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A B S T R A C T   

Implant-related infections caused by drug-resistant bacteria remain a major challenge faced by orthopedic sur
geons. Furthermore, ideal prevention and treatment methods are lacking in clinical practice. Here, based on the 
antibacterial and osteogenic properties of Zn alloys, Ag and Li were selected as alloying elements to prepare 
biodegradable Zn-Li-Ag ternary alloys. Li and Ag addition improved the mechanical properties of Zn-Li-Ag alloys. 
The Zn-0.8Li-0.5Ag alloy exhibited the highest ultimate tensile strength (>530 MPa). Zn-Li-Ag alloys showed 
strong bactericidal effects on methicillin-resistant Staphylococcus aureus (MRSA) in vitro. RNA sequencing 
revealed two MRSA-killing mechanisms exhibited by the Zn-0.8Li-0.5Ag alloy: cellular metabolism disturbance 
and induction of reactive oxygen species production. To verify that the therapeutic potential of the Zn-0.8Li- 
0.5Ag alloy is greater than that of Ti intramedullary nails, X-ray, micro-computed tomography, microbiolog
ical, and histological analyses were conducted in a rat femoral model of MRSA-induced osteomyelitis. Treatment 
with Zn-0.8Li-0.5Ag alloy implants resulted in remarkable infection control and favorable bone retention. The in 
vivo safety of this ternary alloy was confirmed by evaluating vital organ functions and pathological morphologies. 
We suggest that, with its good antibacterial and osteogenic properties, Zn-0.8Li-0.5Ag alloy can serve as an 
orthopedic implant material to prevent and treat orthopedic implant-related infections.   

1. Introduction 

Osteomyelitis is an inflammatory reaction to microbial infections 
accompanied by progressive bone loss [1]. The dominant causative 
pathogenic bacteria of osteomyelitis are staphylococci, including 
Staphylococcus aureus and Staphylococcus epidermidis [2]. According to 
its etiology, osteomyelitis can be classified into three types. One type is 
caused by local bacterial colonization and is mainly found in 
post-traumatic wounds and following various orthopedic surgeries; this 
type is closely related to the use of implants. The second type is caused 

by insufficient blood supply, which is often secondary to soft tissue 
infection in the feet of patients with diabetes. The last type is hemato
genic, which is most common in children [1]. The incidence of osteo
myelitis can be very high in susceptible patients. In patients with open 
trauma, the incidence of osteomyelitis can reach 20% [3]. In patients 
with a diabetic foot, approximately 12–20% of cases can progress to 
infections of the surrounding bone tissues [4]; in severe cases, the 
incidence of osteomyelitis can reach 66% [5]. Once osteomyelitis oc
curs, osteogenic activities are inhibited and osteoclastic functions are 
activated, which can cause osteoporosis and pathological fractures [6]. 
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Additionally, treating osteomyelitis often requires a second operation 
for thorough debridement, which often exacerbates bone loss. Despite 
great progress in osteomyelitis treatment, approximately 40% of pa
tients suffer from relapses or long-term infections [2], which makes 
osteomyelitis one of the most challenging problems in clinical 
orthopedics. 

At present, prevention and treatment methods for osteomyelitis 
mainly include thorough debridement, the application of sufficient an
tibiotics for an adequate course of treatment (intravenous or oral; for no 
less than 4–6 weeks), dead space treatment after debridement (bone 
substitution materials), and the local application of antibacterial mate
rials. Among them, thorough debridement is the premise, and the 
application of sufficient antibiotics for an adequate treatment course is 
the key to eradicating residual bacteria. However, the destruction of 
blood supply at the infection site leads to local bone tissue necrosis, 
making it difficult for antibiotics and inflammatory cells to reach this 
avascular area. Therefore, a sufficient disinfectant concentration cannot 
be reached in this local area, leading to a poor disinfection effect [1]. 
However, after an infection occurs, bacteria adhere to each other and 
accumulate to form a biofilm. The biofilm acts as a protective barrier for 
bacteria and hinders the penetration of antibiotics, which can inhibit the 
bactericidal efficiency of antibiotics [7]. Furthermore, the emergence 
and widespread prevalence of drug-resistant bacteria, represented by 
methicillin-resistant S. aureus (MRSA), have further affected the efficacy 
of antibiotics. According to the World Health Organization and Centers 
for Disease Control and Prevention, drug-resistant bacterial infections 
cause more than 23,000 deaths in the European Union and the United 
States each year [8], among which, MRSA is the leading cause of mor
tality [9]. In orthopedics, 60% of implant-related infections are caused 
by S. aureus [10], especially MRSA, which are difficult to treat and can 
notably prolong the length and cost of hospitalization, cause failure of 
internal fixation, and lead to disability or even death [11]. Therefore, 
the emergence of drug-resistant bacteria has presented new challenges 
to the prevention and treatment of orthopedic infections. 

The application of implants is another major risk factor for the 
occurrence of osteomyelitis. Implant-related infections are the top pri
ority for preventing and treating osteomyelitis [12]. When implants are 
implanted into the body, they cause local foreign body inflammation, 
reduce the local immune response, and lead to locus immunodeficiency 
[13], thereby making it easier for bacteria to colonize and induce 
infection. The implant surface can also provide suitable conditions for 
bacterial adhesion and biofilm formation, thereby making it more likely 
for infections to occur [14]. Therefore, the risk of infection is higher in 
the presence of implants. A study has shown that osteomyelitis can be 
induced by significantly fewer S. aureus in the presence of implants than 
in cases without implants [15]. The risk of infection increases signifi
cantly after implantation and remains as long as implants are in the 
body. In addition, as the infection may be latent and delayed, a 
long-term sustained anti-infective approach is crucial. 

Given the existing dilemma of osteomyelitis prevention and treat
ment, biodegradable orthopedic implant materials with sustained anti
bacterial activity can be expected to address the abovementioned 
problems. The appearance of biodegradable Zn-based metals has 
recently attracted the attention of our research group, and a series of 
studies on their orthopedic applications have been conducted [16–19]. 
Biodegradable Zn-based metals are known for their bioactive properties, 
such as biocompatibility and osteogenic activities; they have become a 
viable new choice of implant materials in orthopedics [20–22]. More 
importantly, the good antibacterial ability of Zn2+ has been widely re
ported [23–25]. Biodegradable Zn-based metals can corrode to release 
Zn2+ both in vivo and in vitro, demonstrating their notable antibacterial 
properties. Unlike antibiotics, when a biodegradable Zn-based metal is 
locally applied as an implant material, it can effectively ameliorate the 
problem of poor disinfection effect resulting from insufficient local 
antibiotic concentrations. However, the bactericidal mechanism of 
biodegradable Zn-based metals differs from that of antibiotics; thus, 

these metals can be expected to improve the killing effect on MRSA and 
other drug-resistant bacteria. Most importantly, as a biodegradable 
antibacterial implant material, the Zn-based alloy implant exhibits a 
sustained antibacterial ability. The osteogenic activity of Zn2+ can also 
effectively improve bone destruction and loss caused by an infection. 
Moreover, after executing its functions as an implant, these implants will 
gradually degrade and eventually disappear. Therefore, biodegradable 
Zn-based alloys can be expected to address the high infection risk caused 
by residual implants, thereby preventing implant-related infections 
originating from the source. 

In a series of preliminary studies, we confirmed the good osteogenic 
activity of Zn alloys [19,22] and found that Zn-Li alloys have the best 
mechanical strength [20]. Zn-Li alloys can meet the demand for internal 
fixation applications in orthopedic load-bearing areas and are used to 
repair femoral shaft fractures in rabbits. Zn-Cu [17] and Zn-Ag alloys 
have satisfactory antibacterial activity; however, Zn-Ag alloys are su
perior. Zn-Ag alloys [26] are effective in killing bacteria associated with 
orthopedic infections in vitro, including S. aureus, S. epidermidis, and 
MRSA. Zn-Ag alloys also effectively inhibit osteoclastic activities at the 
injured bone site and protect against bone loss while preventing and 
treating an infection. Therefore, in this study, both Ag and Li were 
selected as alloying elements to prepare the Zn-Li-Ag ternary alloy sys
tem. This was ensured while considering the antibacterial activity and 
mechanical strength of Zn alloys to meet the mechanical requirements of 
implant applications in orthopedic load-bearing areas. Therefore, in this 
study, we designed and prepared novel orthopedic implant materials 
with both mechanical strength and antibacterial activity to provide a 
novel strategy for the prevention and treatment of osteomyelitis. 

