coli (ATCC 43888) and S.
aureus (ATCC BAA-1721) were purchased from China Center of Industrial Culture Collec-
tion, CICC. Chlorhexidine acetate (CHA, ≥99.0%, C107054), dithiothreitol (DTT, ≥99.0%,
D104859), cysteamine dihydrochloride (CYS, ≥97.0%, C153647), protocatechuic acid (PCA,
≥97.0%, S30117), polyethylene glycol 1000 (PEG1000, AR Grade, 12803702) were purchased
from Aladdin (Co. Ltd. Shanghai, China). MMT k-10 (M813515), 3-carboxyphenyl boric
acid (CPBA, ≥99.0%, C804442), 4-Dimethylaminopyridine (DMAP, ≥97.0%, D807273), N-
Hydroxysuccinimide (NHS, ≥97.0%, N811124) Ethylene imine polymer (PEI, ≥99.0%,
E808878), Deuterium oxide (D2O, ≥99.9%, D807644), Methanol-d4 (CD3OD, ≥99.9%,
M812876), DMSO-d6 (≥ 99.9%, D806935) were purchased from Macklin Biochemical Co.,
Ltd. (Shanghai, China).

2.2. Synthesis of PPPB

Firstly, 1.65 g CPBA (10.0 mmol), 1.53 g EDC (8.0 mmol), and 1.40 g NHS (12.2 mmol)
were accurately weighed and dissolved in 100 mL PBS buffer (pH 6.86). After incubation
for 2 h under full stirring at room temperature, 0.90 g CYS (4.0 mmol) was added, and then
the reaction mixture was continuously stirred at room temperature for 12 h. The precipitate
produced by the reaction was filtered, washed several times with PBS and ultrapure water,
and then centrifuged twice at 6000 rpm. The product was vacuum dried at 60 ◦C, and
finally recrystallized and purified with methanol to obtain white powder BPBAC.

Secondly, 1.54 g PCA and 2.50 g PEG1000 were accurately weighed and dissolved
in 20.0 mL DMSO solution. 1.92 g EDC and 305 mg DMAP were added under stirring
conditions, and the reaction was carried out at room temperature for 48 h. After the reaction,
the precipitate was removed by filtration, and the filtrate was dialyzed by dialysis bag with
molecular weight cut-off 1000. The dialysate was firstly dialyzed by DMSO for 12 h, and
then by ultrapure water for 36 h. The dialysate was changed every 6 h during dialysis.
After dialysis, the product was precipitated into dark yellow solid and dried in vacuum at
30 ◦C to obtain PCA-PEG1000.

Finally, bis(phenylboronic acid carbamoyl) cystamine (BPBAC) was dissolved in a
small amount of methanol solution, then BPBAC methanol solution and PCA-PEG1000
were fully dissolved in 20.0 mL NaOH aqueous solution (pH 10.0), and stirred at 300 rpm
for 12 h at room temperature. At the end of the reaction, dialysis bags with molecular
weight cut-off 1000 were used in NaOH solution with pH 10.0 for 48 h, and dialysate was
changed every 8 h. Finally, the solution was freeze-dried to obtain a dark yellow colloidal
substance, namely PPPB.

2.3. Synthesis of (MMT-PPPB-CHA)n Coating

Nanosheet MMT was first prepared. 0.8 g MMT was dissolved in 20.0 mL ultrapure
water and 20.0 mL methanol, respectively. After sealing and stirring at room temperature
for 1 week, 40.0 mg/mL nanosheet MMT aqueous dispersion and 40.0 mg/mL nanosheet
MMT methanol dispersion were prepared for standby.

The substrate was immersed in PEI solution (0.5 mg/mL) for 5 min to form a precursor
layer. Then, the composite coating (MMT-PPPB-CHA)n was prepared according to the
following steps: (1) The substrate was soaked in 1.0 mg/mL MMT dispersion for 30 s and
then dried naturally. (2) Natural drying after immersion in 1.0 mg/mL PPPB solution
for 30 s. (3) Natural drying after soaking in 2.0 mg/mL CHA solution for 15 s. In this
preparation process, the substrate surface is covered with MMT layer, then PPPB layer, and
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finally CHA layer, forming a layer (MMT-PPPB-CHA) coating. Repeat the above steps “n”
times, (MMT-PPPB-CHA)n coating was prepared on the surface of substrates. The substrate
surface coatings only modified with MMT and MMT-CHA were prepared by the same
method, denoted as (MMT)n and (MMT-CHA)n, respectively, as the control groups. In
order to ensure the accuracy and objectivity of performance characterization, the prepared
coating was washed with pure water and PBS buffer (pH 7.4) for three times before the test,
in order to remove the excess CHA, PPPB and MMT that did not form the coating during
the preparation process.

2.4. Characterization of Polymers PPPB

The FT-IR spectra of BPBAC, PCA-PEG1000, and PPPB were recorded on a Nicolet
6700 FT-IR spectrometer (Thermo Scientific) in the 4000–600 cm−1 range. The 1H nuclear
magnetic resonance (1H NMR) (AVANCE III 400 MHz, Bruker, Karlsruhe, Germany) of
BPBAC, PCA-PEG1000, and PPPB was recorded at 25 ◦C using CD3OD, DMSO-d6, and
D2O as solvent separately. The Ultraviolet−visible (UV−vis) absorption spectra of PPPB
products with the three stimuli were determined by UV spectro-photometer (UV-2550,
Shimadzu, Tokyo, Japan).

2.5. Characterization of (MMT-PPPB-CHA)n Coating

The morphology of (MMT-PPPB-CHA)n coating was characterized by a field emission
scanning electron microscope (SEM, SU-70, Hitachi Nake high-tech enterprise, Tokyo,
Japan) at an acceleration voltage of 5 kV. X-ray diffraction (XRD) was performed with the
Axs D8-A25 advance (Bruker, Karlsruhe, Germany). The Fourier transform infrared (FTIR)
spectra assay was performed using a Nicolet iS10 (Thermo Scientific, Waltham, MA, USA)
with the KBr pellet technique. UV−vis absorption spectra were acquired with the UV spec-
trophotometer (UV-2550, Shimadzu, Karlsruhe, Germany, Japan). MMT, PPPB, and CHA
were prepared into 0.5 mg/mL solution. (MMT-CHA)3 and (MMT-PPPB-CHA)3 coatings
were scraped off the substrate and dispersed in water to form a suspension (0.5 mg/mL).
The Zeta potential of samples was measured by Malvern Mastersizer 2000 particle size
and potential analyzer (Mastersizer2000/MAL1012737, Spectris, Shanghai, China). First of
all, the test mode was set as potential test in Zetasizer Software (test temperature: 25 ◦C,
number of repeated tests: 3 times, and potential sample pool model: Dts1070). Then, the so-
lution or suspension was fully shaken and injected at the calibration line of the sample pool.
Then, the sample pool was put into the analyzer. Finally, the potential values measured in
the three experiments were averaged as the final sample Zeta potential. The water contact
angle of samples was measured by a dynamic water contact angle measuring instrument
(OCA20, Dataphysics, Germany, Esslingen, Germany).

2.6. The Standard Curve of CHA

The concentration of CHA solution prepared was 0.1 mg/mL, 0.05 mg/mL, 0.025 mg/mL,
0.01 mg/mL, 0.005 mg/mL and 0.0025 mg/mL, respectively. The absorbance of CHA at
252 nm was measured by a UV-VIS spectrophotometer (UV-2550, Shimadzu, China) with
three times to take the average value. Then the standard curve of CHA concentration and
absorbance was drawn.

2.7. CHA Loading Capacity of (MMT-PPPB-CHA)n Coating

Five groups of (MMT-PPPB-CHA)n coatings (n = 2, 4, 8, 12, and 16) were constructed
on the CA films with an area of 2 cm2 according to the above steps. 5.0 mL CHA solution
with the concentration of 5.0 mg/mL. To facilitate the calculation, 0.5 mL CHA (5.0 mg/mL)
was used in preparation. After the preparation, we collected the remaining CHA solution
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and tested the absorbance of CHA at 252 nm. The relationship between drug loading
(μg/cm2) and layers number was further calculated. The calculation formula is:

CHA content per unit area (μg/cm 2 ) =
Total dose (μg) − Remaining dose (μg)

Total area (cm 2)

2.8. Sustained Drug-Releasing Capacity of (MMT-PPPB-CHA)3 Coating

The coating (1 × 2 cm2) was put into 5.0 mL PBS buffer. 0.5 mL of the release medium
was taken out successively at 1, 2, 4, 12, 24, 48, and 72 h, and the same amount of PBS buffer
was immediately replaced after taking. The absorbance of CHA was measured at 252 nm by
an UV-VIS spectrophotometer (UV-2550, Shimadzu, China), and the CHA release kinetics
curves of the different coating were obtained within 72 h.

2.9. Multi-Stimulus Responsive Ability of (MMT-PPPB-CHA)3 Coating

The (MMT-PPPB-CHA)3 coating (1 × 2 cm2) was placed in 5.0 mL release media with
different pH values (5.5, 6.0, 7.0, and 8.0), different concentrations of glucose solutions (0, 0.5,
and 1.0 mg/mL) and different concentrations of DTT solutions (0, 0.5, and 1.0 mg/mL),
respectively. 0.5 mL release medium was taken out successively at 1, 2, 4, 12, 24, 48, and 72 h,
and an equal amount of release medium with corresponding pH value was immediately
replaced after taking. The absorbance of the CHA was measured at 252 nm by an UV-VIS
spectrophotometer (UV-2550, Shimadzu, China), and the release kinetics curve of CHA
was obtained according to the standard curve.

To further explore the synergistic drug release behavior of (MMT-PPPB-CHA)3 coating,
orthogonal test L9 (34) (three factors and three levels) was used to study the synergistic drug
release effect of (MMT-PPPB-CHA)3 coating under the different conditions. The orthogonal
test results were analyzed as shown in Table 1.

Table 1. The result analysis of L9(34) orthogonal test.

Groups
Factors

CHA Release Rate (%)
pH Glucose (mg/mL) DTT (mg/mL)

a 6.0 0 0 56.0 ± 3.2
b 6.0 0.5 0.5 60.1 ± 2.0
c 6.0 1.0 1.0 70.1 ± 1.3
d 7.0 0 0.5 56.7 ± 1.7
e 7.0 0.5 1.0 62.0 ± 2.3
f 7.0 1.0 0 53.9 ± 1.1
g 8.0 0 1.0 43.3 ± 1.6
h 8.0 0.5 0 34.3 ± 1.8
i 8.0 1.0 0.5 50.7 ± 2.8

K1 186.2 156.0 144.2
K2 172.6 156.4 167.8
K3 128.3 174.7 175.4
k1 62.1 52.0 48.1
k2 57.5 52.1 55.9
k3 42.8 58.2 58.5
R 19.3 6.2 10.4

2.10. Preparation of Bacteria Suspensions

E. coli (ATCC 43888) and S. aureus (ATCC BAA-1721) were cultured in 10 mL LB broth
at 37 ◦C for 6 h. After culturing, the bacterial sediments were resuspended and washed
with normal saline (0.9%, pH 7.4). Finally, the bacteria suspension was diluted to an optical
density of 0.1 at 600 nm (OD600 = 0.1)
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2.11. In Vitro Antibacterial Activity of (MMT-PPPB-CHA)3 Coating

The coated or uncoated substrate was co-cultured with bacteria suspension at dif-
ferent pH values (6.0, 7.0 and 8.0), different concentrations of DTT solutions (0, 0.5, and
1.0 mg/mL), and glucose solutions (0, 0.5, and1.0 mg/mL) for 2 h, respectively. Then,
100 μL of the bacteria suspension was taken out and inoculated on AGAR medium. After
16 h of static culture, the number of colonies was counted and digital photos of culture
plates were taken.

Fluorescein isothiocyanate (FITC) was dissolved in DMSO to prepare the 1 mM FITC
solution. Live bacteria were labeled with 100 μL FITC solution and incubated with the
coated or uncoated substrate at different pH values (6.0, 7.0 and 8.0), different concen-
trations of DTT solutions (0, 0.5, and 1.0 mg/mL), and glucose solutions (0, 0.5, and
1.0 mg/mL) for 2 h, respectively. The bacteria suspension was dropped into the surface
dish specially used for laser confocal microscopy, and the survival of the bacteria was
further observed under a laser confocal microscopy (SP8-STED 3X, Leica, German).

The bacteria were fixed with 2% glutaraldehyde aqueous solution, and then the
gradient dehydration was carried out with 10%, 20%, 30%, 40%, 50%, 70%, 90%, 100%
ethanol aqueous solution successively. The growth and adhesion of bacteria on the surface
of the coating material were observed under a SEM (SU-70, Hitachi Nake High-Tech
Enterprise, Tokyo, Japan) after dehydration.

2.12. Long-Term Antibacterial Performance of (MMT-PPPB-CHA)3 Coating

Sterilized CHA, (MMT-CHA)3 and (MMT-PPPB-CHA)3 coated and uncoated sub-
strates were placed in 5.0 mL bacteria suspension, respectively. Take 100 μL of bacteria
solution from each group every 4 h and inoculate them into the AGAR medium for colony
counting. At the same time, the bacteria liquid of each group was discarded, cleaned
with sterile normal saline, and 5.0 mL of bacteria suspension was added again to continue
co-culture. Repeat the preceding steps six times.

2.13. In Vivo Antibacterial Activity and Full-Thickness Skin Defect Healing

Female BALB/c mice (8 weeks, 15–20 g) were obtained from Laboratory Animal
Center of Xiamen University and divided into five groups with three mice in each group:
(1) normal saline (control); (2) uncoated substrate; (3) CHA coated substrate; (4) (MMT-
CHA)3 coated substrate; (5) (MMT-PPPB-CHA)3 coated substrate.

10 μL of S. aureus and E. coli solution with a concentration of 1.0 × 106 CFU/mL was
subcutaneously injected into the back of mice. 48 h later, obvious suppurative infection
symptoms could be observed at the bacteria inoculated site on the back of mice. The
suppurative infection site was cut open with a sterilized scalpel to form an open resection
wound with a diameter of about 6 mm. Corresponding materials were affixed to the wound
of each mouse and fixed with medical tape. The materials were removed 24 h later.

All mice were weighed every 24 h, and the wound healing of the subcutaneous infected
site was observed and photographed at certain intervals. ImageJ was used to measure the
change of wound area at different periods to calculate the wound healing rate [30], which
was calculated as follows:

Wound healing rate (%)= (1 − wound area on day n
wound area on day 0

)× 100%

Finally, the mice were killed, and the bacterial concentration of the infected tissue
was observed on the AGAR plate. This in vivo experiment has been approved by the
Institutional Animal Care and Use Committee of Xiamen University. Approval date:
26 February 2018; Approval code: XMULAC20180003.

2.14. Statistical Analysis

Data are expressed as mean ± S.D. At least three independent experiments were
performed for in vitro experiments. Statistical analysis was carried out using SPSS version
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18.0, Origin 2021 and GraphPad Prism 7.00. Data were analyzed by two-sided student
t-tests for comparison of two groups and one-way ANOVA for multiple groups.

3. Results and Discussion

3.1. Synthesis of the Multi-Stimulus Responsive Polymer PPPB

We firstly synthesized a multi-stimulus responsive polymer PPPB based on phenylb-
orate ester bond and disulfide bond (Figure 2a) to construct a multi-stimulus responsive
antibacterial coating. PPPB was synthesized through dynamic covalent reactions between
BPBAC (Figure S1) and PCA-PEG1000 (Figure S2) under alkaline conditions (pH 10.0). The
structure of PPPB was identified based on IR and 1H NMR spectrum. The position and
peak area ratio (1:1) of the characteristic peaks (δ 2.9 ppm and δ 3.6 ppm) indicated that
PPPB possessed the characteristic structure of both BPBAC and PCA-PEG1000 (Figure 2b).
Moreover, IR spectrum of PPPB also showed the characteristic peaks of BPBAC and PCA-
PEG1000 at 2919 cm−1 (C–H) and 1641 cm−1 (C=O) (Figure 2c). More importantly, the
disappearance of characteristic peaks at 1347 cm−1 indicated the phenylboronic acid was
transformed to boronate ester, further confirming the successful synthesis of PPPB.

Figure 2. (a) Chemical structural formula of polymer PPPB; (b) 1H-NMR spectrums of PPPB, PCA-
PEG1000 and BPBAC; (c) FT-IR absorbance spectrums of PPPB, PCA-PEG1000, and BPBAC.

Due to the presence of boronate ester and disulfide bonds, polymer PPPB should ex-
hibit pH-, glucose-, and redox-responsive features theoretically (Figure S3a). Therefore, the
multi-stimulus responsive degradation behavior of PPPB was explained by UV-absorption,
IR and 1H NMR spectrum. As shown in Figure S3b, PPPB displayed a distinct correspond-
ing UV peak with an absorption maximum at 300 nm. However, the intensity of the peak
decreased with the addition of PBS buffer (pH 6.0), glucose aqueous solution (0.5 mg/mL)
and DTT aqueous solution (0.5 mg/mL), indicating that the disulfide bond content in the
product is reduced. In order to further analyze the stimulus responsiveness of PPPB, we
purified the products by dialysis (molecular weight cut-off: 1000 Da), which means that the
product obtained by dialysis should be the part containing PEG-1000 fragment. Disulfide
bonds in polymer PPPB break when DTT stimulus responsiveness occurs. According to
Figure 3, the intercepted part of the broken PPPB should contain part of the structure of BP-
BAC molecule, which means the existence of the characteristic peak of -S-CH2- (δ 2.9 ppm)
in the 1H-NMR spectrum. On the contrary, the disappearance of the characteristic peak
of-S-CH2- (δ 2.9 ppm) and the existence of characteristic peak of -CH2-CH2 (δ 3.6 ppm)
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indicates the intercepted part of the broken PPPB is PCA-PEG1000, which means that
pH/redox stimulus responsiveness have occurred.

 
Figure 3. 1H-NMR spectrums of PPPB in PBS buffer (pH 6.0), glucose aqueous solution (0.5 mg/mL)
and DTT aqueous solution (0.5 mg/mL).

3.2. Construction of the of (MMT-PPPB-CHA)n Coating

Based on multi-stimulus responsive polymer PPPB, we designed a layer-by-layer
assembly coating with the specificity of the response to the bacterial infection microenviron-
ment (weak acid environment (pH < 5), high peptidoglycan content, and high glutathione
content) (Figure 1). We chose cellulose acetate membrane (CA), polyacrylonitrile mem-
brane (PAN), polyvinyl chloride membrane (PVC), and polyurethane membrane (PU) as
substrates to prepare the coating (MMT-PPPB-CHA)3 because they are common medical
materials in the clinic [31]. According to the color change of the substrate surface, it is
preliminarily concluded that (MMT-PPPPB-CHA)3 coating could be prepared on various
substrate materials. As shown in Figure S4, the surfaces of coated groups appeared even
rougher than uncoated groups. Moreover, the change of water contact angle can prove
that the coating can obviously improve the hydrophilicity of the substrate, which is helpful
to improve the affinity of medical devices to human body (Figure S5). According to the
cross-section of the coating (Figure 4a–c), (MMT-PPPB-CHA)3 coating could present a
thick and loose layer stacking state. The reasons could be explained by zeta potential
(Figure 4d). After the coatings have been successfully prepared on the substrate, they are
gently scraped off and configured to a 0.5 mg/mL suspension (the solvent is pure water).
Zeta potential of the sample was measured by Malvern Mastersizer 2000. Both MMT and
PPPB exhibit electronegativity, which was very favorable for loading the positively charged
CHA with electrostatic interaction. In addition, (MMT-CHA)3 exhibited a weak positive
charge after LbL self-assembly of MMT and CHA, which also proved the possibility of
PPPB participating in electrostatic interaction. Finally, (MMT-PPPB-CHA)3 coatings were
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negatively charged, confirming the electrostatic interaction between MMT, PPPB, and
CHA. This interaction could be beneficial for CHA loading and enlarge the layer spacing
of the coating. It can be seen from Figure 3e that the (001) diffraction peak of (MMT)3
and (MMT-CHA)3 are very obvious, which are corresponded to an interlayer d spacing of
1.2357 nm and 1.3043 nm respectively, according to Bragg’s equation. The (001) interlayer
spacing of (MMT)n increased about 0.0686 nm after co-deposition with CHA, indicating
that some of CHA was loaded between MMT layers by ion exchange [25,32]. However,
the (001) diffraction peak of (MMT-PPPB-CHA)3 can not be observed, indicating that the
addition of PPPB completely destroyed the layered ordering structure of MMT. Finally,
FT-IR absorbance spectrum demonstrated that (MMT-PPPB-CHA)3 coating was prepared
successfully (Figure 4f).

 
Figure 4. The SEM micrograph of cross-sectional of (a) MMT-PPPB-CHA)3, (b) (MMT-CHA)3, and
(c) (MMT)3 coating. Scale bar: 3 μm; (d) Zeta potential of MMT, PPPB, CHA, (MMT-CHA)3 and
(MMT-PPPB-CHA)3; (e) XRD patterns and (f) FT-IR absorbance spectrums of (MMT)3, (MMT-CHA)3,
(MMT-PPPB-CHA)3.

3.3. CHA Loading Capacity and Releasing Kinetics of (MMT-PPPB-CHA)n Coating

Herein, CHA loading capacity and kinetics of CHA releasing in (MMT-PPPB-CHA)n
coating were studied. As shown in Figure S6, the drug loading of (MMT-PPPB-CHA)n
coating had a linear relationship with the number of layers (n). This result was in line with
our expectation that number of layers could regulate the CHA loading dosages in (MMT-
PPPB-CHA)n coating. According to Figure S7, the drug release rate of (MMT-PPPB-CHA)n
coating was less than 30%, while the drug release rate of (MMT-CHA)n was more than 60%
within 72 h. This indicated that (MMT-PPPB-CHA)n coating possessed good sustained
release capacity.

3.4. Multistimulus-Responsive Drug Release Behavior of (MMT-PPPB-CHA)n Coating

The ability of sustained release alone does not play a role in inhibiting bacterial re-
sistance. Prolonged exposure to drugs can encourage bacteria to develop drug resistance.
Therefore, a controlled drug delivery system in response to bacterial infection microenviron-
ment (weak acid environment (pH < 5), high peptidoglycan content, and high glutathione
content) is very important. Considering the presence of multi-stimulus responsive PPPB,
(MMT-PPPB-CHA)3 coating should theoretically be capable of responsive drug release.
Therefore, the multi-stimulus responsive drug release behavior of (MMT-PPPB-CHA)3 coat-
ing was studied (Figure 5). As shown in Figure 5a, the release rate of CHA was only about

15



J. Funct. Biomater. 2022, 13, 24

20% in the alkaline or neutral phase (pH 8.0–7.0). When pH reduced to 5.5, the CHA release
rate increased to 40% within 72 h. The lower the pH value, the higher the CHA release
rate. Moreover, according to Figure 5b,c, the CHA release rate increased with the increased
glucose and DTT concentration. When glucose concentration was 1.0 mg/mL, the CHA
release rate can reach about 35% and 65% within 72 h respectively. This responsive drug
release behavior of the (MMT-PPPB-CHA)3 coating was related to the dynamic boronate
ester and disulfide bonds in the polymer PPPB. The dynamic covalent bonds in PPPB could
be reversibly fractured in weak acid environment (pH < 7.0), high peptidoglycan solution
(0.5 mg/mL), and high glutathione solution (0.5 mg/mL). When bond fracture occurs in
PPPB, the layered structure of (MMT-PPPB-CHA)3 coating gradually became loose and the
gradual release of the CHA was started.

Figure 5. CHA release curves of (MMT-PPPB-CHA)3 within 72 h in (a) different pH (5.5, 6.0, 7.0
and 8.0), (b) concentrations of glucose (0, 0.5, 1.0 mg/mL) and (c) DTT (0, 0.5, 1.0 mg/mL) solutions.
* p < 0.05, *** p < 0.001.

The above results showed that (MMT-PPPB-CHA)3 coating exhibited responsive
drug release ability in different pH (5.5, 6.0, 7.0 and 8.0), concentrations of glucose (0, 0.5,
1.0 mg/mL) and DTT (0, 0.5, 1.0 mg/mL) solutions, respectively. However, these factors
exist together in a real infectious environment. Therefore, we studied the influence of these
three factors (pH, glucose, and DTT) on CHA release rate. Based on the investigation of
single factors, the three factors, namely pH (factor A), glucose (factor B), and DTT (factor
C) were selected. CHA release rate was regarded as investigating indicator for screening
the optimal combination of three factors through the orthogonal test L9 (34) (three factors
and three levels) as shown in Table 1 [33]. The average drug release rate was the highest in
group c and the lowest in group h, while the drug release levels of groups a, b, d, e, and f
were similar. It indicated that the optimal combination of factors to promote CHA release
was pH 6.0, glucose 1.0 mg/mL and DTT 1.0 mg/mL. However, the effects of the three
factors on the drug release rate of the coating also have a certain order. To explore this
order, we analyzed the extremum values (R) which indicates the importance degrees of
three factors in Table [34]. By comparing the R-value, the significance order of the three
factors on the average CHA release rate was pH > DTT > glucose. Therefore, it can be
concluded that pH had the greatest influence on the drug release of the coating.

3.5. In Vitro Antibacterial Activity of (MMT-PPPB-CHA)n Coating

Given the results of orthogonal test, we further studied the antibacterial properties of
(MMT-PPPB-CHA)3 coating in vitro. As shown in Figure 6a,b, bacterial mortality rate of
(MMT-PPPB-CHA)3 group reached about 99% in 4 h at a normal environment against S.
aureus and E. coli. When coating degradation triggered by weak acid environment (pH 6.0),
glucose solution (1.0 mg/mL), and DTT solution (1.0 mg/mL), (MMT-PPPB-CHA)3 coating
could kill 99% of S. aureus and E. coli only in 2 h. We speculated that the reason for this
might be the high CHA releasing rate of the (MMT-PPPB-CHA)3 coating. According to
Figures S6 and S7, the minimum release amount of CHA was 23 μg (n = 3). This dose
(23 μg/mL) was still above the MIC of CHA (1.0 μg/mL) according to the literature we
reviewed [35]. This caused the bacteria to be killed more quickly in higher concentrations
of CHA.
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Figure 6. Stimulation-responsive killing effects of (MMT-PPPB-CHA)3 on high concentrations of
(a) S. aureus and (b) E. coli after incubating for 24 h. *** p < 0.001.

The efficient bactericidal ability can inhibit the development of bacterial resistance,
but it does not mean that the medical device surface can be better protected. In particular,
cationic antimicrobial modified surfaces are more likely to adsorb bacterial debris. If the
dead bacteria can’t be cleaned up quickly, they can provide an attachment site for other
living bacteria. In this case, the antibacterial surface can quickly fail and the medical
device becomes contaminated. Previous results have proved that the layered self-assembly
(MMT-PPPB-CHA)3 coating has strong electronegativity and hydrophilicity. According
to the literature, these properties should endow the coating with good anti-adhesion
capacity [18]. Herein, bacterial adhesion on (MMT-PPPB-CHA)3 coating was observed in
PBS buffer (pH 5.5, 6.0, 7.0 and 8.0), glucose aqueous solution (0.5 and 1.0 mg/mL) and
DTT aqueous solution (0.5 and 1.0 mg/mL). FITC labelled S. aureus (2 × 106 CFU/mL)
and E. coli (2 × 106 CFU/mL) were co-cultured with the (MMT-PPPB-CHA)3 coating. As
shown in Figure 7a, Figures S8a and S9a, (MMT-PPPB-CHA)3 coating could effectively
inhibit the growth of bacteria within 2 h in different solutions (PBS buffer (pH 5.5, 6.0,
7.0 and 8.0), glucose aqueous solution (0.5 and 1.0 mg/mL) and DTT aqueous solution
(0.5 and 1.0 mg/mL)), respectively. The number of visible bacteria was significantly reduced
(99% reduction) (Figures S10 and S11). Moreover, only a few bacteria fragments could be
on the (MMT-PPPB-CHA)3 coating (Figures 7b, S8b and S9b). By contrast, the bacteria
survived well on the uncoated substrates (Figures 7c, S8c and S9c).

After proving the anti-adhesion property, we further explored the recyclability of the
(MMT-PPPB-CHA)3 coating. The substrate covered with different coatings was reused
for six cycles (4 h as 1 cycle) (Figure 8). The concentration of the bacteria increased to
108–109 CFU/mL after 4 h in the uncoated group. For CHA coating (Figure 8b), the com-
plete killing of S. aureus and E. coli was achieved in the first cycle and lost its antibacterial
properties in the following cycle. As shown in Figure 8c, the (MMT-CHA)3 coating achieved
effect bacterial killing in two cycles but began to lose its antibacterial ability in the third
cycle. According to Figure 8d, (MMT-PPPB-CHA)3 coating completely killed S. aureus and
E. coli in four cycles. In the fifth and sixth cycles, low concentrations (103 CFU/mL) of
S. aureus and E. coli appeared on the surface of the coating, respectively. It could be thus
concluded that (MMT-PPPB-CHA)3 coating can maintain a long-term antibacterial effect.
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Figure 7. (a) Images of bacterial clones on the agar plates after treatment with (MMT-PPPB-CHA)3

coating for 2 h under different pH values (6.0, 7.0, and 8.0); (b) CLSM diagrams and (c) SEM images
of bacterial adhesion on the (MMT-PPPB-CHA)3 coating at different pH values (6.0, 7.0 and 8.0) for
2 h. Scale bar: 20 μm and 1 μm.

Figure 8. Bacteria cyclic killing effects of (a) Uncoated, (b) CHA coated, (c) (MMT-CHA)3 coated and
(d) (MMT-PPPB-CHA)3 coated substrate against S. aureus and E. coli.
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3.6. In Vivo Antibacterial Activity and Full-Thickness Skin Defect Healing of (MMT-PPPB
CHA)n Coating

Given the highly effective antibacterial efficacy of (MMT-PPPB-CHA)3 coating in vitro,
we studied its in vivo antibacterial performance in an infected mouse model. The process
of animal experimentation was depicted in Figure 9a. We inoculated the back of the mouse
with bacteria, and cut it open with a scalpel to form an open resection of the infected wound
where there were obvious signs of suppurative infection. Then, different coatings were used
for treatment. The wound healing of the subcutaneous infected site in mice was observed
and photographed on days 1, 5, 10, and 14, respectively, as shown in Figure 9b. The wounds
treated with CHA, (MMT-CHA)3 and (MMT-PPPB-CHA)3 coatings showed no further
deterioration and a good healing trend. As shown in Figure 9c,d, (MMT-PPPB-CHA)3
coating treated wounds healed 91–97% after 14 days, respectively. However, the infected
wounds in the untreated group and the blank substrate group were basically in a state
of severe infection. Some symptoms of suppurative infection still existed after 14 days.
The healing rates of S. aureus and E. coli infected wounds were 63% and 72%, respectively.
After 14 days, the tissues of the infected site were fully soaked in sterile normal saline and
inoculated on AGAR plates to observe the bacteria colony growth, as shown in Figure S11.
It was observed that there were still many bacteria living in the infected sites of mice in
the untreated group and blank group, indicating the infection did not been eliminated.
By contrast, the wound tissue treated with CHA, (MMT-CHA)3 and (MMT-PPPB-CHA)n
coatings was free of any bacteria.

Figure 9. (a) Scheme of test of antibacterial activity and full-thickness skin defect healing in vivo;
(b) Digital photographs of infected wound healing in vivo at days 1, 5, 10, and 14 after different
treatments. Scale bar: 1 mm; (c) S. aureus and (d) E. coli infected wound closure rates during the 14 days
in treatment; (e) H & E-staining results of healed skin tissues at determined times (blood vessels: green
arrows, hair follicles: blue arrows, neutrophils: red arrows). Scale bar: 100 μm. * p < 0.05.
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In clinical practice, medical instruments (e.g., peripherally inserted central catheter
and urethral catheter) are exposed to wounds on the surface of the body for a long time [36].
During this time, bacteria have a chance to contaminate medical equipment and invade
the body to cause infection [36]. Therefore, it is very important for the coating of medical
devices to have high antibacterial properties and promote wound healing. Wound healing
is a complex and orderly process consisting of four stages: hemostasis, inflammation,
proliferation, and wound remodeling. Herein, H & E staining was applied to study the
process of wound healing from a histological perspective (Figure 9e). The skin tissues
in the untreated group and the blank substrate group exhibited acute inflammatory re-
sponses and displayed very little sprouting angiogenesis on the 14 days [37]. The results
showed that the wound healing was in a transitional stage between inflammation and
regeneration, indicating the infections in the wound were not resolved. Differently, the skin
tissues treated (MMT-PPPB-CHA)3 coatings had regenerated hair follicles and capillaries.
It is worth noting that the tissue treated with (MMT-PPPB-CHA)3 coating showed better
hair follicle regeneration, while CHA and (MMT-CHA)n group showed more angiogen-
esis. Considering the wound can regenerate a large number of blood vessels during the
regeneration stage, and complete the degeneration of some blood vessels and generate
hair follicles during the remodeling stage. The presence of more hair follicles indicated
the best wound recovery in (MMT-PPPB-CHA)3 group. In conclusion, a comparison of
wound healing of each group showed that (MMT-PPPB-CHA)3 coating group healed best
no matter S. aureus or E. coli infected wounds, indicating that (MMT-PPPB-CHA)n coating
had good biocompatibility (Figure S12). Moreover, it had the best bactericidal effect on the
subcutaneous infected site, thus accelerating the elimination of infection and promoting
wound repair.

4. Conclusions

In this study, a multi-stimulus responsive multilayer coating with controlled release of
CHA was constructed for the treatment of DAIs. The in vitro studies highlighted the pH-,
glucose- and DTT-responsive abilities of (MMT-PPPB-CHA)n coating, and its antibacterial
capacity. In medium with pH 6.0, glucose 1.0 mg/mL and DTT 1.0 mg/mL, the coating
showed extremely high bactericidal ability (99% reduction). In real clinical scenario, the
coating is intended to address bacterial infections that occur when medical devices (such as
urinary catheters or peripheral venous catheters) are connected to open wounds in humans.
The three components involved in the coating are biocompatible components. In vivo
studies also show that the coating can kill bacteria quickly and promote wound healing
within 14 days, which supports the coating as a non-toxic and highly bactericidal material.
In addition, (MMT-PPPB-CHA)n coating could be reused 6 times with antibacterial ability,
reducing the pain caused by frequent dressing changes for patients. However, it needs
further research that whether the coating still has good antibacterial and biocompatibility
in case applied for the stents and prosthetic devices in vivo.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jfb13010024/s1. Chemical structural formula, 1H-NMR spectrums,
and FT-IR absorbance spectrums of BPBAC (Figure S1) and PCA-PEG1000 (Figure S2), the responsive
mechanism of PPPB (Figure S3a), UV absorption spectrums of PPPB in different solutions (Figure S3b),
SEM images (Figure S4) and water contact angles (Figure S5) of the surfaces of CA, PAN, PVC and
PU substrates coated and uncoated with (MMT-PPPB-CHA)n„ the relationship between drug loading
and the number the (MMT-PPPB-CHA)n bilayers (Figure S6), CHA release curves of (MMT-CHA)n
and (MMT-PPPB-CHA)n coating (Figure S7), S. aureus and E. coli after treatment with (MMT-PPPB-
CHA)n coating for 2 h (Figures S8 and S9), concentrations of S. aureus and E. coli after incubating
with (MMT-PPPB-CHA)n coating (Figures S10 and S11), the growth of S. aureus and E. coli in infected
wound tissues after 14 days of different treatments (Figure S12).
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Abstract: Zinc oxide nanoparticles (ZnONPs) are inorganic nano-biomaterials with excellent an-
timicrobial properties. However, their effects on the anti-infection ability of the innate immune
system remains poorly understood. The aim of the present study was to explore the potential
immunomodulatory effects of ZnONPs on the innate immune system, represented by polymor-
phonuclear leukocytes (PMNs), and determine whether they can act synergistically to resist pathogen
infections. In vitro experiment showed that ZnONPs not only exhibit obvious antibacterial activ-
ity at biocompatible concentrations but also enhance the antibacterial property of PMNs. In vivo
experiments demonstrated the antibacterial effect of ZnONPs, accompanied by more infiltration
of subcutaneous immune cells. Further ex vivo and in vitro experiments revealed that ZnONPs
enhanced the migration of PMNs, promoted their bacterial phagocytosis efficiency, proinflammatory
cytokine (TNF-α, IL-1β, and IL-6) expression, and reactive oxygen species (ROS) production. In
summary, this study revealed potential synergistic effects of ZnONPs on PMNs to resist pathogen
infection and the underlying mechanisms. The findings suggest that attempts should be made to
fabricate and apply biomaterials in order to maximize their synergy with the innate immune system,
thus promoting the host’s resistance to pathogen invasion.

Keywords: antimicrobial property; polymorphonuclear leukocyte; synergistic effect; zinc oxide
nanoparticle

1. Introduction

Pathogenic bacterial infections in the orthopedic field, including implant and peripros-
thetic joint infections, constitute common clinical challenges that require repeated surgery
and time-consuming therapy [1]. The incidence of orthopedic device infections varies from
2% to 5% clinically [2], and the dominating pathogens are Staphylococcus species, particu-
larly Staphylococcus aureus (S. aureus) [3]. Devastating outcomes along with unacceptable
economic burden are usually associated with implant and periprosthetic joint infections [4].

The immune system plays a crucial role in controlling pathogenic infections [5,6], as
it is the body’s main line of defense against pathogen invasions. Specifically, polymor-
phonuclear leukocytes (PMNs or neutrophils) are among the cell types that are mobilized
as a part of the host’s innate immune response in the initial stages, toward the site of
infection [7]. PMNs can effectively neutralize pathogens through various mechanisms,
including phagocytosis [8], chemotaxis [9], and superoxide production [10], thereby effec-
tively preventing the development of infections. Hence, a fully functional PMN response
represents a fundamental component of the host immune response to invading pathogens.
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Recently, the emergence of nanoparticle-based antimicrobial agents has provided a
new paradigm for antimicrobial treatments. These agents, including gold [11], silver [12],
and copper [13] nanoparticles, possess good antibacterial properties in vitro. However, they
are often criticized for their lack of corresponding effects in vivo [14]. Several studies have
demonstrated limited in vivo antibacterial effects of implants coated with antimicrobial
nanoparticles; thus, redundant efforts have been made for complicated modifications
that are associated with high cost and erratic yield [15,16]. During bacterial infections,
the phagocytic immune response can be suppressed by virulence factors liberated by
bacteria [17,18]. Bacterial biofilms on implants can also impair microbial eradication by
inhibiting phagocytosis of immune cells [19]. However, the present practice of nanoparticle-
based antimicrobial treatment invariably neglects the restoration of immunosuppression,
which may explain the inability of nanoparticles to maximize their antibacterial effects
in vivo. Knowledge of interaction between nanoparticles and the immune system will help
reduce in vivo applications of these agents. In other words, the development of agents
that can mobilize or enhance the antibacterial ability of the body’s immune system and
simultaneously have superior antibacterial properties might be a breakthrough in the
anti-infection research of nanomaterials [20–22].

Zinc oxide nanoparticles (ZnONPs) constitute a common type of nanoparticle with ex-
cellent antimicrobial properties [23,24]. They have the ability to mobilize immunoreaction.
ZnONPs reportedly promote the proinflammatory response by activating monocytes [25]
and releasing interleukin-8 by human bronchial epithelial cells [26]. There is also evidence
that ZnONPs enhance the ability of PMNs to exert phagocytosis and degranulation [27–29].
The nanocomposites of ZnO/Ag nanoparticles armed in chitosan/polyethylene oxide
nanofibers have been successfully applied to exert synergic antibacterial effect with fi-
broblast cells [30]. Nonetheless, the actual effect of the interaction between ZnONPs and
the innate immune system in the context of protecting the host from pathogenic infection
remains unclear [31–33].

Considering that the neutrophils are the first-line responders of the host’s innate im-
mune system [5–7], the exploration of the antibacterial effect under the interaction between
ZnONPs and neutrophils may be a paradigm for the future application of nanomaterials
that act synergistically with the host immune system to eliminate bacteria in early infection
stages. In this study, in vitro nanoparticle–PMN–bacterial co-culture and in vivo S. aureus-
infected air pouch models were utilized to explore the potential effects and underlying
mechanisms of ZnONPs on neutrophils to resist pathogen infection.

2. Materials and Methods

2.1. Materials
2.1.1. Characterization of ZnONP Nanoparticles

ZnO nanoparticle dispersions with an average particle size of <20 nm were purchased
from Maogon Nano (Shanghai, China). Particle morphology and size were characterized
using TEM (JSM-IT200; JEOL, Tokyo, Japan). The chemical constituents and states of the
elements were characterized by XPS (Escalab 250Xi; Thermo Fisher Scientific, Waltham,
MA, USA).

2.1.2. Human PMN Isolation

This study was conducted in accordance with the principles of the Declaration of
Helsinki, and ethical approval was granted by the review board of our institution. Hep-
arinized venous blood was obtained from healthy volunteers after informed consent was
obtained. PMNs were isolated by the neutrophil separating Kit (Solarbio, Beijing, China)
using the gradient density centrifugation method [34]. Briefly, 4 mL of Solution A, 2 mL
of Solution C, and 4 mL of heparinized human venous blood were successively added
into a 15 mL centrifuge tube. Then, the tube was centrifuged at 610× g for 30 min with
the lowest accelerated and retarded speeds. The neutrophils were carefully removed into
another 15 mL centrifuge tube, resuspended with 5 mL Red Blood Cell Lysis Buffer, reacted
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for 5 min, and centrifuged at 250× g for 10 min. After discarding the supernatant, the
neutrophils were then resuspended with 5 mL of PBS (Ca2+/Mg2+ free) and centrifuged at
250× g for 10 min. The remaining neutrophils were finally resuspended with RPMI-1640
culture medium. Cell viability was determined by trypan blue exclusion method.

2.1.3. Bacterial Preparation

Freeze-dried gram-positive S. aureus (ATCC 43300) was acquired from the American
Type Culture Collection (Manassas, VA, USA). Before each experiment, the bacteria were
inoculated onto sheep blood agar plates and grown overnight at 37 ◦C. An individual
colony was then selected, transferred into 4 mL of fresh trypticase soy broth (TSB) medium,
and incubated on an orbital shaker overnight at 37 ◦C. The bacterial density was estimated
by optical density (OD) at a wavelength of 600 nm and was finally maintained at 0.8–1.0.
The bacteria were gradually diluted for subsequent experiments.

2.2. Biocompatibility Evaluation

Using a 96-well plate, PMN (1 × 105 per well) suspensions were incubated in RPMI-
1640 complete culture medium (Hyclone Laboratories Inc., Logan, UT, USA) with ZnONPs
included at various concentrations (0, 25, 50, 100, and 200 μg mL−1) at 37 ◦C in a humidified
atmosphere containing 5% CO2. After co-culturing for 4 h, the medium was substituted
with 0.1 mL RPMI-1640 culture medium. Next, 10 μL of CCK-8 solution (Dojindo, Ku-
mamoto, Japan) was added to each well and incubated at 37 ◦C for 1 h. Finally, the plate
was assessed with a microplate reader (Thermo Fisher Scientific, Waltham, USA) at a
wavelength of 450 nm. An LDH leakage assay was also performed using an LDH assay kit
(Beyotime, Shanghai, China), according to the manufacturer’s protocol.

2.3. In Vitro Antibacterial Evaluation

To assess the antibacterial activity of ZnONPs, 1 mL of bacterial suspension
(1 × 105 CFU mL−1) was incubated with ZnONPs (0, 25, 50, and 100 μg mL−1) in
24-well plates at 37 ◦C for 4 h. The SPM was then used to evaluate the bacterial count
of the culture medium with different nanoparticle concentrations. To further assess the
antibacterial activity of PMNs under the influence of ZnONPs, 1-mL PMN suspensions
(1 × 105 cells mL−1) were incubated with bacteria (1 × 105 CFU mL−1) and ZnONPs (0, 25,
50, and 100 μg mL−1) in 24-well plates at 37 ◦C for 4 h. SPM was also used to estimate the
bacterial count, which was presented as log10 CFU.

2.4. In Vivo S. aureus-Infected Air Pouch Model
2.4.1. In Vivo S. aureus Infected-Air Pouch Model

The animal operations were approved by our Animal Care and Experiment Committee
and performed in accordance with the NIH Guide for Care and Use of Laboratory Animals
guidelines. Twenty-four 8-week-old female Sprague–Dawley (SD) rats were acclimated
for 1 week under standard conditions. Before each operation, the rats were anesthetized
intraperitoneally with 3% pentobarbital sodium. The operation area was located at the
intra-scapular area, which was shaved and sterilized twice with 70% ethanol. Using a
20 mL syringe and a 0.2 μm sterile filter, 20 mL of sterile air was injected subcutaneously
to generate an air pouch. Three days later, the rats were anesthetized again, and an
additional 10 mL of sterile air was injected to maintain the air pouch. Six days after
the first injection, the rats were randomly divided into four groups (n = 6): control group,
S. aureus-infected group, 50 μg mL−1 ZnONPs + S. aureus-infected group, and 100 μg mL−1

ZnONPs + S. aureus-infected group. Next, 2 mL of PBS, S. aureus (1 × 107 CFU mL−1) with
ZnONPs (50 μg mL−1), and S. aureus (1 × 107 CFU mL−1) with ZnONPs (100 μg mL−1)
were injected into the air pouches of each group member.
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2.4.2. In Vivo Microbiological Assessment

The exudate and the tissue of the air pouch was harvested 24 h after the final injection.
Briefly, before six rats from each group were euthanized, 5 mL of sterile PBS was injected
into the air pouch, and the contents were mixed by massaging them gently. A sagittal
incision was made to collect the total volume of the exudate. The number of bacteria was
calculated using the SPM.

2.4.3. Histological Study

Three rats from each group were euthanized, and partial full-thickness skin within
the air pouch area was harvested and fixed with 10% paraformaldehyde solution at room
temperature. After being washed with fresh PBS, the skin samples were dehydrated with
an alcohol gradient and embedded in paraffin. Histological sections were then prepared
using a sledge microtome (Leica, Hamburg, Germany). Finally, sample sections were
deparaffinized with a xylene solution, subjected to H&E and Giemsa staining, and observed
under an optical microscope (Nikon, Tokyo, Japan).

2.5. In Vitro Mechanism Study
2.5.1. Chemotactic Migration of PMNs

For the chemotactic migration assay, RPMI-1640 complete medium loaded with
1 × 105 PMNs and various concentrations of ZnONPs (0, 25, 50, and 100 μg mL−1) in
a volume of 0.2 mL were added into the upper chambers of 24-well transwell plates (pore
size: 3 μm; Corning, NY, USA). The lower chamber was loaded with 0.5 mL of RPMI-1640
complete medium containing various concentrations of ZnONPs (0, 25, 50, and 100 μg
mL−1) and bacterial suspensions (1 × 106 CFU mL−1). After being incubated for 2 h at
37 ◦C, the non-migrating PMNs were carefully removed using a swab. The migrated PMNs
in the membrane were dipped in 4% paraformaldehyde for 10 min, transferred into 0.1%
crystal violet for 15 min and gently washed thrice with PBS. The chambers were viewed
under an optical microscope (Nikon, Tokyo, Japan).

2.5.2. Quantitative Real-Time PCR Detection of Proinflammatory Cytokines Released by
PMNs In Vitro

To evaluate the expression of tumor necrosis factor (TNF)-α), interleukin (IL)-1β, and
IL-6, 1 mL of 1 × 106 PMNs was incubated with various concentrations of ZnONPs (0, 25, 50,
and 100 μg mL−1) and a bacterial suspension (1 × 107 CFU mL−1) in 24-well plates at 37 ◦C
for 4 h. The culture medium was then centrifuged at 250× g for 10 min and resuspended
in TRIzol reagent (Invitrogen, Waltham, MA, USA). Total RNA from PMNs was extracted
and quantified according to the manufacturer’s protocol. Total RNA (1 μg) was reverse
transcribed into cDNA using the PrimeScript RT reagent Kit (TaKaRa, Shiga, Japan). RT-
qPCR was performed using SYBR Premix Ex Taq (Takara) with a LightCycler480 system
(Roche, Mannheim, Germany).

2.5.3. Detection of Phagocytosis of PMNs Isolated from Human Whole Blood Using a
Bacteria–Blood–ZnONPs Co-Culture Model

Whole blood (0.5 mL) was mixed with bacteria (1 × 107 CFU mL−1) and ZnONPs (0,
25, 50, and 100 μg mL−1), and subsequently incubated in a 24-well plate at 37 ◦C for 0, 5, 15,
30, 45, 60, and 90 min. At each time point, three random sample smears for each group were
created for Wright–Giemsa staining and observed under an optical microscope (Nikon,
Tokyo, Japan). The phagocytosis rate was calculated as follows. Six isolated microscopic
fields were evaluated for each group at each time point. The number of phagocytosed,
adherent, and dissociated bacteria within 10 μm of a PMN was counted. Phagocytosis rate
of PMN (%) = (phagocytosed count/the sum of phagocytosed, bound, and dissociated
bacteria count) × 100.
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2.5.4. Cell Lysis of PMNs during the Antibacterial Process

A 10-μL suspension of bacteria (1 × 107 CFU mL−1) was added to 0.1 mL of PMNs
(1 × 105 cells mL−1) and co-cultured with various concentrations of ZnONPs (0, 25, 50,
and 100 μg mL−1) in 96-well plates at 37 ◦C for 1.5 h. LDH release was detected by an
LDH assay kit (Beyotime, Shanghai, China). The evaluation was based on the OD value
at a wavelength of 490 nm. Cell lysis rate (%) = (experimental group–control group)/(cell
disruption group–control group).

2.5.5. Reactive Oxygen Species (ROS) Production by PMNs In Vitro

ROS production was measured by a ROS assay kit (Beyotime, Shanghai, China). To
evaluate the influence of ZnONPs on the capacity of PMNs to produce ROS, 0.1 mL of the
latter (1 × 105 mL−1 cells mL−1) was co-cultured with ZnONPs (0, 25, 50, and 100 μg mL−1)
in 96-well plates at 37 ◦C for 1.5 h. To evaluate the effect of ZnONPs on the capacity of
PMNs to produce ROS during the antibacterial process, 10 μL of a bacterial suspension
(1 × 107 CFU mL−1) was added simultaneously. Next, 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA) diluted with serum-free RPMI-1640 medium was added into each
well at a final concentration of 10 μM. After an additional incubation time of 30 min in the
dark, the cells were centrifuged and washed twice with PBS to remove the residual DCFH-
DA. Fluorescence intensity was examined under an inverted fluorescence microscope,
and quantitative measurements were conducted using a fluorescence microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA).

2.5.6. Superoxide Production by PMNs In Vitro

Following the manufacturer’s protocol for the Superoxide Assay Kit (Beyotime, Shang-
hai, China), PMNs were collected, centrifuged, and resuspended in a 0.2 mL working
solution at a final concentration of 1 × 105 cells mL−1. The PMNs were then incubated with
various concentrations of ZnONPs (0, 25, 50, and 100 μg mL−1) in 96-well plates, with or
without bacteria (1 × 106 CFU mL−1), for 2 h. The OD value was measured at a wavelength
of 450 nm.

2.5.7. Statistical Analysis

Experimental data were displayed as the mean ± standard deviation. Statistical
analyses were conducted by one-way analysis of variance and two-tailed Student’s t-test.
SPSS software (version 25.0, IBM Corp, Armonk, NY, USA) was used to perform statistical
analyses. Significance was set at a p value < 0.05.

3. Results

3.1. Characterization of ZnONPs

The transmission electron microscopy (TEM) results showed that the nanostructured
ZnONPs had a particle size of approximately 20 nm (Figure 1A). The elemental compo-
sition of the ZnONPs was further determined by X-ray photoelectron spectroscopy (XPS;
Figure 1B,C). Results showed that the binding energies of Zn2p were at 1044.6 eV for Zn2p1
and 1021.5 eV for Zn2p3, indicative of the characteristic Zn signals.
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Figure 1. Material characterization of zinc oxide nanoparticles (ZnONPs). (A) Transmission electron
microscopy of ZnONPs. (B,C) X-ray photoelectron spectroscopy showed the elementary composition
of ZnONPs.

3.2. In Vitro Biocompatibility Evaluation of ZnONPs

PMN cell viability was detected following incubation with ZnONPs, using the CCK-
8 assay (Figure 2A). After 4 h of incubation, ZnONPs at concentrations of 25, 50, and
100 μg mL−1 did not significantly affect the viability of PMNs compared with the control
group, whereas 200 μg mL−1 resulted in significantly decreased viability. This was further
verified by a lactate dehydrogenase (LDH) leakage assay (Figure 2B). LDH release was
equivalent between the control group and the groups treated with ZnONPs at 25, 50, and
100 μg mL−1; however, it was increased significantly in the group treated with 200 μg mL−1

ZnONP. Therefore, concentrations of 25, 50, and 100 μg mL−1 were used in subsequent
experiments.

Figure 2. Cytotoxicity of zinc oxide nanoparticles (ZnONPs) on polymorphonuclear neutrophils
(PMNs). (A) Relative cell viability of PMNs after co-culture with ZnONPs at various concentrations
(0, 25, 50, 100, 200 μg mL−1) for 4 h using CCK-8 assay. (B) Lactate dehydrogenase (LDH) release
of PMNs treated with ZnONPs at various concentrations (0, 25, 50, 100, 200 μg mL−1) for 4 h.
*** p < 0.001.

3.3. In Vitro Antimicrobial Evaluation of ZnONPs and PMNs

Antibacterial activity was verified using the spread-plate method (SPM) and demonstrated
using log10 CFU mL−1 values. After 4 h of incubation, the ZnONP-treated groups showed
obvious antibacterial activity compared with the positive control group (Figure 3A,B). This
effect was more obvious in the group treated with a ZnONP concentration of 100 μg mL−1

than in the other two groups (25 and 50 μg mL−1). The bacterial count decreased in the
PMN-treated group. Interestingly, the bacterial counts decreased further in the PMN-
treated groups under the influence of ZnONPs at various concentrations and this decrease
presented in a dose-dependent manner.
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Figure 3. In vitro evaluation of the antibacterial activity elicited by zinc oxide nanoparticles (ZnONPs)
alone and polymorphonuclear neutrophils (PMNs) treated with ZnONPs for 4 h. (A) Representative
photos of the blood plate medium used for co-culturing of Staphylococcus aureus and ZnONPs (0, 25,
50, 100 μg mL−1), with or without PMNs. (B) Quantitative evaluation using spread-plate method
(SPM). *** p < 0.001.

3.4. In Vivo Antibacterial Evaluation of ZnONPs Using the Infected Air Pouch Model

The bacterial count of the lavage harvested from the air pouch was evaluated using
SPM. The bacterial count decreased in the ZnONP groups in a concentration-dependent
manner compared to the positive control group (Figure 4A). This was further verified by
quantitative analysis using log10 CFU mL−1 values (Figure 4B). These results indicate that
ZnONPs exhibit antibacterial activity in vivo.

 

Figure 4. In vivo anti-bacteria activity of zinc oxide nanoparticles (ZnONPs) using the air pouch
model infected with Staphylococcus aureus for 24 h. (A) Representative photos of the blood plate
medium used for lavage harvest from the air pouch of groups treated with ZnONPs (0, 50,
100 μg mL−1). (B) Quantitative evaluation of the bacteria counts. *** p < 0.001.

3.5. Histological Evaluation of the S. aureus-Infected Air Pouch Model

Hematoxylin and eosin (H&E) staining, and Giemsa staining, were performed for the
histological examination of the harvested air pouch (Figure 5). In the H&E stained slices,
immune cell infiltration was the lowest in the control group, while the an obvious immune
cell infiltration was observed in the bacteria-infected group; this effect was promoted by
ZnONPs treatment, in a concentration-dependent manner. Moreover, the Giemsa staining
results also reflected the antibacterial function of ZnONPs, with more bacteria observed in
the bacteria-infected group, fewer observed in the ZnONP-treated groups, and no bacteria
detected in the control group.
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Figure 5. Histological evaluation of the full-thickness skin harvested from the air pouch after 24 h of
the establishment of the model. Hematoxylin and eosin staining (50×, 100×, 200×, 400×) showed
the neutrophil infiltration, and Giemsa staining (400×) mainly showed bacteria residual of the control
group and infected groups treated with ZnONPs (0, 50, 100 μg mL−1). Red arrows indicated the
bacteria residual.

3.6. ZnONP Treatment Enhances PMN Migration and Cytokine Expression In Vitro

The transwell assay facilitated the detection of PMN migration activity under the
influence of ZnONP nanoparticles. The number of PMNs that migrated through the
membrane increased in following treatment with ZnONP, in a concentration-dependent
manner (Figure 6A). The quantitative cell count in the transwell test also reflected this
result (Figure 6B). Further, the ZnONP, PMN, and bacteria co-culture increased the mRNA
expression of inflammation-related cytokines (TNF-α, IL-1β, and IL-6) in a dose-dependent
manner (Figure 6C–E). These results suggest that ZnONPs promote PMN migration and
proinflammatory cytokine expression.
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Figure 6. Cell migration and proinflammatory cytokine mRNA expression of polymorphonuclear
neutrophils (PMNs) in the presence of bacteria treated with zinc oxide nanoparticles (ZnONPs).
(A) Representative images of transwell tests demonstrating cell migration under the influence of
Staphylococcus aureus and ZnONPs (0, 25, 50, 100 μg mL−1) for 2 h. (B) Quantitative calculation of
migrant PMNs. (C–E) Proinflammatory cytokine mRNA expression (TNF-α, IL-1β and IL-6) of PMNs
in co-culture with Staphylococcus aureus and ZnONPs (0, 25, 50, 100 μg mL−1) for 4 h. ** p < 0.01,
*** p < 0.001.

3.7. ZnONPs Increase Phagocytosis of Bacteria by PMNs in Human Whole Blood

To further explore the effects of ZnONPs on PMNs, a phagocytosis assay was con-
ducted with human whole blood (Figure 7A). In the established bacteria–blood–ZnONP
co-culture model, the number of bacteria ingested by PMNs increased gradually with incu-
bation time. Meanwhile, the number of bacteria phagocytosed by PMNs was significantly
increased in co-cultures with ZnONPs.

The mean phagocytosis rates of the untreated group and ZnONPs treated groups (0,
25, 50, and 100 μg mL−1) were 8%, 10%, 10%, and 11%, respectively, at 5 min; 25%, 26%,
30%, and 33%, respectively, at 15 min; 40%, 50%, 53%, and 62%, respectively, at 30 min;
47%, 61%, 72%, and 80%, respectively, at 45 min; 54%, 65%, 77%, and 88%, respectively,
at 60 min; and 55%, 66%, 78%, and 89%, respectively, at 90 min. The overall trend of the
phagocytosis rate was the lowest in the untreated group and higher in the ZnONP groups,
in a concentration-dependent manner, with a more significant effect observed after 30 min
of incubation (Figure 7B), indicating that ZnONPs demonstrated a synergistic immune
regulatory function with PMNs by promoting phagocytosis.
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Figure 7. Phagocytosis of Staphylococcus aureus by polymorphonuclear neutrophils (PMNs) isolated
from human whole blood, and PMN lysis rate, under co-culture with zinc oxide nanoparticles
(ZnONPs). (A) Representative micrographs (1000×) of phagocytosis following Wright–Giemsa
staining during continuous incubation (5, 15, 30, 45, 60, 90 min) with ZnONP (0, 25, 50, 100 μg mL−1)
treatment. (B) Phagocytosis rate of Staphylococcus aureus by PMNs. * 25 μg mL−1 group versus
0 μg mL−1 group, & 50 μg mL−1 group versus 0 μg mL−1 group, #100 μg mL−1 group versus
0 μg mL−1 group; *, &, # p < 0.05; **, ##, && p < 0.01; ***, &&&, ### p < 0.001. (C) Cell lysis rate of
PMNs after co-culturing with Staphylococcus aureus and ZnONPs (0, 25, 50, 100 μg mL−1). *** p < 0.001,
n.s. represents no statistical significance.

3.8. ZnONPs Cause Slight Decrease in Lysis of PMNs Isolated from Human Whole Blood

The degree of PMN lysis was also determined with the average PMN lysis rate found
to be 14.6%, 9.3%, 12.5%, and 12.1% in groups treated with ZnONP concentrations of 0, 25,
50, and 100 μg mL−1, respectively (Figure 7C). Thus, ZnONPs slightly, yet significantly,
attenuated the degree of PMN lysis.

3.9. ZnONPs Activate PMN ROS and Superoxide Production In Vitro

To further investigate the enhanced antibacterial effect of PMNs in the presence of
ZnONPs, as well as the mechanism of their synergistic effects on the immune system, ROS
and superoxide production were detected. Fluorescence levels were negligible in the un-
treated group, with a slight increase observed following incubation of PMNs with ZnONPs
(Figure 8A). Co-culturing with bacteria also induced an increase in ROS production by
PMNs; however, this effect was amplified in the presence of ZnONPs, in a concentration-
dependent manner. These results were confirmed by quantitative measurement of ROS
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fluorescence (Figure 8B). Moreover, superoxide production exhibited a similar tendency
to that observed for ROS production (Figure 8C). These results suggest that the enhanced
antibacterial effect elicited by PMNs, following co-culture with ZnONPs, may be due to
increased production of ROS and superoxide.

Figure 8. ROS and superoxide production by polymorphonuclear neutrophils (PMNs) after co-
culturing with zinc oxide nanoparticles (ZnONPs), with or without bacteria. (A) Representative
fluorescent images of ROS production in PMNs after 2 h of incubation with ZnONPs (0, 25, 50,
100 μg mL−1), with or without Staphylococcus aureus. (B,C) Quantitative fluorescence measurement
of ROS and superoxide (O2−) production by PMNs after 2 h of incubation with ZnONPs (0, 25, 50,
100 μg mL−1), with or without Staphylococcus aureus. * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion

In this study, we found that during bacterial infection, ZnONPs enhance the antibacte-
rial property of PMNs, alleviate subcutaneous immune cell infiltration in vivo, enhance
PMNs migration, improve bacterial phagocytosis efficiency of PMNs, promote PMNs
to express the proinflammatory cytokines (TNF-α, IL-1β, and IL-6), and facilitate reac-
tive oxygen species (ROS) production of PMNs. ZnONPs reportedly possess excellent
antimicrobial properties, and they have been applied as antibacterial agents to prevent
indwelling device infections [35,36]. Nanoparticles of various particle sizes, generally from
5 to 300 nm, have been reported to possess sufficient antimicrobial properties [37,38]. The
antibacterial activity of ZnONPs is size dependent—ZnONPs of smaller particle sizes can
easily penetrate bacterial membranes because of the large interfacial area [39]. However, de-
creased particle size inevitably affects biocompatibility [40]. The mechanism of cytotoxicity
attributed to the dissolution of ZnONPs and the generation of ROS [20]. In this study, the
particle size of ZnONPs was 20 nm, and these particles showed a good antibacterial efficacy
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in vitro. The chosen particle size is for the balance between antimicrobial properties and
cell viability. Indeed, previous studies have confirmed that 20-nm ZnONPs at adequate
concentrations possessed good biocompatibility [21]. The antimicrobial properties and
biocompatibility are also influenced by nanoparticle concentration. Thus, we verified
the cytocompatibility of ZnONPs and found no distinct cytotoxicity at a concentration
gradient of below 100 μg mL−1. This result is consistent with the findings of previous
studies, which set 100 μg mL−1 as the default biosafety concentration for PMNs [27–29].
Thus, the antibacterial effect and biocompatibility determined in this study equilibrated at
the chosen concentrations.

Neutrophils are among the cell types that are mobilized as a part of the host’s innate
immune response in the early stages; they act as first-line responders against pathogenic
invasion [5–7]. Here, we found that the combination of ZnONPs and PMNs further reduced
bacterial load in vitro. An in vitro study showed that ZnONPs enhance the phagocytosis
of human neutrophils [27]. Another study reported that ZnONPs positively modulate
the degranulation process in human neutrophils [28]. Several studies have also demon-
strated the pro-inflammatory effect of ZnONPs on the innate immune system including
macrophages [21,41]. Given the positive immunoregulation and pro-inflammatory effect
of ZnONPs on neutrophils, they may exert a synergistic antibacterial effect, rather than
exerting the effect independently. To further manifest the antibacterial effect of ZnONPs
in vivo, we applied an S. aureus-infected air pouch model—a typical model to determine
the antibacterial property of certain agents and reflect acute inflammation [42]. The re-
sults showed that ZnONPs significantly reduced bacterial count in the harvested exudate;
Giemsa staining also showed a decrease in bacterial proportion in the subcutaneous tissue
within the air pouch. These results were consistent with those of in vitro experiments. A
previous study has also demonstrated that ZnONPs significantly attenuated the severity
of infection in a localized soft tissue infection model owing to their antimicrobial prop-
erty [43]. Interestingly, even though bacterial burden was relieved under the intervention
of ZnONPs, the subcutaneous immune cell infiltration was increased following ZnONP
intervention, which indicated a potential promotion effect of ZnONPs on the innate im-
mune system. It is worth mentioning that although local bacterial burden was relieved by
ZnONPs, substances released by multiple bacteria may still trigger immune cell migration.
Nevertheless, the exact effect of ZnONPs on neutrophils during antibacterial process needs
further verification.

When encountering local pathogen infection, the host exerts inflammatory responses by
recruiting multiple immune cells from the blood, nearly 70% of which are neutrophils—the
first leukocytes to be recruited to an infected site [7,44,45]. Excessive mobilization and re-
cruitment of neutrophils are a prerequisite for local tissue cell infiltration [44,46]. The results
of the Transwell assay in our study showed that ZnONPs significantly facilitated neutrophil
recruitment. This effect was possibly mediated by the release of zinc ions that dissolved
from ZnONPs in aqueous medium [47,48]. During the neutrophil recruitment cascade, neu-
trophils in the circulation are mobilized by the change in the surface of endothelium. This
process results from the stimulation of inflammatory mediators, including cytokines that
are released from tissue-resident neutrophils in contact with bacteria [7]. Using the ZnONP,
PMN, and bacterial co-culture system, we proved that ZnONPs enhanced proinflammatory
cytokine expression in PMNs at the mRNA level. Although a few studies have reported the
proinflammatory effect of ZnONPs on PMNs during antibacterial process, several studies
have demonstrated proinflammatory properties of ZnONPs on other types of immune cells.
Poon et al. [25] proved that ZnONPs enhanced TNF-α and IL-1β expression in THP-1 (acute
monocytic human leukemia) cells. ZnONPs were also found to stimulate macrophages and
primary dendritic cells to release TNF-α and IL-6 [21]. Roy et al. [41] demonstrated that
ZnONP-activated macrophages upregulated TNF-α, IL-1β, and IL-6 expression depending
on MAPK signaling. Excessive production of proinflammatory cytokines could further
trigger consecutive antibacterial actions of neutrophils including immune cell recruitment,
phagocytosis, and ROS production [49].
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After reaching the inflammatory site and experiencing multiple stimuli, neutrophils
are more activated as phagocytic cells than circulating neutrophils [46]. Multitudinous
of stimuli within the inflammatory site, such as lipopolysaccharide, chemokines, and
cytokines, will facilitate neutrophils to mount an increased activation following successive
stimuli [50]. However, in the orthopedic field, conditions become more complex. This
is because in early-stage infections after orthopedic surgery, bleeding around indwelling
devices caused by surgical operation invariably constitutes a unique microenvironment. In
this circumstance, the blood becomes a medium where interaction occurs between implants,
neutrophils, and pathogens. To further evaluate the effect of ZnONPs on phagocytic
behavior of neutrophils, and to best simulate in vivo conditions, phagocytosis, one of the
core functions of neutrophils in eliminating pathogens [50], was evaluated using the ex
vivo bacteria–blood–ZnONP co-culture model. The results demonstrated that ZnONPs
enhanced the efficiency of PMNs to phagocytose bacteria. This promoting effect is in
accordance with a previous study finding that ZnONPs increase the ability of neutrophils
to phagocytose sheep red blood cells and fluorescent latex beads [27]. Indeed, an increased
phagocytic capacity of macrophages promoted by zinc ions is a common finding both
in vitro and in vivo [41,51,52]. In this study, neutrophils gathered within the inflammatory
site were activated and behaved as phagocytic cells. Zinc ions released from ZnONPs
may concentrate within the phagolysosomes of activated neutrophils to form a high zinc
concentration environment, thus exerting an enhanced bactericidal efficiency through
specific mechanisms, for example, the destruction of the Fe-S cluster [53,54]. It is worth
mentioning that the rapid phagosomal maturation and phagocytosis within neutrophils are
not perfect processes; thus, oxidative products and cytolytic contents may be released from
the cells, damaging the surrounding tissues. Unexpectedly, we confirmed the protective
effect of ZnONPs on PMNs via a slight decrease in cell lysis rate during antibacterial
process. This cytoprotective effect might be explained by the results of Girard et al. [29],
who demonstrated a delayed neutrophil apoptotic effect under the influence of ZnONPs
through a de novo protein synthesis-dependent mechanism.

After the encapsulation of bacteria in phagosomes, one of the essential mechanisms of
immune cells is to kill them in a nicotinamide adenine dinucleotide phosphate (NADPH)
oxygenase-dependent manner [46], also referred to as the respiratory burst. During this
process, ROS are a vital weapon for neutrophils as they contribute to the destruction
of bacteria [10], whereas superoxide anions serve as the initiating switch leading to the
generation of ROS [49]. In this study, neither ZnONPs nor bacterial cells alone induced
significantly enhanced ROS or superoxide production by PMNs. In this context, previous
studies have proved that ZnONPs at bio-safe concentrations will not directly enhance ROS
production in neutrophils [29]. We further observed that ROS and superoxide anions
were mass-produced under the presence of both ZnONPs and bacteria. Under such
circumstances, ZnONPs are more likely to function as priming agents, which might trigger
certain pathways of PMNs, thereby increasing ROS production. It is worth noting that
NOX2 functions as the catalytic unit of NADPH oxidase, which is an essential protein in
ROS and superoxide production. [55] Hence, we speculated that ZnONPs might improve
ROS production through NOX2-related mechanisms. In addition, NF-κB-related genes also
play a role in stimulating ROS production, [56] and ZnONPs can reportedly activate NF-κB
signaling in THP-1 cells [57]. However, further studies are required to clarify the precise
mechanism underlying the promotion of ROS production.

This study has proved the potential synergistic effects of ZnONPs on PMNs to re-
sist pathogen infection. Further research should be devoted to reducing the toxicity of
ZnONPs through various methods, including forming complexes with substances such as
chitosan [30], or embedding on implant surfaces [43]. These attempts may be expected to
increase the concentration of ZnONPs within the biosafety range, thus achieving a better
bactericidal effect. On the other hand, how to further increase immune cell infiltration in
the infected site is also an urgent problem. ZnONPs were reportedly produce massive ROS
under ultraviolet irradiation [24]. A possible paradigm is to use UV light irradiation at
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specific times to induce local neutrophil apoptosis, which is expected to further trigger
immune cell recruitment [33]. In addition, ZnONPs applied on the animal model of subcu-
taneous soft tissue infection were proved to be effective in this study. We believe that these
results will be equally valid in other models including humans; however, further research
is needed. This study had certain limitations. First, neutrophils are not the only immune
cells in the innate immune system. Indeed, many cells, including macrophages, play a
crucial role in anti-infection immunity [41,52]. Hence, focusing exclusively on neutrophil
function could have resulted in a lack of comprehensiveness. Second, the antibacterial
effect of PMNs is not limited to phagocytosis and ROS production. Other mechanisms
including neutrophil extracellular traps [8] and degranulation [28] are of importance, and
they were not explored in this study.

5. Conclusions

ZnONPs have potential synergistic effects on neutrophils to resist pathogen infection
along with promoting neutrophil migration, proinflammatory cytokine mRNA expression,
phagocytosis, and ROS production. The findings help to fabricate and apply biomaterials
in order to maximize their synergy with the innate immune system, thus promoting the
host’s resistance to pathogen invasion.
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Abstract: Plasma electrolytic oxidation (PEO) is widely used as a surface modification method to
enhance the corrosion resistance of Mg alloy, the most likely applied biodegradable material used
in orthopedic implants. However, the pores and cracks easily formed on the PEO surface are un-
favorable for long-term corrosion resistance. In this study, to solve this problem, we used simple
immersion processes to construct Mn and Fe oxyhydroxide duplex layers on the PEO-treated AZ31
(PEO–Mn/Fe). As control groups, single Mn and Fe oxyhydroxide layers were also fabricated on PEO
(denoted as PEO–Mn and PEO–Fe, respectively). PEO–Mn showed a similar porous morphology
to the PEO sample. However, the PEO–Fe and PEO–Mn/Fe films completely sealed the pores on
the PEO surfaces, and no cracks were observed even after the samples were immersed in water
for 7 days. Compared with PEO, PEO–Mn, and PEO–Fe, PEO–Mn/Fe exhibited a significantly
lower self-corrosion current, suggesting better corrosion resistance. In vitro C3H10T1/2 cell cul-
ture showed that PEO–Fe/Mn promoted the best cell growth, alkaline phosphatase activity, and
bone-related gene expression. Furthermore, the rat femur implantation experiment showed that
PEO–Fe/Mn–coated Mg showed the best bone regeneration and osteointegration abilities. Owing to
enhanced corrosion resistance and osteogenesis, the PEO–Fe/Mn film on Mg alloy is promising for
orthopedic applications.

