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Background: With excellent shape memory and superelastic properties, shape memory
alloy (SMA) is an ideal actuator, and it can form smart structure for different applications
in medical field. However, SMA devices cause apparent thermal damage to the surrounding
tissues when it works in vivo, making the application of smart structure that is composed of
SMA actuator in vivo is greatly limited.

Methods: In this paper, coating (APA) with PLA as the main body to limit the heat
conduction, a multifunctional Ag nanoparticles (AgNPs)/polylactic acid (PLA)/A1203 was
synthesized. The Al203 layer was formed by micro-arc oxidation (MAO) and AgNPs were
synthesized by silver nitrate and ethylene glycol. Scanning electron microscopy, transmission
electron microscope, and Fourier transform infrared spectra were applied to analyze the
morphology and characterization of APA coating. The antimicrobial activity, thermal insula-
tion activity, and biocompatibility of APA coating were furtherly explored and verified
through animal experiments and immunohistochemistry.

Results: With different particle sizes and concentrations of AgNPs, APA multi-functional
films were successfully prepared. The AI203 layer was closely combined with SMA and
formed a porous surface, so the PLA and AgNPs layers can firmly adhere to SMA, thus
reducing the release of nickel ions in SMA. AgNPs gave APA coating excellent antibacterial
activity and effectively inhibited the growth of Staphylococcus aureus. In addition, coupled
with the low thermal conductivity of PLA and A1203, AgNPs were tightly anchored on the
surface of PLA, which has high infrared reflectivity, making the APA coating obtain good
thermal insulation performance.

Conclusion: We have successfully prepared the APA coating and obtained the optimum
amount of AgNPs, which makes it have good thermal insulation performance, good anti-
bacterial activity and good biocompatibility, which provides a new prospect for the applica-
tion of SMA.

Keywords: thermal insulation, nickel-titanium alloy, silver nanoparticles, micro-arc

oxidation

Introduction

With excellent shape memory effect and superelasticity, Nickel-titanium shape
memory alloy (SMA) was discovered in the 1960s, and it has been widely used
in aerospace, metallurgy, manufacturing, and other fields." Due to its excellent and
superplastic property, low magnetism, wear resistance, fatigue resistance, and
excellent biocompatibility, SMA also has a wide range of applications in medical
field, preparing various internal fixtures such as orthodontic archwire, U-shaped
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nail, rib claw, fibula embracing device, wrist triangle
fusion cage and interbody fusion cage.® It is also widely
used in vascular stents, vascular embolizers, vascular sta-
plers, and intestinal staplers.*> In medical field, SMA
mainly made use of its excellent superelasticity, but, in
recent years, the shape memory effect of SMA has been
paid more and more attentions. With excellent material
compatibility, small weight, and capability for voluntary
movement, SMA is an ideal actuator and it can form
a smart structure for different applications in medical
field.® For example, driven by a SMA built into the cap-
sule endoscope, an injection system can control its label-
ing and positioning in vivo and vitro.” There is also
a bladder driver that replaces the out-of-control bladder
to urinate and removes urine by extruding the bladder with
the deformation of SMA.® Activated by electromagnetic
induction heating, SMA can be implanted into penile
prosthesis to replace the commonly used hydraulic-driven
penile prosthesis,” and SMA spinal orthopedic rod for the
treatment of scoliosis.'® However, work stably in the body,
all SMA devices must make the end temperature of
reverse martensitic transformation to be higher than the
maximum temperature of the human body, because the
occurrence of shape memory of SMA is driven by tem-
perature. Otherwise, the device could deform automati-
cally in the body and no longer be controlled by the
outside world. It is well known that, under normal circum-
stances, the highest temperature of human body is 42°C.
When the local temperature reaches 45°C, it causes appar-
ent thermal damage to the surrounding tissues.'' In such
a short temperature range, the application of smart struc-
ture that is composed of SMA actuator in vivo is greatly
limited. Besides, release of nickel ions for SMA itself is
excessive, leading to the potential danger of long-term
implantation in human bodies.” For all medical implants,
the bacterial infection is always an unavoidable problem.
Implanted into the human body, the foreign bodies are
priority places for microbial contamination that causes
prosthesis infection and eventually the failure of implanta-
tion. Therefore, the cost of hospitalization and the anxiety
and stress of patients significantly increase.'> There are
many studies on the limitation of the release of nickel ions
and control the bacterial infection of implants. Many
mature and feasible surface modification schemes, includ-
ing alumina coating prepared by micro-arc oxidation and
electroless deposited hydroxyapatite coating, can isolate
the release of nickel ions. By preparing an iodine coating
or nano-silver on the surface of the implant, bacterial

infection is notified.>!>1 However, no one has ever
designed a thermal insulation coating for implants that
can reduce the thermal damage caused by excessive tem-
perature during the operation of SMA. In previous studies,
some researchers did not pay much attention to thermal
injury,” while others simply covered it with silicone
tubes,'> which can not only greatly increase the volume
of the implant, but also increase the risk of implant infec-
tion. As a long-term implant, its biocompatibility does not
support its implantation. Therefore, a composite thermal
insulation coating can greatly reduce the thermal damage
caused by SMA, prevent the release of nickel ions, and
control bacterial infection, so it is urgently needed.
Al203 has been widely utilized in the surface modifi-
cation of metal biomaterials, due to its excellent wear
resistance, corrosion resistance, and biocompatibility.'®
Moreover, the pure Al203 ceramic has a low thermal
conductivity of 28-35 W-m-1-K-1."7 It was reported that,
prepared by micro-arc oxidation (MAQO) with a thickness
of 1.4-5 um and a porosity of about 30%, the thermal
conductivity of the anodic aluminum oxide film is as low
as 1.22 W-m-1-K-1."® Under the combined action of ther-
mochemistry, plasma chemistry, and -electrochemistry,
MAO is the method of in-situ formation of ceramic films
by placing metals or their alloys, such as Ti, Mg, and Al in
with
method.'® Prepared by MAO, the coating can effectively

aqueous electrolyte  solution electrochemical
improve the corrosion resistance and wear resistance of the
implant. In addition, the rough and porous surface of the
coating is beneficial to the adhesion, proliferation, and
growth of cells for the improvement of the biocompatibil-
ity of the implant.?

