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a b s t r a c t 

In recent years, Zn-based materials provide a new option as biodegradable metals for orthopedic applica- 

tions. To improve the low strength and brittle nature of pure Zn, small amounts of alloying element Mn 

(0.1, 0.4 and 0.8 wt.%) were added into Zn to fabricate binary Zn-Mn alloys. An extremely high elongation 

(83.96 ± 2.36%) was achieved in the resulting Zn-0.8 wt.%Mn alloy. Moreover, Zn-Mn alloys displayed 

significantly improved cytocompatibility as compared to pure Zn, according to cell proliferation and mor- 

phology analyses. More importantly, a significantly improved osteogenic activity was verified after adding 

Mn regarding ALP activity and osteogenic expression. Furthermore, Zn-0.8 wt.%Mn alloy scaffolds were 

implanted into the rat femoral condyle for repairing bone defects with pure Ti as control. Enhanced 

osteogenic activities were confirmed for Zn-0.8Mn alloy in contrast to pure Ti based on Micro-CT and 

histological results, and favorable in vivo biosafety of Zn-0.8Mn alloy was verified by H&E staining and 

blood tests. The exceptional mechanical performance and favorable osteogenic capability render Zn-Mn 

alloy a promising candidate material in the treatment of bone defects or fracture repair. 

Statement of Significance 

The element Mn, on the one hand, as an essential trace element in the human body, promotes cell prolif- 

eration, adhesion, spreading, and regulates bone metabolism; on the other hand, it could significantly im- 

prove the ductility of Zn alloys. Here, we systematically reported the biocompatibility and biofunctionality 

of binary biodegradable Zn-Mn alloys in the bone environment. The Zn-Mn alloys promoted MC3T3-E1 

cell proliferation, adhesion, spreading, and osteogenic differentiation in vitro . Furthermore, a rat femoral 

condyle defect model was established; porous Zn-Mn alloy scaffolds were manufactured to repair the 

bone defects. Significant bone regenerations, considerable bone ingrowth, and desirable biosafety were 

confirmed in vivo . Therefore, biodegradable Zn-Mn with promising osteogenic properties may become 

new options for orthopedic implant materials. 
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. Introduction 

Recently, the medical application prospects of biodegradable

etallic materials have attracted widespread attention from

aterial scientists and doctors [1–4] . For instance, Mg-based

iodegradable metals have been applied in the field of orthopedic

mplants; its feasibility in the field of cardiovascular stents has

lso been extensively studied [5–11] . The Mg-based biodegradable
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−  
etals have garnered considerable attention in the research of

rthopedic implant materials over the last decade, attributing to

ts good biocompatibility, elastic modulus that closely matches

hat of the bone tissue, and promising osteogenic activity [12–16] .

fter more than two decades of developments, biodegradable

g-based metallic products, including MAGNEZIX screw [17] and

g-Ca-Zn screws have been used in orthopedics. However, due

o the low mechanical strength and rapid degradation rate [18–

0] , the application of Mg-based biodegradable metals has been

ramatically limited to non- or low-load-bearing parts of bones.

lthough scientists around the world have attempted to im-

rove the mechanical property and degradability of Mg-based

iodegradable metal through the alloying, surface coating, and

odification [21–25] , to date, an ideal solution has not been

chieved. 

Zn-based biodegradable metals are emerging as a promis-

ng alternative to Mg-based biodegradable metals in recent years

3 , 10 , 26–29] . Similar to Mg, Zn is an essential trace element in the

uman body and is involved in basic life processes, such as protein

ynthesis and energy metabolism [30 , 31] . It is an essential element

n the development of the human immune system and nervous

ystem, and also plays a vital role in bone formation and miner-

lization processes [32 , 33] . Bone tissue storage represents 90% of

n in the human body. Studies have shown that during bone for-

ation, Zn plays a biphasic role in both inhibiting bone resorp-

ion by osteoclasts and promoting bone formation by osteoblasts.

t also promotes various processes involving osteoblasts, including

heir proliferation, differentiation, and collagen synthesis [34–37] .

hese factors suggest the possibility of using Zn-based biodegrad-

ble metals as bone implants. 

The reported studies on Zn-based biodegradable metals as bone

mplants are limited to Zn-Mg [38 , 39] , Zn-Ca, Zn-Sr alloy systems

40] . A recent study has shown that the addition of Mn to Zn

mproved its elongation significantly (elongation > 70%) [41] , indi-

ating high deformation capability when processing implants with

omplicated structure design. However, this study on Zn-Mn al-

oy focused only on material properties, whereas the interactions

etween Zn-Mn alloy and bone cells and its performance in the

one environment remain unknown. In terms of bone metabolism,

n regulates bone formation at different scales and levels. Stud-

es have shown that Mn can promote the proliferation, adhesion,

nd spreading of osteoblasts [42 , 43] , upregulate the expression of

arker genes related to bone regeneration, such as alkaline phos-

hatase (ALP) and bone morphogenetic protein (BMP) [44] , pro-

ote collagen fiber regeneration and deposition [45] , and regulate

one remodeling [46] . It also plays a vital role in the maintenance

f bone mass [47] . In an ovariectomized rat model, the supplement

f Mn can effectively inhibit bone loss. Besides, Mn salt also ex-

ibits insulin-like effects, which can promote angiogenesis, thereby

ccelerating the healing of femoral fractures in rats [4 8 , 4 9] . There-

ore, based on the favorable biocompatibility and biofunctionality

f Mn, the addition of Mn is expected to optimize material prop-

rties and improve the biocompatibility of pure Zn. 

In this study, various material properties, biocompatibility, and

steogenic functions of Zn-Mn alloys were systematically and com-

rehensively evaluated in vitro . Furthermore, in considering the fa-

orable synergistic osteogenic characteristic of zinc and manganese

lements, a rat femoral condyle defect model was established to

erify the biosafety and osteogenic activity of a Zn-Mn alloy in

ivo , to explore the feasibility of its application as an orthopedic

mplant material. 