Keywords: biomedical magnesium alloy; corrosion resistance; bone repair; surface modification

1. Introduction

To date, the most widely and successfully used clinical orthopedic biomaterials are
metals such as Ti, Ti alloys, Co–Cr alloy, and 316 stainless steel, owing to their good
mechanical properties and biocompatibility [1–3]. However, long-term clinical studies have
revealed several drawbacks to these non-degradable metals, including stress-shielding
effects, host response, and inflammation caused by elastic modulus mismatch, permanent
implantation, and wear particles, respectively [4–6]. To avoid these drawbacks, researchers
have focused on biodegradable Mg, which is considered a next-generation biomedical metal;
its elastic modulus is close to that of natural bone (41 vs. 7 to 30 GPa) [7], its low standard
electrode potential (−2.37 V vs. normal hydrogen electrode) leads to complete degradation
in fluids [8], and its mechanical strength is suitable for orthopedic implants [9,10].

However, Mg-based orthopedic implants are not applied on a large scale, mainly due
to their rapid degradation [11–13], which not only results in the reduction of mechanical
strength but also causes the accumulation of excessive OH− and H2. The former might
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lead to implantation failure, and the latter inhibits bone regeneration. Therefore, enhancing
the corrosion resistance of Mg is of great importance for its orthopedic applications.

Surface modification is effective in improving the corrosion resistance of Mg. Com-
monly used technologies for surface modification of Mg include plasma electrolytic oxida-
tion (PEO), hydrothermal treatment, spray coating, fluoride treatment, etc. [14–16]. Among
these technologies, PEO coating, performed under high voltage, is widely accepted in
the industry. The main component of PEO coating is metal oxide; therefore, it can pro-
vide favorable corrosion protection for the substrate. Moreover, high temperatures (over
2000 ◦C) on the substrate surface can melt the coating and result in strong binding forces
between the coating and substrate [17,18]. Numerous studies have treated Mg with PEO
and investigated its orthopedic applications [19,20]. Rendenbach et al. modified WE43 Mg
alloy with PEO treatment and found that the PEO-treated Mg alloy showed enhanced cor-
rosion resistance and osteointegration upon implantation in Gottingen miniature pigs [21].
However, the dielectric breakdown effect caused pore formation and cracks easily formed
and spread over the PEO coating, which is unfavorable for long-term corrosion resistance.
A study by Fischerauer et al. revealed that PEO-coated ZX50 Mg alloy vanished completely
after 12–16 weeks of implantation in rat femurs [22]. Therefore, a manner by which pores
and cracks on the PEO coating can be avoided remains a challenge for PEO-treated Mg
applications in orthopedic implants.

Mn and Fe are trace elements that participate in numerous physiological reactions. In
addition, both the ions can be adsorbed on alkaline surfaces to form hydroxide. Therefore,
in this study, we first used a simple immersing method to fabricate MnOOH and FeOOH
coatings on Mg alloy. Interestingly, we found that MnOOH did not change the surface
morphology of the PEO coating. However, for the FeOOH film, a layer of nano-sheet-like
structures formed on the PEO coating and totally sealed the pores. Hence, to obtain a
more protective oxyhydroxide coating on the Mg alloy, we designed and fabricated a
duplex Mn/Fe oxyhydroxide (with an inner MnOOH layer and an outer FeOOH layer)
on the top of the PEO coating. The corrosion resistance of the newly designed film was
investigated. Moreover, the in vitro and in vivo osteogenesis performances of the coated
Mg alloy were studied via rat bone marrow stem cell (rBMSCs) cultivation and bone
implantation experiments, respectively.

2. Materials and Methods

2.1. Sample Preparation and Characterization

AZ31 magnesium alloy sheets (with 3% Al, 0.8% Zn, 0.4% Mn, and the balance Mg)
were purchased from Suzhou plain metal materials Co., Ltd. (Suzhou, China) and cut into
pieces of 10 mm in diameter and 2 mm in length for in vitro tests and pieces of 2 mm in
diameter and 8 mm in length for in vivo tests. The AZ31 specimens were ground with
800# silicon carbide abrasive paper and then ultrasonically cleaned in ethanol. The PEO
process was conducted in the electrolyte containing 10 g/L C3H7Na2O6P and 12.5 g/L
KOH. The constant current, frequency, duty cycle, and stop voltage were 0.8 A, 1000 Hz,
10%, and 340 V, respectively. The PEO-treated specimens were then immersed in 12 g/L
of MnCl2·4H2O for 9 h, and the obtained samples were labelled as PEO–Mn. Similarly,
after immersion in 2 g/L of FeCl2·4H2O for 4 h, the samples were denoted as PEO–Fe. The
specimens first immersed in 12 g/L of MnCl2·4H2O for 9 h and then in 2 g/L of FeCl2·4H2O
for 4 h were denoted as PEO–Mn/Fe. The surface views were determined using scanning
electron microscopy (SEM; S-3400N, HITACHI, Tokyo, Japan) with a working voltage
of 15 kV and an emission current of 0.16 mA. The phase compositions were determined
using X-ray diffraction (XRD; D2PHASE, Bruker, Billerica, MA, USA) with a scanning
rate of 5◦/min and a step size of 0.02◦. Element compositions were determined using
energy dispersive spectrometry (EDS; IXRF-550i, IXRF SYSTEMS, Austin, TX, USA) with a
working voltage of 15 kV and a detection time of 15 min. X-ray photoelectron spectroscopy
(XPS; RBD upgraded PHI-5000C ESCA system, Perkin Elmer, Waltham, MA, USA) was
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conducted with an energy step size of 1 eV, a working voltage of 12 kV, and a filament
current of 6 mA.

2.2. Corrosion Evaluation

A potentiodynamic polarization test was conducted in phosphate buffered saline (PBS)
using an electrochemical analyzer (CHI760C, Shanghai, China). The samples were kept in
PBS to obtain a stable open circuit potential and the potentiodynamic polarization test was
performed from −2 to 0 V at a scan rate of 10 mV/s.

The samples were placed in a 24-well plate and then 1 mL of α minimum essential
medium culture medium (α-MEM) was added to each well. After incubation at 37 ◦C for
7 days, the samples were collected and rinsed with ultrapure water. The corrosion morphol-
ogy of the samples was observed using SEM. Moreover, all the culture medium changed
from reddish to dark red, indicating that the pH value of culture medium increased.

2.3. Live/Dead Staining

C3H10T1/2 cells were purchased from the Type Culture Collection of the Chinese
Academy of Sciences and cultured in Modified Eagle’s medium (MEM; Gibco, Waltham,
MA, USA) containing 10% FBS, 2 mM L-glutamine (Sigma Aldrich, Missouri, MO, USA)
and 1% sodium pyruvate (Leagene Biotechnology, Beijing, China). The conditions of the
cell incubator were 37 ◦C, 5% CO2, and 95% humidity [23]. All the in vitro cell experiments
were conducted using C3H10T1/2.

Before all experiments, the materials were sterilized by ethylene oxide gas and main-
tained for 7 days at room temperature to clear remnants. C3H10T1/2 cells were used to
evaluate in vitro biocompatibility of the samples. The cells were seeded on the surface
of each sample at a density of 5 × 104 cells/mL and cultured for 3 days. Thereafter, the
samples were rinsed with PBS and 500 μL of fetal bovine serum–free medium containing
calcein-AM (2 μM) and propidium iodide (5 μM) was added to each well, followed by
incubation in the dark for 15 min. Ultimately, the samples were rinsed with PBS and the live
or dead cells were observed using a fluorescence microscope (Olympus IX 71, Olympus,
Tokyo, Japan) with an excitation wavelength of 490 nm for living cells and an excitation
wavelength of 545 nm for dead cells.

2.4. Cell Proliferation

The cells (5 × 104 cells/mL) were seeded on the sample surfaces and cultured for 1,
3, and 5 days. At each time point, the samples were rinsed with PBS and moved to a new
24-well plate. Immediately, 0.5 mL of AlamarBlue assay (AbD Serotec Ltd., Kidlington, UK;
diluted 10-fold with culture medium was added to each well and cultured for another 2 h.
Soon after that, 100 μL culture medium from each well was transferred to a black 96-well
plate and measured using an enzyme-labeling instrument (BIO-TEK, ELX 800) with an
absorption wavelength of 560 nm and a scattering wavelength of 590 nm).

2.5. Alkaline Phosphatase (ALP) Activity Assay

The samples were immersed in culture medium (1.25 cm2/mL) for 24 h and the extracts
were collected for osteogenic differentiation evaluation assays. The cells (5 × 104 cells/mL)
were seeded in a 24-well plate and cultured with extracts from different samples sup-
plied with 10 mM β-glycerophosphate, 100 nM dexamethasone, and 50 mM ascorbate
and glutamine for 3 and 7 days. At the predetermined time, the BCIP/NBT ALP Color
Development Kit (Beyotime, Shanghai, China) was used to stain ALP in the cells in line
with the instructions of manufacturer. For quantitative detection, the intracellular ALP
activity was quantitated using Alkaline Phosphatase Kit (Beyotime, Shanghai, China) and
the total protein was measured using BCA protein quantitation kit (Themo, Waltham, MA,
USA). The ALP activity was normalized with total protein content.
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2.6. Quantitative Real Time Polymerase Chain Reaction (qRT-PCR) Assay

The cells were cultured as described in Section 2.5. Total cellular RNA in each well was
collected using Total RNA Kit I (Omega R6834-01, Omega, Guangzhou, China) following
the manufacturer’s instructions and the concentration of acquired RNA was measured
using a NanoDropTM 2000 spectrophotometer (ThermoFisher, Waltham, MA, USA). The
RNA from each group was then reverse transcribed into complementary DNA (cDNA)
using TransScript II All-in-one Fist-Strand cDNA Synthesis SuperMix. The cDNA was then
amplified and analyzed by qRT-PCR (TransGen Biotech, Beijing, China) with TransStart
Green qPCR SuperMix (TransGen Bioteh, Beijing, China) and primers. The relative ex-
pressions of osteoblastic differentiation-related genes, including ALP, osteopontin (OPN),
RUNX family transcription factor 2 (RUNX2), collagen-I (COL-I), and osteocalcin (OCN)
were quantified using the cycle threshold value and 2−ΔΔCT method. The expression of
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
an endogenous control for normalization. PCR primers sequences are provided in the
Table S1.

2.7. Bone Implantation Evaluation

All the procedures of animal experiments were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of South China University of Tech-
nology and approved by the Animal Ethics Committee of Guangdong Provincial People’s
Hospital (KY2020-018-01-01).

Twelve Sprague–Dawley rats (male, 250–300 g) were purchased from Hunan SJA
Laboratory Animal Co., Ltd. (Hunan, China) and randomly divided into four groups.
After the skin on the bilateral legs was disinfected and lanced, a 2 mm hand-operated
drill was used to create a cylindrical hole in the trochlear groove of the femur to reach the
marrow cavity, and the materials (2 mm in diameter and 8 mm in length) were implanted
in a direction parallel to the longitudinal axis of the femur. The muscles and skin were
carefully sutured. All rats were intraperitoneally injected with penicillin for 3 days for
protection from postoperative infection. Thereafter, all rats were euthanatized with an
overdose injection of pentobarbital sodium at 8 weeks post-surgery, and the bilateral femurs
were collected for micro-computed tomography (micro-CT) scanning. The femurs were
embedded and cut into sections. The sections were ground, polished, and stained with van
Gieson’s (VG) solution. Two femurs for each group were used for VG staining and two
random regions for each stained section were pictured. In total, four random regions for
each group were pictured to evaluate the area of newly formed bone (the red-stained area)
and the distance between the newly formed bone layer and the implant.

2.8. Statistical Analysis

Data are presented as the mean ± standard deviation. Differences among groups
were analyzed by two-way analysis of variance followed by Tukey’s post hoc test using the
GraphPad Prism 8.3.0 (GraphPad Software; San Diego, CA, USA). Statistical significance
was set at p < 0.05.

3. Results and Discussion

The surface views and colors of the various samples are shown in Figure 1a and
Figure S1, respectively. PEO samples exhibited a porous structure, the typical morphology
of the PEO-treated surface [24,25]. After immersion in MnCl2 solution, the surface view
of the PEO-Mn sample was similar to that of the PEO sample; however, the grey color
changed to black. Upon immersing the PEO-treated sample in FeCl2 solution, a layer of
nanoflower-like structures which completely sealed the pores was formed. The color of
the PEO-Fe sample was dark brown. The surface view of the PEO–Mn/Fe sample showed
nanoflower-like structures and was black in color. Figure 1b shows corresponding element
distributions of the coated samples. Mn and Fe were uniformly distributed on the PEO–Mn
and PEO–Fe samples, respectively. Both Mn and Fe were uniformly distributed on the
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surface of PEO-Mn/Fe sample. Although no difference was observed on the SEM images of
the PEO and PEO–Mn samples, element composition and surface color analysis confirmed
that a Mn layer was formed on top of the PEO layer for the PEO–Mn sample. Moreover, the
cross-sectional views of the PEO–Fe and PEO–Mn/Fe samples showed a significant layer
formed on top of the PEO layer, which is consistent with the surface morphology results
in Figure 1a.

Figure 1. Surface views (a) and element distribution (b) of PEO, PEO–Mn, PEO–Fe, and PEO–Mn/Fe
samples.

To analyze the phase compositions of the films, XPS and XRD were performed. As
shown in Figure 2a, C, O, and Mn were detected in the full XPS spectrum of the PEO–Mn
sample, whereas C, O, and Fe were detected in the PEO–Fe and PEO–Mn/Fe samples,
further confirming the element compositions of the films. The Mn oxidation state was
calculated from the following formula: �E = 7.88–0.85n (2 ≤ n ≤ 4), where �E is the
separation energy of Mn 3s, and n represents the valence state of Mn [26–28]. As shown
in Figure 2b, the �E value is approximately 0.53 and hence the calculated n value is
approximately 3, which corresponds with the valence state of Mn in MnOOH. High-
resolution spectra of O 1s are shown in Figure 2c. O 1s of the PEO–Mn spectrum can be
divided into two peaks centered at 529.3 and 530.7 eV, which correspond with the structures
of Mn–O–Mn and Mn–OH, respectively. This further confirmed that the outer layer of
PEO–Mn sample was MnOOH. Moreover, the PEO–Fe and PEO–Mn/Fe O1s spectra can
be fitted into two peaks centered at 529.2 and 530.5 eV, which attributed to Fe–O–Fe and
Fe–OH structures. This confirmed that the outer layer of both samples was FeOOH [29–31].
Figure 3 shows the XRD patterns of various samples. Obvious peaks at 44◦ representing
the MgO phase were detected for all samples. Minute peaks were observed at 27◦ for
the PEO–Fe and PEO–Mn/Fe samples, which indicated the formation of FeOOH. Barring
Mg and MgO peaks, no other characteristic peaks were observed in the PEO–Mn group,
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possibly because the MnOOH film was amorphous or too thin for detection, as shown in
Figure S2, no obvious MnOOH layer was observed on the cross section of PEO–Mn sample.

Figure 2. Full XPS spectra (a) and enlarged spectra (b) of PEO–Mn, PEO–Fe, and PEO–Mn/Fe
samples. High-resolution XPS spectra of O 1 s of PEO–Mn, PEO–Fe, and PEO–Mn/Fe samples (c).

Figure 3. XRD patterns of PEO, PEO–Mn, PEO–Fe, and PEO–Mn/Fe samples.

Both the formation of MnOOH and FeOOH can be ascribed to an alkaline-microenviro-
nment-induced self-assembly process, as described in our previous studies [28,31]. Briefly,
MgO, the main component of PEO film, is an alkaline substance that produces OH- near
the coating. Generated OH- ions react with M2+ ions (M represents Fe and Mn) to form
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unstable M(OH)2. Finally, the M(OH)2 layers are oxidized by oxygen in the solution and
MOOH is generated.

The corrosion resistance of the films was evaluated using electrochemical and im-
mersion tests. As shown in Figure 4a, although the PEO–Mn sample exhibited a higher
self-corrosion potential than did the PEO sample, their self-corrosion currents were at a
similar level. However, the self-corrosion currents of PEO–Fe and PEO–Mn/Fe were sig-
nificantly lower than those of the PEO and PEO–Mn samples, suggesting better corrosion
resistance. Notably, the PEO–Mn/Fe sample exhibited the highest self-corrosion potential,
revealing that it was most difficult to corrode. Figure 4b shows the corrosion morphology
of various samples after immersion in α-MEM for 7 days. Numerous cracks were observed
on the surface of the PEO sample. After MnOOH coating, the cracks were still present on
the PEO–Mn surface; however, they were narrower than those on the PEO surface. This
might be because the MnOOH layer on the PEO coating is too thin to prevent the corrosive
fluid from permeating into the PEO layer (Figures 1a and S2). Interestingly, no cracks were
observed on the PEO–Fe and PEO–Mn/Fe samples, indicating the favorable corrosion re-
sistance of the films. As shown in Figure 1a, a layer of nanosheet-like structures completely
covered the PEO layer in both the groups, which could be sufficient to prevent the contact
between the liquid and the PEO layer, and thus greatly improved the corrosion resistance of
the samples. On the other hand, oxyhydroxide is the precursor of layered double hydroxide
(LDHs) and would gradually transfer to LDHs in fluid [28]. LDHs are widely considered
to be biodegradable materials for biomedical applications [32]. Therefore, the as-prepared
films on the Mg alloy would not inhibit the advantage of the biodegradable ability of the
magnesium alloy implants.

Figure 4. Potentiodynamic polarization curves (a) and corrosion morphology (b) of PEO, PEO–Mn,
PEO–Fe, and PEO–Mn/Fe samples.

Cytocompatibility of the samples was evaluated by culturing C3H10T1/2 cells directly
on sample surfaces. Figure 5a shows the live/dead staining results. Only a few living
cells were observed on the PEO sample surface. After modifying the PEO with a MnOOH
layer, more living cells were detected. Significantly larger numbers of living cells and
more connected pseudopods were observed on the PEO–Fe and PEO–Mn/Fe samples
than on the PEO–Mn sample. The Alamar Blue results are presented in Figure 5b. The
PEO–Fe and PEO–Mn/Fe samples showed the highest proliferation rate among the four
groups, consistent with the live/dead staining results. It should be noted that there were
no significant differences for the live/dead staining and cell proliferation results between
the PEO–Fe and PEO–Mn/Fe samples. These data suggest that the FeOOH film greatly
improved the cytocompatibility of the substrate.
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Figure 5. Live/dead staining (a) and cell proliferation (b) of C3H10T1/2 cells cultured on PEO,
PEO–Mn, PEO–Fe, and PEO–Mn/Fe sample surfaces. (*: p < 0.05; ***: p < 0.001, and n = 4).

Because the cells cultured on sample surfaces showed poor viability, we used extracts
to evaluate the osteogenesis induction ability of various groups, according to the ISO
10993-5 standard [33]. The ALP staining and corresponding quantitative results are shown
in Figure 6a and b, respectively. The PEO–Fe and PEO–Mn/Fe groups exhibited higher
ALP activity than did the other two groups at both time points. In particular, on day 7,
the PEO–Mn/Fe sample exhibited the highest ALP activity. At the molecular level, the
PEO–Mn/Fe group showed the highest OPN gene expression when cultured for 3 days
(Figure 7). Intriguingly, after extending the culture time to 7 days, ALP, OPN, RUNX2, and
COL-I expression was highest in cells cultured in the PEO–Mn/Fe extract. On day 7, OCN
expression was similar for the PEO–Fe and PEO–Mn/Fe groups, but was still significantly
higher than that in the other two groups. Combining the results of ALP activity and
the gene expression analyses, it can be concluded that the PEO–Mn/Fe sample is most
favorable for the osteogenic differentiation of bone stem cells.

Figure 6. ALP activity in C3H10T1/2 cells cultured in PEO, PEO–Mn, PEO–Fe, and PEO–Mn/Fe
extracts (a) and corresponding quantitative results (b). (*: p < 0.05; **: p < 0.01; ***: p < 0.001, and n = 4).
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Figure 7. The expression of bone-related genes in C3H10T1/2 cells cultured in PEO, PEO–Mn, and
PEO–Fe extracts. (*: p < 0.05; **: p < 0.01; ***: p < 0.001, and n = 4).

To further investigate in vivo osteogenesis ability, all the samples were implanted in
rat femurs for 8 weeks. The Micro-CT results shown in Figure 8a suggest that the structures
of all femurs were normal and no bone resorption or osteonecrosis was present. The
collected femurs were stained with VG solution and the results are shown in Figure 8b
and the corresponding quantitative analysis is shown in Figure 8c. Large gaps between
the newly formed bone and the implants were observed for the PEO and PEO–Mn groups.
Notably, the narrowest gap was observed for the PEO–Mn/Fe group; additionally some
newly formed bone closely adhered to the implant surface (indicated by the yellow arrow).
Moreover, the largest amount of newly formed bone was observed in the PEO–Mn/Fe
group. This suggested that the PEO–Mn/Fe implant was the most favorable for bone
regeneration and osteointegration.

The PEO–Mn/Fe sample showed the best osteogenesis performance owing to its
corrosion resistance being the best and its sustained release of Mg, Fe, and Mn ions. On the
one hand, the corrosion products H2 and OH- hugely decreased with improved corrosion
resistance, thus reducing the damage to the bone remodeling process. On the other hand,
all metal ions mentioned above are bioactive and essential for new bone formation. The Mg
ions released from Mg implants upregulate calcitonin gene–related peptide (CGRP) and
then promote osteogenic differentiation of bone stem cells [34]. Fe is involved in vitamin D
metabolism and collagen synthesis, thus influencing the bone formation process [35,36].
Mn can bind to integrin and trigger integrin-mediated signaling cascades to enhance
osteogenesis process [37,38]; additionally, it participates in the synthesis of chondroitin
sulfate and glycosyltransferases, which play critical roles in the formation of skeletal
and cartilage matrices [39]. Furthermore, there is evidence that these bioactive ions have
synergistic effects on the improvement of bone regeneration [40]. Therefore, the PEO–
Mn/Fe implant possessed the best bone regeneration capability was expected.

47



J. Funct. Biomater. 2022, 13, 50

Figure 8. Representative Micro-CT images (a) and VG staining (b) of PEO, PEO–Mn, and PEO–Fe
implants after 8 weeks of implantation. The quantitative analysis of gap distance between newly
formed bone and the implants, and the area of newly formed surrounding the implants (c). (*: p < 0.05;
**: p < 0.01; ***: p < 0.001). The yellow arrow in b indicates the closely adhesion between the newly
formed bone and the implant.

4. Conclusions

In conclusion, the current study successfully fabricated a duplex film with an inner
MnOOH layer and an outer FeOOH layer on PEO-coated Mg alloy. The oxyhydroxide
film completely sealed the pores on the PEO surface. Therefore, it inhibited the occurrence
and development of cracks on the PEO layer. The modified sample exhibited improved
osteogenesis induction ability in vitro and enhanced bone regeneration in vivo, owing to
its better corrosion resistance and sustained release of bioactive ions, including Mg, Fe, and
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Mn. The novel design and fabricated oxyhydroxide-modified PEO film formed on Mg alloy
shows promising potential for orthopedic applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jfb13020050/s1, Figure S1: Representative optical images of PEO,
PEO–Mn, PEO–Fe, and PEO–Mn/Fe samples; Figure S2: Cross-sectional images of PEO, PEO–Mn,
PEO–Fe, and PEO–Mn/Fe samples; Table S1: Primer sequences of the osteogenesis-related genes
used in this study.
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Abstract: The uses of implantable medical devices are safer and more common since sterilization
methods and techniques were established a century ago; however, device-associated infections (DAIs)
are still frequent and becoming a leading complication as the number of medical device implantations
keeps increasing. This urges the world to develop instructive prevention and treatment strategies for
DAIs, boosting the studies on the design of antibacterial surfaces. Every year, studies associated with
DAIs yield thousands of publications, which here are categorized into four groups, i.e., antibacterial
surfaces with long-term efficacy, cell-selective capability, tailored responsiveness, and immune-
instructive actions. These innovations are promising in advancing the solution to DAIs; whereas most
of these are normally quite preliminary “proof of concept” studies lacking exact clinical scopes. To help
identify the flaws of our current antibacterial designs, clinical features of DAIs are highlighted. These
include unpredictable onset, site-specific incidence, and possibly involving multiple and resistant
pathogenic strains. The key point we delivered is antibacterial designs should meet the specific
requirements of the primary functions defined by the “intended use” of an implantable medical device.
This review intends to help comprehend the complex relationship between the device, pathogens,
and the host, and figure out future directions for improving the quality of antibacterial designs and
promoting clinical translations.

Keywords: implantable antibacterial surfaces; polymicrobial infections; surface modification;
biocompatibility; tissue integration; bacterial charging; cell-selective surfaces; antibiotic resistance;
antimicrobials; protein adsorption

1. Introduction

It was estimated that over 500,000 types of medical devices, such as dental implants,
vascular graft/endograft, orthopedic prosthetics, catheters, etc., are currently marketing
globally for medical applications [1]. Every year, there are about 10,000,000 dental implants
and more than 1,000,000 cardiovascular electronic devices inserted around the world [2,3].
It has been estimated that 100 million urinary catheters are sold worldwide each year [4].
As the population of the aged increases, procedures for implantable medical devices are
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expected to increase rapidly in the coming years. In the United States of America (USA), the
primary total knee arthroplasty (TKA) is going to grow by 85%, to 1.26 million procedures
by 2030 [5]. In Germany, by 2040, the total number of TKA is expected to increase by
45% to over 244,000 procedures; and the incidence rate of total hip arthroplasty (THA)
is projected to increase to 437 per 100,000 inhabitants [6]. In the United Kingdom, the
volume of hip and knee joint replacement is expected to increase by almost 40% by 2060 [7].
Bacterial infections are one of the most frequent and severe complications associated
with the clinical application of implantable medical devices [1]. It was reported that
device-associated infections (DAIs), including ventilator-associated pneumonia, catheter-
associated urinary tract infection, and central-catheter-associated bloodstream infection),
accounted for approximately 26% of all healthcare-associated infections (HAIs) in the
USA [8]. The annual number of HAIs in European Union countries is about 3.2 million,
including 37,000 registered mortalities [9]. The financial burden for the treatment of a DAI
is also extraordinarily high. For instance, the average revision costs in the USA for infected
hip and knee arthroplasty were approximately USD 80 and 60 thousand, respectively [10].
Additionally, by 2030, the estimated combined annual hospital costs related to arthroplasty
infection will rise to USD 1.85 billion in the USA alone [11]. This urges the world to develop
instructive prevention and treatment strategies for DAIs.

Accordingly, fundamental research on the development of various antibacterial sur-
faces has dramatically increased in recent years. Screening for “antibacterial surface” or
“antibacterial coating” in the topic of the articles included in the Web of Science (www.
webofscience.com; accessed on 14 February 2022) can hit more than 50,000 records between
the years 1996 and 2021. Around 80% of these records were published during the last
decade (between 2012 and 2021), and over 67% of them were published during the last five
years (between 2017 and 2021), identifying a boom in developing antibacterial surfaces
or coatings. Developing antibacterial surfaces for implantable medical devices also is
currently a hot direction among the Chinese communities focusing on biomaterials science
and engineering. Typical designs published in the first half of 2022 include copper-bearing
titanium [12], surface charge and wettability control in lysozyme [13], light-activatable
carbon monoxide gas generation by triiron dodecacarbonyl loaded polydopamine [14],
clickable peptide engineered surface [15], calcium-doped titanium targeting blood protein
adsorption [16], puncture and ROS (reactive oxygen species) release by nanorod zinc ox-
ide patterns [17], light-stimulated ROS generation by rare-earth elements-doped titanium
dioxide coating [18], on-demand antibiotics release by responsive polymers [19,20], and
bacteriophage-modified alginate hydrogels [21]. This trend demonstrates that the academic
community has already realized the urgency of solving the DAI problem, whereas only a
limited number of these innovations have entered clinical applications or clinical studies
around the world. A very small number of registered records (we found merely eight)
concerning antibacterial surfaces were found in ClinicalTrials.gov (accessed on 22 May 2022)
by searching for “device infection” in the “Condition or disease” field. As shown in Table 1,
silver in metallic or ionic forms is the most popular active ingredient in developing antibac-
terial medical devices. Currently, a handful of antibacterial surfaces have been branded
for clinical uses, which are commonly silver-based and normally custom-made (available
on request). These include Acticoat using magnetron sputtering synthesized nanosilver
coatings for wound care [22], MUTARS prosthesis reducing infections by electroplating a
metallic-silver surface, METS prosthesis acting against pathogenic bacteria by absorption
of ionic silver to anodized titanium implants [23], PorAg prosthesis taking advantage of a
controlled electrochemical reaction (do not directly release silver ions) in a titanium-silver
alloy for disinfection [23], and PROtect nails administrating gentamicin for prevention of
infections in complex open fractures [24]. These commercial promotions have set examples
for the development of antibacterial surfaces for implantable medical devices (here we coin
them “implantable antibacterial surfaces”); however, it is still a challenge to improve the qual-
ity and efficiency of translational research over those “antibacterial surface” or “antibacterial
coating” reports.

52



J. Funct. Biomater. 2022, 13, 86

Table 1. Antibacterial surface registered for clinical studies *.

Active Ingredients Devices Phase Locations First Posted

Silver coating Intravenous catheters Not applicable United States 25 August 2009
Antibiotics (minocycline
and rifampin)

Antibacterial envelope for a cardiac implantable
electronic device Not applicable United States 7 January 2010

Silver-based coating Urinary catheter Not applicable United States 10 September 2012

Ionic silver Wound dressings for a cardiac implantable
electronic device Phase 4 United States 24 May 2016

Silver-doped
hydroxyapatite coating

Orthopedic implants (hip joint prostheses,
intramedullary nails, and external
fixator implants)

Not applicable Turkey 17 November 2017

Gold-silver-palladium
coating

Invasive devices (endotracheal tube, central
venous catheter, and urinary catheter) Phase 1, 2 Brazil 11 March 2019

Iodine Barrier dressing for a cardiac implantable
electronic device Not applicable Canada 19 October 2020

Antibiotic (gentamycin) Platform wound device Phase 4 United States 15 February 2021

* Data were obtained by searching for “device infection” in the “Condition or disease” field of the registered clinical
studies conducted around the world on ClinicalTrials.gov (plus manual exclusion, as of 31 March 2022).

Herein we firstly analyze the cases associated with device-associated infections (DAIs)
by highlighting the clinical features and challenges in DAIs prevention and treatment, then
present the state-of-art research by identifying the evolutions in developing antibacterial
surfaces for implantable medical devices, i.e., implantable antibacterial surfaces and, finally,
illuminate the flaws in reporting of the findings in fundamental researchers to advance
the development and translation of innovative designs against bacterial infections and
promote the success of implantable medical devices.

2. Clinical Features of Device-Associated Infections

2.1. Site-Specific Incidence

Infection is a common and frequent complication associated with all types of biomed-
ical materials, despite the infection rate varying greatly among different intended uses
of various implantable devices (Table 2) [25–61]. Orthopedic implants, such as the ankle,
hip, knee, elbow, shoulder, and finger joint prosthetics, are made of metals (titanium al-
loys, stainless steel, cobalt-chromium alloy, etc.) and are expected to serve long periods
(>10 years) in patients’ bodies. Infections of these devices are extremely troublesome [1].
Ankle arthroplasty has higher infection rates (2.4–8.9%) than hip (0.4–2.4%) and knee (1–2%)
arthroplasty, although they are normally made of the same materials (Table 2). This is
remarkably related to wound dehiscence (or prolonged drainage) developed due to the frail
soft tissue surrounding ankles and increased chance of delayed wound healing following
ankle arthroplasty [26,62]. The infection situation will be even more serious in revision
cases. For example, the incidence of infection for primary hip and knee arthroplasty is
around 2% (Table 2), yet this will be possibly as high as 12% and 22% for revision hip and
knee arthroplasty, respectively [63]. Moreover, the number of infection cases is expected
to increase progressively because the number of arthroplasty surgeries is going to grow
in the coming years. In Taiwan, China, for instance, a total of 728 hip and knee infection
cases were recorded in 2013 and this number was expected to increase markedly to over
3500 by 2035 [10]. Not only these metallic implants are connected to bacterial infection,
but also polymer devices are susceptible to this complication (Table 2). Examples include
breast implants, vascular graft/endograft, cardiovascular electronic devices, and cochlear
implants, which are made of silicone, polytetrafluoroethylene, plastics, or Teflon, and have
infection incidence high up to 10.2% [32], 6% [33], 7% [37], and 8% [40], respectively. Addi-
tionally, the DAIs may occur due to the device design. As in brain stimulation implants, the
battery of the pulse generator should be replaced typically every 2 years, and such multiple
replacements increase the risk of DAIs [46]. Furthermore, the incidence of infection is
highly determined by the site a device is placed in. As shown in Table 2, the infection rates
in urinary catheters (up to 13.7 cases per 1000 catheter-days), cerebrospinal fluid shunts
(27%), internal fixation devices (32%), and dental implants (47%) are high. This is because
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these devices are highly challenged by bacterial adhesion and biofilm formation during
their insertion and the subsequent service period. For example, urinary catheters provide
routes for the entry of pathogenic bacteria, increasing the risk of acquiring infections [51].
Investigations of the bacterial sources in infected shunts also demonstrate that a major-
ity of harmful microbes gained entry from the skin of the patients themselves [64]. The
risk of complications in fixation of fractures is highly in connection to the low blood sup-
ply and elder people are susceptible to infection [59]. Additionally, there are more than
500 bacterial species associated with commensals or pathogens within the oral cavity [65].
This situation makes the prevention of infections in dental implants extremely complicated.
The reported incidence rates for dental implants serving of over 3 and 5 years are 9.25%
and 9.6%, respectively, and this rate for implants with service periods of over 10 years is up
to 26% [61]. More importantly, the prevalence of the pathogenic strains is also associated
with specific anatomical locations. Although Staphylococcus spp. is the most prevalent
microbe associated with all types of bacterial infections, other pathogens can be involved
in specific sites. Gram-negative microbes are involved in 10–40%, 20%, and 35–55% of
vertebral, trauma/fracture, and foot/ankle-related infections [66]. Additionally, 15–30%,
20–30%, and 30–80% of polymicrobial infections occur in vertebral, trauma/fracture, and
foot/ankle, respectively [66]. Different bacterial strains may have different metabolisms
and pathogenic mechanisms that require specifically tailored treatments. This is especially
critical to cure infections involving multiple pathogenic strains; as a result, developing an
all-around antibacterial solution for all medical devices is hardly possible.

Table 2. Incidence of typical device-associated infections.

Device Materials Incidence Reference

Ankle arthroplasty Metals (titanium alloys), Ceramic, Polyethylene 2.4–8.9% [25,26]

Hip arthroplasty
Metals (titanium alloys, stainless steel), Ceramics
(alumina, zirconia), Polymers (polyethylene,
polyetheretherketone), Composites

0.4–2.4% [10,27,28]

Knee arthroplasty Metals (titanium alloys, cobalt-chromium alloy), Ceramics
(zirconia, titanium nitride), Polymers (polyethylene,) 1–2% [10,29]

Breast implants Silicone 1–10.2% [30–32]
Vascular graft/endograft Polytetrafluoroethylene, Polyethylene Terephthalate, Nitinol 0.16–6% [33]
Cardiovascular electronic devices Plastic polymers, Titanium, Teflon, Gold, Copper 0.9–7% [34–38]
Cochlear implant Teflon, Platinum-iridium alloy, Silicone, Titanium, Ceramics 1–8% [39–43]
Brain stimulation implant Stainless steel, Platinum, Titanium oxide, Iridium oxide 2–10% [44–46]

Urinary catheters * Natural rubber, Polyisoprene, Polymer ethylene vinyl acetate,
Polytetrafluoroethylene, Hydrogel

0.1–13.7 cases
per 1000 catheter-days [47–52]

Cerebrospinal fluid shunts Silicone rubber 1.9–27% [53–57]
Internal fixation devices Stainless steel, Cobalt-chromium alloys, Titanium alloys 7–32% [58,59]
Dental implants Titanium, Ceramics (zirconia, alumina) 6–47% [60,61]

* The incidence of catheter-associated urinary tract infection is typically expressed as the number of infections
per 1000 urinary catheter-days [52].

2.2. The Unpredictable Onset

Device-associated infections become even stickier because of those host-specific, tran-
sient, or resident factors (Table 3) [67–79]. The onset of DAI is not predictable, it can
onset years after implantation (Cases 1 through 6 in Table 3). The soft tissue envelope
around an implant likely degenerates with aging and can be disrupted by an occasional
scratch, which may have promoted the infection of an alloplastic chin implant 45 years after
placement [67]. Breast implants significantly risk bacterial contamination from hematoge-
nous spread of distant antecedent infections. It was reported that the Achromobacter xy-
losoxidans (lives in wet soil) from a chronic footsore and streptococcus viridans (lives in
the oral cavity) from recurrent periodontitis can cause infection of breast implants even
7 and 25 years after the implantation [68]. Staphylococcus epidermidis (S. epidermidis) can
colonize various biomedical implants and escape from the immune clearance and an-
tibiotic treatments, hence possibly causing symptom-free (such as pain, redness, or fever)
chronic infection lasting even for 30 years before being identified by clinical approaches [69].
Cutibacterium acnes (previously known as propionibacterium acnes), a common conjunctival
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inhabitant, are slow-growing, anaerobic Gram-positive rods, and can manifest several
years or even decades before leading to late infections in orbital implants made of sili-
cone or tantalum [70,71]. The sources of the pathogens of the DAIs can be host-specific
(Cases 7 through 9 in Table 3). DAIs can be initiated by acute illness (e.g., diarrhea devel-
oped during a holiday journey [31]), penetration of contaminated water during partici-
pating in outdoor activities [45], or even when the patients play with their pets (bacterial
contamination from zoonotic sources) [72]. Moreover, the occurrence of DAIs is commonly
associated with a compromised immune system in the hosts (Cases 10 and 11 in Table 3).
Methotrexate, a folate antagonist, can affect neutrophil chemotaxis and induce apoptosis of
T cells and reactivation of opportunistic pathogens; hence chronic treatment of rheumatoid
arthritis with this kind of drug significantly increases the risk of infections around the
battery for brain stimulation [73]. Nocardia nova is a common environmental pathogen and
rarely affects immunocompetent hosts; however, this species successfully colonized a tibia
implant placed in an immunocompetent patient [74]. Listeria monocytogenes, a common
organism associated with unpasteurized dairy products (e.g., deli meats and unpasteurized
cheeses), can induce a periprosthetic joint infection in a patient with a history of diabetes
mellitus, asthma, and psoriatic arthritis [75]. Anaerobiospirillum succiniciproducens, a com-
mon settler in the gastrointestinal tract of cats and dogs, can induce a prosthetic hip joint
infection in an immunocompromised patient [76]. DAIs are normally initiated by bacterial
seeding and as a result tissue integration will be impaired quickly; however, some cases
failed to identify any organism by cultures [77,78] and tissue integration was intact after
being infected [79]. These situations add difficulties to the prevention, diagnosis, and
treatment of DAIs.

Table 3. Representative cases showing the latent period of DAIs.

Case Devices
Latent Period
(Post Insertion)

Pathogens Causes Reference

1 Alloplastic chin
implant 45 years / After scratching herself (soft tissue

degeneration due to aging)
[67]

2 Breast implant Seven years Achromobacter xylosoxidans (a
pathogen that lives in
wet soil)

Development of a chronic footsore
(hematogenous spread from distant
bacterial infection sites)

[68]

3 Breast implant 25 years Streptococcus viridans (a
pathogen that lives in the oral
cavity)

After extensive dental treatment
(hematogenous spread from distant
bacterial infection sites)

[68]

4 Alloplastic implant 30 years Staphylococcus epidermidis

Bacterial contamination years
before identifying the infection (a
symptom-free chronic infection; the
pathogen escaped immune
clearance and antibiotic treatments)

[69]

5 Orbital implant 30 years Cutibacterium acnes
(previously known as
Propionibacterium acnes)

Bacterial contamination during the
primary implantation (the pathogen
can manifest for several decades)

[70]

6 Orbital implant
26 years (implant
exposure 10 years before
the presentation
was documented)

Propionibacterium acnes
(renamed Cutibacterium acnes)

Bacterial contamination during the
primary implantation or implant
exposure during scleral patch
graft repair

[71]

7 Breast Implant Five months Salmonella serogroup C
Hematogenous seeding due to
developing of diarrhea during a
holiday travel

[31]

8 Generator for brain
stimulation

Four months Multispecies including the
rare Cupriavidus pauculus
species (an environmental
Pathogen in “water”)

Penetration of contaminated water
during participating in
outdoor activities

[45]

9 Breast implant Seven months
Pasteurella canis (a pathogen
normally lives in the
oropharyngeal commensal
flora of cats and dogs)

Bacterial contamination from a
patient-owned cat [72]

10 Battery for brain
stimulation

Two cases (Two years
or 10 years)

Staphylococcus aureus Chronic treatment of rheumatoid
arthritis with methotrexate

[73]
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Table 3. Cont.

Case Devices
Latent Period
(Post Insertion)

Pathogens Causes Reference

11 Tibia Tenodesis
Implant

Four and half months Nocardia nova (a common
environmental pathogen,
rarely affects
immunocompetent hosts)

Contamination of his tibial wound
by the outside facility

[74]

12 Knee arthroplasty 4 months
Listeria monocytogenes (a
facultative intracellular
organism; commonly
associated with deli meats
and unpasteurized cheeses)

Consuming unpasteurized dairy
products (an immunocompromised
patient)

[75]

13 Hip arthroplasty 10 years Anaerobiospirillum
succiniciproducens (lives in the
gastrointestinal tract of cats
and dogs)

Breeding a dog (an
immunocompromised patient)

[76]

14 Knee arthroplasty Eight years Bartonella henselae (a pathogen
that induces acute infections
but is hard to be diagnosed by
culture)

A cat scratch [77]

15 Cranioplasty implant Two years and three
months

No bacteria were cultured,
but the infection was
clinically evident

/
[78]

16 Shoulder prosthesis Three years Staphylococcus spp. / [79]

2.3. Diversity of Relevant Pathogens

Infections associated with medical devices with the same intended use (the same
device category) but placed in different individuals are possibly connected with different
bacterial strains. As shown in Table 3, the infection of breast implants can result from
achromobacter xylosoxidans (Gram-negative rod) [68], streptococcus viridans [68], and salmonella
serogroup C [31], or Pasteurella canis [72]. Polymicrobial infections become more prevalent
in DAIs [66,80]. Even a single infection in a specific individual often has a polymicrobial
composition [81]. Multispecies including the rare Cupriavidus pauculus species were isolated
in an infection associated with the generator for brain stimulation [45]. Since the bacteria
associated with an infection of a medical device may have diverse morphologies and
arrangements, an effective antibacterial strategy must be capable of eliminating multiple
pathogenic species. Cocci cells (spherical bacteria) range from 0.5 to 2.0 μm in diameter, rods
are approximate 0.5–1.0 μm in width and 1–10 μm in length, and spiral bacteria are up to
20 μm in length and 0.1–1 μm in diameter [82]. Moreover, bacterial morphology varies with
the growth environments (medium, surfaces, etc.) and growth phase (normally smallest
in the logarithmic phase) [83,84]. These facts add additional difficulties to developing
a competent antibacterial surface for implantable devices. On account of these features
of DAIs, antibacterial surfaces only have a pore-size-based cell selectivity [85], or those
peptide-loaded surfaces merely have specific actions to Gram-positive or Gram-negative
strains [86] and are not likely adequate to prevent infection of implantable medical devices.

2.4. Prevalence of Antibiotic Resistance

The uses of internal implants in humans are safer and more common since ster-
ilization methods and techniques were established at the end of the 19th century [87],
and the commercialization of antibiotics especially penicillin in the first half of the 20th
century [88]. Antibiotics have become an integral component of contemporary biomedical
practice, producing a serious follow-up threat: antibiotic resistance in bacteria [89,90].
Clinical cases in orthopedic practice have shown that infections of antibiotic-resistant bacte-
ria, such as methicillin-resistant Staphylococcus aureus (MRSA), are closely related to high
morbidity and mortality [91]. Antibiotic resistance in bacteria even multidrug-resistant
(MDR) bacteria is now a worldwide challenge [91]. Antibiotic-resistant infections were fre-
quently reported all over the world, including in both developing and developed countries
(Table 4) [92–110]. During an infection, Staphylococcus aureus (S. aureus) often forms biofilms
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on implantable devices, which dramatically increases the ability of the species to acquire
resistance via horizontal plasmid transfer [111]. This is why S. aureus has high rates of
resistance. As shown by the typical cases reported in recent years (Table 4), MRSA has
become the most common strain causing infections of various implantable medical de-
vices, including cardiac devices [93,95,99,103,106], orthopedic prosthetics [96,97], cochlear
implants [98], breast implants [100], laryngeal implants [101], and stent grafts [109]. In
addition, there is an alarming increase in antibiotic resistance in other strains, such as
Acinetobacter baumannii [92], Mycobacterium chelonae [94], Enterobacter cloacae complex [102],
S. epidermidis [104,110], Klebsiella pneumoniae [105], Staphylococcus haemolyticus [107], and
Staphylococcal endophthalmitis [108], are also involved in various resistant DAIs. Those
resistant DAIs impacted patients have to experience prolonged hospital stays, bear high
medical costs, and risk increased mortality (references in Table 4). Antibiotic recalcitrance
is a worldwide threat that likely causes substantial global economic costs ranging from
USD 21,832 per individual case to over USD 3 trillion in gross domestic product (GDP)
loss by 2050 [112]. In the USA alone, at least 2 million infections and 23,000 deaths per
year were caused by antibiotic-resistant bacteria, costing USD 55–70 billion [90]. Currently,
antibiotic-loaded materials are important complements to modular medical practices for
the prevention of recurrent infections in various medical devices, such as wound dress-
ings, bone cement, bone plates, nails, or prostheses [24,113,114]. However, applications
of these surfaces in “uninfected tissues” to prevent DAIs should be careful and in strict
guidance, because the prolonged release of prophylactic antibiotics possibly contributes
to arising resistant mutants [115]. Silver-based surfaces also have attractive efficacy in the
prevention of DAIs [116], improper use of this material may also pose bacterial-resistant
problems [117,118]. In addition, pathogenic bacteria have many defensive actions resistant
to antimicrobial challenges [91,119,120]: (a) express polymer biofilms to protect themselves
from antibiotic attacks; (b) remodel their outer surface to reduce antibiotic uptake; (c) syn-
thesize precursors to modify the target of antimicrobials; (d) produce enzymes to detoxify
dangerous drugs. Therefore, antibacterial surfaces, especially those release-killing ones,
should be designed to bypass these actions of bacterial cells.

Table 4. Epidemiology of antibiotic-resistant DAIs.

Case Resistant Pathogens Implant Latent Period Reference

1 Multidrug-resistant Acinetobacter baumannii Hip arthroplasty 12–25 days [92]
2 Methicillin-resistant Staphylococcus aureus (MRSA) Cardiac pacemaker Nine years [93]
3 Clarithromycin-resistant Mycobacterium chelonae Breast implant Four days [94]
4 MRSA Transvenous lead Four years [95]
5 MRSA Ankle fracture fixation Eight weeks [96]
6 MRSA Cranial implant Three months [97]
7 MRSA Cochlear implant Five months [98]
8 MRSA Pacemaker Two months [99]
9 MRSA Breast Implant Two days [100]
10 MRSA Laryngeal implant More than one year [101]

11 Carbapenem-resistant Acinetobacter baumannii;
Fluoroquinolone-resistant Enterobacter cloacae complex
(AmpC overexpression)

Internal fixation for an open proximal
tibial fracture

Two months [102]

12 MRSA Pacemaker Two years [103]

13 Multidrug-resistant Staphylococcus epidermidis Plates and wire cerclages for
periprosthetic fractures Three months [104]

14 Carbapenem-resistant Klebsiella pneumoniae Lumbar instruments, Seven days [105]

15 MRSA The ventricular lead of an implanted
defibrillator Eight weeks [106]

16 Methicillin-resistant Staphylococcus haemolyticus Hip joint Two years [107]
17 Ofloxacin-resistant staphylococcal endophthalmitis Intravitreal ozurdex implant Three days [108]
18 MRSA Stent graft Three days [109]
19 Methicillin-resistant Staphylococcus epidermidis Spinal instrumentation 7–88 days [110]

3. Innovative Designs to Mitigate Device-Associated Infections

Based on the reports we screened, the innovations of implantable antibacterial surfaces
can be categorized into four groups, namely surfaces with prolonged or cell-selective bac-
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tericidal efficacy and responsive or immune-instructive surfaces. Prolonged antibacterial
efficacy (or long-term antibacterial activity) can be realized by taking advantage of the
degradation or surface structures of the supporting materials for orchestrated release or
immobilizing the antimicrobials yielding contact-killing surfaces. Cell selectivity of an-
tibacterial surfaces can be obtained by doping of multifunctional metals, the combinational
release of ingredients that are respectively good for antibacterial and tissue integration
promotion or applying the electrochemical reactions evoked by the host’s physiological
fluids to recognize bacteria from mammalian cells. Responsive antibacterial surfaces can
deliver services over the stimulation of external light irradiation, or internally by the bacte-
rial charge or bacterial infection-associated pH shifts. Since the key players (neutrophils
and macrophages) in the immune system can be regulated by proper surface chemistry,
topography, wettability, or stiffness, immune-instructive antibacterial surfaces are expected
to be produced by control of these parameters. These evolutions in the development of
implantable antibacterial surfaces help us rethink those complex interactions among device
surface, host, and the pathogen (Figure 1), advancing the solution of DAIs.

Figure 1. Rethinking the interplay among device surface, host, and pathogen.

3.1. Prolonged Antibacterial Efficacy

As shown by Tables 3 and 4, the latent period of a DAI can be days after implant
placement [92,94,105,108–110], years after the surgery [78,79,93,95], or even decades
later [67,68]. This feature of DAIs lays the basis for the development of antibacterial
surfaces with long active durations. As shown by the representative reports on the de-
velopment of “long-term” antibacterial surfaces (Table 5) [121–139], various ingredients
such as commercial antibiotics (tigecycline, vancomycin, amoxicillin, etc.) [121,132], metals
or metal ions (silver, copper, or zinc) [124,125,129], and other drugs [127,128] were taken
to equip implantable biomaterials (titanium, silicone, ceramics, etc.) with prolonged an-
tibacterial efficacy, ranging from days [127,131,133] to months [122,134]. Extending the
release period of the antimicrobials is currently a major pathway leading to “long-term”
antibacterial surfaces. Calcium phosphate cement (CPC) has proved an effective carrier to
retain vancomycin (effective for the treatment of MRSA) to local sites [140,141], ensuring
the antibiotic has a 24-week release profile in vivo [122]. Proper antibiotic concentration is
a key factor that determines the mechanical strength of vancomycin-impregnated CPC and
influences the effective antibacterial period of the composite [140]. Electrochemical oxida-
tion, namely micro-arc oxidation (also known as plasma electrolytic oxidation) and anodic
oxidation, is a well-known class of approaches that can produce porous surface layers on
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implant materials and, in the meantime, load antibacterial agents on the material’s surface.
Shivaram et al. demonstrated that the silver loaded in an anodized titanium substrate had
a release period of a minimum of 6 months [134]. The titanium substrates were fabricated
with 25 vol% porosity by using a powder-based additive manufacturing technique [142].
Then electrochemical anodization was applied to the porous titanium in a hydrofluoric acid
electrolyte to produce a surface layer of nanotube arrays with a thickness of 375 ± 35 nm
and diameter of 105 nm ± 30 nm, which facilitated the loading of silver from a 0.1 M silver
nitrate (AgNO3) solution via direct current deposition [134]. After heating at 500 ◦C, tightly
adhered silver particles with a coverage of 13.5% were detected on the nanotube-structured
surface. The 27-week cumulative release profiles demonstrated that silver release was
within 10 ppm (mg/mL), which ensured good early-stage osseointegration of the porous
titanium implants, along with good antibacterial activities [134]. Micro-arc oxidation is
another technique that can produce a porous titanium surface which may facilitate the
control of antimicrobial release. Very recently, Tsutsumi et al. reported that silver and zinc
load micro-arc oxidation layer on titanium exhibited excellent activity against Escherichia
coli (E. coli) after a six-month immersion in physiological saline [124]. Another way to
prolong the effective period of antimicrobials is to immobilize (or embed) them in the
non-degradable implant surfaces and prevent release. Cao et al. developed a silver plasma
immersion ion implantation and deposition (Ag PIII&D) procedure to in situ synthesis and
immobilize silver nanoparticles (Ag NPs) on titanium surface [143]. The process is generally
carried out in a vacuum chamber of about 2.5 × 10−3 Pa and takes a pure silver rod (10 mm
in diameter) as a cathode to produce cathodic arcs, which serve as sources of positively
charged silver ions (Agn+) (Figure 2a). The silver arcs are filtered by a curved magnetic
duct to remove the macro-particles produced. The energetic silver ions in a plasma form
are accelerated and injected in a non-line-of-sight manner onto the titanium surfaces, which
are negatively biased by a pulsed high voltage synchronizing with the cathodic arc current
under a certain frequency. The positively charged silver ions become neutral atoms when
they reach the titanium surfaces. As the process continues, the neutral atoms are further
condensed and nanoparticles precipitate. By using this process, well-distributed Ag NPs
were synthesized and immobilized on titanium. Figure 2b shows a group of Ag NPs
average of 5 nm in diameter was produced by Ag PIII&D under a 30 kV bias for 30 min.
Cross-sectional TEM images also confirmed that those Ag PIII&D produced nanoparticles
were metallic silver (Figure 2c) [144]. The antibacterial efficacy of these nanoparticles was
found independent of silver release [143]. As shown in Figure 2d, the grain boundaries of
the titanium substrate were exposed after the material (Ag PIII&D treated for 30 min under
a 30 kV bias) have defeated the colonization of S. aureus (cultured for 24 h at 37 ◦C with a
bacteria concentration of 108 CFU/mL), indicating the antibacterial efficacy of those immo-
bilized Ag NPs is associated with the corrosion of the titanium substrate. Since the standard
electrode potential of titanium, −1.63 V, is more negative than that of silver at 0.80 V, the
Ag PIII&D treated titanium surface embedded with a proper number of well-distributed
Ag NPs likely evoked micro-galvanic corrosion, in which the cathodic reactions on Ag NPs
may establish proton depleted regions on the titanium surface that possibly disrupt the
proton electrochemical gradient (i.e., proton-motive force) in the intermembrane space of
the microbes and get them killed (Figure 2e) [143]. Followed-up studies demonstrated that
Ag PIII&D treated titanium implants have a long activity duration (60 days, the longest
time point studied) against bacterial colonization [138]. The effectiveness of this micro-
galvanic-associated antibacterial mechanism in copper-bearing stainless steels was also
evidenced recently [145]. It was found that the contact killing of copper-bearing stainless
steel was manipulated by the potential difference of the microdomains (the copper-rich
phase and the matrix) in the material, which also produced proton depletion in bacteria
and as a result cell death [145].
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Table 5. Representative reports on long-term antibacterial surfaces.

Active Ingredients Intended Use (Substrates) Effective Period Reference

Tigecycline, Copper ions Treatment for osteomyelitis (Alginate aerogel) 18 days [121]
Vancomycin Cement (Calcium phosphate) 168 days [122]
(Z-)-4-bromo-5-(bromomethylene)-
2(5H)-furanone Dental implants (Titanium) 60 days [123]

Silver/Zinc ions An orthopedic and dental implant (Titanium) 180 days [124]
Nanosilver Bone implant (Polylactic acid fiber) 11 days [125]

Honokiol Remineralization of demineralized enamel (Poly(amido
amine) (PAMAM) (Dendrimer) 24 days [126]

Patchouli Essential Oil Wound Dressing (Polyvinyl alcohol and chitosan) 2 days [127]

Cetylpyridinium chloride Endodontic sealers (Polyhydroxyethyl methacrylate
trimethylolpropanetrimethacrylate) 48 days [128]

Metallic silver Hard tissue replacements (Titanium) 84 days [129]
Copper Orthopedics (Titanium) 14 days [130]
Zinc/Copper Cement (dicalcium silicate) 3 days [131]
Amoxicillin Wound dressing (Poly (e-caprolactone)) 7 days [132]
Chlorhexidine Medical devices (not clear, 316L) 3 days [133]
Silver ions Orthopedic implants (Titanium) 189 days (silver release) [134]
Nanosilver Biomedicine (not clear) 7 days [135]
Nanogold/Titania Orthopedic implants (Titanium) 6 days [136]
Nanosilver Orthopedic implants (Titanium) 60 days [137]
Silver nanoparticles Orthopedic implants (Titanium) 60 days [138]
Poly (poly (ethylene glycol)
dimethacrylate) Peritoneal dialysis catheters (Silicone) 30 days [139]

Figure 2. Contact killing of silver nanoparticles synthesized and immobilized on titanium by ion
implantation: (a) schematic representation of the silver plasma immersion ion implantation and
deposition (Ag PIII&D) process; (b) SEM image of the silver nanoparticles synthesized and immobi-
lized on titanium by Ag PIII&D under a 30 kV bias for 30 min; (c) cross-sectional TEM of the silver
nanoparticles synthesized and immobilized on titanium by Ag PIII&D, with corresponding fast
Fourier transform patterns (FFT, 1 and 2) inserted; (d) SEM image of the Staphylococcus aureus cells
cultured on an Ag PIII&D treated (treated for 30 min under a 30 kV bias) titanium for 24 h at 37 ◦C
with a bacteria concentration of 108 CFU/mL; (e) possible antibacterial mechanism of the Ag PIII&D
treated titanium; (b, d, and e) reused with permission from Elsevier [143]; (c) reused with permission
from American Chemical Society [144].

These studies provide insights into solving the problem of DAIs; however, they are
still far from meeting all the clinical requirements. This applies, especially for those late
hematogenous cases, which may suddenly come years or decades after surgeries [68]. At
present, there is no clear definition of the time of effectiveness of “long-term” antibacterial
surfaces. Our opinion on determining “long-term” is to clarify the “intended use” of the
surface first and take into account the time for a specific tissue repair process. The skin
healing process consists of ordered stages, which are inflammation (15 min to 6 days),
proliferation (2–3 days to 2–3 weeks), and maturation (3 weeks to 2 years) [132]. In this
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respect, we believe that the effective period for a “long-term” antibacterial wound dressing
should exceed 3 weeks. Generally, the healing of a bone fracture involves three distinct but
overlapping stages, i.e., the early inflammatory period (a few hours to days), the repairing
period (weeks), and the late remodeling period (months to years) [146,147]. As a result, the
typical time for a new bone to achieve adequate strength is 3 to 6 months [146]. Therefore,
we believe the effective period for “long-term” antibacterial bone implants should exceed
3 months, and this time required for elder patients should be longer because their bone
healing process is relatively slow. Although studies on “long-term” antibacterial surfaces
are increasing these years, most of the reports did not consider the “matching” problem
between antibacterial duration and tissue integration, yielding barriers to translational
research. Since the incidence of DAI is site-specific, this aspect should be considered in
future studies.

3.2. Response to pH Shifts

It is known that the pH shift is a common phenomenon of bacterial infections [148–150],
laying the basis for the development of pH-responsive antibacterial surfaces. The antibac-
terial activity of pH-responsive films or coatings can be triggered by the protonation or
deprotonation of their ionic groups. The thiazole and triazole groups, for example, in poly-
mer PS54-b-PTTBM23 (on porous polystyrene surfaces) can be protonated under acidic pH
levels, which increased the positive charge density on the materials surface to act against
bacterial adhesion (Figure 3a) [151]. In addition, the killed bacteria can be further removed
by increasing the pH levels (pH 7.4, for instance), which induced deprotonation of the
thiazole and triazole groups in the materials [151]. Normally, pH-responsive surfaces are
designed for the controllable release of antibacterial agents by manipulating the materials’
pH-associated swelling or shrinking processes. By shifting the environmental pH, the
protons of the carboxyl repeat units in poly(methacrylic acid) can be removed to make the
material swell, which can control the release of antibacterial drugs [152]. In this manner,
Wei et al. developed a pH-responsive surface capable of loading bacteriolytic lysozyme
at acidic pH levels and releasing it under neutral or basic pH [152]. A pH-sensitive fi-
brous membrane was also developed to control the release of antibacterial gatifloxacin
hydrochloride and silver nanoparticles [153]. The backbone (hydrophobic)-attached amino
groups (weak basic moieties) of chitosan adapt to a deprotonated state above pH 6 while
becoming protonated and positively charged at low pH, demonstrating a pH-dependent
extension of the colloid chains and consequently swelling of the material [154]. Accordingly,
chitosan was crosslinked with hydroxypropyl methylcellulose and 2-hydroxypropyl-β-
cyclodextrin to produce a superabsorbent hydrogel for controllable delivery of antibacterial
3,4-dihydroxy cinnamic acid in response to pH changes [154]. Similarly, the structure of
keratin hydrogel was reorganized by manipulating the protonation and deprotonation
process of carboxyl groups in the material, yielding pH-dependent shrinking and swelling
at low and high pH levels, respectively [155]. This behavior of the keratin hydrogel was
taken to control the release of biocidal zinc oxide nanoplates in a pH-dependent manner,
which can be a potential therapy response to a bacteria-contaminated media with biased
pH and treatment of chronic wounds [156].

In addition, acid-labile bonds can also be used to program the release of antibacte-
rial agents. Antibacterial gentamicin was conjugated with an alginate dialdehyde Schiff
base reaction between the aldehyde groups (-CHO) and amino groups (-NH2) from the
polymer, and was released due to the acidic environment triggered the disintegration
of the Schiff base bonds (Figure 3b) [157]. Similarly, antimicrobial 6-Chloropurine was
conjugated to 4-(vinyloxy) butyl methacrylate (VBMA) to produce 4-(1-(6-chloro-7H-purin-
7-yl) ethoxy) butyl methacrylate (CPBMA), which contained a hemiaminal ether linkage
can be hydrolyzed in mildly acidic conditions and allowed the controllable release of the
antibacterial agent (Figure 3c) [158]. Moreover, pH-induced material structural evolutions,
such as degradation, disintegration, and conformational changes, are also applied for the
controllable delivery of biocides. Polyacetal-based polymers are degradable under acidic
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pH levels and possess a relatively low critical solution temperature (LCST) which allows
wettability control by shifting the temperature (between LCST and room temperature) [159].
On account of this, a film-forming triple polymer-gel matrix containing polyacetal-based
polymer was prepared by De Silva et al. to control the topical release of silver sulfadi-
azine, which was highly efficient against wound pathogens, such as S. aureus, Pseudomonas
aeruginosa (P. aeruginosa), and Candida albicans (C. Albicans) [159]. The Schiff base structure
between the amino groups (-NH2) in dopamine and the aldehyde groups (-CHO) in ox-
idized dextran can be formed at pH 7.0 under the protection of nitrogen (N2) [160]. The
Schiff base bonds were disintegrated due to exposure to acidic bacteria-infected diabetic
wounds, which was the mechanism used by Hu et al. to control the release of antibacterial
silver nanoparticles by dopamine-conjugated oxidized dextran polymers (Figure 3d) [160].
The pH-induced conformational changes in silk fibroin (in a nanocapsule structure) were
also applied to control the delivery of eugenol, which exhibited strong efficacy against both
Gram-positive S. aureus and Gram-negative E. coli [161].

Figure 3. Typical methods toward pH-responsive surfaces: (a) protonation of polystyrene-b-poly(4-(1-
(2-(4-methylthiazol-5-yl)ethyl)-1H-1,2,3-triazol-4-yl)butyl methacrylate) (PS54-b-PTTBM23) at acidic
pH levels and increase of the positive charge density on the surfaces [151]; (b) breaking the Schiff
base bonds between antibacterial gentamicin and alginate dialdehyde by acidic environments [157];
(c) hydrolyzation of the hemiaminal ether linkage of antimicrobial 6-Chloropurine in 4-(1-(6-chloro-
7H-purin-7-yl) ethoxy) butyl methacrylate (CPBMA) by mild acidic conditions [158]; (d) destruction
of dopamine-conjugated oxidized dextran polymer to release the contained silver nanoparticles by
disintegration the Schiff base structures in the polymer [160]. (a,c) reused with permission from
John Wiley and Sons and American Chemical Society, respectively; (b,d) reused with permission
from Elsevier.

3.3. Response to Bacterial Charging

Membrane-bound respiratory electron transfer in bacteria plays a critical role in
the synthesis of adenosine triphosphate and bacterial maintenance [162]; therefore, it
can be a potential target for antibacterial surfaces. Extracellular electron transfer is a
general mechanism required for bacterial growth [163–166]. The microbial cell envelope is
not electrically conductive; hence bacteria have evolved strategies to exchange electrons
with extracellular substances [167], including direct electron transfer via physical contacts
(through the bacterial envelope or pili) between a microbe and a material surface, and
redox-active compounds mediating electron shuttle between bacteria and the material’s
surface serve as electron acceptors [168].

Accordingly, Cao et al. proposed to construct antibacterial coatings targeting the
extracellular electron transfer process in pathogenic bacteria (Figure 4) [169,170]. Ag NPs
in various sizes (4–25 nm) were in situ synthesized and immobilized onto plasma-spraying-
prepared titanium oxide coatings by manipulating the atomic-scale heating effect in silver
plasma immersion ion implantation. The antibacterial efficacy of the resulting composite
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coatings was dependent on the particle size and interparticle space of the immobilized silver,
i.e., large particles (5–25 nm) induced fatal cytosolic content leakage and lysis of both Gram-
negative and Gram-positive bacteria while small ones (~4 nm) did not [169]; and a relatively
large interparticle space was superior to a small interparticle space is disrupting the integrity
of the adherent bacterial cells [170]. Similar results were also reported in follow-up studies
by using silver nanoparticles decorated with tantalum oxide coatings [171,172]. By using
plasma spraying, graphene nanomaterials decorated with titania coatings were prepared for
antibacterial applications [173]. The coatings can collect the electrons extruded by adherent
bacterial cells due to the rectification of the Schottky-like graphene-titania boundaries [173].
In vitro evidence showed that cobalt-titanium dioxide and cobalt oxide (CoO or Co3O4)-
titanium dioxide nanoscale heterojunctions can downregulate the expression of respiratory
gene levels in bacteria and cause oxidative damage to bacterial surfaces [174]. In another
study, Wang et al. also found that the antibacterial efficacy of tungsten-incorporated
titanium dioxide coatings (prepared by micro-arc oxidization) was related to their strong
capability in the storage of bacteria-extruded electrons and accumulation of sufficient
valence-band holes inducing oxidative damages to the microbes [175]. These findings have
opened up new avenues for taking advantage of the intrinsic feature of biological systems
to design and control the antibacterial actions of biomaterials.

Figure 4. Silver nanoparticle decorated titanium oxide coating acting against bacterial colonization
by taking advantage of extracellular electron transfer in bacteria: collection and storage of bacteria-
extruded electrons on the immobilized silver nanoparticles (“bacterial charging”), accumulation
of valence-band hole (h+) at the titanium oxide side of the silver–titanium oxide boundaries, and
disruption of bacterial cell walls (cytosolic content leakage) by those accumulated valence-band holes
(oxidation) [169]. Reused with permission from Elsevier.

3.4. Response to Light Irradiation

Sterilizing materials’ surfaces with ultraviolet (UV) light is a well-established standard
method that has been around for decades. Materials converting light energy to heat for local
disruption of bacterial colonization, i.e., photothermal therapy, are promising alternatives
to antibiotics that possibly circumvent the problem of resistance [176]. Typical reports in
this direction are listed in Table 6. Gold nanoparticles have been studied widely because
of their high efficiency of photothermal conversion via surface plasmon resonance in the
near-infrared (NIR) region (in the range of 700–1100 nm) [177]. It was reported that a gold
nanoparticle and phase-transitioned lysozyme hybrid film was able to kill 99% of adherent
bacteria within 5 min under the illumination of a NIR laser [177]. Composite thin films were
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produced by coordinative assembly of tannic acid (TA) and iron ions (Fe3+) and yielded
Au-TA/Fe (Figure 5a; the support can be other materials, rather than gold) [178]. These
films exhibited high absorption and efficient light-to-heat convention under NIR irradiation
(Figure 5b), as a result, they had efficient photothermal killing effects that disrupted 99%
of adherent microbes, including both Gram-negative E. coli and Gram-positive MRSA
strains (Figure 5c).

Figure 5. A photothermal antibacterial surface: (a) schematic illustration of the coordinated assembly
of tannic acid (TA) and Fe3+ ions (iron chloride hexahydrate) on gold (can be other materials),
yielding the Au-TA/Fe; (b) near-infrared (NIR) irradiation (808 nm, 2.2 W·cm−2) induced temperature
changes on the material surface immersed in phosphate-buffered saline (PBS), with corresponding
thermal images inserted; (c) SEM images of adherent bacteria (E. coli or MRSA) on materials surface
with/without NIR irradiation (5 min), together with the typical photographs of bacterial colonies
re-cultured from materials surface of different processing histories. Adapted from reference [178]
with permission from the American Chemical Society.

Materials absorbing light energy to produce reactive oxygen species (ROS) for oxidiza-
tion of bacterial cell walls, yielding photodynamic therapies [179], are also developed for
potential biomedical applications. Quantum dots are sensitive to blue light illumination
and capable of producing singlet oxygen, which is a powerful ROS able to disintegrate
bacterial cell walls [180]. It was reported that hydrophobic carbon quantum dots incorpo-
rated into various polymer matrices in form of thin films had significant activity against
S. aureus under blue light irradiation [180]. An antibacterial coating composed of black
phosphorus nanosheets (BPS) and poly (4-pyridonemethylstyrene) (PPMS) was coated on
a titanium surface (PPMS/BPS) (Figure 6a) [181]. Under the stimulation of visible light
(660 nm, 0.5 W·cm−2), the contained photosensitizer BPS released ROS (singlet oxygen),
which was evidenced by the gradual decrease of UV absorption at 415 nm as the irra-
diation duration was prolonged to 50 min (Figure 6b). This was monitored by using 1,
3-diphenylisobenzofuran, which reacts with singlet oxygen to decrease the absorption
around 415 nm [181]. In addition, the coating was good at the storage of the illumination-
generated ROS via transforming PPMS to poly (4-pyridonemethylstyrene) endoperoxide
(PPMS-EPO) (Figure 6a). The stored ROS can be released in the dark, mediating the “killing
without light” capability of the coating. By illuminating in presence of oxygen gas (O2) for
40 min, the PPMS/BPS group was transferred into PMMS-EPO/BPS, which was able to
release ROS even after being contained in the dark at 37 ◦C for 24 h (the insert in Figure 6b).
A reverse transformation between pyridone and endoperoxide was evidenced by the aris-
ing 1H nuclear magnetic resonance (1H NMR) peaks corresponding to the endoperoxide
ring and the proton of endoperoxide in PMMS-EPO (Figure 6c). Tan et al. demonstrated
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that the PPMS-EPO/BPS coating had an antibacterial rate (against E. coli and S. aureus)
of over 99.0% under light illumination and around 70.0% without light irradiation [181].
Such designs can compensate those photo-based therapies for applications in implantable
medical devices that lack light reach.

Figure 6. A photodynamic antibacterial material surface: (a) schematic illustration of the killing
actions of the composite coating composed of black phosphorus nanosheets (BPS) and poly (4-
pyridonemethylstyrene) (PPMS). Under light irradiation (660 nm, 0.5 W·cm−2), BPSs generate
reactive oxygen species (ROS), which can directly act on bacterial cells or are stored by the coating
itself through the transfer of PPMS into poly (4-pyridonemethylstyrene) endoperoxide (PPMS-EPO),
yielding antibacterial activity in the dark (killing without light). (b) UV-vis spectra show the capability
of ROS production in PPMS/BPS with the increasing irradiation duration in the air (20 ◦C, 660 nm,
0.5 W·cm−2). The insert shows the capability of ROS production by a PMMS-EPO/BPS (fabricated
by illuminating the PPMS/BPS group for 40 min in presence of oxygen gas (O2) after being contained
in the dark at 37 ◦C for 24 h. (c) 1H NMR spectra show the reversible structure change of PPMS
and PPMS-EPO. Peaks corresponding to the endoperoxide ring and proton of endoperoxide were
detected. Adapted from reference [181] with permission from John Wiley and Sons.