As a with

biocompatibility?' produced from renewable resources,

biodegradable polyester excellent
PLA has been widely applied to tissue fixation, wound
dressing, wound closure, and surgical implants. Most
importantly, the thermal conductivity of PLA is 0.183
W-m-1-K-1.?> For human bodies, there are usually three
ways of heat transfer: heat conduction, convection, and
radiation.”>** Therefore, the qualified thermal insulation
coatings should have low thermal conductivity. In terms of
thermal insulation material, at a given temperature, the
effective thermal insulation must reduce its unnecessary
heat exchange with the surrounding environment, which is
mainly carried out through the dual modes of heat con-
duction and radiant heat transfer.”> With the increase of
temperature, produced by thermal radiation, the proportion
of heat exchange becomes higher® Many kinds of
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literatures have introduced the new materials of coatings
or coatings that were doped with metal/metal oxide pig-
ments. Mainly by increasing the reflectivity of infrared
radiation, these new materials can achieve thermal insula-
tion. Therefore, they are widely used in architecture, man-
ufacturing, and chemical industry.”” >’ It is generally
believed that, with high infrared radiation reflectivity,
metal has good thermal insulation effect.>° AgNPs have
high infrared reflection efficiency, acid and alkali resis-
tance, antioxidant stability, good biocompatibility, and
good antibacterial activity against multidrug-resistant
bacteria.>' % For example, previous studies proved that
a silver/polylactic acid nanocomposite (Ag/PLA-NC) film
showed excellent antibacterial effect on wound dressing.?’
Bacterial infection is the most common complication of
implants in vivo, so it is important to reduce the incidence
of infection, inhibit the formation of biofilm and remove
multi-drug-resistant bacteria. Silver-containing nanocom-
posites indicated great antibacterial activity and can inhibit
the formation of biofilm, suggesting that it is a good anti-
bacterial material.**>° But it is worth noting that, in the
application of medical devices, the risks of nano-materials,
including nano-silver, are still not thoroughly explored. In
the case of nano-silver, what extent the intact AgNPs
themselves can enter human bodies is still unclear that,
and if the Ag ions released from the NPs absorbed,
whether the AgNPs undergo changes in the physiological
environment.>’® The exposure dose, particle size, coat-
ing, and aggregation state of the AgNPs, as well as the cell
type or organism were tested, and are all large determining
factors on the effect and potential toxicity of AgNPs.
A high exposure dose to AgNPs alters the cellular stress
responses initiates cascades of signaling, thus eventually
triggering  organelle  autophagy and  apoptosis.*’
Furthermore, different concentration and particle sizes of
AgNPs have different effects on the infrared reflection
ability and antibacterial effect of AgNPs. In order to
achieve a perfect balance between thermal insulation and
antibacterial effect and to reduce the cytotoxicity of
AgNPs as much as possible, it is necessary to evaluate
the AgNPs with different particle size and concentration.

The exploration of the minimum dosage of AgNPs can
effectively resist bacteria and thermal insulation.

In this study, a novel multifunctional coating, including
porous AlI203 and PLA composites with AgNPs (APA
multifunctional coating), was synthesized. Prepared by
MAO, the corrosion resistance and wear resistance of
porous AI203 effectively reduced the biotoxicity of

SMA that was caused by excessive nickel ions. What is
more, the porous surface enabled AgNPs and PLA com-
posites to cover the surface of SMA firmly. Containing
a large amount of AgNPs, PLA composite not only
improved the antibacterial effect, but also reduced the
thermal damage that was caused by the thermal drive of
SMA for its high infrared radiation reflection and low heat
conduction. Besides, animal experiments and immunohis-
tochemistry were used to explore the biocompatibility of
our multifunctional coating. Multi-functional APA film
can reduce thermal damage, nickel ion toxicity, and infec-
tion rate, and maximize the protection of human tissues in
the application of SMA, making the application of smart
structure composed of SMA actuator in vivo possible and
providing a broader application prospect for SMA. The
schematic diagram of the overall study is illustrated in
Figure 1.

Materials and Methods

Materials

Silver nitrate (AgNO3, molecular weight = 170D) was
obtained from Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China. Polylactic acid (PLA) and Polyvinyl
pyrrolidone ((C6HINO)n) were purchased from Shanghai
Co., Ltd., China.
Staphylococcus aureus (S. aureus) were obtained from

Macklin Biochemical Shanghai,
the American type culture collection. Dichloromethane
(CH2CI12, molecular weight = 85D) Ethylene glycol
(C2H602, molecular weight = 62D) was obtained from
Sinopharm Chemical Reagent Co., Ltd, Shanghai, China.
Luria Bertani Broth (LB broth) was purchased from Dalian
Meilun Biotechnology Co., Ltd, China. New Zealand
experimental rabbits were purchased from Wuhan WQIJX
Bio-Technology Co., Ltd, China. Commercial nickel-
titanium alloy received from ChuanMao Suzhou Metal
material Co., LTD, China, was also used in this study.

Micro Arc Oxidation on a

Nickel-Titanium Alloy

The MAO was conducted by an MAO equipment
(Multifunctional single - and bidirectional pulse composite
DSM30F) from
Harbin Disi numerical control co., Ltd, China. The elec-
trolyte solution consisting of 0.15M NaAlO2 and 0.03M
NaH2PO2-H20. Nickel-titanium alloy samples were used
as anodes, while spiral steel tubes were used as the cath-

micro-arcs oxidation power supply,

ode (Duty cycle =30%, constant forward current =12A,
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Figure | Schematic diagram of the overall study.

constant reverse current =4A, constant forward voltage
=420V, constant reverse voltage =75V). The process lasted
for 30 minutes, and the temperature of the electrolyte
solution was below 30°C.

Synthesis of Ag Nanoparticles/PLA

Membrane

AgNO3 and PVP were dissolved in ethylene glycol. The
solution was stirred vigorously in a reactor equipped with
a reflux condenser. Besides, the solution was further
heated at 100-150°C with a constant heating rate of
1-7.5°C min-1.
based on the different heating rate and reaction tempera-

Each reaction lasted for 30 minutes

ture. Finally, the AgNPs with different nanosize were
collected by centrifugation and repeatedly cleaned by
deionized water. Then the AgNPs were dissolved in
dichloromethane solution containing 10 wt% PLA. The
mixture was stirred in an ice bath for 2 hours, avoiding
light. The Ag/PLA membranes were prepared by solvent
casting, which was a conventional method for membrane
fabrication.*® The solution was poured into a mold and
placed in a drying oven at 100°C for 6 h for evaporation.
The completely dried membrane was obtained and cut into
the desired forms. Ag/PLA membrane with different Ag
concentrations (m/v=0.1, 0.2, 0.3, 0.4g/L) were obtained
by changing the ratio of AgNPs/dichloromethane/PLA.
Ag/PLA membrane with different particle sizes (D=
1,040,100) was also obtained by changing the size of

Electromagnetic heating device

Thermal injury
and infection

g g
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AgNPs. These membranes are mainly used for antibacter-
ial and thermal insulation experiments. The SMA coated
with A1203 layer was completely immersed in the mixture
for 2 hours. Then the nickel-titanium alloy rod was taken
out and placed in a drying oven at 100°C for 6 hours,
SMA coated with APA multifunction composite film was
obtained for follow-up experiments.

