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ARTICLE INFO ABSTRACT

Keywords: Periprosthetic infection and mechanical loosening are two leading causes of implant failure in orthopedic surgery
3D printing that have devastating consequences for patients both physically and financially. Hence, advanced prostheses to
Prosthesis

simultaneously prevent periprosthetic infection and promote osseointegration are highly desired to achieve long-
term success in orthopedics. In this study, we proposed a multifunctional three-dimensional printed porous ti-
tanium alloy prosthesis coated with imidazolium ionic liquid. The imidazolium ionic liquid coating exhibited
excellent bacterial recruitment property and near-infrared (NIR) triggered photothermal bactericidal activity,
enabling the prosthesis to effectively trap bacteria in its vicinity and kill them remotely via tissue-penetrating
NIR irradiation. In vivo anti-infection and osseointegration investigations in infected animal models confirmed
that our antibacterial prosthesis could provide long-term and sustainable prevention against periprosthetic
infection, while promoting osseointegration simultaneously. It is expected to accelerate the development of next-
generation prostheses and improve patient outcomes after prosthesis implantation.
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1. Introduction accelerate osseointegration simultaneously to improve the service life of
the prosthesis after implantation.

Titanium (Ti) and Ti-alloy have achieved great success in the field of
orthopedic implants [8], because of their desirable mechanical

compatibility, chemical stability, and biocompatibility [9]. The

Over the past few decades, the demand for orthopedic implants has
significantly increased due to the aging population and the high inci-
dence of trauma [1]. While various bone implants have been developed,

periprosthetic infection remains a major factor leading to implant failure
[2,3]. It has been reported that periprosthetic infection is the leading
cause of repeated revision surgeries in arthroplasty [4], accounting for
20.4 % of implantation failures [5]. Once bacterial infection occurs on
prostheses, osseointegration are highly impaired by severe inflamma-
tory responses, suspecting to implant failure and even osteomyelitis [6,
71, which are devastating consequences for patients both physically and
financially. Therefore, it is of great significance to develop advanced
implants with desirable biofunctions to prevent bacterial infections and
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emerging three-dimensional (3D) printing technology further advances
the capabilities of Ti-based biomaterials to an unparalleled level in bone
repair. It offers revolutionary improvements in the flexibility in implant
design to realize the creation of precisely customized shapes and
structures of implants that are tailored to individual anatomical char-
acteristics, enabling perfect geometry and mechanics match to prevent
later-stage implant loosening [10-13]. Currently, customized
3D-printed porous titanium alloy (pTi) implants have achieved great
success in anatomical reconstruction and functional recovery. Clinical
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studies have reported that personalized 3D-printed implants match bone
defects perfectly, promote bone ingrowth, provide stable mechanical
support, and improve functional scores with fewer complications
[14-16].

Despite these advantages, periprosthetic infection, which is one of
the most prevalent and challenging issues associated with implant ma-
terials, unfortunately remains unaddressed for titanium-based bio-
materials. As a classical bioinert material, titanium and its alloys lack
inherent antibacterial activity to fight against implant related infections
[17,18]. Meanwhile, the porous structure brought by 3D printing not
only contributes to cell penetration and nutrient transport to promote
angiogenesis and induce bone ingrowth, but it also provides a favorable
environment for bacterial colonization and proliferation [19]. There-
fore, it is of great practical significance to endow pTi implants with
satisfying superior antibacterial properties to intervene the race be-
tween bone tissue cells and bacteria for the implant surfaces.

Current antibacterial strategies can be broadly categorized into two
main types: antifouling surfaces, which aim to inhibit bacterial adhe-
sion, and bactericidal surfaces, which work to kill bacteria. Dull anti-
fouling surfaces are not favorable for tissue engineering, as the blind
repelling strategy fails to precisely regulate the surface adhesion
behavior of bacteria and tissue cells to improve osseointegration. Thus,
current strategies in bone repair rely heavily on the extensive use of
antibiotics and other bactericidal agents toward bactericidal surfaces
[20,21], either through drug delivery systems [6,22-24] or surface drug
immobilization [25,26]. Unfortunately, hardly could any of the reported
bactericidal strategies provide sufficient and sustainable antibacterial
activities to cover the whole course of bone tissue regeneration (typi-
cally several months), due to either the limited reservoir capacity or the
shielding effect of bacteria debris. As a result, there is a critical need for
precise and sustainable approaches to effectively balance the seemingly
contradictory bacterial infection and osseointegration.