2. Materials and methods 

2.1. Preparation of Zn-Li-Ag alloys and extracts 

The metal raw materials used in this study were prepared by melting 
high-purity zinc (99.99%, Alfa Aesar, UK), lithium (99.95%, Alfa Aesar, 
UK), and silver (99.99%, Alfa Aesar, UK) ingot according to each alloy’s 
composition, as listed in Table 1. In all prepared alloys, the weight 
percentage of Li was fixed at 0.8% (higher Li content results in a sig
nificant decrease in strength [27]). By varying the weight percentage of 
Ag (0%, 0.5%, 1.0%, 1.25%, 2.0%, and 3.0%), the corresponding alloys 
were prepared and named Zn-0.8Li, Zn-0.8Li-0.5Ag, Zn-0.8Li-1.0Ag, 
Zn-0.8Li-1.25Ag, Zn-0.8Li-2.0Ag, and Zn-0.8Li-3.0Ag, respectively. 
Before extrusion, the metal ingot was fully homogenized at 350 ◦C for 
48 h and quenched in water. The samples were kept at 260 ◦C for 2 h 
before extrusion. The extrusion ratio was 16, the extrusion speed was 1 
mm/s, and rods with a diameter of 10 mm were extruded. The metal 
rods were then cut into disks (Φ = 10 × 1 mm) and cylinders (Φ = 1.5 ×
20 mm), which were mechanically polished to 2000 mesh. The polished 
samples were then ultrasonically cleaned in ethanol and acetone and 
dried at room temperature. Before conducting cell and animal experi
ments, samples were sterilized with ethylene oxide. 

The extracts were prepared according to the ISO10993 standard. The 
Zn-Li and Zn-Li-Ag alloy metal sheets were immersed in α-minimum 

Table 1 
Analyzed compositions of the studied Zn-Li-Ag alloys and control group.  

Nominal Composition (wt.%) Analyzed Composition (wt.%) 

Li Ag Zn 

Zn-0.8Li 0.79 N/A Balance 
Zn-0.8Li-0.5Ag 0.86 0.54 Balance 
Zn-0.8Li-1.0Ag 0.77 1.02 Balance 
Zn-0.8Li-1.25Ag 0.79 1.28 Balance 
Zn-0.8Li-3.0Ag 0.79 3.05 Balance 
Zn-0.8Li-2.0Ag 0.84 1.97 Balance 
Zn-1.0Li-2.0Ag 1.02 2.01 Balance  
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essential medium (α-MEM; Gibco; Grand Island, NY, USA) according to 
the volume/surface area ratio of 1.25 mL/cm2. The sheets were then 
transferred into an incubator (Tethys Fisher, UK) at 37 ◦C in an atmo
sphere of 5% CO2. After 24 h of immersion, extracts were collected and 
filtered using a 0.25-μm sterile filter. The prepared extracts were stored 
at 4 ◦C for use within 3 days. 

2.2. Material characterization 

2.2.1. Zn-Li-Ag alloy microstructure characteristics and mechanical 
properties tests 

The samples were further polished to 7000 mesh, buffed with a 0.1- 
μm diamond abrasive paste, and washed with deionized water. All 
samples were then etched in a 4% HNO3/ethanol solution for 5–10 s. An 
optical metallographic microscope (Olympus BX51 M, Olympus, Tokyo, 
Japan) was used to observe and analyze the microstructure of samples. 
An X-ray diffractometer (XRD; Rigaku DMAX 2400; Rigaku, Japan) 
using CuKα radiation was used to analyze the structures of the materials. 
The operating voltage was 40 kV, the current was 100 mA, the scanning 
range was 10–90◦, the scanning speed was 2◦/min, and the step size was 
0.02◦. 

Samples used for tensile and compression tests were prepared ac
cording to the ASTM E8-04 and ASTM E9-89 standards, respectively. 
The mechanical properties of materials were tested using a universal 
material testing machine (Instron 5969; Instron, USA) at room temper
ature. The strain rate of the tensile test was 1 × 10− 4/s. Yield strength 
(YS) was defined as the stress that causes 0.2% plastic deformation. A 
microhardness tester (Shimadzu HMV-2T; Shimadzu, Japan) was used 
to measure the Vickers hardness of materials (indentation force: 0.1 kN; 
holding time: 15 s). At least five samples were selected for each test, and 
the average values were taken. 

2.2.2. Electrochemical test 
The electrochemical test was conducted at room temperature using 

an electrochemical workstation (Autolab; Metrohm, Switzerland) in a 
simulated body fluid (SBF) (NaCl 8.035 g/L, NaHCO3 0.355 g/L, KCl 
0.25 g/L, K2HPO4⋅3H2O 0.231 g/L, MgCl2⋅6H2O 0.311 g/L, HCl 
(36–38%) 39 mL/L, CaCl2 0.292 g/L, Na2SO4 0.072 g/L, Tris 6.118 g/L, 
pH 7.4) [20]. A three-electrode system of a platinum electrode-saturated 
calomel electrode (SCE) was selected to perform the electrochemical 
test. The open-circuit potential (OCP) of each sample was monitored for 
5400 s. Under the measured OCP, electrochemical impedance was 
measured by electrochemical impedance spectroscopy (EIS) at a mea
surement frequency of 105–10− 2 Hz. Then, the polarization curves of 
materials were recorded at a scan rate of 1 mV/s, a scan voltage range of 
-500 to 500 mV vs. OCP, and a scan area of 0.2826 cm2 (Φ = 6 mm). 
Finally, the corrosion potential (Ecorr) and corrosion current density 
(Icorr) were calculated using Tafel extrapolation analysis. Each alloy 
type was evaluated at least five times, and the average values were 
taken. 

2.2.3. Immersion experiment 
The samples were immersed in SBF at 37 ◦C for 90 d. According to 

the ASTM G31-72 standard, the ratio of solution volume to the material 
surface area was controlled at 20 mL/cm2. After immersion, the samples 
were washed with distilled water and dried at room temperature. The 
surface corrosion products of materials were cleaned using a solution 
containing 200 g/L CrO3. The surface corrosion morphologies both 
before and after the cleaning step were observed using a high-precision 
image measuring instrument and a scanning electron microscope (SEM; 
Hitachi S-4800; Hitachi, Japan). The in vitro corrosion rate was calcu
lated according to the following formula: C = kΔm/ρAt, where C is the 
corrosion rate in μm/year, k is a constant (k = 1000), Δm is the weight 
change (g), ρ is the material density (g/mm3), A is the initial immersion 
surface area (mm2), and t is time (year). Each group of samples was 
evaluated with at least five specimens to obtain the average value. 

2.3. In vitro evaluation of antibacterial performance 

Based on the results of material properties and cell compatibility, the 
Zn-0.8Li-0.5Ag, Zn-0.8Li-1.25Ag, and Zn-0.8Li-2.0Ag alloys were 
selected for antibacterial experiments. The antibacterial characteristics 
of these three ternary alloys were evaluated and compared with two 
controls, namely, Zn-0.8Li alloy and pure Ti. MRSA (ATCC 43300) was 
chosen as an experimental bacterium to evaluate the killing effect of 
biodegradable Zn-Li-Ag alloys on common drug-resistant bacteria in 
orthopedics. Tryptone soy broth (TSB), prepared by dissolving 3 g of soy 
peptone, 17 g of tryptone, 2.5 g of potassium dihydrogen phosphate, 5 g 
of sodium chloride, and 2.5 g of glucose in 1000 mL of distilled water, 
was used as the bacterial culture medium [28]. MRSA was suspended in 
TSB and incubated in a shaker (180 rpm, 37 ◦C) for 16 h. Finally, the 
MRSA solution was diluted to the predetermined concentrations. 