Material Characterization

Field emission scanning electron microscopy (JSM-7800F
FESEM, Japan) and transmission electron microscope
(HITACHI H-7000FA, Japan) were performed to analyze
the morphological characteristics of the Ag/PLA mem-
brane. The crystallography of the Ag/PLA membrane
was characterized by X-ray diffraction (XRD) analysis
by BRUKER D8 ADVANCE, Germany. Besides, func-
tional groups of the film were identified by Fourier trans-
form infrared spectra (FTIR) by Thermo Nicolet 6700,
USA. Furthermore, the particle size distribution of sam-
ples was measured by a submicron size analyzer
(Mastersizer 3000, UK).

Antimicrobial Activity Test

To explore the antibacterial properties of PLA films containing
different sizes and concentrations of AgNPs, we divide the
PLA@Ag films into 8 groups, including blank control and
PLA, PLA@O02Ag, PLA@O03Ag, PLA@O0.4Ag,
PLA@20Ag, PLA@S50Ag, PLA@I100Ag.PLA@0.2Ag,
PLA@0.3Ag, and PLA@0.4Ag, respectively. PLA@0.2Ag,
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PLA@0.3Ag, PLA@0.4Ag represented PLA films with 20nm
AgNPs at concentrations of 0.2 wt%, 0.3 wt%, and 0.4 wt%,
respectively. PLA @ 20Ag, PLA @ 50Ag, PLA @ 100Ag
represented PLA films at 0.3wt% AgNPs with particle dia-
meters of 20nm, 50nm, and 100nm, respectively. Each group
was made into films with ®10*0.3 and placed at the bottom of
a 12-well plate. Gram-positive bacteria S.aureus was chosen as
an experimental bacterial, and LB broth was used as a culture
medium. The bacteria were diluted in LB broth to 107colony-
forming units (CFU)/mL, and the diluted bacterial solution
with 400ul was added to the 12-well plate of PLA film con-
taining different sizes and concentrations of AgNPs. The
inoculated bacteria were cultured for 8 hours at 37°C for 24
hours. The bacterial concentrations of each group at different
time points were analyzed and measured at 620 nm using
a spectrophotometer Enzyme Immunoassay Analyzer
(Perkin Elmer Enspire 2300, USA). To facilitate the expres-
sion of the bacteriostatic activity was appraised by the follow-
ing equation:

Bacteriostatic rate (%) = (A - B)/A x 100%

where A is the OD value of the blank control, and B is the
OD value of a given sample. Besides, to directly reflect the
antibacterial effect of each group, the bacterial solution of
each group cultured for 12 hours was diluted 10,000 times, the
diluted bacterial solution of 50ul was added to the blood Agar
petri dish and smeared evenly with a push rod, and the blood
Agar petri dish was cultured at 37°C for 24 hours. Then, we
took out the plate to take pictures and count the colonies.”’

To explore the difference of the antibacterial effect of
PLA films containing different concentrations of 20nm
AgNPs at different temperatures (37°C, 41°C, 45°C, 49°
C), blank control group, PLA, PLA@O.1Ag, and
PLA@O0.2Ag groups were used. The diluted bacterial
solution of 400ul was added to 12-well plates containing
different groups of films and cultured in an incubator at
37°C for 4 hours, and then heated in a constant tempera-
ture water bath pot for 8 hours. The temperature of the
water bath pot was set to 37°C, 41°C, 45°C, and 49°C.
Stained with L13152
(L13152, American molecular probe), the living bacteria

living bacteria viability kit

and dead bacteria were distinguished and photographed
under a fluorescence microscope. In order to further
explore the specific reasons for the antibacterial effect
of each group, put different groups of films into a 12-
well plate as in the previous step, and then add the
bacterial medium of 200ul, then heated in a constant
temperature water bath pot for 8 hours. The temperature
of the water bath pot was set to 37°C, 41°C, 45°C, and

49°C. The diluted bacterial solution of 200ul was added
to 12-well plates and cultured in an incubator at 37°C for
12 hours. To investigate the regularity of ion release, the
PLA@Ag film samples were immersed in PBS solution
for 0.5, 1, 4, and 7days (solution volume to sample mass:
200 mL/g). The concentrations of Ag ions were mea-
sured by inductively coupled plasma atomic emission
spectrometry (ICP-AES, IRIS Intrepid II XSP, Thermo
Fisher). All experiments were triplicate.

Thermal Insulation Test

The purpose of this study was to explore the thermal
insulation effect of PLA films containing different sizes
and concentrations of AgNPs, and the principle of dif-
ferent thermal insulation effects. Therefore, 8 groups,
including blank control and PLA, PLA@O0.2Ag,
PLA@0.3Ag, PLA@0.4Ag, PLA@20Ag, PLA@50Ag,
PLA@100Ag were used. Each group was made into
a film with®10*0.3. Put the films in a constant tempera-
ture water bath at 50 degrees Celsius. The thermal
images of the experimental group were taken by
Thermal imager (FLIR X6900sc SLS, USA) and the
temperature changes were recorded. Then, Infrared emis-
sion rates and thermal conductivity of every sample were
measured by FLASHLINETM3000 (ANTER
Corporation, USA) and UV-2700 Ultraviolet-visible
Spectrophotometer (SHIMADZU, Japan), respectively.
To investigate the thermal insulation effect of alumina
coating prepared by MAO, we selected one piece of NiTi
SMA with 20¥20* Imm size, and one piece of NiTi SMA
coated with alumina film of the same size. Put it in
a constant temperature water bath at 45°C. The thermal
images of the experimental group were taken by Thermal
imager (FLIR X6900sc SLS, USA) and the temperature
changes were recorded.*

To explore the thermal insulation ability of the com-
plete multifunctional film, we used agarose gel solid
medium in vitro to simply simulate the environment of
animals in vivo. The memory alloy rod with a length of
S5cm and a diameter of 3mm and a memory alloy rod
covered with a complete multifunctional film were
implanted, respectively, and the memory alloy rod was
heated externally by an electromagnetic heating device.
Finally, thermal images of each sample were obtained by
Thermal imager (FLIR X6900sc SLS, USA). All experi-

ments were triplicate.
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In vitro Biocompatibility

To test cell viability, murine fibroblasts (L929) purchased
from American type culture collection were used and
cultured 8.0 x 103 on each well of a 96-well plate for
24 h (per well, 200uL medium). Then, we added 0.2mL
fresh medium with modified DMEM medium, 10% fetal
bovine serum (Gibco, USA),1% penicillin (Gibco, USA),
and 1% streptomycin (Gibco, USA), and after incubation
in 95% air humidity and 5% CO2 at 37°C for 1, 3 and 5
days. The modified DMEM medium was prepared as
follows: all types of samples under ultraviolet radiation
sterilization were prepared. Those samples including PLA,
PLA@20Ag, PLA@Ag@NiTi and NiTi were soaked in
DMEM medium at a rate of 3cm2/mL according to ISO/
EN 10,993-5 standards and incubated at 37°C for 48h. At
the given time points, the viability of the cells was deter-
mined by the Cell Counting Kit-8 (CCK-8) assay, and the
optical density of each well was measured at 450 nm using
a spectrophotometer Enzyme Immunoassay Analyzer
(Perkin Elmer Enspire 2300, USA) to indicate cell viabi-
lity. All experiments were triplicate.