In this study, based on an imidazolium ionic liquid coating, we
developed a multifunctional 3D-printed pTi prosthesis with photo-
thermal bactericidal activity to kill bacteria physically and sustainingly.
The surface coating method could endow the 3D-printed pTi prosthesis
with desired antibacterial properties without altering its native structure
or damaging mechanical properties, which is crucial for prostheses for
bone repair [27]. Meanwhile, the ionic liquid coating on the prosthesis
surface exhibited interesting antibacterial activity. That is, to trap the
bacteria surrounding the implants, and subsequently kill them on
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demand and in situ through remote near-infrared (NIR) irradiation,
which exhibits excellent tissue penetration (Scheme 1). As no antibiotics
or invasive revision surgery would be involved throughout the whole
process, we believe that the multifunctional prosthesis proposed herein
would accelerate the development of next-generation prostheses in
infection prevention and osseointegration.

2. Materials and methods
2.1. Preparation of the 3D-printed porous titanium alloy prosthesis (pTi)

The 3D-printed pTi prosthesis was manufactured by the Arcam
Electron Beam Melting (EBM) system (Q10, Sweden), following the
method described in our previous studies [28-30]. Briefly, spherical
titanium alloy powder (Ti6Al4V, Grade 23, particle size 45-100 pm, AK
Medical Co., Ltd., Beijing, China) was melted layer-by-layer according to
the preset parameters (pore size: 600 pm, porosity: 70 %, strut size: 300
pm). The 3D-printed pTi macroscopic shapes were either disk-shaped
(10 mm x L3 mm) for in vitro experiments or columnar-shaped (96
mm x L10 mm) for in vivo investigations. All fabricated pTi were ul-
trasonically cleaned and washed sequentially in acetone, ethyl alcohol,
and deionized water for 15 min for each procedure, and sequentially
autoclaved for 30 min.

2.2. Preparation of the ionic liquid-coated pTi prosthesis (pTi@MMIB)

An ionic liquid of 3-(12-mercaptododecyl)-1-methyl-1H-imidazole-
3-ium bromide (MMIB) was first synthesized (a detailed description is
provided in the Supplementary Information). Then, the ionic liquid
coating on the pTi prosthesis was prepared as follows: pTi prostheses
were immersed in a dopamine hydrochloride solution (2 mg/mL in
Tris—HCI buffer, pH = 8.5), and incubated at room temperature for 12 h
under shaking. The polydopamine (PDA) coated prostheses were rinsed
several times in ultrapure water for further modification. Triethylamine
(820 pL, 6 mmol) was added to 50 mL of ethanol solution and bubbled
with Ny for 30 min. MMIB (1.82 g, 5 mmol) was then added under an
atmosphere of N3 (0.1 M in the coating solution), to ensure that its
immobilization quantity reached saturation on the PDA layer. Subse-
quently, the PDA-coated prostheses were immersed into the above so-
lution under shaking for 16 h at room temperature, and rinsed several
times in ultrapure water. The as-prepared ionic liquid-coated prostheses
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Scheme 1. Ionic liquid-coated 3D-printed prosthesis prevents periprosthetic infection and promotes osseointegration simultaneously.
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were named pTi@MMIB.
2.3. Characterizations of the pTi@MMIB

Scanning electron microscopy (SEM, INSPECT F, FEI, Netherlands)
was carried out for the morphology of the prostheses, and elemental
mapping and energy dispersive spectroscopy (EDS) analysis were per-
formed as well. Atomic force microscopy (AFM, Dimension Icon AFM,
Bruker), and contact angle measurement (Drop Shape Analyzer, DSA25,
KRUSS) were carried out for the characterization of the ionic liquid
coating. To facilitate the measurements, a flat titanium alloy (Ti6Al4V)
substrate was applied for the ionic liquid coating modification, using the
same method as for preparation of the pTi@MMIB, and the surface
morphology, roughness, and wettability were then characterized. NIR
photothermal conversion property of the pTi and pTi@MMIB prostheses
were also assessed. The temperature changes of the dry prostheses when
exposed to 808 nm NIR irradiation (2 W cm’z) in an air environment
was monitored, using a thermal imaging camera (Fluke, USA).

2.4. NIR-triggered photothermal antibacterial therapy

UV-sterilized prostheses were incubated in 5 mL of Escherichia coli
(E. coli, ATCC 25922) or Staphylococcus aureus (S. aureus, ATCC 25923)
suspension (1.0 x 10° CFU/mL) at 37 Cfor1h. Then, the samples were
irradiated with 808 nm NIR (2 W cm‘z) for 5 min. Following the NIR
irradiation, the viability of the bacteria adhered to the prostheses was
promptly assessed to evaluate their survival. Briefly, the prosthesis was
fully immersed in 5 mL of normal saline. The adhered bacteria were
subsequently dislodged from the prostheses and transferred to the
normal saline solution using pulsed ultrasound (the pulsed ultrasound
treatment involved 30 s of ultrasound followed by a 30 s pause in an ice-
water bath, repeated for a total of 5 cycles). After that, the number of
live bacteria in the solution was determined through the standard plate
counting method, and the viability of the bacteria adhered to the pros-
theses could be calculated accordingly. The morphology of the bacteria
on the prostheses was characterized by scanning electron microscopy
(Nova NanoSEM 450, FEI, USA).

