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Background: Bone infections remain one of the most common and serious complications of 
orthopedic surgery, posing a tremendous economic burden to society and patients. This is 
because bacteria colonize and multiply on the surface of the implant. The (MMT/PLL)8 multi-
layer films have been shown to effectively release antibiotics depending on the changes in the 
microenvironment. Here, vancomycin was loaded into the (MMT/PLL)8 multilayer films, which 
were prepared to be used as a local delivery system for the treatment of bone infections.
Methods: We used the layer-by-layer self-assembly method to prepare VA-loaded coatings 
(MMT/PLL-VA)8 consisting of montmorillonite (MMT), poly-L-lysine (PLL), and VA. The 
thickness and surface morphology of coatings were characterized using spectroscopic ellipso-
metry and scanning electron microscopy (SEM). In order to evaluate the drug release behavior 
from coatings in different media, we measured the size of the zone of inhibition. Additionally, 
in vitro antibacterial activity was assessed using the shake-flask culture method and SEM images, 
while that of in vivo was evaluated by establishing an animal model of bone infection.
Results: Our findings revealed that small-molecule antibiotics were successfully loaded into the 
(MMT/PLL-VA)8 multilayer film structure during the hierarchical self-assembly process and 
subsequently the multilayer film structure depicted linear growth behavior. The PLL in the 
multilayer films was progressively degraded which triggered the VA release when contacted with 
CMS or bacterial infections. The release of VA from multilayer film structure depends on the 
concentration changes of CMS. Notably, the multilayer films presented great in vitro cell 
compatibility. Moreover, the prepared antibacterial multilayer films showed excellent antibacter-
ial property by killing more than 99.99% of S. aureus in 24 h. More importantly, we found that 
multilayer film exhibits good sterilization effect and biocompatibility under the stimulation of 
bacterial liquid both in vitro and in vivo antibacterial ability tests.
Conclusion: Altogether, this study shows that (MMT/PLL-VA)8 multilayer films containing 
CMS and bacteria-responsive drug release properties posess high bactericidal activity and 
good biocompatibility. This finding provides a novel strategy for the treatment of bone 
infections.
Keywords: bone infections, multilayer films, microenvironment, layer-by-layer, antibacterial

Introduction
With recent advances in material science and medical level techniques, the rate of 
orthopedic surgery accompanied by the use of endosseous implants are growing 
rapidly. Bone infections are one of the most prevalent and serious complications of 
elective orthopedic surgery.1 A recent study showed that once the implant is placed 
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in the body, especially in open fractures, it will signifi-
cantly increase the possibility of infection.2 Bacteria that 
adhere to the surface of the implant will reproduce and 
produce microbial biofilms.3,4 In particular, bacterial bio-
films are renowned for their enhanced resistance to envir-
onmental and chemical stresses such as antibiotics, metal 
ions, and organic solvents.3–5 Bone infections have 
become one of the most challenging and persistent health 
problems facing orthopedists.6 According to the latest 
global estimates, about 5% of people using endosseous 
implants have developed infections in the United States. 
In the UK, it has been projected that around 7.1 billion 
pounds are spent to treat implant-related infection 
each year.7,8 It has been noted that the infections asso-
ciated with endosseous implants pose a serious economic 
burden to society and patients. If the infection control 
effect is not effective, it can also lead to multiple debride-
ments and surgical revisions, amputation, and eventually 
death.9–11 Infections related to endosseous implants have 
long been one of the research focuses. Many laboratory 
research work has been devoted to directly kill bacteria 
and resist bacterial adhesion on the surface of the 
implant.12,13 Nowadays, there’s also growing interest in 
antibacterial application of controlled release delivery sys-
tem. For example, Huang et al developed the EGCG/ 
HPMC membrane that release EGCG and H2O2 upon pH- 
induced structural changes, thereby killing bacteria on 
demand.14 Chambre et al made a photothermal device 
that releases highly effective antibacterial peptide upon 
NIR exposure.15 Hu et al reported a facile chemistry to 
prepare aminoglycoside hydrogels for on-demand drug 
delivery.16 Huang et al combined an injectable hydrogel 
with porous PLGA microspheres to prepare a continuous 
drug delivery system that sequentially releases vancomy-
cin to kill bacteria.17 Studies have reported that, following 
tissue infection, the microenvironment usually changes 
due to hypoxic metabolism, decrease in pH, and abnormal 
expression of enzyme.18–20 Therefore, using the special 
biological characteristics of bacterial infection microenvir-
onment to prepare an intelligent drug delivery system with 
microenvironment response to achieve controlled release 
and high concentration aggregation of antibacterial drugs 
at the site of infection is a hotspot of current research.