To evaluate attachment and morphology of L929s in
different PLA film samples, 2.0 x 104 L929s were seeded
in the PLA, PLA@20Ag PLA film samples, respectively.
After 1.929s were cultured for 2 hours, 1 day and 3 days,
the PLA film samples were incubated with 4% parafor-
maldehyde for 20min, and washed with PBS three times
and then stained with FITC (Sigma-Aldrich, USA) for
20min. Followed by washing with deionized water 3
times, and cellular nuclei were stained with DAPI for
Smin and observed under a confocal laser scanning
microscope.

The Animal in vivo Experiment

New Zealand experimental rabbits were used in this
experiment. All animals were raised at controlled tempera-
ture (22-26°C), 12-hour light period and 12-hour dark
period with appropriate food and water. The Zhongnan
Hospital approved the surgical procedures and treatment
with animals of the Wuhan University Ethics Committee.
All animals were treated by following China Public Health
Service Guide For the Care and Use of Laboratory
Animals. Rabbits were randomly divided into 3 groups:
PLA@Ag@NiTi, NiTi and sham-operated control by
exposing wound without any treatment. The rabbits were
anesthetized by inhaling Isoflurane with 0.4 concentration
at a constant rate and further immobilized and shaved. The

surgical area was disinfected with iodine. Implants were
placed intramuscularly near the spine of the rabbits, and
the temperature measurement was then fixed to the Niti
surface with an optical fiber thermometer to measure the
temperature change. The wound was sutured with nylon
monofilaments, and penicillin was administered to prevent
post-operation wound infection. X-ray images were
obtained after the operation of each rabbit by the
Zhongnan Hospital. Three days after the operation, the
SMA rods in rabbits were heated by an electromagnetic
heating device. Under the monitoring of optical fiber ther-
mometer and ensuring that the electromagnetic heating
device was fixed at the same heating power and heating
distance, each group was turned on for 120s. The whole
blood and surrounding tissue of implants from each rabbit
were obtained after 15 days of surgery for histopathologi-
cal analysis. The tissue was immobilized by a 10% metha-
nol solution (beyotime, Shanghai), then dehydrated with
ethanol and embedded in paraffin. Transverse sections of
the tissue were obtained and stained with hematoxylin and
eosin. Immunohistochemistry was also performed on this
tissue. Histopathologic changes of the tissue were exam-
ined under optical microscopy (Aperio VERSA 8,
Germany) by an experienced pathologist in a blinded
fashion.

Statistical Analysis

SPSS 16.0 software was used for statistical analysis. All
data were presented as mean + standard deviation (x + s)
and analyzed by one-way ANOVA. The significant differ-
ence was considered when the P <0.05.

Results and Discussion
Morphology and Characterization of

Multifunctional Coating
Learning from the previous research experiences on the
Synthesis of AgNPs with different shapes and particle

sizes,®

we successfully synthesized AgNPs with relatively
narrow particle size distribution to meet the requirements
of our follow-up experiments. With different particle sizes
(20nm, 50nm, 100nm) displayed by transmission electron
microscopy, AgNPs are shown in Figure 2A—C. In Figure
2A, the 20nm AgNPs were spherical shape and distributed
evenly. Figure 2B and C displayed the 50nm and 100nm
AgNPs, respectively. Moreover, Ag particle size distribu-
tion analysis is demonstrated in Figure 2D. The 20nm
AgNPs sample exhibited narrow distribution around
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Figure 2 Morphology and characterization of APA multifunctional coating. (A—C) TEM diagrams of AgNPs with different particle sizes (10.77nm, 34.9nm, 96.7nm). (D) Ag
nanoparticle size distribution analysis. (E) The crystallography of PLA@Ag film characterized by X-ray diffraction (XRD) analysis. (F) Fourier transform infrared spectra for
PLA@Ag film with different nanosize. (G) SEM image of AgNPs dense distribution on the APA multi-function coating surface. (H) The cross-sectional SEM image of NiTi
alloy rods after MAO processes. (I, J) The porous and rough surface of NiTi alloy rods after MAO processes. (K-M) The cross-section of APA multi-function coating
without the Al203 layer. (N-P) The cross-section of APA multi-function coating with the Al203 layer.
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20nm. In the 50nm AgNPs sample, the size distribution
was also narrow around 50nm. In the 100nm AgNPs
sample, the size distribution varied from 60 to 180nm.
Besides, with different Ag concentrations ranging from
0.1 to 0.4wt%, the crystallography of Ag@PLA film was
characterized by X-ray diffraction (XRD) analysis. The
results are given in Figure 2E. Compared with the PLA
film, three crystalline peaks were found at 38.7° (26),
44.8° (20) and 78.1° (20). Those additional peaks were
attributed to (2 0 0), (2 2 0), and (3 1 1) crystallographic
planes of face-centered cubic phase of the AgNPs.** What
is more, in the Ag/PLA, the diffraction peaks of PLA
decreased because of the presence of Ag@PLA film on
the surface of PLA. The XRD results gave information
that the characteristic peaks of PLA and AgNPs were
apparent and no different peaks, indicating that the ideal
PLA@Ag film was successfully prepared by uniformly
combining pure AgNPs in the polymer structure of PLA.
Then, containing different Ag concentrations ranging from
0 to 0.4g/L, functional groups of the Ag@PLA film was
identified by Fourier transform infrared spectra, and the
results are displayed in Figure 2F. The -CH bending was
located at 1448cm-1 in PLA.*> The carbonyl peak in PLA
was observed at 1748cm-1. The -OH bending was illu-
strated at 3370cm-1 with a broader peak because of the
van der Waals interactions between AgNPs and hydroxyl
group.*® C-O peak was observed at 1043cm-1, and the
C-OH was demonstrated in 1313cm-1. In the Ag@PLA
film, the carbonyl peak shifted between 1748cm-1 and
1751cm-1 due to the interactions between AgNPs and
carbonyl groups. Moreover, the absence of a new peak in
Ag/PLA film revealed the physical adhesion between
AgNPs and PLA. With AgNPs, the morphological char-
acterization of synthesized Ag/PLA film was furtherly
observed by scanning electron microscopy and the results
are exhibited in Figure 2G. The PLA film was tightly
bonded to the alloy surface, the surface of the PLA was
smooth, and the reticular structure made it easier to anchor
the AgNPs. The AgNPs were densely deposited on the
surface of the PLA for the formation of AgNPs infrared
radiation reflection layer, which can improve the infrared
reflection ability of PLA@Ag film.