. Materials and methods 

The experimental design and process are shown in Fig. S1. 
.1. Material and extract preparation 

.1.1. Preparation of Zn-Mn alloys 

The metal raw materials used in this study are high-purity Zn

99.99%) and manganese (99.99%) metal blocks, and the binary Zn-

n alloys were prepared by mixing them at different mass per-

entages based on needs. The nominal mass fractions of the Mn el-

ment used to prepare, Zn-0.1Mn, Zn-0.4Mn, and Zn-0.8Mn alloys

ere 0.1%, 0.4%, and 0.8%, respectively. The resulting ingots were

rst thoroughly heat-treated at 350 °C for 48 h and quenched in

ater before extrusion. Before extrusion, the samples were kept at

60 °C for 2 h. The extrusion was performed at an extrusion ra-

io of 36 and an extrusion speed of 1 mm/s, to obtain an extruded

od of 10 mm in diameter. The rod sample was then cut into discs

 �10 × 1 mm) and cylinders ( �3 × 4 mm), which were then me-

hanically polished to 20 0 0 grid. Thereafter, samples were ultra-

onically cleaned in acetone and ethanol, and dried at room tem-

erature. Before conducting the cellular and animal experiments,

he samples were sterilized with ethylene oxide, which was pro-

ided by the Disinfection Supply Center of the Ninth People’s Hos-

ital affiliated to the School of Medicine of Shanghai Jiao Tong Uni-

ersity, China. 

.1.2. Microstructure characterization and mechanical properties test 

f Zn-Mn alloys 

The disk samples ( �10 × 1 mm) were polished to a mirror

urface using a 0.1-μm diamond polishing paste, then rinsed with

eionized water and blown dry. Samples were etched in 4% ni-

ric acid alcohol for 5–10 s, then rinsed with absolute ethanol and

lown dry. A scanning electron microscope (SEM, Hitachi S-4800,

apan) equipped with energy dispersive spectrometry (EDS) was

sed to observe the microstructure of the material and analyze

ts composition. An X-ray diffractometry (XRD, Rigaku DMAX 2400,

apan) with CuK α target was used to study and determine the mi-

rostructure of the material (40 kV, 100 mA, sweep scope of 20–

0 °, a scan speed of 2 °/min, 0.02 ° step). 

The tension and compression testing samples were prepared

ccording to the ASTM-E8-04a and ASTM-E9-89 standards, re-

pectively. A universal material testing machine (Instron 5969,

SA) was used to measure the mechanical properties of materi-

ls at room temperature. The loading speeds were 1 × 10 −4 /s and

 × 10 −4 /s for tensile and compressive tests, respectively. For each

ind of experimental material, the tests and measurements were

epeated on five replicate samples for the subsequent statistical

nalysis. The yield strength was defined as the stress at which 0.2%

f plastic deformation occurs on the sample gage length. Ultimate

ompressive strength was defined as the maximum stress before

0% compressive strain. The microhardness test was adopted by a

icrohardness tester (SHIMADZUHMV-2t) measuring Vickers hard- 

ess with a loading force of 0.1 kN and dwell time of 15 s. An av-

rage of at least five measurements was taken for each group. 

.1.3. Electrochemical test 

The electrochemical tests were conducted with an electrochem-

cal working station (Autolab, Metrohm, Switzerland) at 37 °C in

BF solution (NaCl 8.035 g/L, NaHCO 3 0.355 g/L, KCl 0.25 g/L,

 2 HPO 4 • 3H 2 O 0.231 g/L, MgCl 2 • 6H 2 O 0.311 g/L, HCl (36–38%)

9 mL/L, CaCl 2 0.292 g/L, Na 2 SO 4 0.072 g/L, Tris 6.118 g/L, pH

.4). A three-electrode cell with a counter electrode made of plat-

num and a saturated calomel electrode (SCE), as the reference

lectrode, was used. The open-circuit potential (OCP) was moni-

ored for 5400 s for each sample. Electrochemical impedance spec-

roscopy (EIS) was examined by applying 10 mV perturbation with

requency ranging from 10 5 Hz down to 10 −2 Hz. Potentiodynamic

olarization was carried out at a scan rate of 1 mV/s ranging from

500 mV to 500 mV ( vs . OCP), and with a test area of 0.2826 cm 

2 .
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Table 1 

The ion concentrations in Pure Zn and Zn-Mn alloys extracts. 

Materials Condition Zn (μg/mL) Mn (ng/mL) 

Pure Zn 37 °C 
5% 

CO 2 

12.97 ± 0.12 / 

Zn-0.1Mn alloy 12.93 ± 0.41 13.52 ± 0.71 

Zn-0.4Mn alloy 13.62 ± 0.36 32.71 ± 2.79 

Zn-0.8Mn alloy 12.98 ± 0.29 14.46 ± 0.72 

Values are expressed as the mean ± standard error of the mean ( n = 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

l  

a  

p  

t  

t  

a  

b  

1  

(  

g  

3  

t  

s  

f  

Z  

T  

m  

G

2

 

c  

t  

o  

r  

t  

fl  

o  

Z  

t  

1  

w  

T  

t  

j  

o  

d  

c  

(  

i

2

 

p  

a  

2  

t  

w  

2

 

c  

(  

a  

m  

w  

s  

v  

m  

i  

F  

5  

1  

c  

t  

t  
Corrosion potential ( E corr ) and corrosion current density ( i corr ) were

calculated by linear fit and Tafel extrapolation. An average of at

least five measurements was taken for each group. 

2.1.4. Immersion corrosion test 

Samples were immersed in SBF solutions at 37 °C for 30

days with a solution-to-area ratio of 20 mL/cm 

2 according to

ASTM-G31-72. The solution was refreshed every 48 h. After im-

mersion, samples were rinsed with distilled water and air-dried. A

solution containing 200 g/L CrO 3 was used for cleaning the corro-

sion products. The corrosion morphologies were observed by SEM

both before and after removing the corrosion products. The corro-

sion rates of samples were calculated according to the equation:

C = �m/ ρAt, where C is the corrosion rate in mm/year, �m is the

weight loss, ρ is the density of the material, A is the initial im-

plant surface area, and t is the implantation time. An average of at

least five measurements was taken for each group. 

2.1.5. Preparation of Zn-Mn alloy extracts 

The extracts were prepared according to the ISO 10,993 stan-

dard. Metal discs from each material group were immersed in the

α-MEM cell culture medium according to a specific surface area of

1.25 mL/cm 

2 . The immersed samples were then placed in a 37 °C
environment containing 5% CO 2 . After 24 h, the alloy extracts were

collected, filtered, and then stored at 4 °C for use within 3 days.

The ion concentrations of pure Zn and Zn-Mn alloys extracts are

shown in Table 1 . 

2.2. In vitro cell experiments 

In this part of the experiment, the mouse osteogenic precursor

cell line MC3T3-E1 was used to evaluate the cytocompatibility and

osteogenic activity of pure Zn and Zn-Mn alloys. 