Layer-by-layer (LbL) self-assembly method, as a novel 
technology for preparing nano-films, was originally pro-
posed by Decher and Hong in 1991.21,22 Nowadays, it has 
become a vital method for constructing multifunctional 
surfaces due to its easy operation and wide range of 

applications.22 The principal driving force for LBL 
includes electrostatic forces,23 hydrogen bond, hydropho-
bic bond, and covalent bond. Likewise, other forces can 
also form alternating multilayers using similar 
principles.24–26 LBL possesses unique benefits, such as 
easy to process and also physical and chemical properties 
of this type of multilayers can be easily adjusted by chan-
ging the number of layers of the self-assembled multi-
layers and the type of polyelectrolyte. Collectively, these 
features substantially expand the application range of 
layer-by-layer self-assembly multilayers, leading to this 
multilayer technology become an indispensable method 
for constructing composite functional films and drug car-
riers in medical materials.27 Moreover, the multilayer films 
can absorb a large amount of free water, thus making the 
surface of base material much more hydrophilic, which 
can effectively reduce bacterial adhesion.28

Antibiotics are extensively used to prevent or treat 
implant infections in orthopedics. These compounds con-
stitute important substances used to prepare antibacterial 
coatings for internal implants.29 Recently, researchers have 
made significant progress in designing antibacterial coat-
ings for orthopedic implants through layer-by-layer assem-
bly technology.

For example, researchers used vancomycin-coated tita-
nium alloy steel implants for fixation in the sheep tibial 
shaft fracture models, while the control group used ordin-
ary titanium alloy steel implants. Then, the two groups of 
animals were given S. aureus at the tibial shaft fracture 
sites. Animals in the control group formed obvious sup-
purative osteomyelitis and biofilm, while no infection or 
biofilm occurred in the animals in the experimental 
group.30 Mochalin et al found that through the combined 
application of a systemic antibiotic treatment, NDs loaded 
with the antibiotic system can markedly improve the pre-
vention and treatment of implant infections.31 In another 
study, Popat et al observed that titanium nanotubes can 
also be loaded with antibiotics and modified on the surface 
of implants, which can achieve the release of antibiotics, 
exerting an essential role in killing microorganisms that 
adhere to the surface of implants as well as prevent the 
formation of biofilm.32 However, excessive antibacterial 
release from the antibacterial coatings induces bacteria to 
develop resistance to antibiotics. The major setback is the 
lack of barriers to prevent drug release.

When bacterial infections occur on the surface of the 
orthopedic implants, the microenvironment largely 
changes such as an increase in the concentration of 
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specific enzyme, pH reduction, and release of complex 
virulence factor.33–35 Chymotrypsin (CMS) and hyaluroni-
dase (HAS) concentration largely increase in the infected 
microenvironment that can be used to trigger antibiotic 
release from the matrices.36,37 Recent studies have con-
firmed that using vancomycin is a vital treatment for 
orthopedic implant infections, exhibiting strong activity 
against Gram-positive bacteria.6,38 At the same time, 
in vitro experiments have demonstrated that vancomycin 
exerts fewer negative effects on osteoblasts and skeletal 
cells compared with other commonly used antibiotics.39,40 