Previous studies revealed that, after the MAO process,
SMA exhibited the improvement of the surface properties
of SMA.*”*® Therefore, in this study, a layer of AI203
was successfully prepared on the surface of SMA by
MAO. SEM images illustrated that the AI203 layer was
about 26.26 microns thick, which was tightly bonded to

NiTi-SMA and made the surface of SMA rough and por-
ous, thus making it easier for organic polymers to bond
and prevent shedding (Figure 2H-J). Without the Al203
layer, the microstructure of PLA@Ag- coated SMA rods
are shown in Figure 2K—M, while the PLA@Ag- coated
SMA rods with Al203 layer are demonstrated in Figure
2N-P. SEM revealed that the AI203 layer was tightly
attached to the SMA surface. Treated by MAO, the NiTi
SMA had a close bond with the PLA@Ag layer, while
there was an apparent gap between the simple NiTi SMA
layer and the PLA@Ag layer, indicating that the alumina
layer was closely combined with the PLA@Ag layer to
make the APA multi-functional coating as a whole and
tightly bonded to the SMA surface. So far, we have suc-
cessfully prepared the high-quality APA multi-function
coating for subsequent experiments.

The Antibacterial Properties of Different
PLA@Ag Films

After co-culture with the bacterial solution for 4, 8, 12,
and 24 hours, the bacterial concentration of each group is
displayed in Figure 3A—D. In the early stage of co-culture,
the antibacterial activity of AgNPs with different particle
size was significantly different. The larger the particle size
was, the weaker the antibacterial activity was. The anti-
bacterial activity was enhanced with the increase of the
concentration, regardless of the AgNPs size. Moreover,
after 24 hours of co-culture with bacterium, the antibacter-
ial activity of the control group did not change signifi-
cantly. In the late stage of the co-culture with the
bacterium, containing a low concentration of AgNPs, the
antibacterial activity of PLA films decreased significantly
as time went on. Specifically, after 24 hours of co-culture
with bacterium, containing 0.1wt%, 0.2wt%, 0.3wt% and
0.4wt% AgNPs with 20nm particle size, the antibacterial
activity of PLA film was 8.14%, 9.31%, 89.53%, and
96.86%, respectively. When the concentration of AgNPs
>0.3wt%, the PLA@Ag film showed excellent antibacter-
ial activity. When the concentration <0.3wt%, it almost
displayed no antibacterial activity. Besides, for AgNPs at
the same concentration, PLA films containing 20nm
AgNPs exhibited better antibacterial activity. The specific
results were as follows: after 24 hours of co-culture with
the bacterium, the antibacterial activity of PLA thin films
that contains 20nm, 50nm, and 100nm AgNPs with
a concentration of 0.3wt% was 89.53%, 36.51% and
33.58%, respectively (Figure 3C and D). The antibacterial
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Figure 3 Antibacterial properties of APA multifunctional coating. (A-D) UV absorption spectrum at 620nm of bacterial liquid co-culture with different PLA@Ag film for 4h,
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activity of PLA@Ag film was furtherly explored by spread
plate method (SPM) using a blood plate, because turbidi-
metric test could not distinguish the live and dead bacteria.
The results of SPM are shown in Figure 3E and F. As
displayed in Figure 3G and H, we made a quantitative

analysis of the colonies of each blood plate, the trend was
consistent with the results of the above turbidimetric test.

Based on the results of early silver ion release experi-
ments, the silver ion release ability of smaller AgNPs was
than that AgNPs. Released by

higher of larger
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PLA@50Ag and PLA@100Ag groups that were soaked
for 24 hours, the silver ions were 0.441+0.019mg/L and

0.372+0.007mg/L,  respectively, =~ while those in
PLA@20Ag group were 1.017£0.019mg/L (Figure 3I).
Besides, with the increase of the concentration of

AgNPs, the amount of silver ion release also increased
(Figure 3J), corresponding to the above antibacterial
results. It is well known that Ag has a disinfection effect
and is used to treat burns and chronic wounds in traditional
medicine.*” As in previous studies, AgNPs had excellent
antibacterial activity. Adding AgNPs to polymer materials
such as PLA could improve excellent antibacterial activity,
but pure PLA films without AgNPs had no antibacterial
activity.’®>? In this research, we carried out a large num-
ber of experiments, and the results revealed that AgNPs,
with higher concentration and smaller particle size, had
better the antibacterial effect. In terms of antibacterial
activity, the antibacterial activity of Ag was related to the
amount and the release rate of Ag ions.”> The different
concentration and particle size of AgNPs in PLA films
lead to different antibacterial activity of Ag ions from
the PLA matrix, and this may be ascribed to the release.
Ag is inert in its mental state, but when it comes to contact
with body fluids, it ionizes and releases silver ions. lonized
silver has extremely high activity. First, Ag ions bind
strongly to electron donor groups in biological molecules,
including sulfur, oxygen, or nitrogen, causing defects in
the bacteria cell wall, so cell contents are lost, thus leading
to the death of the bacterial cells. Secondly, it also binds to
DNA or RNA of bacteria and finally inhibits bacterial
replication.’® Therefore, the particle size of AgNPs
mixed in PLA is less than 20nm to make the new multi-
functional coating have a stable antibacterial effect, and
the concentration is more than 0.3wt%.

Effect of Temperature on Antibacterial

Property of APA Multifunctional Coatings
In order to explore whether the heat absorbed by the
multifunctional coating during thermal insulation could
improve the antibacterial effect, with different concentra-
tions at different temperatures, we performed the antibac-
terial experiments of PLA films containing 20nm AgNPs,
and the results are illustrated in Figure 4A. The results of
the turbidimetric test indicated that the removal of AgNPs
did have a 25.53% antibacterial activity at 49°C. However,
the experimental groups with lower temperatures, such as
41°C and 45°C, had no inhibitory effect on S. aureus. It