2.2.1. Cell culture 

Post-resuscitation of MC3T3-E1 cells, the cell suspension was

centrifuged, and the supernatant was discarded. The remain-

ing cell pellet was resuspended in the α-MEM (supplemented

with 10% FBS, 1% penicillin (100 U/mL), and streptomycin sul-

fate (100 mg/mL) (Gibco, Grand Island, NY)) culture medium and

placed in a cell culture incubator (37 °C, 5% CO 2 , and saturated

humidity). An optical microscope was used to observe the cells.

When cells reach 90% confluency, they were digested with 0.25%

trypsin and centrifuged at 300 g for 5 min. The cell pellet was col-

lected and resuspended to a concentration of 3 × 1010 4 cells/mL

for later use. 

2.2.2. Cell proliferation activity and morphology assays 

The Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technology,

Japan) was used to assess the proliferation activity of MC3T3-E1

cells. The cells were resuspended and counted, and the cell con-

centration was adjusted to 2 × 1010 4 cells/mL. Thereafter, equal

amounts of cells were seeded in a 96-well plate (100 μL per well),

which was then incubated in a cell culture incubator (37 °C, 5%

CO , and saturated humidity) for 2–4 h. After the cells attached
2 
o the well bottom, the culture medium was replaced by the al-

oy extracts (supplemented with 10% FBS, 1% penicillin (100 U/mL),

nd streptomycin sulfate (100 mg/mL) (Gibco, Grand Island, NY)) of

ure Zn, Zn-0.1Mn alloy, Zn-0.4Mn alloy, and Zn-0.8Mn alloy. Given

he slow degradation rate of degradable metals in the body and

he rapid metabolic exchange of degradation products, the 1-fold

nd 2-fold diluted extracts were used to evaluate the cytocompati-

ility. The α-MEM culture medium (supplemented with 10% FBS,

% penicillin (100 U/mL), and streptomycin sulfate (100 mg/mL)

Gibco, Grand Island, NY)) was used as the blank control. Each

roup was organized in quintuplicate, which was tested after 1 d,

 d, 5 d, and 7 d of co-culture. Live/Dead staining and cytoskele-

al staining (cytoskeleton labeled with phalloidin, nuclei counter-

tained with DAPI) were performed on MC3T3-E1 cells co-cultured

or 3 days in the 1-fold diluted extract to verify the influence of

n-Mn alloy extracts on cell viability and morphology, respectively.

he stained cells were observed under a confocal laser scanning

icroscope (CLSM, Leica TCS SP2; Leica Microsystems, Heidelberg,

ermany) to assess cell survival and morphology. 

.2.3. Quantitative analysis of ALP activity and staining 

The MC3T3-E1 cells were resuspended and counted, and the

ell concentration was adjusted to 3 × 1010 4 cells/mL, which were

hen seeded in a 6-well plate with 2 mL per well. After 2 h to 4 h

f incubation in a cell culture incubator (37 °C, 5% CO 2 , and satu-

ated humidity), the cells attached to the well bottom and were

hen observed under a microscope. When cells reach 80% con-

uency, the culture medium was discarded and replaced with an

steogenic induction solution prepared from the extracts of pure

n and Zn-Mn alloys. Each group was assayed in triplicates, and

he culture solution was refreshed every other day. After 7 d and

4 d of induced differentiation, the osteogenic induction solution

as discarded, and cells were rinsed gently with PBS 3 times.

he ALP activity of MC3T3-E1 cells was then analyzed quantita-

ively according to the ALP quantitative analysis kit protocol (Nan-

ing Jiancheng Bioengineering Institute, China). Also, after 14 days

f induced differentiation, the osteogenic induction solution was

iscarded, and cells were gently rinsed with PBS. The MC3T3-E1

ells from each group were then stained using the ALP staining kit

Shanghai Hongqiao Chemical Reagent Inc., Shanghai, China) and

maged. 

.2.4. Osteogenic-related gene expression detection in MC3T3-E1 cells 

Realtime-PCR was used to detect osteogenic-related gene ex-

ression in MC3T3-E1 cells. The cells were seeded and cultured,

s described above. Based on the ALP activity results, 1-fold and

-fold diluted Zn-Mn alloy extracts were chosen to prepare the os-

eogenic induction solution to induce cell differentiation. The cells

ere observed daily, and the culture solution was refreshed every

 days. 

After 10 days of induced culture, the culture medium was dis-

arded. Total RNA was then extracted using the RNeasy mini kit

Qiagen) according to the manufacturer’s instructions. With β-

ctin as the internal reference, the mRNA expression levels of the

arker genes (ALP, OCN, RunX-2, and Col I) in MC3T3-E1 cells

ere measured using the RT-PCR method. Primer sequences are

hown in Table 2 . A reverse transcription kit (SuperScriptTM III Re-

erse Transcriptase) was used to reverse 1 mg RNA., The SYBR Pre-

ix Ex Taq II (2 ×) was used as the PCR reagent to perform RT-PCR

n the ABI 7500 Fast machine (Applied Biosystems, Courtaboeuf,

rance). The reaction conditions were as follows: 95 °C 30 s; 95 °C
 s + 60 °C 40 s, 40 cycles; dissolution curve, 95 °C 15 s + 60 °C
 min + 95 °C 15 s. The 2 −��Ct method was applied to cal-

ulate the results. ��Ct = (average Ct value of target gene in

he test group − average Ct value of internal reference gene in

he test group) − (average Ct value of target gene in the control
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Table 2 

Primer sequence of MC3T3-E1 cells. 

Target gene Direction Primer sequence (5 ′ −3 ′ ) 

ALP Forward GGAGATGGTATGGGCGTCTC 

Reverse GGACCTGAGCGTTGGTGTTA 

Col I Forward TTCTCCTGGCAAAGACGGAC 

Reverse CTCAAGGTCACGGTCACGAA 

OCN Forward CTGACCTCACAGATCCCAAGC 

Reverse TGGTCTGATAGCTCGTCACAAG 

Runx-2 Forward TCGGAGAGGTACCAGATGGG 

Reverse AGGTGAAACTCTTGCCTCGT 
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Table 3 

Details of the scanning procedure. 

Tube voltage (kVp) Tube current (μA) Resolution (μm) Exposure time (ms) 

70 200 14.8 300 

2

a
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roup − average Ct value of internal reference gene in the control

roup). 