Researchers have developed an antibacterial multilamellar 
membrane structure by the assembly of montmorillonite 
(MMT) and poly-L-lysine (PLL). The antibacterial multi-
layer film structure elucidated effective self-defense prop-
erty precisely triggered by enzyme change of the 
microenvironment due to bacteria.41 In this study, we 
embedded VA in the (MMT/PLL-VA)8 multilayer film 
structure through electrostatic interaction. And CMS also 
hydrolyzes the C-terminal peptide bonds of PLL to release 
hydrophobic amino acids.42 In practice, PLL in the (MMT/ 
PLL-VA)8 multilayer film structure would be gradually 
degraded, which then triggers the release of VA when 
contacted with CMS or bacterial infections.

Materials and Methods
Reagents and Materials
Titanium Kirschner wires (K-wires, 1.25 mm) were pur-
chased from MK Medical GmbH & Co. Poly-L-lysine 
hydrobromide (PLL, Mw: 4000–15,000 by viscosity), chy-
motrypsin (CMS, α-chymotrypsin from bovine pancreas, 
Type II, ≥40 units/mg protein), polyethyleneimine (PEI, 
Mw: 25 kDa) and VA were bought from Sigma-Aldrich. 
Ultrapure distilled water was obtained from a Milli-Q 
purification system (Millipore, Billerica, Massachusetts).

Construction of the (MMT/PLL-VA)8 

Multilayer Films
For this study, glass discs, silicon wafer substrates, and 
K-wires were cleaned with ethanol and water before use. 
We prepared MMT stock solution (5 mg/mL) 15 days before 
use. Subsequently, the MMT stock solution was diluted into 
0.5 mg/mL to obtain the MMT deposition solutions, which 
were dispersed using ultrasonic treatment overnight. Then, 
PLL and Van in water were dissolved at 1.0 mg/mL and 
0.5 mg/mL separately for (MMT/PLL-VA)8 multilayer film 
deposition. Substrates were deposited firstly in PEI solution 

(5 mg/mL) at 37°C for 30 min for a precursor. To construct 
the (MMT/PLL-VA)8 multilayer films, we first dipped the 
substrates in the MMT solution for 15 min and then rinsed 5 
times with buffer solution. The films were dried under 
a gentle stream of nitrogen. We next dipped the substrates 
in PLL-VA solution for 15 min, followed by rinsing 5 times 
with buffer solution. This dipping cycle corresponded to the 
deposition of one bilayer. We consecutively repeated the 
deposition process until the (MMT/PLL-VA)8 multilayer 
films were fabricated through supramolecular complexation.

Characterization of the Multilayer Films
During the preparation of multilayer films, the changes in 
thickness were followed using spectroscopic ellipsometry 
(M-2000 DITM, J.A. Woollam). This experiment was per-
formed on silicon wafers. The continuing wavelength ran-
ging from 124 nm to 1700 nm and selected the angle of 
incidence of both 65ºand 70º for ellipsometry measurements. 
We selected ∆ and Ψ values surveyed at a wavelength of 
600–1700 nm for analysis. The thickness of multilayer films 
was determined using the Cauchy model. We set parameters 
An and Bn for the Cauchy layer at 1.45 and 0.01, respectively, 
as fit parameters. Then, the thickness that fit the multilayer 
films was fabricated such that it can be automatically calcu-
lated. Further, the morphology of the multilayer films was 
examined under Hitachi S-4800 electron microscope (Tokyo, 
Japan) at an acceleration voltage of 10kV. Finally, images 
were adjusted for clear visualization of the multilayer films 
and photographed.

Responsive Degradation of the Multilayer 
Films
For this experiment, the fabricated multilayer films were 
deposited in 0.01M PBS, CMS (100U/mL) solutions, and 
Staphylococcus aureus (S. aureus, ATCC 27217) at the 
concentration of 105 CFU/mL for 6 days. All samples 
were taken at the same time and dried with nitrogen.