2.3.1. Bacteriostatic ring test 
After 100 μL of MRSA suspension (1 × 107 colony-forming units 

[CFU]/mL) was evenly coated on TSA (Tryptone soy agar) plates, the 
pure Ti, Zn-0.8Li, Zn-0.8Li-0.5Ag, Zn-0.8Li-1.25Ag, and Zn-0.8Li-2.0Ag 
alloy metal disks were gently placed at the center of the plate. The 
antibacterial efficiencies of degradation products obtained from biode
gradable Zn-Li and Zn-Li-Ag alloys were determined by the diameter of 
the antibacterial ring through agar diffusion. After incubating for 24 h in 
a 37 ◦C incubator, the plates were photographed, and the diameters of 
zones of inhibition were measured. 

2.3.2. Exploration of the bactericidal mechanism of Zn-Li-Ag alloys 
After comprehensive consideration of its material properties, cyto

compatibility, and antibacterial performance in vitro, the Zn-0.8Li-0.5Ag 
alloy was selected for investigating its mechanism of killing MRSA. The 
sterilized pure Ti and Zn-0.8Li-0.5Ag alloy metal disks were placed in a 
12-well plate with three replicate samples in each group, and 2 mL of 
bacterial suspension (1 × 106 CFU/mL) was added to each well. Bac
terial pellets were collected after cocultivation in a 37 ◦C incubator for 
24 h. Subsequently, the total bacterial RNA was extracted, and RNA 
sequencing was performed (Wuhan Servicebio Co., Ltd., Wuhan, China). 
The whole genome sequencing workflow (version 7.0.1, Illumina) was 
used for data analysis. Finally, the differences in bacterial gene expres
sion between Zn-0.8Li-0.5Ag alloy and pure Ti groups were compared 
using DESeq2 (version 1.16.1, Illumina). 

2.3.3. Reactive oxygen species (ROS) production measurement 
Based on our bacterial RNA sequencing results and the relevant re

ports on the bactericidal mechanisms of Zn2+ and Ag+ [29,30], we 
suggest that the induction of catalytic ROS production is one of the main 
mechanisms by which Zn-Li-Ag alloys exert bactericidal activity. 
Therefore, MRSA suspensions were cocultured with pure Ti or Zn-Li-Ag 
alloy metal disks in 12-well plates with three replicates per group, and 2 
mL of MRSA suspension (1 × 106 CFU/mL) was added to each well. After 
12 and 24 h coculture, the ROS production level was detected using the 
Reactive Oxygen Species Assay Kit (Beyotime, China). The bactericidal 
mechanism of the Zn-Li-Ag alloy was then verified. 

2.4. In vivo anti-infective evaluation in an MRSA-induced rat femoral 
osteomyelitis model 

2.4.1. Surgical procedure 
The experimental animals used herein were 3-month-old male 

Sprague–Dawley rats with an average body weight of 300.93 ± 6.09 g. 
All animal operations and experiments were approved by the Animal 
Ethics Committee of Shanghai Rat & Mouse Biotech Co., Ltd. The Zn- 
0.8Li-0.5Ag alloy was prepared into Φ1.5 × 20 mm nails, and pure Ti 
nails of the same dimensions were used as a control. The experiment was 
conducted in two parts. The first part aimed to establish a model of 
femoral osteomyelitis induced by MRSA. The rats were anesthetized by 
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intraperitoneally injecting ketamine (10 mg/kg) and 2% xylazine, and 
the skins of their right hindlimbs were prepared for surgery. The knee 
joint of the rat was fixed in the maximum flexion position, and a 15-mm 
longitudinal incision was made along the lateral patella under sterile 
conditions. The dislocated knee joint was separated layer by layer to 
expose the femoral condyle. A 1-mm drill was then used to drill the 
center of the femoral condyle in the direction of the medullary cavity. 
Then, the bone debris was washed with saline, and 100 μL of 1 × 108 

CFU/mL bacterial suspension was injected into the femoral medullary 
cavity with a 1-mL syringe. Finally, the drill hole was sealed with bone 
wax, and the incision was closed layer by layer. Buprenorphine (0.3 mg/ 
kg; Temgesic, Reckitt & Colman, Hull, UK) was injected subcutaneously 
for postoperative analgesia. In total, 45 rats were used to establish the 
infection model, and 15 additional rats were used as blank controls. 
Three weeks after the modeling surgery, X-ray examination was per
formed to assess the modeling effect, and hematoxylin and eosin (H&E) 
staining and Giemsa staining were used to evaluate the modeling effect 
of osteomyelitis. 

The second part of the surgical procedure was the implantation of the 
materials to treat the MRSA-induced infection 3 weeks after the 
modeling surgery. After conventional anesthesia and skin preparation, 
the femoral condyle was exposed along the original surgical incision. 
After full debridement and irrigation, a 1.5-mm hole was drilled into the 
center of the femoral condyle in the direction of the medullary cavity. 
After saline irrigation, the Zn-0.8Li-0.5Ag alloy or pure Ti intra
medullary nails were implanted into the femoral medullary cavity. The 
surgical site was washed with saline again and the incision was closed 
layer by layer. Four rats died during surgery; thus, after implantation of 
the intramedullary nails, each experimental group was as follows: 15 
normal rats in the blank control group; 20 rats in the control group with 
pure Ti intramedullary nails; and 21 rats in the experimental group with 
Zn-0.8Li-0.5Ag alloy intramedullary nails. At 3 and 6 weeks after the 
implantation of intramedullary nails, the rats in each group were 
euthanized and the relevant tissues/organs were harvested for subse
quent analyses. 

2.4.2. General condition of animals and evaluation of hematological 
indices 

After the operation, the rats were returned to their cages, fed a 
normal diet, and allowed to move freely. Wound healing progress, body 
weights, and body temperatures were monitored regularly. Six weeks 
after the second implantation operation, blood samples were taken from 
the rat heart for routine blood tests to evaluate the systemic infection 
status. 

2.4.3. X-ray observation 
X-ray images of the rat femur were taken 3 weeks after the infection 

modeling surgery, as well as 3 and 6 weeks after the second implantation 
operation. The osteomyelitis model was evaluated 3 weeks after the 
surgery. The treatment effect of the alloys on osteomyelitis induced in 
rat femurs was evaluated 3 and 6 weeks after the second operation. 
According to the literature, quantitative X-ray evaluation was performed 
to detect periosteal elevation, sequestration, architectural deformation, 
bone shaft widening, and soft tissue deformation. A score of 0–3 was 
given for each feature. A higher score indicates a more serious infection 
[31]. 

2.4.4. Micro-computed tomography (micro-CT) 
At 3 and 6 weeks after the second implantation operation, the rats in 

each group were euthanized to obtain right femurs. After being 
immersed in paraformaldehyde, rat femur specimens were scanned by 
micro-CT (Sanco Micro-ct100, Switzerland). The detailed scanning pa
rameters are provided in Table S1. After the scan was completed, the 
region of interest (ROI) for data analysis was defined as a 3-mm-high 
cylindrical area of 1 mm outside the circumference of the intra
medullary nail in the femoral condyle (excluding the intramedullary 

nail). The bone mineral densities (BMD), bone volume (BV), bone vol
ume fraction (BV/TV), trabecular numbers (Tb.N), trabecular thickness 
(Tb.Th), and trabecular separation (Tb.Sp) were analyzed quantitatively 
to evaluate the femoral bone weight retention of rats in each group. 

2.4.5. In vivo microbiological evaluation 
Three and six weeks after the second implantation operation, the rats 

in each group were euthanized to sample their right femurs, and im
plants in the femoral medullary cavities were removed. At each time 
point, four random implants were selected from each group to observe 
the bacterial adhesion and biofilm formation on the implant surface by 
SEM. Then, another four implants were selected randomly and treated 
ultrasonically (50 Hz, 10 min, B3500S-MT, China) to collect the bacteria 
adhering to the implant surface [32]. After diluting the bacterial sus
pension 20-fold, the bacteria were plated and cultured for 24 h. The 
number of bacterial CFUs per plate was then counted to evaluate the 
number of adhering bacteria on the implant surface. 