can be seen that the effect of temperature on bacteria at
49°C is very slight and can not play a role in bacterios-
tasis. After adding the PLA@Ag composite film, the situa-
tion changed. At average culture temperature 37°C, the
antibacterial activity of PLA@Ag composite film was not
ideal. The antibacterial activity of PLA@O0.1Ag and
PLA@0.2Ag was only 44.16% and 60.86%, respectively,
but they increased to 88.75% and 93.42% at 49°C. We
designed an experiment to remove the effect of tempera-
ture difference in the culture environment to explore the
reason, and the results are shown in Figure 4B. It can be
seen that although it was cultured at 37°C for 12 hours, the
antibacterial activity of both PLA@0.1Ag group and
PLA@O0.2Ag group after pretreatment at 49°C was signif-
icantly higher than that of the control group pretreated at
37°C. Therefore, in order to verify this conjecture, Ag ion
release experiments at different temperatures were per-
formed, and the results are shown in Figure 4C. Released
by the PLA@0.2Ag group soaked at 37°C, 41°C, and 45°
C for 24 hours, the release of Ag ion did increase with the
increase of temperature. It can be inferred that the release
of more silver ions caused by higher temperature during
pretreatment increased the antibacterial activity of the
experimental group. Staining methods were used to distin-
guish live and dead bacteria to illustrate this effect more
intuitively, and the results are demonstrated in Figure 4D.
The overall trend was similar to the above results.
PLA@0.2Ag group displayed good antibacterial activity
under the synergistic action of high temperature. The
PLA@0.2Ag group soaked in the ambient temperature of
37°C, 41°C, and 45°C for 24 hours. It could be seen that
the higher the ambient temperature was, the more Ag ions
were released. Compared with 37°C, the ability of the
composite membrane to release silver ions was promoted
at 49°C. This result well explained the difference in anti-
bacterial effect at different temperatures. In past decades,
non-contact metal implantation induction heating has
become a new method for the treatment of metal implant
infection. For example, electromagnetic heating was used
to heat metal implants to 60°C to kill bacteria by removing
surface biofilm. However, serious complications such as
tissue thermal injury and bone loss happened,” because
the operating temperature was too high and difficult to
control. Our APA multifunctional coating solved the
above problems by greatly improving antibacterial and
thermal insulation effect. After adding APA multifunc-
tional coating, the antibacterial activity in the environment
of 49°C was significantly improved to 93.42%. More
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silver ions in the coating were released into the tissues that
cooperate with the high temperature to play an excellent
bactericidal effect, because under the high-temperature
environment. Therefore, the same method of in vitro heat-
ing was used to treat infections of metal implants. After
being coated with APA multifunctional coating, it could
achieve the ideal antibacterial effect without heating to
a high temperature of 60°C, which significantly reduces
thermal damage to the tissue. Therefore, the APA multi-
functional coating not only had an excellent antibacterial
effect in regular use but also improved the germicidal
ability of the coating, thus reducing the incidence of
metal implant infection through the method of electromag-
netic heating in vitro when necessary.

Thermal Insulation Effect of PLA@Ag
Film

In order to evaluate the thermal insulation effect of APA
multi-functional coating with different concentrations and
particle size of AgNPs, the infrared camera was used to
photograph the heating performance of different films in
a 50°C constant temperature water bath. The results are
displayed in Figure SA and B. From the thermal image,
PLA@Ag composite film did have an excellent thermal
insulation effect. The initial temperature of PLA@Ag
composite film was significantly lower than that of pure
PLA film and the ambient temperature. Moreover, the
thermal insulation ability increased significantly with the
increase of AgNPs concentration and particle size. From
the heating curve illustrated in Figure 5C and D, the first
20 seconds was the rapid temperature rising period. The
temperature difference among the groups reached the max-
imum at about 20 seconds. Then, temperature increased
slowly and tended to be stable in the 20s-40s period. The
surface temperature of each group was stable and
decreased slowly with the water temperature after 40 sec-
onds. The temperature in the water bath was about 49.2°C
in about 20s. At 20s, compared with water, the tempera-
ture difference (A T) of pure PLA film was 1.6°C, and
PLA@0.1Ag, PLA@0.2Ag, PLA@0.3Ag, PLA@0.4Ag
were 3.6°C, 3.8°C, 4.3°C, and 5°C, respectively. As men-
tioned earlier, for human bodies, there are usually three
ways of heat transfer, heat conduction, convection, and
radiation at a given temperature that must be able to
reduce unnecessary heat exchange with the surrounding
environment in these three aspects.”**** Therefore, in order
to explore the influence reason of the AgNPs with different

concentrations and particle size on the thermal insulation
effect, we evaluated in detail the thermal conductivity and
infrared radiation reflectivity of each PLA@Ag composite
films. As shown in Figure 4E, the thermal conductivity of
pure PLA material was about 0.32+0.02 W-m-1-K-1, so
pure PLA material was an excellent thermal insulation
material, which was consistent with the conclusions of
other researchers, and is one of the reasons why we
chose PLA as the main body of APA multifunctional
coating’®*? However, the thermal conductivity of the com-
posites increased slightly after the addition of AgNPs, and
the higher the content of AgNPs in the composites was,
the higher the thermal conductivity was. The thermal con-
ductivity = of PLA@O0.4Ag was  about 0.42
+0.006W-m-1-K-1 that was 131.3% higher than that of
pure PLA. With the increase of the particle size of AgNPs,
the thermal conductivity of the composites also increased.
Containing 100nm AgNPs with a concentration of 0.3wt
%, the thermal conductivity of PLA@100Ag composites
was 0.45+0.035 W-m-1-K-1 that was 140.6% higher than
that of pure PLA (Figure SE and F).

What is more, with different concentrations and parti-
cle sizes, the results of infrared radiation reflectivity of
AgNPs are demonstrated in Figure 5G and H. The infrared
reflectivity of PLA films increased significantly after add-
ing AgNPs, and the average reflectivity of pure PLA
materials in the range of 1.5-2 p m was 14.41%. The
average reflectivity of PLA@O0.1Ag was 46.50%, and,
with the increase of the concentration of AgNPs, the
reflectivity obviously increased. The average reflectivity
of PLA@0.3Ag was 61.67% that was about 4.3 times that
of pure PLA materials. For AgNPs at the same concentra-
tion, the larger the particle size of the AgNPs was, the
higher the average reflectivity of the AgNPs was. When
the AgNPs concentration was 0.3wt%, the average reflec-
tivity of the PLA@Ag composite film with a particle size
of 20, 50, 100nm was 61.67%, 71.86%, and 77.46%,
respectively. Therefore, it was found from our study that
the higher the concentration of AgNPs was, the higher the
infrared radiation reflectivity was, the larger the particle
size was, and the higher the infrared radiation reflectivity
was. However, the thermal conductivity of PLA@Ag com-
posite film increased with the addition of AgNPs, which
may harm the thermal insulation effect of APA multifunc-
tional coating. Based on test results, the thermal conduc-
tivity did increase, which had little effect on the thermal
insulation effect of PLA@Ag composite films. Measured
by the infrared camera, the actual thermal insulation effect
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was the same as the trend of infrared radiation reflectivity.
The Stefan-Boltzmann law describes the thermal emission
of objects. For realistic objects, the emissivity (&) needs to
be included as follows:

J=¢0T4.