.3. In vivo repair of rat femoral condyle defect with Zn-Mn alloys 

.3.1. Implants selection and preparation 

According to the aforementioned in vitro experimental results,

n-0.8Mn alloy displayed the ideal performance. Therefore, in

his part of the experiment, Zn-0.8Mn alloy was selected for

he in vivo osteogenic activity and biosafety assessment. In the

election of the control material, we firstly considered pure Zn.

owever, in our previous bone environment studies of zinc-based

iodegradable metals [38 , 50 , 51] , delayed osteointegration, poor

one regeneration and obvious inflammatory were found after

ure Zn rods implanted into the rats’ femoral condyle. Therefore,

n order to evaluate the orthopedic application feasibility and

one defect repair activity of Zn-Mn alloys, the golden standard

aterial for clinical orthopedic repair of large bone defects, pure

i, was selected as the control in this study. The materials were

repared into cylindrical samples (3 mm in diameter and 4 mm in

eight). Laser cauterization (TruLaser Tube 50 0 0 fiber, Germany)

as applied to create equal numbers of through-holes (0.5 mm

n diameter) in the samples, thereby shaping the materials into

orous bone repair scaffolds (porosity 30.85 ± 0.296%). 

.3.2. Surgical procedure 

All animal operations and experiments were approved by the

nimal Ethics Committee of the Ninth People’s Hospital affiliated

o Shanghai Jiao Tong University. A rat femoral condyle defect re-

air model was established, and the surgeries were performed un-

er sterile conditions. In this part of the experiment, a total of

0 male rats at 12 weeks old (average weight of 293 g ± 23.5 g)

ere used. The rats were anesthetized by intraperitoneal injection

ith ketamine (10 mg/kg, Shanghai Ziyuan Pharmaceutical Co.,

td, Shanghai, China) and 2% xylazine (5 mg/kg, Bayer, Leverkusen,

orth Rhine-Westphalia, Germany). The skin of the rat’s right hind

imb was prepared, and the knee joint was fixed. After that, a lon-

itudinal incision of approximately 15 mm was made lateral to the

atellar ligament. The lateral femoral condyle was then exposed by

lunt separation. A 3-mm drill bit was used to introduce a cylin-

rical bone defect of 3 mm in diameter and 4 mm in depth. The

efect site was rinsed with saline and a scaffold was implanted.

he surgery site was rinsed with saline again and the incision

as closed by suturing layer by layer. Buprenorphine (Temgesic,

eckitt & Cloman, Hull, UK) was injected subcutaneously at a dose

f 0.3 mg/kg for postoperative analgesia. The surgical operation

roups were as follows: (1) The pure Ti control group used porous

ure Ti scaffolds to repair the bone defects in a total of 15 rats.

 rats were euthanized every 4 weeks (after 4 weeks, 8 weeks,

nd 12 weeks of implantation) to collect the scaffolds; (2) The Zn-

.8Mn alloy experimental group used porous Zn-0.8Mn alloy scaf-

old to repair the bone defects in a total of 15 rats. Five rats were

uthanized every 4 weeks (after 4 weeks, 8 weeks, and 12 weeks

f implantation). 
.3.3. Micro-CT evaluation of the osteogenic properties of Zn-0.8Mn 

lloy in vivo 

Subgroups of experimental animals from each group were

uthanized at 4 weeks, 8 weeks, and 12 weeks post-surgery. The

hole right femurs of the rats were retrieved and fixed with 4%

araformaldehyde. Micro-CT (Scanco Micro-CT100, Switzerland) 

as used to scan the distal femur and femoral condyle. The

etailed scanning parameters are shown in Table 3 . Thereafter,

he Scanco μ100 evaluation software was used to perform 3D

econstruction to evaluate the osteogenic activity and degradation

ehavior of the Zn-0.8Mn alloy scaffold in vivo . 

.3.4. Cross-sectional and histomorphometric analysis 

After completing the Micro-CT scan, hard-tissue slicing was per-

ormed on the rat femur specimen. The specimen was first fixed,

hen rinsed in water, dehydrated in ethanol, cleaned in xylene, and

nally, embedded in methyl methacrylate. For each specimen, 4–5

lices were made by cutting along the sagittal plane of the femur’s

ong axis, vertical to the implant in the femoral condyle. Then

ne slice of each specimen was polished to 70 0 0 grit; the cross-

ections were observed by an SEM (Hitachi S-4800, Japan) with

DS. The rest slices were then ground and polished to a thickness

f 100 μm, and three slices were selected to perform Van Gieson,

oluidine blue, and Paragon staining. After the staining process,

 high-resolution microscope (Olympus CKX41, Olympus Co., Ltd.,

okyo, Japan) was used to observe and image the slices. Three im-

ges were obtained for each slice, namely a full-view image of the

one defect areas at a low (20 ×), medium (50 ×), and high mag-

ification (100 ×). Low magnification (20 ×) images of the Van

ieson staining were chosen to analyze the new bone mass semi-

uantitatively using the Image-Pro-Plus 6.0 software (Media Cyber-

etics, Inc., Rockville, MD, USA). 

.3.5. Assessment of general conditions and in vivo biosafety of 

xperimental animals 

The general postoperative conditions of the experimental ani-

als, including body temperature, body weight, and wound heal-

ng conditions, were observed daily. At 12 weeks postoperatively,

at arterial blood samples were obtained from both the pure Ti

ontrol group and the Zn-0.8Mn alloy experimental group ran-

omly using the cardiac blood sampling method. The concen-

rations of Zn 

2 + and Mn 

2 + in the serum were measured using

CP-mass spectrometry (ICP-MS, NexION 300Â, USA). At the same

ime, at 12 weeks postoperatively, samples were collected from the

eart, liver, spleen, lung, and kidney of rats in both the pure Ti

ontrol group and the Zn-0.8Mn experimental group. The concen-

rations of Zn 

2 + and Mn 

2 + in these organs were also measured us-

ng ICP-mass spectrometry (ICP-MS, NexION 300Â, USA). The or-

an tissues were fixed, embedded, and stained using hematoxylin

nd eosin (H&E) to observe possible pathological changes in the

rgans. 

.4. Data analysis 

The SPSS 25.0 statistical software (SPSS Inc., Chicago, USA) was

sed to analyze the data. All quantitative data are presented as

ean ± SD. The data were analyzed using the independent sample

 -test and one-way analysis of variance (ANOVA), with 

∗p < 0.05 or
∗p < 0.01 as the threshold for determining the statistical signifi-

ance of the difference. 
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Fig. 1. The microstructure of pure Zn and Zn-Mn alloys. (a) SEM images and (b) X-ray diffraction. 