2.5. Biocompatibility assays

Rabbit bone marrow mesenchymal stem cells (rBMSCs, LM-Rb007)
were used to evaluate the cytotoxicity of the ionic liquid coating and
photothermal treatment. Briefly, rBMSCs were cultured in 24-well plates
at a density of 2 x 10* cell/well, and 3D-printed prostheses were added
to the wells. Two hours before detection, two groups, pTi + NIR and
pTi@MMIB + NIR, were irradiated with 808 nm NIR (2 W em™2) for 60
s, while the other two groups, pTi and pTi@MMIB, were not irradiated.
Cells were cultured in DMEM with 10 % FBS and 1 % penicillin-
streptomycin under a humidified atmosphere of 5 % CO5 at 37 °C in an
incubator. The medium was refreshed every 3 days during cell culture.

At scheduled time points, CCK-8 assays were performed to evaluate
cell proliferation according to the manufacturer’s instructions. Briefly,
the medium was replaced with 1 mL of fresh DMEM, and 10 % CCK-8
reaction solution was added into each well and incubated for 2 h at
37 °C. After that, 100 pL of sample solution was transferred to a 96-well
plate and measured by a microplate reader (Multiskan EX, Thermo
Fisher Scientific, MA, USA) at 450 nm. Calcein-AM/PI staining was also
conducted to assess cell viability. Briefly, the samples were stained with
calcein-AM (5 pM) and PI (2 pM) at 37 °C for 15 min in the dark,
repeatedly washed with PBS and observed under a confocal laser scan-
ning microscope (CLSM, FV1000, Olympus, Japan).

2.6. Preparation of periprosthetic infection models

All animal procedures were examined and approved by the Animal
Ethics Committee of Jilin University (No. 20200169). A total of 40 New
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Zealand white rabbits (female, five months old) were incorporated into
the in vivo investigation of periprosthetic infection and osseointegration.
The implantation operation was carried out under general anaesthesia
by 3 % (w/v) pentobarbital at a dose of 50 mg/kg. Carprofen was
administered once a day at a dose of 4 mg/kg as the analgesic. Briefly, by
making an incision through the lateral approach of the left knee, the soft
tissue was separated layer by layer to expose the surface of the lateral
condyle, and then a cylindrical bone defect with 6 mm diameter and 10
mm depth was created using a bone drill. After washing the area with
normal saline to remove the bone slag, columnar-shaped pTi or
pTi@MMIB prosthesis (p6 mm x L10 mm) was implanted into the
defect. Then, 500 pL of bacterial suspension containing 1.0 x 10°> CFU
S. aureus and E. coli was injected into the medullary cavity through the
defects. The incision was sutured layer by layer using absorbable su-
tures. No antibiotics were administered postoperatively. The sample size
of animals in each group was ten. The pTi + NIR and pTi@MMIB + NIR
groups were irradiated with NIR (808 nm, 2 W cm2, 60 s) at the 1st,
3rd, 5th, 7th, 9th and 11th weeks after implantation, while the pTi and
pTi@MMIB groups were not irradiated throughout the experiments. At
the 12th week after implantation, animals were euthanized by 3 % (w/v)
pentobarbital at a dose of 150 mg/kg. Samples of the distal femur and
surrounding tissues were collected for subsequent detections.

2.7. Anti-infection evaluation in vivo

To evaluate systemic infection, peripheral blood was drawn through
the vein at 2nd, 4th, 6th, 8th, 10th and 12th weeks after implantation for
white blood cell (WBC) count. Besides, to detect the infection around the
prosthesis interfaces at week 12, the tissue on the surface of prosthesis
was collected, and stained with Giemsa staining to visualize the bacterial
infection.

2.8. Micro computed tomography (Micro-CT)

To study bone formation around the prosthesis interfaces, the sam-
ples of distal femur were scanned by Micro-CT (90 kV voltage, 114 mA
current, 18 pm pixel size). The cylindrical region of the prosthesis was
selected as the region of interest for 3D reconstruction and quantitative
morphometric analysis by Micro-CT auxiliary software (NRecon version
1.6.6).