Release of VA from (MMT/PLL-VA)8 

Multilayer Films
In this experiment, zone of bacterial inhibition (ZOI) was 
used to evaluate the drug release. Specifically, Took 100 µL 
of Staphylococcus aureus, dropped in the middle of the 
nutrient agar, evenly coated. Samples were placed on each 
nutrient agar medium, placed in a 37°C incubator, and cul-
tured for 24 h to observe the results. ZOI was measured with 
a ruler and recorded, and the average value was calculated.
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Cytocompatibility
Bone tissues were collected in accordance with the terms of 
the Medical Ethical Committee of the Affiliated Yiwu 
Hospital, Wenzhou Medical University, and following the 
guidelines of the Declaration of Helsinki. The samples of 
human bone tissues were obtained from OA patients under-
going total hip arthroplasty (n = 8, range 53–69 years) in the 
Affiliated Yiwu Hospital of Wenzhou Medical University. 
Full informed consent was obtained from all patients. 
Specifically, the osteoblasts were grown in DMEM medium 
supplemented with 100U/mL penicillin, 10% fetal bovine 
serum and 100 µg/mL streptomycin in a standard incubator. 
Confluent cells were digested by 0.25% trypsin-0.02% 
EDTA, then followed by centrifugation (1000 g for 3 min) 
in order to harvest the cells. Subsequently, osteoblasts were 
digested again and resuspended for cultivation on the corre-
sponding materials surface.

In this research, we used the MTT assay to analyze the 
effect of (MMT/PLL-VA)8 multilayer films on the prolif-
eration of human osteoblasts. The osteoblasts were planted 
onto the specimens by the density of 1.0×104 cells per 
sample by using 96-well tissue culture plate, and cell 
proliferation after 1, 3, 5 and 7 days of culture. Then, 
phosphate-buffered saline (PBS) was used to rinse the 
cells and added MTT solution. Removed the MTT solution 
after incubation in the dark for 4 h. Let the formazan in the 
cells released through adding DMSO at room temperature. 
Used a microplate reader to measure absorbance at 570 
nm. All experimental measurements were performed with 
10 replicates and in 5 independent experiments.

In vitro Antimicrobial Activity
Scanning Electron Microscopy (SEM) Analysis of 
S. aureus
In this subsection, unmodified silicon wafers and (MMT/ 
PLL-VA)8 multilayer films silicon wafers were prepared. 
Then, each set of 5 parallel samples was immersed in 
1 mL of S. aureus suspension (102 CFU/mL) and incu-
bated at 37°C. After incubation for 8 h, the surfaces were 
then thoroughly rinsed with PBS, followed by fixation 
with 4% cold glutaraldehyde for half an hour. After fixa-
tion, the bacteria-adhered surfaces were de-hydrated with 
an alcohol gradient. Specifically, they were dehydrated in 
a growing ethanol solution gradients: 50, 60, 70, 80, 90, 
and 99% (v/v), for 15 min each. Subsequently, the bac-
teria-adhered surfaces were dried in an oven at 40°C. Prior 
to examination, these surfaces were gold sputter-coated to 

make them electrically conductive. Eventually, all samples 
were characterized using Quanta 450 FEG SEM.

Inhibition Rate Assays
In this experiment, we employed the shake-flask culture 
method with S. aureus to test the antibacterial effect of the 
multilayer films. We specifically placed the (MMT/PLL-VA)8 

multilayer films coated with PDMS into test tubes, containing 
10 mL of 1.5×104 CFU/mL of S. aureus solution suspension in 
normal saline. Then, these test tubes were incubated at 
a constant temperature of 37°C. Afterward, bacteria were 
pipetted from the test tubes and used to prepare consecutive 
dilutions by taking 0.1 mL of the original solution, then mixed 
with 9.9 mL of PBS. Next, 200 μL bacteria solution from the 
above solution was plated on solid agar and repeated 3 times 
for each group. After 24 h incubation, the viable number of 
bacteria was counted and reported as mean (CFU/mL).