Materials having both photothermal and photodynamic activities are also developed
for the disinfection of biomedical materials. Recently, a hydrothermally prepared nanorod
array of titanium dioxide was demonstrated as an efficient photosensitizer for antibacterial
applications [179]. In response to a NIR light (808 nm), the nanorods had both efficient light-
to-heat conversion and ROS production properties, showing their excellent in vitro and
in vivo antibacterial efficacy [179]. To endow titanium surface with both photothermal and
photodynamic activities, the near-infrared fluorescent dye IR780 modified red phosphorus
(has high photothermal conversion efficiency) films were developed [182]. In addition to
the excellent compatibility with mammalian cells and normal tissue, the composite coatings
demonstrated the synergistic effect of thermal and singlet oxygen in the eradication of
S. aureus biofilms in vitro and in vivo [182]. Moreover, the thermal conversion activity of
photosensitizers also can be applied to control the release of antibacterial agents for disinfec-
tion. Nano-structural molybdenum sulfide coating alone has high photothermal conversion
efficacy that may induce hyperthermia capable of disintegrating bacterial envelopes [183].
This property of molybdenum sulfide can be used to control the release of antibacterial
nitric oxide [184,185]. Typically, nano molybdenum sulfide assembled with heat-sensitive
N,N′-di-sec-butyl-N,N′-dinitroso-1,4-phenylenediamine (as a nitric oxide donor) demon-
strated a rapid antibacterial activity depending on nitric oxide release, yielding promising
treatments for bacterial infections, even heat-resistant strain associated [184].
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Table 6. Representative reports on photo-responsive antibacterial surfaces.

Action: Active Ingredient Light Parameter Pathogens Tested Intended Use Reference

Heat: gold NIR light E. coli, MRSA In vitro (not specific) [177]
Heat: tannic acid and iron NIR light E. coli, MRSA Not specific [178]
Heat: titanium dioxide NIR light E. coli, S. aureus Orthopedic/dental implants [179]
Heat: carbon dots Blue light S. aureus Not specific [180]

ROS: black phosphorus Visible light E. coli, S. aureus Implantable materials/device
(not specific) [181]

Heat and ROS: fluorescent
modified red phosphorus NIR light S. aureus Treatment for joint implants [182]

Heat and Nitric oxide:
molybdenum sulfide assembled
with a nitric oxide donor

NIR light
Ampicillin-resistant E. coli,
heat-resistant E. faecalis,
and S. aureus

Wound repair (not specific) [184]

Moreover, antibacterial coatings responsive to other stimuli, such as temperature, elec-
tricity, and oxidative species, are also developed. Environmental temperature-responsive
films based on poly(N-isopropylacrylamide) were developed to control the release of Ag
NPs (at 37 ◦C) for antibacterial applications [186]. Triggered by an external electric field, a
polypyrrole-doped polydimethylsiloxane coating was capable to release an antimicrobial
drug loaded (crystal violet), making it a promising candidate for responsive antibacterial
surfaces [187]. A branched poly(ethylene glycol)-poly(propylene sulfide) (PEG-PPS) poly-
mer coating was found capable of actively releasing antibiotics (tigecycline or vancomycin)
in response to an oxidative environment (ROS), which would occur adjacent to the infection
site of a periprosthetic joint [188]. However, current reports on responsive antibacterial
coatings normally are quite preliminary “proof of concept” studies; hence a lot of further
efforts are needed to confirm their specific clinical scopes.

3.5. Cell-Selective Materials Surfaces

As aforementioned, an implant surface can be contaminated by pathogenic bacteria
during surgery or during serving in the host. This requires the device to be highly selective
over bacterial and mammalian cells, i.e., toxic to the adhesion of bacteria while compatible
with the host cells. Here “compatible” includes two aspects, to be inert for a temporary
device (for example a titanium bone plate) that does not stimulate rejections and to be
bioactive for a permanent device (for example the implant-bone boundary for an artificial
joint) that actively orchestrate tissue repair and integration in the host. We already know
many surface features, such as surface composition (ion release), nanostructures, and wetta-
bility, that can determine the adhesion of cells to implantable medical device surface [189].
However, it is still hard to engineer a cell-selective surface on implantable medical devices
because bacterial and mammalian cells share many mechanisms in adhesion, and the
defense systems in the host are normally perturbed by placing the device. In the 1980s,
Gristina first proposed the “race for the surface” concept [190], which suggested that the fate
of an implantable device is a contest between bacterial adhesion and tissue integration to
the device’s surface. If the race is won by tissue cells, then the device surface is normally
in host protection from bacterial colonization and infections. Since then, various in vitro
and in vivo methods were developed to simultaneously study biofilm formation and tissue
integration on the same surface. Subbiahdoss et al. developed an in vitro method that
allows the growth of both S. epidermidis (ATCC 35983) and osteosarcoma cells (U2OS) in a
parallel plate flow chamber [191]. So the “race for the surface” can be evaluated by determin-
ing the number of adhering cells and the area per spread cell. By using this protocol, the
race between S. epidermidis and U2OS cells on various polymers with different wettability
was studied [192]. The results demonstrated that the interactions of U2OS cells with bioma-
terials were hampered by biofilm formation on the materials, and neither hydrophobic nor
hydrophilic surfaces have the potential to help U2OS win the race. In contrast, the presence
of integrin-active arginine-glycine-aspartic acid (RGD) peptide on biomaterials significantly
compromised the negative effects of biofilm presence by increasing surface coverage of
U2OS but detaching bacterial biofilms at elevated flow shear (5.6 s-1, phosphate-buffered
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saline) [193]. The competition for a poly(methylmethacrylate) surface between U2OS cells
and highly virulent S. aureus or P. aeruginosa in presence of murine macrophages was also
described by the research group [194]. The presence of S. aureus decreased the adherence of
human osteogenic sarcoma (SaOS-2) or primary osteoblast (hOB) cells to the surfaces of
titanium, polydimethylsiloxane, and polystyrene; on the other hand, the presence of either
type of these human cells was also associated with a reduction of bacterial colonization to
the material’s surface [195]. Martinez-Perez et al. described an in vitro approach for the
study of the adherence of S. aureus and S. epidermidis in the presence of pre-osteoblastic
cells (MC3T3-E1), which can be used for assessing the effects of surface coatings with
antibacterial potentials [196]. By using a bilateral intramedullary rat model and injecting
bacteria (S. aureus) into the tail vein after implant placement, the temporal interplay be-
tween host-cell adhesion and bacterial colonization was examined [197]. To determine the
effects of hematogenous spreading of bacteria on infection subcutaneous implants (after
healing of the implantation wound), rats were intravenously injected either with S. aureus,
S. epidermidis, or P. aeruginosa 4 weeks after subcutaneous implantation of various bioma-
terials, including silicone rubber, polyethylene, polypropylene, poly(tetrafluoroethylene),
poly(ethylene terephthalate), poly(methyl methacrylate), polyurethane, or glass [198]. The
results demonstrated that late hematogenous infection of subcutaneous biomaterials does
not occur in the rat, hence those reported late infections in humans were likely caused by
perioperatively introduced pathogens [198], which is worthy of further studies. Reports
covering biofilm formation on biomaterials surfaces lack often the differentiation between
biofilm reducing and biofilm inhibitory effects [199]. Hence, the current biofilm method-
ologies used for judging the antibacterial effects of implant surfaces need to be critically
revisited and if necessary revised and standardized. These reports show the significance of
constructing cell-selective surfaces for implantable medical devices, as well as methods to
evaluate the property.

Metallic ingredients are performing multiple functions in humans that can be building
blocks leading to single-element-release mediated cell-selective surfaces. Zinc is known
as a stimulus to the osteogenic function of bone cells and also an inhibitor of bacterial
growth. Accordingly, zinc was loaded onto various titanium surfaces by using micro-arc
oxidation [200], hydrothermal treatment [201], and ion implantation [202], demonstrating
excellent antimicrobial and osteogenic properties. It is known that antimicrobial cobalt
ions can induce hypoxia-like conditions [203]. By applying this feature of cobalt ions,
antibacterial wound dressings with excellent capability for the promotion of angiogenesis
and epithelialization were fabricated by Shi et al. [203]. Copper, in addition to its broad-
spectrum bactericidal activity, was found to be capable of promoting osteoblast proliferation
and bone formation [204]. It was reported that proper control of the content and release of
copper in Ti-Cu alloys are capable of balancing the antibacterial and osteogenic properties
of the metal implants [204].

The combinational release of antimicrobials and tissue-integration promoters is an-
other pathway extensively studied to develop cell-selective implants. Low-molecular-
weight polyethyleneimine is a cationic antimicrobial agent, and alendronate is a stimulus
for new bone formation and osteointegration improvement [205]. They can be covalently
conjugated onto ethanediamine-functionalized poly (glycidyl methacrylate) to construct
titanium implants of both antibacterial and osteogenic properties [205]. Silver and hy-
droxyapatite are two typical materials with antibacterial and osteogenic properties, re-
spectively. Recently, Fazel et al. developed a duplex process that sequentially employed
micro-arc oxidation and hydrothermal treatment to decorate Ag NPs and hydroxyapatite
nanocrystals on the surface of a porous Ti6Al4V substrate (fabricated by using selective
laser melting), creating surfaces of both osteogenic and antibacterial properties [206]. Bac-
terial infection in burn wounds is common and fatal [207]. Many works have been done
to develop wound dressings preventing bacterial infection and promoting wound heal-
ing. Porphyrin photosensitizer sinoporphyrin sodium has two macrocycles that show
high efficiency against pathogenic bacteria via the production of ROS [208]. This dimeric

67



J. Funct. Biomater. 2022, 13, 86

photosensitizer was chosen to work with fibroblast growth factor in a carboxymethyl
chitosan-sodium alginate matrix that has successfully suppressed the growth of bacteria
and simultaneously accelerated the healing of bacteria-contaminated burn wounds in mice
under mild photoirradiation (30 J·cm−2, 5 min) [208]. Due to inferior vascularization, poor
re-epithelialization, and increased infection risk, treatment of diabetic wounds is consider-
ably challenging and becomes a focus of cell-selective surfaces. The (11-mercaptoundecyl)-
N,N,N-trimethylammonium (MTA) contains a quaternary ammonium cation that interacts
strongly with the negatively charged cell membrane of microbes [209]. Together with
the vascular endothelial growth factor, MTA can be conjugated into gold nanoparticles
to produce dual-functional (antimicrobial and proangiogenic) dressings for treatments of
diabetic wounds [209]. Ag NPs and pro-angiogenic deferoxamine were encapsulated in a
pH-responsive hydrogel developed via double-crosslinking between chitosan quaternary
ammonium salt and oxidized dextran-dopamine, achieving pH-sensitive feature in drug
release and accelerated healing of infected diabetic wounds [160]. The antibacterial efficacy
of hydroxypropyltrimethyl ammonium chloride chitosan is related to the substitution
degree of its quaternary ammonium group [210]. This chitosan derivative cooperates with
magnesium ions (magnesium chloride) in calcium alginate, yielding an antibacterial and
angiogenic dressing for the treatment of infected diabetic wounds [210].

Normally, the surface of a medical device will be in contact with body fluids, which
are electrolytes that facilitate electrochemical reactions on the implant surfaces. These reac-
tions can intervene in the adjacent microscale biological environments and subsequently
determine the fate of the implants, giving alternative pathways to construct cell-selective
surfaces. To be specific, the dissimilar phases in a metal likely have different electrode
potentials, as a result, electrochemical corrosion (also known as internal galvanic corrosion)
will occur when the material comes into contact with an electrolyte [211,212], just as the case
that a metallic implant is in contact with the physiological fluid. Based on this mechanism,
Cao et al. firstly proposed to control the antibacterial activity and improve the biocom-
patibility of Ag NPs by taking advantage of the chemical reactions stemming between
nanosilver precipitates and the titanium matrix (Figure 2e) [143]. The antimicrobial activity
of these immobilized (or embedded) Ag NPs was well retained in addition to their excel-
lent compatibility with the functions of bone cells and bone formation [138,213,214]. The
biological basis for such a cell-selective property is likely the difference in size and structure
between the prokaryotic (bacteria) and eukaryotic cells (bone cells), which makes bacte-
rial and mammalian cells respond differently to the proton-depleting reactions over Ag
NPs decorated materials surface [143], i.e., proton depletion mediated by immobilized Ag
NPs likely disrupts the transmembrane proton electrochemical gradient and inactivate the
adenosine triphosphate synthesis, ion transport, and metabolite sequestration, ultimately
lead the bacterial death (Figure 2e), while it catalyzes the activation of an integrin-mediated
cascade of osteoblast differentiation in rat bone marrow stem cells and improving osteoin-
tegration of metal implants [144]. Such cell-selective effects can be further boosted via the
co-doping of silver and calcium into titanium surfaces [215]. Silver and calcium were in
situ introduced into the titanium surface by two synchronously operating cathodic arcs
as aforementioned in Figure 2a. The dopped silver was condensed into nanoparticles
(Ag NPs) on the substrate surface, while the calcium was intermixed with the titanium
matrix, yielding a modified surface layer of approximately 30 nm in thickness (designated
as Ti-Ag/Ca) [216]. E. coli (ATCC 25922) at a concentration of 106 cfu·ml−1 and rat bone
marrow stem cells (BMSCs) at a density of 104 cells per ml were seeded onto the material
surface and incubated at 37 ◦C for 24 h and 1 h, respectively. Serious bacterial cell disrup-
tion and distortion (Figure 7a) while accelerated spreading and coverage of BMSCs were
detected (Figure 7b), demonstrating that Ti-Ag/Ca favored the functions of BMSCs and si-
multaneously acted against pathogenic bacteria, i.e., cell selectivity [215]. The cathodic and
anodic reactions on Ti-Ag/Ca possibly disrupted the transmembrane proton-motive force
(PMF) and the administration of calcium further stressed or even disordered the metabolic
processes critical to bacterial maintenance (Figure 7c), showing the antibacterial activity as
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shown by Figure 7a. Additionally, the electrochemical reactions on Ti-Ag/Ca also possibly
accelerated the proton extrusion of sodium-proton exchanger 1 (NHE1) and the calcium
influx of sodium-calcium exchanger 1 (NCX1) in BMSCs (Figure 7d), showing enhanced
membrane bleb nucleation, growth, and retraction as shown in Figure 7b. Moreover, the
growth and retraction of membrane blebs can modulate cellular mechanics and promote
the osteogenic differentiation of BMSCs, which is good to improve the osseointegration of
titanium [215]. Such antibacterial surfaces are promising for orthopedic devices and dental
implants, which are intended to be integrated into bone tissues.

Figure 7. A cell-selective titanium surface: (a) SEM surface morphology of the microbes (E. coli) cul-
tured for 24 h on titanium doped with both calcium and silver (Ti-Ag/Ca), with a high magnification
image, inserted; (b) typical morphology of rat bone marrow stem cells (BMSCs) cultured for 1 h
on Ti-Ag/Ca, with a high magnification image inserted; (c,d) potential mechanism underlying the
actions of Ti-Ag/Ca on microbes and mammalian cells, respectively [215]. Reused with permission
from the Royal Society of Chemistry.

In addition, topographical nanostructures, such as nanopillars [216–218], nanosheets [219],
nanorod [220,221], and nano-roughness [222,223], with the efficacy of physical sterilization
represent an innovative pathway toward antibacterial surfaces. Among these designs,
nanopillars received the most attention because their puncture-based biocidal actions are
material composition and bacterial species independent. The bactericidal mechanisms
of such structures were already highlighted in a very recent review [224]. Additionally,
there are several studies that demonstrated that titanium nanopillars with proper diameter,
spacing, and height yield cell-selective surfaces. Hasan et al. fabricated nanopillars on
a commercially pure titanium substrate (the surface appears black) using a reactive ion
etching process [225]. They found that titanium nanopillars of about 1 μm in height have
maximal bactericidal efficiency without compromising attachment and proliferation of
human mesenchymal stem cells. Similarly, Ganjian et al. reported that titanium nanopillars
with diameters of about 26 nm and lengths of about 1.1 μm have biocidal activity against
Staphylococcus aureus and Escherichia coli, but murine preosteoblasts (MC3T3-E1) can
attach and spread well [226]. Additionally, Modaresifar et al. recently concluded that the
height and spatial organization are key factors contributing to the cell selectivity of the tita-
nium nanopillars between MC3T3-E1 and staphylococcus aureus [227]. These studies show
that black titanium with nanopillars is a very promising material surface for orthopedic
implants. However, further efforts are looking forward to confirming the cell selectivity of
such a design in vivo.
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3.6. Immune-Instructive Materials Surfaces

It is acknowledged that the high susceptibility of biomaterials to infections is not only
related to bacterial contamination but also owed to the undesirable host responses which
compromise the intrinsic immune capability in bacterial clearance [228,229]. The research
of Zimmerli et al. revealed that 100 colony-forming units (CFU) of S. aureus were sufficient
to cause infection to 95% of subcutaneous implants in pigs, whereas 105-fold higher CFU
did not produce any infection in the same subcutaneous model without alien implants [230].
Southwood et al. found that the surgical site of an arthroplasty implant became infected
by contamination with 50 CFU of S. aureus. This concentration was 200 times lower than
that causing infection in a surgical site without any foreign device [231]. Given this, the
inherent immunomodulatory effects of implantable devices and their interactions with
the host’s immunity system should be highlighted in developing advanced anti-infective
biomaterials [232]. The immune system is generally divided into innate and adaptive
arms, which cooperatively protect the host from bacterial infections [233]. The nonspecific
nature of the former indicates its modulation potential yielding a broad spectrum against
pathogenic bacteria [234]. The neutrophils and macrophages are key players mediating the
innate immune response of the host at the cellular level. They have multiple actions against
pathogenic bacteria, such as the production of reactive oxygen species (ROS) and reactive
nitrogen species (nitric oxide), the release of granule proteins and neutrophil extracellular
traps (NETs), cytokine expression of interleukins, and phagocytosis [235–238]; therefore,
they are especially concerning to the biomaterial community.

The behaviors of neutrophil adhesion to biomaterials are determined by surface
chemistry [239], topography [240], wettability [241], and stiffness [242]. Polystyrene and
woven Dacron or Silastic induced neutrophil release of granule antibacterial products
(are cationic peptides known as defensins) to create an environment hostile to phagocytic
killing by neutrophils [243]. Polytetrafluoroethylene and Dacron promoted the produc-
tion of ROS and mediated premature neutrophil death while polystyrene did not [239].
Furthermore, after being manually scratched with forceps, the polystyrene also induced
the production of more reactive oxygen intermediates and rapid neutrophil death [240].
A rapid decrease in expression of L-selectin was detected within 16 min of neutrophil
adhesion to titanium, and Fc gamma III receptor (CD16) expression dominated the ini-
tial adhesion (within 30 min) [244]. Human neutrophils rapidly adhered to sandblasted
large-grit acid-etched titanium surfaces and released NETs [245], which are efficient actions
of neutrophils limiting pathogenic spreading in a microbe-size-dependent manner [246].
Rough-hydrophilic titanium surfaces (produced by sandblasting and acid etching, and
stored in a nitrogen environment) decreased the production of pro-inflammatory cytokines
and enzymes as well as the formation of extracellular traps in adherent neutrophils [241]. In
addition to the release of reactive oxygen radicals, neutrophils possibly enhance nitric oxide
production in response to acute and chronic inflammation. The reaction of nitric oxide
and reactive oxygen species readily generates peroxynitrite, which is a potent cytotoxic
mediator [247]. It was demonstrated adherent neutrophils on polyethylene oxide-modified
polyurethane produced lower amounts of nitric oxide; however, peroxynitrite formation
did occur upon bacterial stimulation (S. epidermidis). This indicated that biomaterials
can compromise neutrophil generation of nitric oxide, possibly diminishing the bacterial
clearance capacity of the immune system and increasing the risk of DAIs [248]. Surface
structures and stiffness have modulatory effects on macrophages. Surface-topography-
induced changes in macrophages were examined in terms of polymer parallel gratings [248].
Such gratings, particularly of larger size, affected the adhesion, morphology, and cytokine
secretion of macrophages. Adherent macrophages on both micro- and nanostructured
silicon dioxide films did not increase the production of interleukin IL-6 or alter membrane
mobility but had significantly greater phagocytic capacity than those on flat surfaces [249].
Macrophages are master regulators orchestrating host immune responses to biomaterials.
Micropatterned surfaces (microgrooves/ridges and micropillars) did induce distinct gene
expression profiles in human macrophages [250]. To be specific, micropillars (5–10 μm
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in diameter) were dominant in driving macrophage attachment to a polystyrene chip,
and pillar size and spacing were critical in priming anti-inflammatory phenotype [251].
Hotchkiss et al. studied the surface roughness and wettability effects of titanium on
macrophage activation and cytokine production. They found that smooth titanium induced
inflammatory macrophage (M1) activation to express high levels of interleukins IL-1β, IL-6,
and tumor necrosis factor alpha (TNF-α), while hydrophilic and rough titanium induced
anti-inflammatory macrophage (M2) activation to release high levels of interleukins IL-4
and IL-10 [252]. Poly(ethylene glycol) based hydrogels with lower stiffness induced mild
macrophage activation and a more typical mild foreign body reaction [253]. Similar re-
sults were found on polyacrylamide gels, i.e., stiff gels (323 kPa) prime pro-inflammatory
macrophages with impaired phagocytosis while soft (11 kPa) and medium-stiff (88 kPa)
gels prime anti-inflammatory and highly phagocytic phenotype [254]. These results were
consistent with that reported by Previtera et al., who demonstrated that the production of
pro-inflammatory mediators by macrophages was mechanically regulatable, namely stiff
substrates enhanced proinflammation [255].

The immunomodulatory effects of antimicrobials attract extensive attention in addition
to their biocidal activities. Silver-based coatings are commonly proposed for antibacterial
applications; however, Croes et al. demonstrated that the electroplated silver on porous
titanium was cytotoxic to neutrophils via releasing an excessive amount of silver ions and
diminishing neutrophil phagocytic activity [256]. Diffusive Ag NPs were able to rapidly
penetrate inside neutrophils and induce atypical cell death [257], which possibly inhibited
neutrophil reactive oxygen production and subsequently impair the antibacterial efficacy
of the innate immune system [258]. Other studies concluded that the immunomodulatory
efficacy of diffusive Ag NPs was correlated with their ability to release silver ions [259].
Moreover, the immunomodulatory effects of engineered nanomaterials are chemistry-
dependent. It was demonstrated that macrophages responded to diffusive nanoparticles by
significantly increasing the generation of IL-6, nuclear translocation of nuclear factor-kappa
B, induction of cyclooxygenase-2, and expression of TNF-α, with maximum prominent
such pro-inflammatory responses detected in cells treated by diffusive Ag NPs, followed
by aluminum, carbon black, and carbon-coated Ag NPs [260]. Moreover, zinc and copper
are branded immunomodulatory and antimicrobial activities. Zinc plays multiple roles
in the innate immune system, and zinc deficiency normally reduces the chemotaxis of
neutrophils and the phagocytosis of macrophages [261]. Zinc oxide nanoparticles were
coated on titanium by magnetron sputtering. This surface improved the antibacterial
efficacy of macrophages and neutrophils in terms of phagocytosis and inflammatory cy-
tokine secretion [262]. Copper-doped titanium oxide coatings (fabricated by micro-arc
oxidation technique) induced high levels of inducible nitric oxide synthase activity and
IL-6 release but low levels of IL-4 and IL-10 in macrophages to prime M1 phenotype, which
exhibited enhanced phagocytosis and antibacterial efficacy [263]. Copper nanoparticles
coated with polyetheretherketone (with a porous microstructure produced by sulfonation)
by magnetron sputtering technique also were capable of polarizing macrophages to a
pro-inflammatory phenotype with improved phagocytic ability toward MRSA [264].

This evidence gave us a comprehensive understanding of the biological actions of
various silver-, zinc-, and copper-based materials, which are extensively concerned with
developing antibacterial surfaces for medical devices [116,265]. However, they are normally
passive studies that just demonstrate the immune-interfering actions of synthetic antibacte-
rial materials, rather than active studies directly taking advantage of immunomodulatory
biomaterials to construct antibacterial activity. In this respect, the immunomodulatory
effects of essential metals, such as magnesium and calcium, should be appreciated. It
was reported that high extracellular magnesium concentration can attenuate neutrophil
activation by inhibiting the generation of superoxide radicals [266]. Calcium also plays
a critical role in the regulation of pro-inflammatory functions of neutrophils, such as the
release of superoxide anions, secretion of cytokine, formation of NETs, and phagocyto-
sis [267]. Previously, we fabricated calcium-doped titanium (designated as Ti-Ca) by using
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a calcium plasma immersion ion implantation technique [268], which is similar to that
shown in Figure 2a (just replace the silver cathode with pure calcium, and treat for 90 min
with a 30 kV bias). Although in vitro tests demonstrated Ti-Ca was poor against bacterial
colonization, the Ti-Ca implants survived the challenge of MRSA (ATCC 43300) in the
tibia of rabbits and promoted osseointegration of titanium, while the pure titanium control
(Ti) failed [256]. Very recently, we found that the locally delivered calcium by titanium
can react with carboxy-terminal regions of the Aα chains and influence their interaction
with the N-termini of Bβ chains in fibrinogen (a blood protein), which facilitates the expo-
sure of the protein’s antimicrobial motifs, showing the surprising antimicrobial efficacy
of calcium-doped titanium (Figure 8) [16]. This finding validates that the antibacterial
surfaces can address the functions of the host rather than targeting directly the pathogenic
bacteria, breaking the existing paradigm on minimizing DAIs. Fibrinogen adsorption is
an essential process in the intrinsic immune responses of the human body to implantation
operations, the aforementioned effect of calcium-doped titanium on fibrinogen adsorption
brings further insight into the design of immunomodulatory biomaterials. In addition,
the increased release ratio of magnesium/calcium from a magnesium alloy was found
to prime the M2 phenotype of macrophages [269]. Since magnesium serves as a natural
calcium antagonist [270], such synergistic effects of magnesium and calcium indicate a
fruitful direction for the development of immunomodulatory antibacterial surfaces.

Figure 8. An antibacterial surface targeting the adsorption of fibrinogen: the calcium released by
titanium turns the intramolecular interactions between αC regions and the amino-terminal of Bβ
chains, and subsequently contributes to the exposure of the antibacterial peptide in fibrinogen. The
Gly-His-Arg-Pro (Gly: glycine; His: histidine; Pro: proline; Arg: arginine) are the start sequences of
the antibacterial peptide Bβ15–42 which locates at the N-terminal end of the β chain [16]. Reused
with permission from the Royal Society of Chemistry.

4. Directions to Improve the Quality of Antibacterial Reports

As demonstrated in Section 3, tremendous antibacterial designs have been proposed
to treat DAIs. Despite a large number of studies carried out systematical in vitro and
in vivo tests, clinical translation of these designs is limited. All the devices have their own
“intended use”, which defines a primary function of an implantable medical device. For
example, the primary functions of a wound dressing and dental implant are to help wound
healing and promote osseointegration, respectively. Since not all the implantable medical
devices are bound to a bacterial infection, antibacterial function, in our opinion, shall serve
as a property secondary to those primary ones. This requires that the design, synthesis,
and evaluation of implantable antibacterial surfaces should fit the needs of a specific
“intended use”, which will help to clarify the exact biological environment that the material
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is intended to integrate [116,271]. This is crucial to choose proper routes for material
synthesis, applicable parameters for material characterizations, and the right strategies for
biological evaluations, enabling reproducible, comparable, and reusable results that will be
consistent in clinical translation [271]. Unfortunately, many previous reports were at the
stage of “proof of concept”; they did not conform strictly to a specific application. According
to the papers we have screened, major flaws in our current reporting on developing
antibacterial surfaces for implantable medical devices are (Table 7 includes some typical
examples [18,272–278]) (1) many reports are lack of comprehensive understanding of the
requirements of a specific application or even have no clear indication of use (Cases 2, 3, 7,
and 8 in Table 7); as a result, it is hard to ensure the effectiveness and safety of such designs
because the incidence and pathogens of DAIs are site-specific [66] and the biocompatibility
of biomaterials is referred to specific applications [279]. (2) Some reports choose testing
assays that do not closely relate to the intended use. For example, in Case 4, the authors
reported a light-responsive material for antibacterial wound dressings; however, the effects
of light illumination on mammalian cells are not considered either in vitro or in vivo. In
Case 6, the intended application for the study is “dental implant”, which requires good
osseointegration; nevertheless, only human gingival fibroblasts have been tested in vitro.
(3) Some of the reports have flaws that possibly undermine the confidence in clinical
applications. Typical features of these flaws are using unidentified bacterial sources (Cases
2 and 4 in Table 7), and changing experimental conditions during the study (for example,
in Cases 5 and 6, the light irradiation parameters, power, duration, and onset changed
between different in vitro and in vivo tests, which may mislead the follow-up studies). For
the sake of safety, in addition to antibacterial tests, the tissue integration or compatibility of
the designs shall be tested; however, this aspect was not considered in many current reports
(in Case 8, for example, a light-responsive surface was proposed for disinfection; however,
the effects of light illumination on tissue integration were not evaluated). Many studies are
“proof of concept” reports (like Case 1), and some of them seem inconsistent according to
their results. For example, the authors in Case 3 tried to report an antimicrobial surface
with long-term efficacy, but the antibacterial effect was considered 5 days post-operation
using a subcutaneous implant model in mice. Moreover, although a bacterial infection is
possibly associated with multiple species (Case 8, Table 3), normally one bacterial strain
is involved in tests; co-culture of mammalian cells with bacteria or co-culture of different
bacterial strains are rare in current studies.

Table 7. Typical flaws in our reports on antibacterial surfaces.

Case Antibacterial Designs
Bacterial Strain
(In Vitro)

Mammalian Cells Line
(In Vitro)

In Vivo Tests Intended Use Reference

1 Cell-selective: Coating titanium
nanowires with poly (ethyl
acrylate) to organize fibronectin
and deliver BMP-2

P. aeruginosa (ATCC
27853); cultured for 24 h

Primary human
mesenchymal stem cell
(MSCs); co-culture with
bacteria

None Orthopedic
implant

[272]

2
Cell-selective: Ion release by
Magnesium hydroxide

S. aureus (unidentified
source); E. coli
(unidentified source)

Mouse MC3T3-E1
pre-osteoblasts

Rat femoral condyle
defect model; Placed in
for 7 days to examine the
dis-infective effects. Placed
in for 4 weeks to evaluate
the osteogenic property

Not specific [273]

3 Long-term efficacy:
salt-responsive polyzwitterionic
brushes on a nanopatterned
surface

P. aeruginosa (BNCC
337005); Escherichia coli
(ATCC 25922)

Rabbit red blood cells
(2 h- incubation); L929
fibroblasts (cultured for
24 h)

Subcutaneous implant
model in mice; Placed in
for 5 days

Not specific [274]

4 Light-responsive (808 nm laser
irradiation, 1 W/cm2, 5 min):
Photosensitive gelatin
methacryloyl incorporated with
4-octyl itaconate bearing black
phosphorus

S. aureus (unidentified
source); E. coli
(unidentified source); The
onset of light irradiation is
not clear

Human umbilical vein
endothelial cells; The
effect of light illumination
on the cell function was not
clear (No data presented)

Rat type I diabetes
model (14 days); The
onset for light irradiation is
not clear

Wound dressing [275]
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Table 7. Cont.

Case Antibacterial Designs
Bacterial Strain
(In Vitro)

Mammalian Cells Line
(In Vitro)

In Vivo Tests Intended Use Reference

5 Light-responsive (1060 nm laser,
0.3 W/cm2, 0.6 W/cm2, and
0.9 W/cm2): Yb and Er-doped
titanium dioxide nano-
shovel/quercetin/L-arginine
coatings

S. aureus (ATCC
29213);Light
illumination
(0.6 W/cm2,15 min)

Osteosarcoma cells
(Saos-2, light irradiation
at 0.9 W/cm2 for 10 min);
Human umbilical vein
endothelium cells (light
irradiation at 0.6 W/cm2

for 10 min); Bone marrow
mesenchymal stem cells
(light irradiation at
0.6 W/cm2 for 10 min)

Tumor-bearing mouse
model (light irradiation at
0.9 W/cm2 for 10 min and
performed every other day);
Mice tibia infection
model (light irradiation at
0.6 W/cm2 for 15 min and
performed one day after
surgery); Mice tibia
osteogenic model (light
irradiation at 0.6 W/cm2

for 15 min and performed
one day after surgery;
samples collected 4 weeks
after surgery)

Bone implants [18]

6 Light-responsive (808 nm laser
irradiation): TiO2/TiO2−x
metasurface

E. coli (ATCC 25922);
S. aureus (ATCC 43300);
illuminated at 0.5 W/cm2

for 10 min

Human gingival
fibroblasts; light
illumination at 0.5 W/cm2

for 10 min

Subcutaneous model in
rats; light illumination at
1.4 W/cm2 for 10 min after
surgery

Dental implant [276]

7 Immune-instructive:
polydopamine functioned and
antimicrobial peptide plasmid
(LL37 plasmid) loaded porous
zeolitic imidazolate framework-8
(ZIF8) in 3D-Printed Scaffolds

MRSA (ATCC 43300);
E. coli (ATCC 25922)

MC3T3 cell;
The material effects on
immune systems are not
considered

Murine quadriceps
muscle infection model
(MRSA injected after
scaffold placement)

Not specific [277]

8 Light-responsive (808 nm laser
irradiation, 2 W/cm2, 10 min):
self-assembly of copper sulfide
nanoparticle and reduced
graphene oxide on anodized
titanium

S. aureus (ATCC 29213);
E. coli (ATCC 25922);
Light irradiation after
inoculation

Mice bone marrow
stromal cells; The effect of
light illumination on the
cell function is not clear
(No data presented)

Disinfection in rats
(7 days); Osteogenic
property in rats
(8 weeks); The effect of
light illumination on
osteogenesis was not clear
(No data presented)

Not specific [278]

5. Summary and Outlook

Every DAI involves three participants, i.e., a device surface, pathogenic bacteria, and
the host, which interact and interplay with each other and transform time dependently.
That is why the onset of DAIs is uncertain and more DAIs are resistant to antibiotic treat-
ments. Based on our growing knowledge of DAIs, the design paradigm toward implantable
antibacterial surfaces is shifting to pursuing prolonged efficacy and being actively respon-
sive, cell-selective, and immune instructive, experiencing a boom in advancing antibacterial
surfaces (coatings) rapidly for various medical devices; nevertheless, clinical translation
of these techniques is still rare. Since the incidence and associated bacterial strains of
DAIs are site-specific, antibacterial designs for implantable medical devices shall conform
with a specific intended use, which possibly promotes the clinical application of these
technologies. Furthermore, the following aspects, in our opinion, are important to improve
the quality of our reports in fundamental research. (1) Deepen interdisciplinary collabo-
ration. The development of biomedical materials requires close collaboration in multiple
disciplines, including materials sciences and engineering, biological sciences, medical sci-
ences, etc. Researchers with a materials science and engineering background normally
do not exactly know the experimental and reporting standards in biological and medical
sciences; a closer collaboration will help to choose proper experimental assays and reduce
the flaws in our publications, ensuring the impacts of our findings. (2) Publish in journals
focusing on biomaterials science and engineering. Many academic journals are publishing
biomaterials-associated studies; however, only those concentrated in biomaterials science
and engineering are well equipped with experienced referees that can identify the flaws in
the manuscript during the peer review process.

In addition, material designs targeting the adsorption processes of host proteins are a
fruitful direction in developing implantable antibacterial surfaces. Spontaneous adsorption
of proteins onto a biomedical device occurs seconds after its contact with body fluids, such
as blood plasma, extracellular fluid, tears, saliva, and urine, depending on the specific
intended use. Current efforts normally started both antibacterial tests and compatibility
examinations at the cellular level regardless of the critical conditioning role of protein
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adsorption on the subsequent cell function and tissue integration. Blood plasma contains
thousands of proteins that play key roles in diverse life activities, including signaling, trans-
port, development, restoration, and disinfection [280]; however, plasma protein (fibrinogen)
adsorbed to biomaterial surfaces is likely denatured into a pro-inflammatory state [281],
which mediates foreign body reactions that contribute to DAIs [282]. Accordingly, control
of protein adsorption in the host via material designs is possible to produce innovative
antibacterial designs (reference No. 16 is one example) with a bright prospective for clinical
applications, which is worthy of further efforts in the future.
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Abstract: Traditional bone replacement materials have been developed with the goal of directing
the osteogenesis of osteoblastic cell lines toward differentiation and therefore achieving biomaterial-
mediated osteogenesis, but the osteogenic effect has been disappointing. With advances in bone
biology, it has been revealed that the local immune microenvironment has an important role in
regulating the bone formation process. According to the bone immunology hypothesis, the immune
system and the skeletal system are inextricably linked, with many cytokines and regulatory factors in
common, and immune cells play an essential role in bone-related physiopathological processes. This
review combines advances in bone immunology with biomaterial immunomodulatory properties
to provide an overview of biomaterials-mediated immune responses to regulate bone regeneration,
as well as methods to assess the bone immunomodulatory properties of bone biomaterials and how
these strategies can be used for future bone tissue engineering applications.

Keywords: osteoimmunomodulation; bone regeneration; macrophages; biomaterials

1. Introduction

Bone loss in many situations, including aging, pathological fracture, periodontitis, and
osteomyelitis, can lead to poor physical conditions, most of which require bone replenish-
ment and timely surgical repair using implantation materials [1–3]. Nearly all dominant
bone biomaterials have been developed and produced following the principle of great
physicochemical properties and biocompatibility. Using this principle, candidate materials
are usually subjected to the in vitro simulation of osteogenesis, which is intrinsically driven
by osteoblastic activities in vivo [4,5]. In addition, owing to the advancement in material
science, the fabrication of implants can meet the practical demands of patients.

Nevertheless, owing to the inconsistent outcomes of candidate materials in vitro and
in vivo, it is not easy for these existing biomaterials to transform into clinically applicable
implant materials in the human body. The reasons are that on the one hand, the physico-
chemical, biological, and mechanical properties of the candidate materials must certainly
be optimized to meet specific demands in our complexed organic environment. On the
other hand, as we obtain an increasingly profound understanding of bone biology and the
underlying mechanisms of osteogenesis, we understand that the musculoskeletal system
is not the sole contributor to this process. Osteogenesis is a composite bioprocess that
collaborates with diverse molecular events. These concerns cause limitations in the depen-
dence and efficiency of traditional bone biomaterials for practical purposes [6,7], and novel
insights into the fabrication principle and operating mechanisms of bone biomaterials are
urgently needed.

Osteoimmunology, an emerging theory derived from the latest findings in bone bi-
ology, hypothesizes that immune responses play essential roles in bone formation and
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homeostasis. Many functional proteins, signaling molecules, and cytokines have been
confirmed to participate synchronously in reactive immune events and osteogenesis. Thus,
immune signaling pathways are closely related to bone formation [8,9]. An immune re-
sponse is defined as the body’s defense against foreign matter or mutated autologous
components. Triggered by the recognition of antigens, the entire process can generate an
immune response to an antigen, including immune induction by antigens to the body,
interactions between immune cells, and multiple effects mediated by immune effectors
(e.g., sensitized lymphocytes, antibodies) [10]. Naturally recognized as a foreign body in
this environment, the implant could provoke a series of adverse and even fatal events
derived from the immune system, which can determine the destiny of bone biomaterials.
In this type of situation, the irrevocable damage caused by various immune effector cells
significantly changes the physicochemical and biological properties that are meant to help
with bone formation in vivo, and the unexpected disturbance makes it difficult for bioma-
terials to work successfully in vitro. For example, the inappropriate immune responses
to foreign implants which elicit excessive inflammation could lead to the formation of a
fibrous capsule. The immune-related alterations significantly weaken the osteogenesis
capability of biomaterials by preventing them from contacting and coordinating with bone
cells. To reverse the impact, Chen and colleagues attached an SZS coating to Ti–6Al–4V
and endowed the implant with immunomodulatory properties, considerably alleviating
incorrect immune responses and favoring osteogenesis [11]. The immune system plays a
central role in coordinating the repair and regeneration of damaged tissue after infection or
injury. In the inflammatory phase, the regulatory function of the immune response in the
bone healing, repair, and regeneration induced by biomaterials has been demonstrated [12].
Biomaterial-induced immunomodulation can provide space for osteoblast growth and
maturation during the repair and remodeling phase. Thus, the theory of osteoimmunology
has eventually emerged.

The pivotal advantage of osteoimmunology is that we can grant bone material-specific
biological properties to artificially modulate the local immune environment so that it
inversely favors the process of osteointegration of the implant and osteogenesis [13]. To
fulfill this key goal, there has been an impressive evolution in the design of principles
and manufacturing criteria. To date, osteoimmunology has shown that immune cells
actively participate in bone pathophysiology through the release of regulatory molecules
(e.g., BMP2, BMP6, VEGF, OSM, and RANKL) to exert imperative effects on osteogenesis,
and the dysfunction of these cells usually leads to an imbalance between osteoclasts
and osteoblasts, which results in subsequent osteoarthritis, osteolysis, and osteoporosis.
Chen et al. first proposed the concept of osteoimmunomodulation (OIM, please refer to
Table 1 for the abbreviations covered in this manuscript) with the interpretation of a novel
favorable property of bone biomaterials to induce a beneficial immune environment for
osteogenesis [14]. In the present review, we discuss the research actualities of osteogenesis
and dominant bone biomaterials and their advantages and disadvantages. We will also
introduce the latest achievements in the field of osteoimmunology and OIM to provide
novel insights into the design and production of bone biomaterials.

Table 1. Abbreviations in this review.

Abbreviation Full Name

OIM osteoimmunomodulation
BMSC bone marrow mesenchymal stem cell
RUNX runt-related transcription factor

Osx osterix
ALP alkaline phosphatase
Ocn osteocalcin

M-CSF macrophage colony stimulating factor
NF-κB nuclear factor kappa B
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Table 1. Cont.

Abbreviation Full Name

RANKL
M1
M2

receptor activator of nuclear factor kappa B
(NF-κB) ligand

classically activated macrophage
alternatively activated macrophage

IL-1 interleukin 1
IL-4 interleukin 4
IL-6 interleukin 6

IL-10 interleukin 10
TNF-α tumor necrosis factor α
TGF-β transforming growth factor β
MMP matrix metalloproteinases
BMP2 bone morphogenetic protein 2
IFN-γ release interferon γ

TRAF6 TNF receptor-associated factor 6
DC dendritic cell

COX-2 cyclooxygenase 2
Th1 cell T helper 1 cell
Th2 cell T helper 2 cell
Th17 cell T helper 17 cell
Treg cell regulatory T cells

CaSR calcium sensing receptor
TLR toll-like receptor

IRAK1 interleukin-1 receptor-associated kinase 1
OSM oncostatin M
PGE2 prostaglandin E2

BMP2-CPC BMP2-modified calcium phosphate cement
VEGF vascular endothelial growth factor
ROS reactive oxygen species

2. Bone and Bone Cells

Similar to many other connective tissues in the body, bone tissues are composed of
three basic components: cells, fibers, and matrix. However, the most notable feature of bone
is the deposition of a large amount of calcium salt in the cellular matrix, which grants it
solidness to form the skeletal system in the body [15]. Four types of differentiated bone cells
exist: osteoblasts, osteocytes, bone lining cells, and osteoclasts. They are responsible for the
formation, composition, and degradation of bones. Notably, osteoblasts and osteoclasts are
crucial for bone modeling and remodeling in the bone microenvironment, which is pivotal
for maintaining bone homeostasis [16].

Modeling and remodeling occur constantly in bone tissues, which correspond to the
decomposition and absorption of decrepit bone substance and the formation of new bone
substance [17,18]. Osteoclasts are responsible for the removal of mineralized bone, and
osteoblasts are responsible for the formation of the bone matrix and mineralization. There
are three consecutive phases in the remodeling cycle: resorption, reversal, and formation.
In the resorption phase, hematopoietic cells migrate to remodeling sites, where they differ-
entiate into mature osteoclasts to digest old bones. The quiescent bone surface is covered by
bone lining cells. In the reversal phase, when monocytes appear on the bone surface, they
couple bone resorption to bone formation by generating an osteogenic environment at the
remodeling sites. In the formation phase, mature osteoblasts predominate and constantly
form new bone [19,20]. Bone modeling is one of the most important events in the skeletal
system because it is responsible for altering and adjusting bone structure to meet changing
mechanical needs, as well as assisting with the repair of microdamage in the bone matrix
to ensure timely bone metabolism and to prevent severe pathological problems [21].

Osteoblasts are responsible for the synthesis, secretion, and mineralization of the bone
matrix [22]. Bone formation starts with the maturation of osteoblasts. During preosteoblasts
differentiation, they gradually transform from mesenchymal stem cells in the bone mar-
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row (BMSCs) to mature osteoblasts [23,24]. Runx2 of the runt-related transcription factor
(RUNX) family is the central transcriptional factor responsible for regulating the process of
cellular differentiation in MSCs [25]. To exert transcriptional effects on downstream genes,
Runx2 tends to heterodimerize with Cbfa1, granting itself a greater DNA-binding ability
and stability [26]. The dominant role of Runx2 can generally be described as inducing the
commitment of MSCs to the osteogenic lineage, promoting the proliferation of osteoblast
progenitors, and facilitating bone mineralization by stimulating osteoblast differentiation.
Runx2 has been confirmed to be solidly expressed in free MSCs, and an increasingly ele-
vated expression of Runx2 has been observed alongside the osteogenic lineage. Specifically,
Runx2 expression is the highest in immature osteoblasts, second highest in preosteoblasts,
and lowest in mature osteoblasts [27,28]. This expression pattern could be considered an
indication of Runx2 functioning in osteoblast differentiation and generation. In addition
to Runx2, several downstream genes play vital roles in osteoblast differentiation. Osterix
(Osx), identified as a novel zinc finger-containing transcription factor, is an indispensable
molecule that participates in bone formation. Unlike Runx2, Osx displays a consistent
expression pattern in all developing stages of bone formation, and no cortical bone or
bone trabecula can be formed in the absence of Osx. This suggests that Osx is essential
for osteogenesis. Moreover, it has also been shown that Osx potentially acts as a down-
stream target of Runx2 because Runx2/Cbfa1 expression is not affected by Osx, whereas
Runx2/Cbfa1 is necessary for Osx expression in osteogenic cells [29]. Furthermore, Runx2
actively interacts with other factors to upregulate associated osteoblast differentiation
markers such as alkaline phosphatase (ALP) and osteocalcin (Ocn). Runx2 functions not
only in the process of osteoblast differentiation but also in bone formation-related events.
Type I collagen is the main component of bone tissue, and the two chains constituting this
protein are encoded by Col1a1 and Col1a2. On the one hand, it has been validated that
Col1a1 is transcriptionally activated by Runx2 [30]. In contrast, Col1a1 expression has been
reported to have no effect on Runx2 expression [31]. Therefore, further investigation is
required to validate the association between Runx2 and collagen production. Once they
grow into mature osteoblasts, the progenitors obtain the phenotype and morphology of
osteoblasts, with an observed prominent structure of rough endoplasmic reticulum and
active Golgi apparatus, and locate themselves on the surface of the bones.

Osteoclasts are multinucleated giant cells that incorporate several monocytes that
differentiate from the monocyte-macrophage lineage of hematopoietic stem cells [32].
Proliferative monocytes/macrophages (i.e., preosteoclasts) enter the blood circulation
under the chemotaxis of multiple chemical factors and fuse into multinucleated giant
cells driven by various transcription factors, cytokines, and other signaling factors (e.g.,
such as macrophage colony stimulating factor (M-CSF) and the receptor activator of the
nuclear factor kappa B (NF-κB) ligand (RANKL)), eventually growing into osteoclasts.
Osteoclasts are well known for their major functions in bone resorption [33–36]. Their
cytoplasm contains a well-developed endoplasmic reticulum and Golgi apparatus, as well
as many actively operating mitochondria and lysosomes. Another hallmark of osteoclasts
is the elevated expression of tartrate-resistant acid phosphatase, matrix metalloproteinases
(MMPs), and cathepsin K in cells, which are helpful for breaking down organic matrix
proteins to serve the function of bone absorption [37,38].

3. Immune Cells Regulation of Osteogenesis

In addition to MSCs, there are a large number of immune cells in bone marrow, such
as B cells, T cells, monocytes, and macrophages, which account for approximately 20%
of the total cells in bone marrow [39]. The immune system is a powerful and diversified
defensive weapon used by higher organisms to protect themselves from foreign threats
and to maintain physiological homeostasis. The primary role of the immune system is to
fight infections, repair damaged tissue, and restore equilibrium in the body [40]. At the
most fundamental level, the human immune system can be divided into two interrelated
branches: the innate and adaptive immune systems. The innate immune system is the

89



J. Funct. Biomater. 2022, 13, 103

initial line of protection for the body and is capable of producing a non-specific immune
response without prior programming when in contact with a foreign material or wounded
tissue [41,42]. Unlike innate immunity, the adaptive immune system is composed of
lymphocytes (B and T cells) that can recognize specific antigens. After an initial contact,
the antibody is programmed to react uniquely to the antigen. This process slows down
the adaptive immune system in comparison to the innate immune system, but it increases
its precision and creates a crucial “immunological memory” by storing early antigens for
years [43].

3.1. Macrophage Responses in Bone Regeneration

Immune cells play a significant role in bone physiology and diseases by producing
regulatory chemicals that influence osteogenesis. Macrophages are among the most impor-
tant immune cells [44]. They play a crucial role in the immunological and inflammatory
responses induced by biomaterials in the long term. They react to the debris of dead cells as
well as external infections, which prioritize phagocytosis in the immune response [45]. It is
well-known that macrophages possess a high-level intrinsic plasticity and a flexible polar-
izable activity into M1 and M2 subtypes (Figure 1A). These two subtypes of macrophages
are classically distinguished based on diverse functional features, surface markers, and
inducers [46,47]. Generally, well-recognized surface markers of M1 macrophages include
CCR7, CXCL9, 10, and 11, CD86, NOS2, and others, and for the M2 phenotype include
CD206, CD163, CD280, Dectin-1, Arg1, and others [48,49]. Functionally, macrophages play
an indispensable role in the innate immune response of the human body, which is a pivotal
part of the host defense. Despite the vague boundary of identification between M1 and
M2 macrophages owing to the continuous properties of certain macrophages, these two
subtypes could exert distinct effects on the processes of inflammation and the immune
response [50].

Figure 1. Macrophage phenotype and T-cell differentiation. (A) Macrophage phenotype, surface
antibodies, and secreted cytokines. (B) T-cell differentiation and secreted cytokines.

Briefly, M1 macrophages are favorable for inflammatory responses and cytotoxic
events in inflammation (designated as pro-inflammatory macrophages), whereas M2
macrophages tend to suppress inflammatory reactions and promote tissue repair (desig-
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nated as anti-inflammatory macrophages). Classically activated inflammatory macrophages
(M1) are recruited rapidly after tissue injury and participate in the early immune response,
where they phagocytize pathogens and foreign infectious substances at the wound site.
When M1 macrophages encounter infections, they secrete chemokines that attract other
immune system cells (such as CD4+ T cells, CD8+ T cells, and dendritic cells), which
transform structures from consumed cells to lymphocytes and other mature immune cells
(antigen presentation) to cooperate in the phagocytosis process [51]. In addition, M1 pro-
motes inflammation by secreting several cytokines, such as IL-1, IL-6, IL-17, IFN-γ, TNF-α,
and TGF-β. In addition to serving as chemokines to boost the elimination of foreign matter
during inflammation, these cytokines unintentionally harm normal tissues in several situa-
tions [52]. Due to the aggressive nature and fundamental function of the M1 phenotype
in inflammation, it is impossible to ignore its important role in bone biology. Increasing
evidence has shown that M1 macrophage-related inflammatory cytokines play a role in
osteogenesis and bone-healing processes to some extent [53]. On the one hand, the various
composition of inflammatory cytokines derived from M1 could have a diverse impact
on the local osteogenesis process. Traditional recognition involves the collaboration of
multiple chemokines, such as IL-17, IFN-γ, TNF-α, and TGF-β, which can induce the
production of a mineralized matrix [54]. In contrast, TNF-α alone stimulates osteoclasto-
genesis and increases osteoclastic activity, resulting in bone resorption [55]. On the other
hand, the partial enhancement of inflammation and osteogenetic reactions at a tissue level
does not mean the enhancement of systemic bone formation at an organic level. In other
words, the dual function of M1 macrophages in the immune response and inflammation
has an undetermined role in osteogenesis and bone modeling within different situations.
Generally, the robust pro-inflammation role of M1 macrophages decides the destroyed
destiny of substantial bone tissues through a systematic reaction. Moreover, several recent
studies hold the common view that, rather than M2 macrophages, moderately activated
M1 macrophages are favorable for the osteogenic differentiation of mesenchymal stem cells
(MSCs) through the mediation of OSM or bone morphogenetic protein 2 (BMP2) [56,57].

M2 macrophages, including the M2a, M2b, and M2c sub-categories, are generally
considered to be responsible for tissue repair, in the form of a fibrocapsule or the formation
of new bone, by alleviating the inflammation induced by the M1 phenotype [58]. M2a
macrophages, produced by the activation of the cytokines IL-4 or IL-13, can suppress the
secretion of several pro-inflammatory factors, such as IL-1β, IL-6, and TNF-α [58].M2b
macrophages, also known as regulatory macrophages, secrete high levels of IL-10 and
low levels of level of IL-12 [59]. M2c macrophages, produced by the activation of IL-10,
glucocorticoids, or TGF-β, reduce the expression of various pro-inflammatory factors and
enhance the ability to clear cellular debris [58]. The suppressive cytokines that M2 makes
use of to resist inflammation mainly include IL-1RA, IL-10, and TGF-β, among which
IL-10 and IL-1RA are known to promote osteogenesis [60]. IL-10 also inhibits osteoclast
function [61]. In the repair process, M2 tends to increase multiple transforming growth
factors (TGF-β1 and TGF-β3) to alleviate inflammation and facilitate fibrosis. Normally, this
physiological process proceeds by the hallmark of fibrocapsule formation, which protects
the normal tissue from the inflammatory microenvironment and ends in the hallmark of
new bone construction [62]. It is worth mentioning that instead of a separate existence of
the M1 or M2 phenotype, the macrophages continuously transform from the M1 stage to
the M2 stage, and they successively perform specific duties in the whole wound-healing
process. Therefore, the dynamic switching pattern highlights the significance of a proper
switch from an M1 to an M2 phenotype during osteogenesis [63,64]. In other words, the
appropriate proportion of the M1 and M2 stages of inflammation determines the outcome
of bone regeneration. It could be concluded that any delayed switch from an M1 to an M2
phenotype would result in an inactivated M2 phenotype and poor tissue repair, and an
early or excessive switch is bound to cause a deficient inflammatory reaction and delayed
wound healing. Normally, the switch from the M1 to M2 phenotype could be recognized
through the kinetics of gene level, surface marker expression, and protein secretion. The
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situation of the dominant M2 phenotype is associated with an increased expression of the
M2 surface marker CD206, and a decreased expression of the M1 gene markers CCR7,
IL-1β, and TNF-α, as well as an elevated level of M2-secreted proteins such as CCL18
and PDGF-BB [64].Based on a solid understanding of macrophage function, macrophage
polarization and modulation could, therefore, be manipulated by designed biomaterials to
fulfill specific bone-engineering events, such as osteogenesis and osteoclastogenesis [65].

3.2. T-Cell Responses in Bone Regeneration

The primary components of the adaptive immune system are lymphocytes, including
B and T cells. Activated T cells can surface-express the receptor activator of nuclear factor
ligand (RANKL) to stimulate osteoclast production and bone resorption. RANKL binds to
the receptor activator of nuclear factor-κβ (RANK) on the surface of pro-osteoblasts, acti-
vating the RANKL/RANK signaling pathway and directly promoting osteoclast formation
and differentiation through the RANKL/RANK/OPG response axis [66,67]. However, T
cells can also release interferon-γ (IFN-γ) to prevent osteoclast formation, thereby interfer-
ing with TNF receptor-associated factor 6 (TRAF6), a crucial player of the RANK/RANKL
signaling pathway, to block the activation of this signaling pathway and inhibit osteoclasto-
genesis [68]. Additionally, by interacting with bone marrow dendritic cells (DCs), CD4+
T cells are essential for the bone immune milieu by transforming into osteoclasts via the
RANK/RANKL pathway [69].

Th1 cells secrete IFN-γ, IL-2, and TNF-α, which activate macrophages and promote
inflammation. In contrast, Th2 cells generate IL-4, IL-10, and IL-13, which suppress
macrophage function [70]. Studies have shown that some biological materials can en-
hance the production of cyclooxygenase-2 (COX-2) in the body after implantation, which
in turn induces the release of prostaglandins (PGE2), which are chemicals that regulate
inflammation [71]. PGE2 limits the growth and activity of T helper 17 cells by blocking
the synthesis of IL-12p70 (Th17). In contrast, PGE2 increases Th17 cell growth and IL-17
production by increasing IL-23 production, which ultimately results in inflammation and
tissue damage [71]. In addition, research has shown that tissue-derived biomaterials can
potently modulate the expression of Tbx21 and Th1 canonical genes while simultaneously
enhancing Th2 expression, which is important in the restoration of functioning tissues [72].
Treg cells constitute less than 10% of peripheral CD4+ T cells. They inhibit a broad spectrum
of immune cells and prevent excessive immunological responses. Treg cells can inhibit os-
teoclast formation by producing IL-4 and IL-10 [73]. We conclude that decreasing Th1/Th17
cells while increasing Th2 cells is beneficial for tissue repair and osteogenic differentiation.
Furthermore, increased Treg cells can suppress osteoclastogenesis by secreting cytokines
that impede osteoclast differentiation (Figure 1B).

The body’s immunological effects can be tuned in a complex and delicate balance by
transforming particular CD4+ T cells (such as Th1, Th2, Treg, and Th17) into each other.
Therefore, the utilization of biomaterials in regulating balance is crucial for demonstrating
the efficacy of immunomodulatory treatments in wound-healing and bone-regeneration
processes [72].

3.3. Other Immune Cells Responses in Bone Regeneration

Neutrophils, the initial line of defense of the innate immune system, are capable of
rapidly recruiting at areas of infection or tissue damage to eliminate pathogens and clear
away debris. Their overactivity, which is initiated by infection or damage, generates a large
elevation of pro-inflammatory cytokines and ultimately results in tissue destruction [74].
However, a growing number of studies have indicated that neutrophils perform additional
functions. They can actively coordinate the regression of inflammation and help in tissue
repair by interacting with cells of the innate and adaptive immune systems to modulate the
immune response [75,76]. It was shown that IL-8, which is usually regarded as the most
potent neutrophil chemotactic factor [77], is secreted at the location of bone abnormalities
after bone injury. Neutrophils initially arrive at the site of the defect and recruit BMSCs and
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macrophages. Macrophages then regulate the differentiation of BMSCs towards chondroge-
nesis and osteogenesis [76]. At various stages of bone regeneration, neutrophils resemble
macrophages and can polarize into N1 (pro-inflammatory) or N2 (anti-inflammatory) phe-
notypes at different periods of the inflammatory milieu [78] and then mediate immune
responses or tissue healing accordingly. In the early stage of inflammation, high levels of
IL-8 produce a pro-inflammatory milieu in which neutrophils are the pro-inflammatory N1
subtype. N1 recruits other types of immune cells (such as M1 macrophages, Th1 cells, and
Th17 cells), aggressively reduces inflammation, and prepares the milieu for bone regenera-
tion. After the inflammation subsides, IL-8 levels decrease and the neutrophils recruited
during this phase are the N2 subtype that express anti-inflammatory factors which facilitate
bone regeneration. Kovtun et al. found that the removal of neutrophils led to hampered
healing after fracture in a mouse fracture model [79].

B lymphocytes (B cells) regulate bone formation and have a significant role in the risk
of bone metabolism disruption [80]. B lymphocytes’ impacts on bone cells are mediated
by cytokines and molecular pathways that have important effects on both immune cells
and bone cell function, such as the RANKL/RANK/OPG signaling pathways [81,82].
Under normal circumstances, B cell-derived RANKL is required for B cells development;
nonetheless, the overexpression of RANKL by activated B lymphocytes can have major
consequences for bone metabolism [83–85]. In addition to RANKL/OPG, B cells can
regulate bone homeostasis by generating several cytokines and chemokines, including TNF-
α, TNF-β, IL-6, IL-10, and CCL3, which can modulate bone modeling and bone remodeling
by acting directly on bone cells and modulating the immune microenvironment [86,87].
LPS-treated B lymphocytes have been shown to suppress the osteogenic function of rat
bone marrow stromal cells via activating the Notch signaling system [88]. Furthermore, B
cells have been shown to be able to differentiate into osteoblasts in vitro in the presence of
1,25(OH)2 vitamin D3 and ST2 stromal cells, or M-CSF and RANKL, thereby regulating
bone metabolic processes [89–91].

3.4. Synergetic Regulation of Immune Cells in Bone Regeneration

Macrophages are the first biological response to allogeneic biomaterials. These ex-
tremely flexible immune sentinels govern and modulate the response to foreign and natural
elements [92]. The destruction of the innate immune defense line causes macrophages to
present antigen information to T cells through adaptive immunity, leading to the differenti-
ation of T cells into Th1 and Th17 cells. IL-1, IL-6, and TNF-α are secreted by M1 leading to
local inflammation. This stimulates Th1 cells to release pro-inflammatory cytokines (e.g.,
TNF-α, TNF-β, and IFN-γ), leading to a Th1-type inflammatory response. M2 macrophages
secrete VEGF and TGF-β to help Th2 cells release cytokines such as IL-4, IL-6, IL-10, and
IL-13, resulting in the generation of Th2 cells with anti-inflammatory properties that aid
in tissue healing [93]. Conversely, T cells are also required for the functional polarization
of M0 macrophages to the pro-inflammatory M1 or anti-inflammatory M2 type [94]. In
addition, neutrophils recruit Th17 cells that can release the pro-inflammatory factor IL-17
to inflammatory areas by releasing CCL2 and CCL20 [95]. In turn, the pro-inflammatory
cytokine IL-17 encourages epithelial cells to release CXC chemokines, hence enhancing
neutrophil recruitment and activation [96]. In summary, when employing biomaterials
to repair damaged tissues, it is critical to regulate the immune response and reveal the
activation process of immune cells, notably the interplay between T cells and macrophages
(Figure 2).
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Figure 2. Schematic representation of the role of immune cells in bone modeling and remodeling.
Immune cells are actively involved in osteoclastogenesis and osteogenesis.

4. Biomaterial-Mediated Bone Regeneration Immune Response

The research and development of traditional osteogenic materials largely focuses
on the direct filling of bone-defect areas based on the principles of mechanical physics
and chemistry; that is, they basically restore the defect in appearance, provide good
mechanical support, and have a chemical composition similar to that of natural bone tissue.
This approach ignores the fact that bone-defect repair is a dynamic physiological process
that involves a variety of cells and cytokines. Implanting bone substitutes invariably
alters the entire bone microenvironment. Osteogenic differentiation is regulated by the
new bone microenvironment formed by bone substitute materials and multi-system cells,
rather than by the materials acting alone. The developed bone-substitute materials may
improperly regulate the microenvironment, resulting in bone regeneration failure in vivo
by disregarding the importance of other system cells and their microenvironment.
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Following the implantation of biomaterials into the body, the immune cells of the
body will respond immediately, identify allogeneic biomaterials, and initiate host defense
responses. Research has shown that bone repair can be regulated by changing the chemical
composition (metal ions, proteins, and small-molecule drugs) and physical properties of
biomaterials (particle size, porosity, pore size, and topology) (Figure 3).

Figure 3. The physicochemical properties of bone biomaterials influence the immune response. For
example, wettability, topography, particle size, porosity and pore size, release of metal ions, small
molecule drugs, active proteins, and surface functional groups can modulate immune cells (e.g.,
macrophages) and their immune responses.

4.1. Chemical Composition of Osteogenic Biomaterials

Bone biomaterials typically degrade to varying degrees after implantation, releasing
metal ions that alter the local microenvironment and impair the bone-bonding capability of
the materials [97]. Metal ions can exert a crucial influence on immune and inflammatory
responses through the direct regulation of macrophages, which is also considered to be an
indispensable pathway [98].

Calcium (Ca) is a key component of calcium phosphate, a popular bone graft substitute
that has been confirmed to connect with inflammatory signaling pathways [99]. High levels
of extracellular Ca2+ have been reported to boost the production of Wnt5A by activating
calcium-sensing receptor (CaSR) signaling, which could downregulate TNF-α and help
reduce inflammatory reactions [100]. However, numerous inflammatory cytokines (e.g.,
IL-6, IL-1, TNF-α) can trigger bone resorption by stimulating the ligand of the receptor
activator for NF-κB in osteoclasts [101]. Recently, it was found that certain cytokines such
as IL-6 and IL-1 can upregulate the level of parathyroid CaSR, leading to hypocalcemia and
the accumulation of phosphate, which inhibits bone resorption [102]. Hydroxyapatite is
another commonly utilized bone biomaterial that promotes bone formation by stimulating
osteoblast differentiation via the BMP2 and Wnt signaling pathways [103,104]. Therefore,
the mutual relationship between calcium and inflammatory cytokines in the regulation of
microenvironment inflammation and bone generation requires further investigation.

Magnesium (Mg), a mechanically bone-like metal ion, has a considerable biodegrad-
ability and biocompatibility in vivo and has been widely used in orthopedic implants [105].
In terms of inflammation, Mg can prevent the generation of inflammation-related cytokines
by inhibiting the toll-like receptor (TLR) pathway, through which macrophages recognize
foreign bodies and facilitate the innate immune reaction to deal with bone biomaterials [106].
Extracellular Mg2+ is reportedly an immunomodulator that modulates T-cell activation
by binding to LFA-1 MIDAS [107]. It has been observed that memory T lymphocytes
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exhibit an Mg2+-dependent dose response in the production of activation markers and cell
clustering [108]. In terms of bone modulation, it has been reported that high levels of Mg2+

could suppress osteoclastogenesis and reduce bone resorption. The experimental validation
of RAW 264.7 cells cultured on the Mg-containing surface showed that these precursor cells
failed to differentiate into mature osteoclasts [109]. These promotive properties for immune
repression and bone formation make Mg an excellent metal ion dopant for bone biomateri-
als. Bioactive ions have numerous properties, as well as complicated biological connections
with in vivo molecular processes, immune responses, and cellular compositions.

Strontium (Sr), a trace element, has been proven to be necessary for bone growth, pro-
moting osteogenesis while suppressing osteoclastogenesis, and is extensively applied in the
treatment of osteoporosis [110]. Sr-doped biomaterials have been proven to considerably
promote early osseointegration [111]. Sr is highly dose dependent. Low concentrations of
Sr are favorable for osteogenesis, whereas excessive quantities of Sr harm the surrounding
microenvironment and cause apoptosis [112,113]. It has been reported that 250–500 μM
Sr2+ causes the best osteoinduction [114]. Shen et al. successfully fabricated Sr-doped
titanium surface coatings. In large-proportion strontium-doped materials (75–100%), the
expression of anti-inflammatory cytokines (e.g., IL-10) and osteogenesis-related genes
(e.g., TGF-β1) increases when compared to Ti (Sr content 0%), while the expression of
inflammation-favoring genes (e.g., TNF-α) decreases significantly [115]. The high-Sr sam-
ples prominently encourage macrophage polarization from M0 to M2, creating a favorable
milieu for regulating OIM [116]. Research shows that Sr2+ can bind to CaSR, because of its
comparable characteristics to Ca2+, and stimulate bone formation through the MAPK/Erk
1/2 signaling pathway [117]. In addition, Sr promotes the osteogenic differentiation of
mesenchymal stem cells via the Ras/MAPK signaling pathway [118].

Zinc (Zn), an essential component in maintaining the regular function of immune cells,
is intimately associated with the growth and activity of macrophages [119]. Zinc homeosta-
sis supports the differentiation of monocytes in blood into macrophages in infected tissue.
Dubben et al. reported that decreased zinc levels in monocytes promoted their differen-
tiation and increased their maturation [120]. However, excessively low concentrations of
serum zinc have been shown to inhibit the growth of monocytes in the peripheral blood,
and a concentration of 100 μM was suggested as the minimum concentration [121]. In
addition, Brazão et al. found that zinc supplementation enormously increased the number
of peritoneal macrophages, enhancing resistance to Trypanosoma cruzi infection [122]. In
contrast, zinc determines the fate of macrophages by inducing regulated cell death in a
concentration-dependent manner through different mechanisms [123]. It is worth empha-
sizing that both extremely high and low concentrations of zinc significantly trigger diverse
forms of cell death. For example, in the macrophage RAW 264.7, a zinc oxide nanoparticle
(ZnO) treatment that overloaded cells with zinc resulted in the necroptosis and apoptosis of
macrophages in an Nrf2-independent manner [124]. Meanwhile, using the genetic loss of
SLC39A10 to diminish the zinc level, Gao et al. found that macrophages could be induced
by zinc depletion to apoptotic cell death mediated by the p-53 protein [125]. Therefore,
it could be hypothesized that zinc induces programmed cell death in immune microen-
vironments in a concentration-dependent manner. Finally, zinc also plays an important
role in the inflammatory functions of many immune cells. On one hand, zinc connects to
macrophage functions by participating in TLR signaling [126]. A previous study found
that a set of TLR (e.g., TLR1, TLR2, and TLR4) elicited the recruitment of macrophage
phagosomes in mitochondria and enhanced their bactericidal activity [127]. TLR signaling
is activated by the phosphorylation of interleukin-1 receptor-associated kinase 1 (IRAK1),
whose degradation requires a certain level of zinc in vivo [128]. However, zinc deficiency
is unfavorable for the regular biological processes of macrophages. It was found that long-
term zinc insufficiency upregulated NLRP3 inflammasome production and activated IL-1β
secretion by macrophages [129], whereas short-term zinc depletion inhibited inflammation
by repressing caspase-1 activation, caspase-1 activation, and IL-1β secretion [130]. T cells
are also highly vulnerable to the effects of Zn, notably on the balance of distinct T-cell
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subsets. The lack of Zn lowered the production of Th1 cytokines (IFN-γ, IL-2, and TNF-α),
whereas it had little effect on Th2 responses (IL-4, IL-6, and IL-10), resulting in an imbal-
ance between the Th1 and Th2 subpopulations [131]. In addition to its tight association
with immune cells, Zn has a role in osteoblast and osteoclast differentiation. Multiple
zinc-containing compounds have been added to bone biomaterial coatings to test their
osteogenesis capacity. The upregulated abundance of differentiation markers of osteoblasts
suggested that Zn may suppress the differentiation of osteoclasts while enhancing the
maturation and mineralization of osteoblasts through involved immune responses [132].
Taken together, these findings suggest a multifaceted role of zinc ions in the regulation
of macrophage-induced inflammation in a variety of ways, which inspired us to fully
understand and better manipulate metal ions in the use of bone biomaterials. Therefore,
metal ions are of great value to be fully understood and used in biomaterials. Modulation
of the bone immunological microenvironment to stimulate osteogenesis by changing the
concentration of different metal ions may become a significant development strategy for
new bioactive bone materials.

In addition to metal ions, making use of bone material characteristics by the inclusion
of biologically active proteins can also alter the ability of osteogenesis, with an emphasis
on boosting M2 activation. Several signaling molecules, including oncostatin-M (OSM),
prostaglandin E2 (PGE2), and BMP2, play a crucial role in the mechanism by which
macrophages stimulate bone regeneration [53]. BMP2 is essential for the regulation of
macrophage polarization and secretion. Based on a previous study, not only may BMP2
supplementation decrease the expression of inflammatory cytokines in M1 macrophages,
it may also considerably increase the number of M2 macrophages [132]. BMP2-modified
calcium phosphate cement (BMP2-CPC) causes an increase in M2 macrophages, which
secrete TGF-1 and IL-10 to promote the in vitro osteogenic differentiation of MSCs [133]. In
addition, it has been reported that the interaction of integrin β1 with fibronectin increases
the expression of PI3 kinase signaling and promotes the phenotype of anti-inflammatory
M2 macrophages, whereas blocking this mechanism induces M1 macrophages. Integrin
β1 with fibrinogen on hydrophobic surfaces results in the generation of M1 macrophages,
most likely through NF-κB activation [134].