Fig. 2. (a, b, c) The mechanical properties of pure Zn and as-extruded Zn-Mn alloys. Data represent mean ± standard deviation, ( ∗p < 0.05). (d) The stress-strain behavior 
of pure Zn and as-extruded Zn-Mn alloys. 
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Fig. 3. In vitro corrosion results of Zn-Mn alloys. (a) Polarization curves, (b) EIS and (c) corrosion rates of pure Zn and Zn-Mn alloys. (d) The corrosion morphology of 

experimental samples after immersion in the SBF solution for 30 days. Data represent mean ± standard deviation. ( ∗p < 0.05). 

Table 4 

Electrochemical parameters for Zn-Mn alloys in the SBF solution (37 ± 0.2 °C). 

Materials I corr (μA ·cm 

−2 ) E corr (V) Corrosion rate 

(mm ·year −1 ) 

Pure Zn 9.031 (1.011) −0.999 (0.004) 0.269 (0.031) 

Zn-0.1Mn alloy 5.396 (0.259) ∗ −0.964 (0.049) 0.161 (0.008) ∗

Zn-0.4Mn alloy 10.671 (3.034) −0.942 (0.028) 0.318 (0.122) 

Zn-0.8Mn alloy 7.436 (0.753) −0.976 (0.008) 0.111 (0.011) 

Numbers in the brackets represent the standard deviation, ∗p < 0.05. 
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5  
. Results 

.1. Material characterization 

.1.1. Microstructure and mechanical properties 

The metallography of pure Zn and Zn-Mn alloys is presented in

ig. 1 . Pure Zn showed an average grain size of around 10 μm. The

ntermetallic phase was almost invisible in Zn-0.1Mn alloy, while a

iny phase was found after adding 0.8 wt.% of Mn. X-ray diffrac-

ion identified the intermetallic phase as MnZn 13 . The mechani-

al property and the stress-strain behavior of as-extruded Zn-Mn

lloys are shown in Fig. 2 . Zn-Mn alloys possessed significantly

igher strength and microhardness than that of pure Zn. More

mportantly, the elongation to failure of Zn-0.8Mn alloy reached

3.96 ± 2.36% 

.1.2. In vitro corrosion behavior 

Polarization curves and EIS ( Fig. 3 a and b) were performed to

valuate the corrosion behavior of Zn-Mn alloys. The calculated

lectrochemical parameters are shown in Table 4 . Alloying with Mn

howed little impact on the corrosion potential and corrosion cur-
ent density of Zn. The corrosion morphology of experimental sam-

les after immersion in an SBF solution for 30 days was shown in

ig. 3 . Pure Zn was almost intact after immersion. Zn-0.1Mn and

n-0.4Mn alloys exhibited corrosion morphology similar to that of

ure Zn, whereas many pits were found in Zn-0.8Mn alloy after

emoval of corrosion products. The corrosion rates calculated from

eight loss indicated accelerated corrosion after adding Mn. 

.2. In vitro cytocompatibility evaluation results of Zn-Mn alloys 

The MC3T3-E1 cell viability after co-culture for 1 d, 3 d, 5 d,

nd 7 d in various extracts was examined using the CCK-8 method

 Fig. 4 ). From the experiment using the 1-fold diluted extract, the

ure Zn group showed significantly reduced cell viability starting

rom the first day, compared to the blank control group. However,

n-Mn alloy groups only showed slight cell viability decreases on

he first day. On the following days, at 3 d, 5 d, and 7 d, cell via-

ility all showed significant increases compared to the blank con-

rol group. Among them, the Zn-0.4Mn and Zn-0.8Mn alloy groups

howed the most significant increases. Similar phenomena were

bserved in the experiment using the 2-fold diluted extract, such

hat the pure Zn group exhibited weaker cell viability than the

lank control group at 1 d, 3 d, 5 d, and 7 d; the Zn-Mn alloy

roups showed similar cell viability as the blank control group on

 d, except for the Zn-0.8Mn alloy group, which showed slightly

ower cell viability than the blank control group at 1 d. However,

n the following days at 3 d, 5 d, and 7 d, the cell viability in

he Zn-Mn alloy groups all improved compared to the pure Zn

roup, with the Zn-0.4Mn and Zn-0.8Mn alloy groups exhibiting

he most significant increases. Therefore, according to ISO 19,003–

 standards, it can be said that pure Zn is cytotoxic to MC3T3-E1
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Fig. 4. The MC3T3-E1 cells activity after co-culture for 1d, 3d, 5d, and 7d in pure Zn and Zn-Mn alloy extracts (a) 1 × and (b) 2 × dilutions. Data represent mean ± standard 

deviation. ( ∗p < 0.05; ∗∗ p < 0.01). 

Fig. 5. Live/dead cell staining and cytoskeletal staining for MC3T3-E1 cells cultured with pure Zn and Zn-Mn alloy extracts (1 × dilution). Live cells exhibit green fluorescence, 

while dead cells exhibit red fluorescence in live/dead cell staining. Representative images of cells stained with phalloidine for actin filaments (red) and DAPI for cell nuclei 

(blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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cells, but the addition of alloying element Mn can significantly im-

prove the cytocompatibility of pure Zn. 

Next, in order to verify the cell viability in each group more

intuitively, the influence of alloy extracts on MC3T3-E1 cell viabil-

ity was examined by means of Live/Dead and cytoskeletal staining.

As shown in Fig. 5 , in Live/Dead staining, the number of viable
ells was significantly lower in the pure Zn group compared to

he blank control group, while the number of viable cells in the

n-0.8Mn alloy group increased significantly. No dead cells were

bserved in any of the groups. The Zn-Mn alloy groups showed

ignificant improvements compared to the pure Zn group. Phal-

oidin staining indicated a slightly poorer spread in the pure Zn
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Fig. 6. (a, b) ALP activity and (c) ALP staining of MC3T3-E1 cells cultured for the indicated times in an osteogenic medium with pure Zn and Zn-Mn alloys extracts. Data 

represent mean ± standard deviation. ( ∗p < 0.05; ∗∗ p < 0.01). 
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roup, while other groups displayed suitable morphologies, with

he Zn-0.8Mn alloy group displaying the best morphology. The

bove results demonstrate the cytotoxicity of pure Zn to MC3T3-E1

ells; however, the addition of alloying element Mn significantly

mproves the cytocompatibility of pure Zn. Among all alloy groups,

he Zn-0.8Mn alloy showed the best cytocompatibility, which is

onsistent with the CCK-8 results. 