In vivo Evaluation
Forty-eight male Sprague–Dawley rats (age of 4 months, 
body weight of 280 ± 20 g) were bought from the Animal 
Administration Center of Wenzhou Medical University and 
housed in an SPF environment with free access to food and 
water. Care and use of all animals conformed to the guide-
lines set forth by the Chinese National Institutes of Health, 
with relevant study protocols also approved by the Animal 
Care and Use Committee of Wenzhou Medical University. 
After 2 weeks of adaptation, two groups of rats were studied 
for unmodified K-wires and (MMT/PLL-VA)8 multilayer 
films modified K-wires, respectively. All K-wires were ster-
ilized and stored in sterile, sealed Petri dishes. The rats were 
intraperitoneally anesthetized with chloral hydrate. A broad 
area of the left knee joints was shaved, and the underlying 
skin washed with a povidone-iodine solution, wiped with 
70% alcohol, and draped for surgery. Then, the knee joint 
was cut, exposing the tibial plateau. However, important 
nerves, blood vessels, and ligamentous tissues should be 
preserved as much as possible. Under sterile conditions, the 
medullary cavity was drilled vertically with a 0.8 mm K-bit, 
drilled perpendicular to the tibial plateau, and a small amount 
of bone marrow was aspirated with a sterile syringe. The 
K-wire was placed in the borehole. Then, the borehole was 
inoculated with 10 µL of the 107 cells/mL S. aureus suspen-
sion, which was subsequently closed with bone wax, while 
incisions were closed with 3–0 interrupted nylon sutures. All 
aseptic techniques were strictly followed throughout the 
operation. After the rats were anesthetized, they were kept 
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in isolation and provided with adequate food and water, a dry 
environment, and monitored daily.

The WBC and CRP levels of the rats that underwent the 
modeling surgeries were recorded. When killed, the wound 
was inspected carefully, and then performed the bacteriolo-
gical examination. The metaphysis of tibial plateau was 
imaged and examined using small-animal X-ray fluores-
cence tomography (energy 45 kV, current 250 mA, integra-
tion time 200 ms, Carestream DRX) and Micro-CT system 
(energy 70 kVp, threshold 220, current 114µA, integration 
time 300 ms, Scanco Medical, Bassersdorf, Switzerland) at 4 
weeks after surgeries. The tibial plateaus were fixed with 4% 
formalin for 72 h at 4°C. The bone volume fraction (BV/TV) 
and bone mineral density (BMD) of the tibial plateau were 
determined using built-in software.

Upon aseptic harvesting of the tibial plateau, the sample 
was snap-frozen with liquid nitrogen, crushed into powder 
form, resuspended in sterile PBS solution, and vortexed for 
60 s.43 K-wires were sonicated in sterile PBS solution for 30 
min. The supernatant from the tibial plateau homogenate and 
K-wires were serially diluted in sterile saline, plated onto 
agar plate media (Thermo Fisher Scientific), and incubated 
at 37°C. Lastly, bacteria colonies were enumerated and 
normalized to bone tissue or K-wires mass.

Statistical Analysis
All data are conducted as the means ± SD. Significant 
differences between groups were determined using 
unpaired Student’s t-test, post analysis by Tukey’s 

honestly significant difference test and ANOVA (SPSS 
18.0 software, Chicago, IL). P < 0.05 was considered to 
indicate statistical significance.

Results and Discussion
Multilayer Fabrication
Here, the fabrication of (MMT/PLL-VA)8 multilayer was 
characterized using ellipsometry. We observed that the 
(MMT/PLL-VA)8 multilayer films grew rapidly in a linear 
manner as shown in Figure 1A. The thickness of the (MMT/ 
PLL-VA)2 multilayer film was 20.7 ± 0.95 nm. In addition, 
after we prepared the (MMT/PLL-VA)4 multilayer films, the 
thickness increased to 45.7 ± 1.29 nm. Eventually, our final 
films were about 89.7 ± 0.54 nm. These findings indicate 
that the polyelectrolytes were successfully deposited onto 
the surface. We then examined the surface morphology of 
the sample using SEM. Our results revealed that the surface 
of the (MMT/PLL-VA)8 silicon wafer showed a uniform 
porous film structure compared with the unmodified wafer 
(Figure 1B and C). This proved that the surface of the silicon 
wafer can detect the layer of the multilayer films.