Biomaterial surfaces with soluble anti-inflammatory small-molecule drugs (such as
dexamethasone) can diminish the inflammatory response and fibrous encapsulation for-
mation [135]. However, these drugs have limited applications because of their complex
pharmacokinetics and decreasing concentration over time. Furthermore, the effect of
anti-inflammatory agent coatings on biomaterials to promote osteogenesis needs to be con-
sidered. Glucocorticoids have been proven to improve inflammation relief and tissue repair
when combined with anti-inflammatory cytokines (e.g., IL-6 and IL-10). However, gluco-
corticoids may decrease endogenous angiogenesis and increase the risk of infection [136].
Burgess et al. addressed this issue by administering dexamethasone and vascular en-
dothelial growth factor (VEGF) via a hydrogel with an anti-inflammatory effect without
impairing the formation of new blood vessels [137]. In addition, osthole, a coumarin-like
derivative derived from traditional herbal medicine, has been found to enhance osteogenic
differentiation [138]. Osthole stimulates osteoblast differentiation by activating the Wnt/β-
linked protein/Bmp2 signaling pathway [139]. It has been reported that osthole can reduce
inflammation by suppressing NF-κB [140] and has a negative effect on osteoblastogenesis
and bone resorption induced by the nuclear factor-κB ligand (RANKL) receptor activa-
tor [141]. Moreover, sodium butyrate, a fermentation product of gut microbiota, loaded onto
bone implant materials has been reported to have superior antimicrobial and osteogenic
properties [142]. Sodium butyrate enhances macrophage phagocytosis by increasing re-
active oxygen species (ROS) production. Sodium butyrate-loaded biomaterials increase
macrophage M2 conversion and the secretion of anti-inflammatory factors, ultimately
boosting bone healing [142,143]. The loading of different cytokines and biomolecules onto
implant materials generates new ideas for the development of novel osteogenic materials.
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Changing the characteristics of adsorbed proteins with distinct functional groups on
the surface of biomaterials can also alter macrophage responsiveness. Buck et al. investi-
gated the influence of surface chemistry on the behavior of macrophages on poly(polystyrene)
surfaces with shared functional groups and comparable surface densities. The COOH group
underwent adhesion with a large number of integrin-related proteins prior to macrophage
attachment and improved the secretion of anti-inflammatory cytokines. After 48 h of cul-
ture, macrophages showed a pro-secretory effect on proteins associated with inflammation
relief and tissue repair. In addition, unlike the NH2 and PO3H2 groups, the COOH group
attenuated the LPS-stimulated inflammatory response of macrophages [144]. In addition,
numerous studies have demonstrated that the COOH group is a possible anti-inflammatory
surface functional component. According to Visalakshan et al., a surface with COOH
groups resulted in a greater amount of LPS-stimulated macrophage IL-10 production and
a lower amount of inflammatory cytokine release compared to a surface with amine or
methyl groups. They also found that a hydrophilic AC surface containing COOH functional
groups had a great affinity for albumin, which initiates the M2 pathway by encouraging the
secretion of anti-inflammatory cytokines while blocking the production of inflammatory
cytokines [144]. Conversely, a hydrophobic surface containing CH3 functional groups
was more likely to adhere to IgG2, which can increase the release of inflammatory cy-
tokines and suppress the release of anti-inflammatory cytokines, thereby activating the M1
pathway [145].

4.2. Physical Properties of Osteogenic Biomaterials

The surfaces of osteogenic biomaterials are in direct contact and react with the sur-
rounding immune environment. Immune cells in the surrounding environment are affected
by wettability, porosity, pore size, particle size, and surface microstructure.

The surface wettability of biomaterials is closely related to the adsorption of proteins,
formation of blood clots, and formation of fibrin [146]. Early in the process of the implan-
tation of biomaterials, vascular injury may lead to the extravasation of blood around the
implant, triggering blood–biomaterial interactions. Blood clots play a role in the pool of
cytokines that initiate wound healing. Hydrophilic polymeric surfaces may reduce protein
adsorption and leukocyte activation, resulting in a lower rejection of foreign bodies [147].
By increasing the hydrophilicity of the material, implants can be more effectively integrated
into the bone. A hydrophobic surface, when compared to a hydrophilic one, is generally ca-
pable of improving monocyte attachment and triggering stronger local immune responses.
According to a recent study, a hydrophilic/neutral copolymer surface can significantly
inhibit the adhesion of monocytes/macrophages, with the fusion of macrophages being
minimal or absent, which effectively reduces the levels of vital factors, such as IL-6, IL-1β,
and TNF-α [148]. According to Zischke et al., a hydrophilic surface modified by titanium
(Ti) exhibited more active osteoblast differentiation, increased growth factor production,
and higher osteogenic gene levels than unmodified surfaces [149].

Macrophages are approximately 20 μm in length [150]. When designing bone bioma-
terials, the porosity and pore size of osteogenic biomaterials must be considered, as these
parameters may influence osteoblast function, macrophage polarization, and immunologi-
cal responses. Micropore-size-appropriate biomaterials can promote macrophage secretion
of VEGF by establishing a slightly anoxic external microenvironment, which induces the
formation of microvessels and promotes bone regeneration [151]. Pores that are too small
hinder the blood from transporting nutrients and oxygen, which will enhance the local
inflammatory response, resulting in the formation of granulation tissue and completely
blocking the micropores. The blockage prevents bone cell ingrowth from taking place,
ultimately resulting in poor bone regeneration and implant failure [152,153]. Biomaterials
with pore sizes of 90–120 μm have been shown to promote chondrogenesis and inhibit
vascularization. Biomaterials with pore sizes up to 350 μm promote osteogenesis and
vascularization [154]. Furthermore, high porosity facilitates the adhesion and growth of os-
teoblasts [155], resulting in the formation of a dense extracellular matrix, thereby enhancing
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early biological fixation [156]. In addition to their significance in bone cell activity, porosity
and pore size also play an important role in the communication between the implants
and the internal immune system. It has been shown that foreign body response activity
diminishes as the pore size increases [156]. The foreign body reaction mediates the fibrotic
response to encapsulate and remove foreign bodies from the surrounding tissue [157].
During a foreign body reaction, macrophages generate TGF-β which plays an important
role in modulating the fibrotic response [157].

The size of the particles has a significant impact on the immune response. Implant
particles are degraded and processed by immune cells based on their size. Macrophages
can directly phagocytose particles with a small diameter (less than 0.5 μm). Although indi-
vidual macrophages are no longer capable of phagocytizing structures larger than 0.5 μm,
a foreign body giant cell is created as a result of the fusion of multiple macrophages in an
attempt to phagocytize the particles [158,159]. When the material is excessively large (more
than 100 μm), it obstructs macrophage phagocytosis and fusion [160,161], resulting in a
highly inflammatory environment in which macrophages produce a substantial amount of
inflammatory cytokines and ROS to destroy the substance. However, that is not to say that
larger particles elicit a higher immunological response. Smaller particles in comparable-
quality materials have a larger surface area, which results in an increased chemical activity
and a greater immunomodulatory capacity [162,163]. Laquerriere indicated that small-
diameter hydroxyapatite particles can trigger immune cells to release increased amounts
of pivotal cytokines favoring inflammation [164]. Davison et al. discovered the presence
of more multinucleated osteoclast-like cells surrounding calcium phosphate bioceramic
crystal particles with a size of 1 μm as compared with crystals of 2–4 μm. RAW 264.7, which
adhered to crystal particles with a size of 2–4 μm, was dramatically inhibited in RANKL-
induced proliferation and differentiation into multinucleated osteoclast-like cells [165].
Furthermore, Li et al. compared the difference in OIM between two calcium phosphate
bioceramics with submicron/micron surface topography and found that submicron bioma-
terials can regulate macrophage polarization to M2 by activating the PI3K/Akt pathway
in vitro, thereby promoting the osteogenic differentiation of MSCs [166].

Another important property that influences immune-cell interactions is the surface
topography of biomaterials [167]. There is plenty of research showing that modifying
the surface topography can successfully regulate osteoblastic cell adhesion, migration,
proliferation, and differentiation [168,169]. Surface roughness is an important modulator
of both osteoblastogenesis and osteoclastogenesis. Polishing and sandblasting are two
methods for modifying surface roughness, which can typically be portrayed on a microscale.
For example, the surface of bone biomaterials has a prominent property in that it elicits
modulative effects on the immune response in the host, and as a commonly used metal ion
on the surface, Ti plays a regulatory role in the immune response. The surface topography of
biomaterials is normally determined by the roughness of Ti, which has been shown to affect
cell adhesion and spreading. When the roughness of the Ti-composed surface increases, the
spreading of macrophages also advances [170]. In addition, titanium roughness also exerts
significant stimulatory effects on macrophages to modulate the generation of inflammatory
cytokines and chemokines [171,172]. Compared to the smooth Ti substrate, which promoted
M1 polarization, Hotchkiss found that microroughened Ti surfaces encouraged the M2
macrophage phenotypic switch and increased the production of IL-4 and IL-10 [173].
According to Christo et al., materials with a 68 nm controlled surface nanotopography
result in an increased synthesis of matrix metalloproteinase-9 (MMP-9) and a decreased
release of pro-inflammatory cytokine secretion from primary macrophages when compared
to the smooth glass control [174].

5. Definition and Research Status of OIM

Bone biomaterials modulate the local immune microenvironment and influence bone
cell function, thereby regulating bone regeneration and reconstruction. Traditional bone
biomaterials are primarily developed to consider whether they may lead to immune
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rejection and final implant failure. However, the implantation of bone biomaterials alters the
microenvironment surrounding the bone. This produces a new microenvironment formed
by the interaction between the bone biomaterials and multi-system cells that regulates
osteogenic differentiation, rather than the materials alone. Immune cells play a central role
in the local bone microenvironment as they regulate a variety of processes involved in bone
regeneration (such as osteogenic differentiation, osteoclastic differentiation, fibrosis, and
vascularization) by regulating the expression of chemokines and inflammatory factors. OIM
is a novel concept for evaluating bone biomaterials that incorporates the new properties
of biomaterials, bone cells, and immune cells to aid in the development of biomaterials.
It pays more attention to the influence of the immune environment generated by the
interaction with biomaterials on the behavior of bone cells rather than immune rejection. In
short, biomaterials with a high OIM can elicit an appropriate inflammatory response via
local immunocytes by releasing factors that drive the differentiation of BMSCs, ultimately
leading to successful osteogenesis.

5.1. Evaluation Methods of OIM

Since OIM involves interactions between bone cells, immunocytes, and biomaterials,
all components should be considered in the evaluation system, which can be achieved
by a co-culture system. Indirect co-culture with a conditioned medium is a popular
method. First, immune cells are cultured on bone biomaterials to obtain the supernatant
containing cytokines related to the immune response. After mixing the supernatant with
fresh medium, osteoblasts are grown in the conditioned medium to determine whether
they have an influence on osteogenesis or the osteoclast reaction. This procedure is simple
and reproducible. Additionally, this approach can be used when immune and bone cells
originate from distinct species. However, indirect co-culture with conditioned medium
cannot fully replicate the situation in vivo because bone cells actively govern the immune
response rather than playing a passive role in the interaction with immune cells.

Indirect co-culture employing a Boyden chamber can more accurately mimic the
in vivo environment associated with bone cell–immune cell interactions. Immune cells
are seeded in the upper compartment and allowed to migrate through the pores of the
membrane into the lower compartment, where bone cells and biomaterials reside [175].
A small pore size (0.4 μm) can retain cells in the upper chamber while allowing released
substances to flow freely. A large pore size permits cells to migrate and can be used to
evaluate the impact of activated immune cells [14]. The Boyden chamber assay saves time
because it takes only a few hours for cells to pass through the porous membrane in the
Boyden chamber, which is substantially less time than that required for cells to complete
the cell cycle [176].

5.2. OIM-Based Development of Bone Biomaterials

OIM highlights the modulation of the immunological milieu formed by biomaterials,
which plays a key role in the process of osteogenesis and the regulation of osteoclasto-
genesis. Bone regeneration requires the prompt modulation and transformation of the
immune microenvironment in the region of bone defects from pro-inflammatory to anti-
inflammatory. Macrophages are involved in a variety of biological activities, including
infection, repair, and regeneration, as well as tissue homeostasis. Following biomaterial
implantation, macrophages are the primary first response of the body’s immune system. It
is therefore important to transform M1 macrophages into M2 macrophages, which drive
osteoblast development and bone production by secreting BMP-2, IL-10, and TGF-β. When
developing materials, it is possible to modulate the immune response by altering the com-
position or structure of the materials: (i) changing the material particle size, (ii) optimizing
the pore size and porosity, (iii) increasing the hydrophilicity of the materials, (iv) adding
metal elements to materials, and (v) combining the use of small-molecule drugs [177]. The
current focus in the design of bone biomaterials is on inhibiting M1 macrophages and
increasing M2 macrophages, thus releasing cytokines with anti-inflammatory effects in
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order to control inflammation and ultimately promote osteogenesis. The excessive sup-
pression of M1 macrophages, however, limits the body’s ability to clear bacteria, making
infection unmanageable and thus leading to the failure of osteogenic material implantation.
In summary, the synergy between these strategies should be considered and any potential
detrimental effects must be avoided when designing biomaterials to effectively induce
bone reconstruction.

6. Conclusions

The complex process of bone healing and regeneration requires the accurate regulation
of a series of molecular signals. The development of bone materials must consider the ability
of the immune system to regulate the local microenvironment and facilitate bone formation.
Biomaterials with a great OIM can induce an immune environment favorable for bone
formation. By modifying the physical and chemical properties of biomaterials, such as their
surface roughness and wettability, implants can directly influence immune cells in vivo,
creating an optimal immunological microenvironment to dynamically regulate osteogenesis.
Utilizing the immune system to regulate the bone-repair process precisely remains a great
challenge, although we have established that immune cells are the primary force behind
bone repair. Further research is required to investigate the complex signaling pathways
and potential molecular targets of biomaterials, the immune system, and the skeletal
system. Furthermore, numerous studies of implants have focused on the investigation of
macrophages in microenvironments. However, there is still a dearth of studies exploring
the role of other immune cells, including T cells, B cells, and neutrophils, in affecting the
properties and functions of bone biomaterials. We suggest that more research attention
should be paid to a comprehensive exploration of immune cells and their relationship with
novel bone biomaterials in the future.
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Abstract: With the rapid development of implantable biomaterials, the rising risk of bacterial infec-
tions has drawn widespread concern. Due to the high recurrence rate of bacterial infections and
the issue of antibiotic resistance, the common treatments of peri-implant infections cannot meet
the demand. In this context, stimuli-responsive biomaterials have attracted attention because of
their great potential to spontaneously modulate the drug releasing rate. Numerous smart bacteria-
responsive drug delivery systems (DDSs) have, therefore, been designed to temporally and spatially
release antibacterial agents from the implants in an autonomous manner at the infected sites. In this
review, we summarized recent advances in bacteria-responsive DDSs used for combating bacterial
infections, mainly according to the different trigger modes, including physical stimuli-responsive,
virulence-factor-responsive, host-immune-response responsive and their combinations. It is be-
lieved that the smart bacteria-responsive DDSs will become the next generation of mainstream
antibacterial therapies.

Keywords: anti-bacterial; implants; drug release; stimuli-responsive

1. Introduction

Recently, the rapid development of implantable biomaterials has benefited people
suffering from bone and dentition defects. However, all the surgical interventions that
involve implantation of biomaterials face the risk of failure due to aseptic loosening and
bacterial infections. The high predisposition for infections around post-implant sites
is caused by lowered immune system efficacy and the adhesion and biofilm-forming
ability of bacteria. Biofilms, in which bacteria are protected from the immune responses,
dynamic environments and conventional antibiotics, are essential for the proliferation of
bacteria [1]. The common treatments for peri-implant infections are limited to a combination
of aggressive surgical debridements and systemic antibiotic regimens, and may eventually
end up with device removal if there is no way to control the infections. Moreover, a key
feature of bacterial infections is recurrence, which happens in approximately 30% of all
cases [2], which indicates that repeated antibiotic treatments are necessary. However, the
more frequent antibiotics are used, the higher the probability of antibiotic resistance.

Although some of the biomaterials show antibacterial properties, the majority of
antibacterial activity is carried out through drug delivery systems (DDSs). Conventional
DDSs load drugs mainly through physically adding large antibiotics to the matrix or
covalently attaching them to the surfaces. However, the physically drug-loaded DDSs may
provoke the abrupt release of drugs, which is known for its cytotoxicity. The covalently
drug-loaded DDSs, in the meantime, limit antibacterial effects to the system surfaces,
because of the characteristics of covalent bonds. Furthermore, the common problem with
conventional DDSs is that they cannot be administered on demand [3]. The expected
pattern of administration within conventional DDSs is generally sustained release of drugs.
When infections occur, the local level of antibiotics may fail to reach the effective therapeutic
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dose according to this delivery pattern, while in the absence of infections, background
leakage of antibiotics can exacerbate antibiotic resistance.

In this context, it is urgent to develop a smart bacteria-responsive DDS that can
automatically release antibacterial agents from the implants when infections occur, in a
more effective manner without background leakage. Namely, antibiotics should be latent
in the absence of bacterial infections, but released adequately to kill bacteria immediately
in response to infections. Strategies that utilize the changes specific to the bacteria-infected
microenvironment as a unique key to activate drug release have attracted widespread
attention in the treatments of peri-implant infections. For instance, bacterial infections
can result in an acidic microenvironment (pH = 5.0–5.5) that is distinct from normal
physiological conditions (pH = 7.4) [4]. Additionally, the overexpression of virulence
factors, such as hyaluronidase, gelatinase and phospholipase, also makes the infected
area different from the others [5,6]. Taking those features of infection sites as a stimulus
for antibiotic release, a “smart” stimuli-responsive DDS can be designed to achieve more
localized and controlled drug release. The greatest benefits of such smart systems are the
enhanced efficacy due to higher local concentrations, minimized systemic side effects, and
the ability of the released agents to diffuse into the peri-implant tissues, thereby killing
bacteria both on the implant surfaces and within the surrounding environment [7–9].

Stimuli-responsive materials have been investigated in the biomedical field for several
decades, including as DDSs. Here, we summarized a few smart bacteria-responsive DDSs
mainly designed to prevent or solve peri-implant infections (Figure 1). The aim of this
review is to summarize and analyze the design principles, autonomous reactiveness against
bacteria and antibacterial effects of these systems.

 

Figure 1. The schematic representation of smart bacteria-responsive drug delivery systems. Scaffolds,
hydrogels, nanoparticles, nanosphere, micelles, multiple-layer films and titanium nanotubes (TNTs)
loaded with drugs are triggered by the changes specific to the infection microenvironment, including
the (a) pH decreasing, (b) elevated local temperature, (c) bacteria-specific enzymes and toxins and
(d) products of host immune response, aiming to kill the bacteria.
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2. Materials and Methods

2.1. Search Strategy and Study Selection Processes

A comprehensive search was conducted via the following medical databases: PubMed,
Embase, and Web of Science, for articles published from 1 January 2012 to 18 June 2022
in English. Search terms included (antibacterial OR anti bacterial OR anti-bacterial OR
antibacteria OR anti bacteria OR anti-bacteria OR antimicrobial OR anti-microbial OR
antibiotics OR antibiotic OR Bacteriocidal OR Bacteriocide OR bacteriocides OR Anti-
Mycobacterial OR anti mycobacterial OR Antimycobacterial OR infection OR anti-infection
OR infectious) AND (implants OR implant OR prosthesis OR “Prosthetic Implants” OR
“Implant, Prosthetic” OR “Implants, Prosthetic” OR “Prosthetic Implant” OR “Implants,
Artificial” OR “artificial implants” OR “artificial implant” OR “Implant, Artificial” OR
Prostheses OR Endoprosthesis OR endoprostheses OR nanoparticles OR nanoparticle OR
nano-particles OR nano-particle) AND (“Delivery System, Drug” OR “Delivery Systems,
Drug” OR “Drug Delivery System” OR “System, Drug Delivery” OR “Systems, Drug De-
livery” OR “Drug Targeting” OR “Drug Targetings” OR “Targeting, Drug” OR “Targetings,
Drug” OR “Drug delivering” OR “Drug release”). The electronic search showed a total
number of 16,443 titles, after removing 3354 duplicates. Furthermore, relevant references
were manually searched via the reference lists of the included studies and 4 studies were
added to the full-text evaluation. A total of 16,294 studies with clearly irrelevant topics and
abstracts or ineligible article types were excluded. The final inclusion was based on the
inclusion criteria. The study flow diagram is shown in Figure 2.

Figure 2. Search flowchart.

2.2. Inclusion and Exclusion Criteria

The inclusion criteria for the study selection were as follows:

1 Primary studies regarding autonomous bacteria-responsive DDSs.
2 Studies aiming to eliminate bacteria via releasing antibacterial drugs.
3 Studies reporting the detailed data of anti-bacterial assays in vitro or in vivo, such as

bacterial inhibition rate (BIR), zones of bacterial inhibition (ZOI) and morphological
characterization of bacteria (MCB).

The exclusion criteria for the study selection were as follows:

1 Studies that performed controlled drug release by additional artificial activation.
2 The DDSs were not designed for antibacterial purposes.
3 Studies missing detailed data of anti-bacterial assays.

Two researchers (Y.J.Y and X.J) independently conducted the search and screened the
titles, abstracts and full text of the papers. Discrepancies were resolved via discussions
amongst the researchers. An overview of the experimental details is given in Table 1.
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3. Results

3.1. Physical Stimuli-Responsive Systems

There will be a few physical changes within the infected microenvironment, such as
reduced pH and locally elevated temperature. These physical stimuli have already been
used to activate the release of antibiotics [56,85,86].

3.1.1. pH-Responsive Systems

The most commonly used trigger is the abnormal change in local pH. As bacterial
metabolism produces lactic acid and acetic acid, the local pH, dropping from 7.4 to 6.0 or
lower, can be used to trigger the release of antibiotics [4]. Chemical bonds, such as the
Schiff base, acetal linkage, and metal ion coordination bonds that are stable under neutral
conditions but broken at lower pH, are often utilized to realize the pH-responsive release
(Figure 3) [22,31,41].

 

Figure 3. The schematic illustration of fabrication process of TNTs-Van@ZnO-FA system and syner-
gistic bacteria-killing triggered by pH. Reproduced with the permission from ref. [23]. Copyright
2015 Elsevier.

In recent years, there have been studies on various kinds of pH-responsive polyelec-
trolyte multilayer films (PEMs), such as poly(acrylic acid) (PAA) [24] and poly(methacrylic
acid) (PMAA) [21] films as antibacterial coatings. When a sudden decrease in pH disrupts
the original electrostatic equilibrium between weak acidic/alkaline polyelectrolytes and
incorporated antibiotics, those PEMs undergo swelling to re-balance the charge, which
accomplishes the autonomous release of antibiotics. Chen et al. reported the fabrication of a
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smart system based on the switchable ability of PMAA as a gating element of pH-stimulated
delivery of antimicrobial peptides (AMPs) [21]. The system was able to remain stable and
extend the passive release of AMPs to 10 days under physiological conditions, while as the
pH decreased, the PMAA collapsed to open the nanotubes and released adequate AMPs to
kill the bacteria.

Besides electrostatic attraction, the Schiff reaction, which involves a dynamic covalent
imine bond formation via the crosslinking of amine groups and aldehyde groups, is also a
promising strategy for smart drug delivery [87]. The Schiff base is pH-responsive according
to its chemical structure [88]. Researchers have already proved that the DDS, in which
alginate dialdehyde (ADA) was conjugated with gentamicin (GEN) via the Schiff reaction,
exhibited superior pH responsiveness and could prevent localized infections both in the
early stages (6 h) and in the long term (72 h) [22].

Based on the pH response of metal ion coordination polymers (CPs) on TNTs, a novel
smart DDS was designed by Wang et al., triggered by the change in the environment acidity
due to S. aureus and E. coli infections [41]. TNTs were functionalized via amination by
3-aminopropyltriethoxysilane (APTES), into which drugs such as ibuprofen, vancomycin,
or silver nitrate were harnessed. The researchers found that the CPs formed by 1,4-bis
(imidazole-1-ylmethyl) benzene and Zn2+ or Ag+ could successfully block the drug re-
lease from TNTs in a neutral environment and could be triggered to open and release
antibiotics once the environment became acidic. The release rate gradually increased as
the pH value further decreased, indicating that the DDS was a controllable smart DDS for
peri-implant infections.

3.1.2. Temperature-Responsive Systems

As is widely known, bacterial infections will raise the local temperature of the first
place, which is also regarded as a trigger. Recently, various smart polymers that undergo a
phase transition within a specific temperature range in response to an abrupt change have
shown great promise in the aspect of drug delivery. The polymers are characterized by a
critical solution temperature (CST), a narrow temperature range in which the hydropho-
bic/hydrophilic interactions between a polymer chain and aqueous medium change. These
changes can lead to either chain collapse or swelling. The polymer with lower critical
solution temperature (LCST) shows the solution phase below CST and becomes insoluble
or forms hydrogels over CST. The polymers with LCST are mostly used for developing
DDSs [89]. For example, poly(N-isopropylacrylamide) (PNIPAM) is one of the most rep-
resentative smart polymers, transitioning from a two-phase to a one-phase mixture in an
aqueous environment as the temperature decreases below a value of 37 ◦C [90].

Choi et al. reported a temperature-responsive (poly(di(ethylene glycol) methyl ether
methacrylate)) (PDEGMA) brush coating that allowed the controlled release of levofloxacin [55].
The localized temperature rising of the infected site triggered the release due to the LCST
behavior of the brushes. The antibacterial activity of levofloxacin, as well as the antifouling
effects of PDEGMA, suppressed bacterial colonization and biofilm growth, as demonstrated
in vivo tests with rats infected with S. aureus.

3.1.3. Contact-Responsive Systems

Another alternative involves contact killing. Polycations attached to complex biomate-
rial surfaces with negatively charged bacterial shells allow the polycations to penetrate the
shell and kill the bacteria. Contact killing does not require time for the metabolic processes
to achieve threshold levels based on other triggers, such as pH switches. However, the
effective range of contact killing is more restricted, in contrast to release mechanisms that
rely on diffusion [91].

Recently, a new concept called contact transfer has been introduced [57], which in-
tegrates ideas from contact killing and stimuli-responsiveness. It involves the transfer of
untethered cationic antibiotics from surfaces of biomaterials to bacteria, when bacteria come
close to biomaterials. Liang et al. designed anionic microgels loaded with small-molecule
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cationic antibiotics based on this novel concept [57]. The release of antibiotics was triggered
specifically by bacterial contact, not the contact performed by macrophages or osteoblasts.
Thus, the antibacterial property and biocompatibility were ensured. Researchers concluded
that the negative charge and hydrophobicity of the bacterial envelope changed the local
thermodynamic equilibrium that controlled antibiotic–microgel complexation, leading to
antibiotics release.

Most of the DDSs mentioned above were allowed to combine passive elution of
antibiotic in a physiological microenvironment with an active release in the presence of
bacteria, while the background leaching was not preferred in some cases to avoid drug
resistance. Moreover, all these methods have their own limitations and have proven difficult
to implement in clinical trials thus far. For example, in the case of pH-responsive elements,
many factors can result in changes in local pH values in the body. Further studies will be
needed to assess the duration of such a release and the sensitivity of these systems in vivo.

3.2. Virulence-Factor-Responsive Systems

Bacteria generate various pathogenic factors in the process of adhesion, aggregation,
diffusion and pathogenicity, including various enzymes and toxins, which can also be
utilized to design a smart antibacterial DDS. For example, enzyme-responsive polymers,
which consist of an enzyme-sensitive group such as an oligopeptide, dipeptide, or tripep-
tide, undergo changes when triggered by the catalytic action of enzymes, resulting in drug
release. Various enzymes, such as HAS and protease, of which their concentration largely
increases within the infected microenvironment, have all been explored for the controlled
release of antibiotics.

3.2.1. Protease-Triggered Systems

Proteases are the general name of a class of enzymes that hydrolyze protein peptide
bonds. They exist widely, mainly in human and animal digestive tracts, and can also
be produced by microorganisms. Microbial proteases are mainly produced by mold and
bacteria, followed by yeast and actinomycetes.

Based on the strict selectivity of protease to the substrate, investigators have designed
a series of protease-responsive DDSs [58–62]. For instance, Johnson et al. engineered
lysostaphin encapsulation within protease-degradable hydrogels and subsequent appli-
cation to infected femurs, which led to fracture callus formation and healing [63]. The
inclusion of protease-degradable peptide cross-links in lysostaphin-loaded hydrogels made
it possible to deliver lysostaphin on demand in response to infections.

However, the protease-triggered release of drugs was not confined only to the presence
of bacteria. The cleavage by the host proteases triggered the undesired release of antibiotics.
To make the DDSs more targeted and reduce the accidental release of antibiotics, a many
researchers have focused on the response to products of S. aureus infections, because of the
specificity of their virulence factors [92]. Zhang et al. engineered a titanium coating grafted
with vancomycin via a tailor-made peptide that can be cleaved by a S. aureus-secreted
protease called serine protease-like protease (SplB), allowing the release of vancomycin
specifically in the presence of S. aureus [62]. The bio-hydrolysis of this peptide was both
sensitive and irreversible, highlighting its utility for generating a specific response to
S. aureus infections.

3.2.2. Hyaluronidase (HAS)-Triggered Systems

Hyaluronidases (HAS) are enzymes that are capable of degrading hyaluronic acid
(HA) and hyaluronate. HA constitutes an essential part of the extracellular matrix. Bacteria
such as S. aureus and E. coli utilize HAS as an invasion factor to adhere to the surface
of the implants [5]. A previous study has reported that HA-coated mesoporous silica
nanoparticles could be degraded upon the addition of HAS [93], making HAS an available
trigger for on-demand drug release. Moreover, the secretion of HAS by S. aureus and
E. coli has been studied by Wang et al., where they reported that the increase in local HAS
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triggered the release of gentamicin from their multilayer films [65]. Similarly, Li et al.
designed an intelligent vancomycin-HA-chitosan/β-glycerophophate hydrogel responsive
to HAS secretion by S. aureus and S. epidermidis [64]. The hydrogel possessed antimicrobial
properties both in vitro and in vivo that could be modulated by the concentration of HAS.

Interestingly, HA and hyaluronate themselves, which are generally main components
of HAS-triggered systems, have been proved capable of decreasing S. aureus adhesion and
biofilm formation [94], endowing those materials with greater antibacterial potential.

3.2.3. Lipase-Triggered Systems

Lipases are enzymes involved in the digestion of fats to fatty acids and glycerol or
other alcohols. They are widely found in animals, plants and microorganisms. With regard
to microorganisms, so many pathogenic bacterial species produce lipases that they have
been classified as important virulence factors that exert harmful effects in combination with
other bacterial enzymes, in particular the phospholipases C [95]. The capacity of lipases
to break down ester bonds makes it possible for them to be used as triggers for intelligent
drug delivery [96].

PCL microspheres that contain selenium nanoparticles (SeNPs) were developed as a
DDS responsive to the existence of P. aeruginosa and lipases [68]. It was noticed that the
higher lipase titer in vitro led to greater zones of bacterial inhibition. However, researchers
compared the release rate of SeNPs in the lipase solution to that in the P. aeruginosa cell-free
extract, finding that the drug concentration in the medium with bacterial extract was much
more prominent. It might indicate more hidden mechanisms when the reactions occurred
in vivo. In addition, Shi et al. found that metronidazole linked to dopamine-functionalized
PCL nanofiber mats via ester linkage could be triggered to release in response to cholesterol
esterase [67]. Furthermore, the release rate of metronidazole increased as the concentration
of cholesterol esterase increased. The effective antibacterial capacity of the system indicated
that it was a promising bacteria-responsive drug releasing material.

Moreover, one reason as to why bacteria are able to evade the immune system, and
thus protect themselves from antibiotics, is that they can survive after phagocytosis by
phagocytic cells, especially macrophages, which leads to further infection recurrence [97].
The drug delivery into macrophages is a necessary strategy in improving antibiotic therapy
against intracellular infections. Lipase-activated on-demand delivery nanocarriers have
been proven to be able to kill intracellular bacteria [72]. Xiong et al. reported a strategy for
targeted antibiotic delivery into macrophages via mannose receptors [98,99], utilizing a
mannosylated nanogel as the vancomycin carrier responsive to bacterial phospholipase
(Figure 4) [71]. The nanogel contained mannosyl ligands conjugated to the shell of the
poly(ethylene glycol) arm and polyphosphoester core-crosslinked nanogel. Phosphatase
produced by bacteria could degrade the shell, resulting in the vancomycin release. The
results suggested that mannosylated nanogels could enter macrophages via the interaction
of mannosyl ligands with mannose receptors and release drugs to kill the intracellular
bacteria. Similarly, Yang et al. designed a mesoporous silica nanoparticle (MSN) loaded
with gentamicin that targeted both planktonic and intracellular infection [69].
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Figure 4. (A) Schematic illustration of a vancomycin-loaded mannosylated nanogels (MNG-V)
and the bacteria-responsive drug release. (B) Schematic illustration of targeted uptake of MNG-V,
transport, degradation, drug release and bacteria inhibition. Reproduced with the permission from
ref. [52]. Copyright 2012 John Wiley and Sons.

3.2.4. Gelatinase-Triggered Systems

Gelatinases, also known as type IV collagenase, belong to the group of metallopro-
teinases (MMPs) and are able to cause hydrolysis of type IV collagen, leading to the
breakdown of the extracellular matrix. A broad spectrum of bacterial species, including
Staphylococcus, Enterococcus, and others, is known to produce gelatinases as virulence fac-
tors [100]. Based on the activity of gelatinases secreted by bacteria, a gelatin hydrolysis test
has been used to distinguish the species of Bacillus, Clostridium, Proteus, Pseudomonas etc.
The results revealed that pathogenic bacteria, such as S. aureus, were mostly gelatinase-
positive [101], which indicated that gelatinase-responsive release of antibiotic agents at the
infected site was achievable.

A previous study has proven that gelatinases secreted by S. aureus were qualified
to activate the release of drugs [102]. Qi et al. further designed an “on-site transforma-
tion” system against bacterial infection composed of a chitosan backbone, a PEG-tethered
gelatinase-cleavable peptide and an antibacterial peptide KLAK [73]. Cleaved by the gelati-
nases at the infected sites, the protecting PEG coating disappeared and the conformation
changed, subsequently resulting in the release of KLAK peptide. KLAK made contact
with the bacterial membranes and killed the bacteria as designed. Similarly, Li et al. [74]
developed a kind of core-shell supramolecular gelatin nanoparticle that was capable of
delivering vancomycin triggered by gelatinase.

While the smart DDSs are designed to be activated by bacterial enzymes, most an-
tibiotics or AMPs are tied to the skeleton via covalent bond. With the cleavage of specific
bonds by enzymes, there is a possibility that some residues are left over on antibacterial
agents. The possible residues that remain on the antibiotics may raise the problem of
impaired drug activity. It is worth noting that researchers have already pointed out the
impact of remaining residues [58]. They demonstrated that nanogels are able to deliver
on-demand ciprofloxacin triggered by trypsin, while the groups of the linker residue that
remained on the ciprofloxacin negatively affected its efficacy. The antibacterial effect of the
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nanogels was not as good as that of ciprofloxacin alone. How to solve this impairment is
an urgent problem.

Greater consideration should be given to design systems that can efficiently sense and
respond to the bacteria and release antibacterial agents in response to enzymatic activities
that are unique to the pathogen, while remaining stable against nonspecific cleavages by
host enzymes.

3.3. Dual Responsive Systems

The concept of the smart bacteria-responsive delivery systems is ideal. As mentioned
before, neither the physical changes that occur in the microenvironment nor the production
of various enzymes are typically specific. The nonspecific disrupts in these systems present
barriers to the success of this approach. To improve the specificity of stimuli-responsive
release, researchers focus on the strategy of blending these ideas together. Such dual
responsive systems have been reported previously to deliver anti-tumor drugs. Dual-
responsive (pH and thermo responsive) nanoparticles from poly(NIPAAm-co-acrylic acid)-
b-PCL diblock copolymers were designed to deliver paclitaxel [103]. Drug release was
observed only at temperatures greater than 37 ◦C and at pH conditions between 4 and 6.

Likewise, dual responsive systems can also be used to control the release rate of
antibacterial agents during infections. Programmable responsive antibiotics release sys-
tems have been investigated, including pH/thermal response and pH/enzymes response
models. Chen et al. demonstrated that micelles are sensitive to both pH decreases and
lipases [77]. The breakage of the acid-labile linkages led to the release of D-tyrosine to
disintegrate the biofilm matrix, while the lipase-triggered breakdown of succinic acid
linkages resulted in the release of azithromycin, killing bacteria and destructing biofilms. In
addition, Wang et al. designed a vertically aligned mesoporous silica coating on the surface
of stainless steel for pH and bacterial lipase-triggered antibiotics release (Figure 5) [76]. It
was demonstrated that the lowering of pH triggered the opening of the cyclodextrin valve,
enabling the release of the smaller cinnamaldehyde, the first step in killing bacteria. Mean-
while, lipases were shown to cause the cleavage of functionalized cyclodextrin, leading to
the release of both cinnamaldehyde and AMPs. This dual release system was shown to
inhibit the growth of S. aureus, E. coli, and MRSA in vitro.

 

Figure 5. Schematic representation of structure and working mechanisms for NV-BT-SDACz de-
posited on SS316L. Reproduced with the permission from ref. [55]. Copyright 2017 American
Chemical Society.

In addition to the systems that combine active releasing modes together, the trig-
ger modes that combine active release and passive release also deserve greater attention.
The combination of active “smart” release and passive controlled release can ensure the
high concentration of local antibiotics when necessary. The chitosan-graft-polyaniline
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(CP)/oxidized dextran (OD) hydrogels were proven to be dual responsive to electrical
fields and pH [79]. Researchers used amoxicillin as the model drug, and found its release
rate increased when an increase in voltage was applied or when the pH decreased. In this
way, when it was clear that bacterial infection had occurred, in theory, the rapid release of
antibiotics could be realized through the change in artificially applied voltage. The hydro-
gels presented excellent antibacterial properties and good biocompatibility both in vitro
and in vivo, indicating that they are ideal candidates as smart drug delivery vehicles.

3.4. Host-Immune-Response-Responsive Systems

Apart from direct changes caused by the bacteria, hosts’ immune responses to infec-
tions are also qualified to control the drug release of DDSs. When the infections occur, a
large number of immunocytes accumulate nearby and secrete inflammatory factors [104].
The locally elevated levels of such inflammatory factors have aroused great concerns in
researchers. Taking matrix metalloproteinases (MMPs) as an example, MMPs comprise a
group of endogenous enzymes that play an important role both in physiological and patho-
logical processes, acting on the remodeling and degradation of the extracellular matrix [105].
MMPs have been proven to be associated with the severity of periodontal destruction [106].
Guo et al. designed a degradable MMP8-responsive hydrogel that contained minocycline
hydrochloride or AMPs to realize on-demand antibiotics delivery [82]. The results showed
that the hydrogel had potential to be used for in situ adaptive degradation in response
to peri-implantitis. Similar to MMP8, the reactive oxygen species (ROS) around infected
sites also increased significantly. Stavrakis et al. reported a biodegradable coating using
a branched poly(ethylene glycol)-poly(propylene sulfide) polymer [60]. The researchers
noted a rapid release of antibiotics when using an oxidative environment, confirming a
smart active releasing mechanism.

Bone infections will also lead to a series of host responses, including bone resorption.
The concentration of acid phosphatase (APS), which takes adenosine triphosphate (ATP) as
a substrate, increases significantly in bone infections due to the activation of bone resorption.
Polo et al. manufactured a mesoporous bioglass that contained levofloxacin, taking ATP
as the molecular gate [83]. Released levofloxacin could only be detected in the presence
of APS, ensuring that on-demand release was achieved only due to the specific stimulus
typical of a bone infection environment.

The most significant problem of such systems is the lack of specificity to bacterial
infections. There are a variety of reasons that can lead to an inflammatory response or bone
resorption in vivo, not just bacterial infections. Encapsulating antibiotics into such DDSs
may result in the unintended release of antibiotics, which is contrary to what the smart
DDSs are designed to do.

4. Discussion

As a promising next-generation DDS, smart bacteria-responsive DDSs, which are
constructed according to the concept of self-diagnosis to self-treatment, are able to reduce
the risk of antibiotic resistance for conventional passive release-based DDSs and remedy the
limited delivery range of covalently drug-binding DDSs. In addition, by on-demand release
of the smart DDSs, they are able to tackle the problems of external stimuli-responsive
release-based antibacterial systems, namely, difficulty in monitoring bacterial growth
status around the implants and precisely controlling the appropriate time for external
stimuli application. In short, the temporally and spatially on-demand release of free
antibacterial agents could help combat infections within a broader peri-implant tissue
microenvironment, while mitigating the cytotoxicity associated with the burst release of
high doses of physically entrapped antibiotics or risks for developing bacteria resistance
due to inadequate or delayed antibiotic releases.

However, the reduction in drug efficiency is a noteworthy problem for both conven-
tional and smart DDSs. During the process of design and manufacture, there are many
factors that may impair the drug efficacy. With regard to PEMs, which are commonly used
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in both conventional and smart DDSs, more than one article reported that the manufactur-
ing methods of PEMs affected the rate of responsive release. Zhuk et al. reported that PEMs
manufactured by the spin-assisted LBL technique showed both a slower and lower release
compared to dip-deposited films [52]. However, the research by Zhou et al. suggested oth-
erwise, indicating that the antibacterial activities of dip-deposited films were limited [30].
Moreover, current experimental results have indicated that the retention/release properties
of PEMs are highly dependent on the selection and matching degree of polyelectrolytes
and antimicrobials. Greater caution is required when choosing manufacturing methods
and corresponding antibiotics.

Although in theory, the design concept of smart bacteria-responsive DDSs is to effec-
tively treat peri-implant infections, there are still various problems that exist in practice.
DDSs triggered by pH and temperature switches, in most cases, combined passive elution
and active release, while the background leaching was not preferred in some cases to avoid
drug resistance. In addition, there were multiple causes for the change in physical microen-
vironment, which indicated that the non-specific trigger would be a major issue. This also
happened in host-immune-response-responsive systems. For virulence-factor-responsive
DDSs, the specificity was improved to some extent, but enzymes such as protease and lipase
could be derived from the host. To conclude, although the above DDSs can theoretically
be stimulated as designed, the trigger of these systems are not specific to infection. The
lack of specificity is a common problem in the smart DDSs to date. Due to the complex-
ity in vivo, researchers cannot guarantee DDS’ stability under the accidental non-specific
stimuli, which is undesirable. In the case of double or multiple-responsive systems, the
situation becomes even more uncontrollable.

It is believed that every kind of system has its pros and cons. Inspired by smart DDSs
designed particularly for MRSA [75,107] and S. aureus [92], finding specific substrates as
triggers for various infections is considered to be promising. Just as specific virulence
factors exist in MRSA-infected microenvironments, if other infected microenvironment-
specific factors can be found, the problem regarding specificity can be improved and truly
smart DDSs can be achieved.

In addition to improving the specificity of DDSs, it is believed that giving DDSs more
functionality is one of the promising directions. First of all, smart DDSs can be designed
to target intracellular infections. As is well known, intracellular bacteria are among the
most dangerous causes of drug resistance. Bacteria engulfed by macrophages are able to
escape from antibiotic attacks, because challenges remain in intracellular drug delivery
specific to bacteria-infected cells and efficient uptake into intracellular bacteria. In this case,
smart DDSs are clearly one of the best methods to deliver antibiotics directly to infected
cells, such as macrophages, which may be achieved by adding specific antibodies to the
surface of the system to target specific cells and utilizing materials such as nanoparticles
that can be swallowed by cells to kill the intracellular bacteria. Several studies have proven
its feasibility [71,72].

In addition, there are often other demands, such as anti-inflammation and bone
regeneration, that must be realized when DDSs are implanted. Some of the DDSs were able
to implement multiple functions at the same time. In fact, smart DDSs are also commonly
used in other therapies, such as anti-inflammatory or anti-tumor therapies. Therefore,
multifunctional smart DDSs are feasible, in which antibacterial properties can be achieved
by the component of DDSs, such as metal nanoparticles, and the loaded drugs solve
other problems. These ideas can be widely extended. For example, it is more desirable
if the smart DDSs composed of hydrogels designed for oral implantation promote tissue
regeneration and TNTs facilitate osseous integration. Moreover, bacterial infections are
often accompanied by subsequent inflammatory responses, so smart anti-bacteria and
anti-inflammation DDSs are preferred for sequential treatment [81]. The pattern of on-
demand drug release can effectively circumvent drug resistance of all drugs loaded on
DDSs, making it suitable for versatile drug delivery.
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Overall, smart bacteria-responsive DDSs are believed to be the next generation of
mainstream antibacterial therapy. The need for multimodality strategies that take into
account various stages of pathogenesis [108] to improve specificity, while minimizing the
negative impact on peri-implant tissues or encouraging implant-tissue integrations, is
increasingly recognized. Targeted smart bacteria-responsive DDSs or versatile DDSs are
believed to be promising. More attention should be paid to this area.
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Abstract: Bacterial infections pose a serious threat to people’s health. Efforts are being made to
develop antibacterial agents that can inhibit bacterial growth, prevent biofilm formation, and kill
bacteria. In recent years, materials based on metal organic frameworks (MOFs) have attracted
significant attention for various antibacterial applications due to their high specific surface area,
high enzyme-like activity, and continuous release of metal ions. This paper reviews the recent
progress of MOFs as antibacterial agents, focusing on preparation methods, fundamental antibacterial
mechanisms, and strategies to enhance their antibacterial effects. Finally, several prospects related to
MOFs for antibacterial application are proposed, aiming to provide possible research directions in
this field.

Keywords: metal organic framework (MOF); MOF-based composites; biocompatibility; antibacterial

1. Introduction

A significant factor inducing human sickness and death has always been disease-
causing microbes (bacteria, fungi, and viruses) [1–6]. Alexander Fleming, in 1928, discov-
ered that penicillin was successful at preventing bacterial colonization, and researchers
since then have discovered a range of drugs for antibacterial treatment [7,8]. However,
drug-resistant bacterial populations have emerged as a result of long-term use of antibiotics.
This poses a significant threat to human health [9–11], so there is an urgent need to find
alternatives to antibiotics.

Many antibacterial materials, including metal-based (e.g., copper, silver, zinc) nanoma-
terials [12–14], organic materials [15–18], semiconductor photocatalytic materials [19–21],
and natural biological antibacterial materials [22], have been developed and used in the
field of biomedicine in recent years. However, most of them have not achieved clinical appli-
cation. Metal-based nanomaterials and organic materials can kill bacteria by releasing toxic
metal ions or antibacterial molecules, but the abrupt release of active substances has a short
duration of efficacy and can be harmful to organisms [12–14,16,18]. Semiconductor pho-
tocatalytic materials can absorb externally stimulated light and generate photogenerated
carriers to stimulate enhanced enzyme-like activity to kill bacteria. However, their limited
light absorption capacity leads to low catalytic activity and an unremarkable antibacterial
effect [19,20]. Natural biological antibacterial materials are harmless substances extracted
from plants and animals, which can be slightly modified or even directly applied for antibac-
terial therapy in organisms, but the few available sources, expense, and complex process
used to obtain these materials limit their wide clinical application. Furthermore, there are
some prospective biomimetic technological routes to construct antibacterial drugs (e.g.,
the protein cages, and cell-membrane-camouflage). Ferritin has reversible self-assembly
properties and has been used to construct artificial protein nanocages. Ferritin-based
protein has nanocage-like structures with endowed chambers that provide sites for the
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encapsulation of antibacterial drugs. Furthermore, they can effectively target bacteria
because of their unique positively charged nature. However, protein nanocages are known
to be nanoscale, which can only encapsulate smaller molecule drugs and are limited in
large molecule loading, and the existing protein encapsulation technology is not sufficient
to precisely encapsulate functional substances [23]. Drugs camouflaged by various cell
membranes can take advantage of the complex biological components and functions of cell
membranes to successfully “trick” the body’s immune system, smoothly passes immune
recognition, prolongs circulation time in the blood, and enhances the efficiency of drug
delivery at the lesion site. Although the coupling of cell membrane-coated technology
with antibacterial drugs has showed satisfactory results in terms of screening ability from
natural products, the screening efficiency still could not meet the requirements of practical
applications. Additionally, its stability still needs further improvement to adapt to the
complex physiological environment [24,25]. MOFs and MOF-derived materials stand out
in the antimicrobial field because of their designable structure and adjustable size.

In 1995, Yaghi et al. [26] synthesized a two-dimensional coordination compound structure
called a metal organic framework (MOF, please refer to Abbreviations at the end of this review)
using a rigid organic ligand, BTC, and a transition metal ion, Co2+. MOFs are hybrid inorganic–
organic materials with pores. They are formed by bonded self-assembly of metal centers
(metal ions or clusters) and organic ligands (bipedal or multi-pedal), and MOFs with desirable
structures and functions can be obtained by rational design of IBUs and OBUs. As soon as this
concept was proposed, it was developed at an astonishing pace in the following two decades.

Nowadays, numerous types of MOFs have been developed; the most common include
IRMOF, ZIF, MIL, CPL, UIO, and PCN. IRMOF is an octahedral microporous crystalline
material self-assembled from [Zn4O]6+ with a series of aromatic carboxylic acid ligands [27].
ZIF is synthesized by the reaction of Zn2+ or Co2+ with imidazole and exhibits a zeolite-
like structure [28,29]. MIL is synthesized by transition metal ions with dicarboxylic acid
ligands (succinic acid, glutaric acid, etc.) [30]. CPL consists of six metal ions coordinated
to a neutral nitrogen-containing heterocycle [31]. The UIO MOFs are three-dimensional
microporous materials formed by the coordination of [Zr6O4(OH)4] with BDC, which
contains an octahedral central pore cage and eight tetrahedral corner cages [32]. PCN
contains multiple cuboctahedral nanopore cages, which can form a cage–pore channel-like
topology in space [33]. The above MOFs have been extensively studied and applied in the
fields of adsorption and separation, energy storage, sensing, catalysis, pollutant removal,
electrochemistry, and biomedicine [29,34–42]. In addition, there are many new types of
MOFs (HKUST, etc.), which have also been widely studied in recent years and are gradually
being applied in various fields [43,44].

In the field of biomedicine, MOFs have emerged as an ideal material for various an-
tibacterial applications because of their preferable functions, such as controlled/stimulated
decomposition, strong interaction with bacterial membranes, ROS production under irradi-
ation, and high loading amount and controlled release of other antibacterial agents [45].
A large number of studies and reviews appeared in this field focusing on the composi-
tion, structure, and antibacterial mechanisms of different MOFs, and showed that MOFs
and MOF-derived materials present a high bactericidal activity whose antibacterial rate
exceeds 99% at appropriate doses (Table 1). [46–48]. However, the possible cytotoxicity
limited the clinic application of MOFs and MOF-based materials, and it is still a great
challenge to enhance their bactericidal activity and biocompatibility simultaneously. In
this review, we summarize the preparation and antibacterial mechanisms of MOFs. Based
on recent representative works on the development of MOFs, the possible mechanisms in
antibacterial applications can be categorized as physical interaction, component release,
CDT, PDT, PTT, SDT, and synergistic therapy. Particularly, a comprehensive review of the
strategies to enhance the antibacterial effect of MOFs is presented in terms of both dynamic
and thermodynamic aspects, including modulation of the size, pore size, and coordination
environment of active sites, and the construction of MOF-based composites. Finally, the
prospects and challenges of MOF-based antibacterial materials are discussed.
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Table 1. Antibacterial activity of MOFs and MOF-derived materials.

MOF
Microbial

Strain

Antibacterial Activity

Ref.Average
Inhibition

Diameter (mm)

MBC
(μg mL−1)

MIC
(μg mL−1)

Other Method

ZIF-67
S. cerevisiae

P. putida
E. coli

15
15
15

–
–
–
5

[49]

Co-SIM-1
S. cerevisiae

P. putida
E. coli

15
15
15

–
–
–
5

[(AgL)NO3]·2H2O E. coli
S. aureus

13
16 – 300

297

[50][(AgL)CF3SO3]·2H2O E. coli
S. aureus

15
16 – 300

307

[(AgL)ClO4]·2H2O E. coli
S. aureus

15
19 – 308

293

BioMOF-5 S. aureus – 1700 4300 [51]

{[Zn(μ-4-HZBA)2]2·4(H2O)}n S. aureus – – –

a half maximal
effective

antibacterial
concentration of
about 20 mg L–1

[52]

ZIF-L E. coli
S. aureus – – –

log reduction > 7 for
E. coli and

S. aureus; SEM images
[53]

CPPs

B. subtilis
P. vulgaris
S. aureus

P. aeruginosa
S. enteritidis

– – <25 [54]

Zn-PDA

S. aureus
B. subtilis

A. baumannii
K. pneumoniae

S. entica
E. coli

17
16
11
9.7
9.7
8.6

– 300–308 [55]

Cu2+-doped PCN-224 S. aureus – – – antibacterial
efficacy (99.71%) [56]

Au@ZIF-8 S. aureus
E. coli – – –

inhibition ratio
against S. aureus
and E. coli was

>99.9% when the
dosage of Au@ZIF-8
was 0.2 mg mL−1

[57]

SPZA S. aureus
E. coli – – –

The number of
viable bacterial
cells on SPZA is

zero; SEM images

[58]

MnO2/ZIF-8 E. coli – 3.24 –

complete
inactivation against

E. coli at low
concentrations
(3.24 μg mL−1)

[59]
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Table 1. Cont.

MOF
Microbial

Strain

Antibacterial Activity

Ref.Average
Inhibition

Diameter (mm)

MBC
(μg mL−1)

MIC
(μg mL−1)

Other Method

Ag/ZnO E. coli
S. aureus – 12.5

6.25
6.25
3.12 [60]

GO/Co-PTA E. coli
S. aureus – – –

inhibited the
growth of E. coli

and S. aureus by up
to 99%

[61]

Dual MOFs E. coli
S. aureus – – –

the antibacterial
efficiency against

S. aureus and E. coli
exceeded 99.31 and
98.68%, respectively.

[62]

ZGO-NH E. coli
S. aureus

2.59
3.82 - - [63]

ZIF-8@RFP MRSA - 10 - [64]

2. Preparation Methods of MOFs

There are many methods to prepare MOFs. The same type of MOFs or even the same
MOFs can be obtained by different preparation methods, which will confer different prop-
erties. In this section, we introduce several commonly used methods of synthesizing MOFs:
one-pot, hydrothermal (solvent thermal), ultrasonic, electrochemical, and mechanochemi-
cal methods (Figure 1); we summarize their advantages and disadvantages for researchers
to choose the appropriate preparation method based on their requirements.

2.1. One-Pot Method

One-pot synthesis is a process in which the precursors are co-mixed in a solvent and
reacted under stirring. Wang et al. [65] synthesized Zr-based MOFs (Zr/UIO-66-COOH)
using Zr4+ as the metal centers and H2BDC as the organic ligand in the CF3COOH solution.
Huang et al. [66] synthesized Zn-based MOFs (MOCP) with a yield of 90% using Zn(NO3)2
and H2BDC as reactants in DMF solution with TEA at room temperature.

The advantage of this method is that the cost is low, the production is large, and the
experimental conditions can be easily achieved. In addition, it is a highly controllable
process, since researchers can add reactants at any time during the reaction. However,
synthesized MOFs usually contain impurities. Therefore, the one-pot method is not suitable
for applications that require high purity.

2.2. Hydrothermal (Solvent Thermal) Method

Hydrothermal (solvent thermal) synthesis is a process in which primitive mixtures
are reacted in a closed system, such as an autoclave, using water or organic solvents at
a certain temperature and with autogenous pressure. Li et al. [39] synthesized MOF-5
using Zn(NO3)2 and H2BDC as reactants in DMF by the solvent thermal method. The
experimental data showed that the crystallinity of the product prepared by this method
was higher compared to the one-pot method. This is because the high pressure under
hydrothermal conditions increases the solubility of the precursors, consequently promot-
ing the reaction and crystal growth. In addition, the synthesized MOF-5 had a specific
surface area of up to 2900 m2 g−1 and could remain thermo-stable at 500 ◦C in the absence
of moisture.
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Figure 1. Schematic illustration of methods for preparing MOFs.

The hydrothermal (solvent thermal) method exhibits high specific surface area, high
crystallinity, and thermal stability. However, this method is costly and cannot be well
controlled, as reactants can only be added all at once. In addition, this method is not stable,
since the specific pressure of the reactor, which is controlled by artificial tightening, is not a
constant value, and this uncertainty will certainly affect the properties of the products.

2.3. Ultrasonic Method

Sonication is a process in which reactants are dissolved in solvent and continuously
sonicated. Qiu et al. [67] first obtained Zn3(BTC)2 by sonication using an aqueous solution
of Zn(CH3COO)2 and H3BTC dissolved in ethanol for 5 min. As the sonication time in-
creased from 5 to 90 min, the size of the product increased from 50–100 to 700–900 nm, and
the yield increased from 75.3 to 85.3%. Previous studies showed that mixing Zn(CH3COO)2
with H3BTC without ultrasound did not produce any product using the same reaction
medium, temperature, and pressure. In theory, acoustic cavitation induced by the rup-
ture of cavitation bubbles creates local hot spots with very high transient temperature
(5000 K), pressure (1800 atm), and cooling rate (1010 K s−1) [68,69]. The region between the
microbubble and the native solution has very large temperature and pressure gradients
and rapid molecular motion, leading to the generation of an excited state, breaking of
bonds, free radical formation, mechanical shock, and high shear gradients, so that the
ultrasonic method allows some reactions to take place that are difficult to carry out by
conventional methods.
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Sonication is a low-cost and environmentally friendly method. The size and yield
of MOFs synthesized by the ultrasonic method can be easily controlled. Moreover, some
special reactions that cannot be carried out by conventional methods can be achieved
because of the acoustic cavitation effect. However, the structure and purity of MOFs
formed by sonication can vary.

2.4. Electrochemical Method

Electrochemical synthesis is a process in which monomers or compounds of different
species and aggregates are prepared by electro-oxidation or electro-reduction in a conductive
solvent. It is a widely used method to construct MOF films on substrates. Ameloot et al. [70]
first synthesized Cu-based MOF (Cu3-(BTC)2) film on copper substrate by electrochemical
deposition. The anode metal plates generated metal ions during electrolysis and then self-
assembled with organic ligands on the electrode surface to form MOF films. They found that
increasing the voltage from 2.5 to 25 V provided a higher concentration of metal ions near
the electrode surface and produced a coating with smaller crystals, while adding water to the
mixture slowed down the formation of crystals and formed a coating with larger crystals.

The advantage of the electrochemical method is that the synthesis process is simple
and rapid, and the thickness of MOF films can be conveniently adjusted by adjusting the
voltage and current applied and the electrolyte concentration. However, this method can
only construct films on conductive substrates, limiting its wide application.

2.5. Mechanochemical Method

Mechanochemical synthesis is a process in which metal salts are reacted directly with
organic ligands by mechanical grinding at a specific temperature. Katsenis et al. [71]
synthesized a Zn-based MOF (ZIF-8) by the mechanochemical method using ZnO and
2-methylimidazole with small amounts of acetic acid or water as catalysts. They found
that the mechanochemical process led to the collapse of the ZIF-8 structure. The higher
the volume of solvent added during the grinding process, the more pronounced the
amorphization of the product.

The mechanochemical method is environmentally friendly because of the low solvent
volatilization. In addition, the amorphization of MOFs can be controlled. However, the
crystallinity of the product synthesized by this method is low and the structure is easily
destroyed in the process.

3. Antibacterial Mechanisms of MOFs

MOFs have a periodic coordination network in which metal centers and organic lig-
ands are linked to each other and can be designed to have various typologies by regulating
these two components [72,73]. In the field of biomedicine, several MOFs have been ex-
tensively studied for their preferable antibacterial activity resulting from their specific
physical and chemical properties (such as slow release of metal ions or organic substances
and enzyme-like, photocatalytic, photothermal, and ultrasonic activity) [49,74–77]. This
section summarizes in detail the possible antibacterial mechanism of MOFs, which can be
subdivided into physical interaction, metal ion release, organic ligand release, antibiotic
load, gas load, CDT, PDT, PTT, SDT, and synergistic therapy (Figure 2 and Table 2).
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Figure 2. Schematic illustration of antibacterial mechanisms of MOFs.

Table 2. Antibacterial components and main roles of MOFs.

IBUs OBUs Functional Materials
Main Role of MOFs in

Antibacterial Application
Ref.

Ag+ 3−(Biphenyl−4−yl)−5−(4−tertbutylphenyl)−
4−phenyl-4H−1,2,4−triazole AgTAZ Ag+ release [49]

Ag+ Tris−(4−pyridylduryl)borane(L) [(AgL)NO3]·2H2O Ag+ release [50]
Ag+ 1−Butylimidazole [Ag(Bim)] Ag+ release [78]
Co2+ Hmim ZIF−67 Co2+ release [49]
Cu2+ Trimesic acid HKUST−1 Co2+ release [74]
Cu2+ 1,4−Benzendicarboxylic acid Cu−SURMOF−2 Cu2+ release [79]
Zn2+ Azathioprine BioMOF−5 Zn2+ release [51]
Zn2+ Hmim ZIF−8 Organic compound generation [80]
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Table 2. Cont.

IBUs OBUs Functional Materials
Main Role of MOFs in

Antibacterial Application
Ref.

Ni2+ Hmim Ni−Hmim Hmin release [77]
Zn2+ 4−HZBN [Zn(μ−4−HZBA)2]2·4(H2O)}n HZBN release [52]
Zr4+ BA, TCPP VAN VAN release [81]
Fe3+ H2BDC VAN VAN release [82]
Cu1+ 1,3,5−Tribromobenzene + diethylamine → H3BTTri GSNO NO release [83]
Zr4+ BA, TCPP L−Arg NO release [84]
Hf4+ 2−Hydroxyterephthalic acid, acetic acid MnCO CO release [85]
Zn2+ Hmim Pd(H) H2 release [86]
Fe3+ Acrylic acid MIL−88B CDT [87]
Cu2+ 1,3,5−Tricarboxybenzene HKUST−1 CDT [88]
Zr4+ H2BDC → I2−BDP UIO−PDT PDT [6]
Hf4+ H2DBP DBP−UIO PDT [89]
Hf4+ TCPP Hf−TCPP NMOF PDT [90]
Zr4+ H2TCPP PCN−224 PDT [91]
Fe2+/
Fe3+ K4[Fe(CN)6] PB PTT [92]

Mn2+ IR825 Mn−IR825 PTT [93]
Zr4+ (Fc(COOH)2) Zr−Fc MOF PTT [94]
Fe3+ GA Fe−CPND PTT [95]
Zn2+ Hmim ZIF−8 → PMCS SDT [96]

Zn2+, Mn2+ Hmim ZIF−8 → DHMS SDT [97]
Zr4+

Pt4+

Au3+
BA HNTM → HNTM−Pt@Au SDT [98]

3.1. Physical Interaction

Physical interaction refers to the process of direct interaction between materials with
specific surface morphologies and bacteria in the physiological environment. Recently,
some MOFs were synthesized with two-dimensional morphology that exhibited excellent
antibacterial properties. Yuan et al. [53] synthesized ZIF-L with a nano-dagger surface,
which is completely different from the dodecahedral structure of ZIF-8. The experimental
data showed that ZIF-L exhibited excellent antibacterial activity (log reduction > 7 for E. coli
and S. aureus) and sustainable bactericidal activity (more than four reapplications). They
believed that the nano-dagger surface of ZIF-L could kill bacteria efficiently via physical
interaction (Figure 3A). Wang et al. [54] synthesized four Cu-based MOFs (CPPs) with
the same structure but different morphologies (rhombus layer, rhombus disk, rhombus
lump, and bread-like morphology) by adding additives such as TEA and CH3COOH. The
rate of deprotonation of organic ligands can be controlled by the addition of additives to
further control particle size and shape. Among them, the bread-like and rhombus disk
CPPs exhibited weak antibacterial activity (MIC > 50 μg mL−1), while the rhombus lump
and rhombus layer CPPs showed good antibacterial activity against B. subtilis, P. vulgaris,
S. aureus, P. aeruginosa, and S. enteritidis (MIC < 25 μg mL−1). They believed that the unique
two-dimensional sheet morphology of rhombus lump and rhombus layer CPPs effectively
inhibit bacterial growth.

MOFs with two-dimensional morphology exhibit excellent antibacterial properties
because their unique morphology can kill bacteria efficiently via physical interaction;
however, they can also be harmful to normal cells, posing a risk to human health.
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Figure 3. Various antibacterial mechanisms of MOFs: (A) Schematic illustration of ZIF−L with nano-
dagger morphology in physical interaction with bacteria (adapted from [53]). (B) (a) Schematic illus-
tration of ZIF−8 reacts with PBS to produce Zn3(PO4)·2(H2O)4 with antibacterial activity (adapted
from [80]); (b) FTIR spectrum of the ZIF−8 and ZnO nanopowders before and after PBS incubation
(adapted from [80]). (C) Schematic illustration of VAN@MOF−53(Fe) release Fe3+ and VAN to kill
S. aureus in an acidic environment (adapted from [82]). (D) Schematic illustration of Pd(H)@ZIF−8
release Zn2+, Pd nanoparticles, and H2 in an acidic environment to kill H. pylori (adapted from [86]).

3.2. Metal Ion Release

Metal ion release refers to the process of dissociation and release of metal ions from
the crystal structure of MOFs in the physiological environment. Various metal ions, such
as silver ion (Ag+), zinc ion (Zn2+), iron ion (Fe2/3+), manganese ion (Mn2+), lead ion
(Pb2+), cobalt ion (Co2+), and copper ion (Cu2+), have attracted research attention be-
cause of their broad-spectrum antibacterial properties and weak toxicity to eukaryotic
cells [99–103]. Researchers have synthesized a number of antibacterial MOFs by incorporat-
ing the above metal ions into the crystal structure, and they all found that the slow release of
metal ions was the determining factor for the good antibacterial properties [53,54,104–106].
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Liu et al. [50] synthesized three Ag-based MOFs ([(AgL)NO3]·2H2O, [(AgL)CF3SO3]·2H2O,
and [(AgL)ClO4]·2H2O) with different typologies using tris-(4-pyridylduryl)borane (L),
Ag+, and different coordination solvents. These three MOFs exhibited a significant bacteria-
inhibiting loop with an average diameter of 13–15 mm for E. coli and 16−19 mm for
S. aureus, and MIC values of 250–500 and 293–307 μg·mL−1 against the two bacteria, re-
spectively. They attributed the high antibacterial activity to the sustainable and trace
release of Ag+ (0.85–1.20‰ of overall Ag+ in the samples per day). Aguado et al. [49]
synthesized two Co-based MOFs (ZIF-67 and Co-SIM-1) using 2-methylimidazole and
4-methyl-5-imidazolecarboxaldehyde, respectively, as the organic ligands. The results
showed that the growth inhibition ratio for S. cerevisiae, P. putida, and E. coli was higher than
50% when the concentrations of ZIF-67 and Co-SIM-1 were in the range of 5–10 mg L−1.
Similarly, they attributed the high antibacterial activity of these MOFs to the sustainable
and trace release of Co2+.

To further research how released ions kill bacteria in the physiological environment,
Taheri et al. [80] explored the degradation process of ZIF-8 in organisms. The experimental
data showed that ZIF-8 first released Zn2+ and then immediately produced Zn3(PO4)2 (a
broad-spectrum antibacterial agent) when immersed in PBS, which simulated the physio-
logical environment (Figure 3B(a,b)). So, they attributed the high antibacterial activity of
ZIF-8 to the production of Zn3(PO4)2 in the physiological environment.

Research has shown that MOFs can achieve efficient and long-term antibacterial effects
through the slow release of metal ions. However, the specific metabolic behavior of released
metal ions in the organism is unclear, and the antibacterial theory of the released metal
ions is not unified. Some people believe that the released metal ions directly kill bacteria,
while others believe that they form an antibacterial agent with organic substances to kill
bacteria [80].

3.3. Organic Ligand Release

Organic ligand release refers to the process of dissociation and release of organic
ligands from the crystal structure of MOFs in the physiological environment. There are
many available organic antibacterial agents, including metallo-organic agents, aldehydes,
phenols, acyl aniline, and heterocyclics. These antibacterial agents bind with calcium and
magnesium cations of bacterial cells, which leads to the fragmentation of cellular DNA [107].
Fortunately, plenty of these organic antibacterial agents (imidazoles, benzimidazole da-
zoles, heterocyclic compounds, etc.) can be used in the construction of MOFs [108,109].
Restrepo et al. [52] synthesized a Zn-based MOF ({[Zn(μ-4-HZBA)2]2·4(H2O)}n) using 4-
HZBA as the organic ligand and Zn2+ as the metal center. The experimental data showed
that this material significantly inhibited the growth and metabolic activity of S. aureus, with
a half maximal effective antibacterial concentration of about 20 mg L–1, and it released
ligands continuously over a period of days. The antibacterial effect of this material was
attributed to the release of 4-HZBA; the release of Zn2+ not only failed to provide an an-
tibacterial effect, but also promoted the growth and propagation of bacteria to form biofilm.
The reason the Zn2+ from this material failed to kill bacteria is that it is one of the twenty-six
essential elements in animal tissues and its concentration must be above a certain threshold
(50 μM) [110] to exhibit an antibacterial effect even though it is a broad-spectrum
bactericidal agent.

Research has shown that the release of organic ligands can achieve efficient and
long-lasting antibacterial effects. However, the metabolic behavior of MOF-released or-
ganic substances in the physiological environment is still unclear, which raises concerns
regarding biosafety.

3.4. Antibiotic Load

Antibiotics are effective at inhibiting bacterial colonization and growth, and their slow
release in the physiological environment can achieve antibacterial purposes. MOFs with
high specific surface area are suitable carriers for loading antibiotics, and the released
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antibiotics can effectively kill bacteria in the physiological environment. Chen et al. [81]
synthesized a VAN-functionalized Zr-based MOF (PCN-224) for targeting and killing
S. aureus. The functionalization endowed the VAN-PCN-224 with excellent antibacterial
efficiency against S. aureus because of the targeting ability and antibacterial activity of VAN
against Gram-positive bacteria. Lin et al. [82] encapsulated VAN into MOF-53(Fe) with
strong electrostatic interactions using the one-pot method. This product had an effective
drug-carrying capacity of 20 wt% and good biocompatibility. The results showed that this
material exhibited a long-lasting and highly effective antibacterial effect (99.3%), because
VAN and Fe3+ were released slowly in the inflammatory bacterial environment (Figure 3C).

Antibiotics are effective at inhibiting bacterial colonization and growth. However,
the abuse of antibiotics has led to the growth of multidrug-resistant pathogens, posing a
serious threat to human health.

3.5. Gas Load

Gas therapy is a treatment that produces gases to kill bacteria in the physiological
environment through degradation or redox reactions. In recent years, some gas molecules,
such as H2, NO, and CO [111–114], have been reported to have antibacterial properties
and to be effective at alleviating the inflammatory response [115]. MOFs with high specific
surface area can be suitable carriers for loading a gas donor, and the released gas from the
gas donor can effectively and safely kill bacteria in the physiological environment. GSNO is
a donor of NO, which is commonly present in human blood and can decomposed into one
NO equivalent and disulfide [116]. Tuttle et al. [83] encapsulated GSNO in a Cu-based MOF
(CuBTTri). They found that the decomposition ratio of GSNO in the reaction catalyzed by
CuBTTri was only 10% within 16 h without GSH, while in the reaction catalyzed by CuBTTri
it was up to 100% with stoichiometric GSH. Therefore, this material can produce more
NO and has better bactericidal effect in a bacterial infection environment with higher GSH
expression. Wan et al. [84] encapsulated L-Arg as an NO donor into a Zr-based MOF (PCN-
224) for gas therapy. After irradiation with a 660 nm laser at 30 mW cm−2, L-Arg reacted
with H2O2 to produce NO with a long half-life and wide diffusion range. Guan et al. [85]
first synthesized an Hf-based MOF (UIO-66-OH(Hf)) using Hf4+ as the metal center and
H2BDC as the organic ligand. Subsequently, a PS (2I-BODIPY) was attached to UIO-66-
OH(Hf) by etherification, and finally the gas donor MnCO was coordinated to the Hf
cluster node. They found that the Mn1+ in MnCO could oxidize to Mn2+ and release CO
when the material was exposed to light irradiation (green laser, 0.5 W/cm2, 10 min) and
oxidants containing H2O2 and 1O2. Zhang et al. [86] encapsulated hydrogen-stored Pd
nanoparticles into the inner cavity of ZIF-8 by the one-pot method, and then wrapped
ascorbyl palmitate hydrogel to target H. pylori. The ZIF-8 shell of Pd(H)@ZIF-8 broke and
subsequently released high concentrations of Pd nanoparticles and the H2 stored in the Pd
nanoparticles to kill bacteria in an acidic microenvironment induced by bacteria. It also
upregulated the expression of mucosal repair proteins to repair damaged gastric mucosa
(Figure 3D).