2.4.6. Histomorphological analysis 
Three weeks after the infection modeling surgery, soft tissue sections 

were sampled from rat femurs for H&E and Giemsa staining to further 
evaluate the modeling effect of osteomyelitis. Three and six weeks after 
the second implantation operation, rats in each group were euthanized 
to sample their right femurs, from which the implants were removed. 
Next, rat femur specimens were fixed in 4% paraformaldehyde, decal
cified in 10% EDTA for 6 weeks, and soft tissue section staining was 
performed. After ethanol gradient dehydration, the tissues were 
embedded in paraffin and sectioned for H&E and Giemsa staining to 
evaluate the treatment status of osteomyelitis. Masson staining, tolui
dine blue staining, and TRAP staining were performed to assess bone 
destruction. The stained sections were then observed and imaged under 
a high-resolution microscope (Olympus CKX41; Olympus, Japan). 

2.4.7. Immunohistochemistry 
Three and six weeks after the second implantation operation, all rats 

were euthanized to sample their right femurs. After decalcification, 
embedding, and sectioning, the immunohistochemical technique was 
used to detect osteomyelitis-related indices in rat femurs, including in
flammatory cells (neutrophils, CD68-labeled macrophages), inflamma
tory factors (interleukin-10 [IL-10] and tumor necrosis factor α [TNF- 
α]), and MRSA expression. After staining was completed, the sections 
were scanned and photographed using a panoramic section scanner 
(PANNORAMIC DESK/MIDI/250/1000, 3DHISTECH, Hungary), and 
then semi-quantitative analysis of the expression intensity of each index 
was performed using scanning and viewing software (CaseViewer2.4, 
3DHISTECH, Hungary) and analysis software (Halo v3.0.311.314, Ind
ica Labs, USA). 

2.5. Data analysis 

The SPSS 25.0 statistical software (SPSS Inc. Chicago, IL, USA) was 
used for data analysis. Quantitative data are expressed as mean ±
standard deviation (SD). The data were analyzed using an independent 
sample t-test and one-way analysis of variance (ANOVA). The p-value 
was set at *p < 0.05 or **p < 0.01 to indicate statistically significant 
differences. 

3. Results 

3.1. Material surface microstructure and mechanical strength 

The metallographic analysis results of the Zn-0.8Li and Zn-0.8Li-xAg 
alloys are shown in Fig. 1a. The addition of Ag resulted in a significant 
change in the microstructure of the material. The metallographic 
structure of Zn-0.8Li was mainly dendritic. With the addition of Ag, the 
second phases in Zn-Li-xAg alloys exhibited a different morphology. 
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First, the contrast of colors between the matrix phase and second phase 
was more obvious, showing that the second phases in Zn-Li-xAg alloys 
had a brighter color than in the Zn-0.8Li alloy. Second, with Ag content 
increasing, the dendritic structure was decreased in the alloys after 
extrusion, whereas the river-like structure was increased. Even with a 
small amount of Ag (0.5 wt%), changes were observed in the metallo
graphic structure. The XRD results in Fig. 1b further show that the 
second phase comprises Li and Zn, in which the results of LiZn4 are 
labeled according to the PDF 04-011-9312, and the results of LiZn3 are 
labeled according to a calculated result [33]. No second phase of Zn and 
Ag was found. The reason might be that Ag has a high solid solubility in 
Zn, and the Ag would be in a solid state under a low Ag content [34]. The 
solid solution of Ag in Zn would change the corrosion potential of the 
matrix phases, which would further change the potential difference 
between the matrix phases and second phases. Therefore, during the 

metallographic analysis, the etching degree of different phases was 
different in the Zn-0.8Li-xAg alloys. Thus, the dendritic phases of 
Zn-0.8Li-xAg alloys and Zn-0.8Li showed different colors. 

Fig. 1c shows the YS, ultimate tensile strength (UTS), and elongation 
(Elong) of Zn-0.8Li-xAg alloys. Zn-0.8Li-0.5Ag and Zn-0.8Li-1.0Ag al
loys had significantly higher mechanical strengths than the Zn-0.8Li 
alloy, indicating that there is an optimal range of Ag for improving 
the strength of the Zn alloy. Moreover, among all designed material 
compositions, the Zn-0.8Li-0.5Ag alloy had the best UTS, which reached 
539.89 ± 10.26 MPa. Fig. 1d shows the Vickers hardness of each alloy 
group. After the addition of Ag, the Vickers hardness of the alloys was 
significantly lower than that of the Zn-0.8Li binary alloy. 

Fig. 1. Microstructure, mechanical properties, and in vitro corrosion behaviors of Zn-0.8Li-xAg alloys. (a) Microstructure of alloys observed under an optical 
metallographic microscope at a normal observation direction; (b) X-ray diffraction, (c) yield strength (YS), ultimate tensile strength (UTS), and elongation (ẟ), (d) 
Vickers hardness, (e) polarization curves, (f) EIS, and (g) corrosion rates of Zn-Li-Ag alloys; (h) scanning electron microscope (SEM) observation of experimental 
samples after immersion in simulated body fluid (SBF) solution for 90 d. Data represent the mean ± standard deviation (*p < 0.05). 
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3.2. In vitro corrosion behavior 

The polarization curve (Fig. 1e) and EIS (Fig. 1f) were used to 
evaluate the in vitro degradation behavior of Zn-0.8Li-xAg alloys. The 

polarization curves show that the corrosion potential of Zn-0.8Li-xAg 
alloys was lower than that of the Zn-0.8Li binary alloy. The imped
ance spectrum curves show that the impedance rings of Zn-0.8Li-xAg 
were smaller than those of the Zn-0.8Li alloy. The results of both 

Fig. 2. (a) Images and (b) quantitative results of bacteriostatic ring tests. (c) Gene expression differences and (d) main biological functions of the downregulated and 
upregulated genes in the Zn-0.8Li-0.5Ag alloy group compared with those in the pure Ti group. Data represent the mean ± standard deviation (**p < 0.01). 
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electrochemical tests showed that the Zn-0.8Li-xAg alloys exhibited 
faster corrosion rates than the Zn-0.8Li alloy. The results of the elec
trochemical tests also showed that the polarization and impedance 
spectrum curves of each Zn-0.8Li-xAg alloy were close to each other, 
indicating similar corrosion behaviors among Zn-0.8Li-xAg alloys. 
Fig. 1g shows the results of 90 d of corrosion immersion. The addition of 
Ag did not cause a significant difference in the long-term degradation 
rate of the Zn-0.8Li alloy. 

After being immersed in SBF solution for 90 d, the morphologies of 
the experimental samples were assessed before and after cleaning the 
corrosion products. Fig. S1 shows the overall macroscopic morphologies 
of the samples and Fig. 1h shows the results of SEM. Different corrosion 
macromorphologies of the alloys show that the Zn-0.8Li and Zn-0.8Li- 
xAg alloys mainly exhibited uniform corrosion morphology with 
pitting corrosion, and the Zn-0.8Li-xAg alloys had more numerous and 
finer corrosion pits. The images of the corrosion micromorphologies 
obtained by SEM show that both Zn-0.8Li and Zn-0.8Li-xAg alloys had 
corrosion micropits and microcracks, and the Zn-0.8Li-xAg alloys had 
more numerous and denser corrosion micropits. 

3.3. In vitro antibacterial evaluation of Zn-Li-Ag alloys 

3.3.1. Bacteriostatic ring test 
The bacteriostatic ring results of the Zn-0.8Li-xAg alloys are shown in 

Fig. 2a and b. The pure Ti sheet had no antibacterial ability, as no 
bacteriostatic ring formation was observed. The Zn-0.8Li alloy exhibited 
a certain antibacterial ability. The bacteriostatic rings of the three Zn- 
0.8Li-xAg alloys were enlarged to varying extents compared with 
those in the Zn-0.8Li control group, suggesting better antibacterial 
properties. Among the three alloys, Zn-0.8Li-0.5Ag and Zn-0.8Li-2.0Ag 
exhibited the best antibacterial abilities. 