where j was the total energy flux, & refers to the
material emissivity, ¢ marks Stefan-Boltzmann constant,
and T stans for the temperature. At the same temperature,
low-emissivity materials radiate less than high-emissivity
materials, so they provided more radiation insulation.>’
Therefore, the addition of AgNPs could significantly
improve the infrared radiation reflection of PLA@Ag
composite films, thus improving the thermal insulation
ability of APA multifunctional coatings. The reason why
the smaller the particle size of AgNPs is in the PLA @ Ag
film had lower reflectance of infrared radiation was that as
the size of the unit structure in the material decreased, the
thermal conductivity decreased, and the radiant heat con-
duction increased. Therefore, under the premise that the
thermal conductivity coefficient was not high, the larger
the size is, the better the thermal insulation effect is.>® The
radiative heat conduction could increase sharply with the
decrease of nano-cell size, which could be attributed to the
substantial interference effect of the thin film, which sig-
nificantly reduced the reflection of the infrared wave on
the thin film wall. The incident infrared wave was partially
reflected and absorbed when it passes through the thin film
wall. Because in the case of minimal size, the thickness of
the film wall was much smaller than the infrared wave-
length, and the infrared waves reflected from the two
interfaces may produce substantial destructive interfer-
ence, thus resulting in a significant reduction in the reflec-
tivity of the film.*

Thermal Insulation Effect of AI203 MAO
Layer and APA Multifunctional Coatings

The thermal insulation effect of APA multifunctional coat-
ing depended on the synergistic effect of PLA and AgNPs
and the excellent thermal insulation effect of the Al203
MAO layer. With low thermal conductivity, the Al203
oxide layer was often used to prepare composite thermal
insulation materials together with other metal oxides with
low thermal conductivity.®® But the results in Figure 5I
and J proved that, plated with the 20um A1203 oxide layer
(NiTi-Al203), the surface temperature of SMA and SMA
was not significantly different. However, according to the
heating curve, the NiTi-AI203 was lower than that of

SMA within 100s. At the 50s, the surface temperatures
of NiTi-Al203 and SMAs were 34.57+0.16°C and 35.14
+0.09°C, respectively, and A T was only 0.57°C, because
the AI203 oxide layer in this experiment was relatively
thin (20um). However, as part of the APA multi-functional
coating, the Al203 oxide layer played a positive role in
enhancing the thermal insulation effect of the PLA@Ag
composite film.

From the results of thermal insulation experiment,
the larger the particle size is, the higher the concentra-
tion is, and the better the thermal insulation effect of
PLA@Ag composite film. However, combined with our
antibacterial experimental results, the antibacterial effect
decreased with the increase of the particle size of
AgNPs,

100nm group was much lower than that of 20nm

and the antibacterial effect of 50nm and

group. Therefore, based on the versatility of APA multi-
functional coating, we selected 20nm-sized AgNPs to
prepare APA multi-functional coating, because the mini-
mum concentration required for antibacterial and ther-
mal insulation is 0.3wt% at the same time. Finally,
PLA@Ag composite film composed of 20nm AgNPs
with 0.3wt%, and a substrate with a thickness of 20um
Al203 oxide layer was selected to form an APA multi-
functional coating. We used agarose gel enwrapped
SMA rod and APA multi-functional coating SMA rod
to simulate the real thermal insulation effect of APA
multi-functional coating in human tissue in vitro.
Under the infrared camera, it was evident that the sur-
face temperature of the APA group was significantly
lower than that of the pure NiTi group. NiTi group not
only had a high surface temperature but also had a wide
heating range, and the surrounding temperature was also
higher than that of the APA group. Under electromag-
netic heating, the temperature difference between the
two groups became larger and remained stable after
250 s until the end of 1200 s observation. The tempera-
ture difference between A T of APA group and NiTi
group at the 60s and 250s were 3°C and 5.9°C, respec-
tively (Figure 5K-M). The existence of APA multi-
functional coating can conduct the heat produced by
SMA more gently, which greatly reduces its surface
temperature and prevents the thermal damage of tissue.
Additionally, given by APA multi-functional coating, the
longer temperature range of SMA makes SMA more
widely used in human bodies without worrying about
the occurrence of thermal damage.
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Excellent Biocompatibility of APA
Multifunctional Coating Applied to
Nickel-Titanium Alloy

A large number of studies have shown that alumina cera-
mics, PLA, and AgNPs had excellent biocompatibility and
biological activity.®'**> Our cell proliferation experiments

in vitro also proved it. The effects of extracts from pure
PLA film, PLA@Ag composite film, SMA rod coated with
APA multifunctional coating, and pure SMA rod on the
proliferation of rat fibroblast L929 are shown in Figure
6A—C. According to CCK-8 analysis, the proliferation
ability of L929 in the NITI extract group decreased
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Figure 6 Excellent compatibility of APA multifunctional coating. (A—C) Viability of L929 cells incubated for | day, 3 days and 5 days with extracts of PLA, PLA@Ag,
PLA@Ag@NiTi and NiTi. (D) Fluorescence microscopy images of L929 cells cultured on PLA and PLA@Ag film for 2h, | day and 3 days with actin stained with FITC (red)

and the nucleus stained with PDAI (blue).
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slightly, compared with the control group, suggesting that
SMA rods had weak cytotoxicity. Meanwhile, PLA group,
PLA@Ag group and PLA@Ag@NiTi group had better
proliferation ability, indicating that APA multifunctional
coating had excellent biocompatibility. The reason why
APA coated SMA rods have better biocompatibility than
pure SMA rods was that SMA rods release cytotoxic Ni
ions in vivo. However, due to the shielding effect of APA
multi-functional coating, the release of Ni ions and the
cytotoxicity of SMA rods was reduced.

Many studies reported that the surface morphology of
biomaterials was related to cell adhesion, cell growth,
migration, and differentiation, which was considerably
significant to biomaterials and tissue engineering.®>*
The porosity and flatness of the material surface were the
key factors that affected cell adhesion and growth.
Compared with the flat surface, the surface with high
porosity was more favorable for cells to form flaky lipid
walls and filamentous feet, so as to adjust their structure
for feeding and migration.®® The surface of the APA multi-
functional coating was embedded with a large number of
AgNPs, making the surface more conducive to cell adhe-
sion, growth, and differentiation. The morphology and
proliferation of 1929 cells were incubated directly on
different samples, as shown in Figure 6D. As expected,
compared with the control group, the composite coating
sample was more suitable for cell growth. After 2 hours of
culture, the 1929 cells of the three groups began to adhere
to the wall. After 1 day of culture, the adhesion and
spreading of 1929 cells on the three groups of samples
were enhanced, and filamentous feet and flaky lipocytes
appeared. After 3 days of culture, L929 in PLA@Ag
composite film group had more filamentous pseudopodia
than the control group and PLA group, and the adhesion
and spreading were better than that of the control group
and PLA group.