Research has shown that antibacterial gases are effective at alleviating the inflamma-
tory response and promoting tissue restoration. However, their efficacy in sterilization is
limited, so they are generally used as an adjunctive treatment in related investigations.

3.6. CDT

ROS are intermediate chemical species formed during the incomplete reduction of oxy-
gen, mainly including H2O2, ·OH, ·O2−, and 1O2 [117]. Many natural enzymes can catalyze
ROS production from low concentrations of H2O2, which can kill bacteria by irreversibly
damaging bacterial cell walls/cell membranes/cells, DNA, proteins, polysaccharides, and
nucleic acids [118]. However, the high cost, complicated purification process, poor stability,
and difficult recycling of natural enzymes limit their practical application. It is urgent to
find enzyme-like materials that can simulate the activities of these natural enzymes.
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Recently, MOF-based catalytic systems mainly based on the simulation of GOD,
POD, SOD and CAT were developed, and researchers found that the MOFs could sim-
ulate catalytic activity to produce ROS or their precursors for sterilization [119–123].
Zhang et al. [124] first found in 2016 that amorphous Fe NPs can undergo a Fenton-like
reaction in the tumor microenvironment of hydrogen peroxide overexpression. The overall
Fenton-like reaction involves the ionization of amorphous Fe NPs to release ferrous ions
and the subsequent disproportionation of H2O2 to effectively produce hydroxyl radicals,
which will cause irretrievable damage to DNA, lipids, and proteins [125,126]. They also
referred to this treatment, which relies on Fenton-like responses, as CDT, and the overall
Fenton-like response equation with Fe2+ as reactant is as follows:

Fe2+ + H2O2 →Fe3+ + (OH)− + ·OH 1©
H2O2 + 2Fe3+ → 2Fe2+ + O2 + 2H+ 2©
O2 + Fe2+→ Fe3+ + O2

− 3©
Over the past several years, studies of CDT in MOFs have developed rapidly. This

is mainly attributed to the intrinsic structural features of MOFs. In an acidic bacterial
infection microenvironment, the coordination bonds between metal centers and organic
ligands are easily broken, releasing metal ions and thus providing catalysts for CDT.
Burachaloo et al. [87] synthesized an Fe-based MOF (MIL-88B). They found that Fe2+ was
released when MIL-88B was fragmented and subsequently induced an intracellular Fenton-
like reaction to produce high concentrations of ·OH. Hao et al. [88] synthesized a Cu-based
MOF. They found that Cu2+ was reduced to Cu1+ as GSH was consumed in the bacterial
infection microenvironment, and the Cu1+-based MOF catalyzed the formation of ·OH
from hydrogen peroxide to kill bacteria.

Research has shown that CDT is a relatively safe treatment because it does not require
the introduction of antibiotic drugs, which could cause drug resistance. However, the pH
of the bacterial microenvironment does not accommodate the requirements for an effective
Fenton reaction (pH = 3.0–4.0) and there is a limited concentration of hydrogen peroxide
in the bacterial infection microenvironment, both of which greatly limit the effectiveness
of CDT.

3.7. PDT

PDT is a treatment that combines PSs and their corresponding light irradiation to
catalyze ROS production through photodynamic reactions to selectively destroy target
tissues in the presence of oxygen molecules. Photoexcited triplet PSs can react in two ways:
(I) directly with the substrate or solvent through hydrogen or electron transfer to form free
radicals, or (II) through energy transfer to oxygen molecules to form 1O2.

PSs can produce ROS to kill bacteria when irradiated by a specific wavelength of
light. However, the aggregation between PS nanoparticles leads to the quenching effect.
To maintain the ability of PSs to produce photogenerated ROS, researchers have been
working on covalently binding PSs, as OBUs, to IBUs and periodically assembling them
into porous frameworks to prevent the quenching effect. In addition, the wavelength of
light that PSs can absorb is also an important parameter. For biomedical applications,
wavelengths are usually controlled in the “tissue transparency” window of 650–800 nm.
This is because shorter wavelengths (<600 nm) have limited treatment depth and can cause
skin photosensitization, while longer wavelengths (>800 nm) do not provide sufficient
energy to produce 3O2, which is a precursor of ROS [127]. Lu et al. [89] synthesized an
Hf-based MOF (DBP-UIO) using Hf4+ and the free base porphyrin derivative H2DBP under
solvothermal conditions. This nanoplate-shaped material had a diameter of 100 nm and a
thickness of 10 nm and exhibited photodynamic activity. They believed that the interaction
of the heavy Hf4+ with the DBP ligand induced an enhanced inter-system crossover from
monomorphic to triplet DBP, thus DBP-UIO was at least twice as efficient as H2DBP in
producing 1O2 and showed excellent PDT effect. Liu et al. [90] synthesized an Hf-based
MOF using Hf4+ as the metal center and TCPP as the organic ligand. Under irradiation
by an 808 nm laser at 5 mW cm−2, this MOF produced more 1O2 compared to free TCPP.
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They believed that the coordination of the four carboxyl groups of TCPP with metal ions
broadened the Soret band of TCCP and slightly redshifted the four Q-bands. The proximity
of heavy Hf4+ centers promoted the inter-system crossover of TCPP from the ground state
to excited state, and the unique porous structure of the Hf-based MOF led to a good spatial
segregation effect between TCPP ligands, avoiding agglomeration and self-quenching of
the excited state.

The non-porphyrin photosensitizer BODIPY is also considered to be an ideal PDT
reagent because of its low dark toxicity and high extinction coefficient in the therapeutic
window. Wang et al. [6] obtained a daughter Zr-based MOF (UIO-PDT) that showed PDT
effects by exchanging the I2-BDP ligand with the H2BDC ligand of the already synthesized
parent MOF via solvent-assisted ligand exchange. The mechanism of the overall solvent-
assisted ligand exchange process can be explained as the exposure of the parent MOF to the
solution containing a high concentration of the second ligand, then the ligand of the parent
MOF being exchanged with the target ligand to obtain a daughter MOF. The experimental
results showed that the daughter MOF presented a stronger ability to produce photogenerated
ROS and retained the topology of the parent MOF. In addition, the UIO-PDT showed little
cytotoxicity to a series of normal cells, in which the cell survival rates were all above 90%,
although the concentration of UIO-PDT was adjusted up to 1.0 mg mL−1.

PDT is highly selective therapy. It can generate ROS with more efficient bactericidal
activity than organic antibacterial agents [128–131]. However, the production of excessive
ROS also causes cellular damage and poses a threat to the health of the organism when
cells are affected by microenvironmental stimulation or antioxidant system dysregulation.

3.8. PTT

PTT is a treatment in which materials generate heat after absorbing externally stimu-
lated light and kill bacteria by high temperature in the applied environment [132,133]. The
principles of photothermal conversion include the following: (I) The electron relaxation
of the excited state decays back to the ground state, causing a collision of emitting chro-
mophores with the surrounding environment and partial energy release in the form of heat.
(II) Light directs the polarization of free electrons and the depolarization of accumulated
charges, leading to collective electron oscillations, surface plasma jump decay, and energy
dissipation in the form of heat. (III) When a semiconductor is irradiated with high-energy
light, the electrons are excited to higher energy levels in the conduction band and leave
holes in the VB. The electrons and holes will relax to the edge of the energy band by vibra-
tional relaxation, which leads to the conversion of energy into heat. MOFs have attracted
much attention in recent years in the field of photothermal antibacterial therapy because of
their semiconductor-like behavior. In addition, some MOFs can also generate heat to kill
bacteria under light irradiation because of the strong LSPR of metal ions at the active sites.

PB presents a face-centered cubic structure formed by the coordination of a carbon
atom and a nitrogen atom from a carbon–nitrogen triple bond with Fe2+ and Fe3+, respec-
tively. PB and its analogs comprise the most important branch of intrinsic photothermal
MOFs. It is also one of the oldest synthetic MOFs and widely used as a PTA, which has
been approved by the Food and Drug Administration as a clinical drug for light radiation
therapy [134]. Fu et al. [92] synthesized PB with controlled size by mixing solutions of
FeCl3 and K4[Fe(CN)6] with citric acid as the surface capping agent. The experimental
data showed that the PB had a broad absorption band at 500–900 nm with an absorption
peak at 712 nm. Moreover, under irradiation by an 808 nm laser at 0.6 W cm−2, the PB had
a molar extinction coefficient of 1.09 × 109 M−1 cm−1, which is slightly lower compared
to Au nanorods, and its temperature increased to 43 ◦C in less than 3 min. However, the
absorption peak was located at the edge of the near-infrared region (700–900 nm), and the
photothermal conversion efficiency was only 20% at 808 nm irradiation [135].

Other intrinsic photothermal MOFs are based on the LMCT mechanism to achieve
an antibacterial effect, which tends to occur when organic ligands and metal ions are in
relatively low valence states. IR825 has an absorption peak at 825 nm in the near-infrared
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light region and is commonly used as near-infrared dye. Yang et al. [93] synthesized an
Mn-based MOF using Mn2+ as the metal center and IR825 as the organic ligand. The
temperature of this material increased rapidly to approximately 52 ◦C within 5 min un-
der irradiation by an 808 nm laser at 0.6 W/cm2, and it had a mass extinction coefficient
of 78.2 L g−1 cm−1 and good photothermal cycling capability. Deng et al. [94] used
Fc(COOH)2, a widely used PTA, as the ligand and Zr4+ as the metal center to synthesize
a nano-sheeted Zr-Fc MOF. The Zr-Fc MOF had broad light absorption in the range of
350–1350 nm, and its temperature reached 92 ◦C within 3 min under irradiation by an
808 nm laser at 0.2 W cm−2, which was significantly higher than Fc(COOH)2 (around
46.8 ◦C). The higher photothermal conversion efficiency of Zr-Fc MOF stemmed from its
higher stability, so most excited photoelectrons decayed through non-radiative pathways
and consequently generate heat. Liu et al. [95] synthesized an Fe-based MOF (Fe-CPND)
using Fe3+ as the metal center and GA as the organic ligand. In an acidic environment,
the GA ligand gradually dissociated and the Fe-CPND transformed from triple to double
ligand, conferring a higher longitudinal relaxation rate. They also found that the prefer-
able photothermal effect of Fe-CPND resulted from the LMCT effect triggered by the
Fe–phenol structure.

The high temperature induced by PTT can kill most bacteria that are intolerant to high
temperatures. However, when the temperature is too high and insufficient to completely
remove the bacteria, non-local heating usually causes severe damage to healthy tissues and
an inflammatory response [136].

3.9. SDT

Because of the shallow tissue penetration depth of PDT and the damage to normal cells
caused by long-term exposure to external stimulating light, its clinical application is limited.
SDT is a treatment in which the sound sensitizer reacts with oxygen to produce ROS to
kill bacteria under ultrasonic radiation. The cavitation effect occurs during the ultrasound
process, and the resulting bubbles rapidly compress in volume and burst to produce strong
shock waves, local high temperature, high pressure, and hydroxyl radicals to improve
the antibacterial effect. Pan et al. [96] synthesized PMCS containing porphyrin-like metal
centers. PMCS can be obtained after calcination at high temperature using ZIF-8 as a
template, and it is a kind of N-doped carbon material with a Zn-centered porphyrin-like
structure. The unique micro/mesoporous structure of PMCS enhances the cavitation effect,
resulting in high SDT efficiency. Experimental results showed that the 1O2 producing
efficiency of PMCS was increased by 203.6% and it could generate more ·OH than ZIF-8.

Pan et al. [97] synthesized an MOF-derived DHMS nanoparticles. DHMS can be
excited by US irradiation to produce electrons and holes, which interact with O2 and
H2O in the body to produce 1O2 and ·OH, respectively. The low-valent Mn in DHMS is
partially oxidized to high valence by the holes during the sonication reaction, promoting
electron–hole separation and ROS production. In addition, the hollow pore structure of
DHMS enhances the cavitation effect to further increase ROS generation. Yu et al. [98]
synthesized a US-activated single-atom catalyst (HNTM-Pt@Au) actuated by Au nanorods.
HNTM is a Zr-based MOF with a porphyrin-like structure and works as a carrier in this
material. The experimental data showed that the antibacterial efficiency of HNTM-Pt@Au
against methicillin-resistant MRSA under US was 99.93%. They summarized the ultrasonic
catalysis mechanism of this material as follows: (I) Au NRs enhance ultrasonic cavitation
and improve the absorption of ultrasonic energy in the system, and (II) Au NRs and single
Pt atoms act as electron acceptors to promote the electron transfer generated by HNTM and
improve the separation efficiency of electron–hole pairs. In addition, the products obtained
by the exchange of single Au and Cu atoms by single Pt atoms in HNTM also generate a
large amount of ROS, which can be attributed to the metal with a higher work function
having a higher carrier separation efficiency.

Intermittent low-power ultrasound is harmless to the human body, so this non-invasive
therapy has a bright future in clinical applications. However, if the ultrasound treatment
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time is too long or the heat is not controlled properly, it can lead to burns, inflammation, or
even necrosis in the skin or deep soft tissues.

3.10. Synergistic Therapy

Taking advantage of the synergistic effect of multiple therapies is an effective way
to improve the antibacterial activity. In recent years, many MOFs have achieved the
effect of “1 + 1 > 2” by synergizing the antibacterial activity of their components. To
synthesize MOF-derived 2D carbon nanosheets, Fan et al. [137] first synthesized MOF-
derived ZnO on graphene, and then obtained TRB-ZnO@G by in situ polymerization of
anchored phase change TRBs. The TRB-ZnO@G not only had nearly 100% antibacterial
efficiency at low concentrations, but also exhibited rapid and safe skin wound disinfection,
without damaging normal skin tissue or causing cumulative toxicity. Under NIR irradiation,
TRBs absorbed NIR light and increased the local temperature, which also promoted the
release of Zn2+ from ZnO and penetrated into bacterial cells. Moreover, the unique two-
dimensional structure of 2D carbon nanosheets enhanced the physical interaction with
bacterial cells. Thus, the antibacterial mechanisms working synergistically exhibited more
effective antibacterial activity than any single mechanism component.

Synergistic therapy is not simply the sum of individual antibacterial mechanisms but
involves the complementarity of the strengths and weaknesses of various mechanisms for
mutual improvement to achieve better antibacterial effects. The synergistic antibacterial
activity of MOF-based composites will be discussed in more detail in the next section.

4. Strategies to Enhance the Antibacterial Ability of MOFs

Although MOFs have shown good antibacterial effect in the experimental stage,
their antibacterial ability has not yet reached clinical demand because of the complexity
of the human body microenvironment. Therefore, researchers have launched extensive
investigations into strategies for enhancing the antibacterial properties of MOFs in recent
years. They found that these properties can be improved by modulating the size, pore size,
and coordination environment of active sites of MOFs, and by synthesizing MOF-based
composites. These strategies are discussed in detail in this section.

4.1. Size Modulation

The size effect influences the uptake of antibacterial MOFs by bacterial cells. Bac-
terial cells tend to uptake nanoparticles of small size, so the uptake of MOFs by bac-
terial cells can be improved by reasonably regulating the size of MOFs (Figure 4A).
In addition, miniaturization could increase the interactions between MOFs and bacte-
ria [138,139], which would enhance their antibacterial ability. Akbarzadeh et al. [55] syn-
thesized a nanoscale Zn-based MOF (Zn-PDA) using Zn(NO3)2 and PDA. The nanoscale
Zn-PDA exhibited better antibacterial properties against S. aureus, S. enteritidis, A. baumannii,
K. pneumoniae, S. entica, and E. coli (average inhibition diameter, 8.6–17 mm; MIC,
300–308 μg mL−1) compared with the large size Zn-PDA. They believed that the small
particle size and high surface area gave the nanoscale Zn-PDA good antibacterial effect.

Recent studies have shown that nanoscale MOFs are commonly used for antibacterial
application because their miniaturized size corresponds to a high specific surface area,
which increases their interaction with bacteria and promotes their penetration into bac-
terial cell membranes. In bacterial cells, nanoscalable MOFs can interact with lipophilic
acid, phosphate, or hydroxyl groups, leading to cell destruction [101,140,141] and greatly
increasing the antibacterial effect. However, the strong permeability of cells to nanoscale
MOFs also means that they can penetrate cell membranes and accumulate in normal cells,
which would a pose risk to human health.
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Figure 4. Schematic illustrations of strategies to enhance the antibacterial ability of MOFs: (A) the
reduction in the size of MOFs can help the uptake of bacterial cells. (B) The increased pore size of
MOFs can help load more large-sized drug molecules. (C) Alteration of the active sites of parent
MOFs can confer new designable antibacterial mechanisms to daughter MOFs.

4.2. Pore Size Modulation

Rational design of MOF pore size can facilitate their use as carriers to load drug
molecules (gas donors, antibiotics, etc.) for sterilization. However, drug molecules vary in
size, and the pore size of the MOF should match the size of the drug molecule to ensure
that the drug can be successfully loaded into the pores (Figure 4B). Pore size modulation is
a strategy for obtaining MOFs with different pore sizes by changing the synthesis method,
reactant ratio, and post-treatment method. Zhang et al. [142] synthesized structurally
controlled ZIF-8 with a 3D mesoporous structure using polystyrene as sacrificial template.
ZIF-8 precursor solution was impregnated into polystyrene particles to synthesize ZIF-
8, and then polystyrene was dissolved to obtain ZIF-8 with a porous structure, with
the original position of polystyrene particles becoming the pores. They believed that
modulating the pore size by regulating the size of PS particles is a suitable method for
designing MOFs with pore sizes matched to drug molecule sizes.

Xing et al. [143] synthesized a flower-like ZIF-8 by adding dopamine as an additional
ligand to reduce the molar ratio of Hmim/Zn2+ during the synthesis process. The ligand-
polymerized molecular sieve imidazole framework catalyzed the in situ polymerization
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of polydopamine, leading to microporous blocking and cross-linking of morphologically
degraded ZIF nanosheets. Under the protection of polydopamine, flower-like ZIF-8, with
abundant micropores, mesoporous defects, large petal spacing, high specific surface area,
and high metal atom loading, was obtained by carbonization. They found that the flower-
like ZIF-8 showed excellent POD activity and produced more effective ROS than normal
ZIF-8 because of its wider 3D accessibility of active sites.

Yang et al. [144] synthesized mesoporous polymeric carbon nitride (PCN) and used
ascorbic acid-assisted hydrothermal etching of bulk PCN to form pores and improve its
crystallinity. PCN has many lone pairs of electrons on its N atoms. When PCN is placed in
an inorganic weak acid solution (ascorbic acid), the acid attacks the lone pairs of electrons
and the Lewis acid–base reaction occurs [145], corroding the PCN and forming pores. This
simple synthesis step expands its specific surface area and provides transfer channels,
which can potentially promote its photocatalytic hydrogen production (26.8 μmol h−1).
Deng et al. [146] synthesized ZIF-8-encapsulated Au nanoflowers (ZIF-8@Au nanoflowers),
and then selectively etched them with tannic acid into a material with yolk-shell structure
(Figure 5A(a)). The results showed that ZIF-8 became a very thin shell layer, and more
cavities appeared between it and the Au nanoflowers, which had greater drug loading
ability compared to the ZIF-8@Au nanoflowers with core–shell structure (Figure 5A(b)).
Moreover, the core Au nanoflowers still maintain good photothermal effect (Figure 5A(c)).

 
Figure 5. Methods of changing the structure of MOFs: (A) (a) Process of preparing a yolk−shell
structure by selective etching of the ZIF−8 shell of Au@MOF by tannic acid (adapted from [146]);
(b) TEM image of yolk−shell structured Au@MOF (adapted from [146]); (c) the temperature in-
creasing and cooling curves of Au@MOF aqueous solution with various concentration under the
irradiation of an 808 nm laser at 0.8 W cm−2 for 10 min (adapted from [146]). (B) (a) Process of
preparing Co−NXPS/C/CdS, a heterojunction of CdS and a MOF with an altered active site (adapted
from [147]); (b) SEM image of Co−NxPS/C/CdS (adapted from [147]); (c) H2 evolution amount
graph of Co−NxPS/C/CdS and its precursors (adapted from [147]).

Studies have shown that porous materials with adjustable pore size not only are
helpful for drug loading, but also could have high specific surface area via structural
changes. However, other functions of porous MOFs, such as stability, adsorption dynamics,
processability, and mechanical and thermal properties, which are essential for future
practical applications of the materials, have been less studied.
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4.3. Modulating Coordination Environment of Active Sites

Active sites are where chemical reactions occur in materials, and the coordination
environment refers to the specific binding mode between ions at active sites. A metal center
connected to ions provided by organic ligands constitutes the coordination environment
of MOFs [148]. The ions in the coordination environment are slowly released in the
physiological environment and express their special properties. Rational modulation of
the metal centers in the coordination environment could re-endow MOFs with different
antibacterial mechanisms. Moreover, rational modulation of the ions provided by organic
ligands in the coordination environment leads to local charge inhomogeneity at the active
sites, which could promote carrier separation and ultimately enhance the photodynamic
effect of the material. So, modulating the coordination environment of active sites is a
strategy for designing MOFs with desirable physicochemical properties by changing their
metal centers and the ions provided by organic ligands (Figure 4C).

In recent years, MOFs and derivatives with altered coordination environments have
attracted significant attention because of their near 100% metal dispersion [149–151]. How-
ever, methods of synthesizing MOF derivatives with same coordination environment vary
slightly; some researchers use the one-pot method, in which a solution containing sec-
ondary metal ions or complexes composed of secondary metal ions and organic substances
is added directly to the template precursor solution to synthesize MOFs with multiple types
of active sites, then the desired coordination environment is retained, and unwanted ones
are removed by calcination. Han et al. [152] loaded Fe-Phen complexes into ZIF-8 precursor
solution via the one-pot method, and then pyrolyzed them under argon atmosphere. Finally,
they synthesized a well-dispersed single-atom catalyst with good electrocatalytic activity.
Cao et al. [153] synthesized 20 single-atom enzymes with different metal-N coordination
environments (metal = V, Cr, Mn, Fe, Co, Ni, Cu, Ce, Zr, Mo, Ru, Rh, Pd, Gd, W, Re, Ir, Pt,
Au, Tb). They added metal salt solution containing secondary metal ions in proportion to
the primary metal ion (Zn2+) and a solubilizer with antibacterial properties to the precursor
solution of ZIF-8 and obtained products by sintering and centrifugation. The experimental
data showed that these materials all had the catalytic behavior of OXD, POD, and simulated
HPO; the Fe-based MOF with Fe-N coordination environment exhibited the highest POD
activity. In addition, they found through DFT that the catalytic pathway and reactivity of
ROS were closely related to the electronic structure of the metal centers, and higher ROS
catalytic properties could be guaranteed if the energy barrier for ROS generation was low.

In some studies, researchers adsorbed complexes composed of secondary metal ions
and organic substances onto the surface and into pores of nitrogen–carbon obtained by
calcination using MOFs as templates, and then formed a new coordination environment
after calcination. Wang et al. [154] synthesized a Cu-based MOF (Cu SASs/NPC). They
removed the Zn2+ from ZIF-8 by high temperature and obtained nitrogen–carbon via acid
etching, and then dipped it into a complex composed of Cu2+ and dicyandiamide. Finally,
the complex was adsorbed on the original active sites of Zn-N4. When dicyandiamide
was burned off by high temperature calcination, the encapsulated Cu2+ was exposed and
combined with four nitrogen atoms to form a new Cu-N4 coordination environment. The
experimental data show that Cu SASs/NPC had not only the peroxidase-like activity
of ZIF-8, but also the photothermal properties of Cu2+. The photothermal conversion
efficiency of Cu SASs/NPC was calculated to be 82.78%, which was much stronger than
the previously reported Cu-based photothermal agents (<50%), and the survival cell ratio
of the Cu SASs/NPC + H2O2 + NIR light group against E. coli and MRSA reached 0%.

Other researchers found that co-calcining template MOFs directly with metal powder
or foam also could form MOFs with new coordination environments [155]. Moreover,
changing the ions provided by organic ligands in the coordination environment of active
sites to ions with different electronegativity will cause uneven local charge distribution,
which can accelerate the current transfer and catalyze the redox reaction of the material,
producing antibacterial substances. Ji et al. [147] found that replacing the N ion in ZIF-8 with
low electronegativity ions was a way to adjust the electrocatalytic properties of materials.
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They synthesized a heterojunction of Co-based MOF and CdS (Co-NXPS/C/CdS), in which
P ions were introduced by adding triphenylphosphine during the MOF synthesis process,
and S ion was introduced by the co-calcination of MOF and sulfur powder (Figure 5B(a,b)).
The experimental data showed that the coordination environment of M-NXPS had an
inhomogeneous charge density compared to M-N4. The inhomogeneous charge density
can enhance light absorption as well as collect and store photoexcited electrons from CdS.
Therefore, promoting charge carrier separation to a large extent and boosting photocatalytic
hydrogen production (Figure 5B(c)).

In addition, the effects of high temperature on the structure and properties of MOFs
have been studied extensively recently. It was found that high temperature does not
significantly affect the morphology of MOFs, but the physical and chemical properties are
slightly different. Wang et al. [156] explored changes in the crystal structure of ZIF-8 at
various temperatures (500–900 ◦C). At temperatures less than 600 ◦C, tetragonal planar zinc
porphyrin-like centers are formed on the nitrogen–carbon substrate, and the Zn2+ tends to
move to the N4 sites in the nitrogen–carbon substrate plane as the pyrolysis temperature
increases. ZIF-8 synthesized at 800 ◦C had the best bond strength at Zn-N4 active sites,
which can maximize the adsorption of H2O2 and exhibit excellent peroxidase-like activity.

Studies have shown that series of MOFs with desirable properties can be designed
by modulating the coordination environment of active sites, and this strategy has been
widely used in recent years for the preparation of novel MOF derivatives. However, the
high temperature will also change the carbon structure, bond length, and bond angle of the
original MOF, causing problems when making side-by-side comparisons.

4.4. Constructing MOF-Based Composites

In MOF-based composites, the antibacterial effect can be enhanced, and the antibacte-
rial mechanisms of individual components can be synergized, so they have better antibac-
terial ability than each component would have. In recent years, the synthesis of composites
using MOFs with other components has also been a popular research topic (Table 3). The
methods of preparing such composites can be divided into those that use MOFs or MOF
precursor solution commingled with other components. MOF-based composites can be
classified as MOF@metal and the oxidation products MOF@carbon, MOF@MOF, targeted
MOF, and stimulus-responsive MOF.

Table 3. Composition and antibacterial mechanism of antibacterial agents for MOF-based composites.

Material 1 Material 2 Compound Mode
Main Role of MOFs in

Antibacterial Application
Ref.

g-C3N4 Cu3P Heterojunction

H2 loaded
PTT
PDT
CDT

[136]

ZIF-8 Au NStar Core–shell Ag+ release
PTT [146]

PCN-224 Cu2+ stem grafting PDT
PTT [56]

ZIF-8 Au NPs Heterojunction PDT [57]

ZIF-8 Ag NPs Heterojunction Ag+ release
PDT [58]

ZIF-8 MnO2 Heterojunction Ag+ release
PDT [59]

ZIF-8 → ZnO Ag NPs Heterojunction
Zn2+ release
Ag+ release

PDT
[60]
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Table 3. Cont.

Material 1 Material 2 Compound Mode
Main Role of MOFs in

Antibacterial Application
Ref.

Ag-BTC-S/N CQDS Heterojunction
Ag+ release

physical interaction
CDT

[157]

Co-PTA GO Heterojunction Co2+ release
physical interaction

[61]

MIL-101 BQ Core–shell PDT
PTT [158]

UIO-66 PB Core–shell PDT
PTT [62]

multivariate MOF Photosensitized porphyrin, BA Core–shell PDT [159]

ZIF-8 -NH2 stem grafting Zn2+ release [63]

ZIF-8@RFP o-NBA Core–shell Zn2+ release
Antibiotic loaded

[64]

VAN@ZIF-8 FA Core–shell Zn2+ release
Antibiotic loaded

[160]

4.4.1. MOF@metal and Oxidation Products

MOF@metal and oxidation products can be obtained by introducing metal ions, metal
nanoparticles, and metal oxides into MOFs. Introducing metal ions can change the regu-
larity of the MOF structure and couple the properties of the metal ions, which is expected
to improve the antibacterial properties of the composites. Han et al. [56] synthesized
a Cu2+-doped Zr-based MOF (PCN-224). Under irradiation by a 660 nm laser at 0.4 W
cm−2, the proper amount of Cu2+ doped in PCN-224 can trap electrons, accelerate carrier
transfer, suppress electron–hole recombination, and finally catalyze ROS production. In
addition, Cu2+-doped PCN-224 can convert light energy into heat because of the pres-
ence of Cu2+, and both of them contribute to antibacterial activity. The experimental data
showed that product doped with 10% Cu2+ in PCN-224 had the best antibacterial effi-
cacy (99.71%) against S. aureus under irradiation by 660 nm laser at 0.4 W cm−2 within
20 min. However, as the amount of Cu2+ introduced increased excessively, structure reg-
ularization effects occurred, ROS production gradually decreased, and the bactericidal
effect decreased. Zhang et al. [161] constructed MOFs and mixed-metal MOFs on Ti sur-
faces through the co-assembly of Au25(MHA)18 and metals centers (Ti4+, Zr4+, Hf4+, and
Cu2+). Results showed that the antibacterial efficiency of the Ti/Zr/Hf-based MOFs coating
against both MRSA and E. coli were less than 5%. However, the antibacterial efficiency of
Ti/Zr/Hf-Cu mixed-metal MOFs coating against MRSA was 98.86 ± 2.53%, 98.66 ± 2.0%
and 98.59 ± 1.84% when Cu2+ was introduced in twice the amount of M4+, respectively.
They believed that the doping of boundary acids with Cu2+ results in the formation of
unstable submetallic-oxygen bonds, which generally promote the release of bactericidal
Cu2+, leading to bacterial death.

Some metal nanoparticles can be used for antibacterial applications by themselves.
However, they are thermodynamically unstable and prone to aggregation; therefore, loss of
magnetic, catalytic, or rotational activity can occur [162,163]. The use of MOFs can avoid
this limitation because their homogeneous pore structure can stabilize NPs and prevent
their aggregation by providing spatial constraints [164–166]. Deng et al. [57] loaded Au
NPs onto the ZIF-8 surface and found that the product (Au@ZIF-8) was a heterojunction
of two semiconductors (Figure 6A(a,b)), which formed a Schottky junction at the Au and
ZIF-8 interface, increasing the electron density of AuNPs [167] and contributing to the
conversion of 3O2 to 1O2 (Figure 6A(c)). Moreover, AuNPs have a strong LSPR at 530 nm,
increasing the visible light absorption of Au@ZIF-8. Both of them can enhance the electron
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transport and charge carrier separation of Au@ZIF-8 (Figure 6A(d)) The experimental data
showed that the amount of ·OH produced by Au@ZIF-8 was nine times higher than that
produced by ZIF-8, and the inhibition ratio against S. aureus and E. coli was >99.9% when
the dosage of Au@ZIF-8 was 0.2 mg mL−1. Deng et al. [146] synthesized star-shaped Au
nanoflowers, and then obtained Au nanoflower@ZIF-8 by encapsulating them with ZIF-8.
They found that the photothermal properties of Au nanoflower@ZIF-8 under 1064 nm
(NIR-II biological window) laser irradiation were not inferior to those under 808 nm (NIR-I
biological window) laser irradiation. Therefore, it can be applied to deeper tissues for
antibacterial treatment because it can absorb higher wavelengths of light. Yang et al. [58]
synthesized a product (SPZA) by loading ZIF-8@Ag onto sulfonated polyetheretherke-
tone. The results showed that the sulfonated polyetheretherketone had a porous and
loose structure, which allowed more ZIF-8 and Ag+ to be loaded; the number of E. coli and
S. aureus on SPZA was zero because ZIF-8 and Ag+ were released synergistically
against bacteria.

In recent years, researchers have carried out extensive studies on further inhibiting elec-
tron and hole recombination to improve PDT effectiveness. They have found that surface
oxygen vacancy defects that form on the surface of oxidized MOF composites can enhance
carrier transfer and effectively inhibit electron and hole recombination. Liang et al. [59]
synthesized nanorods of MnO2/ZIF-8 using the one-step method. The experimental data
showed that the MnO2/ZIF-8 hybrids exhibited complete inactivation against E. coli at
low concentrations (3.24 μg mL−1). They believed that the antibacterial mechanism of
the MnO2/ZIF-8 hybrids was mainly attributed to the production of catalytic 1O2 rather
than the release of Zn2+ or the photothermal effects under simulated solar irradiation; the
increase in surface surface oxygen vacancy defects and the presence of heterojunctions
could inhibit the recombination of electrons and holes to catalyze the photogeneration of
ROS to kill bacteria. Cui et al. [60] synthesized Ag/ZnO hybrid cages with well-preserved
polyhedral shapes and rich mesoporous structures by in situ pyrolysis of the product,
obtaining by ZIF-8 impregnated with AgNO3. The experimental data showed that the
MIC of Ag/ZnO hybrid cages against bacteria was 6.25 μg mL−1, which is comparable
with commercial medicines such as streptomycin and ciprofloxacin. They believed that
the LSPR effect of the encapsulated Ag nanoparticles and the band gap reduction effect
caused by slight doping of Ag enhanced the absorption of visible light, resulting in a large
number of light carriers. Photogenerated electrons can accumulate on Ag nanoparticles
and later lead to rapid charge separation through a Schottky junction at the Ag/ZnO
interface because of the high work function of the metal particles. Moreover, the elec-
trons can react with dissolved O2 to form ·O2

− in such semiconductor heterojunction
systems, and the holes at the edge of the CB can participate directly in the degradation of
oxide species as well as react with H2O to form ·OH radicals for sterilization (Figure 6B).
Wang et al. [136] synthesized a Z-type heterojunction of g-C3N4 and Cu3P (g-C3N4/Cu3P),
which improved the separation efficiency of photogenerated electrons and holes, resulting
in high production of H2 and ROS. This process took advantage of the low acidity, high
GSH content, and high H2O2 content of the bacterial infection microenvironment to achieve
H2-mediated cascade amplification of synergistic hydrogen therapy/PTT/PDT/CDT.

Research has shown that MOF@metal and oxidation products can prevent the ag-
gregation quenching effect between metal nanoparticles. In addition, these MOF-based
composites will obtain stronger antibacterial ability than individual components by the
synergy of the antibacterial mechanisms of MOFs themselves and the introduced metal
ions. However, if too many metal ions are introduced, it will inevitably cause metabolic
toxicity in the physiological environment.
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Figure 6. Enhancement of antibacterial ability of MOFs by constructing MOF-based composites:
(A) (a) Process of preparing of Au@ZIF8, which possesses stronger PDT activity than ZIF−8 (adapted
from [57]); (b) schematic illustration of infection model of Au@ZIF−8 injected into hydrogels for PDT
therapy (adapted from [57]); (c) representative chemical structure of each component in hydrogels
(adapted from [57]); (d) mechanism for 1O2 and ·OH generation under visible−light irradiation
(adapted from [57]). (B) Schematic illustration of a heterojunction of Ag/ZnO with efficient PDT activ-
ity synergistically releasing the respective components for antibacterial purpose (adapted from [60]).
(C) Go/Co−MOF synergizing the physical interaction of GO and the release of Co ions to achieve
efficient antibacterial effect (adapted from [61]). (D) Schematic illustrations of PB@UIO−66−TCPP
with synergistic PTT activity of PB and PDT activity of TCPP (adapted from [62]).
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4.4.2. MOF@carbon

Carbon-based materials include 0-dimensional CQDs and GQDs, one-dimensional
CNTs, two-dimensional graphene and its derivatives, such as GO and RGO, and three-
dimensional AC. They are well suited for antibacterial applications because of their unique
physical interaction ability, photoelectric capability, and biocompatibility [168–171]. How-
ever, carbon-based nanomaterials, especially small-sized carbon nanoparticles, are prone to
clustering and quenching, greatly reducing the effectiveness of their antibacterial properties.
In recent years, many researchers have compounded carbon-based materials with MOFs.
The porous MOFs can hinder the clustering and quenching effect of carbon-based materials
and improve the stability and antibacterial effect of MOF@carbon. Travlou et al. [157] syn-
thesized an Ag-based MOF@carbon composite antibacterial agent (Ag-BTC-S-/N-CQDs).
This composite had superior bacterial inhibition ability compared to its individual compo-
nents (S-/N-CQD or Ag-BTC) because of the synergistic effect of Ag+ antibacterial release
and the physical interaction of CQD with bacterial cells. Hatamie et al. [61] synthesized
a Co-based MOF@carbon composite antibacterial agent (GO/Co-PTA). The experimental
data showed that it inhibited the growth of E. coli and S. aureus by up to 99%, which was
attributed to the synergistic antibacterial effects of Co2+ release and the physical interaction
of GO with bacterial cells (Figure 6C).

Research has shown that MOF@carbon can prevent the aggregation quenching effect
between carbon nanomaterials through the spatial segregation effect. In addition, the
synergistic effects of MOFs and carbon materials can further improve the antibacterial
activity of composites. However, carbon nanomaterials are expensive and cannot be put
into mass production for clinical use.

4.4.3. MOF@MOF

MOF@MOF mostly refers to dual MOFs with core–shell structure, in which both the
core and shell can be used as carriers to load antibacterial substances or can themselves
be considered as antibacterial agents. In recent years, core and shell MOFs synthesized
from PS-type and PTA-type MOFs have been extensively studied, and many MOF-based
composites have been obtained with both PDT and PTT effects [172,173]. Liu et al. [158]
synthesized a dual MIL-101 with core–shell structure, and then obtained a drug-loaded
MOF (BQ-MIL@cat-fMIL) and used an in situ growth method to load (BQs in nuclear
MIL-101 and peroxidase in shell MIL-101. They found that BQs in core MIL-101 had both
photodynamic and photothermal activities because of their quantum confinement and edge
effects; the photosensitivity of MIL-101 led to a widening of the gap between the triplet
and ground states of the composite, which resulted in the light-excited multi-MOF reacting
mainly with 3O2 to produce 1O2. In addition, the peroxidase in shell MIL-101 provided
O2 to the internal BQs by decomposing H2O2 and improved the PDT effect of the BQs
(Figure 6E). The experimental data showed that the percentage of hypoxic cell apoptosis
was 52.1% when this material was under irradiation by a 660 nm laser at 150 mW cm−2, and
the photothermal conversion efficiency of BQ-MIL@cat-fMIL was 23.3% under irradiation
by an 808 nm laser at 1 W cm−2, which induced a 28.7% apoptosis ratio in hypoxic cells;
a 75.6% apoptosis ratio in BQ-MIL@cat-fMIL-treated hypoxic cells was achieved after
applying dual light irradiation. Luo et al. [62] synthesized dual MOFs with core–shell
structure using PB as the core and TCPP-doped UIO-66 as the shell (Figure 6D(a)). PB acted
as the PTA and TCPP as the PS, which gave these dual MOFs the effects of PDT and PTT
(Figure 6D(b)). Moreover, PB- and TCPP-doped UIO-66 are n-type semiconductors and
can recombine to form an n-n heterojunction. In this heterojunction, the CB of PB is lower
than that of TCPP-doped UIO-66, therefore these dual MOFs can accelerate photoelectron
transfer from PB to UIO-66 and inhibit photoelectron–hole recombination under 660 nm
laser irradiation (Figure 5D(c)). The experimental data showed that these dual MOFs had
a high yield of 1O2 under 660 nm light irradiation and high photothermal conversion
efficiency up to 29.9% under 808 nm light irradiation; the antibacterial efficiency against
S. aureus and E. coli exceeded 99.31 and 98.68%, respectively. In addition, the dual MOFs
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released trace amounts of Fe and Zr ions during the degradation process, which is beneficial
to wound healing.

Research has shown that both MOFs in MOF@MOF can be used as carriers to load
ideal PSs and PTAs to prevent the aggregation quenching effect, or can themselves work
as PSs and PTAs to improve the antibacterial effects of the composites. In addition, the
specific time and space for the release of different drug molecules in the physiological
environment could be regulated by the rational design of core and shell MOFs and loaded
drug molecules. However, the process of synthesizing such materials is tedious and costly.

4.4.4. Targeted and Stimulus-Responsive MOFs

Targeted and stimulus-responsive MOFs are MOFs with targeting and stimulus-
responsive outer cladding, respectively. Because the antibacterial activity of PDT materials
is limited by the ultra-short diffusion distance of ROS, the use of stimulus-responsive or
targeted substances to modify materials to achieve precise controlled release of drugs at the
correct time and place has a been popular research topic in recent years. Chen et al. [159]
integrated BA ligand, which can specifically bind to bacteria and photosensitized por-
phyrin, into Zr- and Cu-based MOF (multivariate MOF). The results showed that the BA
ligand targeted bacteria and the photosensitized porphyrin produced ROS under visible
light irradiation, which synergistically improved the antibacterial effect against MRSA
and MDR E. coli (10–20 times higher than without the targeting ligand) and accelerated
the healing of chronic wounds infected with MDR bacteria (nearly 2 times faster than
without the targeting ligand). Ahmad et al. [63] obtained a composite containing ZIF-8,
GO, and amino groups (ZGO-NH) by grafting amino groups onto the surface of ZIF-8.
The experimental data showed that when the volume of ammonium hydroxide (provider
of amino groups) introduced into ZIF-8 was up to 20 mL, the modified ZIF-8 had better
antibacterial effect against E. coli and S. aureus (inhibition zone diameters of 2.59 and
3.82 cm, respectively). They believed that the positively charged protonated amine groups
enhanced the interaction between ZIF-8 and negatively charged bacterial cells, and they ex-
hibited better antibacterial effect. Song et al. [64] synthesized a Zn-based MOF with an UV
light-responsive rifampicin (RFP) release system (ZIF-8@RFP) by surface modification of
ZIF-8 with 2-nitrobenzaldehyde (o-NBA), a pH jump reagent, then doped the RFP into the
ZIF-8. The o-NBA decomposed in situ under UV irradiation at 5.25 mW cm−2 to produce
acids and induce decreased pH in the physiological environment; ZIF-8 was degraded
in the acidic environment and released Zn2+ and RFP continuously, which may help kill
bacteria. The results showed that ZIF-8@RFP exhibited excellent antibacterial properties
against MRSA under UV irradiation at 5.25 mW cm−2 (antibacterial ratio > 99%) at a dose
of up to 10 μg mL−1.

Research has shown that targeted and stimulus-responsive MOFs can precisely locate
bacteria in space and exhibit stronger antibacterial ability than MOFs without the target-
ing and stimulus-response functions. However, most targeting and stimulus-responsive
materials are harmful to organisms, which limits their clinical application.

5. Conclusions and Prospects

Over the past few years, MOFs and MOF-based composites have had a significant impact
in the field of biomedicine because of their high specific surface area, atomic utilization, photo-
dynamic activity, and photothermal activity. Moreover, they can control/stimulate the release of
antibacterial components and regulate their size and morphology. Although MOFs have many
advantages and are candidates for biomedical applications, they are only in the preliminary
research stage, and there are still several issues and challenges that need to be addressed.

MOFs are made of metal ions and organic ligands, and it is undeniable that some of
them can degrade and produce those components in certain environments. However, there
is still a lack of studies on the effects of MOF degradation products on body metabolism. To
address safety concerns, pathological research should be carried out. In addition, magnetic
thermal therapy, microwave thermal therapy, and other treatment methods that cause less
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harm to normal cells, which are less studied in the field of antimicrobial therapy, may
become a new development direction in the future.

Most MOFs with photodynamic and photothermal activity can only absorb light in
the visible and NIR-I region, which limits their application because of the shallow depth
of tissue transmission. For better effectiveness, there is an urgent need to find new MOFs
with deeper tissue transmission that can absorb longer wavelengths of light.

In addition, researchers have synthesized the same MOF-derived single-atom enzymes
with different amounts of active sites using different preparation methods and have found
that these materials have excellent antibacterial effects, but no one has yet compared the
antibacterial effects of the same single-atom enzymes with different numbers of active sites.
Exploring the optimal range of the number of active sites in a material could help enrich
the knowledge of antibacterial mechanisms regarding active sites and find the best balance
between effectiveness and safety in MOF active sites.
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Abbreviations

Abbreviation Full Name

MOF metal organic framework
IBU inorganic building unit
OBU organic building unit
IRMOF isoreticular metal−organic framework
ZIF zeolitic imidazolate framework
MIL Matériaux de l′Institut Lavoisier
CPL coordination pillared layer
UIO University of Oslo
PCN porous coordination network
HKUST Hong Kong University of Science and Technology
ROS reactive oxygen species
CDT chemical dynamic therapy
PDT photodynamic therapy
PTT photothermal therapy
SDT sonodynamic therapy
MIC minimum inhibition concentration
PS photosensitizer
PTA photothermal agent
NPs nanoparticles
LSPR local surface plasma resonance
LMCT ligand–metal charge transfer
US ultrasound
NIR near−infrared light
UV ultraviolet light
DFT density functional theory
CB conduction band
VB valence band
BTC benzenetricarboxylic acid
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BDC twelve benzenedicarboxylic acid
Hmim methylimidazole
H3BTC trimesic acid
BA benzoic acid
H2BDC terephthalic acid
TEA triethylamine
DMF dimethylformamide
ZIF-L ZIF−8 nanoblade arrays
4-HZBA 4−hydrazinobenzoic acid
VAN vancomycin
GSNO S−Nitrosoglutathione
GSH glutathione
L-Arg L−arginine (L−Arg)
2I-BODIPY 5λ4−dipyrrolo[1,2−c:2′,1′−f][1,3,2]diazaborinine
H2O2 hydrogen peroxide
·OH hydroxyl radicals
·O2− superoxide anions
1O2 singlet oxygen
GOD glucose oxidase
POD peroxidase
SOD superoxide dismutase
CAT catalase
H2DBP 5,15−bis(p−phenylazo)−porphyrin
TCPP tetrakis (4−carboxyphenyl) porphyrin
BODIPY boron dipyrromethene
I2-BDP carboxyl-functionalized diiodo−substituted BODIPYs
H2BDC benzenedicarboxylate
PB Prussian blue
Fc(COOH)2 1,10−ferrocene carboxylic acid
GA gallic acid
PMCS porous MOF−derived carbons
DHMS double-layer hollow manganese silicate nanoparticle
TRBs thermoresponsive brushes
PDA 2,6−pyridinedicarboxylic acid
OXD oxidase
HPO halogen peroxidase
CQD carbon quantum dots
GQD graphene quantum dots
CNT carbon nanotubes
GO graphene oxide
RGO reduced graphene oxide
AC activated carbon
BQ black phosphorus quantum dots
RFP rifampicin
o-NBA 2−nitrobenzaldehyde
E. coli Escherichia coli
S.aureus Staphylococcus aureus
B. subtilis Bacillus subtilis
P. vulgaris Proteus vulgaris
P. aeruginosa Pseudomonas aeruginosa
S. enteritidis Salmonella enteritidis
S. cerevisiae Saccharomyces cerevisiae
P. putida Pseudomonsa putida
H. pylori Helicobacter pylori
MRSA methicillin−resistant Staphylococcus aureus
A. baumannii Acinetobacter baumannii
K. pneumoniae Klebsiella pneumoniae
S. entica Salmonella enterica
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Abstract: Magnesium has been extensively utilized to modify titanium implant surfaces based on its
important function in promoting osteogenic differentiation. Autophagy has been proven to play a
vital role in bone metabolism. Whether there is an association between autophagy and magnesium in
promoting osteogenic differentiation remains unclear. In the present study, we focused on investigat-
ing the role of magnesium ions in early osteogenic activity and the underlying mechanism related
to autophagy. Different concentrations of magnesium were embedded in micro-structured titanium
surface layers using the micro-arc oxidation (MAO) technique. The incorporation of magnesium
benefited cell adhesion, spreading, and viability; attenuated intracellular ATP concentrations and
p-mTOR levels; and upregulated p-AMPK levels. This indicates the vital role of the ATP-related
AMPK/mTOR signaling pathway in the autophagy process associated with osteogenic differentiation
of bone marrow mesenchymal stem cells (BMSCs) induced by magnesium modification on titanium
surfaces. The enhanced osteogenic differentiation and improved cellular autophagy activity of BMSCs
in their extraction medium further confirmed the function of magnesium ions. The results of the
present study advance our understanding of the mechanism by which magnesium regulates BMSC
osteogenic differentiation through autophagy regulation. Moreover, endowing implants with the
ability to activate autophagy may be a promising strategy for enhancing osseointegration in the
translational medicine field in the future.

Keywords: magnesium; surface modification; titanium; osteogenic activity; autophagy

1. Introduction

Titanium and its alloys have been widely used as dental implants due to their excel-
lent biocompatibility [1]. To improve the surface bioactivity and strengthen the binding
ability of implants and bone tissues, various methods have been utilized for the surface
modification of titanium. Magnesium is the fourth most abundant cation in the human
body and the second largest cation in cells. It can be incorporated into titanium substrates
using various methods to improve surface bioactivity and has been widely used to promote
bone growth and regeneration. However, the role of magnesium in bone mineralization is
controversial. It has been reported that appropriate concentrations of magnesium can pro-
mote the mineralization of BMSCs [2,3], while excessive magnesium can also impair their
osteogenesis [4]. The entire osteogenesis process involves early osteogenic differentiation
and late extracellular mineralization. During the osteogenesis process, especially the early
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osteogenic differentiation stage induced by magnesium ions, cell signaling triggers gene
expression downstream. However, the underlying mechanisms of the facilitation effect of
magnesium in regulating cell signal transduction are not fully understood.

Autophagy is an intracellular degradation process in eukaryotic cells that can transfer
cytoplasmic components, including damaged macromolecules and organelles, to lysosomes
for degradation and recycling [5]. It plays a very important role in the growth, mature
differentiation, and homeostasis maintenance of cells and organisms [6]. Autophagy is
considered to be highly involved in bone metabolism [7]. Increasing evidence suggests that
an appropriate level of autophagy enables bone cells to survive hypoxic, nutrition-deficient,
or even hypertonic environments. The induction of cellular autophagy plays a vital role
in preosteoblast differentiation as well as osteoblast–osteocyte transitions [8–10]. Recent
studies found that modulating magnesium transporters could accelerate osteogenic differ-
entiation, partly via the activation of autophagy, giving clues about the correlation between
magnesium, autophagy, and osteogenic differentiation [11,12]. Studies have also discov-
ered that high concentrations of magnesium attenuated the osteogenic differentiation and
mineralization ability of bone-related cells by modulating basal cellular autophagy [13,14].
Incorporating an appropriate concentration of magnesium on titanium surfaces is believed
to be beneficial for improving its bioactivity as well as osteogenic differentiation. However,
whether there is an association between the facilitation effect on early-stage osteogenic
differentiation induced by magnesium and the modulation of autophagy remains unclear.

In the present study, we utilized the MAO technique to prepare magnesium-incorporated
porous dioxide films on titanium surfaces and further investigated the role of magnesium
in modulating autophagy and its possible signaling pathway in enhanced early osteogenic
activity.

2. Materials and Methods

2.1. Fabrication and Modification of Specimens

Commercially pure titanium plates (Cp Ti, TA1, purity 99.85%) were ground with
400# abrasive paper and then ultrasonically washed with acetone, ethyl alcohol, and
distilled water prior to plasma electrolyte oxidation (PEO) treatment. PEO was conducted
in electrolytes composed of 0.1 mol/L calcium acetate monohydrate (CA, C4H6O4Ca·H2O),
0.05 mol/L glycerophosphate disodium salt pentahydrate (GP, C3H7Na2O6P·5H2O)
and various amounts (0.01, 0.02, and 0.03 mol/L) of magnesium acetate tetrahydrate
(Mg(CH3COO)2·4H2O) to prepare Mg-free (M0) and Mg-incorporated (M1, M2, and M3)
coatings. These coatings were formed at a current density of 16.5 A/dm2 and frequency of
800 Hz, with a duty cycle of 10%.

2.2. Surface Characterization of Specimens

The surface morphologies and elemental compositions of Mg-free and Mg-incorporated
coatings were examined and measured by scanning electron microscopy (Hitachi, Tokyo,
Japan) and energy-dispersive X-ray spectrometry (EDS) (IXRF, Austin, TX, USA) attached to
an electron probe X-ray microanalysis system (JEOL, Akishima, Japan), respectively. Their
phase composition was analyzed by X-ray diffraction (XRD) (Bruker, Karlsruhe, Germany).
The pore size and pore distribution in three random fields of each sample were measured
by ImageJ (National Institutes of Health, Bethesda, MD, USA, V1.8.0).

The surface wettability of all coatings was assessed using a contact angle instrument
(Solon, Shanghai, China). For this process, 2 μL of ultrapure water was vertically dropped
on the sample surface, and the contact angles of the droplets were analyzed. Three samples
per group were measured, and the average was taken as the final value.

For Mg ion release, each titanium substrate (1 × 1 cm) was immersed in 10 mL
deionized water for 3 days, then moved to fresh 10 mL deionized water for the next 3 days.
The accumulated extract was collected, and the Mg ion concentration was detected by
inductively coupled plasma optical emission spectrometry (ICP-OES) (Agilent, Palo Alto,
CA, USA).
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2.3. Cell Culture

Four-week-old SD rats were provided by the SPF Experimental Animal Center, Ninth
People’s Hospital, affiliated with the Shanghai Jiao Tong University School of Medicine.
All animal protocols were approved by the Animal Care and Experiment Committee of
the Ninth People’s Hospital (SH9H-2020-A619-1). BMSCs were isolated and cultured
according to our previously published procedures [15]. SD rats were first anesthetized
with chloral hydrate; then, both femurs were obtained. The marrow cavity was rinsed
twice with high-glucose DMEM (Shanghai BasalMedia Technologies, Shanghai, China)
containing 10% fetal bovine serum (Biological Industries, Kibbutz Beit Haemek, Israel).
The cells were centrifuged at 1800 rpm for 10 min and subsequently cultured with 10 mL
fresh high-glucose DMEM in a humidified atmosphere of 95% air and 5% CO2. The culture
medium was changed 48 h later, and cells at passages 2–3 and 80–90% confluency were
used for subsequent studies.

2.4. Cell Adhesion and Spreading

Cells were seeded on titanium surfaces for 24 h, then were fixed with 4% paraformalde-
hyde. For permeabilization, cells were treated with 0.2% Triton X-100 (Yeasen Biotechnology,
Shanghai, China) in PBS for 20 min at room temperature. Then, actin microfilaments were
stained with phalloidin–iFluor 488 solution (Yeasen Biotechnology, Shanghai, China) at a
concentration of 100 nM for 90 min, and nuclei were stained with DAPI at a concentration
of 1 μg/mL for 10 min. The number of nuclei in five random fields of each sample was
counted by ImageJ to represent cell adhesion ability. The extension area of cells in three
random fields of each sample was measured by ImageJ to represent cell spreading.

2.5. Cell Morphology and Metabolic Activity Assay

BMSCs were cultured on the substrates for 3 days. Then, the cells were fixed with
2.5% glutaraldehyde. After being dehydrated by increasing concentrations of ethanol (30,
50, 75, 90, 95, and 100%) and dried by hexamethyldisilazane, they were sputter-coated with
gold and observed by SEM. The metabolic activity of rat BMSCs was determined by MTT
assay. After 4 and 7 days of culture, the cell metabolic activity was measured by comparing
the optical density (OD) at 540 nm with the absorbance at 630 nm. The MTT assay was
performed in triplicate, and each sample was analyzed twice.

2.6. Live/Dead Assay

BMSCs were cultured on substrates for 3 days; then, a live/dead staining assay was
conducted using a Calcein–AM/PI double staining kit according to the manufacturer’s
protocol (Yeasen Biotechnology, Shanghai, China). Briefly, cells were washed with assay
buffer three times; then, calcein AM (2 μM) and propidium iodide (1.5 mM) solutions were
added to each well, and cells were incubated at 37 ◦C for another 30 min. The specimens
were subsequently observed under a confocal microscope (Leica, Wetzlar, Germany).

2.7. Luciferase Assay

ATP concentration was measured by using a luciferase assay according to the manu-
facturer’s protocol (Beyotime Biotechnology, Shanghai, China). After cells were cultured
on titanium surfaces for 2 and 4 days, they were lysed and centrifuged at 12,000 rpm
for 10 min. The collected supernatant was mixed with ATP detection solution; then, the
RLU value was determined by a luminometer (Tecan, Männedorf, Switzerland). The ATP
concentration was calculated according to the standard ATP concentration curve. A Micro
BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA) was used to detect
the concentration of total protein. The ratio of ATP to total protein (mg) represented the
relative intracellular ATP level. The luciferase assay was performed in triplicate, and each
sample was analyzed twice.
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2.8. Reverse-Transcription Real-Time Polymerase Chain Reaction Assay

Cells were cultured on substrates to examine the direct effects of magnesium. To
determine the effect of dissolved magnesium ions on cell bioactivity, extracts were col-
lected using the following procedure. Briefly, titanium samples were immersed in 1 mL
DMEM for 3 days, then moved to fresh 1 mL DMEM for another 3 days. Then, the col-
lected extracts were supplemented with 10% fetal bovine serum. After 7 days of culture
on substrates or in extracts, total RNA was extracted using TRIzol reagent. Complemen-
tary DNA was synthesized by using a PrimeScript RT reagent kit. The primer sequences
were as follows: ALP: forward: GTCCCACAAGACCCCACAAT, reverse: CAACGGCA-
GAGCCAGGAAT; OCN: forward: GCCCTGACTGCATTCTGCCTCT, reverse: TCACCAC-
CTTACTGCCCTCCTG; Runx2: forward: ATCCAGCCACCTTCACTTACACC, reverse:
GGGACCATTGGGAACTGATAG; BMP2: forward: TGAACACAGCTGGTCTCAGG, re-
verse: TGACGCTTTTCTCGTTTGTG. The expression of these genes was quantified by
real-time polymerase chain reaction (PCR) with SYBR Premix Ex TaqII (TaKaRa, Osaka,
Japan). The relative expression levels for these genes were normalized to that of the house-
keeping gene, GAPDH (forward: GGCAAGTTCAACGGCACAGT, reverse: GCCAGTA-
GACTCCACGACAT). The real-time PCR assay was performed twice, and each sample
was analyzed in triplicate.

2.9. Immunofluorescence Microscopy

After 4 days of incubation, the expression of p-mTOR, p-AMPK, OCN, and LC3B of
BMSCs cultured on titanium surfaces was identified by polyclonal rabbit antibodies (all
from Beyotime Biotechnology, Shanghai, China) against p-mTOR (1:200), p-AMPK (1:200),
OCN (1:200), and LC3B (1:200). Alexa Fluor 594 AffiniPure donkey anti-rabbit IgG (1:200;
Yeasen Biotechnology, Shanghai, China) was further conjugated on the primary antibody.
Actin microfilaments were stained by phalloidin–iFluor 488 solution (Yeasen Biotechnol-
ogy, Shanghai, China). Nuclei were stained by DAPI solution (Beyotime Biotechnology,
Shanghai, China) for 10 min. The samples were subsequently photographed by a confocal
microscope (Leica, Germany).

2.10. Adenovirus Transfection

Cells were first seeded on the titanium surfaces to reach a confluency of about 70–80%;
then, adenoviral mCherry-GFP-LC3B (Beyotime Biotechnology, Shanghai, China) with a
multiplicity of infection (MOI) ratio of 20 was used for transfection for 24 h. Subsequently,
cells were placed in a fresh culture medium and cultured for another 24 h for transfection
confirmation. After another day of culture, specimens were fixed with 4% paraformalde-
hyde, and the fluorescence expression was observed under a confocal microscope (Leica,
Germany).

2.11. Western Blotting Analysis

The Western blotting analysis was performed using standard techniques. Cells were
cultured in different extracts for 3 days; then, protein samples were collected. Equal
amounts of protein were placed on SDS-PAGE gel for electrophoretic separation. Proteins
were then transferred to a pre-activated PVDF membrane. The membrane was incubated
with polyclonal rabbit antibodies against OCN (1:1000), LC3B (1:1000), p-AMPK (1:1000),
and p-mTOR (1:500) and monoclonal mouse antibody against β-actin (Wuhan Servicebio
Technology, Wuhan, China) at 4 ◦C overnight, and then incubated with goat anti-rabbit
peroxidase-conjugated secondary antibodies (Yeasen Biotechnology, Shanghai, China) at
room temperature for 1 h. The protein band was scanned by the UVItec ALLIANCE 4.7 gel
imaging system. The grey value of the typical protein band was calculated by ImageJ.
The band intensity of each targeted protein normalized to β-actin represented its relative
expression.
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2.12. Statistical Analysis

The experimental data, expressed as mean ± standard deviation, were analyzed
by SPSS 19.0 statistical analysis software (SPSS, Chicago, IL, USA). Statistical differences
(p < 0.05) among various groups were compared using one-way ANOVA and SNK analysis.

3. Results

3.1. Surface Characterization

Figure 1A shows the surface morphology of dioxide titanium surfaces. After MAO
treatment, a typical micro-porous network with a crater-like structure was observed on
sample M0. The surface morphology seemed to have no obvious change after magnesium
was doped into the coating. Figure 1B,C shows the pore distribution and average pore size
of the four groups, with pores of around 3–70 μm and an average pore size of 15–20 μm.
Most of the pores ranged in size from 5 to 25 μm. There were no significant differences in
pore distribution and pore size among the four groups. The wettability of these samples
was examined by water contact angle analysis. The contact angles were 57.62 ± 4.83,
63.27 ± 4.01, 52.05 ± 2.50, and 46.66 ± 2.74 for sample groups M0, M1, M2, and M3,
respectively (Figure 1D). These four groups all showed a certain surface hydrophilicity,
while the contact angle was slightly decreased in M3. The detection of magnesium ion
release from these coatings is illustrated in Figure 1E. Magnesium ions were successfully
detected in the extracts of M1, M2, and M3 at low concentrations ranging from 0.08 to
0.63 mg/L. The magnesium ion concentration increased with increased magnesium content
on the titanium surface.

Figure 1. (A) Surface morphology observation of four samples at different magnifications. (B) Fre-
quency distribution of pore size. (C) Pore size and (D) wettability of four substrates. (E) Accumulated
Mg ion released from different specimens (** p < 0.01).

X-ray diffraction (XRD) analysis was performed on various samples to determine the
crystallinity of the titanium dioxide layer. As shown in Figure 2, typical peaks of titanium
and anatase TiO2 phase were detected on the four titanium surfaces. In general, there were
no significant alteration in surface morphology, wettability and phase composition of these
coatings after magnesium was incorporated.
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Figure 2. XRD patterns of four titanium substrates.

EDS analysis was performed to examine the chemical composition of titanium surfaces.
As illustrated in Table 1, oxygen and titanium were the main elements on the four titanium
substrates. Both Pi and Ca were detected in the four groups, with small differences among
them. No magnesium was detected in group M0, while it was detected in the magnesium-
containing electrolytic treatment groups. The magnesium percentage was 0.87 ± 0.16,
1.72 ± 0.04, and 2.51 ± 0.04% for groups M1, M2, and M3, respectively.

Table 1. Chemical composition of Mg-free and Mg-containing coatings detected by energy-dispersive
X-ray spectra (EDS).

Groups
Element (wt.%)

O P Ca Ti Mg

M0 47.81 ± 0.06 11.99 ± 0.19 9.50 ± 0.31 30.71 ± 0.12 — —
M1 48.30 ± 0.27 11.15 ± 0.08 7.27 ± 0.21 32.41 ± 0.34 0.87 ± 0.16
M2 48.51 ± 0.50 9.81 ± 0.18 8.35 ± 0.49 31.61 ± 0.13 1.72 ± 0.04
M3 47.61 ± 0.69 9.45 ± 0.34 7.57 ± 0.32 32.86 ± 0.21 2.51 ± 0.04

3.2. Bioactivity and Biocompatibility

The results of cell adhesion and spreading are shown in Figure 3A,B. After cells were
incubated on the samples for 24 h, more attached cells were observed in the magnesium-
incorporated groups than in the control group. The statistical analysis showed that there
were no significant differences among the magnesium-incorporated groups. As shown in
Figure 3C,D, the coverage area of attached cells was significantly larger in groups M1, M2,
and M3 than in the group M0. There were no significant differences among groups M1, M2,
and M3.
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Figure 3. (A,C) Cell adhesion and (B,D) cell spreading assays were performed after BMSCs were
cultured on coatings for 24 h (** p < 0.01, * p < 0.05).

The results of cell morphology observation are shown in Figure 4. After 3 days of
culture, cells were observed to grow well on the four titanium specimens. There were
numerous pseudopodia extending from the cell surface attached to the micro-porous
titanium surfaces.

Figure 4. SEM observation of morphology of cells cultured on Mg-free and Mg-incorporated coatings
for 3 days at different magnifications.
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The live/dead assay results are presented in Figure 5A. The majority of cells were
alive, and few dead cells were observed on the titanium surfaces, suggesting good biocom-
patibility for cell growth. The results of the MTT assay, shown in Figure 5B, represent total
cell metabolic activity. After 4 days of culture, no significant differences were observed
between Mg-free and Mg-incorporated titanium oxide surfaces. After 7 days of culture,
total cell metabolic activity was higher on the M3 titanium surface than on the other three
(M0, M1, and M2). The addition of magnesium showed good biocompatibility for cell
viability, while a high magnesium content improved cell metabolic activity.

Figure 5. (A) Live/dead assay of cells cultured on titanium surfaces for 3 days. (B) MTT assay of cell
viability (** p < 0.01).

3.3. Osteogenic Differentiation

Cells were cultured on different coatings for 7 days. A real-time PCR assay was per-
formed to examine the mRNA expression of osteogenic-related genes, including ALP, OCN,
Runx2, and BMP2. As illustrated in Figure 6A, the expression of ALP was upregulated
in the three magnesium-incorporated groups, while the mRNA expression of ALP on the
M3 coating was significantly higher compared to the other groups. The expressions of
OCN, Runx2, and BMP2 were significantly improved on the Mg-incorporated coatings
compared to the control group. M3 exhibited the highest expression of ALP, OCN, Runx2,
and BMP2 mRNA among the four groups. As shown in Figure 6B, the intensity of im-
munofluorescence staining of OCN protein was the lowest in the control group and was
more pronounced in the three magnesium-incorporated groups. Among the four groups,
M3 exhibited the strongest OCN protein expression.

Figure 6. (A) Expression of osteogenic-related ALP, OCN, Runx2, and BMP2 genes. (B) Immunofluo-
rescence staining for OCN protein (** p < 0.01, * p < 0.05).
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3.4. Autophagy Activation and Its Possible Mechanism

Previous investigations demonstrated that autophagy plays an important role in the
process of osteogenic differentiation of stem cells. In this study, we examined the protein
level of autophagic marker LC3 to assess cellular autophagic activity. After 4 days of
culture, the LC3 protein expressions of BMSCs cultured on different titanium surfaces were
determined by immunofluorescence staining; and a typical image is shown in Figure 7. The
distribution of LC3 protein was dispersed in group M0, and only a few LC3 protein puncta
could be observed, while the Mg-incorporated titanium surfaces induced LC3 protein
expression and accumulation. Group M3 exhibited the strongest fluorescent intensity of
LC3 protein, and its distribution was spot-like.

Figure 7. Immunofluorescence staining for LC3 protein.

To further elucidate the effects of incorporated magnesium on the autophagy flux of
cells cultured on titanium dioxide surfaces, BMSCs were transfected with mCherry-GFP-
LC3B adenovirus. Typical images in Figure 8 show that co-localization of mCherry-LC3B
and GFP-LC3B dots was higher in groups M1, M2, and M3 compared to M0, indicating
a higher level of autophagy. The M3 coating showed the strongest co-localization of
mCherry-LC3B and GFP-LC3B dots.

Figure 8. Observation of autophagy flux in cells transfected with mCherry-GFP-LC3B adenovirus.
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In the regulation of osteogenic differentiation and autophagy, evidence has shown a
critical role for the AMPK axis. AMPK senses low energy levels in cells. The sudden fall of
cellular energy is known to activate AMPK, resulting in the phosphorylation of downstream
targets and the inhibition of mTOR, which can result in the regulation of autophagy.
To determine the potential mechanism of autophagy induction, we first examined the
intracellular level of ATP using a luciferase assay. The statistical analysis is shown in
Figure 9A. After 2 and 4 days of incubation, the intracellular ATP levels of cells cultured
on magnesium-incorporated coatings were decreased compared to the control group. The
level of p-AMPK expression was further investigated by immunofluorescence staining.
As shown in Figure 9B, phosphorylation of AMPK protein was found to be strengthened
in groups M1, M2, and M3 compared to the control. M3 exhibited the highest p-AMPK
protein expression level.

Figure 9. (A) Intracellular ATP level. (B) Immunofluorescence staining for p-AMPK protein
(** p < 0.01).

The detection of the p-mTOR protein is shown in Figure 10. The fluorescence in-
tensity of p-mTOR protein was obviously less pronounced in groups M1, M2, and M3
compared to M0. The M3 coating showed the lowest p-mTOR protein expression among
the four specimens. The incorporated magnesium downregulated cellular energy levels
in the process of enhancing osteogenic differentiation, then activated AMPK and inhib-
ited mTOR, subsequently initiating autophagy. Taken together, these data point out that
the AMPK/mTOR signaling pathway plays a vital role in autophagy-induced osteogenic
differentiation regulated by magnesium.
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Figure 10. Immunofluorescence staining for p-mTOR protein.

3.5. The Effect of Extracts on Osteogenic Differentiation and Autophagy

BMSCs were cultured in extracts of different coatings for 7 days. The results of relative
mRNA expression of osteogenic-related genes (ALP, OCN, Runx2, and BMP2) are shown
in Figure 11A. ALP expression was significantly upregulated in the three magnesium-
containing titanium extracts compared to the M0 group, while M2 exhibited the highest
expression level of ALP mRNA. OCN expression was significantly increased in groups
M1, M2, and M3 compared to the control group, and the highest level was observed in M3.
Runx2 enhancement was observed in group M2, while there was no significant change
observed in M1 and M3 compared to the control group. The expression of BMP2 was slightly
improved in M2 and M3 compared to M0, although the difference was not significant. After
cells were incubated in different extracts for 4 days, the protein expression of OCN, LC3,
p-AMPK, and p-mTOR was examined by Western blotting analysis (Figure 11B,C). OCN
and LC3 II protein expression was higher in the magnesium-incorporating groups, M1, M2,
and M3. M3 exhibited the deepest gray band and the highest gray value ratio among the
four groups. The expression of p-mTOR showed an opposite trend to OCN and LC3 II. The
expression of LC3 I was downregulated in M1 and upregulated in M2 and M3, compared
to M0. The gray band of p-AMPK seemed deeper in M1 compared to the control group,
and the gray value ratio of p-AMPK to β-actin was slightly higher in M1 compared to
the control. The gray value ratio of p-AMPK to β-actin in M2 and M3 seemed to have no
obvious enhancement.
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Figure 11. (A) Expression of osteogenic-related genes, ALP, OCN, Runx2, and BMP2. (B) Western
blotting for OCN- and autophagy-related proteins. (** p < 0.01, * p < 0.05) (C) The gay value ratio of
OCN- and autophagy-related proteins to β-actin.

4. Discussion

Magnesium is an essential inorganic component in bone tissue that plays a crucial role
in skeletal development [16]. Mg deficiency has been linked to atherosclerosis, endothelial
dysfunction, inflammation, insulin resistance, and dyslipidemia [17–19], while excess
magnesium impairs the mineralization of BMSCs and thus has adverse biological effects
on bone [20,21]. Therefore, local delivery of magnesium at appropriate concentrations
might be a better approach for clinical application. MAO has been widely used to fabricate
micro-structured ceramic oxide layers composed of several kinds of bioactive metal ions
on titanium substrates [22]. In the present study, we fabricated a magnesium-containing
dioxide titanium surface via the MAO technique and focused on its influence on BMSC
osteogenic differentiation and its possible underlying mechanism related to autophagy
regulation.