3.3.2. MRSA-killing mechanism of the Zn-0.8Li-0.5Ag alloy 
The difference in gene expression between the Zn-0.8Li-0.5Ag alloy 

group and the pure Ti group is shown in Fig. 2c. Fig. 2d shows the main 
biological functions of the downregulated and upregulated genes in the 
Zn-0.8Li-0.5Ag alloy group compared with those of the pure Ti group. 
Genes that are essential for the basic biological metabolism of bacteria, 
including genes related to the establishment of localization, transport, 
and transporter activity, were significantly inhibited. Genes related to 
bacterial virulence were also significantly inhibited. Bacteria in the Zn- 
0.8Li-0.5Ag alloy group had significantly stronger metabolic reactions, 
catalytic activities, and redox reactions. 

Fig. 3a shows the quantitative detection results of related genes. 
Localization-related and transport-related genes were significantly 
inhibited. Furthermore, the Zn-0.8Li-0.5Ag alloy could also reduce 
bacterial virulence, inhibit bacterial biofilm formation, and affect genes 
related to bacterial drug resistance. The levels of ROS production after 
coincubation of Zn-0.8Li-0.5Ag alloy metal sheets with MRSA suspen
sion for 12 and 24 h are shown in Fig. 3b. There was a significantly 
greater amount of ROS production in the bacterial suspension of the Zn- 
0.8Li-0.5Ag alloy group, which verified that the Zn-0.8Li-0.5Ag alloy 
can exert catalytic activity to induce ROS production. 

Fig. 3c is a diagram illustrating a possible MRSA-killing mechanism 
of Zn-0.8Li-0.5Ag. It is believed that the Zn-0.8Li-0.5Ag alloy may kill 
MRSA mainly by affecting their basic biological metabolism and 
inducing ROS production. In addition to killing bacteria, the alloy 
affected their virulence, biofilm formation, and drug resistance. 

3.4. Evaluation of the Zn-0.8Li-0.5Ag alloy treatment effect on MRSA- 
induced osteomyelitis in vivo 

The basic workflow of the animal experiments is illustrated in 
Fig. 4a. 

3.4.1. General conditions and hematological evaluation 
The body weight and body temperature results are shown in Fig. 4b. 

After implanting intramedullary nails at 3 weeks, the slow reduction in 
body weight and persistent low fever in the pure Ti group rats indicated 
signs of chronic systemic infection. However, the fact that the rats 
gradually recovered their body weight and temperature demonstrated 
responses to improving systemic infection. Table S2 shows the routine 
blood test results of blood collected from the rat hearts during sampling 
6 weeks after the second debridement and intramedullary nail implan
tation. The white blood cell (WBC) count, percentage of neutrophils 
(NETU%), and absolute neutrophils (NETU#) in the pure Ti group were 
all significantly higher than those in the Zn-0.8Li-0.5Ag alloy and blank 
control groups. Among the three indices, the WBC count and NEUT# in 
the pure Ti group were significantly higher than those in the Zn-0.8Li- 
0.5Ag alloy group (**p < 0.01). These results confirmed a signifi
cantly milder systemic infection response in the Zn-0.8Li-0.5Ag alloy 
group, indicating the favorable treatment effects of the Zn-0.8Li-0.5Ag 
alloy in the MRSA-induced osteomyelitis model. 

3.4.2. Gross observations and X-ray evaluation results 
The gross observations of the specimens of rat femurs are shown in 

Fig. 4c. After the modeling surgery, the femoral shaft in the MRSA group 
became significantly thicker than that in the blank group, indicating 
signs of infection. At 3 and 6 weeks after intramedullary nail implan
tation, the rat femoral shaft specimens further thickened in the pure Ti 
group with hyperemia and sinus tract formation, indicating progression 
of osteomyelitis. Moreover, in the Zn-0.8Li-0.5Ag alloy group, the signs 
of femoral infection in rats were significantly relieved, and the gross 
morphology recovered to normal 6 weeks after the operation. This 
finding indicated that osteomyelitis was controlled. 

The X-ray results in different groups of rat femurs at different time 
points are shown in Fig. 4d. Three weeks after the MRSA bacterial sus
pension was injected into the rat femoral medullary cavity, cortical bone 
destruction, osteolysis, periosteal reaction, and double-line signs were 
observed in rat femurs (red arrows), suggesting chronic osteomyelitis. At 
3 weeks after the second implantation operation, the X-ray results 
showed that the infection signs in the pure Ti group were still obvious, 
whereas those in the Zn-0.8Li-0.5Ag alloy group were controlled 
significantly. The X-ray results obtained 6 weeks after the second im
plantation operation verified this result. The results of the quantitative 
X-ray evaluation are shown in Fig. 4e. Compared with that in the pure Ti 
implant group, the significantly decreased infection score confirmed the 
satisfactory anti-infection ability of the Zn-0.8Li-0.5Ag alloy in vivo. 

3.4.3. Micro-CT scan results 
The micro-CT scan results of rat femurs obtained 3 and 6 weeks after 

the second implantation operation are shown in Fig. 5, and Fig. 5a shows 
a two-dimensional micro-CT scan image (coronal sections), a three- 
dimensional sagittal reconstruction, and a three-dimensional ROI 
reconstruction (yellow labels highlight the intramedullary nail, white 
labels indicate the newly formed bone). Signs of femoral infection, such 
as obvious osteolysis and bone loss, were observed in the pure Ti group. 
However, in the Zn-0.8Li-0.5Ag alloy group, no bone loss was observed 
in rat femurs. Instead, a small amount of degradation products and a 
large amount of newly formed bone could be seen around the intra
medullary nail. Fig. 5b shows the quantitative results of BMD, BV, BV/ 
TV, Tb.N, Tb.Th, and Tb.Sp in the ROI. The Zn-0.8Li-0.5Ag alloy group 
had higher BMD, more newly formed BV, higher Tb.N, and lower Tb.Sp 
than the pure Ti group. These results verified the better bone retention 
effect in the Zn-0.8Li-0.5Ag group. 

3.4.4. In vivo microbiological evaluation results 
The SEM results of the implant surface are shown in Fig. S2a. At 3 

and 6 weeks after implantation, the surface of the pure Ti intramedullary 
nail showed a mound- and lump-shaped adhesion with bacteria wrapped 
inside, indicating the formation of a bacterial biofilm on the surface of 
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Fig. 3. MRSA-killing mechanism of the Zn-0.8Li-0.5Ag alloy. (a) Quantitative results of gene expression related to localization, transport, transport activity, 
pathogenesis, biofilm formation, and drug resistance of MRSA and (b) reactive oxygen species (ROS) production levels in the Zn-0.8Li-0.5Ag alloy and pure Ti groups 
after coincubation with MRSA suspension for 12 and 24 h. (c) Suggested mechanism underlying the antimicrobial properties of the Zn-0.8Li-0.5Ag alloy against 
MRSA. Data represent the mean ± standard deviation (*p < 0.05, **p < 0.01). 
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the pure Ti intramedullary nail. Under high magnification, the bacteria 
had normal morphologies and were distributed in clusters. On the sur
face of the Zn-0.8Li-0.5Ag alloy intramedullary nail, bacteria could 
hardly be seen; it could only be observed that the surface of the Zn-0.8Li- 
0.5Ag alloy nail had degraded and cracked. This observation demon
strated that bacteria could not adhere and grow on the Zn-0.8Li-0.5Ag 
alloy surface, thereby demonstrating its good antibacterial properties. 
After ultrasonically treating the implant surface, the bacterial 

suspensions were diluted and plated, and bacterial colony growth was 
evaluated (Fig. S2b and c). There were significantly fewer bacterial CFUs 
in the Zn-0.8Li-0.5Ag alloy group, which confirmed its satisfactory 
antibacterial properties. 

