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a b s t r a c t 

Zinc and its alloys have emerged as a new research direction of biodegradable metals (BMs) due to the 

significant physiological functions of Zn 2 + ions in human body. However, low inhibitory concentration 

threshold value to cause cytotoxicity by Zn 2 + ions during in vitro study and delayed osseointegration in 

vivo are two key flaws for the bulk Zn-based BMs. To combat these issues, we constructed a barrier layer 

of ZrO 2 nanofilm on the surface of Zn-0.1(wt.%) Li alloy via atomic layer deposition (ALD). A decreased 

release of Zn 2 + ions accompanied with accelerated release of Li + ions was observed on account of gal- 

vanic coupling between the coating compositions and Zn-0.1Li alloy substrate. Cytocompatibility assay 

reflected that ZrO 2 nanofilm coated Zn-0.1Li alloy exhibited improved cell adhesion and viability. Histo- 

logical analysis also demonstrated better in vivo osseointegration for the ZrO 2 nanofilm coated Zn-0.1Li 

alloy. Hence, the present study elucidated that the ALD of ZrO 2 nanofilm on Zn-based BMs can effectively 

promote osseointegration and control their biodegradation behavior. 

Statement of Significance 

Zn-Li binary alloy was reported recently to be the promising biodegradable metals with ultimate tensile 

strength over 500 MPa, yet the low inhibitory concentration threshold value to cause cytotoxicity by 

Zn 2 + ions is the obstacle needed to be overcome. As a pilot study, a systematic investigation on the ZrO 2 

nanofilm coated Zn-Li alloy, prepared by atomic layer deposition (ALD) technique, was conducted in the 

present study, which involved in the formation process, in vitro and in vivo degradation behavior as well 

as biocompatibility evaluation. We found a controllable corrosion rate and better in vivo osseointegration 

can be achieved by ZrO 2 nanofilm coating on Zn-Li alloy, which provides new insight into the surface 

modification on biodegradable Zn alloys for usage within bone. 
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t  
. Introduction 

Biodegradable metals (BMs) have spurred great interest over

he past decades. In contrast to permanent metallic biomaterials

uch as stainless steel, titanium and titanium alloys, BMs are

xpected to gradually corrode in physiological environment after

ulfilling the mission of assisting tissue healing, and the degrada-

ion products can be metabolized by human body without causing

ny adverse host response [1] . In this regard, the biocorrosion rate

hould ideally be neither too low or too high. Recently Zn and

ts alloys had emerged as a potent substitution to the existing

g and Fe-based BMs given its intermediate corrosion potential

nd more appropriate corrosion rates [2] . In addition, Zn, as the

econd most abundant metal element in human body, also plays

 significant role in eliciting numerous physiological functions

3 , 4] . Element Zn has proven to participate in bone formation by

romoting bone growth, mineralization, and preserving bone mass

5] . Nevertheless, concerns remain about the local and systemic

oxicity of the degradation products of Zn-based BMs. The pure

n extracts exhibited a significant cytotoxicity to osteoblasts in

itro [6] . Direct culture of osteoblasts on pure Zn surface also

ndicated low cell viability [7 , 8] . Meanwhile, poor osseointegration

as observed due to a locally high Zn ion when implanted into

he rat femur condyle [9] . Zn can be beneficial or harmful to

steoblasts. The low Zn 

2 + concentrations improve cell viability,

hilst the opposite is true at high concentrations [10] . Since the

oncentration of the ionic degradation products is directly related

o the corrosion rate, it is essential to develop Zn-based materials

ith appropriate corrosion behaviors. 

ZrO 2 has been amply used in dentistry and orthopedics due to

ts favorable mechanical strength and biocompatibility [11] . Recent

tudies have demonstrated that ZrO 2 has low cytotoxicity in vitro

nd good biocompatibility in vivo [12] . ZrO 2 coating can induce

ggregation of apatite in simulated body fluid and show beneficial

ffects on the osteoblast adhesion and proliferation [13 , 14] . In

ddition, an inhibitory effect of ZrO 2 on bacterial colonization

as observed [15] . To improve the anti-wear and/or anti-corrosion

erformances, ZrO 2 films have been deposited onto different sub-

trates by variety of methods, including atomic layer deposition

ALD), plasma immersion ion implantation and deposition [16] ,

lasma electrolytic oxidation [17] , plasma spraying [18] , sol-gel

19] , etc . 