VA Release from the Multilayer Films
In this study, we design the multilayer films which can 
release Van when outside bacteria multiplied releasing 
CMS. To observe this directly, we evaluated the drug release 
by measuring the zone of bacterial inhibition (ZOI). During 
the first step, the multilayer films were immersed in 0.01 
M PBS, 100 U/mL CMS, and 105 CFU/mL S. aureus for 2, 

Figure 1 (A) Ellipsometry measurement of the (MMT/PLL-VA)8 multilayer films and SEM images of (B) unmodified silicon wafer and (C) (MMT/PLL-VA)8 silicon wafer.
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4, and 6 days. Afterward, the samples were placed on each 
nutrient agar media and subsequently measured the ZOI. 
The results are depicted in Figure 2. After immersing for 2 
and 4 days, we identified that ZOI of multilayer films in PBS 
and CMS solutions were equal, while that of S. aureus 
solution was the smallest. After being immersed for 6 
days, the ZOI of multilayer films was 1.21 ± 0.008, 0.67 ± 
0.025, and 0.44 ± 0.039 mm in PBS, CMS, and S. aureus 
solutions, respectively. A reasonable explanation for this is 
that the CMS in the external solutions or secreted by 
S. aureus might have degraded the multilayer films, thus 
VA was released in solution. To ascertain this argument, we 
assessed the changes in thickness using spectroscopic ellip-
sometry (Figure 3). In general, after being immersed in PBS 
for 6 days, we found that the thickness of the multilayer 
films only changed from 85.1 ± 0.37 to 80.4 ± 0.34 nm, 

which indicates that the multilayer films were stable. 
However, the thickness in S. aureus and CMS changed 
considerably. In particular, the thickness of the multilayer 
films after being immersed in CMS for 2, 4, and 6 days was 
70.7 ± 0.36, 63.9 ± 0.54, and 54.9 ± 0.33 nm, respectively, 
while that of S. aureus after being immersed for 2, 4, and 6 
days was 68.7 ± 0.37, 52.5 ± 0.37, and 40.7 ± 0.36 nm, 
respectively. These changes in thickness directly suggest 
that the multilayer film was degraded, especially in 
S. aureus and CMS solution. As a result, the measurement 
of ZOI corresponded with the thickness changes, hence 
verifying the association between the remaining VA and 
ZOI size.

We further measured the ZOI to evaluate the effects of 
bacteria and CMS concentration on the multilayer film 
degradation and VA release. With the increase of 
S. aureus concentration, the ZOI increased from 1.23 ± 
0.017 to 2.70 ± 0.034 mm (Figure 4). This implies that as 
the concentration of the immersed bacteria increases, ZOI 
also increases. This may be attributed to the fact that after 
the CMS secreted from the bacteria promoted the degrada-
tion of the films, most of the film fragments remained on 
the surface of the substrate, but due to the degradation of 
the films, the drug was easier to release, thereby formed 
a larger bacteriostatic ring. Moreover, we studied the effect 
of CMS concentration on multilayer film degradation. As 
shown in Figure 5, when the CMS concentration was 75 
U/mL, the ZOI around the films was 2.02 ± 0.048 mm. 
However, as the CMS concentration increased to 175 U/ 

Figure 2 ZOI detection of the (MMT/PLL-VA)8 multilayer films after being 
immersed in PBS, 100 U/mL CMS or 105 CFU/mL S. aureus on different days.

Figure 3 Ellipsometry measurement of the (MMT/PLL-VA)8 multilayer films after 
being immersed in PBS, 100 U/mL CMS or 105 CFU/mL S. aureus on different days.