3.4.5. Histological evaluation results 
The H&E and Giemsa staining results of soft tissue sections are shown 

in Fig. 6. Fig. 6a and b show the results of H&E staining, and the former 

Fig. 4. (a) Basic workflow of the animal experiments. (b) Trends of body weight (g) and body temperature (◦C) of rats in different groups. (c) Gross observations of 
rat femurs at indicated times. (d) Digital X-ray images and (e) quantitative results of rat femurs at indicated times. The control group comprised animals with no 
treatment. Data represent the mean ± standard deviation (**p < 0.01). 
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shows the results 3 weeks after osteomyelitis modeling. The modeling 
group (MRSA) showed signs of infection; these signs included many 
inflammatory cell infiltrations and abscess formation, which confirmed 
the success of osteomyelitis modeling. After the second surgical 
debridement and implantation of intramedullary nails, the pure Ti group 
still showed significant signs of infection, whereas the Zn-0.8Li-0.5Ag 
alloy group showed no signs of infection (Fig. 6b). MRSA-induced 
osteomyelitis was almost cured completely in the group treated with 
the Zn-0.8Li-0.5Ag alloy, demonstrating the excellent anti-infection 

ability of this alloy in vivo. The results of Giemsa staining (Fig. 6c and 
d) were consistent with those of H&E staining. Fig. 6c shows the results 3 
weeks after infection modeling. MRSA-induced osteomyelitis had been 
established, and signs of infection and abscess formation could be 
observed in the rat femoral medullary cavity. After the implantation of 
the Zn-0.8Li-0.5Ag alloy intramedullary nail, the signs of osteomyelitis 
in rats were significantly alleviated, whereas the pure Ti group still 
showed signs of osteomyelitis (Fig. 6d). These findings confirmed the 
excellent in vivo anti-infection ability of the Zn-0.8Li-0.5Ag alloy. 

Fig. 5. Micro-computed tomography (micro-CT) evaluation results. (a) Coronal sections, sagittal reconstructions (right arrows indicate the newly formed bone), and 
region of interest (ROI) reconstructions (yellow labels highlight the intramedullary nail, white labels indicate the newly formed bone). (b) Quantitative results of 
bone mineral density (BMD), bone volume (BV), bone volume fraction (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation 
(Tb.Sp) in the ROI. Data represent the mean ± standard deviation (*p < 0.05, **p < 0.01). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

B. Jia et al.                                                                                                                                                                                                                                       



Biomaterials 287 (2022) 121663

11

Fig. 6. In vivo MRSA-induced osteomyelitis treatment results of the Zn-0.8Li-0.5Ag alloy. (a) Hematoxylin and eosin (H&E) staining 3 weeks after osteomyelitis 
modeling (MRSA indicates osteomyelitis modeling group). (b) H&E staining of rat femurs 3 and 6 weeks after the second surgical debridement and implantation of 
intramedullary nails (pure Ti or Zn-0.8Li-0.5Ag alloy nails). (c) Giemsa staining 3 weeks after osteomyelitis modeling. (d) Giemsa staining of rat femurs 3 and 6 weeks 
after the implantation of intramedullary nails. 
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The results of bone destruction in rats at different time points are 
shown in Fig. 7. Fig. 7a shows the results of Masson staining; compared 
with the blank control group, the pure Ti group showed signs of infec
tion and abscess formation with bone destruction 3 and 6 weeks post- 
operation. Furthermore, disorganized distribution of osteocytes and 
fibroblast proliferation were observed under high magnification. 

Moreover, the bone morphology of the Zn-0.8Li-0.5Ag alloy group was 
almost normal, and no signs of bone destruction were observed. The 
results of toluidine blue staining confirmed this phenomenon (Fig. 7b). 
In contrast (Fig. 7c), many abnormally activated mature osteoclasts 
could be seen in the pure Ti group via TRAP staining. This finding 
indicated that osteoclasts were activated after the onset of osteomyelitis 

Fig. 7. In vivo bone destruction prevention of Zn-0.8Li-0.5Ag alloy implants. (a) Masson staining, (b) toluidine blue staining, and (c) TRAP staining of rat femurs 3 
and 6 weeks after the implantation of intramedullary nails (pure Ti or Zn-0.8Li-0.5Ag alloy nails). Better bone morphology and significantly less bone destruction 
were seen in the Zn-0.8Li-0.5Ag alloy group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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and active bone resorption exacerbated bone destruction, thereby 
leading to bone loss. In the Zn-0.8Li-0.5Ag alloy group, the activated 
osteoclasts were comparable to those in the blank control group. These 
results confirm that Zn-0.8Li-0.5Ag alloy implants can exert osteogenic 
activity to effectively protect against bone destruction while preventing 
infection. 

3.4.6. Immunohistochemistry results 
The immunohistochemical technique was used to evaluate the 

expression of inflammatory cells (neutrophils, CD68), inflammatory 
factors (IL-10, TNF-α), and bacteria (MRSA) in rat femur specimens, 
where brown coloration indicates a positive result. Among the five 
indices, CD68 is a specific marker for macrophages. The expression of 
inflammatory cells (neutrophils and macrophages) is shown in Fig. 8a 
and b. The control and MRSA groups represent the evaluation results of 
osteomyelitis 3 weeks after modeling. Many inflammatory cells aggre
gated and wrapped together to form abscesses after infection modeling, 
indicating the successful establishment of the osteomyelitis model. At 3 
and 6 weeks after the implantation of pure Ti and Zn-0.8Li-0.5Ag alloy 
intramedullary nails, there was no inflammatory cell aggregation in the 
Zn-0.8Li-0.5Ag alloy group compared with the pure Ti group. This 
finding indicates that the Zn-0.8Li-0.5Ag alloy group had significantly 
lower infection than the pure Ti group. This result also suggested the 
excellent antibacterial ability of the Zn-0.8Li-0.5Ag alloy. The expres
sion levels of inflammatory factors (IL-10 and TNF-α) in each group are 
shown in Figs. S3 and S4. The significantly higher expression of in
flammatory factors in the MRSA group 3 weeks after modeling 
confirmed the success of osteomyelitis modeling. At 3 and 6 weeks after 
intramedullary nail implantation, the Zn-0.8Li-0.5Ag group showed 
significantly lower expression levels of inflammatory factors than the 
pure Ti group. This result suggests a significantly milder inflammatory 
response in the Zn-0.8Li-0.5Ag alloy group, confirming the good anti- 
infection ability of this ternary alloy in vivo. Finally, the expression 
level of MRSA in each group is shown in Fig. S5. Similar to the previous 
results, the Zn-0.8Li-0.5Ag group showed significantly lower MRSA 
expression at each time point, which is consistent with the blank control. 
This result suggests that there were very few residual bacteria in the Zn- 
0.8Li-0.5Ag alloy group, further confirming the bactericidal ability of 
this ternary alloy in vivo. The corresponding semi-quantitative analysis 
results are shown in Fig. S6. The semi-quantitative data include positive 
tissue (%), positive cells (%), and H-score; higher parameters indicate 
higher expression levels. At different time points, the expression levels 
of infection indicators were significantly higher in the pure Ti group 
than in the Zn-0.8Li-0.5Ag alloy group, and those of infection indicators 
in the Zn-0.8Li-0.5Ag alloy group were comparable to those in the blank 
control group. This indicates that the infection in the Zn-0.8Li-0.5Ag 
alloy group almost disappeared, confirming the excellent infection 
control ability of the Zn-0.8Li-0.5Ag alloy implants. 

4. Discussion 

4.1. Antibacterial effects of Zn-Li-Ag alloys 

In orthopedic infections, drug-resistant bacteria are an incredibly 
challenging problem. Among pathogenic bacteria related to infections in 
orthopedic implants, as many as 40% of S. epidermidis [35] and 32% of 
S. aureus [36] isolated from patients are gentamicin-resistant. Multidrug 
resistance poses an even more complex problem; for instance, MRSA is 
resistant to not only methicillin but also most β-lactam antibiotics [37]. 
Generally, β-lactam antibiotics can specifically bind to 
penicillin-binding proteins (PBPs) and inhibit bacterial cell wall 
biosynthesis, thereby killing the bacteria [38]. However, in MRSA, PBPs 
are mutated to PBP2a, which has a significantly lower affinity for 
β-lactam under the encoding of mecA [39]. This activity, thus, greatly 
reduces the bacteria-killing ability of β-lactam antibiotics [40]. This is 
believed to be the main mechanism by which MRSA develops resistance 

to β-lactam antibiotics. In addition to mecA-mediated drug resistance, 
studies have found a series of genes related to fem (factors essential for 
methicillin resistance), aux (auxiliary factors), or hmt (high methicillin 
resistance) that contribute to the drug resistance of MRSA [41,42]. 
Therefore, a variety of alternative antibiotics are becoming less effective 
because of the growing drug resistance of MRSA. Until now, vancomycin 
has been considered the last resort for treating clinical infections; 
however, even vancomycin is sometimes rendered futile when treating 
MRSA [43]. The multidrug resistance of MRSA makes the treatment of 
MRSA-related infections extremely difficult. In this situation, traditional 
antibiotics cannot satisfactorily prevent orthopedic infections. 