In particular, ALD has risen as a powerful tool in nanofabrica-

ion such as semiconductors [20] , showing obvious advantages in

onformality and precise control over material thickness and com-

osition [21] . ALD is capable of depositing homogeneous confor-

al films on either flat surface or complex structures with film

hickness at the angstrom level [22 , 23] . Recently, various metal-

ic oxides have been successfully applied as coating materials onto

iomaterials via ALD. For example, ZrO 2 and TiO 2 nanofilms have

een thus deposited on Mg alloys as a physical barrier against

ast biocorrosion for superior biocompatibility [23 , 24] . Expect-

dly, the deposition of well-defined ZrO 2 films via ALD should

fford elegant control over the corrosion behaviors of Zn-based

Ms. 

As for the orthopedic application, the mechanical strength of

ure Zn is not strong enough to meet the clinical requirements

5 , 25] . The significant solubility of Li in Zn renders Zn-Li alloys as

 promising age-hardenable systems. Zhao et al. [26] incorporated

.1 wt.% of Li into Zn and found that the tensile strength increased

rom 116 ± 13 MPa to 274 ± 61 MPa. Dai et al. [27] also demon-

trated that alloying with 0.5 wt.% Li improved the tensile strength

nd elongation remarkably compared with pure Zn. In the present

esearch, a layer of ZrO 2 nanofilm was constructed on top of Zn-

.1Li alloy (ZL) to control the corrosion rate of the substrate. The

icro/nano structure, in vitro corrosion behavior, cytocompatibility
nd in vivo biocompatibility were investigated to assess the feasi-

ility of the ZrO 2 coated Zn-based BMs for orthopedic application. 

. Materials and methods 

.1. Material preparation 

Zn-0.1Li (wt.%) binary alloy ingots were prepared from pure Zn

99.99%) ingot and pure Li (99.95%) ingot in a graphite crucible at

80 °C. Then the ingots were extruded at 280 °C with an extrusion

atio of 33.64. For in vitro studies, samples with a dimension of

10 mm × 2 mm were cut from the extruded rods. For in vivo

tudies, φ2 mm × 6 mm cylinders were used. Prior to use, each

ample was mechanically polished to 20 0 0 grit by SiC papers and

hen ultrasonically rinsed in acetone, absolute ethanol and distilled

ater, followed by drying in open air. 

.2. Atomic layer deposition 

For ZrO 2 deposition, a commercial ALD reactor (F-100-41, MNT

icro and Nanotech Co., LTD, Wuxi, China) was employed. The

etrakis (dimethylamino) zirconium (TDMAZ) and deionized water

ere used as Zr and O precursors, respectively. The Zr and O pre-

ursors were heated to 120 °C, and 35 °C, respectively, followed

y alternate deposition cycles using the two precursors. A series

f ZrO 2 coatings were constructed at varying deposition cycles:

0 0, 30 0 and 50 0, which were denoted as ZrO 2 -100, ZrO 2 -300 and

rO 2 -500, respectively. 

.3. Surface characterization 

Surface morphologies and element compositions were investi-

ated via scanning electron microscopy (S-4800 Emission Scanning

lectron microscopy, Hitachi, Japan) equipped with Energy Disper-

ive X-ray spectrometer. The surface phase analysis was conducted

y X-ray diffraction (XRD, Rigaku DMAX 2400, Japan) using Cu-K α
adiation at a scan rate of 4 °/min between 2 θ of 10 ° and 90 ° at

0 kV and 100 mA. Auger electron spectroscopy (AES, PHI 700,

LVAC-PHI, Japan) measurements were carried out to identify the

epth profile of element distribution. X-ray photoelectron spectro-

cope (XPS, Axis Ultra, Kratos Analytical, Britain) was applied to

etermine the surface chemical composition. 