2.9. Histological observation

All animals were intramuscularly injected with calcein at a dose of 8
mg/kg, on the 14 and 4 days before sacrifice, to detect the mineral
apposition rate (MAR). Three months after pTi implantation, the left
distal femur samples were harvested and preserved in a 4 % poly-
formaldehyde solution. The bone samples were embedded in methyl
methacrylate without decalcification, and then sectioned into 150-300
pm slices. The slices were ground down and polished to 40-50 pm. The
samples were observed under a CLSM, and MAR (pm/day) = IrL.Wi/
interval, IrL.Wi represents the interlabel width (pm). And then the sec-
tions were stained with Masson’s trichrome to observe the bone
ingrowth.

2.10. Push-out test

To evaluate the osseointegration, the bond strength at the bone-
—prosthesis interface was tested via a standard push-out test with the
AG-A20 KNA dynamic testing machine (Shimadzu, Nakagyo-ku Kyoto,
Japan). Briefly, the distal femur samples were fixed on the experimental
platform, and the indenter is pushed in parallel along the long axis of the
interfaces at 0.1 mm/s. The peak push-out force was recorded as the
point at which the interface detached from the bone.
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2.11. Statistical analysis

All results are presented as the mean + standard deviation. Com-
parisons among groups were analysed with one-way ANOVA followed
by Tukey’s post hoc test using SPSS 19.0 (SPSS Inc., Chicago, USA). All
experiments were repeated independently at least three times. *p <
0.05, **p < 0.01, and ***p < 0.001.

3. Results and discussion
3.1. Characterization of the pTi@MMIB

Firstly, the porous scaffold substrate of pTi was fabricated through
3D printing technology. It is reported that porosity and pore size dis-
tribution are closely related to the osseointegration ability of orthopedic
implants. Microporous prostheses with a diameter of 300-700 pm are
conducive to cell adhesion, proliferation, and osteogenic differentiation
in bone tissue engineering. The porosity of the porous scaffolds should
be above 50 %, especially within 65-75 %, to accurately mimicking the
structure and mechanics of human trabecular bone, thereby enhancing
the bionic effect of the prosthesis [31,32]. In this study, taking advan-
tage of 3D printing technology that offers revolutionary flexibility for
the precision manufacturing, disk- and columnar-shaped pTi prostheses
with designed parameters of 600 pm pore size and 70 % porosity were
successfully prepared (Fig. S1). SEM images (Fig. 1a) demonstrated the
homogeneous and porous network microstructure of the obtained pTi
prosthesis. The interconnected microstructure would benefit cell pene-
tration and nutrient transport, promoting angiogenesis and induce bone
ingrowth [33,34]. Besides, the microstructure increased the surface
roughness and specific surface area to enhance the prosthesis—-bone
interaction and initial stability, so that the micro-movements at the
interface could be minimized.

To endow the pTi prosthesis with antibacterial activity to fight
against periprosthetic infections, a novel imidazolium ionic liquid was
immobilized to the prosthesis surface. Through an extensive structure-
activity relationship study involving a range of ionic liquids, MMIB
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was specifically designed and chosen due to its advantageous combi-
nation of antibacterial activity and cytocompatibility (the minimal
inhibitory concentrations of MMIB against S. aureus and E. coli are 4 and
8 pg/mlL, respectively, and it demonstrated non-cytotoxicity at 200 pg/
mL). Polydopamine (PDA), known for its substrate-independent adhe-
sion property, served as a bioglue for coating the prostheses. Subse-
quently, MMIB is immobilized onto the PDA coating via a Michael
addition reaction between the terminated thiol group in the imidazo-
lium ionic liquid and the o-quinone groups in PDA [35], resulting in the
fabrication of the pTi@MMIB prosthesis.

As shown in Fig. la and b, after the ionic liquid coating, the
roughness of the prosthesis surface increased, and the color of the
pTi@MMIB prostheses surface turned dark brown. However, the micro-
and macro-structure of the 3D printed pTi prosthesis remained un-
changed. More importantly, the ionic liquid coating showed a negligible
effect on the mechanical properties of the prosthesis, which is more
critical for orthopedic implants. The compressive strength and elastic
modulus values were 48.0 + 2.1 MPa and 1.6 + 0.2 GPa, respectively.
Elemental mapping demonstrated the uniform distribution of MMIB on
the prosthesis surface, as indicated by the distribution of its character-
istic element of S (Fig. 1¢). Quantitative analysis revealed the increased
relative atomic contents of C and S after the coating (Table 1). These
results indicated the successful modification of the prosthesis surface.
Atomic force microscopy (AFM) analysis on a flat Ti6Al4V substrate
(Fig. 1d) further confirmed the slight increase in surface roughness (R,)
from 30.6 to 44.9 nm after the coating, and the thickness of the coating
was measured to be ~2 pm using the scratch method (Fig. S2). Besides,