Figure 4 ZOI detection of the (MMT/PLL-VA)8 multilayer films after being soaked 
in different concentrations of S. aureus.
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mL, the ZOI also increased to 3.53 ± 0.034 mm. 
Remarkably, this result was consistent with the finding in 
Figure 3, whereby increasing CMS concentration acceler-
ated the multilayer film degradation and VA release. 
Nevertheless, when the CMS concentration became higher 
than 150 U/mL, the ZOI did not change.

Effect of Multilayer Films on Cell 
Proliferation of Osteoblasts
Using MTT assay, it was reassuring that multilayer films 
depicted great cell viability against osteoblasts (Figure 6). 
After culturing for 1, 3, 5, and 7 days in vitro, we noted that 
with the increase in breeding time, the absorbance of the 
three groups increased accordingly. We also observed that 
multilayer films exhibited no obvious cytotoxicity; thus, the 
cells could spread on the surface of the multilayer films.

In vitro Antibacterial Tests
The results of the antibacterial assay were robustly con-
firmed using SEM analysis (Figure 7). Herein, numerous 
distinguishable S. aureus cells were found distributed on 
unmodified silicon wafers after 8 h of incubation. On the 
other hand, SEM also showed no bacteria on the surface of 
(MMT/PLL-VA)8 multilayer films silicon wafers, indicating 
the death of S. aureus. To deeply understand the antibacterial 
effect of (MMT/PLL-VA)8 multilayer film more accurately, 

we subsequently performed inhibition rate assays. We used 
S. aureus to evaluate the bactericidal capabilities of the 
(MMT/PLL-VA)8 multilayer films because it is one of the 
most prevalent pathogens, found in endosseous implant 
infection. In this study, the S. aureus strains and solutions 
were plated on an agar plate to determine viable counts. As 
presented in Figure 8, we observed that the number of 
bacteria in contact with unmodified PDMS increased sig-
nificantly in the first 2 h and then progressively decreased in 
the following 24 h. However, after the samples were incu-
bated with S. aureus solutions, the bacteria in (MMT/PLL- 
VA)8 group rapidly decreased in the first 4 h and then died at 
24 h. This perhaps might be due to CMS released when 
outside bacteria multiplied, resulting in the degradation of 
the multilayer films, thereby releasing VA from the system 
killing bacteria rapidly.

In vivo Evaluation
During the post-implantation investigation, blood samples 
of rats were retrieved for analysis of WBC and CRP of rats 
at predetermined time intervals (Figure 9). These infection 
parameters proved a distinguishing difference between the 
two groups. After 7 days of implantation, the unmodified 
group exhibited high WBC and CRP levels due to foreign 
body reactions and lack of antibiotics. Subsequently, the 
WBC and CRP indicators of rats for the unmodified group 
remained higher compared with the (MMT/PLL-VA)8 

group. Additionally, the WBC and CRP levels in the 
(MMT/PLL-VA)8 group declined over time and then 
returned to a normal level after 28 days. Herein, we 

Figure 5 ZOI detection of the (MMT/PLL-VA)8 multilayer films after being soaked 
in different concentrations of CMS.

Figure 6 MTT assay for cellular viability.
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noted that without antibacterial drugs, it was not effective 
to control infection satisfactorily. More interestingly, after 
incubation on agar plates, we isolated a considerable 
amount of bacterial pathogens in the unmodified group, 
but no bacteria were detected in the (MMT/PLL-VA)8 

group (Figure 10). Taken together, the comparison 
between the two groups revealed the very efficient treat-
ment of the (MMT/PLL-VA)8 group infections.

In addition, our results, based on the X-ray analysis, 
demonstrated that the lateral tibial plateau of the unmodi-
fied group was characterized by an irregular partially 

osteolytic lesion (Figure 11A). On the other hand, the 
(MMT/PLL-VA)8 group showed normal bone morphology 
with no lesions (Figure 11B).