The surface topography, chemical composition, and wettability of titanium have been
reported to interactively regulate and control local cytokine production and osteogenic
differentiation, thus finally determining in vivo bone-implant contact. By keeping the
electrolytic parameters consistent, the surface morphology, including average pore size and
pore distribution, and surface crystallization remained the same among the four groups.
During the MAO process, magnesium ions participated in the plasma–chemical reaction
occurring at the metal–electrolyte interface and then were embedded in the porous coating
formed on the titanium substrates. By adjusting the magnesium ion concentration in
the electrolyte, different amounts of magnesium were embedded in the coatings. The
increasing concentration of magnesium released from different coatings further confirmed
that magnesium was incorporated into the surface layer of the material and thus could
be released in a content-dependent manner. A small amount of incorporated magnesium
ion did not change the surface wettability, while a larger magnesium content improved
surface hydrophilicity, probably owing to the cumulative –OH groups on the surface of
the crystals [23]. Although increased surface wettability has been well recognized for its
vital function in promoting cell response, a score of degrees is usually considered as little
difference. In a comparison study, an appreciable improvement in hydrophilicity from
~108◦ to 47◦ did not affect the initial single-cell detachment force and process of detachment
at the titanium implant surfaces in vitro [24]. In another study, compared to a contact angle
of ~65◦, a contact angle of about 27◦ showed no obvious stimulation effect on cell integrin
expression [25]. Moreover, magnesium incorporated in the scaffold was proved to be able to
induce desirable protein adsorption and cell membrane integrin receptor expression, thus
enhancing initial cell adhesion [26]. Based on previous studies and our data, we believe
that the major difference among the four coatings is the different amounts of magnesium
incorporated.

The results of ALP, OCN, Runx2, and BMP2 gene expression and OCN protein ex-
pression demonstrated the increased osteogenic differentiation ability of the magnesium-
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modified coatings. The higher the magnesium content, the better the enhancement ef-
fect that could be observed. The evidence described above indicates the critical role of
magnesium in cell responses, including cell compatibility, adhesion, attachment and early-
stage osteogenic differentiation, which suggests a potentially beneficial role in improving
titanium-bone bonding.

Autophagy is an evolutionarily conserved cellular pathway that plays a crucial role
in bone remodeling [27] by mediating cellular metabolism. MSCs with a high level of
autophagy have increased osteogenic differentiation potential [28]. Recently, titanium sur-
faces with autophagy-modulating ability have attracted attention in orthopedic and dental
implant research. Titanium-based rough surfaces were confirmed to promote osteogenic
differentiation via the autophagy-dependent PI3/Akt signal transduction pathway [29].
Nanotopography on titanium was recognized as promoting osteogenic differentiation
via autophagy-mediated signaling between YAP and β-catenin [30]. A combination of
micro-nano topography exhibited an ability to create an anti-inflammation microenviron-
ment, thus promoting cell proliferation and osteogenic differentiation by inducing cellular
autophagy activity [31]. Beyond the surface topography, the chemical composition was
also utilized to modulate autophagy activity on titanium surfaces in order to obtain better
osteogenic differentiation [32,33]. Autophagy is greatly influenced by magnesium, but the
effect is quite complex. Studies have reported that dietary magnesium deficiency reduces
the number of autolysosomes and autophagosomes [34]. Magnesium incorporated in
biomaterials triggers autophagy to mediate apoptosis in osteosarcoma cells [35,36]. Other
studies have reported that magnesium negatively regulates cellular autophagy levels,
resulting in an inhibitory effect of extracellular matrix calcification and osteogenic differ-
entiation of ADTC cells, as well as human BMSCs [13,14,37]. This phenomenon may be
explained by the fact that magnesium plays a dual role in bone metabolism while it changes
the crystalline morphology of HA and inhibits collagen calcification [38]. Consistent with
numerous previous studies [26,39,40], the present study demonstrated that an appropriate
amount of magnesium incorporation was beneficial for BMSC proliferation as well as
early-stage osteogenic differentiation. The upregulated expression of LC3 protein and
enhanced autophagy influx indicated that cellular autophagy was activated in the process
of osteogenic differentiation induced by magnesium incorporation.

For a better understanding of the role of magnesium in BMSC osteogenic differenti-
ation and autophagy activation, extracts collected from different titanium surfaces were
prepared and utilized in cell cultures. Along with improved magnesium content on the tita-
nium surface, the magnesium concentration in the extracts was increased. Its promotional
effect on osteogenic differentiation and activation of cellular autophagy and its possible
signaling pathway was further confirmed, suggesting a positive role of dissolved magne-
sium in the local environment. However, the beneficial effect was obviously attenuated
when cells were cultured in the extractions, indicating that the major stimulation effect in
autophagy-induced osteogenic differentiation may be attributed to the magnesium present
on the titanium dioxide surface.

An exploration of the observed effects on autophagy, osteogenic differentiation, and
magnesium stimulated a further investigation of the possible mechanism. Evidence has
shown that there is a critical role of the AMPK axis in regulating osteogenic differentiation
and autophagy. AMPK has been reported to control the osteogenic differentiation of
human MSCs through early mTOR inhibition-mediated autophagy [41,42]. The AMPK
activator has been demonstrated to have a role in inducing osteogenic differentiation
and mineralization of osteoblastic cell lines and bone marrow progenitor cells [43–46].
A recent study reported that magnesium released from biomaterials could activate the
AMPK/mTOR signaling pathway, thus upregulating autophagy in osteosarcoma cells [35].
We further explored the level of AMPK phosphorylation. Though applied to different
cell lines and in different amounts, it was found that magnesium could upregulate the
level of p-AMPK in a dose-dependent manner. In addition, phosphorylation levels of
molecular mTOR were altered in an opposite trend to AMPK variation. Known as an
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energy sensor, AMPK is an evolutionarily conserved serine/threonine protein kinase that
is precisely regulated by the ratios of AMP/ATP and ADP/ATP in the cells. In our study,
we detected intracellular ATP levels and found that the incorporation of magnesium in
the titanium dioxide surface resulted in a significant reduction in ATP levels. The cellular
contents of ADP and AMP increase in response to energy stress. An increase in the
intracellular AMP to ATP ratio, as a consequence of decreased intracellular ATP, may be
responsible for the activation of AMPK, as well as the subsequent induction of cellular
autophagy. Serving as a cofactor of ATP, magnesium plays an important role in regulating
glucose metabolism [47], resulting in a metabolic shift from oxidative phosphorylation to
glycolysis [48]. Compared to oxidative phosphorylation, glycolysis gives rise to faster but
lower ATP production [49], which is consistent with our results showing that there was
a significantly decreased amount of ATP with the presence of magnesium. In conclusion,
the ATP-related AMPK/mTOR pathway is a pivotal regulator involved in early-stage
osteogenic differentiation and autophagy induced by magnesium incorporation.

5. Conclusions

Using the MAO technique, we fabricated micro-structured titanium dioxide coatings
with different contents of magnesium. The incorporation of magnesium did not obviously
change the surface morphology, porosity, or surface wettability. We found that incorpo-
rating magnesium benefited cellular responses, including cell adhesion, spreading, and
viability. Osteogenic differentiation and autophagy activity were more pronounced on
titanium oxide coatings incorporated with magnesium. Consistently, intracellular ATP and
p-mTOR levels were decreased, whereas p-AMPK levels were upregulated after magne-
sium modification. The findings of the present study demonstrate that the AMPK/mTOR
signaling pathway is involved in the process of autophagy associated with the osteogenic
differentiation of BMSCs induced by magnesium incorporation. These results advance
our understanding of the link between autophagy induction and osteogenic differentia-
tion regulated by magnesium-modified biomaterials and reveal a potential mechanism of
magnesium-mediated BMSC osteogenic differentiation and autophagy.
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Abstract: Periprosthetic infection is one of the trickiest clinical problems, which often leads to
disastrous consequences. The emergence of tantalum and its derivatives provides novel ideas and
effective methods to solve this problem and has attracted great attention. However, tantalum was
reported to have different anti-infective effects in vivo and in vitro, and the inherent antibacterial
capability of tantalum is still controversial, which may restrict its development as an antibacterial
material to some extent. In this study, the polished tantalum was selected as the experimental object,
the implant-related tibia osteomyelitis model was first established to observe whether it has an
anti-infective effect in vivo compared to titanium, and the early studies found that the tantalum had a
lower infectious state in the implant-related tibia osteomyelitis model in vivo than titanium. However,
further in vitro studies found that the polished tantalum was not superior to the titanium against
bacterial adhesion and antibacterial efficacy. In addition, we focus on the state of interaction between
cells, bacteria and materials to restore the internal environment as realistically as possible. We found
that the adhesion of fibroblasts to tantalum was faster and better than that of titanium. Moreover,
what is more, interesting is that, in the early period, bacteria were more likely to adhere to cells that
had already attached to the surface of tantalum than to the bare surface of it, and over time, the cells
eventually fell off the biomaterials and took away more bacteria in tantalum, making it possible
for tantalum to reduce the probability of infection in the body through this mechanism. Moreover,
these results also explained the phenomenon of the “race for the surface” from a completely different
perspective. This study provides a new idea for further exploring the relationship between bacteria
and host tissue cells on the implant surface and a meaningful clue for optimizing the preparation of
antibacterial implants in the future.

Keywords: biomaterials; tantalum; race for the surface; implant-associated infection

1. Introduction

As an indispensable treatment for the restoration of function in modern medicine,
biomaterial implants often fail because of implant-associated infection (IAI) [1]. Ortho-
pedic IAI is a serious complication occurring in 1–2% after closed and in up to 30% after
open fractures [2]. There are about 55,000 deaths from IAI annually in the USA, and the
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average cost of treating plant infections is up to $100,000 [1,3], which brings great pain and
financial burden on patients. In addition, owing to the increase in antibiotic resistance and
the difficulties in developing new antibiotics, hopeful strategies are urgently needed to
change this situation [4,5]. In recent years, the antibacterial materials based on inorganic
metal nanoparticles and their derivatives have been widely studied to prevent and treat
biomaterial-related infections [6–9]. However, due to the inherent characteristics of most
antibacterial nanomaterials, they not only have toxic effects on bacteria but also negatively
affect the functions of normal human cells and tissues, thus limiting the application and
clinical transformation of these new materials as implant coatings [10–14].

In recent years, clinically, titanium (Ti) and its derivatives have been widely used as
implant materials in orthopedic surgery. Until now, the development of new titanium alloys
has greatly optimized the mechanical properties of implants [15–19].Therefore, the focus
of the urgent solution should be to select potential biomaterials to improve the effective
antibacterial activity of implants and minimize their biological toxicity [20–23]. Tantalum
(Ta) is considered a bioinert metal, which has attracted much attention because of its ex-
cellent chemical stability, biocompatibility, osteogenic activity, and corrosion resistance,
and it has been widely applied in orthopedics and dentistry [24–28]. Moreover, Ta can
effectively improve the capability of adhesion, proliferation, and differentiation of bone
marrow mesenchymal stem cells and osteoblasts and promote osteogenic-related gene
expression [29,30]. Especially porous Ta, as one of the excellent tantalum derivatives, has
achieved gratifying results in clinical studies because of its appropriate elastic modulus
and superior ability to induce bone regeneration [31–33]. In addition, tantalum and its
derivatives are also reported to have effective antibacterial properties, but the inherent
antibacterial activity of tantalum is still controversial. Different forms of tantalum, in-
cluding metal ions and solid state, have been reported to have significant antibacterial
activity [34,35]. Schildhauer et al. described that S. aureus had lower adhesion to pure
tantalum than other common metal implant materials in vitro bacterial adhesion test [35].
At the same time, the structure of porous tantalum materials creates a suitable environment
for bacterial colonization [36]. Moreover, in the in vitro experiments, porous tantalum
did not show significant antibacterial properties [37]. However, it was demonstrated
with satisfactory bony integration even if long-standing infection at the implantation site
in the in vivo experiments [38]. Therefore, it is essential to further explore the inherent
antibacterial properties of tantalum [26].

In this study, we first carried out in vivo tests and observed that the infection degree of
the tantalum group was lighter than that of the titanium group, which prompted the authors
to further continue in vitro tests to explore the possible mechanism behind these results.
However, some interesting phenomena have been found in the author’s experiments;
compared with titanium, fibroblasts not only adhered to tantalum more effectively. In the
early period, bacteria also tend to adhere to the surface of cells rather than tantalum in the
co-culture environment of cells and bacteria. The experimental results provide an idea for
a further understanding of the relationship between host tissue and bacteria in the internal
implant environment and can also be said to further explore the theory of “the race for the
surface” from another point of view.

2. Materials and Methods

2.1. Sample Preparation and Characterization

Commercial pure titanium (Grade IV, ASTM) and tantalum (Ta2, YST 751-2011) were
supplied by BAOTI Group (Baoji, Shaanxi, China)., China. In the in vitro tests, pure
titanium and pure tantalum were prepared in 10 mm × 10 mm × 1 mm size and carefully
polished to a mirror finish with abrasive paper and ultrasonically washed using ethanol and
ultrapure water. The surface topography of Ta and Ti was evaluated using a field-emission
scanning electron microscope (FE-SEM; S-4800, Hitachi, Japan). The depth profiles and
chemical state of elements were examined by X-ray photoelectron spectroscopy. (XPS; PHI
5802, Physical Electronics Inc., Eden Prairie, MN, USA). The roughness of the surface in
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Ta and Ti has been evaluated by atomic force microscopy (AFM) before, as described in
our previous paper [39]. Moreover, the contact-angle instrument (SL200B; Shanghai Solon
Information Technology Co., Ltd., Shanghai, China) was used to measure the water contact
angles of each sample. In addition, in the in vivo tests, the same materials were used to
fabricate polished Kirschner wires with a length of 10 mm and a diameter of 1.2 mm.

2.2. Bacteria Preparation and Characterization

Freeze-dried Staphylococcus aureus (S. a; ATCC 43300) were get from the American
Type Culture Collection (Manassas, VA, USA). Referring to the methodology of the author’s
previous research [40], the Bacterial concentration used in the in vitro tests was 1 × 106

colony forming units (CFUs)/mL in Trypticase Soy Broth (TSB; BD Biosciences, Franklin
Lakes, NJ, USA), which was 1 × 105 CFUs/mL in PBS in the in vivo tests.

2.3. Implant-Related Tibia Osteomyelitis Model in Rats

The experimental protocol was approved by the Animal Care and Experiment Com-
mittee of Shanghai Sixth People’s Hospital, Affiliated with Shanghai Jiao Tong University
School of Medicine (No: DWLL2018-0339). A total of 35 male Sprague Dawley rats (8 weeks)
with an average weight of 215 g (180–255 g) were divided into three groups (Table 1). 0.6%
pentobarbital sodium (0.9 mL/100 g body wt) was injected intraperitoneally into all the
rats. The rats were treated as follows (Table 1). After shaving and disinfecting, a 0.5 cm
long longitudinal incision was made on the tibial anteromedial side of the hind leg. A hole
in the cancellous bone of the proximal metaphysis was drilled between the tibial tuberos-
ity and the tibial plateau with a 1.0 mm-diameter Kirschner wire to enter the medullary
cavity while ensuring the integrity of the surrounding periosteum. Then, 10 μL PBS or
PBS containing S. aureus with a concentration of 1 × 105 CFUs/mL was injected into the
medullary cavity. According to the treatment, three groups of rats were divided into six
groups according to their left and right legs. After bacterial inoculation, a polished metal
Ta or Ti Kirschner wire (length:10 mm, diameter: 0.8 mm) was inserted into the medullary
cavity. The subcutaneous tissue was irrigated carefully with a povidone-iodine solution,
and the fascia and skin were closed in layers. After the operation, the animals were returned
to different cages and allowed to move freely. The animals were allowed to bear weight
and monitored daily. Buprenorphine was used as an analgesic for 2 days, but no antibiotics
were used.

Table 1. Details of animal experiments.

Group Number (n) Left/Right Implant Inoculation Abbreviation

I
10 right leg no 10 μL PBS Blank

left leg no S. a 103 CFU/10 μL S. a

II
10 right leg Ti wire 10 μL PBS Ti

left leg Ta wire 10 μL PBS Ta

III
15 right leg Ti wire S. a 103 CFU/10 μL Ti + S. a

left leg Ta wire S. a 103 CFU/10 μL Ta + S. a

2.3.1. Radiographic Evaluation

Two weeks after the operation, the animals were photographed with high-resolution
lateral X-ray films under general anesthesia using chloral hydrate. Three independent
observers unaware of the study group evaluated three regions of interest (ROI): proximal
epi-/metaphyseal area, diaphyseal region, and distal epi-/metaphyseal area. Radiographic
assessment was based on the system used by Lucke et al. [41].

2.3.2. Imaging Assay

At 14 days post-surgery, each rat (n = 5) was injected with 18.13–18.87 MBq (490–510 μCi)
of 18F-FDG (Atomic Firm Sinovac Pharmaceutical co., LTD., Beijing, China) in 1.0 mL of
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saline via tail vein. The animals fasted for at least 8 h before the tracer injection. PET/CT
scanning was performed at 40 min post tracer injection with GE Discovery VCT (General
Electric Medical Systems, Milwaukee, WI, USA). The scanning conditions were as follows:
CT scan, 120 kV and 80 mA, 64 slices, thickness 3.75 mm. PET scans were obtained in 3D,
with 2.5 min/bed scanning time, and the animals were anesthetized by weight-adopted
intraperitoneal injection of 0.6% pentobarbital sodium (0.9 mL/100 g body wt). Ordered
subset expectation maximization (OSEM) was used to reconstruct the image iteratively.
Attenuation correction was used in CT. 18F-FDG uptake was reported as the maximum
standardized uptake value (SUVmax), which was calculated as the radioactivity of the
region of interest (ROI) divided SUVmax for Ti+ S. a group, Ta+ S. a group were acquired,
then the SUVmax differences between groups were compared.

2.3.3. Microbiological Evaluation

After 14 days, 5 rats from III were sacrificed, and bilateral tibia was retrieved asepti-
cally, followed by soft tissue removal and Kirschner wire explanted. To quantify bacteria
adhesion, the explanted Kirschner wires were sonicated and vortexed to remove adhered
bacteria in 4 mL PBS. The spread plate method was used to count the adhered bacte-
ria. Then tibiae were selected randomly, frozen quickly, and ground into powder under
aseptic conditions [42]. One tibial powder was agitated for 3 min in 2 mL PBS. After
10,000× g centrifugation for 15 s, the supernatant was continuously diluted (10 times), and
the CFU/tibia was analyzed by the spread plate method.

2.3.4. Histopathologic Evaluation

Masson’s trichrome staining was used to evaluate the morphological change on the
tibia, and Giemsa staining was chosen to identify the residual bacteria. Five rats from III
were sacrificed, and Kirschner wires were explanted. The proximal tibia obtained from each
group was decalcified in EDTA for 2 weeks, followed by dehydration and embedded in
paraffin. Each specimen was cut to a 5 cm sagittal section and dyed by Masson’s trichrome
staining and Giemsa staining, respectively.

2.4. In Vitro Antibacterial Assay

A total of 1 mL of prepared S. aureus suspension (1 × 106 CFU/mL) was added into
the 24-well plate containing Ti and Ta plates and cultured for different periods (3, 6, 12,
and 24 h) at 37 ◦C. At each time point, the spread plate method was used to calculate the
number of planktonic bacteria and to analyze the bacteria adhered to the surface of the
samples using SEM after ultrasonic vibration [43].

The viable planktonic bacteria were calculated in the culture medium at each time
point. The bacteria loosely adhered to the samples were carefully cleaned with PBS, and the
adhered bacteria were separated ultrasonically for 5 min to 3 mL PBS under the frequency
of 50 Hz in an ultrasonic bath (B3500S-MT, Shanghai Branson Ultrasonic Co., Shanghai,
China) [44]. The solution was diluted 10 folds and plated on sheep blood Agar in triplicate,
followed by incubation overnight at 37 ◦C. The account of CFUs was calculated according
to the National Standard of China GB/T 4789.2 protocol. The samples were rinsed with
PBS, fixed with glutaraldehyde solution for 4 h, then dehydrated for 10 min in gradient
ethanol series, and finally dehydrated in anhydrous ethanol (twice), freeze-dried, coated
with gold, and examined by SEM.

2.5. Cell-Surface Interactions

Human gingival fibroblasts (HGF-1) (Stem Cell Bank, Chinese Academy of Sciences,
Shanghai, China) were used in the cell adhesion experiment; the cells were inoculated in
24-well plates containing samples with the concentration of 1 × 105 cells/well and incu-
bated in the Dulbecco’s modified eagle medium (DMEM; Gibco Invitrogen, Inc., Carlsbad,
CA, USA) with 10% fetal bovine serum (HyClone, South Logan, UT, USA), 100 U/mL
penicillin and 100 μg/mL streptomycin at 37 ◦C. For morphological observations, the
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samples were seeded with HCF-1 in 24-well plates at the concentration of 1 × 105 cells
per well. In different cultured periods (3, 6, 12 and 24 h), the cells were fixed for 10 min
with paraformaldehyde, followed by permeabilized for 5 min by Triton X-100 (Amresco,
WA, USA). Then, Rhodamine-phalloidin (Sigma, CA, USA) and DAPI were used to stain
the cells for 30 min and 10 min, respectively. Finally, the cells were observed under a
fluorescence microscope. The cell’s coverage area was measured by Scion image software.
There were three different samples in each group, and each sample was selected randomly
from five different horizons. For cell counting, the samples were carefully cleaned with PBS
twice and digested using Trypsin-EDTA (TE, Gibco Invitrogen, Inc., Carlsbad, CA, USA).
Cell number was counted by Cell Counting Instrument (AMQAX 1000, Thermo Fisher
Scientific, Waltham, MA, USA).

The protein concentration was measured by a Bio-Rad protein analysis kit. Equivalent
to polyvinylidene fluoride (PVDF) membrane (PAL). The membrane was incubated with
rabbit antibody FAK, phosphorylated FAK (Tyr397) and GAPDH (Cst,1:1000 dilution)
overnight at 4 ◦C. Then, the goat anti-rabbit antibody labeled with horseradish peroxidase
was used to detect the first anti-60 min in TBST. The second binding antibody was displayed
by enhanced chemiluminescence (ECL). Protein bands were quantified by TotalLabQuant
of amersham in England. In the western blot experiment, after incubation for different
periods (3, 6, 12, and 24 h), the protein extraction reagent was used to lyse the cells
according to the protocols [45]. A Bio-Rad protein analysis kit was used to measure the
protein concentration. The proteins were separated and transferred to a polyvinylidene
fluoride membrane. The membranes were probed with primary antibodies overnight at
4◦C, followed by incubation with horseradish peroxidase-labeled secondary antibody for
60 min and washed in TBST three times for 10 min. The proteins were measured using the
Total Lab Quant (Amersham, UK).

2.6. Co-Culture Assay

To detect bacterial adhesion in the co-culture environment of bacteria and cells. 100 μL
S. aureus suspension with the concentration of 1 × 106 CFUs/mL and 1 × 104 cells were
co-cultured to each of the samples in a 24-well plate with a modified culture medium and
statically incubated for different periods (3, 6, 12 and 24 h) at 37 ◦C. The modified culture
medium included 98% regular growth medium and 2% TSB. To observe the interaction
of cells and bacteria with materials in the co-culture environment, the cells and bacteria
were fixed and dyed using rhodamine-phalloidin and DAPI following the above protocols,
followed by stained using SYTO 9 (Invitrogen, Carlsbad, CA, USA) for 15 min and examined
under a fluorescence microscope. In addition, the samples were fixed with glutaraldehyde
solution for 4 h, followed by dehydrated successively with a gradient ethanol series for
10 min and dehydrated as mentioned above, and observed using SEM. To quantify bacteria
adhesion for 3, 6, 12, and 24 h, the samples were carefully washed with PBS three times and
sonicated and vortexed to remove adhered bacteria in 4 mL PBS. The spread plate method
was used to count the adhered bacteria.

2.7. Statistical Analysis

The experiments were repeated in triplicate, and the data were presented as means
± standard deviations. The differences were analyzed using the one-way ANOVA and
Student-Newman-Keuls post hoc tests and considered to be significant or highly significant
if “p” values < 0.05 or 0.01, respectively.

3. Results

3.1. Sample Characterization

The surface topography of the samples is exhibited in Figure 1. SEM images of the
polished Ta and Ti are illustrated in Figure 1a. The surface structure of both samples shows
a flat and smooth topography. As shown in Figure 1b, characteristic peaks of Ta 4f, Ta
4d5, Ta 4s, and Ta 4p in the Ta sample were examined by XPS. The surface roughness of
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Ti and Ta examined by AFM was 42.95 ± 5.13 nm and 42.87 ± 5.13 nm, respectively, in
our previous paper [39]. Furthermore, there was no significant difference between Ta and
Ti in the surface roughness. In addition, no significant difference was observed between
polished Ti and Ta, considering the surface wettability (Figure 1c).

 

Figure 1. Sample characterization. (a) The surface topography of Ti and Ta was examined by FE-SEM.
(b) XPS full spectra of Ti and Ta samples. (c) The water contact angle values for the polished Ti and
Ta groups.

3.2. In Vivo Antibacterial Property
3.2.1. Radiographical Assessment

As shown in Figure 2a, the radiographic signs of obvious osteolysis, periosteal reaction
and slight soft tissue swelling were observed using X-ray after 2 weeks. There were no
obvious signs of osteomyelitis in Blank, S. a, Ti and Ta groups. Ta + S., a group, was
demonstrated with similar radiographic signs but less than Ti + S., a group, by X-rays.
There was no deformity but swelling soft tissue in group Ta + S. a. In both groups,
however, there were no significant advances in new bone formation, periosteal elevation
and continuous deformities.

Figure 2. Imaging results and assessment. (a) X-rays of the tibia in lateral view. (b) PET/CT imaging
of Ti + S. a and Ta+ S. groups. (c) SUVmax value in different groups. (* “p” < 0.05, ** “p” < 0.01).

184



J. Funct. Biomater. 2022, 13, 264

3.2.2. 18F-FDG PET/CT Imaging Evaluation

PET/CT imaging showed that the uptake of 18F-FDG in Ti + S. a site was significantly
higher than that in Ta+ S. a site with the mean SUVmax ratios of 1.92 (SD 0.37) and
1.43 (SD 0.34), respectively (“p” < 0.022) (Figure 2b,c).

3.2.3. CFU of Tibia and Kirschner Wires

There were no bacteria cultured from the bone powder in Blank, S. a, Ti and Ta groups
and no bacteria can be cultured from Ti and Ta groups (Figure 3a). The CFU of the tibia and
Kirschner wires from group Ti+ S. a were more than that of group Ta+ S. a. (Figure 3a–c).

Figure 3. The antimicrobial results of different groups in implant-related tibia osteomyelitis model.
(a–c) quantitative results of tibia powders and Kirschner wires were obtained from different groups.
(** “p” < 0.01).

3.2.4. Histological Evaluation

Surrounding tissues stained with Masson’s trichrome after extraction of Ti and Ta
Kirschner wires (Figure 4a) showed signs of bone infection. There were plenty of fibrous
tissue and inflammatory cells around without bone formation. Giemsa staining section
showed that more bacteria were observed in the fibrous tissue junction and intramedullary
tissue of the Ti + S. a group than Ta+ S. a group (Figure 4b). These results indicated that the
severity of osteomyelitis in group Ta+ S. a was milder than that in group Ti + S. a.

3.3. In Vitro Anti-Biofilm Property

SEM imaging showed that bacteria were observed uniformly adhering to the surface
of Ta and Ti without obvious agglomeration (Figure 5a). There was no significant difference
in bacteria adhesion of polished Ta and Ti for 3, 6, 12, and 24 h (Figure 5b). CFU was no
significant reduction when comparing Ti with Ta for 3, 6, 12 and 24 h, since planktonic
bacteria in both materials with plate counts at > 1 × 108 CFUs/mL for 24 h (p = 0.969)
(Figure 5c), There was no significant difference in the antimicrobial activity when comparing
Ti with Ta.
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Figure 4. Histological evaluation of soft tissue of implant-related tibia osteomyelitis model.
(a) Masson’s Trichrome staining of Ti + S. a and Ta+ S. a groups. (b) Giemsa staining of Ti + S. a and
Ta+ S. a groups and scale bar = 25 μm. (the black arrow represents bacteria).

Figure 5. In vitro antibacterial assay. (a) SEM morphology of bacteria on Ta and Ti surface. (b,c) CFU
of adhered and planktonic bacteria on Ta and Ti group at different time points.

3.4. Cell-Surface Interactions

As indicated in Figure 6a, HGF-1 numbers on Ta samples were significantly more than
those on Ti after 3, 6, and 12 h incubation, but no difference for 24 h. Moreover, the above
statement was also demonstrated by the results of data statistics. (“p”< 0.05) (Figure 6b).
The area spread by cells on the metal ta was larger than those on Ti after incubation for
3, 6 and 12 h and also no difference for 24 h. The cell coverage area on the surface of Ta
exhibited larger than that on the Ti surface at 3, 6, and 12 h (Figure 6c), The cytoskeleton
and cell morphology showed more extended and multipolar spindle shape compared with
those on the Ti surface at 3, 6 and 12 h. (Figure 6a–c). In addition, Western blot confirmed
that the phosphorylated FAK protein level on the Ta surface was higher than that on the Ti
surface at 3, 6 and 12 h, but no difference at 24 h. (Figure 6d,e).
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Figure 6. Cell-surface interactions and expressions of adhesion-related proteins. (a) Fluorescence im-
ages of cell-sample co-culture. Red represents actin, blue represents nuclei, and the scale bar = 200 μm.
(b,c) The number of cells and cell coverage area on Ta and Ti samples at different time points.
(d,e) Expressions of FAK, phospho-FAK proteins on Ta and Ti. (* “p” < 0.05, ** “p” < 0.01).

3.5. The Race between Bacterial and Mammalian Cells

In observation of immunofluorescence staining shown in Figure 7a, bacteria and cells
were closely attached, rather than scattered respectively, on the surface of tantalum at the
early stage of co-culture (within 3–6 h), moreover, as shown in Figure 7b, the results of
the SEM images further indicated that the cells earlier adhered to Ta surface, then bacteria
adhered to the surface of the cell rather than Ta bare surface, bacteria agglomerated on the
surface of cells rather than uniformly adhered to materials shown in Figure 7a,b. After
12 h, the cells began to necrosis. After washing, they were easy to fall off. As shown in
Figure 7c, at 3 and 6 h of the co-culture system, more bacteria adhered to the tantalum
surface than that titanium, but there was no statistical significance. At 12 h, more bacteria
were adhering to the surface of titanium than that tantalum (“p” < 0.05). After 24 h, there
was no significant difference in the count of bacteria.

Figure 7. Cells and bacteria co-culture experiments. (a) Fluorescence images of cell-bacteria-sample
co-culture. Red represents actin, blue represents nuclei, green represents live bacteria, and the scale
bar = 50 μm. (b) Bacteria and cells on the Ta sample were examined by FE-SEM. (c) CFU adhered
bacteria on Ta and Ti samples in co-culture. (* “p” < 0.05).
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4. Discussion

Titanium and its derivatives have been widely used in orthopedics and other fields
because of their superior stability, and a variety of modification methods have been se-
lected to improve the osseointegration and antibacterial properties of titanium-based
implants [7,46–48]. However, many of the antibacterial mechanisms play a role in killing
bacteria through toxicity, including reactive oxygen species (ROS) production and the
destruction of DNA [49]. While these internal implant candidates are sterilized, they will
inevitably hurt the normal host tissue around the implantation site, which in turn may pro-
duce negative effects such as foreign body reactions to prevent the implants from remaining
in the host and failing [50]. Therefore, the preparation of an antibacterial surface must
not only achieve an effective antibacterial effect but also maintain the normal functional
state of tissues and cells and achieve dynamic balance. On the other hand, the selection of
the modification mode, which has superior antibacterial properties and can promote the
adhesion of host cells, is of great significance in improving the ability of bone integration
in implants.

Tantalum has excellent corrosion resistance, and as a component of the implant, it is
beneficial to reduce the local inflammatory reaction of the implant [51]. The presence of
tantalum metal gives the implant good cell biocompatibility and plays an excellent role
in promoting bone regeneration [52,53]. In this study, polished tantalum was selected as
the experimental group, and polished titanium as the control group (Figure 1) to exclude
the influence of the surface structure of materials on the results and explore the inherent
biological properties of Ta. The results also proved that pure titanium could effectively
promote cell adhesion, cytoskeleton extension, and diffusion (Figure 6). The authors
compared the early adhesion of fibroblasts to Ta and Ti; the results showed that tantalum
with good histocompatibility had better adhesion to cells (within 12 h, especially 3 to
6 h) by rhodamine-phalloidin staining and cell counting on the material surface, however,
there was no difference at 24 h because of the proliferation of fibroblasts, with enough
cells covering the surface of the material (Figure 6). The attachment of cells in a complex
biological environment largely depends on the specific interaction between cell surface
receptors and extracellular matrix (ECM) proteins. [54–56]. The results of Western blot for
signaling proteins showed that phosphorylation of FAK was stimulated by Ta surfaces at an
early stage, which is similar to the results of Zhu et al. [57], except that the object of the latter
is Ta -modified micro-nanostructure titanium. Therefore, the early adhesion of fibroblasts
to tantalum is not only reflected in the number of cells but also in the spreading area.

In terms of the antibacterial efficiency of tantalum, tantalum exhibited excellent antibac-
terial properties in the form of metal ions, and the mechanisms include DNA denaturation
and destruction of the signal pathway [34,58]. It can exist in the state of tantalum oxide
and nitride, and both of them have been found to have certain antibacterial activity [59,60].
In addition, Zhang et al. observed that F. nucleatum (F. n.) and Porphyromonas gingivalis
(P. g.) also adhere less to the tantalum coating [61]. However, Harrison et al. observed
that Ta was not demonstrated to possess inherent antibacterial activity compared with
Ti [37]. In vivo studies and clinical studies reported a decline in infection rates in cases of
revision hip arthroplasty with porous tantalum [62,63]. while in the rabbit prosthesis model,
porous tantalum cannot prevent nail infection [64]. In this study, at the early experimental
stage, the differences in antimicrobial properties between Ta and Ti were found in a rat
implant-related infection model (Figure 2). It is worth mentioning that the X-ray findings
in vivo are not very obvious because this study mainly focuses on the early manifestations
of osteomyelitis models, mainly local low-density images in the bone marrow cavity. There
was no obvious periosteal reaction, bone capsule formation, and dead bone formation, and
it was to evaluate the severity of early osteomyelitis more objectively. Therefore, PET/CT
was used to evaluate the severity of osteomyelitis in the Ta-Kirschner wires group, which
showed that the uptake of 18F-FDG was lower in Ta- the Kirschner wires group. The results
of histological examination and microbiological cultures also showed that the number of
bone destruction, inflammatory cell infiltration, and bacteria in the Ta group were less than
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those in the Ti group (Figures 3 and 4). To further explore the potential mechanisms behind
the inconsistent infection degree of tantalum and titanium in vivo, the authors designed
and carried out in vitro experiments. In the subsequent experiments, it was observed that
pure tantalum had no significant inhibitory effect on S. aureus in vitro compared with tita-
nium, indicating that tantalum does not exhibit intrinsic antimicrobial properties (Figure 5).
Conditional pathogens on implant surfaces, operating rooms, surgical equipment, surgeons,
patients themselves, contaminated disinfectants, and others can reach the implant surface
through direct contact, hematogenous dissemination, or endogenous displacement. The
characteristics of implant materials and implant site are important factors affecting the oc-
currence of infection [65]. The study has confirmed that bacterial colonization and adhesion
are the initial factors of orthopedic implant infection. After implantation, proteins (such
as fibrinogen, bole in, compliment, fibronectin, etc.) cells (such as fibroblasts, neutrophils,
mesenchymal stem cells, etc.) from blood or tissue fluid quickly adhere to the implant
surface to form a temporary surface matrix, at the same time, Local coagulation reactions
and complement systems are activated, then immune cells are activated [66]. Therefore, in
this study, the authors established an in vitro model of co-culture with bacteria and cells to
simulate the microenvironment in vivo to some extent (Figure 7). Time points including 3,
6, 12, and 24 h were selected to simulate the early adhesion in vivo and the characteristics
of the interaction discussed between bacteria and cells on the tantalum surface. To simulate
peri-operative infection, in the co-culture experiment, bacteria were permitted to adhere
for 2 h before cell adhesion. In co-culture experiments, cells are planned to be stained for
different periods (3, 6, 12, and 24 h). However, it was found that after the co-culture of
bacteria and cells for more than 6 h, cells began to damage or even die. Cells will be lost in
the process of washing and cannot be evaluated objectively. Surprisingly, early-stage live
bacteria staining demonstrated that the bacteria were extremely close to the cells. Moreover,
SEM observation more intuitively revealed that bacteria were more likely to adhere to
the cell surface and reunite in the co-cultured instead of the surface of Ta (Figure 7a,b).
The study has confirmed that bacterial colonization and adhesion are the initial factors
of orthopedic implant infection. Various factors, such as polarity, van der Waals force,
and hydrophobicity, together regulate the initial bacterial adhesion [67]. This means that
the early adhesion of bacteria or cells to the implant surface has a great impact on the
occurrence of implant infection. More bacteria adhered to the Ta because more cells existed
within hours. As the experiment continued, at 12 h, the cells began to exfoliate, and cell
exfoliation also took away the bacteria attached to them. The bacteria on the surface of
cells were taken away after washing. Considering that there is a powerful immune system
in the normal body environment, including a variety of immune cells that will destruct
bacteria [68], which cannot be reflected in this co-culture model, therefore, at 24 h, the cells
were almost exhausted and could not be compared, and bacteria have completely taken
over the position.

Previously, the theory of “the race for the surface” has been put forward and embraced
by some researchers [69–72]; this theory properly explains the phenomenon of competitive
colonization of bacteria and cells on the implant surface. Moreover, the mainstream
view was that host cell attachment helps to prevent infection (reduce the incidence of
infection) [69,71,73]. On the basis of this theory, foreign bodies could trigger the competition
between host cells and bacteria to colonize the implant surface. [40–42]. In other words,
when the host cells win the competition, the cells will occupy the surface, thus inhibiting
the adhesion and colonization of bacteria. On the contrary, bacteria will invade the surface
of the implant to form biofilms, and the host cells will be suppressed by virulent bacterial
substances, which eventually lead to infection. The results of this competition greatly
determine the infection severity and inhibit organizational integration. Phenomena that
bacteria adhere to the cell surface preferentially rather than directly on the material surface
were observed in these experiments but have not been paid special attention to. The
authors hold the opinions that these phenomena are extremely surprising and interesting
and have remarkable significance. In the early stage, tantalum has the superior capability
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to promote cell adhesion, making cells preferentially adhere to the surface of Ta, and then
bacteria are more likely to adhere to the cells that have already adhered to the surface of
Ta rather than the exposed surface of Ta. Over time, the cells die and fall off, causing the
bacteria attached to their surfaces to fall off as well. As a result, the chance of bacteria
directly adhering to Ta is greatly reduced, which is helpful in reducing the production
of biofilm and the occurrence of implant infection. In addition, bacteria adhered to the
cell surface are more likely to be involved by antibiotics and immune cells regardless
of whether they fall off or not [74]. Considering the different antibacterial properties of
tantalum in vivo and in vitro, some scholars have also given relevant explanations for
the phenomenon that tantalum has a certain capability to resist infection in the body.
Schildhauer et al. reported that porous tantalum effectively activates the immune system
represented by leukocytes, creates a microenvironment conducive to killing bacteria, and
may enhance the defense ability of local hosts [75]. In addition, Yang et al. observed that
the Ta nanomembrane can significantly improve the ability of neutrophils to phagocytize
bacteria and promote macrophages to release pro-inflammatory cytokines. Thus, the
host can exterminate bacteria by regulating the immune environment [76]. Combined
with in vitro experimental results, the bacteria peeled off with the cells exfoliation will
be attacked by many immune cells activated in vivo microenvironment, and tantalum
possesses dual effects on eliminating bacteria in addition to its immune initiating ability, to
achieve the role of preventing implant infection.

This study has some limitations, this study found the above surprising phenomenon
through in vitro immunostaining and SEM observation, but more in vitro, ex vivo, and
in vivo experiments are needed to further explore this phenomenon. Moreover, the authors
chose the most common pathogen of osteomyelitis (S. aureus) as the research object. In
future work, the authors will further study the interaction between Gram-negative bacteria
and cells on the surface of Ta. In addition, the authors will continue to explore and improve
the mechanism behind this phenomenon in the following work. This article is more inclined
to put forward the concept, appealing for more attention to focus on the appearance.

5. Conclusions

The original purpose of the fabrication and development of antibacterial implant
materials is to seek materials with both excellent antibacterial properties and host tissue
protection. The results of this study show that tantalum has good biological compatibility
and contributes to cell adhesion and proliferation. In addition, although tantalum does
not have the inherent antibacterial ability, the discovery that bacteria tend to adhere to the
cell surface rather than the tantalum surface further explains the reason for the difference
between tantalum antibacterial results in vivo and in vitro, which provides a certain basis
for the fabrication of tantalum-based antibacterial implants in the future. In addition,
this finding also brings a new perspective to the manufacture of orthopedic antibacterial
implant materials. On the one hand, more focus needs to be paid to the interaction between
the host, bacteria, and implants, instead of directly targeting bacteria, on the other hand,
biomaterials with good cell adhesion ability deserve more attention, because they may
exert their ability to resist bacterial infection through the way found in this study.
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Abstract: Peri-implant lesions, such as peri-implant mucositis and peri-implantitis, are bacterial-
derived diseases that happen around dental implants, compromising the long-term stability and
esthetics of implant restoration. Here, we report a surface-modification method on zirconia implant
abutment using silver linear-beam ion implantation to reduce the bacterial growth around the implant
site, thereby decreasing the prevalence of peri-implant lesions. The surface characteristics of zirconia
after ion implantation was evaluated using energy dispersive spectroscopy, X-ray photoelectron
spectroscopy, and a contact-angle device. The antibacterial properties of implanted zirconia were
evaluated using Streptococcus mutans and Porphyromonas gingivalis. The biocompatibility of the
material surface was evaluated using human gingival fibroblasts. Our study shows that the zirconia
surface was successfully modified with silver nanoparticles by using the ion-implantation method.
The surface modification remained stable, and the silver-ion elution was below 1 ppm after one-month
of storage. The modified surface can effectively eliminate bacterial growth, while the normal gingiva’s
cell growth is not interfered with. The results of the study demonstrate that a silver-ion-implanted
zirconia surface possesses good antibacterial properties and good biocompatibility. The surface
modification using silver-ion implantation is a promising method for future usage.

Keywords: zirconia; silver; ion implantation; peri-implant lesions; implant interface

1. Introduction

Dental implantation is now widely applied as a reliable method to restore missing
human teeth. Successful implants rely not only on solid integration with the surrounding
bone tissues (osseointegration), but also on soft-tissue integration. A robust soft-tissue
integration can act as an intact seal, preventing oral bacterial invasion, as well as pro-
viding good esthetics [1]. When the soft-tissue seal is interrupted or destructed by oral
bacteria, the implant stability is destroyed. There are two types of peri-implant lesions
that happen frequently around implant-surrounding tissues: peri-implant mucositis and
peri-implantitis [2]. Peri-implant mucositis is a localized infection in the surrounding soft
tissues, while peri-implantitis endangers the integrated bones underneath. The prevalence
of these two peri-implant lesions is growing at a high speed. A study in 2019 reported that
34% of patients experienced peri-implantitis within 2 years of implant placement [3]. The
prevalence of peri-implant mucositis is even higher, since it is believed that most cases of
peri-implantitis are derived from peri-implant mucositis [4]. Oral bacteria are one of the
major causes of peri-implant lesions, since more and more studies confirm that biofilm
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accumulation leads to the occurrence of peri-implant mucositis and eventually evolves into
peri-implantitis [5]. Porphyromonas gingivalis, an anaerobic bacterium and an opportunistic
pathogen, has been identified as a pathogen around peri-implant. It has been recognized as
a late colonizer that adheres to the extracellular matrix formed by early colonizers such
as Streptococcus mutans [6]. These bacteria synergistically contribute to the emergence of
peri-implant lesions [7,8].

The management of peri-implant lesions is difficult and costly. The commonly
used non-surgical approaches include scaling, sand-blasting, laser treatment, and local-
ized/general antibiotic administration; the surgical approaches include periodontal flap
surgery, guided tissue regeneration, and other regeneration therapies [9]. If these in-
terventions fail, the implant might eventually be removed. An alternative perspective
of peri-implant lesions management is to prevent them from emerging [10]. Since peri-
implant lesions are recognized as bacterial-derived diseases, plaque control around the
implant site can effectively reduce its prevalence. On the other hand, the managing of
peri-implant mucositis can reduce the prevalence of peri-implantitis [11], as peri-implant
mucositis is recognized as a precursor of peri-implantitis. Over the years, the surface
antibacterial-modification method of implant-abutment materials has been an interesting
topic to prevent peri-implant lesions. Numerous studies have proved that the surface mod-
ification on the implant-abutment surface has the potential to reduce bacterial load around
the implant site, thereby facilitating the formation of soft-tissue seals and reducing the
emergence of peri-implant lesions [12]. Different surface-modification methods of titanium
abutments and implants have been investigated by researchers; the use of either organic or
inorganic antibacterial agents on titanium surfaces showed effective bacterial-inhibition
efficacy [13,14]. Compared with the organic antibacterial agents, the inorganic antibacterial
agents show better stability and greater antibacterial ability. Inorganic antibacterial agents
such as silver, copper, zinc, and their oxides possess a broader antibacterial spectrum [15].
Among all inorganic antibacterial agents, silver has been extensively utilized due to its
excellent antimicrobial potency. Although widely used in wound-dressing materials, the
cell toxicity of silver remains under debate nowadays.

Recent studies revealed that silver poses little biocidal threat to normal cells when
at a nano-sized state [16,17]. The silver nanoparticles (AgNPs) cause bacterial death
mainly by direct contact with bacterial cell walls [18]. The electrolyte of AgNPs into silver
ions can also inhibit bacterial growth without interfering with normal living cells [19].
There is a study that prepared AgNPs with positive or negative charges, and it proved
useful in the antibacterial aspect [20]. Among the many ways to fabricate AgNPs, ion-
implantation technology showed effectiveness to incorporate AgNPs into solid surfaces.
Ion-implantation technology has been widely used in semiconductor device fabrication,
metal finishing, as well as materials-science research. There are mainly two types of ion
implantation: linear-beam ion implantation and plasma-induced ion implantation [21].
Compared with plasma-induced ion implantation, linear-beam ion implantation can allow
to perform an accurate ion implantation through a linear beam to a single point or a flat
surface. The size of the implanted nanoparticle is well-controlled through implantation
voltage and time [22]. Studies have reported successful silver-nanoparticle implantations on
titanium implant surfaces [23,24]. The implanted AgNPs on the implant surface enhanced
its anti-microbial efficacy and had little toxicity to normal human cells. More studies have
showed that silver-ion implantation is a viable way to modify an object’s surface without
changing its original nature [25–28].

With the development of dental materials, zirconia has gradually become a proper
substitute for titanium in implant dentistry. With its ivory color, zirconia implant abutments
are believed to be more advantageous than titanium abutments, especially in the esthetic
zone [29]. Meanwhile, the zirconia surface attracts less bacteria due to its low surface
free energy [30]. However, peri-implant lesions still happen around zirconia implants or
abutments [31,32], suggesting that plaque control is still necessary on the zirconia surface.
Numerous studies have reported that different methods of surface modification on zirconia
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surfaces can effectively enhance their antimicrobial properties with good biocompatibil-
ities [33–35]. To date, no investigations have laid grounds on silver-ion implantation on
zirconia to eliminate bacterial growth, thereby preventing peri-implant lesions. Therefore,
this study is designed to explore the method of silver-ion implantation on zirconia surfaces.
After the silver-ion implantation, the topography change was evaluated by performing
the EDS and XPS analyses and a water-contact-angle device. The antibacterial efficacy
was evaluated using Streptococcus mutans and Porphyromonas gingivalis, and the biocom-
patibility was evaluated using human gingival fibroblasts. This study provides a viable
surface-modification method on zirconia abutments to prevent peri-implant lesions.

2. Materials and Methods

2.1. Specimen Preparation

Twenty-four yttrium-stabilized zirconia disks (Wieland, Bamberg, Germany) with
15 mm diameter and 2 mm thickness were designed and milled by computer-aided design
and computer-aided manufacturing (CAD/CAM) process. An 800-grit SiC abrasive paper
was used to polish the disks until a unified roughness height of 0.1 μm was achieved.
Then, the zirconia disks were ultrasonically cleaned using absolute ethanol and deionized
water, each for 20 min. They were naturally dried and stored at room temperature before
silver-ion implantation.

Prior to silver-ion implantation, the zirconia disks were randomly divided into four
groups, with six specimens in each group. One group was left untreated and was used as
the negative control. The other three groups were implanted using ion bombardment at
30 keV and a nominal dose of 1 × 1014 ions/cm2, 1 × 1015 ions/cm2, and 1 × 1016 ions/cm2,
respectively. The implantation energy and nominal dose were determined by preliminary
experiments. After ion implantation, the specimens were cooled down to room temperature
(25 ◦C). All specimens were stored at room temperature before use. Before various tests,
the disks were sterilized with 75% ethanol for 40 min and washed 3 times using 0.1 M PBS
buffer (Solarbio, Beijing, China).

2.2. Surface Characteristics
2.2.1. Surface Chemical Composition

The energy dispersive spectroscopy analysis (EDS) was performed to determine
surface element composition. The X-ray photoelectron spectroscopy (XPS) (ESCALAB
250; ThermoFisher Scientific, Waltham, MA, USA) examination was performed to further
determine the surface chemical composition. In all XPS tests, the survey spectra within the
range of 0–600 eV were collected and calibrated using C1s peak at 284.6 eV.

2.2.2. Surface Wettability

The surface wettability was evaluated by measuring the contact angle of 1 μL deionized
water droplet using a surface-wettability survey device (OCA15Pro, Dataphysics, Filderstadt,
Germany). For each sample, five locations were randomly chosen for the measurement.

2.3. Silver-Ion-Elution Test

The zirconia disks with different silver doping were soaked in 10 mL deionized water
at 37 ◦C for 1 day up to 1 month. After the incubation period, the leaching liquid was
collected and subjected to inductively coupled plasma mass spectrometry (ICP-MS, iCAP
Qc, ThermoFisher Scientific, Waltham, MA, USA). Silver-ion concentration in the liquid
was recorded and recognized as a silver release from zirconia disks.

2.4. Ethics Statement

This study was approved by the Institutional Review Board of the Peking University
School of Stomatology (PKUSSIRB-201943034). The unstimulated human saliva was collected
from 5 healthy volunteers, and human gingival fibroblasts (HGFs) were grown from the
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biopsies obtained from another 10 healthy periodontal human volunteers during periodontal
surgery. All participants signed the written informed consent before the procedure.

2.5. Bacterial Response
2.5.1. Saliva Coating of Zirconia Disks

Saliva was collected as previously described [36]. Briefly, the whole saliva from
healthy donors was collected by unstimulated method and stored on ice. To clarify the
saliva samples, they were centrifuged at 3000× g for 20 min at 4 ◦C. After clarification,
distilled water was used to dilute the supernatant with a 3:1 ratio v/v. The 25% saliva
was then flited with 0.22 μm PES membrane (Millex GP, Millpore, MA, USA) and stored
at −80 ◦C until use. Prior to the usage, the saliva was immediately thawed at 37 ◦C and
centrifuged again at 1430× g for 5 min. All zirconia disks, including the untreated zirconia,
were immersed in the saliva for 2 h at 37 ◦C.

2.5.2. Bacterial Culture

The antimicrobial activity of sterilized samples was tested against gram-positive Strep-
tococcus mutans (S. mutans, UA159) bacteria and gram-negative Porphyromonas gingivalis (P.
gingivalis, ATCC 33277) bacteria, which were provided by the Institute of Microorganisms,
Chinese Academy of Sciences. The bacteria strains were maintained using brain–heart
infusion (BHI) agar plate (Difco, MI, USA). The incubation condition for S. mutans was
the standard cell condition (5% CO2, 95% humidified air, at 37 ◦C), and the incubation
condition for P. gingivalis was the standard anaerobic condition (80% N2, 10% H2, 10% CO2,
at 37 ◦C). After the exponential growth phase in the liquid medium, the bacterial cells were
collected, centrifuged at 3000× g for 15 min, and washed two times with 0.1M PBS buffer.
Bacterial suspensions with different final concentrations were shaken for 30 s (Vortex 2,
IKA, Königswinter, Germany) to obtain single cells or pairs, then seeded onto the sample
disks for further experiments. Each experiment was run in triplicate and repeated on three
separate occasions.

2.5.3. Spot-Assay Analysis

The antibacterial efficiency of silver-implanted zirconia was evaluated using a spot assay
described by Suppi and Kasemets [37]. Briefly, the final concentration of bacteria suspensions
was adjusted to 1 × 105 CFU/mL before added onto saliva-coated zirconia disks. After 4 h of
contact with disks, 10 μL of bacterial suspension was pipetted as a ‘spot’ onto the BHI agar
plates to assess the viability of the bacteria cells. The agar plates were cultivated in standard
cultivation conditions and the numbers of bacterial colonies were recorded.

2.5.4. LIVE/DEAD Staining Assay

To evaluate the viability of the bacteria after seeding on silver-implanted zirconia, the
LIVE/DEAD BacLight Bacterial Viability Kit (L-7012, Invitrogen, Carlsbad, CA, USA) was
used. Briefly, staining components A (SYTO 9) and B (propidium iodide) were premixed
and diluted with PBS at a ratio of 1.5:1.5:1000 v/v. The bacteria were seeded to the zirconia
surface and cultivated for 24 h, then washed three times with PBS to remove non-adhered
cells. A 300 μL mixed staining dilution was added to the zirconia surface. After the staining
process, zirconia disks were observed using confocal laser scanning microscopy (CLSM;
LSM710, Zeiss, Jena, Germany) at 100-fold magnification. The live cells were stained as
green fluorescent and dead cells were stained as red fluorescent.

2.5.5. MTT Colorimetric Assay

The MTT assay is based on the cleavage of MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) into a blue formazan by living cell enzymes. As previously
described [38], the amount of formazan formed is positively correlated to the total viable
cell counts. To prepare the MTT solution, 5 mg/mL MTT (Biosynth, Itasca, IL, USA)
was dissolved in PBS and purified. The bacterial suspension with a final concentration
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of 1 × 108 CFU/mL was added to saliva-coated zirconia disks and cultivated for 24 h.
After removing the culture medium, the disks were washed three times with sterile PBS
to remove non-attached bacterial cells. To perform the assay, 5 μL of MTT solution was
added into 500 μL BHI broth culture medium. The mixed solution was added to the disks
and incubated 3 h in the dark in standard cultivation conditions. After discarding the
MTT solution, 500 μL DMSO (ThermoFisher Scientific, Waltham, MA, USA) was added
to dissolve formazan crystals formed by viable cells. The optical density of the solution
was determined at 570 nm using a microplate reader (ELX808, BioTek, Winooski, VT, USA).
Solutions without seeding bacteria were used as blank controls.

2.5.6. Crystal Violet Assay

The total amount of biofilm formed on the zirconia disks was evaluated by using crystal
violet (CV) assay. The bacterial suspension with a final concentration of 1 × 108 CFU/mL was
added to saliva-coated zirconia disks and cultivated for 48 h to form a biofilm. After discarding
the growth medium, the samples were washed 3 times using PBS and fixed for 20 min at
37 ◦C using 2.5% glutaraldehyde. The crystal violet solution (Sigma-Aldrich, St. Louis, MO,
USA) was used to stain the fixed biofilm by 10 min incubation at room temperature. The
unbound dye was washed with gently running deionized water, and the bound dye was
extracted using absolute ethanol. The amount of biofilm was measured at an optical density
of 570 nm using a microplate reader. The background staining was corrected by subtracting
the mean value for CV bound to negative controls.

2.6. Cellular Response
2.6.1. Cell Culture

Primary HGFs were grown from tissue explants. Briefly, healthy gingival tissue
obtained from patients who underwent periodontal surgery (crown-lengthening surgery)
was cut into pieces (~1 mm3) and placed in 35 mm cell-culture dishes containing Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Gaithersburg, MD, USA) supplemented with
10% fetal bovine serum (FBS; Gibco, Gaithersburg, MD, USA). Fibroblasts were obtained
by trypsinization of the primary outgrowth of cells and were maintained and routinely
passaged in 10 cm dishes in DMEM with 10% FBS and 1% antibiotic–antimycotic solution
at 37 ◦C under a humidified atmosphere of 5% CO2 in 95% air. Cells in the third to sixth
passage were used for the experiments.

2.6.2. CCK-8 Assay

The cell proliferation on sample disks was evaluated by a quantitative colorimetric
cell-counting kit-8 assay (CCK-8; Dojindo, Kyushu, Japan). Briefly, the HGF cells were
seeded onto the disks at a density of 105 cells. After incubation for 1 day, 3 days, and 7 days,
the zirconia disks were washed with PBS three times. The CCK-8 diluted with cell-culture
medium (1:10 ratio, v/v) was added to each well, followed by a 2 h incubation time at
37 ◦C. The supernatant was then transferred to 96-well plates and subjected to the optical
density test using a microplate reader at 450 nm wavelength.

2.7. Statistical Analysis

The experimental data were obtained by three repeated experiments performed in
triplicate. One-way analysis of variance (ANOVA) was used for comparisons among
different groups. The level of significance was set at 0.05. The confidence level was set as
95%. Data analyses were performed using SPSS statistics software (ver. 25.0; SPSS Inc.,
Chicago, IL, USA).
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3. Results

3.1. Surface Characteristics
3.1.1. Surface Chemical Composition

The EDS results of the untreated zirconia and the silver-implanted zirconia at a nominal
dose of 1 × 1016 ions/cm2 show different chemical elements on the surface. As shown
in Figure 1 and Table 1, the untreated zirconia surface was composed solely of oxygen
and zirconium, while several peaks of silver can be observed on the silver-implanted
zirconia surface. The nominal dose of 1 × 1016 ions/cm2 will lead to a 0.62% silver atomic
percentage increase on the zirconia surface.

 

Figure 1. EDS results of (a) untreated surface and (b) silver-implanted surface at a nominal dose of
1 × 1016 ions/cm2.

Table 1. Element percentage change on zirconia disks after silver-ion implantation.

Elements
Untreated Zirconia

Silver-Implanted Zirconia
(1 × 1016 ions/cm2)

Weight
Percentage (%)

Atomic
Percentage (%)

Weight
Percentage (%)

Atomic
Percentage (%)

O 20.3 59.3 22.5 62.4
Zr 79.7 40.7 76.0 37.0
Ag - - 1.5 0.6

The XPS results (Figure 2) further reveal that surface composition changes after silver-
ion implantation. Generally, the surface composition remained unchanged after the silver-
ion implantation. However, as shown in Figure 3, a Ag3d spectrum can be observed on the
high-resolution spectra of silver-implanted zirconia surface. The Ag3d doublet at 374.05 eV
(Ag 3d3/2) and 368.04 eV (Ag 3d5/2) corresponds to metallic silver. These results confirm
the successful implantation of silver nanoparticles to the zirconia surface.

Figure 2. The XPS broad spectrum of zirconia disks.
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Figure 3. The Ag3d high-resolution image of silver-implanted zirconia disk (nominal dose of
1 × 1016 ions/cm2).

3.1.2. Surface Wettability

The results of surface wettability are shown in Table 2. Before silver implantation, the
surface-water contact angle is 62.27 ± 2.52◦, and the surface wettability remains after silver
implantation. The silver-ion implantation does not change the overall surface wettability of
zirconia disks. Since the surface free energy is related to the surface wettability [39], we
presumed that surface free energy after the ion implantation remained as well.

Table 2. Surface-water contact-angle results of zirconia disks (Mean ± SD).

Group Untreated 1 × 1014/cm2 1 × 1015/cm2 1 × 1016/cm2

Surface-water
contact angle (◦) 62.27 ± 2.40 63.18 ± 2.47 60.51 ± 2.68 62.83 ± 3.73

Image
    

3.1.3. Silver-Ion Elution

For all liquid samples stored for 1, 3, 5, 7, 10, 14, 17, 21, 25, and 30 days, the silver-
ion concentration is less than 0.1 ppb, which is barely detectable by ICP-MS. This result
confirms that silver-implanted zirconia disks are stable, with little silver-ion elution to the
surrounding environment.

3.2. Bacterial Response
3.2.1. Bacterial Viability on the Silver-Implanted Zirconia Surface

To first evaluate the bactericidal ability of silver-implanted zirconia against red-
complex pathogen P. gingivalis, a spot analysis was performed. As shown in Figure 4,
a significant decrease in bacterial load can be observed on the silver-implanted samples
compared with the untreated disks. As the implant dose increases, there are fewer viable
bacteria after coming into contact with the zirconia disks. This preliminary result indicates
that silver-implanted zirconia shows a good bactericidal ability against gram-negative
bacteria P. gingivalis.
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Figure 4. Spot-analysis result of P. gingivalis.

To further evaluate the bactericidal ability of silver-implanted zirconia, the LIVE/DEAD
staining assay was performed. Figure 5 shows P. gingivalis’s viability on different zirconia
surfaces. There are mainly viable (green fluorescent, stained by SYTO 9) bacterial cells
on untreated zirconia surfaces. As the silver implant dose becomes higher, the number
of viable bacteria cells decreases, and the number of inviable bacteria cells increases. The
inviable bacterial cells were stained red by propidium iodide. For the gram-positive S.
mutans bacteria, the same trend can be observed. As shown in Figure 6, the viability of
bacterial cells decreases with the increase in silver implantation dose, which indicates an
improved bactericidal effect with the increase in silver implantation dose. Taken together,
an enhanced antibacterial effect can be observed with the accumulation of implanted silver
nanoparticles on the zirconia surface.

 
Figure 5. P. gingivalis viability on (a) untreated, (b) silver-implanted zirconia disks with a nominal
dose of 1014, (c) 1015, and (d) 1016 ions/cm2, respectively. (Scale bar is 50 μm).
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Figure 6. S. mutans viability on (a) untreated, (b) silver-implanted zirconia disks with a nominal dose
of 1014, (c) 1015, and (d) 1016 ions/cm2, respectively. (Scale bar is 50 μm).

3.2.2. Bacterial Adhesion on Silver-Implanted Zirconia Surface

The MTT colorimetric assay was utilized to evaluate the bacterial adhesion to untreated
zirconia disks or silver-implanted zirconia disks. As shown in Figure 7, the adhesion of P.
gingivalis was inhibited on the silver-implanted zirconia surface after a one-day cultivation.
The group of 1016/cm2 showed the least-adhered bacterial load on the surface among all
groups. As the cultivation time extends, the same trend can be observed (fewer bacteria are
adhering to the zirconia surface as the implantation dose increases).

Figure 7. MTT results for P. gingivalis. (Data shown: mean and standard deviations; * indicates
significant differences among different experimental groups, p < 0.05).

Since S. mutans grows faster than P. gingivalis, the MTT assays were performed 12 h
after seeding to the sample surfaces. The results in Figure 8 show that S. mutans‘s adhesion
was also interfered with on the silver-implanted zirconia surfaces. This adhesion-inhibition
effect also shows a dose-dependent pattern, with fewer bacteria adhering to high implant-
dose groups. Collectively, these results show that silver-implanted zirconia attenuates
bacterial adhesion for both gram-positive and gram-negative pathogens. An enhanced
inhibition can be seen as the implantation dose becomes higher.
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Figure 8. MTT results for S. mutans. (Data shown: mean and standard deviations; * indicates
significant differences among different experimental groups, p < 0.05).

3.2.3. Bacterial-Biofilm Formation on the Silver-Implanted Zirconia Surface

The biofilm formation on silver-implanted zirconia surfaces is shown in Figures 9 and 10.
For P. gingivalis, a total reduction in biofilm mass can be observed after a two-day cultiva-
tion. The zirconia disks with nominal doses of 1015/cm2 and 1016/cm2 accumulate fewer
biofilms than the 1014/cm2 group. Indeed, after a four-day cultivation, there are no significant
differences in the biofilms formed between the 1014/cm2 group and the untreated group.
However, the 1015/cm2 and 1016/cm2 groups still show a biofilm-inhibition effect after a
4-day cultivation. This result indicates that, after a certain cultivation time, the group with an
implant dose of 1014/cm2 might eventually lose its anti-biofilm formation ability.

Figure 9. Biofilm formation on zirconia disks of P. gingivalis. (Data shown: mean and standard
deviations; * indicates significant differences among different experimental groups, p < 0.05).

Figure 10. Biofilm formation on zirconia disks of S. mutans. (Data shown: mean and standard
deviations; * indicates significant differences among different experimental groups, p < 0.05).
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The biofilm formed by S. mutans on the zirconia disks shows a more unified trend
within 3 days of seeding bacteria to the sample surface. As shown in Figure 10, the 1015/cm2

and 1016/cm2 groups also show a good anti-biofilm-formation ability. The crystal violet
results reveal that the decrease in biofilm formation can be observed on silver-implanted
zirconia for both gram-positive and gram-negative bacteria.

3.3. Cellular Response by CCK-8 Assay

To evaluate the cytotoxicity of silver-implanted zirconia, the CCK-8 colorimetric assay
was performed. As shown in Figure 11, there is no significant difference between the un-
treated group and the silver-implanted groups. All groups show a similar growth rate, and
this trend is retained after 7 days of incubation. The CCK-8 results show silver-implanted
zirconia barely has any cytotoxicity to human gingival fibroblast, which is a crucial cell
during soft-tissue wound healing after implant surgery and abutment installation.

Figure 11. The CCK-8 results for human gingival fibroblast on zirconia disks. (Data shown: mean
and standard deviations; ns: not significant).

4. Discussion

Implant-associated infection has been widely researched due to its high prevalence.
Until now, most researchers and clinicians believed it was bacterially derived, thus lots
of researchers have focused on the surface modification of implant materials to improve
their antimicrobial efficacy. The surface modification of implant materials should show a
great antimicrobial effect without releasing antibiotic agents at a fast rate, while being non-
hazardous to the surrounding living human cells. Although many antimicrobial coatings
have been presented, most of them are prone to degradation in the oral environment
quickly. The method of silver nanoparticles embedded into zirconia by ion implantation is
presented in this article. Using EDX, silver can be detected on the surface of zirconia. In the
XPS results, the Ag3d doublet at 374.05 eV (Ag3d3/2) and 368.04 eV (Ag3d5/2) corresponds
to metallic silver, indicating the nanoparticles are metallic silver. The ICP-MS test shows
that silver nanoparticles remain stable and have little ion release (the leaching of silver ions
is under the detection limit of 0.1 ppb even after 1 month of immersion). The low leaching
property indicates silver ions will not accumulate in the tissues around implants; otherwise,
it would result in cytotoxicity or other side effects.

This study investigates the antimicrobial ability of silver-nanoparticle-implanted zir-
conia, and the results show it can significantly enhance the antimicrobial ability in vitro
and cause little harm to live human gingival fibroblasts. In antimicrobial assays, both the
1 × 1015 ions/cm2 and the 1 × 1016 ions/cm2 nominal-dose groups show positive anti-
microbial properties on P. gingivalis and S. mutans in all assays, while the 1 × 1016 ions/cm2

group shows the strongest effects on bacterial inhibition. The LIVE/DEAD staining assay
results demonstrated a decrease in live cells on the silver-implanted samples, and a de-
crease in the total number of cells was also observed. The crystal violet staining test shows
the anti-biofilm activity of silver nanoparticles, which was in agreement with previously
conducted studies [40,41]. The study did not choose the Zone of Inhibition (ZOI) assay
for the reason that the antimicrobial effect of silver nanoparticles does not come from the
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leaching of silver ions from the material’s surface. It is believed that silver nanoparticles
firmly attached to the zirconia surface can interact with microorganisms by direct con-
tact. Furthermore, although the size of silver nanoparticles is important since it has an
influence on cytotoxicity and antibacterial effects [20,42], it is hard to evaluate after the
ion-implantation process, as the nanoparticles are embedded in the zirconia surface.

Although many research studies have investigated the antimicrobial activity of silver
nanoparticles, the mechanism of the antibacterial activities and potential hazards remain
unclear. However, possible theories have been made, as suggested by Marambio-Jones and
Hoek et al. [43]: (a) uptake of free silver ions followed by disruption of ATP production
and DNA replication, (b) reactive oxygen species (ROS) generation by silver nanoparticles
and silver ions, and (c) direct damage to the cell membrane by silver nanoparticles. From
the result of this study, it is believed that silver nanoparticles interact with microorganisms
in the latter two ways, since silver ions are not released in a remarkable manner. The silver
nanoparticles can produce high levels of ROS and free-radical species such as hydrogen
peroxide, superoxide anion, hydroxyl radical, hypochlorous acid, and singlet oxygen [44,45].
The excessive ROS cannot be eliminated by antioxidant systems and will inhibit cell
respiration and growth. Increased ROS levels will lead to an apoptosis-like response, which
will cause DNA damage and, eventually, cell death. On the other hand, silver nanoparticles
can anchor to the bacterial cell wall and, consequently, infiltrate it. This action will cause
physical changes in the bacterial membrane, e.g., membrane damage, which can lead to
cellular-content leakage and bacterial death [46,47].

Soft-tissue connection is crucial to implant dentistry. Ideal dental implant bio-materials
require effective soft-tissue integration for long-term stability after implantation. A sound
soft-tissue seal on the implant-abutment site can not only inhibit unwanted soft-tissue
recession and marginal bone loss, but also resist bacterial invasion. Following implant
surgery, HGFs are involved in the formation of connective tissues around the implant site.
The CCK-8 proliferation assay indicates that silver nanoparticles show no obvious damage
to HGFs’ proliferation. An effective HGF attachment to implant abutment plays a critical
role in soft-tissue connection, and a strong attachment starts with a undisturbed initial
proliferation. At the same time, the antimicrobial effect of silver-implanted surfaces can
further enhance soft-tissue integration. The silver-implanted zirconia surface can provide
an antibacterial effect without obvious cytotoxicity; however, as many cells are involved
in the soft-tissue wound-healing process, more experiments should be carried out in the
future to evaluate their response to the silver-implanted zirconia.

Taken together, the results suggest that nanostructured surfaces with silver nano-
particles incorporated in zirconia may provide a better choice for dental implant abutments
than traditional ones. Silver nanoparticles show a promising bactericidal ability that will
be effective in the oral environment. However, only two pathogens were evaluated in this
study. More pathogens, such as Staphylococcus aureus and other red-complex pathogens,
should be studied further. Moreover, mono-culture in vitro studies are sometimes at odds
with clinical reality. To avoid this, further in vivo studies to mimic clinical situations are
required. Furthermore, the long-term release of silver ions and their safety for human
beings need to be carefully evaluated. The release of silver ions in a different medium
(such as saliva or blood serum) should also be evaluated in the future. The possible
mechanical property changes (such as surface hardness or the Young’s modulus) after
silver-ion implantation should also be investigated before its clinical usage.

5. Conclusions

In this work, we present an effective surface-modification technique for zirconia dental
implant materials. Silver was implanted into zirconia with a nanostructured surface. Within
the limitations of this in vitro study, the results suggest that silver-implanted zirconia has
a strong antimicrobial effect against oral microorganisms, including P. gingivalis and S.
mutans. It also shows no harm to human gingival fibroblast proliferation. Silver-implanted
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zirconia shows promise for both preventing peri-implant lesions and forming peri-implant
soft-tissue attachments in clinical application.
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Abstract: Topographical cues on material surfaces are crucial for guiding the behavior of nerve cells
and facilitating the repair of peripheral nerve defects. Previously, micron-grooved surfaces have
shown great potential in controlling nerve cell alignment for studying the behavior and functions of
those cells and peripheral nerve regeneration. However, the effects of smaller-sized topographical
cues, such as those in the submicron- and nano-scales, on Schwann cell behavior remain poorly
understood. In this study, four different submicron-grooved polystyrene films (800/400, 800/100,
400/400, and 400/100) were fabricated to study the behavior, gene expression, and membrane
potential of Schwann cells. The results showed that all submicron-grooved films could guide the cell
alignment and cytoskeleton in a groove depth-dependent manner. Cell proliferation and cell cycle
assays revealed that there was no significant difference between the submicron groove samples and
the flat control. However, the submicron grooves can direct the migration of cells and upregulate the
expression of critical genes in axon regeneration and myelination (e.g., MBP and Smad6). Finally,
the membrane potential of the Schwann cells was significantly altered on the grooved sample. In
conclusion, this study sheds light on the role of submicron-grooved patterns in regulating the behavior
and function of Schwann cells, which provides unique insights for the development of implants for
peripheral nerve regeneration.