Table 1
Elemental compositions on the prosthesis surfaces determined by EDS.

sample relative atomic content (%)
Ti Al \Y C S
pTi 71.2 8.4 4.2 16.2 0.0
pTi@MMIB 54.6 6.1 3.2 35.8 0.3
pTi pTI@MMIB
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Fig. 1. Characterizations of the pTi@MMIB. (a, b) SEM images (a) and digital pictures (b) of the pTi and pTi@MMIB. (c) SEM image and corresponding elemental
mapping (Ti, C, N and S) for pTi@MMIB. (d) AFM images and the corresponding height file of the flat Ti6Al4V surfaces before (i) and after (ii) the MMIB coating; the

insert shows the water contact angle of the surfaces.
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the wettability of the surfaces increased after the coating, as evidenced
by the decreased water contact angle from 96.4 + 7.5 to 71.2 + 3.8".
These characterizations demonstrated the successful preparation of the
pTi@MMIB prostheses.

3.2. In vitro photothermal bactericidal activity

Photothermal treatment offers a sustainable and remotely triggered
method to eliminate bacteria on demand via physical hyperthermia.
Taking advantage of the high tissue penetration and precise spatial and
temporal control of near-infrared (NIR) light, NIR photothermal treat-
ment shows a bright future in next-generation prostheses for non-
invasive infection control.

As shown in Fig. 2a and b, the ionic liquid coating significantly
increased the NIR photothermal conversion of the prosthesis, reaching a
level that was approximately 150 % higher than that of bare pTi. When
subjected to NIR irradiation, the temperature of pTi@MMIB exhibited
rapid and substantial increases, ultimately reaching a maximum tem-
perature change (AT) of 43.7 "C at equilibrium in an air environment. In
comparison, the bare pTi exhibited a lower AT of 30.8 °C under the same
NIR irradiation conditions. Further investigation into the NIR photo-
thermal conversion of pTi@MMIB revealed its remarkable
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sustainability, substantiated by the consistent temperature change
curves observed during the NIR “on-off” cycle tests (Fig. 2c).

In the photothermal bactericidal experiments, where the prostheses
were immersed into bacteria solutions, it was observed that the tem-
perature of the pTi@MMIB prosthesis at equilibrium decreased slightly
to 54.3 'C (compared to 72.3 °C in the air environment), due to the
continuous heat transfer to the solution. However, the thermal ablation
effect was still sufficient to kill bacteria adhered to the prosthesis
effectively via local hyperthermia at the interface. As shown in Fig. 2
d-i, nearly 100 % of the bacteria adhered to the pTi@MMIB prosthesis
were killed after NIR irradiation, achieving a logjo reduction value
(LRV) of 6 against both E. coli and S. aureus. In contrast, the bare pTi
exhibited very weak bactericidal activity, LRV<0.3.

Results of the live/dead assay on a flat Ti6Al4V substrate (the same
material as the shaped prosthesis) further validated the robust photo-
thermal bactericidal activity of the ionic liquid coating. As shown in
Fig. 3, most of the adhered bacteria on the bare substrate were still alive,
even under NIR irradiation. However, the MMIB coating endowed the
material with intrinsic bactericidal activity to kill the adhered bacteria,
and the activity could be largely enhanced upon NIR irradiation.

Additionally, it is noteworthy that the number of bacteria adhered to
the pTi@MMIB surface was ~400 % higher than that on the bare pTi
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Fig. 2. Invitro NIR photothermal bactericidal activity of the pTi@MMIB. (a, b) Infrared thermographic images (a) and temperature change curves (b) of the pTi and
pTi@MMIB under NIR irradiation (808 nm, 2 W cm~?). (¢) On—off temperature curves for pTi@MMIB under NIR irradiation (808 nm, 2 W cm~?). (d, g) Photographs
of the bacterial colonies after the standard plate count assay and SEM images of the adhered bacteria on the prosthesis surfaces. (e, h) Number of adhered bacteria on
the prosthesis surfaces. (f, i) NIR photothermal bactericidal activity of pTi and pTi@MMIB. (d-f) for E. coli, (g-i) for S. aureus. n = 3, **p < 0.01, ***p < 0.001.
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Fig. 3. Fluorescence microscopy images of bacteria adhered on the pTi and pTi@MMIB surfaces, with and without NIR irradiation (808 nm, 2 W cm~2); green and
red staining indicate live and dead bacteria, respectively, and bacteria with weak viability appear yellow in the merged images. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

(Figs. 2 and 3), which means the pTi@MMIB could trap planktonic
bacteria in the surrounding environment, probably through electrostatic
interaction, as the imidazolium ionic liquid coating carried a positive
charge while most bacteria are negatively charged. With the synergistic
effect of the bacterial recruitment property and photothermal bacteri-
cidal activity, our pTi@MMIB prosthesis could trap the surrounding
planktonic bacteria and subsequently undergo NIR-triggered photo-
thermal bacteria killing.