Compared with antibiotics, metals with bactericidal activities (such 
as Zn, Ag, and Cu) possess different antimicrobial mechanisms. In this 
study, the biodegradable Zn-Li-Ag alloys mainly exerted a bactericidal 
effect through the release of Zn2+ and Ag + ions resulting from the 
degradation of the alloys. Ag exhibits excellent broad-spectrum anti
bacterial properties and has already been widely used in the clinical 
domain [44–46]. Ag+ can exert bactericidal properties even at a very 
low concentration of about 0.1 ng/mL to 0.1 μg/mL [47]. Like those of 
Ag, the broad-spectrum antibacterial properties of Zn have also been 
widely reported [48–51]. The antibacterial effect of the biodegradable 
Zn-Li-Ag alloys is mainly achieved through several mechanisms. First, 
both Zn2+ and Ag + can interact with the bacterial surface at the cell 
membrane level, disrupt the charge balance of the bacterial cell mem
brane, increase membrane permeability, and lead to bacterial cell 
rupture and death [23,52]. Second, both ions can exert bactericidal 
properties by disturbing the basic life activities of bacteria. After Zn2+

enters bacteria, it can mismetallate key proteins and enzymes in the 
metabolic process, inhibit the electron transport chain, and affect the 
metabolism of bacteria, thereby killing the bacteria [29,53]. After Ag+

enters bacteria, it can combine with enzymes and proteins that are 
essential for bacterial life activities; for example, Ag+ can interact with 
NADH dehydrogenase and inhibit the respiratory electron transport 
chain [54]. However, Ag+ can bind with transporter proteins, leading to 
proton leakage and, thus, inhibiting proton motive force [55], disturb
ing bacterial ATP production and DNA replication, and ultimately 
leading to bacterial cell death. Such an effect is confirmed by the 
significantly inhibited establishment of localization and transporter 
activity, as shown in Figs. 2d and 3a. These findings indicate that the 
Zn-Li-Ag alloy killed bacteria mainly by affecting their basic biological 
metabolism. Third, both ions can induce the production of ROS (OH− , 
O2
− , and H2O2); Zn2+ can exert catalytic activity to induce ROS pro

duction in bacteria [56], and Ag+ can induce excessive ROS production 
in bacteria by disturbing the cell respiratory chain [57]. The production 
of excessive free radicals can cause oxidative stress in cells and damage 
lipids, DNA, RNA, and proteins, thereby killing bacteria or causing 
apoptosis [58]. The significantly upregulated catalytic activity and 
redox reaction shown in Fig. 2d and the higher ROS production of the 
Zn-0.8Li-0.5Ag group in Fig. 3b confirmed the occurrence of excessive 
ROS production. 

In addition to killing MRSA, the accumulation of Zn2+ in the bacte
rial cytoplasm can mismetallate cytoplasmic proteins, inhibit the 
biosynthesis of bacterial toxins such as hemolysin, and reduce bacterial 
virulence [59]. This explains the suppression of genes associated with 
the bacterial virulence shown in Figs. 2d and 3a. However, Zn2+ [60] 
and Ag+ [61] could also inhibit bacterial biofilm formation. Biofilm 
formation is divided into two steps: colonization of the material surface 
by bacteria and secretion of extracellular matrix by colonized bacteria to 
wrap around the bacterium and form a biofilm. The thickening phase of 
the biofilm is mainly mediated by polysaccharide intercellular adhesin 
(PIA)-dependent and -independent mechanisms. The main genes 
encoding PIA are icaA, icaD, icaB, and icaC. In Fig. 3a, the expression of 
icaB and icaC in the Zn-0.8Li-0.5Ag alloy group is significantly sup
pressed. In addition, as shown in Fig. S2a, there was rare bacterial 
adherence and no biofilm formation on the surface of Zn-0.8Li-0.5Ag 
alloy implants; conversely, there was a large amount of bacterial 

B. Jia et al.                                                                                                                                                                                                                                       



Biomaterials 287 (2022) 121663

14

Fig. 8. Immunohistochemical evaluation of the treatment effects of the Zn-0.8Li-0.5Ag alloy against methicillin-resistant Staphylococcus aureus (MRSA)-induced 
osteomyelitis. Expression levels of (a) neutrophils and (b) macrophages (CD 68 as the marker). The control group and MRSA group illustrate the establishment of the 
osteomyelitis model 3 weeks after injecting MRSA suspension. The groups 3 and 6 weeks demonstrated the treatment effects of Zn-0.8Li-0.5Ag alloy or pure Ti nails 
on osteomyelitis at indicated times after implantation. 
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adherence and biofilm formation on the surface of pure Ti implants. 
These results confirmed that the Zn-0.8Li-0.5Ag alloy can also effec
tively inhibit bacterial biofilm formation and prevent infection. Finally, 
in terms of drug resistance, previous studies have found that Zn2+ can 
inhibit drug resistance mutations in Escherichia coli [62] and reverse the 
drug resistance in Streptococcus, MRSA, and intestinal flora [25]. In this 
study, as shown in Fig. 3a, the expression of PBP2 in the Zn-0.8Li-0.5Ag 
group was upregulated, which was conducive to improving the specific 
binding of β-lactam antibiotics. Furthermore, the expression of fmhA 
(methicillin resistance determinant protein FmhA) was inhibited, indi
cating that the Zn-0.8Li-0.5Ag alloy alleviates the resistance of MRSA to 
β-lactam antibiotics. However, the suppressed expression of tcaB (tei
coplanin resistance-associated membrane protein), NorA (quinolone 
resistance protein), FosB (fosfomycin resistance protein), and other 
genes indicates that the Zn-0.8Li-0.5Ag alloy also alleviates the resis
tance of MRSA to other antibiotics. This provides a favorable condition 
for the joint application of the Zn-0.8Li-0.5Ag alloy and antibiotics to 
prevent osteomyelitis. 

4.2. Degradation behavior and mechanical properties of Zn-Li-Ag alloys 

In addition to its antibacterial properties, the degradation behavior 
and mechanical properties of the Zn-Li-Ag alloy make it a potential 
candidate as a biodegradable orthopedic implant material. To be used as 
a degradable orthopedic implant material, the degradation behavior of 
zinc alloys is expected to be compatible with the bone repair process. In 
a preliminary study, we evaluated the in vivo degradation behavior of 
various binary zinc alloys. After installing zinc alloy implants into the 
femur of mice and keeping the implants for 8 weeks, the in vivo degra
dation rate of zinc alloy has been determined to be about 0.2 mm/year 
[63]. The slow degradation rate enables the zinc alloy implants to 
maintain sufficient integrity to provide mechanical support during the 
early stages of bone repair, effectively avoiding early implant fracture 
and internal fixation failure owing to too rapid degradation. In addition, 
the Zn-alloy implant is expected to accelerate the degradation and 
resorption after the bone repair process is completed. Therefore, we 
evaluated the degradation behavior of the Zn-Li-Ag alloy for a better 
degradation rate of the zinc alloy. 