Keywords: topographical cues; Schwann cells; submicron grooves; cell alignment; peripheral nerve

1. Introduction

Peripheral nerve injury is a challenging issue in neurological diseases, which can pose
severe adverse effects on the health and well-being of patients [1–3]. Although autologous
nerve grafts are considered the gold standard for repairing peripheral nerve injuries [4–6],
their widespread use in clinical practice is limited due to the scarcity of available nerves,
the need for secondary surgeries, and the permanent loss of function in the donor area [7].
In recent years, nerve grafts made from natural or synthetic biomaterials have been in-
creasingly used for peripheral nerve regeneration [8,9]. However, their repairing effect
is still insufficient to meet the clinical requirements. To realize better nerve regeneration,
numerous scientists are focusing on the modification of the surface properties of bioma-
terials to facilitate nerve repair. Studies have shown that nerve conduits with electrical
conductivity, porosity, appropriate mechanical properties, and appropriate topology can
mimic the microenvironment of nerve cells and, thus, promote axonal growth [10]. Among
these, the preparation of material surfaces with ordered topographical features (such as
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grooves, pillars, and pores) using photolithography or soft lithography is widely used due
to its ease of operation and non-toxicity [11].

In addition to autologous nerve grafting, the artificial construction of nerve guidance
conduits (NGCs) is also a common strategy for peripheral nerve repair. Materials used
to construct NGCs need to have good biocompatibility, biodegradability and appropriate
mechanical properties [12,13]. NGCs can be divided into natural materials and synthetic
materials. Natural materials include collagen, fibrin, gelatin, chitosan, etc. Synthetic materi-
als include poly (ε-caprolactone) (PCL), polylactic acid (PLA), polyglycolic acid (PGA), poly
(lactic-co-glycolic acid) (PLGA), etc. However, these materials are biodegradable, where
the surface structures gradually disappear with time, resulting in diminished cell–surface
interaction. This paper used polystyrene (PS) as the film-forming material to prepare
the submicron-grooved surface. PS has good cytocompatibility and adhesion as the raw
material of cell tissue culture plates.

It is well known that Schwann cells are glial cells that envelop axons to form myelin
sheaths, which are often used as model cells in the studies of peripheral nerve repair.
Following peripheral nerve injury, Schwann cells can remove myelin debris and proliferate
to form Büngner zone bands, promoting axon regeneration via distal nerve stumps [14].
Moreover, Schwann cells can secrete neurotrophic and growth factors that aid axonal regen-
eration [15–18]. Numerous studies have demonstrated that regularly oriented structures
can be used to guide the directional alignment and growth of Schwann cells to promote
axonal regeneration [19–24]. For instance, hierarchically arranged collagen micropatterns
were prepared using micro-forming techniques and found to be effective in directing the
growth of Schwann cells while upregulating specific genes related to axon regeneration
and myelination [25]. Additionally, well-aligned electrospun fibers can promote Schwann
cell migration and even neurite growth to repair the dorsal root ganglion [26]. Grooved
patterns are another type of topographical cue that can be used to direct the alignment of
Schwann cells, in which groove width [27,28], depth [29,30], and geometry [31,32] are key
factors influencing cell behaviors.

While earlier studies have focused on the effect of grooves on the morphology of
Schwann cells, there are few studies that have systematically examined the effect of grooves
on the other behaviors of Schwann cells. Furthermore, to our knowledge, the grooves
in most studies are in a micron range [33–35], and studies on how submicron grooves
regulate the behaviors of Schwann cells have not been reported. More importantly, in these
studies, bioactive molecules were used together to enhance the adhesion and bioactivity
of Schwann cells on the grooved surface, making it difficult to determine which was the
primary factor and impeding the investigation of related biological mechanisms. Therefore,
a better understanding of how submicron grooves regulate Schwann cell behaviors and the
underlying mechanisms is crucial at the present stage.

In this study, we prepared four diverse sizes of submicron-grooved PS films and
systematically studied their effects on the properties of Schwann cells, including cell
adhesion, morphology, proliferation, migration, transcriptome profile, and membrane
potential. The relationship between the size of the submicron grooves and the behaviors of
the Schwann cells was explored. Our findings provide valuable insights for understanding
cell–pattern interactions and the preparation of advanced NGCs for peripheral nerve injury.

2. Materials and Methods

2.1. Fabrication of Submicron-Grooved Films

To produce topographical patterns on polystyrene (PS) films, we utilized four distinct
sizes of grooved silicon substrates with the groove width/depth (in nanometers) of 800/400,
800/100, 400/400, and 400/100, according to our previous study [36]. Firstly, we mixed
a 10:1 ratio of polydimethylsiloxane (PDMS) to curing agent thoroughly to create silicon
rubber molds. The mixture was then poured onto the grooved silicon substrate and
vacuumed to eliminate air bubbles. The molds were then heated and fixed in an oven at 80
◦C for 3 h, after which they could be easily demolded from the grooved silicon substrates,
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obtaining PDMS molds with submicron-grooved topography. We also prepared PDMS
molds on a flat silicon substrate as the control group.

A polyethylene terephthalate (PET) plate of 2 cm × 2 cm was utilized as the substrate
to produce submicron-grooved PS films. Subsequently, a PS in toluene solution (5 wt%)
was added dropwisely onto the PET plate. The patterned side of the PDMS mold was then
inverted onto the PS solution, and pressure was added onto the back of the mold to ensure
uniformity. The PS films with submicron grooves were dried naturally overnight and then
cut into 1 cm × 1 cm squares for the subsequent experiments.

2.2. Characterization of Submicron-Grooved Films

The integrity of the submicron-grooved topography was assessed by observing the
morphology of the PS submicron-grooved films using a scanning electron microscope (SEM,
Carl Zeiss Supra 55, Jena, Germany). Additionally, as the hydrophilicity of the substrate
surface is a critical factor for cell behaviors, we measured the water contact angle of the
PS submicron-grooved films with or without air plasma treatment (0.4 mbar, 200 W and
3 min) using a contact angle measurement instrument (Theta Lite, Biolin, Espoo, Finland),
with three parallel samples being used for the measurement of each group.

2.3. Cell Culture

The immortalized human-derived Schwann cells obtained from plexiform neurofi-
broma (ATCC, CRL-3390, Lot Number: 70024530) were purchased from the Cell Bank,
Chinese Academy of Sciences (Shanghai, China). The Schwann cells were cultured in
high-glucose Dulbecco’s modified Eagle’s medium (DMEM, Hyclone, Logan, UT, USA)
and supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco, NSW, Australia) and
1% antibiotics of penicillin/streptomycin (100 units/mL of penicillin and 100 mg/mL of
streptomycin, Hyclone, Logan, UT, USA).

2.4. Cell Viability

The submicron-grooved films with various sizes were placed in 24-well plates, cleaned
by air plasma for 3 min, sterilized with 75% ethanol, and then washed three times with PBS
before cell seeding. For the cell proliferation assay, Schwann cells were seeded in 24-well
plates at a density of 3 × 104 cells/mL. After 1, 3, and 5 days of cell culture, the medium was
removed, and cells on the samples were washed thrice with PBS. Next, 10% Cell Counting
Kit-8 reagent (CCK-8, Beyotime, Shanghai, China) was added and incubated at 37 ◦C for
another 4 h, and 150 μL of supernatant was removed from each well and transferred to a
96-well plate. Finally, the absorbance value of the supernatant was measured at 450 nm
using a SpectraMax M5 microplate spectrophotometer (Molecular Devices, San Jose, CA,
USA). The absorbance value determined from the flat group was used as control to calculate
the cell viability.

Live–dead staining was also performed to determine the viability of Schwann cells
on submicron-grooved films. After 3 days of cell culture, the medium was removed,
and the cells were stained with 2 μM Calcein-AM (Beyotime) and 4.5 μM propidium
iodide (PI, Beyotime) for 15 min at 37 ◦C. The stained samples were then imaged using a
fluorescence microscope (Olympus, Tokyo, Japan), while the live cells were identified by
green fluorescence and the dead cells were identified by red fluorescence.

2.5. Cell Morphology

After 24 h of cell culture, the morphological features of Schwann cells cultured on
submicron-grooved films were evaluated. The overall and individual morphological
characteristics of Schwann cells on different samples were observed using optical and
scanning electron microscopes (SEM), respectively. Thirty cells were randomly selected
from different groups based on SEM images, and their cell area, and aspect ratio and
orientation angle parameters were quantified using ImageJ software (v1.8.0).
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2.6. Cell Adhesion

To evaluate the cell adhesion of Schwann cells on the submicron-grooved films, the
Schwann cells cultured on different samples for 24 h were fixed using 4% paraformaldehyde
for 20 min and permeabilized with 0.2% Triton X-100 in PBS for 10 min. After being washed
thrice with PBS, the cells were blocked with 3% bovine serum albumin (BSA) at 37 ◦C
for 1 h. Next, a primary antibody against vinculin (ab129002; Abcam, Cambridge, UK)
was added at a dilution of 1:250 in 1% BSA and incubated at 4 ◦C overnight, followed by
incubation with a secondary antibody of Alexa Fluor 488 for 3 h. In addition, Rhodamine
555 phalloidin (1:200) and DAPI (1:1000) were used to stain the cytoskeleton and nuclei
of cells for 30 min. Finally, the stained samples were visualized and imaged using a Zeiss
LSM-710 laser-scanning confocal microscope (LSM-710, Zeiss, Jena, Germany).

2.7. Cell Migration

The migration trajectory of Schwann cells on submicron-grooved films was recorded
using the JuLI Stage Living cell monitoring system (Nano Entek, Seoul, South Korea)
equipped with an incubator (37 ◦C, 5% CO2). Cells were seeded onto the submicron
grooves at a density of 3 × 104 cells/mL and allowed to adhere for 1 h before being
transferred to the monitoring incubator. The movement of Schwann cells on the submicron
grooves was recorded at 1 h intervals for 24 h.

The images of individual cells were manually tracked and analyzed using ImageJ
software to obtain a series of X/Y coordinates corresponding to a time interval of 1 h. The
original position of each cell was defined as (0, 0), and the trajectory of cells in the X/Y
plane during the 24 h was reconstructed. Thirty cells were randomly selected from each
group to record the trajectories.

2.8. Cell Cycle Analysis

Flow cytometry (BD Bioscience, San Jose, CA, USA) was utilized to evaluate the cell
cycle progression of Schwann cells on submicron-grooved films. After 5 days of culturing
on various samples, the Schwann cells were digested and collected in centrifuge tubes,
which were then centrifuged at 1000× g for 5 min. Subsequently, the cells were fixed
overnight by adding 70% ethanol pre-cooled in an ice bath. Next, the cells were rinsed with
pre-cooled PBS and slowly resuspended in a prepared propidium iodide staining solution,
which was then subjected to a 30 min incubation at 37 ◦C in darkness. Finally, the cell
precipitate was filtered to obtain single cells, and the flow assay was completed within 1 h.
ModFit LT5.0 analysis software was employed to analyze the cellular DNA content.

2.9. RNA Sequencing

The transcriptome sequencing was conducted according to the manufacturer’s instruc-
tions (OE Biotech Co., Ltd., Shanghai, China). Total RNA from Schwann cells cultured
on samples for 5 days was extracted using TRIzol reagent (Invitrogen, Carlsbad, NM,
USA) and stored in liquid nitrogen. The RNA integrity was evaluated using an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The VAHTS Universal
V5 RNA-seq Library Prep Kit (Vazyme, Nanjing, China) was used to construct transcrip-
tome libraries per the manufacturer’s instructions. The libraries were sequenced using
the Illumina Novaseq 6000 sequencing platform to obtain read counts for each sample.
Differentially expressed genes (DEGs, with a q value < 0.05 and fold change > 2) were
analyzed using the DESeq2 software. Enrichment analysis of DEGs was performed using
GO Reactome and KEGG based on the hypergeometric distribution.

2.10. Gene Expression

After culturing Schwann cells on various submicron-grooved films for 5 days, real-
time quantitative polymerase chain reaction (RT-qPCR) was used to assess the expression
levels of target genes. Total RNA was extracted from Schwann cells using TRIzol reagent
(Invitrogen, Carlsbad, NM, USA), and 1 μg of total RNA was reverse transcribed to cDNA
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using Superscript III reverse transcriptase with random hexamer primers (RR037A, Takara,
Beijing, China). RT-qPCR was performed on a real-time fluorescence quantitative PCR
instrument (LightCycler 96, Roche, Basel, Switzerland) using the following amplification
parameters: 95 ◦C for 2 min, 40 cycles at 95 ◦C for 15 s, 60 ◦C for 15 s, and 72 ◦C for 30 s.
The primers of target genes (Table 1) were synthesized by Guangzhou IGE Biotechnology
Ltd., and GAPDH was used as the housekeeping gene for normalization. The fold changes
in the expression of each target gene were compared by calculating 2−ΔΔCt.

Table 1. The primer sequences used for RT-qPCR analysis.

Gene Name Primer Sequences (5′→3′)

GAPDH
F: TCGGAGTCAACGGATTTGGT

R: TTCCCGTTCTCAGCCTTGAC

Smad 6
F: GCTACCAACTCCCTCATCACT

R: CGTACACCGCATAGAGGCG

MBP
F: CAGCACTAACCCTCCCTGAG

R: GCTCAGCCCGTGTGTCTC

S100
F: CGGGGCACCCTTAAAACTTC

R: ATCTGCATGGATGAGGAACGC

Sox10
F: CACAAGAAAGACCACCCGGA

R: AAGTGGGCGCTCTTGTAGTG

2.11. Cell Membrane Potential

To record the membrane potential of cells on different samples, electrophysiological
experiments were conducted using a HEKA EPC10 amplifier (HEKA Elektronik GmbH,
Lambrecht, Goettingen, Germany) in the current clamp recording mode. After being
cultured on submicron-grooved (800/400) and flat films for 3 days, Schwann cells were
perfused with a standard extracellular solution containing 140 mM NaCl, 3 mM KCl,
1.5 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, and 10 mM Glucose. The pH of the solution
was adjusted to 7.4 with NaOH, and the osmolarity was between 300–320 mOsm. The
internal solution contained 164 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 10 mM HEPES, 11 mM
EGTA, and 10 mM glucose, with a pH of 7.3 adjusted with KOH. All the electrophysiological
experiments were performed at room temperature.

2.12. Statistical Analysis

The significant differences between groups were evaluated using ANOVA, with one-
way ANOVA analysis performed using GraphPad Prism 8 software. The results are
presented as the mean ± standard deviation (SD) of 3 independent experiments. A p value
less than 0.05 was considered to be statistically significant.

3. Results

3.1. Characterization of Submicron-Grooved Films

Soft lithography was used to prepare grooved PS patterns. Four PDMS stamps with
submicron groove structures were made from the master silicon wafers. A PS solution was
dropped on a PET substrate and dried under the PDMS stamps (Scheme 1). The structural
integrity of the grooves is crucial for the reliability of the cell culture platform. In this
respect, SEM was utilized to assess the surface geometry of various submicron-grooved
films. As show in Figure 1A, the submicron grooves possess a complete and uniform
structure, with pronounced ridges and furrows typical of grating structures. The different
light reflection from the submicron-grooved films leads to differences in brightness and
darkness in the background, where the shallower grooves exhibit a lower contrast, whereas
the deeper grooves show a higher contrast for the same width.
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Scheme 1. A schematic illustration showing the fabrication process of submicron-grooved films,
which can be utilized to direct the alignment of Schwann cells.

Surface wettability is another critical factor affecting cell adhesion. Therefore, wa-
ter contact angles are measured on different submicron-grooved films with or without
air plasma treatment using a contact angle measurement instrument. As depicted in
Figure 1B,C, all the samples exhibit an explicit hydrophobicity with water contact angles
greater than 90◦. Notably, the water contact angle measured on the submicron-grooved
films is considerably larger than that determined on the flat films. With increased groove
depth, the water contact angle progressively rises to approximately 110◦ (800/100 and
400/100) and 120◦ (800/400 and 400/400). After plasma treatment, the grooved patterns
became superhydrophilic due to a lateral capillary force inside the grooves, which is
consistent with a previous study [37].

3.2. Cell Viability

Both live–dead staining and CCK-8 assays were performed to evaluate the viability
of Schwann cells cultured on different samples. After 2 days of culturing on different
submicron-grooved films, Schwann cells were stained with Calcein-AM and PI. Figure 2A
shows the images of live–dead stained cells, and no significant difference can be found
between the different groups. The abundant green fluorescence of viable cells demonstrates
the excellent cytocompatibility of the groove samples. The CCK-8 assay evaluated the
proliferation of the Schwann cells after 1, 3, and 5 days of culturing on the four samples.
The proliferation analysis of the Schwann cells, shown in Figure 2B, indicates a minimal
variation between the grooved and flat films at different cell culture times, and only the cell
viability determined on the 800/400 grooved film is slightly lower than the other groups at
day 5.

3.3. Cell Morphology

The impact of a submicron-grooved structure on cell morphology is primarily reflected
in the directional arrangement of the Schwann cells. To evaluate the cell morphology, the
cells were observed and analyzed after 24 h by optical microscopy and SEM. As shown
in Figure 3A, the cells adhere randomly on the flat surfaces with circular or triangular
cell shapes. However, on the grooved films, the cells show a directional arrangement,
elongated in a linear pattern and growing in the same direction. In more detail, the degree
of the directional alignment of the Schwann cells on different films follows the order of
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800/400 > 400/400 > 400/100 > 800/100 > Flat. The SEM images shown in Figure 3B
confirm that Schwann cells can span several ridges. The filopodia were located mainly in
the two ends of the cells. Conversely, on the flat film, the cells had many filopodia and
extensions surrounding the cells.

Figure 1. (A) Surface morphology of different submicron-grooved and flat films observed by SEM;
scale bars are 1 μm. (B) Water contact angles detected on different samples without (above) or with
(below) air plasma treatment and the corresponding statistical analysis. *** represent p < 0.001,
respectively (n = 3).
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Figure 2. (A) Live–dead staining images of Schwann cells on different samples; scale bars are 100 μm.
(B) Cell viability of Schwann cells cultured on different samples for 1, 3, and 5 days. * and ** represent
p < 0.05, p < 0.01, respectively.

Other cell morphological indicators including area, aspect ratio or elongation (length/
width, L/W), and orientation angle (OA) are also evaluated to assess the impact of different
submicron grooves (Figure 4A). Figure 4B shows that the Schwann cells spread well on
flat film, resulting in a significantly larger cell area than those cultured on the submicron-
grooved samples. Among the samples with grooved structures, no significant difference
in cell area can be observed. The cell elongation showed that the Schwann cells cultured
on submicron grooves exhibit a significantly greater L/W value than those on flat film
(Figure 4C). Moreover, the L/W values of cells on 800/400 grooves are significantly higher
than those on 800/100 and 400/100 grooves. As direct evidence of cell arrangement,
the orientation angles of all the cells on the different submicron grooves are below 20◦,
compared to the random orientation of cells on flat film (Figure 4D). The different grooves
pose different effects on the orientation of Schwann cells, with the lowest orientation angle
(the highest alignment of cells) being observed on the 800/400 grooves.
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Figure 3. Cell morphology of Schwann cells cultured on different samples: (A) Optical microscope
photographs and (B) SEM photographs. Scale bars are 10 μm.

 
Figure 4. (A) A schematic illustration showing the calculation method of the length (L)-to-width
(W) ratio and the orientation angle (θ) of Schwann cells; (B) cell area of Schwann cells cultured on
different samples; (C) L/W ratio of Schwann cells cultured on different samples; (D) orientation
angle (OA) of Schwann cells cultured on different samples. *, **, and *** represent p < 0.05, p < 0.01,
and p < 0.001, respectively (n = 30).
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3.4. Cell Adhesion and Cytoskeleton

In a next step, the effect of submicron grooves on the adhesion and skeleton of Schwann
cells is evaluated by immunofluorescence staining. After the Schwann cells adhered to
the submicron-grooved films for 24 h, the cells were immunofluorescence-stained with
phalloidin and vinculin antibodies and observed under a laser confocal microscope. As
shown in Figure 5, the F-actin microfilament structure of the Schwann cells forms bundles
that elongate along the grooves, which is quite different from that observed on the flat film.
Moreover, vinculin is evenly distributed at both ends of the elongated cells on the grooves,
whereas it is primarily located around the nuclei of the Schwann cells cultured on the
flat surface. These findings suggest that the groove structure can reshape the cytoskeletal
structure and influence the distribution of adhesion proteins.

 

Figure 5. Immunofluorescent staining of Schwann cells cultured on different samples by laser
confocal microscopy. The nuclei, F-actin, and vinculin were stained with DAPI (blue), phalloidin
(red), and primary antibodies of anti-vinculin (green), respectively. Scale bars are 50 μm.
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3.5. Cell Migration

To evaluate the cell migration, cell positions were captured every hour within 24 h
after cells seeding on different samples. The cell movement trajectory is displayed in the
X/Y axis coordinate plot (Figure 6), with the origin (0, 0) as the starting point. The results
show that most of the Schwann cells migrate linearly along the Y-axis direction on the
800/400 and 400/400 grooves, and the movement of the Schwann cells is relatively less
directional on the 400/100 and 800/100 grooves. In contrast, the movement of the Schwann
cells on the flat surface was non-directional. These findings suggest that the depth of the
grooves plays an essential role in directing the migration of Schwann cells.

 

Figure 6. The migration traces of Schwann cells on different samples within 24 h.

3.6. Cell Cycle Analysis

After 5 days of culturing, the Schwann cells cultured on different samples were
stained with PI. Then, the cell cycle was analyzed using flow cytometry. As depicted in
Figure 7, the G1 phase is predominant for the Schwann cells cultured on both the grooved
and flat samples, with no noticeable differences among them. The highest percentage of
Schwann cells in the G2 phase can be observed on the flat sample (9.03%), followed by the
800/100 grooves (8.92%), while minimal differences can be observed among the 800/400,
400/400, and 400/100 groups (7.86–8.13%). The S phase is the DNA synthesis phase of cells.
According to the results, the percentage of Schwann cells in the S phase is slightly higher in
the flat (13.13%), 800/100 (13.03%), and 400/100 (12.96%) groups compared to the 800/400
(12.06%) and 400/400 (12.23%) groups. Our findings suggest that the depth relative to the
width of the grooves has a slight effect on the cell cycle of Schwann cells.

3.7. Gene Expression

It is demonstrated by the aforementioned results that the Schwann cells exhibit the
most conspicuous cell alignment behavior on the 800/400 groove among the various groups.
Thus, RNA sequencing were performed on the 800/400 and flat films for 5 days. Trizol was
used to collect total RNA from the cells cultured on different films after 5 days, and the
gene expression was analyzed using an Illumina platform.
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Figure 7. The cell cycle of Schwann cells after being cultured on different samples for 5 days.

The outcomes illustrated in Figure 8A,B reveal a total of 96 differently expressed
genes (DEGs) between the 800/400 and the flat films, of which 45 genes are upregulated
and 51 genes are downregulated. The upregulated DEGs are mainly associated with
axon guidance, synaptic complex assembly, extracellular matrix secretion, cytoskeleton,
and protein localization and transport, whereas the downregulated DEGs are primarily
related to cell differentiation, cell membrane potential regulation, immune regulation,
inflammatory response, and cell spreading. In addition, KEGG pathway analysis and
GO enrichment were conducted to gain further insight into the functional annotations of
the DEGs in both cases. Notably, the findings indicated that pathways influencing axon
extension were predominantly enriched in the submicron-grooved group compared to the
flat group, including the negative regulation of axon extension, neuroactive ligand–receptor
interaction, calcium-ion-regulated exocytosis, etc.
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Figure 8. Transcriptome comparison of Schwann cells after being cultured on submicron-grooved
(800/400) and flat films for 5 days (n = 3): (A) Volcano plots the total number of genes identified by
RNA sequencing. (B) The heat map represents the differentially expressed genes. DEGs were defined
as |log2(fold change)| > 1 and q value < 0.05. (C)The KEGG pathway enrichment of DEGs under
submicron-grooved and flat films conditions. (D) Gene Ontology (GO) enrichment analysis of DEGs
in both cases.

Afterwards, the expression of specific genes of the Schwann cells on all grooved
patterns is determined by RT-qPCR. Figure 9 shows the gene expression of Schwann
cells in different groups after 5 days of cultivation. The results demonstrate that the
submicron grooves can upregulate the expression of MBP and Smad6 in Schwann cells,
while their effect on the expression of Sox10 and S100 is negligible. Similarly to the
previous findings, the MBP and Smad6 expressions are mainly affected by the depth of
the grooves as a significantly higher expression of these two genes can be detected in the
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800/400 and 400/400 groove groups, with the 800/400 groove group demonstrating the
most pronounced effect.

 
Figure 9. Relative gene expression associated with specific markers of Schwann cells after being
cultured on different samples for 5 days. *, **, and *** represent p < 0.05, p < 0.01, and p < 0.001,
respectively (n = 3).

3.8. Cell Membrane Potential

After 3 days of culturing, the patch clamp measurement is utilized to investigate the
disparity in the membrane potential of the Schwann cells cultured on the 800/400 groove
and flat films. As illustrated in Figure 10, the membrane potential of the Schwann cells
cultured on the 800/400 groove is approximately −10 mV, while the value determined
from the flat film group is approximately −40 mV. These findings imply that submicron
grooves can considerably alter the membrane potential of cultured Schwann cells, which
may be attributed to their effect on cell morphology and orientation.

Figure 10. Membrane potential of Schwann cells after being cultured on submicron-grooved (800/400)
and flat films for 3 days. ** represent p < 0.01 (n = 5).
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4. Discussion

Peripheral nerve injury is a prevalent condition caused by accidents or natural dis-
asters, which causes over one million people to suffer severe physical and psychological
injuries annually [38–40]. Although peripheral nerves are self-repairable, such ability is
limited for the repair of distant nerve damage (typically greater than 5 mm) [41]. Autol-
ogous nerve grafting, the gold standard for repairing peripheral nerve injury, is limited
for clinical application due to the source limitations, secondary surgery, and permanent
damage to the donor area [25,42]. Nerve conduits constructed by materials with surface
topography have shown great potential in peripheral nerve repair as they can guide the
growth of nerve protrusions and axonal extension [43,44]. Several studies have demon-
strated that well-aligned groove structures can provide physical guidance and promote the
alignment of Schwann cells [45]. However, most of the previous studies have focused on
the effect of micron-sized grooves on the behaviors of Schwann cells [21,46]. In this study,
we investigated the cellular behaviors, such as adhesion, proliferation, and migration, of
Schwann cells on submicron grooves with different sizes.

Furthermore, the effects of different grooves on cell cycle, cell membrane potential,
and gene expression profiles were investigated, aiming to better understand the biological
functions and potential mechanisms of submicron grooves in regulating Schwann cells.
Our experimental results show that Schwann cells exhibit significant directional growth
and migration on the submicron-grooved films compared to the random orientation of the
flat film and that this directional guidance effect was closely related to the depth of the
grooves. Furthermore, the submicron groove structure elongates Schwann cells, resulting
in restricted cell spreading. Thus, the area of the Schwann cells on the submicron grooves
is much smaller than on the flat films. However, the cell viability and cell cycle of Schwann
cells did not differ significantly between the grooved and flat surfaces. In addition, the
submicron-grooved films significantly upregulated the expression of genes related to axonal
regeneration and myelination relative to flat films. Finally, the submicron grooves could
also substantially affect cell membrane potential compared to the flat surfaces.

In our study, submicron-grooved films were prepared using soft lithography, which of-
fers advantages such as ease of preparation, high efficiency, and reusability [47,48]. Biocom-
patible and biodegradable polymers such as polylactide-poly (PCL) [46], polypropylene-
glycolic acid copolymer (PLGA) [29], polylactic acid (PLA) [14], gelatin [49], and chi-
tosan [33] are commonly used in peripheral nerve repair studies. Among them, PCL is
one of the most used synthetic polymers to manufacture NGCs. PCL is an FDA-approved
material with excellent mechanical properties and ease of processing [50]. Additionally,
collagen, as a natural polymer, also has good biocompatibility and, thus, is widely used
for axonal regeneration [51,52]. In this study, Polystyrene (PS) was used to prepare the
submicron-grooved films because it provides good biocompatibility, excellent film-forming
ability, and water stability, ensuring the formation of stable and precise groove structures.
The SEM images reveal that the prepared submicron-grooved films have a well-defined
ridge/furrow structure essential for the aligning and growth of Schwann cells. It is well
known that the surface wettability of biomaterials is critical for the adhesion and prolifera-
tion of mammalian cells [53]. The results show that all the submicron-grooved films, as
well as the flat film, are changed from hydrophobic to hydrophilic after plasma treatment,
which is favorable for cell adhesion.

The morphology and orientation of cells are the most intuitive phenomena of cells
cultured on biomaterials. Several previous studies have indicated that biomaterials with
groove structures can direct the alignment and elongation of stem cells [49,54,55]. Never-
theless, most of the previous studies contribute to the optimization of groove dimensions
(such as depth, width, and spacing) in the micron scale. To the best of our knowledge, this
study is the first attempt to investigate the effect of submicron grooves on Schwann cell
behaviors. Specifically, it is observed that submicron grooves can modulate the directional
orientation of Schwann cells within 1 day, in which most of the cells are elongated and
aligned in the same direction of the submicron grooves. In contrast, the cells cultured
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on the flat film are randomly distributed without orientation. A further SEM analysis
reveals that Schwann cells, which have a size of approximately 10 μm, can span many
submicron ridges and furrows. Interestingly, we found that the depth of the groove is
a crucial factor influencing the orientation arrangement of Schwann cells on submicron
grooves. Specifically, our results show that the degree of orientation of the Schwann cells
increases with the depth of the groove, which is consistent with a previous study [29].
However, in contrast to our findings, some other studies have demonstrated groove width
as the most critical parameter influencing the arrangement of Schwann cells [56]. This
difference may be due to the varied sizes of grooves used in different studies. In our study,
we selected submicron grooves over micron ones and found that the effect of groove depth
on Schwann cell morphology is more pronounced than that of groove width. Compared to
the flat film, submicron grooves can significantly reduce cell area, increase aspect ratio, and
decrease the orientation angle of Schwann cells. These observations suggest that submicron
groove structures may inhibit cell spreading.

These findings indicate that Schwann cells can rapidly respond to the structures of
submicron grooves and undergo morphological changes. It is noteworthy that our findings
are contradictory to the previous notion that only the groove structures with dimensions
close to cells can be perceived by cells [57]. We propose that the effect of submicron grooves
in guiding Schwann cell arrangement relies on the response of cytoskeleton and vinculin
proteins. Immunofluorescence staining confirms that the groove structures can reshape
the distribution of F-actin and vinculin along the groove direction, and the cytoskeleton
and nucleus are significantly elongated by the guidance of the submicron grooves. Taken
together, our results demonstrate that submicron grooves can regulate the morphology and
arrangement of cultured Schwann cells, with groove depth being a more critical factor than
groove width.

Generally, the alternation in cell morphology may impact the biological functions of
cells. In our study, the outcomes of CCK8 indicate that the grooves do not compromise
the proliferation of Schwann cells, which contrasts the results of previous studies that
suggest that groove structures are unfavorable for cell proliferation [58,59]. This difference
may be attributed to the relatively small size of grooves employed in our study, leading
to stronger cell–groove contact than the boundary effects [30]. The cell cycle analysis can
reflect intracellular DNA synthesis, which is closely related to cell proliferation [60]. Our
results demonstrate that there is no significant difference of the cell cycle of Schwann cells
among different groups, which is consistent with the results of cell proliferation.

The migration of Schwann cells also plays a crucial role in neural repair [61,62].
Consequently, we investigated the migration behavior of Schwann cells on submicron
grooves and found that most Schwann cells maintain linear movement in the same direction
of submicron grooves, whereas the movement of Schwann cells on flat film is random. This
difference may be related to the traction force provided by F-actin in the cytoskeleton. The
groove structures can reshape the cytoskeleton arrangement, and, thereby, enough traction
force is contributed to the directional migration of the Schwann cells on the grooves [63].
Interestingly, the directional migration of the Schwann cells is closely associated with the
depth of the grooves, with more Schwann cells migrating directionally along the grooves
as the depth of the grooves increases. These results indicate that the groove depth can
not only affect the morphology of Schwann cells but also provide a pronounced effect on
cell migration.

To gain a better understanding of the regulatory role of groove structure on Schwann
cell behaviors, we further investigated the effect of submicron grooves on the gene ex-
pression of Schwann cells using RNA sequencing and RT-qPCR. Ninety-six DEGs were
identified by high-throughput screening. Subsequent GO enrichment analysis revealed that
the genes associated with axon guidance, synaptonemal complex assembly, extracellular
matrix secretion, cytoskeleton, and protein localization and transport are upregulated.
In contrast, the genes related to cell differentiation, membrane potential regulation, im-
mune response regulation, inflammatory response, and substrate adhesion-dependent
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cell spreading are downregulated. The gene expressions of the specific markers (MBP,
Smad6, S100, and Sox10) in Schwann cells were also evaluated. Our results indicate that the
submicron grooves can significantly increase the levels of Smad6 and MBP genes. Smad6 is
a crucial axonal membrane protein that aids neuronal plasticity and regeneration [64]. The
upregulation of Smad6 gene is beneficial for axonal growth. Similarly, MBP is essential for
Schwann cells to form myelin around nerve axons [65,66]. An increase in the gene level of
MBP suggests that Schwann cells are beginning to form myelin around nerve axons [67].
Taken together, our findings demonstrate that submicron grooves are favorable to axon
regeneration and myelination, which is critical for peripheral nerve regeneration.

The alternation of cell morphology and cytoskeletons can possibly impact the mem-
brane potential of cells. In this regard, we assessed the membrane potential of Schwann
cells cultured on submicron-grooved and flat films. Our results demonstrate that the
submicron groove structures can significantly alter the membrane potential of Schwann
cells, indicating the remarkable change in the membrane proteins [68,69]. Additionally,
micro-patterns have been found to interact with cell surface proteins, triggering a series of
cascade reactions within cells [70]. This interaction could lead to changes in the expression
of receptors related to membrane potential in Schwann cells, including sodium and potas-
sium receptors, resulting in alterations in membrane potential. These findings verify that
the submicron grooves substantially affect the behaviors of Schwann cells.

Normal nerve tissue is distributed in long strips with good directional growth character-
istics, and simulating this structure will facilitate nerve regeneration. Previous reports have
stated that ideal nerve guidance conduits must have the structural characteristics of longitu-
dinally aligned regenerating axons [71,72]. Surfaces with nanoscale gratings, microgrooves,
and channels are commonly used as substrates in neural differentiation studies because they
mimic the natural neuronal and glial cell microenvironment in vivo [73,74], thus facilitating
axon regeneration and development. In this paper, we use submicron groove structures to
provide a linear 3D-like environment for Schwann cells. From a physiological perspective,
submicron grooves can mimic and guide the directional growth and migration of Schwann
cells in vivo, reducing axonal dispersion and mistargeted regeneration. The expression of
key genes for axonal regeneration and myelination upregulated by submicron-grooved films
could illustrate their potential application in peripheral nerve regeneration.

The in vitro construction of artificial nerve guidance conduits (NGCs) is currently
the most common method for peripheral nerve repair. Many studies have reported that
incorporating micro- and nano-scale filler materials into NGCs can promote axonal re-
generation. These fillers include microlumen/microchannel structures, neatly aligned
electrospun fibers, hydrogel matrices, and conduits rolled up by material sheets. In vivo,
collagen–chitosan (CCH) scaffolds with longitudinal, parallel microchannels showed nerve
regeneration and functional recovery similar to autografts when used to repair 15 mm
sciatic nerve defects in rats. This micropatterning affects the migration and axonal re-
generation of Schwann cells at the microscopic level of these cellular interactions [75].
Interestingly, many studies have used rolled up micro- or nanopatterned 2D surfaces, or
patterned micro- or nanomaterials as filler materials for NGCs. For example, the surface of
self-rolling silicon nitride microtubule arrays can provide growth channels and accelerate
neuronal cell growth [76]. Another study also showed that micron-sized grooved surfaces
can promote the development and directed axonal growth of adult neural stem cells and
reduce axonal dispersion and mistargeted regeneration [77]. Therefore, we believe that
these measures of nerve conduit grafts prepared from rolled-up 2D submicron-grooved
films or replicating submicron groove structures on NGC fillers could provide practical
applications for peripheral nerve repair.

5. Conclusions

In our study, soft lithography is employed to fabricate submicron-grooved films
with four different sizes. These films are utilized as cell culture platforms to assess the
behaviors of Schwann cells. Our results reveal that submicron groove structures possess an
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efficacy similar to micron groove structures reported previously in directing the alignment
and migration of Schwann cells. However, this effect is contingent on the depth of the
submicron grooves. While the submicron groove structures significantly transform the
morphology and cytoskeleton of Schwann cells, their impact on cell proliferation and cell
cycle is negligible. More importantly, the submicron grooves can upregulate the gene
expressions of Schwann cells responsible for axonal regeneration and myelination, which
is promising for peripheral nerve repair. In sum, this study lays the groundwork for
developing advanced biomaterials used for peripheral nerve repair.
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Abstract: Hydrogels exhibit excellent moldability, biodegradability, biocompatibility, and extracel-
lular matrix-like properties, which make them widely used in biomedical fields. Because of their
unique three-dimensional crosslinked hydrophilic networks, hydrogels can encapsulate various
materials, such as small molecules, polymers, and particles; this has become a hot research topic in
the antibacterial field. The surface modification of biomaterials by using antibacterial hydrogels as
coatings contributes to the biomaterial activity and offers wide prospects for development. A variety
of surface chemical strategies have been developed to bind hydrogels to the substrate surface stably.
We first introduce the preparation method for antibacterial coatings in this review, which includes
surface-initiated graft crosslinking polymerization, anchoring the hydrogel coating to the substrate
surface, and the LbL self-assembly technique to coat crosslinked hydrogels. Then, we summarize
the applications of hydrogel coating in the biomedical antibacterial field. Hydrogel itself has certain
antibacterial properties, but the antibacterial effect is not sufficient. In recent research, in order to
optimize its antibacterial performance, the following three antibacterial strategies are mainly adopted:
bacterial repellent and inhibition, contact surface killing of bacteria, and release of antibacterial agents.
We systematically introduce the antibacterial mechanism of each strategy. The review aims to provide
reference for the further development and application of hydrogel coatings.

Keywords: hydrogel coatings; antibacterial property; biomaterials

1. Introduction

In the current biomedical field, medical devices, such as catheters, hernia nets, im-
plants, and wound dressings, are often adhered by bacteria, leading to varying degrees of
infection and posing a threat to the health of patients [1]. Once bacteria adhere to the surface
of the substrate, they will rapidly form a biofilm, which attracts more bacteria, affecting
the antibacterial effect of the immune system [2]. Therefore, the prevention of bacterial
infection in the process of biomaterial implantation has become the focus of researchers.
Surface coating or modification, which preserves the original properties of the material
and changes only the surface properties, has been recognized as a promising strategy for
introducing antibacterial efficacy into biomaterials. Some bionic surface morphologies
with high aspect ratios are effective against colonization by bacteria, although the mecha-
nism of antibacterial activity is not clear [3–8]. For methods of tailoring surface chemistry,
substrates can be chemically modified or physically coated with a variety of antibacterial
substances, including polymers, functional groups, inorganic nanoparticles, hydrogels, and
antibiotics [9]. Among these bactericidal materials, hydrogel coating has many advantages
and has been widely studied.

Hydrogels represent a polymer network system [10], i.e., a polymer with a three-
dimensional network structure that can crosslink water molecules in the system by combin-
ing hydrophilic residues with water molecules. They can absorb a large amount of water,
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J. Funct. Biomater. 2023, 14, 243

are swellable but do not dissolve in water, can maintain a specific shape, and have good
elasticity [11]. Hydrogels can be fabricated from natural or synthetic polymers [12–16].
The advantages and disadvantages of some hydrogel raw materials are shown in Table 1.
Hydrogels are very similar to natural active materials and are an ideal material for the
preparation of medical dressings [17], drug delivery systems [18–20], and tissue engineer-
ing [21]. However, most hydrogels exhibit poor mechanical properties due to their uneven
network structure and lack of energy dissipation mechanism, which lead to their limited
application in the biomedical field. For example, hydrogels are easily deformed after
repair of bone defects and thus need to be combined with other biomaterials or chemical
modification to improve their performance. At present, biomaterials with hydrogel coating
combine the excellent mechanical properties of implant devices and the biological proper-
ties of hydrogels, exhibiting excellent development prospects in the biomedical field [22].
Currently, the listed medical hydrogel coating products are mainly used in the catheters,
stent delivery systems, and guide wires, among which the catheter accounts for the largest
proportion, reaching 70% of sales in 2022. Brands include the Futae hydrogel coated latex
catheter bag, the BIP catheter, and the Weili catheter.

Table 1. Comparison of advantages and disadvantages of different hydrogels in the biomedical field.

Hydrogel Type Raw Material Advantages Disadvantages

Natural hydrogel

Collagen (protein)
Low antigenicity,

Low inflammatory response,
Excellent biological properties

High cost, high possibility of
thrombosis, low mechanical

strength, and difficult
modification

Gelatin (protein)
Low cost,

Low immunogenicity,
Biodegradable and biocompatible,

Poor stability at high
temperature

Silk fibroin (protein)
Excellent mechanical properties,

Low immunogenicity,
Blood clots less likely to form

Difficult source and slow gelling

Glycosaminoglycan—Hyaluronic
acid and Chondroitin sulfate

(polysaccharide)

Mimics extracellular matrix
components,

Biodegradable,
Binding cytokines

Degrades rapidly in vivo and
requires crosslinking to stabilize

Chitosan (polysaccharide)

Antibacterial,
Low cost,

Biocompatibility and
biodegradability

Poor mechanical performance

Synthetic hydrogel

Polyethylene glycol (PEG) Biodegradable, non-immunogenic Lack of adhesive support

Polyglutamic acid (PGA)

Biodegradable by hydrolysis,
Thermoplastic,

Mechanical properties are
adjustable

Physical crosslinking is weak,
hydrolytic products can induce

inflammatory reaction and
degrade rapidly

Polylactic acid (PLA) and
copolymer

Biodegradable by hydrolysis,
Good mechanical properties

It is soluble in organic solvents

Hydrolyzed byproducts can
cause an inflammatory response

The physical method of hydrogel coating to modify the surface of the biological
substrate is simple, but it is not stable enough. The hydrogel coating is bonded to the
surface of the substrate through a non-covalent bond, and the coating layer is easily
delaminated from the surface [23,24]. Therefore, in order to improve the adhesion and
stability of the hydrogel coating, it is necessary to use a chemical method (e.g., covalent
bond) to attach the hydrogel coating [25,26]. Compared with other coatings (e.g., functional
groups, self-assembled monolayers, and polymer brushes), hydrogel coatings exhibit many
advantages. Firstly, hydrogel coatings have high grafting density and uniform coverage.
Secondly, layer-by-layer (LbL) assembly coatings and polymer brush coatings are widely
used, but the coating thickness has limitations. LbL hydrogel coatings are usually very
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thin, generally less than 100 nm, and they take much time to deposit layer by layer. The
thickness of polymer brush coatings is related to the length of the polymer chain, generally
less than several hundred nanometers [27]. In contrast, hydrogel coatings can be prepared
by spin coating, electrochemical deposition, surface-initiated graft polymerization, and
other methods, so the thickness of the hydrogel coating can be flexibly controlled from
nanometer to micrometer, providing sufficient space to coat polymers, particles, small
molecules, and other substances. Thirdly, unlike the non-crosslinked surface coating, which
is attached with the substrate only by one covalent bond, the hydrogel coating is attached by
multiple points. Therefore, hydrogel coatings are more stable for long-term modification.

We can classify antibacterial hydrogel coatings into two categories according to the
type of active ingredients. The first is compositions containing antibacterial substances, such
as natural or synthetic cationic polymers [28,29], amphoteric polymers [30], and antibacte-
rial peptides [31]. The second is loaded antibacterial substances, such as antibiotics [32],
antibacterial analogues [33], nano-silver [34], and zinc oxide, in the three-dimensional
hydrogel network [35]. At present, researchers have conducted extensive research on the
application of antibacterial hydrogels, but the research on hydrogels as a surface coating
is not comprehensive. In this paper, the preparation methods for antibacterial hydrogel
coating and its application in the biomedical antibacterial field are reviewed in detail.

2. Preparation Methods of Hydrogel Coatings

Hydrogels are prepared by chemical and physical crosslinking, but it is challenging to
fix physically crosslinked hydrogels on the surface of materials due to the lack of binding
sites for binding into the three-dimensional network [36,37]. In addition, the poor mechan-
ical properties of physically crosslinked hydrogels compared to chemically crosslinked
hydrogels limit the application of physically crosslinked hydrogels as durable coating
materials [38]. The chemically crosslinked hydrogels can be gelatinized by monomer poly-
merization or conjugation reactions between polymer chains, whereby we can attach these
hydrogels to the material surface in various ways to form stable hydrogel coatings [39].
The general strategies can be divided into three types: The first is surface-initiated graft
crosslinking polymerization. The second is anchoring the hydrogel coating to the substrate
surface. Third is the LbL self-assembly technique to coat crosslinked hydrogels [2].

2.1. Surface-Initiated Graft Crosslinking Polymerization

Free radical polymerization is a crucial way to prepare polymeric materials. The
polymerization reaction is initiated by active radicals located on the surface of the substrate,
so the adhesion of hydrogels can be promoted by generating active radicals on the substrate
surface and introducing grafting sites on the surface [40].

2.1.1. Direct Generation of Reactive Radicals on the Substrate Surface

Polymer materials are widely used in biomedical fields (e.g., heart valves, catheters,
contact lenses). Mature strategies have been established for surface modification of inor-
ganic materials, but general methods for polymer surface chemical modification are still
lacking due to the relatively low surface inertness and surface energy of polymers. The
photografting reaction may introduce surface-active radicals to grow polymer brushes and
hydrogel coatings on the surface [41]. In a typical photografting process, the Norrish II type
photoinitiator, e.g., benzophenone (BP), is excited to a singlet state (BPS) under irradiation
by UV light and is then transformed to a triplet state (BPT) by intersystem crossing. It is
well recognized that BPT is capable of abstracting hydrogen from other molecules or even
solid substrates (RH), which generates reactive radicals (R•) and relatively less reactive
benzopinacol radicals (BP-OH•). In the presence of vinyl monomer, R• acts as a reactive
species to initiate radical polymerization, while BP-OH• is stabilized by the conjugate effect
from the benzene ring and is not able to attack monomers but will couple with reactive
radicals. Since polymer materials have plenty of C–H bonds, it is convenient to conduct
photografting reactions on them. There have been some reports on the preparation of
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thin hydrogel layers by photografting on polymer substrates, and hydrogel coatings with
antibacterial properties have also been investigated. For example, Zhang Fanjun et al.
prepared a hydrogel antibacterial coating that can be applied to various blood-contacting
devices (PVC and polyurethane pipes) (Figure 1) [42]. Free radical polymerization on the
material surface was initiated with the photoinitiator benzophenone using an ultraviolet
lamp. The dehydrogenation of benzophenone forms reactive radicals on the PVC polymer
backbone and initiates monomer polymerization, resulting in a hybrid acrylamide and
acrylic hydrogel coating. The inhibition zone test and confocal laser scanning microscopy
revealed that the hydrogel coating could maintain remarkable antimicrobial and antifouling
properties for four weeks. Furthermore, the hydrogel coating decreased the platelet adhe-
sion/activation without risk of hemolysis. The ex vivo blood circulation study confirmed
the antithrombotic properties of the hydrogel coating. Using impregnation methods to coat
antibacterial drugs, Ag+, antibacterial peptides, and other substances may further improve
the antibacterial properties of blood-contacting catheters. In another study, Fu Xiaoyi et al.
prepared an ionic hydrogel coating doped with a Ni2+ trapping agent CS2 on the surface
of a Nitinol bone implant through radical polymerization technology initiated by pho-
tografting, which may effectively be antibacterial. CS2 coated the released Ni2+ through
chelating reaction to avoid cytotoxicity. This provides a research basis for embedding and
detecting Ni2+ released from implantable biomaterials [43]. However, some polymers only
have high-energy C(sp2)-H bonds, (e.g., polytetrafluoroethylene (PTFE), polyimide (PI)),
which cannot be surface-modified by photo-grafting. Because the irradiation energy of
traditional ultraviolet light is relatively low, these inert surfaces can be surface-modified by
photo-grafting with excimer lasers.

 

Figure 1. Preparation of the hydrogel coatings and antimicrobial agent loading [42]. (i) Pristine
Polymer; (ii) Initiator Absorbing; (iii) In situ growth of hydrogel coating; (iv) As-formed hydrogel
coating; (v) Antimicrobial agent loaded hydrogel coatings. Copyright 2021, The Royal Society
of Chemistry.
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2.1.2. Introduction of Peroxide Groups on the Substrate Surface

Redox reactions between peroxide initiators and reducing agents may generate free
radicals and initiate monomer polymerization. Peroxide groups may be activated under
the irradiation of ultraviolet lamps, which initiates free radical polymerization. Therefore,
the graft-crosslinking polymerization of hydrogels can be easily carried out on the surface,
functionalized with peroxide groups. For example, Ma et al. prepared hydrogel coatings
through a redox diffusion method in which Fe2+ mingled with the substrate material
before 3D printing; when Fe2+ leached from the 3D printed structures, a redox reaction
occurred with the persulfate ions S2O8

2− immersed in the solution, triggering the formation
of crosslinked hydrogels [44,45]. However, Fe2+ leaching may have harmful effects on
the properties of the substrate material; thus, Wancura Megan et al. developed a new
method [46] in which the adsorption of Fe2+ onto the substrate would not have these effects.
Iron (II) gluconate was adsorbed onto the substrate through a molecular adsorption method
and immersed in a mixture of ammonium persulfate (APS) solution and polyethylene glycol
diacrylate (PEGDA) to initiate a redox reaction between S2O8

2− and Fe2+ to produce sulfate
anions and free radicals. Then, the sulfate radicals triggered the vinyl groups of PEGDA,
initiating free radical crosslinking from the surface to produce a hydrogel (Figure 2). The
prepared hydrogel coating has a controllable thickness and is formed through a gentle
method that has proven to be effective in improving biocompatibility and preventing
thrombus formation in subsequent experiments.

 

Figure 2. (A) Diffusion-mediated crosslinking, where Fe2+ diffuses away from the substrate into
S2O8

2− to generate radicals and crosslink PEGDA hydrogels; (B) reaction between iron gluconate
and the persulfate anion to generate sulfate radicals that initiate poly(ethylene glycol) diacrylate
(PEGDA) end-groups; (C) hydrogel coatings immediately after crosslinking, after swelling for 24 h,
and after drying and re-swelling [46]. Copyright 2020, The Royal Society of Chemistry.

2.1.3. Introduction of Catechol Groups on the Substrate Surface

Catechol groups can become functional on the surface of most organic or inorganic
substrates [47]. The commonly used surface initiators of catechol groups include 3,4-
dihydroxyphenylalanine and dopamine, which may form coatings with adhesive function-
ality on the surface of substrates through autoxidative polymerization mechanism. The
generated quinones, amino groups, and phenolic hydroxyl groups can be used as reaction
sites to combine with free radical polymerization initiators and promote graft crosslinking
of hydrogels on the surface [48]. For example, in one study, Zhou et al. first deposited a
layer of polydopamine on the surface of polydimethylsiloxane (PDMS) (American Braintree
Scientific, Braintree, MA, USA) and then bonded the atom transfer radical polymerization
(ATRP) initiator (α-bromoisobutyl bromide, BiBB was purchased from Sigma-Aldrich,
Darmstadt, Germany) with hydroxyl and amino groups and fixed it to the surface of
the catheter; the cationic monomer or crosslinker (polyethylene glycol dimethacrylate,
PEGDMA was purchased from Sigma-Aldrich) initiated ATRP polymerization on the sur-
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face and formed an antibacterial hydrogel coating. The in vivo antibacterial and antibiofilm
effect of these non-leachable covalently linked coatings (using a mouse catheter model) can
be tuned to achieve a 1.95 log (98.88%) reduction and 1.26 log (94.51%) reduction of clinically
relevant pathogenic bacteria (specifically with Methicillin-resistant Staphylococcus aureus
(MRSA, were kindly provided by Kimberly Kline’s lab, which bought them from ATCC,
Manassas, Virginia, USA) and Vancomycin-resistant Enterococcus faecalis (VRE)) [49]. This
method of preparing antibacterial hydrogel coatings can also be used on small catheters
with an inner diameter of 0.3 mm. In addition to radical polymerization, other methods can
be used to prepare hydrogel coatings (e.g., Michael addition, Schiff-base addition, Diels-
Alder addition). For example, Chen Yin et al. prepared an NOE hydrogel-coated stainless
steel scaffold with nitric oxide elution [50]. The hydrogel precursor solution is directly
coated on the surface of the scaffold. Due to the difference between melting point and body
temperature, it is difficult to form a gel, so chemical crosslinking should be introduced.
The study used the Michael addition reaction that promotes cytocompatibility. The previ-
ously used sulfhydryl-maleimide addition reaction was too fast and difficult to operate,
so amine-maleimide addition was used instead of this reaction. Firstly, a P(DA-co-HDA)
film layer was deposited on the stainless steel surface. The NOE hydrogel coating was
prepared by coupling amine-maleimide and alginate, then crosslinking with gelatine and
selenium species. The hydrogel coating can withstand balloon dilation, inhibiting excessive
smooth muscle cell proliferation and preventing thrombus formation, and selenium species
can also catalyze NO production and regulate cardiovascular homeostasis. Previous ISR
prevention strategies rarely considered endothelial cell regeneration. This study increased
endothelial cell adhesion and proliferation by grafting a hydrogel coating on the scaffold
surface. The method has extensive research prospects.

Tugce et al. prepared a multifunctional “clickable” hydrogel coating through spin-
coating [51], which enhanced the ability to move from protein fixation to cell attachment.
Firstly, a dopamine methacrylamide layer was attached via catechol groups on the titanium
surface. Then, furan-protected maleimide methacrylate (FuMaMA) hydrogels were pre-
pared on the surface, and the furan groups were removed through a heating reaction, so that
maleimide can react with sulfhydryl groups. Thus, the hydrogel can be functionalized by
sulfhydryl maleimide nucleophilic addition and Diels-Alder cycloaddition reaction under
mild conditions. The degree of functionalization of the hydrogel can be controlled by attach-
ment of biotin-benzyltetrazine, followed by immobilization of TRITC-labelled ExtrAvidin,
thus satisfying various biological properties. This method involves a simple synthetic
principle and can couple various antibacterial substances, drugs, and biomolecules to
achieve surface functionalization through various click reactions, allowing more diverse
applications of hydrogel coatings. Liu prepared a polymer zwitterion coating based on
poly(2-methacryloyloxyethylphosphorylcholine-co-dopamine methacrylate) (pMPCDA)
copolymers with anti-inflammatory and antithrombotic properties [52], which are also
used for blood-contacting catheters. In order to prepare such a uniform and stable coat-
ing, the PVC surface was amino functionalized by co-deposition of polydopamine (PDA)
and polyvinyl imine. Then, based on various reaction mechanisms (e.g., Michael addi-
tion, Schiff-base addition) between catechol and amino groups, the zwitterionic pMPCDA
copolymer was stably modified on the surface of PVC by using the mussel shell excita-
tion chemical method. The hydrogel coating is not degradable, but degradable devices
can reduce long-term complications in association with the residue of foreign materials
in the body. Yang et al. prepared a membrane based on FDA-approved biodegradable
Poly L-lactic acid (PLLA) material. First, dopamine (DA) groups are introduced on the
surface of PLLA. Then, it is immersed in a synthetic Sulfobetaine methacrylate/Cerium
oxide@Methacrylated gelatin dopamine conjugate (SBMA/CeO2@GMDA) solution. After
Michael addition and Schiff base reaction, the nanoceria-eluting degradable zwitterion
hydrogel coating is fabricated (Figure 3) [53].
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Figure 3. Schematic illustrations of preparation process of nanoceria-eluting degradable zwitterion
hydrogel coating on PLLA membrane [53]. Copyright 2021, Chemical Engineering Journal.

2.1.4. Introduction of Silane Coupling Agents on the Substrate Surface

Silane coupling agents may modify the surface of most inorganic or organic materials
by introducing various functional groups as reaction sites, such as amine, aldehyde, thiol,
vinyl, and quaternary ammonium groups [54]. Among them, the quaternary ammonium
salt group has been proven by many researchers to have a very effective antibacterial ability.
These reactive sites contribute to the adhesion of hydrogel coatings [55]. For example, Wu
Xiaofang et al. studied an antibacterial hydrogel-coated artificial joint prosthesis [56]. In this
study, the silane-coupling agent was loaded on the surface of laser-treated titanium alloy
with hydrogen bonds; then, chitosan gelatin mixed hydrogel was prepared, which was
immersed in nano-silver solution to form CS-GT-nAg antibacterial hydrogel. Using the 3D
printing method, the hydrogel was connected with silane coupling agents by covalent bond
and hydrogen bond, and firmly attached to the titanium alloy. The hydrogel coating has a
dual-scale porous network structure, and the composite coating constructed by applying
this method is more uniform and less prone to peeling, improving biocompatibility and
antibacterial properties compared with porous coatings prepared by sol-gel [57], microarc
oxidation [58], and laser sintering methods [59]. Refer to Table 2 for the above information.
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2.2. Anchoring the Hydrogel Coating to the Substrate Surface

The preparation of stable polymer brushes on the material surface is possible by
initiating graft-crosslinking polymerization on the substrate surface, which introduces a
high density of reaction sites. However, the reaction efficiency is low, and the preparation
of hydrogel coatings on the material surface does not require too many reaction sites. In
general terms, the hydrogel can be thought of as a large molecule; immobilization on the
material surface improves the coating binding stability and reaction efficiency.

2.2.1. Click Chemistry for Anchoring Hydrogels to the Substrate Surface

Click chemistry has contributed significantly to the chemical synthesis field [60]. It
has many applications, high yields, harmless byproducts, and simple reaction conditions.
It is a widely used method in the field of biomedical research and includes the azide-alkyne
cycloaddition reaction (AAC) [61], thiolene reaction [62], and Diels-Alder reaction [63]. The
thiolene reaction is widely used for preparing hydrogel coatings due to its high reaction
efficiency and fast gel formation. Magennis et al. functionalized polydimethylsiloxane
(PDMS) with the silane coupling agent MTS [64]. Then, they used the introduced thiol
groups as reaction sites to crosslink with multifunctional monomers to prepare hydrogel
coatings immobilized on the substrate surface. The in vitro experiments showed effective
bacterial growth inhibition compared to unmodified PDMS.

2.2.2. Dopamine Group Functionalized Hydrogels Anchored on the Substrate Surface

Introducing dopamine groups into the hydrogel structure and anchoring on the sub-
strate surface may avoid complicated pretreatment procedures on the substrate surface and
improve the reaction efficiency.

Leng Jin et al. constructed a ZnO layer with a nanoflower-like structure on a tita-
nium surface by a hydrothermal method and then prepared a hybrid hydrogel of gelatine
methacrylate (GelMA) and hyaluronic acid methacrylate (HAMA), which was firmly at-
tached to the ZnO layer by grafting catechol motifs on the hydrogel and conducting photo-
crosslinking (Figure 4) [65]. The composite could self-adapt. Under normal conditions, the
hydrogel coating is stable and may effectively reduce the toxicity of ZnO. However, when
bacterial infection occurs, the hydrogel coating can be effectively degraded by enzymes to
release ZnO for antibacterial purposes, which further regulates the biological behavior of
fibroblasts and exhibits good soft tissue compatibility while effectively balancing biosafety
and antibacterial activity.

He Ye et al. used the same method to prepare catechol motif-modified gelatine
methacrylate containing photosensitizer Chlorin e6-loaded mesoporous polydopamine
nanoparticles (GelMAc/MPDA@Ce6), which were firmly attached to the titanium after
365 nm UV for 10 min [66]. Then, the photobiomodulation (PBM) method and photody-
namic therapy (PDT) was performed by laser irradiation at specific wavelengths, which
enabled the Ce6 photosensitizer to be activated to produce reactive oxygen species (ROS)
and combine with other biomolecules to promote tissue repair. The coating exhibited
effective antibacterial properties and promoted cell adhesion and proliferation. Combining
PBM methods with hydrogel coatings of biomaterials to achieve biological functions is
relatively novel and promising. Both studies used catechol moieties as anchoring groups
to graft hydrogel coatings. The anchoring principle of catechol is that large amine groups,
phenolic hydroxyls, and quinone structures formed by the oxidation of the derivative
deposition layer may function as reactive sites to couple to initiators of active/controllable
radical polymerization, which can be helpful in grafting antibacterial hydrogel coatings
onto substrates. Catechol is an important pharmaceutical intermediate that can firmly
attach a hydrogel coating to the substrate and is now widely used in biomaterials.
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Figure 4. Schematic diagram of the self-adaptive strategy of [65]. Copyright 2021, Elsevier.

2.2.3. Anchoring Hydrogel Layers by Free Radical Polymerization

The attachment of the hydrogel layer involves first prefixing the initiator on the
substrate surface; then, the hydrogel precursor solution is polymerized on the substrate
surface. In addition, instead of initiating polymerization on the surface, the hydrogel layer
may initiate polymerization in the precursor solution and then be chemically anchored to
the substrate surface through grafting groups on the surface of the hydrogel layer.

Liu Chengde et al. prepared a bifunctional nanocomposite hydrogel coating on the
surface of poly(aryl ether ketone) PAEK implants [67,68]. The raw materials for hydrogel
preparation included type A gelatine, acrylic acid (AA), N-succinimidyl acrylate (AAc-NHS
ester), nano-hydroxyapatite, and methacrylic anhydride (MA). As shown in Figure 5, bulk
nanocomposite hydrogels were first prepared by dissolving AA, GelMA, AAc-NHS ester,
and α-ketoglutaric acid (KGA) in deionized water, then mixed with nanohydroxyapatite in
different proportions and cured in an ultraviolet light (UV) chamber for 15 min [69,70]. A
novel poly (phthalazinone ether sulfone ketone) containing allyl groups (APPBAESK) was
spin-coated on the surface of PPBESK. Then, the already prepared bulk hydrogel was spin-
coated on the surface and crosslinked under UV irradiation to form the coating. NHS-ester
activated groups and nano-HA were introduced to endow tissue adhesivity and osteogenic
activity. Chemically inert PPBESK was successfully functionalized by spin-coating of
APPBAESK containing allyl groups. The nanocomposite hydrogel coating containing
nano-HA and NHS-ester activated groups was chemically anchored on the surface of
modified PPBESK, which greatly improved its hydrophilicity. The resulting bifunctional
PPBESK could adhere to tissues quickly and with high adhesion strength up to 300 KPa
in pig skin. In addition, osteoblasts and fibroblasts could adhere and proliferate well on
the surface of nanocomposite hydrogel coatings on PPBESK. Importantly, ALP expression
and osteoblastic differentiation of preosteoblasts cultured with modified PPBESK were
promoted by the nanocomposite hydrogel coating containing nano-HA. In conclusion, this
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research provides a new modification strategy of PAEK implants for integrating osteogenic
activity and tissue adhesivity. Refer to Table 3 for the above information.

 

Figure 5. Preparation process of the chemically anchored bifunctional nanocomposite hydrogel
coating. Reproduced with permission of [67]. Copyright 2021, John Wiley and Sons.

2.3. LbL Self-Assembly Technique to Coat Crosslinked Hydrogels

The layer-by-layer self-assembly technique may prepare coatings on substrate surfaces
through alternating deposition methods [71], and the coatings can be attached mainly by
hydrogen bonding, electrostatic interactions, and charge transfer interactions. Because of
the low stability of such noncovalent bonding forces, each layer can be deposited conju-
gately by covalent bonding in the preparation of hydrogel coatings. The LbL self-assembly
technique is more suitable for preparing ultrathin hydrogel coatings. The substrate surface
needs pretreatment, and the covalent attachment of the layer to the substrate surface may
be realized by grafting functional groups. For example, the surface of the silicon wafer un-
dergoes functionalization through reactants containing dopamine groups [72]; an ultrathin
hydrogel coating can be prepared by depositing alternating polyacrylic acid (PAA) and
chitosan quaternary ammonium salts using the LbL self-assembly technique. The coating
surface is positively charged and effectively inhibits bacterial adhesion.

Cai et al. prepared polyethylenimine (e-PEI) and alginate (Alg) conjugated with
carboxyl-ebselen using the LbL self-assembly technique and then prepared multilayer films
by crosslinking with the coupling agent EDC (Figure 6) [73]. Moreover, the functional
membrane generated by the reaction of selenate with oxygen may produce superoxide,
which inhibits bacterial adhesion. When (e-PEI/Alg)50 was placed in 105 CFU/mL E. coli
at 37.5 ◦C, it was found that all the bacteria were killed after 24 h. The hydrogel coating
may kill broad-spectrum bacteria.

Wang et al. synthesized Poly[oligo(ethylene glycol)fumarate]-co-poly[dodecyl bis(2-
hydroxyethyl)methylammonium fumarate] (POEGDMAM) containing multi-enes and
poly[oligo(ethylene glycol)mercaptosuccinate] (POEGMS) containing multi-thiols by poly-
condensation reaction, and the two synthesized functional polymers were deposited on
thiosilicate substrates by the LbL self-assembly technique and “click” chemistry to prepare
a crosslinked hydrogel coating [74]. The antibacterial activity of the ultrathin hydrogel
films on silicon wafers was determined by the disc diffusion method against Gram-negative
(Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria. The control groups
without any hydrogel films generated no inhibition zones, while the others exhibited inhibi-
tion zones for both of these types of bacteria. The zones were quite obvious, considering the
thickness of the films was just below 100 nm. Moreover, the inhibition zones increased sig-
nificantly with the number of bilayers, which confirmed the LbL reaction on the substrates.
Refer to Table 4 for the above information.
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Figure 6. Schematic illustration of two-step annealing of LbL films, including salt annealing and
cross-linking [73]. Copyright 2011, Elsevier.

In summary, the above three preparation strategies have their advantages. The tol-
erance of surface-initiated graft crosslinking polymerization to water and impurities as
well as its compatibility with various functional monomers enable the hydrogel coating to
be effectively loaded on the surface of the substrate; the photograft crosslinking method
can achieve the regulation of the overall or local antibacterial properties of the material.
Photo- driven polymerization can be carried out in vivo in a non-invasive way, which has
a good biomedical application prospect. Anchoring the hydrogel coating to the substrate
surface is simple and does not require too many reaction sites, and the entire composite
has a “sandwich” structure, which has a positive impact on the subsequent antibacterial
modification. The LbL self-assembly technique to coat crosslinked hydrogels has long-term
stability and is suitable for use as a carrier for slow release of antibacterial drugs. The
preparation process is simple, gentle, and fast, and the hydrogel coating can act on the hu-
man body for a long time. Researchers can design different grafts and functional hydrogel
coatings according to their needs.

Thus far, this review has detailed methods for preparing hydrogel coatings on the
substrate surface of biological materials. At present, it is necessary for biomedical materials
to have effective antibacterial properties. Although hydrogel itself has certain antibacterial
properties, the antibacterial effect of being implanted into human body as a coating is not
sufficient; thus, it is necessary to combine antibacterial substances with hydrogel coatings
through reasonable chemistry to enhance the antibacterial effect. Next, we will introduce
the antibacterial mechanism of hydrogel coating by classification.

3. Hydrogel Coatings in Biomedical Antibacterial Applications

The following three antibacterial methods are the main methods for material surface
modification by hydrogel coatings: The first is bacterial repellence and inhibition. The
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second is the contact surface killing of bacteria. The third is the release of antibacterial
agents (Figure 7) [2].

Figure 7. Strategies for antibacterial hydrogel coatings [2]. Copyright 2020, Elsevier.

3.1. Bacterial Repellence and Inhibition

In the earliest stage of bacterial biofilm formation, bacterial adhesion on the surface
is reversible, so the introduction of hydrogel coatings that repell bacterial adhesion is
the most direct antibacterial method. The hydrogel coating prepared by this method has
better biocompatibility [75]. When biomaterials are implanted into the body, proteins tend
to absorb nonspecifically on the surface, which promotes bacterial adhesion; thus, the
repellent hydrogel coating should effectively inhibit the nonspecific absorption of proteins.
Substances with hydrogen bonding acceptors and hydrophilic polar functional groups may
inhibit the nonspecific absorption of proteins; they may form hydrogen bonds with water
molecules in aqueous media and form a highly hydrated layer on the polymer surface
to effectively achieve antibacterial properties. Polyethylene glycols (PEG) [76], polyvinyl
alcohols (PVA) [77], polyacrylates [78], amphiphilic polymers [79], polysaccharides, and
other hydrophilic substances are widely used as raw materials in the field of antibacterial
hydrogels [80]. Next, the applications of hydrogel coatings containing the above substances
in biomaterials are introduced.

PEG has excellent biocompatibility. The easiest way to prepare PEG hydrogels is
to crosslink the PEG derivatives with two capped vinyl groups, such as polyethylene
glycol diacrylate (PEGDA), or copolymerize the PEG macromonomer containing one vinyl
group at the chain end, such as (PEGMA). Ekblad and his colleagues prepared PEGMA
copolymer hydrogel coatings on the surface of biomaterials, reducing the sedimentation
density of bacteria to less than 5% compared to that on the original surface [81]. Johnbosco
Castro et al. used a spray coating technique to uniformly distribute a reactive hydrogel
precursor on cobaltchromium (CoCr) vascular stents and left the solution polymerizing
to form a hydrogel coating [82]. The hydrogel coating is a mixture of four-armed PEG
and heparin with disilane and poly (ethylene-alt-maleic anhydride) (PEMA) as a bonding
layer, ensuring that the hydrogel coating can provide covalent immobilization on the stent
surface. Bioassay results showed that the PEG-based hydrogel coatings could effectively
prevent the settlement and accumulation of bacteria.

PVA hydrogels can be prepared by physical and chemical crosslinking, have excellent
biocompatibility and hydrophilicity, and are widely used in the field of biomaterials. Li et al.
applied polyurethane prepolymer/polyvinyl alcohol (PPU/PVA) hydrogel coatings on
the surfaces of polydimethylsiloxane (PDMS) nerve electrodes and compared these with
the surfaces of nerve electrodes not coated with any substance and only coated with
a polyurethane prepolymer (PPU). The surface nonspecific fibrinogen adsorption was
reduced by 92%, proving that polyvinyl alcohols have effective antibacterial properties [83].
Yan et al. embedded quaternized chitosan-coated molybdenum disulfide (QCS-MoS2)
nanomaterials in PVA hydrogels. QCS-MoS2 has photoresponsive properties that improve
the mechanical strength of PVA hydrogels; it also has good photothermal conversion ability
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to generate reactive oxygen species under the irradiation of near-infrared light at 808 nm,
which enables the hydrogels to exhibit excellent antibacterial activity while remaining
non-cytotoxic to L929 cells [84].

Polyacrylate hydrogels may form free radical polymerizations initiated by carbon—carbon
double bond functional groups. Polyester blocks may hydrolytically degrade these hydro-
gels after implantation as a surface coating for biomaterials. The degradation products
eventually exit the body through internal circulation. Every year, millions of repair proce-
dures occur in hospitals worldwide, and inguinal hernia repair is one of the most common
procedures [85,86]. In the 1960s, polypropylene (PP) mesh emerged as a biomaterial for
hernia repair. In addition to PP, polytetrafluoroethylene (PTFE), polyurethane (PU), and
polyethylene (PE) can also be used for hernia repair [87–91]. Since a synthetic mesh
implanted in the human body produces various adverse reactions in the physiological
environment due to the presence of bacteria, leading to chronic pain and discomfort, a
polyacrylate hydrogel coating was introduced to avoid bacterial adhesion on the implant
surface while demonstrating antibacterial properties and promoting cell proliferation. For
example, Andrada Serafim et al. prepared GelMA and MuMa hydrogel coatings on the
surface of a PP mesh by EDC-NHS chemical grafting (Figure 8) [92]. The study showed
that the GelMA hydrogel-coated scaffold interacted most strongly with fibroblasts, and this
interaction was further enhanced when GelMA was combined with PRP, indicating that
the coating could promote wound healing. The coating effectively prevents the adhesion of
Gram-positive and Gram-negative bacteria, opening up a novel direction for the application
of bioactive meshes for ventral hernia repair.

 

Figure 8. Coating characterization: Schematic representation of the three-step procedure used for
the surface functionalization of PP meshes: 1—plasma treatment, 2—functionalization with protein
analogues GelMA and MuMA (synthesis in inset), 3—generation of polymer-based hydrogels as
coatings for the PP fibers. Reproduced with permission of [92]. Copyright 2020, MDPI polymers.