Further investigation demonstrated that the bactericidal activity
remained consistently effective even after three NIR on/off cycles,
confirming the sustainable and durable antibacterial performance of
pTi@MMIB. This evidence suggests its potential for long-term infection
prevention applications, highlighting its promising role in enhancing
prosthetic implant safety and efficacy.

3.3. Invitro cytocompatibility assessment

Cytocompatibility of prostheses is a crucial factor to consider in their
biomedical applications in vivo. Herein, CCK-8 assay and calcein-AM/PI
staining were carried out to evaluate the cytotoxicity of both the ionic
liquid coating and the NIR irradiation. As shown in Fig. 4a, CCK-8 assay
showed that the cell proliferation rate increased gradually with the
extension of culture time, and there was no significant difference among
the groups. Besides, calcein-AM/PI staining (Fig. 4b) confirmed that the
cells in each group were mainly green-stained living cells. Quantitative
analysis further supported these findings, revealing that the cell survival
rates in the pTi, pTi@MMIB, pTi + NIR, and pTi@MMIB + NIR groups
were 92 + 2 %, 92 + 2 %, 91 + 2 %, and 92 + 2 %, respectively, on the
4th day (Fig. 4c), and 93 +1 %, 93 £ 1 %, 92 £ 1 %, and 92 + 1 %,
respectively, on the 7th day (Fig. 4d), with no significant difference
among all the groups.

These results dispelled our concerns about the potential cytotoxicity
of photothermal treatment. Although NIR irradiation-induced local hy-
perthermia at the interface may have had some microscopic impact on
the adhered cells at the time of treatment, when evaluated over an
extended period (days), neither the ionic liquid coating nor NIR irradi-
ation hindered cell viability and proliferation. It might be attributed to
the better thermotolerance of mammalian cells than bacteria. They
possess a robust system of heat shock proteins and other cellular de-
fenses that can protect them from damage caused by changes in tem-
perature [36-38]. As a result, the cells were able to withstand the
photothermal treatment, highlighting the biocompatibility and safety of
our pTi@MMIB in bone repair.

3.4. In vivo antibacterial efficiency assessment

Many antibacterial surfaces demonstrate promising results in vitro
but fail to translate into improved outcomes for periprosthetic infections
in vivo [39-41]. Thus, it is critical to demonstrate the evidence-based
performance of our pTi@MMIB in long-term infection prevention.
Herein, a bone defect animal model was established by creating a cy-
lindrical defect on the lateral condyle of distal femur using a bone drill.
Columnar-shaped prosthesis with precise geometry match with the
defect was then implanted. To induce periprosthetic infection, a bacte-
rial suspension containing S. aureus and E. coli was injected into the
medullary cavity through the defects. Infection prevention performance
of the prostheses was then evaluated.

As shown in Fig. 5a, the in vivo NIR photothermal property of
pTi@MMIB remained highly effective after implantation into the distal
femur defect. Upon NIR irradiation through the skin and tissues, the
temperature of pTi@MMIB increased to 50.8 °C, AT = 14.9 ‘C, which
was still much higher than that of bare pTi under the same condition,



Z. Liet al.
a 12 pTi
1 pTi@MMIB
o I pTi+NIR l
1 pTI@MMIB+NIR
2 08 - l g
®
.e o
o
]
Q g
< 04 A1 S S
1 4 7
Time (day)
Y 1207 d 1201
;\3 calcamil: S o :\o‘ e M e
~— 80 1 ~— 80
z 2
ol 3
o o
= 40 - =40
) ©
(&) (@)
0 0

R
ot \@N\ 1\‘*“\\é.;:\\j\\\l\\a)’N oV

' \R
\@N\ '(\“‘ N\g\q\\\l\\a*N

Materials Today Bio 26 (2024) 101076

Dark
pTi@MMIB

NIR

(on

pTi

pTi@MMIB

4 day
Live

Merged Dead

7 day
Live

Dead

Merged

Fig. 4. Cytocompatibility evaluation of the pTi@MMIB and NIR irradiation. (a) CCK-8 proliferation analysis of rBMSCs cultured in the pTi, pTi@MMIB, pTi + NIR,
and pTi@MMIB + NIR groups (n = 4). (b) Calcein AM/PI staining of live cells (green) and dead cells (red). (c, d) Quantitative analysis of the cell survival rate on the
4th (c) and 7th (d) day, according to Calcein AM/PI staining (n = 4). (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