.3. In vitro osteogenic differentiation activity evaluation of Zn-Mn 

lloys 

Quantitative analysis of ALP activity of MC3T3-E1 cell os-

eogenic differentiation induced by alloy extracts is shown in

ig. 6 a and b. The results showed that in the experiment using

-fold diluted extract, the pure Zn group exhibited the lowest

LP expression at both 7 d and 14 d. At 7 d, ALP expression

evels of Zn-Mn alloy groups were higher than that of the blank

ontrol group, where the Zn-0.8Mn alloy group had the highest

LP expression. At 14 d, the Zn-0.4Mn and Zn-0.8Mn alloy groups

ad higher ALP expression levels than the control group, and the

n-0.8Mn alloy group still expressed the highest ALP expression.

n the experiment using 2-fold diluted extracts, the pure Zn group

till displayed the lowest ALP expression, while the Zn-0.8Mn alloy

roup displayed the highest ALP expression. The results showed

hat pure Zn extract exerted an inhibitory effect on osteogenic

ifferentiation of MC3T3-E1 cells, while the Zn-0.8Mn alloy group

xerted a significant promoting effect. 

Next, ALP staining was performed on the extract-induced dif-

erentiated cells, and the results are shown in Fig. 6 c. In the ex-

eriment using 1-fold diluted extracts, compared to the control
roup and the pure Zn group, the Zn-Mn alloy groups showed sig-

ificantly enhanced ALP staining. In the experiment using 2-fold

iluted extracts, the trend was further evident, especially in the

n-0.4Mn alloy and the Zn-0.8Mn alloy groups, which showed sig-

ificantly higher expression levels. This showed that Zn-0.4Mn and

n-0.8Mn alloy extracts retain visible osteogenic capabilities. Fig. 7

hows the expressions of osteogenic differentiation-related genes

ALP, Col I, OCN, and Runx-2) in each group after osteogenic induc-

ion. The results are consistent with previous experiments, which

howed that Zn-Mn alloy groups significantly improved osteogenic

apability compared to the control and pure Zn groups, among

hich the Zn-0.8Mn alloy group showed the most significant

mprovement. 

.5. In vivo osteogenic properties and biosafety evaluation of 

n-0.8Mn alloy 

.5.1. Micro-CT results 

Fig. 8 shows the three-dimensional, sagittal, and coronal recon-

truction micro-CT images (at 4 weeks, 8 weeks, and 12 weeks,

espectively) of the rat femoral condyle defects repaired by scaf-

olds prepared from Zn-0.8Mn alloy and pure Ti (control group). At

 weeks postoperatively, a small amount of new bone formation

shown by red arrows) could be observed around the pure Ti and

n-0.8Mn alloy scaffold on the sagittal and coronal images. Also,

egradation products can be seen around the Zn-0.8Mn alloy scaf-

old (shown by yellow arrows). At 8 weeks postoperatively, new

one tissues can be seen around the pure Ti scaffold (shown by

ed arrows), while numerous new bone tissues can be seen around

he Zn-0.8Mn alloy scaffold (shown by red arrows), where the new
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Fig. 7. The relative expression of (a) ALP, (b) COL I, (c) OCN, (d) Runx-2 in MC3T3-E1 cells cultured for 10days in an osteogenic medium with pure Zn and Zn-Mn alloys 

extracts (1 × and 2 × dilutions). Data represent mean ± standard deviation. ( ∗p < 0.05; ∗∗ p < 0.01). 

Fig. 8. Three-dimensional, sagittal, and coronal reconstruction micro-CT images of the rat femoral condyle at 4 weeks, 8 weeks, and 12 weeks after surgery. The red arrows 

indicate new bone while the yellow arrows indicate degradation products of Zn-0.8Mn alloy scaffolds. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.) 
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Fig. 9. The EDS mapping of pure Ti and Zn-0.8Mn alloy (12weeks after surgery), maps of elements zinc, titanium, oxygen, calcium, phosphate, and carbon are in green, dark 

green, light blue, orange, yellow and gray, respectively. The red arrows indicate new bone while the yellow arrows indicate degradation products of Zn-0.8Mn alloy scaffolds. 

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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rabecular bone was also thicker than that in the pure Ti group.

imultaneously, increased degradation products can be observed

round the Zn-0.8Mn alloy scaffold (shown by yellow arrows). At

2 weeks postoperatively, new bone tissues (shown by red arrows)

an be seen around both the pure Ti and the Zn-0.8Mn alloy

caffolds compared to 8 weeks postoperatively. Among the two,

he Zn-0.8Mn alloy group showed greater new bone mass around

he scaffold. Large amounts of new bone tissues and degradation

roducts (shown by yellow arrows) can be observed around the

n-0.8Mn alloy scaffold. In summary, the new bone tissues at the

one defect sites gradually increased with time in both groups,

nd numerous new bone tissues were observed around the Zn-

.8Mn alloy scaffold. Besides, the Zn-0.8Mn alloy scaffold degraded

radually with time, and the surrounding degradation products

ncreased as the scaffold size decreased. The above results proved

hat the Zn-0.8Mn alloy has favorable osteogenic properties in vivo .

.5.2. Cross-sectional and histological results 

Fig. 9 illustrates the EDS mapping of pure Ti and Zn-0.8Mn alloy

12 weeks after surgery), maps of elements zinc, titanium, oxygen,

alcium, phosphate, and carbon are in green, dark green, light blue,

range, yellow and gray, respectively. New bone tissue indicates by

alcium and phosphate was observed beside pure Ti and Zn-0.8Mn

lloy scaffolds. Besides, overlapping oxygen and zinc were observed

n the surface of Zn-0.8Mn alloy scaffolds, indicates the in vivo cor-

osion products of Zn-0.8Mn alloy, zinc oxide or zinc hydroxide. 