As observed from the electrochemical data (Fig. 1e and f), the Zn-Li- 
Ag alloys were more likely to be degraded than Zn0.8Li. From Table S3, 
it can be seen that the OCP of Zn-0.8Li was − 1.052 V (vs. SCE), and the 
OCPs of Zn-Li-Ag alloys were very close to each other. The OCP of Zn- 
0.8Li was higher than that of the Zn-Li-Ag alloys. From the estimated 
corrosion rates calculated from the Icorr data, the corrosion rates of the 
alloys were observed to be on a similar level, in accordance with the 
results from the immersion tests. In EIS (Fig. 1f), the shapes of the as- 
tested alloys were similar. Two distinguished time constants corre
sponded to two capacitive loops. The capacitive loop at high frequency 
was associated with the charge transfer process and the electrochemical 
double layer. The capacitive loop at low frequency was assigned to the 
corrosion products formed on the surface. The data suggest that the 
initial degradation rates of Zn-Li-Ag alloys are higher than those of the 
Zn-0.8Li alloy, which may enhance the degradability of Zn alloys. The 
degradation rates could also influence the antibacterial performance of 
the Zn-Li-Ag alloys. The antibacterial effects of these alloys are mainly 
attributed to Ag+; therefore, the bacteriostatic rings of Zn-Li-Ag alloys 
are larger than those of Zn-0.8Li. However, the amount of released Ag+

is not only related to the Ag content of the alloys but also the degra
dation rate. Fig. 1g shows the degradation rates of these alloys. The 
degradation rates of Zn-Li-Ag alloys were in the order of Zn-0.8Li-0.5Ag 
> Zn-0.8Li-1.25Ag > Zn-0.8Li-2.0Ag. The high degradation rate of Zn- 
0.8Li-0.5Ag may have considerably contributed to its high antibacte
rial performance. 

As shown in Fig. 1c, the Zn-Li-Ag alloys, especially the Zn-0.8Li- 
0.5Ag alloy, which showed a UTS of 539.89 ± 10.26 MPa and an 
elongation of 33.5 ± 9.01%, exhibited good mechanical properties. The 

ductility of alloys improved (Ag wt.% higher than 0.5 wt%) with an 
increase in Ag amount, in accordance with previous reports on Zn-Ag 
alloys [34,64]. The comprehensive mechanical properties of biode
gradable metals, including Mg and Zn alloys, are shown in Fig. 9. The 
UTS of the currently available biodegradable Mg alloys is approximately 
200–300 MPa, which is significantly lower than that of pure Ti (UTS =
553 ± 1 MPa, Elongation = 26 ± 1%) [65] and, thus, cannot meet the 
requirements for internal fixation applications in orthopedic 
load-bearing areas, which strictly limits their clinical applications. 
Correspondingly, biodegradable Zn alloys possess significantly superior 
mechanical strength, especially the Zn-Li-Ag alloy evaluated in the 
present study, the UTS of which is comparable to that of pure Ti, with 
superior ductility. Therefore, the excellent mechanical strength of the 
biodegradable Zn-Li-Ag alloy greatly broadens its clinical applications 
and provides a solid foundation for its broad applications in the future as 
a novel implant material in orthopedics. 

4.3. Osteogenic activity and biocompatibility of Zn-Li-Ag alloys 

The onset of infection induces a local inflammatory response during 
which neutrophils show chemotaxis, aggregate, and release a variety of 
cytokines to activate osteoclasts [93]. S. aureus fibronectin-binding 
proteins (SpA) that are released after S. aureus infection can bind to 
tumor necrosis factor receptor 1 on osteoblast membranes, thereby 
inducing osteoblast apoptosis and inhibiting osteogenic activity [94]. 
The activation of osteoclastic behavior and inhibition of osteogenic ac
tivity lead to bone destruction and exacerbate the danger of infection. 
Therefore, for the prevention and treatment of osteomyelitis, it is of 
great importance that the implant material itself possesses osteogenic 
activity to effectively prevent bone loss. 

Zn plays an important role in bone formation and mineralization 
[95] by inhibiting osteoclastic bone resorption and promoting osteoblast 
proliferation and differentiation, thereby playing a biphasic role in 
increasing bone mass [96–98]. In addition, in a series of previous 
studies, our group has demonstrated the osteogenic activity of biode
gradable Zn alloys both in vitro and in vivo. We found that a Zn-Sr alloy 
scaffold effectively promotes bone defects in rat femoral condyles and 
shows good osseointegration ability [19] and that a Zn-Li alloy implant 
can be used to fix transverse femoral shaft fractures in rabbits and 
promoted fracture healing [18]. The Zn-Ag alloy implant exhibited 
effective antibacterial activity as well as osteoclastic inhibition activity. 
Moreover, a Zn-Li-Ca alloy scaffold showed good bone repair ability in a 
rabbit radial large segment bone defect model [16]. In previous studies, 
we found that Zn alloys exert osteogenic activity through the activation 
of the Wnt/β-catenin, PI3K/AKT, and MAPK/Erk signaling pathways 
[18,19,99]. In the present study, we demonstrated by qPCR and western 
blotting that the Zn-Li-Ag alloys upregulated key genes and proteins for 
osteogenic differentiation in MC3T3-E1 cells and activated the 
Wnt/β-catenin, PI3K/AKT, and MAPK/Erk signaling pathways to exert 
osteogenic activity (Fig. S7). In vivo, significantly more new bone and 
higher BMD were observed around the Zn-Li-Ag alloy implants accord
ing to micro-CT scans (Fig. 5). Moreover, according to Masson and to
luidine blue staining (Fig. 7a and b), no significant bone destruction was 
observed in the femur of the rats in the Zn-Li-Ag alloy group, and the 
bone tissue morphology was intact. According to TRAP staining 
(Fig. 7c), Zn-Li-Ag alloy implants could effectively inhibit the abnormal 
osteoclast activation caused by infection and significantly improve bone 
destruction. The antibacterial activity of the Zn-Li-Ag alloy led to the 
killing and disappearance of residual bacteria in bone tissue, thereby 
reducing the inflammatory response and osteoclast activation; in addi
tion, Zn-Li-Ag alloy implants could directly inhibit the differentiation 
and function of osteoclasts and prevent bone destruction. 

Finally, Zn-Li-Ag alloys showed satisfactory cytocompatibility in 
vitro (Fig. S8). The pathological sections of important organs in vivo, ion 
concentrations, and blood biochemical results (Fig. S9) also confirmed 
its good biosafety in vivo. 
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5. Conclusions 

The addition of Li and Ag significantly improved the mechanical 
properties of Zn-Li-Ag alloys, of which Zn-0.8Li-0.5Ag exhibited the best 
mechanical performance (UTS = 539.89 ± 10.26 MPa; Elong = 33.50 ±
9.01%). The addition of Ag also enhanced the antibacterial activity of 
Zn-Li-Ag alloys. From the RNA sequencing results, it was found that the 
Zn-0.8Li-0.5Ag alloy killed MRSA mainly through disturbing cellular 
metabolism and inducing ROS production; it could also inhibit the 
biofilm formation and virulence of MRSA and alleviate drug resistance. 
In addition, Zn-Li-Ag alloys exerted osteogenic activity by activating 
osteogenic-related signaling pathways and upregulating key osteogenic 
genes and proteins. The good in vivo treatment effect of the Zn-0.8Li- 
0.5Ag alloy for osteomyelitis was verified in a rat femoral model of 
MRSA-induced osteomyelitis. The Zn-0.8Li-0.5Ag alloy implants exerted 
osteogenic activity and significantly improved bone destruction in the 
treatment of osteomyelitis. Moreover, the results of the blood 
biochemical tests, ion concentrations in important organs, and patho
logical sections confirmed that the Zn-0.8Li-0.5Ag alloy is biologically 
safe in vivo. 

Taken together, the biodegradable Zn-0.8Li-0.5Ag alloy showed 
good mechanical strength, ideal biocompatibility, and osteogenic ac
tivity, and can effectively kill orthopedic drug-resistant bacteria to 
prevent and control infections. Owing to these characteristics, we sug
gest that the Zn-0.8Li-0.5Ag alloy can be an ideal implant material for 
the preparation of a variety of orthopedic implants, such as steel plates, 
screws, and intramedullary nails, which are widely used for preventing 
and treating implant-related infections in orthopedics. 
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