Polyacrylamide (PAM)-based hydrogel coatings have more antibacterial activity than
polyacrylate coatings because of the higher surface hydration capacity of the amide
groups. PAM-based hydrogels are polymers consisting of acrylamide (AAM) copoly-
merized with other monomers and are widely used in biomedical antibacterial materials.
For example, Zhang J. et al. prepared a hydrogel by combining chitosan and poly(N-(2-
hydroxyethyl)acrylamide) (PHEAA), which exhibited excellent mechanical properties with
a fracture stress of 3.8 MPa and a strain of 640%. The antibacterial property of PHEAA may
effectively inhibit the adsorption of nonspecific proteins, endowing the hydrogel excellent
antibacterial properties [93].
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We can combine the above substances in two or more reasonable combinations to
obtain better antibacterial properties. Although the bacteria-repelling strategy has a good
effect, it cannot kill pathogens in body fluids. Moreover, PEG-based coatings and other
polymer coatings cannot completely prevent the adhesion of bacteria.

3.2. Contact Surface Killing of Bacteria

Researches show that the combination of bactericidal compounds and hydrogel coat-
ings can effectively kill bacteria. Different from the passive antibacterial mechanism of
bacterial-repelling hydrogel coatings, the bactericidal hydrogel coating can actively kill
bacteria by destroying the cell membrane of bacteria, thus preventing the propagation of
bacteria and achieving effective antibacterial activity. The bactericidal compounds com-
monly used generally contain cations and hydrophobic groups, and since bacteria have
negative charges, they can be adsorbed by the cations of the bactericidal compounds. The
hydrophobic groups of bactericides may also damage the lipid composition of the bacte-
rial membranes. Some widely used bactericides are antimicrobial peptides (AMPs) and
quaternary ammonium compounds (QACs) [94,95].

Antimicrobial peptides (AMPs), also known as host defense peptides, can be produced
by plants, animals, humans, and bacteria. AMPs have effective antibacterial activity as the
first line of defense against pathogenic invasion. The active bactericidal components of
AMPs are arginine and lysine cations as well as a high proportion of hydrophobic amino
acids. The antibacterial mechanism of AMPs is similar to that of quaternary ammonium
compounds, which damage bacterial membranes through electrostatic interactions and
hydrophobic groups. The AMPs may also self-assemble into physically crosslinked hydro-
gels with practical antibacterial ability. Tugce et al. anchored polymer films containing
maleimide groups on the surface of titanium with catechol and then coupled them with
AMPs by click chemistry. The antibacterial activity was enhanced, with an antibacterial
rate of up to 80% (Figure 9) [96].

 

Figure 9. Schematic diagram of polymer hydrogel coating coupled with antimicrobial peptides
to enhance the antibacterial performance. Reproduced with permission of [96]. Copyright 2019,
American Chemical Society.

The bactericidal mechanism of quaternary ammonium compounds is the hydropho-
bic binding between cations and protein molecules, which adhere to bacteria, aggregate
on the cell wall, and produce a chamber resistance effect to kill bacteria. In addition,
the hydrophobic groups of QACs may interact with the hydrophilic groups of bacteria,
changing the permeability of bacterial membranes and damaging the bacterial membrane
structure. Combining QACs with hydrogel coatings may effectively confer antibacterial
ability to the coatings and kill bacteria on contact, reaching nearly 100% antibacterial effect
against Gram-positive and Gram-negative bacteria. Tao et al. prepared a hydrogel coating
based on disulfide bonds by initiating a photopolymerization reaction of N-hydroxyethyl
acrylamide (HEMAA), methylacryloxyethyl trimethyl ammonium chloride (DMC), and
bis(2-methylpropene) ethoxydisulfide (DSDMA) on the surface. The coating combines
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the anti-adhesion property of poly(N-hydroxyethyl acrylamide) (PHEAA) with the bacte-
ricidal property of poly(quaternary ammonium salt), effectively inhibiting the adhesion
and infection of E. coli and marine Vibrio. Ren et al. grafted QACs onto a polyurethane
(PU) surface via surface-initiated atom transfer radical polymerization (SI-ATRP), and then
grafted PVP hydrogel onto the surface by a Fenton-like reaction. QACs could improve
the hydrophilicity of PU, and the surface water contact angle decreased from 93.6◦ to 60◦,
inhibiting bacterial adhesion and killing bacteria [97].

AMPs and QACs have excellent bactericidal properties but cannot distinguish between
normal cells and bacteria, resulting in poor biocompatibility. A combination of repellent
and bactericidal mechanisms have been used to overcome these drawbacks. For example,
Yan et al. prepared a composite coating of poly (N, N-dimethyl aminoethyl methacry-
late) block copolymer (PDMAEMA) and PSBMA using a surface-initiated photoiniferter-
mediated polymerization (SI-PIMP) strategy. PSBMA formed a zwitterionic outer layer
on the PDMAEMA layer. In the wet state, it can not only achieve the effect of repelling
bacteria, but also reduces the erosion of normal cells on the cationic part. In the dry state,
the amphoteric outer layer collapses to expose the cationic part, achieving a bactericidal
effect. The method enhances the biocompatibility of the composite (Figure 10) [98].

 

Figure 10. Antibacterial Surface in Dry and Wet Environment. In the dry state, the zwitterionic outer
layer collapses, and the polycationic antibacterial layer kills bacteria (a); the collapsed zwitterionic
outer layer swells (b) and allows the release of dead bacteria in the wet state (c). In a wet environment,
the zwitterionic outer layer also prevents bacterial adhesion (d). Reproduced with permission of [98].
Copyright 2016, American Chemical Society.

Photocatalytic semiconductor composite hydrogels with reactive oxygen species (ROS)-
generating capability have also attracted great attention for their contact bactericidal per-
formance. Currently, such composite hydrogels are widely studied in the field of biological
dressing coatings. Deng et al. prepared a hydrogel using oxidized sodium alginate and
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carbohydrazide-modified methacrylated gelatin as the matrix. Au@ZIF-8 semiconductor
nanomaterials with MOF structure were embedded in the hydrogel. Au@ZIF-8 had the
capability of photocatalysis, which can kill bacteria in contact with the wound surface by
producing ROS under the irradiation of visible light [99]. Xing et al. prepared a chitosan
sponge hydrogel coated with copper doped WO3-x semiconductor material, which also had
the same bactericidal mechanism (Figure 11) [100].

  

Figure 11. On the left is a diagram of reference [99]. (a) Schematic representation of Au@ZIF-8
synthsis; (b) Graphic illustration of Au@ZIF-8 imbedded into the hydrogels for light-driven treat-
ment of the infection model; (c) Representaive chemical structures of individual components of the
hydrogels. Copyright 2021, Elsevier. On the right is a diagram of reference [100]. Copyright 2023,
American Chemical Society. The bactericidal mechanism of the two images is the same. Both produce
reactive oxygen species (ROS) through photocatalytic semiconductor composite hydrogels to achieve
bactericidal purposes.

3.3. Release of Antibacterial Agents

The three-dimensional network structure of hydrogels can be loaded with antibiotics,
AMPs, cationic polymers, silver ions, copper ions, antibacterial drugs, and other bactericidal
compounds to enhance the antibacterial properties of the biomaterials. Compared with
the above two methods, this method is more flexible and controllable, repelling bacteria
and killing bacteria via released antibacterial agents. However, the preparation process is
relatively complex and requires consideration of the release rate and concentration of the
antimicrobial agents. For example, Hoque et al. prepared a biocompatible hydrogel using
dextran methacrylate (Dex-MA) as a monomer and encapsulated it with a small molecular
cationic biocide by in situ loading during photopolymerization. The hydrogels showed
a sustained release of biocide and displayed 100% activity against methicillin-resistant
Staphylococcus aureus (MRSA) for an extended period of time (until day 5) [101].

Due to the limitation of the surface hydrogel coating function, the coated antibacterial
substance will become depleted gradually and cannot maintain an excellent antibacterial
effect for a long period. Therefore, the release rate of antibacterial substances should be
reasonably controlled. Thus, an intelligently controlled release coating structure can be
prepared to release antibacterial substances under specific conditions (pH, light reaction,
temperature, and REDOX reaction) to kill bacteria and free bacteria attached to the material
surface. The applications of these intelligent controlled-release hydrogel coatings will be
described in the following sections.

Yan Kun et al. prepared composite hydrogel antibacterial coatings on stainless steel
needle electrodes via a two-step electrochemical strategy [102]. First, electrochemical
deposition was conducted to combine chitosan and other monomers on the surface of the
stainless steel needle electrodes to form a hydrogel coating. Second, silver nanoparticles
were synthesized in the hydrogel coating through an in situ electrochemical synthesis
method. The hydrogel coating has a layered structure and releases silver nanoparticles
in stages through the change in pH value to achieve controllable antibacterial properties.
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This method is environmentally friendly and promotes the development of multifunctional
nanomaterials in the biomedical field.

Xue et al. prepared a Dexp-loaded CuS nanoparticle cross-linked PEG hydrogel
coating on the surface of 3D-printed polycaprolactone PCL scaffolds [103]. First, Dexp was
loaded onto CuS NPs; then, the D-CuS-PEG hydrogel was prepared by crosslinking in PEG
polymer, and the coating was formed on the surface of the PCL scaffold. CUS NPs had
excellent photothermal conversion capability and high drug-loading capability. They could
release Cu2+ and dexamethasone sodium phosphate under 1064 nm NIR irradiation and
had excellent antibacterial activity.

Chandna et al. prepared a lignin-based hydrogel with both pH and light response
properties; the hydrogels were doped with a photosensitizer (Rose Bengal, RB) and also
with RB-conjugated lignin-derived silver nanocomplexes (RB@L-AgNCs). The RB@L-
AgNCs were released under acidic conditions and irradiated with a green laser for 3 min.
Reactive oxygen species (ROS) were produced, which greatly reduced the survival rate
of bacteria. In subsequent studies, the hydrogel could be used in wound dressings and
nanocoatings to achieve a stimulus-responsive antibacterial effect [104].

Li et al. loaded simvastatin into titanium dioxide nanotubes and prepared a ther-
mosensitive chitosan-glycerin-hydroxypropyl methyl cellulose hydrogel (CGHH) coating
on the surface of the nanotubes. At a normal body temperature of 37 ◦C, the CGHH coating
was in the sol state, which resulted in the controlled release of simvastatin and promoted
the differentiation of osteoblast MC3T3-E1. During bacterial infection, the CGHH coating
transitioned into a gel state as the temperature rose to 40 ◦C, releasing glycerol and inducing
macrophage polarization to the pro-inflammatory M1 phenotype to kill the bacteria [105].

Han et al. prepared a C-HA-Cys-allicin hydrogel coating with catechol-modified
hyaluronic acid, cysteine, and allicin, and placed the hydrogel coating in an H2O2 solu-
tion. They found that the coating could be oxidized, which proved its REDOX response
performance. Then, rhodamine was loaded into the hydrogel coating. It was found that the
coating could release the drug in a REDOX environment for antibacterial purposes, and the
best antibacterial effect occurred at a drug concentration of 5 μg/mL [106].

Each of the above three antibacterial methods has advantages and limitations. As
mentioned above, dead microorganisms may accumulate after killing bacteria on the
surface and affect the material properties. Releasing antibacterial agents also does not
guarantee 100% elimination of bacteria; once bacteria are attached to the surface, they may
multiply rapidly. To solve these limitations, we may combine two or more antibacterial
mechanisms to prepare a hydrogel coating with excellent biocompatibility and antibacterial
functions. For example, Jon et al. prepared HA-based hydrogel coatings on Ti6Al4V
implants and used different crosslinking agents (1,4-butanediol diglycidyl ether, BDDE or
divinyl sulfone, DVS) to modulate the physicochemical and nanomechanical properties
of synthesized hydrogel coatings (Ti-HABDDE and Ti-HADVS) (Figure 12) [107]. Because
the HA-based hydrogel coating has only excellent bacterial repellent function, in order to
realize the bifunctional antibacterial mechanism (bacteria-repelling and bactericide-release),
the researchers coated the antibacterial drug in the three-dimensional network structure of
the hydrogel. Experiments showed that the coating had the ability to sustainedly release
cefuroxime (CFX), tetracycline (TCN), amoxicillin (AMX, and acetylsalicylic acid (ASA).
Relevant test data are as follows: HA-based hydrogel coatings demonstrated an outstanding
multifunctional antibacterial activity: bacteria-repelling (51–55% of S. aureus and 27–40% of
E. coli), bacteria-killing (82–119% of S. aureus and 83–87% of E. coli) and bactericide release
killing (drug-loaded hydrogel coatings, R > 2).
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Figure 12. Graphical scheme and contact angle values. Reproduced with permission of [107].
Copyright 2023, Elsevier.

4. Conclusions and Prospects

This paper provides a detailed review of the application of hydrogel coatings in
biomedical antibacterial applications and introduces the principles of adhesion on the
surface of materials and antibacterial strategies. Hydrogels can be attached to the surface of
biomaterials in three ways: The first is surface-initiated graft crosslinking polymerization.
The second is anchoring the hydrogel coating to the substrate surface. The third is the LbL
self-assembly technique to coat crosslinked hydrogels. Hydrogel coatings’ antibacterial
strategies are divided into three types: The first type is bacteria repellence and inhibition.
The second type is the contact surface killing of bacteria. The third type is the release of
antibacterial agents.

The antibacterial hydrogel coating interacts with organic and inorganic components as
a biocompatible surface modifier, and the coating acts as a buffer between biomaterials and
human tissues, making the biphasic interface of the material more stable and flexible and
meeting the various needs of human tissue repair. The two key advantages of hydrogel
coatings are as follows: Firstly, the coating can be firmly attached to the surface through
chemical crosslinking and various anchoring reactions. Secondly, the coatings can attach
to almost all kinds of materials, such as precious metals, oxides, polymers, and ceramics.
Hydrogel coatings have excellent prospects for application, simple processing, stable
performance, and wide application. Although significant progress has resulted from the
research of antibacterial hydrogel coatings in biomedical applications, most of the research
is only at the stage of cell and animal experiments, and further research on subsequent
clinical applications needs to be conducted. The current research difficulties include the
following: Firstly, the preparation method of antibacterial hydrogel coatings needs to be
improved. Although the graft density of surface-initiated graft crosslinking polymerization
is high, the initiator needs to be grafted to the surface, and the preparation process is
relatively complex. The method of fixing the hydrogel coating to the substrate surface may
result in uneven coverage of the hydrogel coating to the substrate surface due to the steric
hinderance of the graft chain. Secondly, greater attention should be given to the study of
the chemical stability of hydrogel coatings, including swelling, durability, degradability,
mechanical properties, etc., which are important for the long-term effect of antibacterial
hydrogel coatings on the human body. For example, swelling could be a problem for the
coating of tubular medical devices, as the large swelling degree of hydrophilic hydrogels
might block the tube. Finally, sterilization has been reported as an issue for most hydrogel
coatings. In the complex environment of the body, the hydrogel coating needs to adapt to
high temperature, high pressure, oxidation, and other conditions but also needs to maintain
adhesion properties and bactericidal activity on the surface of the substrate. These problems
will become the focus of future research on antibacterial hydrogel coatings. Future research
directions may focus on the following aspects. First, there is a need to improve the adhesion
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of hydrogel coatings. The graft density should be large and uniform, so that the hydrogel
coating uniformly covers the surface of the substrate, which is convenient for subsequent
modification. Second, improvement of the mechanical properties of hydrogels and study
of their long-term chemical stability are required, including improving the mechanical
properties and breaking strength of hydrogels by crosslinking other chemicals. A third
focus is the improvement of the swelling property of hydrogel, which is controlled by the
change of pH and temperature. Improvement of this property is necessary for an intelligent
and stable hydrogel coating. Fourth is the selection of materials that use monomers or
segments with controllable degradation cycles and that have nontoxicity and harmless
degradation products. This review provides a theoretical reference for follow-up research.
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29. Demirkıran, E.; Başyiğit, B.; Altun, G.; Yücetepe, M.; Sağlam, H.; Karaaslan, M. Facile construction of fruit protein based natural
hydrogel via intra/inter molecular cross-linking. Food Hydrocoll. 2022, 133, 107899. [CrossRef]

30. Kojima, C.; Koda, T.; Nariai, T.; Ichihara, J.; Sugiura, K.; Matsumoto, A. Application of Zwitterionic Polymer Hydrogels to Optical
Tissue Clearing for 3D Fluorescence Imaging. Macromol. Biosci. 2021, 21, 2100170. [CrossRef]

31. Stor, D.S.; Andersen, O.S. Bilayer mediated regulation of pore formation by the antimicrobial peptide melittin. Biophys. J. 2022,
121, 217a–218a. [CrossRef]

32. Yu, H.; Zhu, Y.; Hui, A.; Yang, F.; Wang, A. Removal of antibiotics from aqueous solution by using porous adsorbent templated
from eco-friendly Pickering aqueous foams. J. Environ. Sci. 2021, 102, 352–362. [CrossRef] [PubMed]

33. Varani, T.; Abdouss, M.; Azerang, P.; Tahghighi, A. Acetylenic Sulfones and Acetylenic Sulfonamide Analogs: A Novel and
Preferable Antimicrobial Drugs Based on Computational Strategies. J. Comput. Biophys. Chem. 2022, 21, 115–122. [CrossRef]

34. Zhao, S.; Ke, H.; Yang, T.; Peng, Q.; Ge, J.; Yao, L.; Xu, S.; Zhirong, D.; Pan, G. Enhanced Thermal and Antibacterial Properties of
Stereo-Complexed Polylactide Fibers Doped With Nano-Silver. Front. Mater. 2022, 9, 775333. [CrossRef]

35. Ahmad, N.J.; Ansari, M.J. The Use of Zinc Oxide in a Public Healthcare Organization in Riyadh Region. J. Pharm. Res. Int. 2021,
33, 8–12. [CrossRef]

36. Griffith, L.G.; Naughton, G. Tissue engineering—Current challenges and expanding opportunities. Science 2002, 295, 1009–1014.
[CrossRef] [PubMed]

37. Spector, M. An interview with Jianwu Dai: Understanding the biological processes underlying regeneration to direct the
implementation of biomedical materials. Biomed. Mater. 2020, 15, 030201. [CrossRef]

38. Beaman, H.T.; Howes, B.; Ganesh, P.; Monroe, M.B.B. Shape memory polymer hydrogels with cell-responsive degradation
mechanisms for Crohn’s fistula closure. J. Biomed. Mater. Res. A 2022, 110, 1329–1340. [CrossRef] [PubMed]

39. Bose, S.; Robertson, S.F.; Bandyopadhyay, A. Surface modification of biomaterials and biomedical devices using additive
manufacturing. Acta Biomater. 2018, 66, 6–22. [CrossRef]

40. Zhang, Z.; Zhang, Z.; Hong, Z. Unscented Kalman Filter-Based Robust State and Parameter Estimation for Free Radical
Polymerization of Styrene with Variable Parameters. Polymers 2022, 14, 973. [CrossRef] [PubMed]

41. Arango-Santander, S. Bioinspired Topographic Surface Modification of Biomaterials. Materials 2022, 15, 2383. [CrossRef] [PubMed]
42. Zhang, F.; Hu, C.; Yang, L.; Liu, K.; Ge, Y.; Wei, Y.; Wang, J.; Luo, R.; Wang, Y. A conformally adapted all-in-one hydrogel coating:

Towards robust hemocompatibility and bactericidal activity. J. Mater. Chem. B 2021, 9, 2697–2708. [CrossRef]
43. Fu, X.; Liu, X.; Hao, D.; Xiao, W.; Nie, Q.; Meng, J. Nickel-Catcher-Doped Zwitterionic Hydrogel Coating on Nickel–Titanium

Alloy Toward Capture and Detection of Nickel Ions. Front. Bioeng. Biotechnol. 2021, 9, 698745. [CrossRef] [PubMed]
44. Ma, S.; Yan, C.; Cai, M.; Yang, J.; Wang, X.; Zhou, F.; Liu, W. Continuous Surface Polymerization via Fe(II)-Mediated Redox

Reaction for Thick Hydrogel Coatings on Versatile Substrates. Adv. Mater. 2018, 30, 1803371. [CrossRef] [PubMed]

252



J. Funct. Biomater. 2023, 14, 243

45. Ma, S.; Rong, M.; Lin, P.; Bao, M.; Xie, J.; Wang, X.; Huck, W.T.S.; Zhou, F.; Liu, W. Fabrication of 3D Tubular Hydrogel Materials
through On-Site Surface Free Radical Polymerization. Chem. Mater. 2018, 30, 6756–6768. [CrossRef]

46. Wancura, M.; Talanker, M.; Toubbeh, S.; Bryan, A.; Cosgriff-Hernandez, E. Bioactive hydrogel coatings of complex substrates
using diffusion-mediated redox initiation. J. Mater. Chem. B 2020, 8, 4289–4298. [CrossRef] [PubMed]

47. Zhou, H.R.; Huang, J.; Chen, M.; Li, Y.; Yuan, M.; Yang, H. Effect of metal ions with reducing properties on hydrogels containing
catechol groups. Colloids Surf. Physicochem. Eng. Asp. 2021, 631, 127657. [CrossRef]

48. Yao, D.; Feng, J.; Wang, J.; Deng, Y.; Wang, C. Synthesis of silicon anode binders with ultra-high content of catechol groups and
the effect of molecular weight on battery performance. J. Power Sources 2020, 463, 228188. [CrossRef]

49. Zhou, C.; Wu, Y.; Thappeta, K.R.V.; Subramanian, J.T.L.; Pranantyo, D.; Kang, E.-T.; Duan, H.; Kline, K.; Chan-Park, M.B. In
Vivo Anti-Biofilm and Anti-Bacterial Non-Leachable Coating Thermally Polymerized on Cylindrical Catheter. ACS Appl. Mater.
Interfaces 2017, 9, 36269–36280. [CrossRef]

50. Chen, Y.; Gao, P.; Huang, L.; Tan, X.; Zhou, N.; Yang, T.; Qiu, H.; Dai, X.; Michael, S.; Tu, Q.; et al. A tough nitric oxide-eluting
hydrogel coating suppresses neointimal hyperplasia on vascular stent. Nat. Commun. 2021, 12, 7079. [CrossRef]

51. Gevrek, T.N.; Degirmenci, A.; Sanyal, R.; Sanyal, A. Multifunctional and Transformable ‘Clickable’ Hydrogel Coatings on
Titanium Surfaces: From Protein Immobilization to Cellular Attachment. Polymers 2020, 12, 1211. [CrossRef] [PubMed]

52. Liu, Y.; Zhang, F.; Lang, S.; Yang, L.; Gao, S.; Wu, D.; Liu, G.; Wang, Y. A Uniform and Robust Bioinspired Zwitterion Coating for
Use in Blood-Contacting Catheters with Improved Anti-Inflammatory and Antithrombotic Properties. Macromol. Biosci. 2021,
21, 2100341. [CrossRef] [PubMed]

53. Yang, F.; Guo, G.; Wang, Y. Inflammation-directed nanozyme-eluting hydrogel coating promotes vascular tissue repair by
restoring reactive oxygen species homeostasis. Chem. Eng. J. 2023, 454, 140556. [CrossRef]

54. Ran, W.; Zhu, H.; Shen, X.; Zhang, Y. Rheological properties of asphalt mortar with silane coupling agent modified oil sludge
pyrolysis residue. Constr. Build. Mater. 2022, 329, 127057. [CrossRef]

55. Zhou, J.; Xu, W. Toward interface optimization of transparent wood with wood color and texture by silane coupling agent.
J. Mater. Sci. 2022, 57, 5825–5838. [CrossRef]

56. Wu, X.; Liu, S.; Chen, K.; Wang, F.; Feng, C.; Xu, L.; Zhang, D. 3D printed chitosan-gelatine hydrogel coating on titanium alloy
surface as biological fixation interface of artificial joint prosthesis. Int. J. Biol. Macromol. 2021, 182, 669–679. [CrossRef] [PubMed]

57. Pawar, K.N.; Nawpute, A.A.; Tambe, S.; Patil, P.; Ubale, Y.; Patil, A. Dextrose Assisted Sol-Gel Synthesis and Evaluation of
Structural Parameters of Li0.5Fe2.5O4 Nanoparticles for Microwave Device Application. Adv. Mater. Res. 2022, 1169, 27–33.
[CrossRef]

58. Li, J.-W. Biosafety of a 3D-printed intraocular lens made of a poly(acrylamide-co-sodium acrylate) hydrogel in vitro and in vivo.
Int. J. Ophthalmol. 2020, 13, 1521–1530. [CrossRef] [PubMed]

59. Efremov, D.V.; Gerasimova, A.A. Production of Fe–Cr–Co-Based Magnets by Selective Laser Sintering. Steel Transl. 2021, 51,
688–692. [CrossRef]

60. Deng, Y.; Shavandi, A.; Okoro, O.V.; Nie, L. Alginate modification via click chemistry for biomedical applications. Carbohydr.
Polym. 2021, 270, 118360. [CrossRef]

61. Librando, I.L.; Mahmoud, A.G.; Carabineiro, S.A.C.; Guedes da Silva, M.F.C.; Maldonado-Hódar, F.J.; Geraldes, C.F.G.C.;
Pombeiro, A.J.L. Heterogeneous Gold Nanoparticle-Based Catalysts for the Synthesis of Click-Derived Triazoles via the Azide-
Alkyne Cycloaddition Reaction. Catalysts 2021, 12, 45. [CrossRef]

62. Jaisingh, A.; Kapur, G.S.; Nebhani, L. Tuning Melt Strength and Processability of Polyolefins by Addition of a Functionalized
Additive Designed via the TEMPO-Driven Thiol-ene Reaction. Ind. Eng. Chem. Res. 2021, 60, 10155–10166. [CrossRef]

63. Soares, M.I.L.; Cardoso, A.L.; Pinho e Melo, T.M.V.D. Diels–Alder Cycloaddition Reactions in Sustainable Media. Molecules 2022,
27, 1304. [CrossRef] [PubMed]

64. Magennis, E.P.; Hook, A.L.; Williams, P.; Alexander, M.R. Making Silicone Rubber Highly Resistant to Bacterial Attachment Using
Thiol-ene Grafting. ACS Appl. Mater. Interfaces 2016, 8, 30780–30787. [CrossRef]

65. Leng, J.; He, Y.; Yuan, Z.; Tao, B.; Li, K.; Lin, C.; Xu, K.; Chen, M.; Dai, L.; Li, X.; et al. Enzymatically-degradable hydrogel coatings
on titanium for bacterial infection inhibition and enhanced soft tissue compatibility via a self-adaptive strategy. Bioact. Mater.
2021, 6, 4670–4685. [CrossRef]

66. He, Y.; Leng, J.; Li, K.; Xu, K.; Lin, C.; Yuan, Z.; Zhang, R.; Wang, D.; Tao, B.; Huang, T.J.; et al. A multifunctional hydrogel
coating to direct fibroblast activation and infected wound healing via simultaneously controllable photobiomodulation and
photodynamic therapies. Biomaterials 2021, 278, 121164. [CrossRef] [PubMed]

67. Liu, C.; Pan, L.; Liu, C.; Liu, W.; Li, Y.; Cheng, X.; Jian, X. Enhancing Tissue Adhesion and Osteoblastic Differentiation of MC3T3-E1
Cells on Poly(aryl ether ketone) by Chemically Anchored Hydroxyapatite Nanocomposite Hydrogel Coating. Macromol. Biosci.
2021, 21, 2100078. [CrossRef] [PubMed]

68. Liu, W.; Liu, C.; Liu, C.; Li, Y.; Pan, L.; Wang, J.; Jian, X. Surface chemical modification of poly(phthalazinone ether nitrile ketone)
through rhBMP-2 and antimicrobial peptide conjugation for enhanced osteogenic and antibacterial activities in vitro and in vivo.
Chem. Eng. J. 2021, 424, 130321. [CrossRef]

69. Khoffi, F.; Khalsi, Y.; Chevrier, J.; Kerdjoudj, H.; Tazibt, A.; Heim, F. Surface modification of polymer textile biomaterials by N2
supercritical jet: Preliminary mechanical and biological performance assessment. J. Mech. Behav. Biomed. Mater. 2020, 107, 103772.
[CrossRef]

253



J. Funct. Biomater. 2023, 14, 243

70. Wang, X.; Zhao, X.; Zhang, L.; Wang, W.; Zhang, J.; He, F.; Yang, J. Design and fabrication of carbon fibers with needle-like
nano-HA coating to reinforce granular nano-HA composites. Mater. Sci. Eng. C 2017, 77, 765–771. [CrossRef]

71. Liu, Q.; Gao, S.; Zhao, Y.; Tao, W.; Yu, X.; Zhi, M. Review of layer-by-layer self-assembly technology for fire protection of flexible
polyurethane foam. J. Mater. Sci. 2021, 56, 9605–9643. [CrossRef]

72. Zhu, D.; Guo, D.; Zhang, L.; Tan, L.; Pang, H.; Ma, H.; Zhai, M. Non-enzymatic xanthine sensor of heteropolyacids doped
ferrocene and reduced graphene oxide via one-step electrodeposition combined with layer-by-layer self-assembly technology.
Sens. Actuators B Chem. 2019, 281, 893–904. [CrossRef]

73. Cai, W.; Wu, J.; Xi, C.; Ashe, A.J.; Meyerhoff, M.E. Carboxyl-ebselen-based layer-by-layer films as potential antithrombotic and
antimicrobial coatings. Biomaterials 2011, 32, 7774–7784. [CrossRef] [PubMed]

74. Wang, H.; Zha, G.; Du, H.; Gao, L.; Li, X.; Shen, Z.; Zhu, W. Facile fabrication of ultrathin antibacterial hydrogel films via
layer-by-layer “click” chemistry. Polym. Chem. 2014, 5, 6489–6494. [CrossRef]

75. Hu, Q.; Liu, Y.; Pan, Y.; Wang, Y.; Jiang, L.; Lin, H.; Cheng, Y.; Xu, C.; Lin, D.; Cheng, H. Assessments of ionic release and
biocompatibility of Co-Cr and CP-Ti produced by three different manufacturing techniques. Mater. Today Commun. 2022,
30, 103100. [CrossRef]

76. Hu, F.; Lu, H.; Xu, G.; Lv, L.; Chen, L.; Shao, Z. Carbon quantum dots improve the mechanical behavior of polyvinyl alco-
hol/polyethylene glycol hydrogel. J. Appl. Polym. Sci. 2022, 139, e52805. [CrossRef]

77. Zhang, M.-K.; Ling, X.-H.; Zhang, X.-H.; Han, G.-Z. A novel alginate/PVA hydrogel -supported Fe3O4 particles for efficient
heterogeneous Fenton degradation of organic dyes. Colloids Surf. Physicochem. Eng. Asp. 2022, 652, 129830. [CrossRef]

78. Patrick, D.K.; Karasawa, A.; Sonoyama, N. Sodium Polyacrylate Hydrogel Electrolyte Hybridized with Layered Double Hydroxide
for Solid-State NiCo/Zinc Battery. J. Electrochem. Soc. 2022, 169, 040559. [CrossRef]

79. Nakano, H.; Kakinoki, S.; Iwasaki, Y. Long-lasting hydrophilic surface generated on poly(dimethyl siloxane) with photoreactive
zwitterionic polymers. Colloids Surf. B Biointerfaces 2021, 205, 111900. [CrossRef] [PubMed]

80. Mondal, P.; Chatterjee, K. Injectable and self-healing double network polysaccharide hydrogel as a minimally-invasive delivery
platform. Carbohydr. Polym. 2022, 291, 119585. [CrossRef]

81. Ekblad, T.; Bergström, G.; Ederth, T.; Conlan, S.L.; Mutton, R.; Clare, A.S.; Wang, S.; Liu, Y.; Zhao, Q.; D’Souza, F.; et al.
Poly(ethylene glycol)-Containing Hydrogel Surfaces for Antifouling Applications in Marine and Freshwater Environments.
Biomacromolecules 2008, 9, 2775–2783. [CrossRef] [PubMed]

82. Johnbosco, C.; Zschoche, S.; Nitschke, M.; Hahn, D.; Werner, C.; Maitz, M.F. Bioresponsive starPEG-heparin hydrogel coatings on
vascular stents for enhanced hemocompatibility. Mater. Sci. Eng. C 2021, 128, 112268. [CrossRef] [PubMed]

83. Li, Y.; Han, M.; Cai, Y.; Jiang, B.; Zhang, Y.; Yuan, B.; Zhou, F.; Cao, C. Muscle-inspired MXene/PVA hydrogel with high toughness
and photothermal therapy for promoting bacteria-infected wound healing. Biomater. Sci. 2022, 10, 1068–1082. [CrossRef]
[PubMed]

84. Yan, P.; Li, M.; Liu, J.; Song, L.; Tang, K. Near-infrared responsive quaternized chitosan-coated MoS2/poly(vinyl alcohol) hydrogel
with improved mechanical and rapid antibacterial properties. Eur. Polym. J. 2022, 180, 111593. [CrossRef]

85. Vinshtok, Y.; Cassuto, D.; Belenky, I. Pneumatic Delivery of Hyaluronan for Skin Remodeling: A Comparative Review. J. Drugs
Dermatol. 2020, 19, 170–175. [CrossRef]

86. Herrero, A.; Gonot Gaschard, M.; Bouyabrine, H.; Perrey, J.; Picot, M.-C.; Guillon, F.; Fabre, J.-M.; Souche, R.; Navarro, F. Étude
comparative des prothèses biologiques versus synthétiques dans le traitement des éventrations abdominales classées grade II/III
du Ventral Hernia Working Group. J. Chir. Viscérale 2022, 159, 102–111. [CrossRef]

87. Kalaba, S.; Gerhard, E.; Winder, J.S.; Pauli, E.M.; Haluck, R.S.; Yang, J. Design strategies and applications of biomaterials and
devices for Hernia repair. Bioact. Mater. 2016, 1, 2–17. [CrossRef]

88. Guillaume, O.; Pérez-Tanoira, R.; Fortelny, R.; Redl, H.; Moriarty, T.F.; Richards, R.G.; Eglin, D.; Petter Puchner, A. Infections
associated with mesh repairs of abdominal wall hernias: Are antimicrobial biomaterials the longed-for solution? Biomaterials
2018, 167, 15–31. [CrossRef]

89. Bilsel, Y.; Abci, I. The search for ideal hernia repair; mesh materials and types. Int. J. Surg. 2012, 10, 317–321. [CrossRef]
90. Schreinemacher, M.H.F.; van Barneveld, K.W.Y.; Dikmans, R.E.G.; Gijbels, M.J.J.; Greve, J.-W.M.; Bouvy, N.D. Coated meshes for

hernia repair provide comparable intraperitoneal adhesion prevention. Surg. Endosc. 2013, 27, 4202–4209. [CrossRef]
91. Wolf, M.T.; Carruthers, C.A.; Dearth, C.L.; Crapo, P.M.; Huber, A.; Burnsed, O.A.; Londono, R.; Johnson, S.A.; Daly, K.A.; Stahl,

E.C.; et al. Polypropylene surgical mesh coated with extracellular matrix mitigates the host foreign body response: Polypropylene
Surgical Mesh Coated With ECM. J. Biomed. Mater. Res. A 2014, 102, 234–246. [CrossRef]

92. Serafim, A.; Cecoltan, S.; Olăret, , E.; Dragusin, D.-M.; Vasile, E.; Popescu, V.; Manolescu Mastalier, B.S.; Iovu, H.; Stancu, I.-C.
Bioinspired Hydrogel Coating Based on Methacryloyl Gelatin Bioactivates Polypropylene Meshes for Abdominal Wall Repair.
Polymers 2020, 12, 1677. [CrossRef]

93. Zhang, J.; Chen, L.; Shen, B.; Chen, L.; Feng, J. Ultra-high strength poly(N-(2-hydroxyethyl)acrylamide)/chitosan hydrogel with
“repelling and killing” bacteria property. Carbohydr. Polym. 2019, 225, 115160. [CrossRef]

94. Li, R.; He, S.; Yin, K.; Zhang, B.; Yi, Y.; Zhang, M.; Pei, N.; Huang, L. Effects of N-terminal modifications on the stability of
antimicrobial peptide SAMP-A4 analogues against protease degradation. J. Pept. Sci. 2021, 27, e3352. [CrossRef] [PubMed]

254



J. Funct. Biomater. 2023, 14, 243

95. Cao, J.; He, G.; Ning, X.; Chen, X.; Fan, L.; Yang, M.; Yin, Y.; Cai, W. Preparation and properties of O-chitosan quaternary
ammonium salt/polyvinyl alcohol/graphene oxide dual self-healing hydrogel. Carbohydr. Polym. 2022, 287, 119318. [CrossRef]
[PubMed]

96. Gevrek, T.N.; Yu, K.; Kizhakkedathu, J.N.; Sanyal, A. Thiol-Reactive Polymers for Titanium Interfaces: Fabrication of Antimicrobial
Coatings. ACS Appl. Polym. Mater. 2019, 1, 1308–1316. [CrossRef]

97. Ren, Y.; Zhou, H.; Lu, J.; Huang, S.; Zhu, H.; Li, L. Theoretical and Experimental Optimization of the Graft Density of
Functionalized Anti-Biofouling Surfaces by Cationic Brushes. Membranes 2020, 10, 431. [CrossRef] [PubMed]

98. Yan, S.; Luan, S.; Shi, H.; Xu, X.; Zhang, J.; Yuan, S.; Yang, Y.; Yin, J. Hierarchical Polymer Brushes with Dominant Antibacterial
Mechanisms Switching from Bactericidal to Bacteria Repellent. Biomacromolecules 2016, 17, 1696–1704. [CrossRef]

99. Deng, Z.; Li, M.; Hu, Y.; He, Y.; Tao, B.; Yuan, Z.; Wang, R.; Chen, M.; Luo, Z.; Cai, K. Injectable biomimetic hydrogels encapsulating
Gold/metal–organic frameworks nanocomposites for enhanced antibacterial and wound healing activity under visible light
actuation. Chem. Eng. J. 2021, 420, 129668. [CrossRef]

100. Qi, X.; Gan, J.; Zhao, Z.; Li, N.; Chen, Y.; Jin, T. Chitosan Sponge/Cu–WO3−x Composite for Photodynamic Therapy of Wound
Infection. Langmuir 2023, 39, 2631–2640. [CrossRef]

101. Hoque, J.; Haldar, J. Direct Synthesis of Dextran-based Antibacterial Hydrogels for Extended Release of Biocides and Eradication
of Topical Biofilms. ACS Appl. Mater. Interfaces 2021, 9, 15975–15985. [CrossRef] [PubMed]

102. Yan, K.; Xu, F.; Wei, W.; Yang, C.; Wang, D.; Shi, X. Electrochemical synthesis of chitosan/silver nanoparticles multilayer hydrogel
coating with pH-dependent controlled release capability and antibacterial property. Colloids Surf. B Biointerfaces 2021, 202, 111711.
[CrossRef] [PubMed]

103. Xue, X.; Zhang, H.; Liu, H.; Wang, S.; Li, J.; Zhou, Q.; Chen, X.; Ren, X.; Jing, Y.; Deng, Y.; et al. Rational Design of Multifunctional
CuS Nanoparticle-PEG Composite Soft Hydrogel-Coated 3D Hard Polycaprolactone Scaffolds for Efficient Bone Regeneration.
Adv. Funct. Mater. 2022, 32, 2202470. [CrossRef]

104. Chandna, S.; Paul, S.; Kaur, R.; Gogde, K.; Bhaumik, J. Photodynamic Lignin Hydrogels: A Versatile Self-Healing Platform for
Sustained Release of Photosensitizer Nanoconjugates. ACS Appl. Polym. Mater. 2022, 4, 8962–8976. [CrossRef]

105. Li, B.; Zhang, L.; Wang, D.; Peng, F.; Zhao, X.; Liang, C.; Li, H.; Wang, H. Thermosensitive -hydrogel-coated titania nanotubes with
controlled drug release and immunoregulatory characteristics for orthopedic applications. Mater. Sci. Eng. C 2021, 122, 111878.
[CrossRef]

106. Xiao, H. Preparation and Biocompatibility of REDOX Responsive C-HA-Cys-Allicin Hydrogel Coatings; Southwest Jiaotong University:
Chengdu, China, 2021.

107. Andrade del Olmo, J.; Alonso, J.M.; Sáez-Martínez, V.; Benito-Cid, S.; Pérez-González, R.; Vilas-Vilela, J.L.; Pérez-Álvarez,
L. Hyaluronic acid-based hydrogel coatings on Ti6Al4V implantable biomaterial with multifunctional antibacterial activity.
Carbohydr. Polym. 2023, 301, 120366. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

255



Citation: Zhi, Q.; Zhang, Y.; Wei, J.;

Lv, X.; Qiao, S.; Lai, H. Cell Responses

to Calcium- and Protein-Conditioned

Titanium: An In Vitro Study. J. Funct.

Biomater. 2023, 14, 253. https://

doi.org/10.3390/jfb14050253

Academic Editors: Josette Camilleri

and Masaaki Nakai

Received: 17 March 2023

Revised: 20 April 2023

Accepted: 28 April 2023

Published: 1 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of 

Functional

Biomaterials

Article

Cell Responses to Calcium- and Protein-Conditioned Titanium:
An In Vitro Study

Qiang Zhi 1,2,3,†, Yuehua Zhang 2,3,4,†, Jianxu Wei 1,2,3, Xiaolei Lv 1,2,3, Shichong Qiao 1,2,3,*

and Hongchang Lai 1,2,3,*

1 Department of Implant Dentistry, Shanghai Ninth People’s Hospital, College of Stomatology, Shanghai Jiao
Tong University School of Medicine, Shanghai 200011, China

2 National Clinical Research Center for Oral Diseases, Shanghai 200011, China
3 Shanghai Key Laboratory of Stomatology, Shanghai Research Institute of Stomatology,

Shanghai 200125, China
4 Department of Orthodontics, Shanghai Ninth People’s Hospital, College of Stomatology, Shanghai Jiao Tong

University School of Medicine, Shanghai 200011, China
* Correspondence: shichong_qiao@139.com (S.Q.); lhc9@hotmail.com (H.L.)
† These authors contributed equally to this work.

Abstract: Dental implants have become the leading choice for patients who lose teeth; however,
dental implantation is challenged by peri-implant infections. Here, calcium-doped titanium was
fabricated by the combinational use of thermal evaporation and electron beam evaporation in a
vacuum; then, the material was immersed in a calcium-free phosphate-buffered saline solution
containing human plasma fibrinogen and incubated at 37 ◦C for 1 h, creating calcium- and protein-
conditioned titanium. The titanium contained 12.8 ± 1.8 at.% of calcium, which made the material
more hydrophilic. Calcium release by the material during protein conditioning was able to change
the conformation of the adsorbed fibrinogen, which acted against the colonization of peri-implantitis-
associated pathogens (Streptococcus mutans, UA 159, and Porphyromonas gingivalis, ATCC 33277),
while supporting the adhesion and growth of human gingival fibroblasts (hGFs). The present study
confirms that the combination of calcium-doping and fibrinogen-conditioning is a promising pathway
to meeting the clinical demand for suppressing peri-implantitis.

Keywords: titanium; dental implant; bacterial infection; protein adsorption; peri-implantitis

1. Introduction

Tooth loss has become an urgent problem for the aged population of China and
the rest world [1], and dental implantation is now the leading choice for partial and full
edentulism restoration [2]. However, the practice of dental implants is seriously affected by
peri-implant infections, which are characterized by peri-implant mucositis and alveolar
bone resorption, leading to implant loosening and shedding after osseointegration [2]. The
prevalence of peri-implantitis for dental implants serving over 5 and 10 years is 9.6% and
26%, respectively [3]. In the Swedish population, the incidence of peri-implantitis can
be even high up to 45% nine years after prosthodontics [4]. Bacterial colonization is a
principal causal factor in the development of peri-implant infections, and the microbiota
In peri-implantitis appears to be different from periodontal diseases. Higher counts of
Streptococcus mutans and Porphyromonas gingivalis have been reported in peri-implantitis
compared with periodontitis [5–7]. It is believed that the lack of a “biological seal” around
the implants’ neck allows greater potential for bacterial colonization and peri-implant
infections [8,9]. Therefore, improvement of the implant–fibroblast interactions in the
transgingival portion of dental implants is also needed to provide effective soft tissue
sealing against peri-implantitis.
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Various disinfection strategies have been developed in recent decades to deal with
peri-implantitis. These include near-infrared light triggered nitric oxide release by N,N′-Di-
sec-butyl-N,N′-dinitroso-1,4-phenylene diamine (BNN6)-loaded molybdenum disulfide
nanoflowers [10]; the combinational effect of cathodic proton consumption and anodic
calcium production aroused by silver/calcium (Ag/Ca) galvanics on titanium surfaces [11];
the rapid release of silver nanoparticles promoted by the double Schiff base bonds in
mussel-inspired hydrogels [12]; the galvanic effect of silver nanoparticles embedded in
titanium on the proton motive force in bacterial membranes [13]; the prolonged antibacterial
efficacy via slow hydrolysis of the hemiaminal ether linkage in polymers and sustained
release of antibacterial agents [14]; the lysis action of the Schottky barriers between silver
nanoparticles and a titanium oxide support mediated by storage of the bacteria-extruded
electrons during bacterial adhesion in the dark [15]; and immune-instructive pathways to
restore the host’s capability in bacterial clearance [16]. However, most of these designs are
using toxic materials (e.g., DNA damage was found after exposure of human mesenchymal
stem cells to 0.1 μg/mL of silver nanoparticles for 1, 3, and 24 h [17]; the molybdenum
released by molybdenum disulfide can cause damage to the plasma membrane and inhibit
efflux pump activities in mammalian cells [18]; and nitric oxide can react with DNA
via multiple pathways and cause considerable damage to human cells and tissues [19]),
targeting the pathogenic bacteria directly, which probably impact the implants’ tissue
integration because it induced undesired host responses.

The placement of a dental implant initiates numerous biochemical interactions be-
tween the implant surface and the peri-implant fluid or tissues. The first process is the
wetting of blood, which serves as a source of active ingredients, such as growth factors,
cytokines, and chemokines that guarantee proper tissue integration of the implant [20,21].
Therefore, the wetting of blood or its components on implant surfaces and the subsequent
biological effects have become a major concern in the field of surgical procedures and
implantology [22,23]. Very recently, Cao et al. demonstrated that non-bactericidal cal-
cium could unlock the antimicrobial sequence in human fibrinogen adsorbing to titanium,
leading to high inhibition efficacy against Pseudomonas aeruginosa [24]. Previously, calcium-
doping was found to be superior in promoting bone tissue integration [25] and gingival
sealing around titanium implants [26], both of which are important to the long-term stabil-
ity of dental implants. More importantly, fibrinogen adsorption is an important process
which mediates the adhesion and growth of cells to implant materials and is the major
focus of the biomaterial communities [27,28]. However, previous studies demonstrated that
fibrinogen adsorption enhanced the adhesion of Pseudomonas aeruginosa and Staphylococcus
epidermidis on various biomaterials, including polyurethane, polyvinylchloride, glass, and
titanium [29,30], which likely undermines the prevention of peri-implant infections. Since
calcium is an essential metal to humans [31,32], and protein adsorption is an immediate
phase during medical device implantations, the use of calcium for endowing implantable
devices of antibacterial activity is promising for clinical applications. Nonetheless, clinical
translation of such a design needs further efforts that include testing its effect on bacterial
strains on mammalian cells specific to an “intended use”.

Accordingly, the objective of present study is to test the effect of calcium doping and
protein conditioning on the adhesion of pathogens and human gingival fibroblasts con-
tributing to peri-implantitis and biological sealing, respectively. The results demonstrated
that calcium- and fibrinogen-conditioned titanium has apparent activity against Streptococ-
cus mutans (Sm, UA 159) and Porphyromonas gingivalis (Pg, ATCC 33277) colonization, but
possess no side effect on human gingival fibroblasts growth.

2. Materials and Methods

2.1. Material Preparation

The pure titanium (Ti) and calcium-doped titanium (Ti-Ca) sample groups were fabri-
cated by using a Leybold physical vapor deposition system (Univex 350, Köln, Germany),
which is equipped with appendixes of thermal evaporation and an electron beam evapo-
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ration in a single vacuum chamber. As shown in Figure 1, the Ti samples were prepared
by merely taking advantage of the electron beam evaporation appendix to source tita-
nium (which has a purity of 99.99%, MaTeck Material Technologie and Kristalle GmbH,
Germany), while the Ti-Ca samples were prepared by simultaneously using the thermal
evaporation appendix to source calcium (which has a purity of 99.5%, MaTeck Material
Technologie anda Kristalle GmbH, Jülich, Germany) and the electron beam evaporation
system to deposit titanium on the substrates. The evaporation rate and the film thickness
were kept at 0.3 nm/s and 200 nm, respectively. BOROFLOAT® B33 glass discs (Jena 4 H
Engineering GmbH, Jena, Germany) with a diameter of 15 mm were used as substrates to
support the deposited materials, i.e., titanium and calcium-doped titanium (Figure 1).

 
Figure 1. Illustrate the process for fabricating calcium-doped titanium by combining thermal evapo-
ration and electron beam evaporation.

2.2. Material Characterization

Atomic Force Microscopy (AFM): A Dimension 3100 AFM system (Digital Instru-
ments, Santa Barbara, CA, USA) was employed to examine the surface morphology of
the Ti and Ti-Ca samples. The AFM system is equipped with a standard Si3N4 tip on a
cantilever beam.

X-ray photoelectron spectroscopy (XPS): A Quantum 2000 XPS system (PHI Co.,
Chanhassen, MN, USA) was used to determine the chemical states of associated con-
stituents in the material surface. The XPS system was excited with a monochromatic Al Kα

source (1486.6 eV). The Multipak software supplied by the manufacturer was used for data
analysis.

Contact angle: The Ti and Ti-Ca samples’ wettability was measured using an SL200B
system (Solon, Shanghai, China). A suspended water droplet (1 μL) was advanced toward
the sample surfaces by using a microliter syringe; then, the water-material contact images
were recorded by a camera and analyzed with the manufacturer-supplied software. Every
group was tested three times. Statistical analysis was conducted by using the one-way
analysis of variance, and all the results were presented as the mean ± standard deviation.

Inductively-coupled plasma optical emission spectrometry (ICP-OES): The samples
were immersed in 10 mL calcium-free phosphate-buffered saline solution (PBS) and incu-
bated at 37 ◦C for 4 h, 1 day, 3 days, 7 days, 14 days, and 28 days. The PBS was refreshed at
each time point and the obtained solutions were analyzed by inductively-coupled plasma
optical emission spectrometry (ICP-OES) to determine the calcium released to the solutions
by the samples (in mg/L/cm2). Every group was tested three times. Statistical analysis
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was conducted by using the one-way analysis of variance, and all the data were presented
as the mean ± standard deviation.

Fourier-transform infrared spectroscopy (FTIR): The protein-conditioned samples
(Ti-F and Ti-Ca-F) were further examined by an ALPHA-P FTIR system (Bruker, Ettlingen,
Germany). The FTIR spectra were recorded in a range of 4000–400 cm−1 with a resolution
of 8 cm−1. The amide I and II regions of the spectra acquired from the Ti-Ca-F group were
further analyzed by using the Fityk 1.3.1 software with a fixed half-maximum of 15.5 cm−1.

2.3. Protein Conditioning

The pure titanium and calcium-doped titanium were placed in 24-well plates and
rinsed with calcium-free phosphate-buffered saline solution (PBS, preheated at 37 ◦C) twice;
then, 2.5 mL of human plasma fibrinogen (HPF, Calbiochem, EMD Chemicals, Boston,
MA, USA) contained phosphate-buffered saline solution (calcium-free, HPF concentration
of 1 mg/L) was added to each well. The samples together with the HPF solution were
incubated at 37 ◦C for 1 h. After that, the samples were rinsed with calcium-free PBS
(preheated at 37 ◦C) once and pure water (preheated at 37 ◦C) twice, then dried at room
temperature. As a result, fibrinogen-conditioned pure titanium (Ti-F) or calcium- and
fibrinogen-conditioned titanium (Ti-Ca-F) were prepared for further studies.

2.4. Responses of Mammalian Cells

Human gingival fibroblasts (hGFs) were obtained from gingival tissue during the
dental implantation from patients aged 18 to 40 years at Shanghai Ninth People’s Hospital,
affiliated with Shanghai Jiaotong University School of Medicine, and all patients provided
written informed consent (approved by the Medical Ethics Committee of the Ninth People’s
Hospital, affiliated with Shanghai Jiao Tong University School of Medicine).

The dermal tissue without epithelial layer was cut into tiny pieces and stored in
Dulbecco’s Modified Eagle’s Medium (Thermo Fisher Scientific, Waltham, MA, USA)
with 20% fetal bovine serum (Hyclone, Logan, UT, USA) and 1% penicillin/streptomycin
(Gibco, Waltham, MA, USA) with 5% CO2 and 95% air at 37 ◦C. Cells were passaged by
trypsinization and hGFs from the fourth passage were used in this study.

The concentration of the suspension of the hGFs was adjusted to 1 × 104 cells/mL
and then l.0 mL cell suspension was seeded on the materials. After incubating at 37 ◦C
for various durations (three samples per each group for every time point), i.e., 24 h, 72 h,
and 168 h, the samples together with the adherent hGFs were rinsed with PBS three times
and fixed with 4% paraformaldehyde for 10 min. Then the adherent cells on those samples
were permeabilized with 0.5% Triton X-100 for 5 min. After that, the samples were stained
with 200 μL (100 nM) phalloidin conjugated fluorescein isothiocyanate (FITC-Phalloidin,
green color, Sigma, Livonia, MI, USA) for 1 h and 200 μL (100 nM) 4′,6-diamidino-2-
phenylindole (DAPI, blue color, Sigma, Livonia, MI, USA) for 30 s in the dark. Then, the
morphologies of the hGFs cells were examined under a confocal laser scanning microscope
(Zeiss LSM 800, Jena, Germany) to evaluate their responses to the calcium-doped and
fibrinogen-conditioned materials.

2.5. Responses of Bacterial Cells

To prepare proper bacterial suspensions, a colony of Streptococcus mutans (Sm, UA159)
was cultivated at 37 ◦C in the brain–heart infusion broth medium with 5% CO2; while a
colony of Porphyromonas gingivalis (Pg, ATCC 33277) was grown in the brain–heart infusion
broth medium with hemin (0.5 mg/mL) and menadione (10 mg/mL) in an atmosphere of
10% CO2, 10% H2, and 80% N2.

Then, the responses of the bacterial cells to the materials were evaluated by seeding
107 CFU/mL bacterial cells on the materials and incubating them at 37 ◦C for 5 h (three
samples per each group). After that, the samples were rinsed three times using PBS
and stained with 500 μL of the combination dye of SYTO 9 and propidium iodide (PI,
LIVE/DEAD BacLight bacteria viability kits; Thermo Fisher Scientific, Waltham, MA, USA)
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in the dark for 30 min. All the sample groups were examined with a confocal laser scanning
microscopy (Zeiss LSM 800, Jena, Germany).

3. Results

3.1. Features of the Materials

The surface morphology of the materials was investigated by atomic force microscopy.
As shown in Figure 2, both the pure titanium (Ti) and calcium-doped titanium (Ti-Ca) were
composed of very small grains, whose size was in a range of 31–62 nm, forming a relatively
smooth surface. The mean roughness (Sa) for the Ti and Ti-Ca groups was 2.1 ± 0.5 nm
and 1.6 ± 0.1 nm, respectively. In addition, the maximum height (Sz) for the Ti and Ti-Ca
groups was 22.8 ± 7.3 nm and 16.7 ± 3.6 nm, respectively. Although there is no significant
difference in the surface roughness between the Ti and Ti-Ca groups, their wettability was
significantly different. As shown by the inserts in Figure 2, the water contact angle for
the Ti-Ca group was 52.5 ± 10.3 degrees, which was significantly lower than that of the Ti
group (the record was 94.4 ± 1.9 degrees).

Figure 2. Atomic force microscopy (AFM) images of the pure titanium (a) and calcium-doped
titanium (b) surfaces. The inserts are the corresponding water contact angle images.

The surface chemistry of the materials was further checked by using X-ray photo-
electron spectroscopy (XPS). As shown by the XPS survey spectra (Figure 3a), both the Ti
and Ti-Ca groups were contaminated by carbon (C), oxygen (O), and nitrogen (N); while
the calcium peaks were only sharply recorded in the Ti-Ca group. The atomic concentra-
tion of the doped calcium in the Ti-Ca group determined by XPS was 12.8 ± 1.8 at.%. A
high-resolution Ca2p doublet at 349.9eV and 346.3 eV was identified as the Ti-Ca group
(Figure 3b), which indicates the doped calcium was oxide [33]. The cumulative calcium
concentration released by the Ti-Ca group was determined by inductively-coupled plasma
optical emission spectrometry (ICP-OES). As shown in Table 1, the calcium-doped tita-
nium was able to release 3.8 ± 0.1 mg/L/cm2 calcium, and this concentration increased to
9.7 ± 0.6 mg/L/cm2 as the incubation duration was prolonged to 28 days.

Table 1. The cumulative release of calcium by the Ti-Ca group.

Time Point Calcium Concentration (mg/L/cm2)

4 h 3.8 ± 0.1
1 day 4.2 ± 0.1
3 days 4.6 ± 0.1
7 days 5.6 ± 0.2
14 days 7.1 ± 0.5
28 days 9.7 ± 0.6
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Figure 3. X-ray photoelectron spectroscopy (XPS) of the pure titanium and calcium-doped
titanium surfaces: (a) XPS survey spectra and (b) XPS Ca 2p spectrum acquired from the
calcium-doped titanium.

The materials fabricated by PVD were further conditioned by immersing in a calcium-
free PBS containing 1mg/L of human plasma fibrinogen and incubated at 37 ◦C for 1 h.
Then, both the protein-conditioned pure titanium (Ti-F) and calcium-doped titanium group
(Ti-Ca-F) were examined by Fourier-transform infrared spectroscopy (FTIR). As shown by
Figure 4a, the FTIR spectra of the fibrinogen’s amide I and II bands were sharply different.
The absorbance peak of the amide I band for the Ti-F group was 1677.1 cm−1, which was
over 36 wavenumbers higher than that of the Ti-Ca-F group (1640.3 cm−1). In addition,
the absorbance peak of the amide II band for the Ti-F group was 1527.0 cm−1, which was
over 25 wavenumbers lower than that of the Ti-Ca-F group (1652.5 cm−1). Moreover, the
amide II and amide I bands (which correspond to the vibrations of in-plane N-H bending
and C-N stretching [34]) for the Ti-Ca-F group overlaid each other, while those for the Ti-F
group did not. In addition, a band at 1594 cm−1, arising from the stretching vibration of the
-COO− group [34], was identified in the deconvolution of the FTIR spectrum acquired from
the Ti-Ca-F group (Figure 4b). These data indicated that the calcium released by the Ti-Ca
tended to react with carboxyl groups and chelate with nitrogen in the adsorbed fibrinogen.

 
Figure 4. Fourier-transform infrared spectroscopy (FTIR) of the pure titanium and calcium-doped
titanium surfaces pre-incubated in calcium-free PBS with 1 mg/L fibrinogen (a) and deconvolution
of the amide band I and II regions of the FTIR spectrum acquired from Ti-Ca-F (b).

3.2. Bacterial Responses

The responses of pathogenic microbes associated with peri-implantitis were tested
by seeding the Streptococcus mutans (UA 159) and Porphyromonas gingivalis (ATCC 33277)
on the materials and incubated at 37 ◦C for 5 h. The bacterial colonization on the mate-
rials was evaluated by combinational staining with dye SYTO 9 (green, which indicates
the total number of the adherent microbes) and propidium iodide (red, which indicates
those bacteria of disintegrative membranes) and examined under a confocal laser scan-
ning microscope. As to the Streptococcus mutans strain (Figure 5, fluorescent measurement
was shown in Figure S1, Supplementary Materials), the intensity of green spots on Ti-Ca
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(Figure 5c-2) was stronger than that of the Ti (Figure 5a-2), Ti-F (Figure 5b-2), and Ti-Ca-F
(Figure 5d-2) groups, which is consistent with previous reports that calcium doping it-
self facilitates bacterial colonization and growth [11,35]. Although the intensity of green
spots on the Ti, Ti-F, and Ti-Ca-F groups was comparable, the intensity of the red spots on
the Ti-Ca-F (Figure 5d-1) group is remarkably stronger than that of the Ti (Figure 5a-1),
Ti-F (Figure 5b-1), and Ti-Ca (Figure 5c-1) groups, indicating that the Ti-Ca-F group has
significant activity against the colonization of Streptococcus mutans strain. As to Porphy-
romonas gingivalis species (Figure 6, Fluorescent measurement was shown in Figure S2,
Supplementary Materials), the intensity of green fluorescence in all the concerned groups
is comparable (Figure 6a-2,b-2,c-2,d-2); whereas the intensity of red fluorescence on the Ti
(Figure 6a-1), Ti-F (Figure 6b-1), and Ti-Ca (Figure 6c-1) groups was prominently weaker
than that of the Ti-Ca-F (Figure 6d-1) group. These results demonstrate that the Ti-Ca-F
group has stronger antibacterial activity compared with the pure titanium groups (both
the Ti and Ti-F groups) and the calcium-doped titanium group without the condition of
fibrinogen (Ti-Ca).

 

Figure 5. Fluorescent images of Streptococcus mutans (Sm, UA 159) cultured on pure titanium without
(a-i) or with (b-i) protein conditioning; calcium-doped titanium without (c-i) or with (d-i) protein
conditioning. (i = 1, 2, 3 represent staining with dye of propidium iodide (PI, Red), SYTO 9 (Green), and the
merged images.)
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Figure 6. Fluorescent images of Porphyromonas gingivalis (Pg, ATCC 33277) cultured on pure titanium
without (a-i) or with (b-i) protein conditioning; calcium-doped titanium without (c-i) or with (d-i)
protein conditioning. (i = 1, 2, 3 represent staining with dye of propidium iodide (PI, Red), SYTO 9 (Green),
and the merged images.)

3.3. Response of the hGFs

The responses of mammalian cells were tested by seeding human gingival fibroblasts
on the materials and combinational staining with FITC (green, which shows the adhesion
morphology of the cells) and DAPI (blue, indicates the corresponding cell nucleus); then,
they were examined under a confocal laser scanning microscope after incubating at 37 ◦C
for 24 h, 72 h, and 168 h. As shown in Figure 7 (cell number measurement was shown
in Figure S3, Supplementary Materials), the fibroblasts on the Ti-F (Figure 7b-1), Ti-Ca
(Figure 7c-1), and Ti-Ca-F (Figure 7d-1) groups were larger and spreading more rapidly
than those on the Ti (Figure 7a-1) group after culturing the cells on the materials for
24 h. However, after culturing for 72 h, this difference in the growth of hGFs between
Ti (Figure 7a-2), Ti-F (Figure 7b-2), Ti-Ca (Figure 7c-2), and Ti-Ca-F (Figure 7d-2) groups
became weaker, all the sample groups demonstrated good support on the growth of hGFs
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(Figure 7a-3,b-3,c-3,d-3). These results demonstrated that the Ti-Ca-F group has good
compatibility with the adhesion and growth of human gingival fibroblasts.

 

Figure 7. Fluorescent images (F-actin stained with FITC/green and nuclei stained with DAPI/blue) of
human gingival fibroblasts cultured on pure titanium without (a-i) or with (b-i) protein conditioning;
calcium-doped titanium without (c-i) or with(d-i) protein conditioning. (i = 1, 2, 3 represent the culture
duration of 24 h, 72 h, and 168 h, respectively).

4. Discussion

Bacterial infection is a major complication associated with the practice of dental im-
plants, and the development of safe and effective prevention strategies for peri-implantitis
is a long-standing clinical demand in the community. Unlike most previous material de-
signs targeting directly bacterial cells, calcium-doped titanium was very recently found
capable of unlocking the activity of adsorbent fibrinogen against Pseudomonas aeruginosa
colonization [24]. Since fibrinogen is a major player during the placement of implantable
medical devices, this finding indicates a new paradigm for the development of implantable
antibacterial surfaces. To verify the validity of this paradigm in dental implants, the present
follow-up study tested the responses of peri-implantitis-associated pathogens, i.e., Strepto-
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coccus mutans (Sm, UA 159) and Porphyromonas gingivalis (Pg, ATCC 33277), and biological
sealing-related human gingival fibroblasts to calcium- and fibrinogen-conditioned titanium.

The present study successfully doped 12.8 ± 1.8 at.% of calcium into titanium (Figure 3a)
by combining thermal evaporation and the electron beam evaporation systems (Figure 1).
The doped calcium was relatively easy to react with water, which makes the titanium
surface more hydrophilic (the insert in Figure 2) and facilitates the release of calcium
(Table 1). The released calcium tends to bind to fibrinogen, which was evidenced by a new
FTIR band at 1594 cm−1 (Figure 4b). Moreover, the calcium in titanium was oxide because
the metal is highly reactive and ready to react with the oxygen in the air (Figure 3b). This
chemical feature of the doped calcium likely creates a basic local pH adjacent to the titanium
surface and further facilitates the deprotonation of the amino acid in fibrinogen [36,37].
As a result, remarkable shifts of the amide II and amide I were detected by using FTIR
(Figure 4a). These data demonstrated that the doped calcium changed the conformation
of the adsorbed fibrinogen on titanium. This conformation change in fibrinogen endows
the calcium- and protein-conditioned titanium (Ti-Ca-F) with activity against Streptococcus
mutans and Porphyromonas gingivalis (Figures 5 and 6), the pathogens associated with
peri-implantitis, and good compatibility to the adhesion and growth of human gingival
fibroblasts (Figure 7), which contribute to biological sealing.

The aforementioned antibacterial property and cytocompatibility of the calcium-doped
and fibrinogen-conditioned titanium indicated a safe pathway toward solving the problem
of peri-implant infections. A dental implant system has interfaces with both hard and soft
tissue [38], which requires the dental implant surface to be compatible with or more soundly
to promote the functions of both bone and gingival cells. Calcium has been proven effective
in guaranteeing the integration of bone tissue and sealing of gum to titanium in vivo [25,26];
whereas previous studies found that calcium-doped titanium was insufficient to protect
titanium from bacterial colonization in vitro [35,39], or that it even increased the adhesion
of bacterial cells [40], which compromises the strategy of using calcium to build effective
antibacterial titanium. The data in the present study also show that calcium doping itself
has a minimal effect against the adhesion of both Streptococcus mutans and Porphyromonas
gingivalis (Figures 5c-1 and 6c-1), which is consistent with those reports. However, calcium
doping in combination with fibrinogen adsorption was found to be effective against the
colonization of the bacterial species highly associated with peri-implantitis (Figure 5d-1 and
Figure 6d-1), which was likely because of the calcium-dependent conformation changes in
the protein (Figure 4). The effect of calcium on the control of the structure of fibrinogen
was well-known. It was demonstrated that the binding of calcium is usually mediated by
the carboxyl residues in the protein [41]. The two αC regions interacted intramolecularly
with each other and with the N-termini of Bβ chains of fibrinogen so that fibrinopeptide
B could be removed upon switching these intramolecular interactions of αC regions to
intermolecular manners [42]. Previous studies demonstrated that calcium at a higher
concentration (about 0.05 M) could turn the carboxyl terminal regions of the Aα chains
in fibrinogen from an inward position to a more solvent-exposed orientation, facilitating
intermolecular interactions, and the calcium uptake by human fibrinogen was parallelly
correlated with the release of the fibrinopeptide B [43,44]. In addition, the effect of calcium
doping on changing the conformation of adsorbed fibrinogen was evidenced by the Fourier-
transform infrared spectroscopy data (Figure 4) in our study. The removal of fibrinopeptide
B likely unlocked the peptide Gly-His-Arg-Pro (Gly, glycine; His, histidine; Pro, proline;
Arg, arginine) at the N-terminal end of the β chain, where the antibacterial peptide Bβ15-42
was located [45], further contributing to the prevention of the bacterial colonization as
shown in Figures 5 and 6.

Fibrinogen is a key player in reinforcing hemostasis and acts as the first line of host
defense against bacterial infections. Virtually all tissue damages trigger local activation
of the coagulation cascades, during which fibrinogen is transformed into fibrin, which
accumulates outside the blood vessels within and around the impaired region of the tis-
sue and physically prevents the invasion of pathogenic bacteria [46]. In addition, the
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efficacy of bacterial clearance within infected organs by the host innate immunity cells,
i.e., neutrophils and macrophages, is also associated with fibrin depositions [47]. It was
also well-established that fibrinogen adsorbs immediately to the surfaces of biomedical
devices (or biomaterials) which come in contact with biological fluids during surgeries,
and this determines the devices’ further interactions with immune effector cells and asso-
ciated foreign body responses [27]. Unfortunately, uncontrolled adsorption of fibrinogen
to biomaterials likely induces undesirable cell responses. Many previous studies have
evidenced fibrinogen denaturation while adsorbing to titanium surfaces [48–50], and taking
advantage of the semiconductive nature of previously non-stoichiometrical titanium oxide
films was proposed to reduce such denaturation on titanium and subsequently improved
compatibility [51,52]. In the present study, the activity against bacterial adhesion for the
fibrinogen adsorbed on pure titanium (the Ti-F group, Figure 5b-1 and Figure 6b-1) was infe-
rior to that adsorbed on calcium-doped titanium (the Ti-Ca-F group, Figures 5c-1 and 6c-1).
The inferiority of the Ti-F group against peri-implants-associated Streptococcus mutans and
Porphyromonas gingivalis was probably the result of fibrinogen denaturation. As shown in
Figure 4a, the conformation of the fibrinogen adsorbed on calcium-doped titanium (Ti-Ca-F)
was different from that adsorbed on titanium.

Taken together, the data solidly confirm that the indirect antibacterial strategy origi-
nally proposed by Cao et al. [24], i.e., the combination of calcium-doping and fibrinogen-
conditioning, is a promising strategy to prevent the colonization of pathogenic microbes
and meet the clinical demand for suppressing peri-implantitis. The results obtained in our
study demonstrated that antibacterial titanium implants do not need to target the bacterial
cells directly, which may be a good pathway to designing and developing advanced surface
modification processes that can properly balance the tissue integration and antimicrobial
adhesion in implantable medical devices, especially dental implant systems. However,
there are major limitations in the present study. The bacterial and mammalian cells’ adhe-
sion to the materials is only considered in a short time. Since adsorbed fibrin(ogen) is likely
degraded in normal healing processes, the effect of the adsorbed fibrinogen on cell adhesion
should be checked for longer culture durations in future studies. Moreover, to promote the
clinical translation of such a strategy, more efforts should be made. These include detailed
examinations on the safety and efficacy of the disinfection of dental implants by calcium
doping and protein conditioning in vivo.

5. Conclusions

In this study, calcium- and protein-conditioned titanium was fabricated first by a
duplex deposition process composed of thermal evaporation deposition and electron beam
evaporation deposition in a vacuum, and then by fibrinogen adsorption in a phosphate-
buffered saline solution free of calcium. The responses of peri-implantitis and biological
sealing associated cells were evaluated by seeding the cells on the materials and examining
their morphology and growth behaviors. The results obtained in this study confirmed that
calcium can regulate the conformation of the adsorbed fibrinogen, act against bacterial
colonization (Streptococcus mutans, UA 159 and Porphyromonas gingivalis, ATCC 33277),
and facilitate the adhesion and growth of human gingival fibroblasts, demonstrating that
calcium- and protein-conditioning is a promising strategy for tackle peri-implant infections.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jfb14050253/s1, Figure S1: Fluorescent measurement (Integrated
intensity) of the images was obtained by culturing Streptococcus mutans (UA 159) on the materials
for 5 h (Figure 5). The RED BARS represent the results from images of the propidium iodide (PI, Red)
channel, while the GREEN BARS represent the results from images of the SYTO 9 (Green) channel.
The measurements were made by using ImageJ bundled with 64-bit Java 8. * p < 0.05; Figure S2.
Fluorescent measurement (Integrated intensity) of the images obtained by culturing Porphyromonas
gingivalis (Pg, ATCC 33277) on the materials for 5 h (Figure 6). The RED BARS represent the results
from images of the propidium iodide (PI, Red) channel, while the GREEN BARS represent the results
from images of the SYTO 9 (Green) channel. The measurements were made by using ImageJ bundled
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with 64-bit Java 8. * p < 0.05; Figure S3. The number of adherent fibroblasts on the materials (in an
area of about 4.2 × 105 square microns). Cell counts were made according to fluorescent images
(Figure 7), on which the cell nuclei were stained with DAPI/blue. * p < 0.05.
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