The Van Gieson staining results of rat femoral condyle defect

epair in the pure Ti control group and the Zn-0.8Mn alloy group

t different points are shown in Fig. 10 a. Four weeks after surgery,

parse new bone tissues can be seen around both the pure Ti and

n-0.8Mn alloy implants under low magnification. The Zn-0.8Mn

lloy group showed increased bone tissue regenerations, and a

mall amount of new bone growth inside the porous scaffolds can

e observed under high magnification. Eight weeks postoperatively,

ncreased new bone tissues were observed around both the pure Ti

nd the Zn-0.8Mn alloy scaffolds under low magnification, where
he Zn-0.8Mn alloy group showed greater new bone mass around

he scaffold. Additionally, the new trabecular bone was thicker, and

ncreased bone tissue growth could be observed in the scaffold un-

er high magnification. After 12 weeks, the new bone mass further

ncreased in both groups, and the Zn-0.8Mn alloy group exhibited

ncreased new bone tissue compared to the pure Ti group. Under

ow magnification, a large amount of new bone tissue could be ob-

erved to surround the degradation products of the Zn-0.8Mn al-

oy scaffold, and considerable bone ingrowth into the scaffold can

e observed under high magnification. In summary, the new bone

ass at the bone defect sites gradually increased with time in both

roups, where the Zn-0.8Mn alloy group had greater new bone

ass, and showed promising bone ingrowth characteristics, sug-

esting that the Zn-0.8Mn alloy promotes bone regeneration and

ngrowth at bone defect sites. Fig. 10 b shows the semi-quantitative

nalysis results of newly formed bone (BV/TV). Both groups ex-

ibit gradually increasing new bone mass with time, and the Zn-

.8Mn alloy group showed higher increases. At 8 weeks and 12

eeks postoperatively, the Zn-0.8Mn alloy scaffold showed sig-

ificantly improved bone repair properties compared to the pure

i scaffold. 

The Toluidine blue and Paragon staining results of the hard tis-

ue slices are shown in Fig. 11 . In Fig. 11 a, new bone tissues were

tained dark blue. The new bone mass at bone defect sites of ex-

erimental animals gradually increased with time in both groups.

ew bone tissues increased around the Zn-0.8Mn alloy scaffold

ompared to the pure Ti group at the same time-point. Both the

ure Ti and Zn-0.8Mn alloy scaffolds exhibited good bone ingrowth

haracteristics under high magnification. The results of Toluidine

lue staining were consistent with that of Van Gieson staining,

hich further confirmed good bone repair properties of the Zn-

.8Mn alloy scaffold. The results of Paragon staining are shown in

ig. 11 b, which mainly shows tissue and cell morphologies around

he pure Ti and Zn-0.8Mn alloy scaffolds. The surrounding areas

f both the pure Ti and Zn-0.8Mn alloy scaffolds were filled with

ewly generated bone tissue, healthy adipose tissue, and a small
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Fig. 10. (a) The Van Gieson staining results of specimens 4 weeks, 8 weeks, and 12 weeks postoperatively. Within each row, full-view images of bone defect areas (20 ×), 

medium magnification images (50 ×), and higher magnification images (100 ×) arranged from left to right. (b) The bone volume fraction (BV/TV) of pure Ti group and 

Zn-0.8Mn alloy group at indicated times. Data represent mean ± standard deviation. ( ∗∗ p < 0.01). 
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amount of fibrous tissue at different time-points. Under high mag-

nification, we observed that new bone tissue had grown into the

pure Ti and Zn-0.8Mn alloy scaffolds, and no apparent inflamma-

tory cell aggregation was observed in either group, suggesting that

the Zn-0.8Mn alloy scaffold retains satisfactory local compatibility. 

3.5.3. In vivo biosafety evaluation of Zn-0.8Mn alloy 

Rats were euthanized 12 weeks post-surgery, and their right

femurs were removed. Heart, liver, spleen, lung, and kidney tissues

were sampled at the same time. The organ tissues were sliced and

stained with H&E. The Zn-0.8Mn alloy group was compared to

the pure Ti group to evaluate the in vivo biosafety. The results are

shown in Fig. 12 a. No noticeable abnormalities were observed in

the organ tissue slices from the Zn-0.8Mn alloy group, compared

to the pure Ti control group. Fig. 12 b shows the comparison be-

tween the ion concentrations of Zn 

2 + and Mn 

2 + in rat blood and

organs collected from the Zn-0.8Mn alloy group and pure Ti group.

The results showed no abnormal increases in Zn 

2 + and Mn 

2 + ion

concentrations in either the blood or organs, thereby illustrating

that the Zn-0.8Mn alloy retains desirable in vivo biosafety and

presents no ion accumulation in organs. 

4. Discussion 

In this study, the Mn element, which has promising biocompat-

ibility and osteogenic activity, was chosen as the alloying element.

The addition of a trace amount of Mn not only improved the

mechanical strength of pure Zn but also significantly increased

its elongation rate. The addition of Mn significantly improved the

cytocompatibility of Zn. As showed in Figs. 4 and 5 , the improved

cytocompatibility of Zn-Mn alloys compared to Zn was confirmed
y cell proliferation activity, Live/Dead, and cytoskeletal staining

esults. More important, the Zn-Mn alloys exhibit satisfactory

steogenic properties both in vitro and in vivo . As shown in

igs. 6 and 7 , in vitro osteogenic properties of degradable Zn-Mn

lloys were evaluated based on three aspects, namely the quanti-

ative analysis of ALP activity, ALP activity staining, and expression

evels of osteogenic-related genes. ALP activities of the Zn-Mn

lloy extract-induced groups improved compared to the blank

ontrol and pure Zn groups at all time-points, with Zn-0.8Mn alloy

xhibiting the best results ( Fig. 6 ). Furthermore, expression levels

f osteogenic marker genes (ALP, Col I, OCN, and Runx-2) in the

xtract-induced differentiated MC3T3-E1 cells indicate improved

ene expression in the Zn-Mn alloy groups in comparison to the

lank control group ( Fig. 7 ). This further confirmed the osteogenic

ctivity of Zn-Mn alloys and provided theoretical support at the

enetic level. In summary, it was verified in vitro that Zn-Mn alloys

xerted functional osteogenic activities, which provide significant

enefits for their application as orthopedic implant materials. 