We further used Micro-CT to perform imaging eva-
luation of bone specimens obtained after 4 weeks of 
implantation and made 3-D reconstructions based on 
built-in software. Our findings elucidated that rats in 
the unmodified group exhibited the slowest rate of 
bone bridging and regeneration. The yellow part of 
the figure represents the new bone, whereby only 
a small amount of new bone was formed after 4 
weeks (Figure 11C). More importantly, we uncovered 
that (MMT/PLL-VA)8 group performed well (Figure 
11D). In order to get a more accurate conclusion, we 
further conducted a quantitative analysis. The evalua-
tion was performed using a micro CT on bone speci-
mens obtained 4 weeks after implantation. It has been 
shown that micro CT can provide values for minera-
lized bone tissue which can be supported by histology. 
The bone mineral density (BMD) and bone volume 
fraction (BV/TV) of the tibial plateau were tested for 
quantitative analysis. We subsequently identified that 
bone volume fraction in the unmodified group mark-
edly decreased compared with that of the (MMT/PLL- 
VA)8 group (Figure 12A). Similarly, we observed that 

Figure 8 Changes in the viable S. aureus cells with the time of exposure to pristine 
unmodified or (MMT/PLL-VA)8 multilayer films.

Figure 7 Scanning electron microscopy (SEM) analysis of S. aureus adhesions on (A) unmodified and (B) (MMT/PLL-VA)8 multilayer films silicon wafers.
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BMD of the tibial plateau of the rats in the unmodified 
group was significantly decreased than that of the 
(MMT/PLL-VA)8 group (Figure 12B). These findings 
could be explained by the “race to the surface theory” 
in which bone regeneration required a high level of 
sterility while bacteria would seriously obstruct the 
bone regeneration process.44,45 Of noteworthy, groups 
implanted with (MMT/PLL-VA)8 showed great bone 
binding in the fracture sites due to their ability to 
release VA from the multilayer films for the great 
treatment of the bone infection and enhanced bone 
repair. Compared with the unmodified group, there 
was an average 5.73 and 7.17 log reductions of 
S. aureus in the bone and on the surface of K-wire in 

the (MMT/PLL-VA)8 group, respectively (Figure 13A 
and B).

Conclusion
In summary, this present research shows that (MMT/ 
PLL-VA)8 multilayer films obtained via layer-by-layer 
(LbL) assembly exhibited linear growth. Notably, multi-
layer films were progressively degraded and showed 
well concentration-dependent degradation characteristics 
following incubation with CMS or bacterium solution. 
Additionally, VA depicted on-demand property which 
was triggered intelligently by CMS or bacterium solu-
tion, while the MTT analysis proved that the multilayer 
film was characterized by good biocompatibility. The 

Figure 9 (A) Changes in WBC count. (B) Changes in CRP levels of rats implanted with different K-wires.

Figure 10 Swabs for bacteriological examination were taken from all wounds of (A) unmodified group and (B) (MMT/PLL-VA)8 group after the rats were euthanised.

International Journal of Nanomedicine 2021:16                                                                                    http://doi.org/10.2147/IJN.S299154                                                                                                                                                                                                                       

DovePress                                                                                                                       
2991

Dovepress                                                                                                                                                                Yu et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


results of in vitro bacterial shake-flask method showed 
high levels of bactericidal activity, whereas in the 
in vivo antibacterial tests, the K-wires coated with 

(MMT/PLL-VA)8 multilayer films exhibited lower infec-
tions incidence and inflammation than the unmodified 
K-wires. Further, in vivo studies demonstrate the 

Figure 11 X-ray results after 4 weeks of modeling, (A and B) unmodified group, (MMT/PLL-VA)8 group. 4 weeks after implantation, micro-CT images of the bone 
specimens. New bone formation around the Kirschner wires, (C and D) unmodified group, (MMT/PLL-VA)8 group.

Figure 12 Quantitative analysis of bone mineral density (BMD) (A) and bone 
volume fraction (BV/TV) (B) after surgery. Figure 13 Bacteria recovered from (A) bone tissue and (B) implanted K-wire.
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potential to provide more evidence for the use of this 
biomaterial to mitigate bone infection.
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