Thermal Insulation Effect of APA

Multi-Functional Coating in vivo

As shown in Figure 7A, pure SMA rods and APA-plated
SMA rods were implanted into the back tissue of rabbits to
verify the performance of APA multifunctional coating
in vivo. The optical fiber temperature probe was fixed on
SMA rods, with the sham operation group as the control
group. Under the same heating conditions, the temperature
curve of the NiTi group and PLA@Ag@NiTi group is
displayed in Figure 7B. For a total of 120 seconds from

the beginning to the end of heating, the temperature of
PLA@Ag@NiTi group was lower than that of the NiTi
group, and the temperature difference between them was
getting larger. In Figure 7C, at the end of heating the
temperature of the NiTi group and PLA@Ag@NiTi
group, were about 54.55 +0.71°C and 48.39 +0.45°C,
respectively (A T=6.16°C). However, it is worth noting
that after stopping heating, the temperature of the NiTi
group decreased rapidly, while the temperature of the
PLA@Ag@NiTi group decreased slightly and was higher
than that of NiTi group for 150s. In Figure 7D, more
nickel ions about 63 +4mg/mL were detected in the
serum of rabbits in the NiTi group. But in the control
group and PLA@Ag@NiTi group, the numbers were
only 29 +£2mg/mL and 37 +3mg/mL, respectively.
Detected in the rabbit serum that was implanted with
APA multifunctional coating SMA, the concentration of
nickel ions was much lower than that of the pure SMA
group. In practical application, APA multi-functional coat-
ing can effectively reduce the release of Ni ions and
improve the biocompatibility of SMA.

The HE staining of the surrounding tissue is illustrated
in Figure 7E. Compared with the control group, both NiTi
group and PLA@Ag@NiTi group showed inflammatory
cell infiltration and the thin layer of fibrous tissue. NiTi
group had a large number of inflammatory cell infiltration,
and, in muscle fiber cells, vacuoles showed signs of cell
lysis. However, the inflammatory response of the
PLA@Ag@NIiTi group was weaker than that of the NiTi
group. Only a small amount of inflammatory cells infil-
trated, and the morphology of muscle fiber cells was
normal. As shown in Figure 7F, the staining of IL-1B
and TGF-BI in the NiTi group was more profound than
that of PLA@Ag@NiTi group and control group, indicat-
ing that the tissue cells expressed more cytokines that were
related to inflammation. However, there was no significant
difference between the PLA@Ag@NiTi group and the
control group. Human tissue cells have poor heat toler-
ance, and high temperatures can kill cells through a variety
of mechanisms, including necrosis, apoptosis, and patterns
associated with mitotic disasters.°® When the environment
of the cell was higher than the highest temperature it could
tolerate that was about 43°C, it produced a series of
changes, including chromosome aberration, mitotic distur-
bance, cytoskeleton damage, limited membrane fluidity,
and then died.'' However, if the local part of human
bodies is only slightly above the critical temperature, the
process is relatively mild, and the human tissue can
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Figure 7 Actual performance of APA multifunctional coating in animals. (A) The x-ray diagram of the rabbit implanted with NiTi and APA@NIiTi rods. (B, C) Temperature
curve and surface temperature of NiTi and APA@NITi rods implanted in animals by electromagnetic heating in vitro. (D) The concentration of Ni lon in rabbit serum 14
days after the implantation of the material. (E) HE staining of muscle tissue in the sham operation group, NiTi group and APA@N:iTi group |4 days after the implantation. (F)
The Immunohistochemical staining of TGF- Bl and IL-1B for muscle tissue in the sham operation group, NiTi group and APA@NiTi group 14 days after the implantation.

tolerate it. When the local temperature was higher than 50°
C, apparent tissue thermal damage occurred even for

a short time, and, when the local temperature exceeds the
critical temperature of 56°C, irreversible tissue thermal
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damage occurred.®” APA multifunctional coating had
excellent thermal insulation ability and biocompatibility.
Under the action of the alternating magnetic field, the
temperature of SMA increased rapidly and reached 54.6°
C, while the surface of APA multifunctional coating
remained a relatively safer temperature. Therefore, we
observed significant tissue damage in the NiTi group,
including a large number of inflammatory cell infiltration,
the release of inflammatory-related cytokines and tissue
lysis. In the PLA@Ag@N!iTi group, the temperature of the
thermal insulation effect of APA multifunctional coating
was within the range of tissue tolerance. Although there
was also slight tissue damage, it did not reach the degree
that human bodies could not tolerate it. Therefore, APA
multifunctional coating with good corrosion resistance,
biological activity, and excellent thermal insulation ability
had a broad application prospect in the surface modifica-
tion of metal implants in vivo, providing new sights for the
study of clinical human implants.

There were still some limitations in our study. First, the
particle size of the synthesized AgNPs was not uniform
enough. Secondly, only gram-positive bacteria S. aureus
was used for antibacterial experiments. Therefore, by our
APA coating, the inhibition of other types of bacteria
requires more research to illustrate. Thirdly, due to the
technical limitation, and based on different particle sizes
and concentrations of AgNPs, the classification of groups
was still not comprehensive enough.

Conclusion

We have successfully prepared APA multi-functional coat-
ing. With high infrared reflectivity formed by AgNPs clo-
sely combined on PLA, the low thermal conductivity of
AL203 and PLA and the infrared radiation reflection layer
make APA multi-functional coating have excellent thermal
insulation ability, while AgNPs give APA multi-functional
coating excellent antibacterial activity. A large number of
experiments reveal that, with the increase of AgNPs con-
centration and the increase of particle size, the silver ion
release of AgNPs in APA multi-functional coating increases
and decreases. Therefore, the combination of more 20nm
particle size or smaller AgNPs in APA multi-functional
coating can bring better antibacterial activity. In addition,
the silver ion release of AgNPs also increases with the
increase of temperature, so the antibacterial activity of
APA multi-functional coating is also greatly enhanced by
performing the function of thermal insulation. This study
gives information that the higher the concentration of

AgNPs is, the larger the particle size is, the higher the
infrared radiation reflectivity of APA multi-functional coat-
ing is, and the better the thermal insulation effect is. In
practical application, the concentration and particle size of
bound AgNPs should be flexibly selected according to the
actual situation. In animal and cell experiments, it can be
seen that APA multi-functional coating has excellent bio-
compatibility, and it should be conducive to cell adhesion,
so as to reduce the release of harmful substances such as
nickel ions in implants, and has excellent thermal insulation
ability to protect tissue from thermal damage. This makes
the application of smart structure composed of SMA actua-
tor in vivo possible and provides a broader application
prospect for SMA, and has a wide application prospect in
the surface modification of other human implants.
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