AT = 5.8 C. The effective in-vivo photothermal performance contributed
to the bactericidal activity of the prosthesis to prevent periprosthetic
infections. As shown in Fig. 5b, all animals in the pTi@MMIB and
pTi@MMIB + NIR groups survived throughout the entire in-vivo
experiment (12 weeks), whereas 3 in the pTi group and 2 in the pTi +
NIR group succumbed to mortality. Blood analysis (Fig. 5 c-e) revealed a
persistent systemic infection in the pTi and pTi + NIR groups. A sig-
nificant and continuous increase in the levels of immune cells (white
blood cells and neutrophils) and pro-inflammatory cytokine (interleukin
6) was observed throughout the implantation period. In contrast, there
was a significant inhibition of such systemic infection in the pTi@MMIB
and pTi@MMIB + NIR groups (p < 0.05). Especially, the pTi@MMIB +
NIR group showed a rapid and efficient anti-infection effect among the
groups, and it maintained a continuous control over the systemic
infection throughout the experiment. In terms of local periprosthetic
infection, which can severely impede osseointegration at the bone-
—prosthesis interface, Giemsa staining (Fig. 5f) demonstrated a signifi-
cant presence of bacteria in the pTi and pTi + NIR groups at 12 weeks
post-implantation. However, nearly no bacteria were observed in the
tissues surrounding the prosthesis interfaces in the pTi@MMIB and
pTi@MMIB + NIR groups.

Since the bare pTi prosthesis lacked innate antibacterial properties,
an aggravated infection could be observed with increasing time, as
indicated by a continuous increase in the WBC count. The pTi + NIR
group also showed an incomplete antibacterial effect owing to weak
photothermal conversion efficiency. A continuous low-grade infection
state was observed in this group, which could impair subsequent bone
regeneration. On the other hand, for the pTi@MMIB and pTi@MMIB +
NIR groups, the MMIB coating possessed both bacterial recruitment
property and intrinsic bactericidal activity, which allowed the prosthesis
to capture and confine bacteria around the interface, preventing their
spread and exerting continuous bactericidal effects. When combined
with NIR irradiation, the pTi@MMIB exhibited a more efficient and

rapid sterilization effect. It was observed in Fig. 5f that the pTi@MMIB
+ NIR group showed a significant reduction in bacterial counts at the
12th week (indicated by the red arrows), promising our antibacterial
prosthesis in periprosthetic infection prevention.

3.5. Osseointegration

Bacterial infections on the prosthesis can significantly hinder the
process of osseointegration. Thus, herein, the osseointegration perfor-
mance of the pTi@MMIB prosthesis was evaluated at 12 weeks post-
implantation. Benefiting from the perfect geometry and mechanics
match achieved through 3D-printing-based precision manufacturing,
along with the effective anti-infection performance provided by our
ionic liquid coating, the pTi@MMIB + NIR group exhibited outstanding
osseointegration performance in the animal experiments.

Macroscopically, the prosthesis interfaces in the pTi@MMIB + NIR
group exhibited excellent fixation to the lateral condyle of the distal
femur, with a normal and smooth bone surface (Fig. 6a). In contrast,
varying degrees of hyperplasia, fibrosis, and necrosis were observed in
other groups, indicating the detrimental impact of periprosthetic
infection on the local bone structure. To visualize the bone regeneration
around the prostheses, micro-CT scanning was performed. The 3D
reconstructed images (Fig. 6b) demonstrated that the pTi@MMIB + NIR
group showed the highest efficiency in promoting the formation of new
bone among all the groups. Compared with other groups, more bone
tissue (indicated by the yellow color) was regenerated around the
prosthesis interfaces and in the micropores in this group. Quantitative
analysis (Fig. 6 c—f) revealed that the pTi@MMIB + NIR group exhibited
significantly higher values of bone volume/tissue volume ratio (BV/TV),
trabecular thickness (Tb. Th), and trabecular number (Tb. N), as well as
a lower value of trabecular separation (Tb. Sp), when compared with
other groups, indicating the best osseointegration performance for the
pTi@MMIB + NIR.
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the reader is referred to the Web version of this article.)

Non-decalcified histology (Fig. 6g) further demonstrated that in the
pTi@MMIB + NIR group, regenerated bone tissue almost completely
surrounded the prosthesis interface and partially grew into the micro-
pores. In contrast, a large amount of yellow pus was observed in the
micropores in the pTi and pTi + NIR groups, and regenerated bone tissue
around the prosthesis interfaces was very limited. Biomechanical push-
out test demonstrated the highest bonding strength at the prosthe-
sis-bone interface for the pTi@MMIB + NIR group (Fig. 6h). The
maximum loading value in this group was measured to be 431 + 178 N,
which was significantly higher than those in other groups. In addition,
dynamic histomorphometric analysis indicated the highest mineral
apposition rate (MAR) in the pTi@MMIB + NIR group (Fig. 6i and j).