We believe that the better osteogenic activity of Zn-Mn alloys

ompared with pure Zn mainly due to the following factors. On

he one hand, the addition of trace Mn endows Zn-Mn alloys

ith satisfactory cytocompatibility. Mn element is an essential

race element in the human body. It mainly acts as a coenzyme

n a variety of basic life processes, including, but not limited to,

nergy metabolism, new bone formation, free radical scavenging,

nd synthesis of neurotransmitters [52 , 53] . Mn can regulate the

nteraction between cells and the extracellular matrix by affecting

ntegrin activity, which in turn affects cell proliferation, adhesion,

nd spreading [53] . Studies have shown that there are threshold

ffects of Zn 

2 + and Mn 

2 + ion on cell proliferation activity. High

oncentration of Zn 

2 + (higher than 3.9–5.2 μg/mL) [54 , 55] and
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Fig. 11. The Toluidine blue staining and paragon staining results of hard tissue sections. Within each group, full-view images of bone defect areas (20 ×), medium magnifi- 

cation images (50 ×) and high magnification images (100 ×) arranged from left to right. (a) The Toluidine blue staining results of pure Ti group and Zn-0.8Mn alloy group, 

red arrows indicate the biodegradable products of Zn-0.8Mn alloy scaffolds at 12 weeks postoperatively. (b) The paragon staining results of pure Ti group and Zn-0.8Mn 

alloy group, promising bone ingrowth (red arrows), normal morphology of bone tissue, regenerative bone, cartilage, and fat tissue were observed. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2 + ( > 0.1 mM MnCl 2 ) [56] are detrimental to cell proliferation.

ccording to the ion concentration test results of the pure Zn and

n-Mn alloy extracts ( Table 1 ), there was no significant difference

n the Zn 

2 + concentrations between the two groups, all about

3 μg/mL ( n = 5). This explains the inferior cell proliferation

nd ALP activity results of pure Zn after diluting the extracts to

-folds (Zn 

2+ about 6.5 μg/mL) while the cell proliferation and ALP

ctivity of pure Zn groups improved after diluting the extracts to

-folds (about 3.25 μg/mL) in Figs. 4 and 6 . However, favorable cell

roliferation, spreading and osteogenic properties were achieved

n 1-fold diluted extracts in Zn-Mn alloy groups. Considering the

ositive effects of trace amounts of Mn 

2 + on cell proliferation,

dhesion and spreading, it is reasonable to believe that the re-

eased Mn 

2 + ion exerted a positive effect on the cytocompatibility

nd significantly optimized its biocompatibility of pure Zn. On the

ther hand, Mn also plays positive roles during bone metabolism.

tudies have confirmed that Mn can upregulate expression of

steogenesis-related genes such as ALP and BMP, promote collagen

ber regeneration and deposition, regulate bone remodeling and

aintain the bone mass [44–47] . Therefore, the Mn 

2 + in Zn-Mn

lloy extracts may directly upregulate osteogenic gene expression
nd ALP activity, inducing better osteogenic properties in contrast

o pure Zn. In addition, both Zn and Mn are essential trace ele-

ents that play an active role in bone metabolism. Whether there

s a synergistic effect between Zn and Mn ions in regulating bone

etabolism attracts our attention. However, to date, no relevant

iterature was found. Further research is warranted to clarify

hether Zn and Mn ions exert synergistic bone-promoting effects. 

To verify the in vitro results of Zn-Mn alloys, the Zn-0.8Mn al-

oy with the best comprehensive property was selected for in vivo

tudy. A bone defect model at partial load-bearing regions (rat fe-

ur condyle) was established considering the osteogenic property

f Zn-Mn alloy. In order to evaluate the bone defect repair activity,

ure Ti, the golden clinical standard material for extensive bone

efect repair, was selected as the control in this study. According

o Micro-CT results ( Fig. 8 ), the Zn-0.8Mn alloy group showed

ncreased new bone tissue and thicker trabecular bones at the

ame time-points. Van Gieson staining of hard tissue slices agreed

ith micro-CT scans, in that the Zn-0.8Mn alloy scaffolds showed

etter bone repair capability and good bone ingrowth character-

stics. Toluidine blue staining results indicated that the Zn-0.8Mn

lloy scaffold was surrounded by increased new bone tissue. A
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Fig. 12. The in vivo biosafety evaluation of Zn-0.8Mn alloy. (a) The H&E staining results of rat heart, liver, spleen, lung, and kidney for the Zn-0.8Mn alloy group and the 

pure Ti group. (b) The ion concentration of Zn 2 + and Mn 2+ in rat blood and organs from the Zn-0.8Mn alloy group and the pure Ti group. 
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large amount of new bone grew into the Zn-0.8Mn alloy scaffold,

showing good bone regeneration promotion and bone ingrowth.

Furthermore, Paragon staining results confirmed mild degradation

behavior of the Zn-0.8Mn alloy and its superior local compatibility.

Consistent with the in vitro results, the Zn-0.8Mn alloy showed

beneficial osteogenic properties in vivo . As an element with bipha-

sic osteogenic activity, the implantation of Zn-containing materials

at the bone defect sites both promoted bone regeneration and

inhibited bone resorption by osteoclasts, thereby resulting in

greater new bone mass and thicker new trabecular bones. 

In summary, the biodegradable Zn-Mn alloys satisfy the basic

requirements of ideal orthopedic implant materials. It exhibits not

only suitable material properties but also superior biocompatibil-

ity and biological functions. Therefore, it can be expected to be

applied in various clinical scenarios. Firstly, considering the favor-

able osteogenic activity and plasticity of Zn-Mn alloys, they can

be designed as porous implants of different shapes for bone de-

fects repair, besides, the Zn-Mn alloys possess superior mechanical

properties compared to the traditional bone substitution materi-

als, such as HA, CaP, biodegradable polymers (PCL, PLA, PLGA, etc.),

which make it particularly suitable for segmental bone defects re-

pair. Secondly, biodegradable Zn-Mn alloys can be manufactured

into implants designed for a variety of clinical applications, includ-

ing screws for fracture fixation, intramedullary nails for long bone

shaft fracture fixation or biodegradable interference screws for lig-

aments injury repair. At the early stage of implantation, the Zn-Mn

alloys implants can serve as a mechanical support and slow co-

release of Zn 

2 + and Mn 

2 + , which promotes osteogenic activity and

bone injury repair. As it completes its mechanical and biological
 Y
unctions, it will degrade gradually until it is completely metabo-

ized or absorbed. 

. Conclusions 

Here, a trace amount of Mn element, with different mass frac-

ions, was added into pure Zn to prepare biodegradable Zn-Mn al-

oys. The addition of Mn enhanced the mechanical properties of

ure Zn, especially the elongation, which reached 83.96 ± 2.36%

or Zn-0.8Mn alloy. The addition of Mn significantly improved the

ytocompatibility and osteogenic properties of pure Zn. In vitro ,

he Zn-Mn alloy could promote MC3T3-E1 cell proliferation, adhe-

ion, spreading and osteogenic differentiation. Furthermore, the rat

emoral condyle defect repair experiment confirmed the superior

steogenic properties of the Zn-0.8Mn alloy in vivo . Therefore, Zn-

n alloy can be expected to become a new option for orthopedic

mplant materials, especially in the field of bone defect or fracture

epair. 
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