These results suggest that the combination of MMIB coating and NIR
irradiation endowed the 3D printed pTi prosthesis with the capability to
control infections efficiently and sustainably, paving the way for suc-
cessful osseointegration. Finally, the biological safety of the pTi@MMIB
+ NIR was evaluated. As shown in Fig. 7, histological analysis revealed
that the main organs (heart, liver, spleen, lung, and kidney) of the
rabbits exhibited normal characteristics without any signs of toxic re-
actions, validating the biosafety of our prosthesis with synergistic

antibacterial system for in vivo applications.

Certainly, when considering a translational solution, it is critical to
take into account potential risks of the pTi@MMIB. Although the
intrinsic bactericidal activity of the coating could enable pTi@MMIB to
kill the adhered bacteria to a certain degree during the early stages after
prosthesis implantation, it should be noted that at high bacteria load-
ings, the bacterial recruitment property of the MMIB coating might lead
to higher bacterial adhesion. When NIR irradiation is not applied, the
number of survival live bacteria might be increased compared with the
bare prosthesis since the intrinsic bactericidal activity may not be suf-
ficient. However, if NIR irradiation is applied blindly, patient compli-
ance will be critical due to the hyperthermia effect. Therefore, it is
necessary to combine the pTi@MMIB with clinical diagnosis and
advanced detection techniques for periprosthetic infection monitoring,
so that the timing of NIR intervention could be directed more precisely.
For example, i) Clinical diagnosis is required to direct the timing of NIR
irradiation, the wound condition assessing (redness, swelling, heat,
pain, etc.) and hematological examination (such as white blood cell
count and neutrophils count in peripheral blood) should be carried out
to check for signs of periprosthetic infection. ii) Advanced in-situ
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Fig. 6. In vivo bone regeneration and osseointegration assessment around the prosthesis interfaces. (a) Gross view of the lateral condyle of distal femurs. (b) 3D
reconstruction images of the prosthesis (white) and regenerated bone tissue (yellow). (c—f) Bone morphometric analysis of bone volume/tissue volume (BV/TV) (c),
trabecular number (Tb-N) (d), trabecular bone thickness (Tb-Th) (e), trabecular separation (Tb.Sp) (f) according to Micro-CT at 12 weeks post-implantation. (g)
Representative histological images of Masson staining (the black areas indicate the pTi prosthesis, the blue areas indicate the bone, and the yellow areas indicate
pus). (h) Biomechanical evaluation by pull-out testing to study the osseointegration between the prosthesis interfaces. (i) Representative images of calcein fluo-
rescence double-labelling of bone regeneration around the prosthesis interfaces. (j) Mineral apposition rate (MAR) by calcein fluorescence double labelling (n = 5, *p
< 0.05, **p < 0.01, ***p < 0.001). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

detection techniques are highly desired for periprosthetic infection
monitoring so that the timing of NIR intervention could be directed in an
even more precise way.

4. Conclusion

In summary, the pTi@MMIB prosthesis proposed in this study offers
a promising solution for simultaneously preventing periprosthetic
infection and promoting osseointegration. 3D-printing-based precision
manufacturing enables the creation of personalized pTi prostheses with
perfect geometry and mechanics match to each individual patient’s
anatomy. And our imidazolium ionic liquid coating equips the person-
alized prostheses with the unique ability to fight against periprosthetic
infection on demand using non-invasive NIR irradiation, which is a
significant revolution over traditional methods that rely heavily on
antibiotic administration or invasive revision surgeries. Overall, the
multifunctional prosthesis proposed in this study represents great
advancement in the field of orthopedics and has the potential to revo-
lutionize the way to prevent periprosthetic infection. We believe this
technology will inspire further innovation and accelerate the develop-
ment of next-generation prostheses, ultimately benefiting patients
around the world.

As we look toward the future, further studies will be necessary to
enhance the coating technique in more detail to address engineering
issues, such as the coating uniformity and stability, before its practical

applications can be realized. Besides, the development of in-situ detec-
tion techniques for periprosthetic infection monitoring are highly
desired to direct the timing of NIR intervention more precisely. In
additional, incorporating microscale heating techniques, such as nano-
second pulsed NIR irradiation, will enable more accurate photothermal
control to create highly localized hyperthermia (molecular level) at the
prosthesis interface for further enhancing patient compliance. When
combined with these advanced technologies, we can further regulate the
race between host tissue cells and bacteria on these smart prostheses
even more precisely, advancing bone repair into the era of precision
medicine.
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