.4. Electrochemical evaluations 

A classical three-electrode system was adopted to carry out the

lectrochemical test with a platinum electrode as counter elec-

rode, a saturated calomel electrode as reference electrode and the

est sample with an exposed surface of 5 mm in diameter as work-

ng electrode. The test process proceeded in Hanks’ solution (NaCl

.00 g L −1 , KCl 0.40 g L −1 , CaCl 2 0.14 g L −1 , NaHCO 3 0.35 g L −1 ,

lucose 1.00 g L −1 , MgCl 2 ·6H 2 O 0.10 g L −1 , MgSO 4 ·7H 2 O 0.06 g L −1 ,

a 2 HPO 4 ·12H 2 O 0.06 g L −1 and KH 2 PO 4 0.06 g L −1 , pH 7.4) at

mbient temperature using an electrochemical station (Autolab,

etrohm, Switzerland). Each sample underwent an open circuit

otential (OCP) monitor of 5400 s. Electrochemical impedance

pectroscopy measurements were performed by applying 10 mV

erturbation with frequency ranging from 10 5 Hz to 10 −2 Hz. Af-

erwards, the potentiodynamic polarization curves were measured

t a scanning rate of 1 mV/s. Electrochemical parameters including

orrosion potential, corrosion current density and corrosion rate

ere estimated from polarization plots via Tafel analysis. 

.5. Immersion tests 

In vitro immersion test was conducted to evaluate the long-

erm corrosion behavior according to ASTM G31-72. The samples
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Fig. 1. Surface morphologies (left, insets are magnified views) and element compositions (right) of samples with different cycles of ZrO 2 deposition: (a) ZrO 2 -100, (b) 

ZrO 2 -300, and (c) ZrO 2 -500. 
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were immersed in Hanks’ solution at 37 °C for 28 days with an

exposure ratio of 20 ml per 1 cm 

2 . The pH values were deter-

mined during immersion. At the end of immersion, samples were

collected, washed with deionized water and dried in air. SEM and

XRD were employed to investigate the change in surface morphol-

ogy and chemical composition. The Zn ion concentration in Hanks’

solution was characterized by inductively coupled plasma atomic

emission spectrometry (ICP). 

2.6. Cytocompatibility 

Mouse osteoblast-like cells (MC3T3-E1) were employed to

evaluate the cytocompatibility according to ISO 10993-5: 2009.

MC3T3-E1 cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) containing 10% fetal bovine serum (FBS),

100 U/mL penicillin and 100 μg/mg streptomycin in a humidified

atmosphere of 5% CO 2 at 37 °C. Prior to use, each side of the

sample was subjected to UV radiation for at least 1 h. Material

extracts were collected by incubating the samples in DMEM cell

culture medium with an extraction ratio of 1.25 ml per 1 cm 

2 

under standard cell culture condition for 24 h. The average ion
oncentrations of the mixed extract of at least 3 samples were

etermined by ICP. The cell culture medium supplemented with

nd without 10% dimethylsulfoxide (DMSO) was employed as

ositive and negative control, respectively. 

In terms of cell viability assay, 100 μl cell suspension was

eeded into the 96-well cell culture plates at a cell density of

 × 10 4 cells/ml. Cell culture mediums was replaced with mate-

ial extracts after 24 h of incubation for cell adhesion. Then the

ells were incubated for 1, 3 and 5 days, respectively. At the end of

ach time point, cell culture medium with 10% Cell Counting Kit-8

CCK8, Dojindo, Japan) substituted the material extracts and incu-

ated at 37 °C for 1 h. The spectrophotometric absorbance of each

roup was determined via a microplate reader (Bio-RAD680) at a

avelength of 450 nm. At least five duplicates were employed for

he cell viability assay. 

In the direct cell experiments, cells suspension at a cell den-

ity of the 5 × 10 4 cell/ml was seeded on the surface of sam-

les and incubated for 24 h to allow cell adhesion and spread-

ng. Thereafter, cells were fixed by 4% (w/v) paraformaldehyde for

0 min, followed by permeabilization with 0.1% Triton for 7 min.

ubsequently, 1.0% (v/v) FITC-phalloidin dye was employed to stain
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Fig. 2. Chemical composition analysis: (a) XRD patterns; (b) XPS wide-scan spectra; (c-e) High-resolution XPS spectra of Zr 3d (c, d; d is a fitted spectrum for ZrO 2 -500) 

and O 1s (e, fitted spectrum for ZrO 2 -500). 
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[  
he microfilament for 30 min at room temperature. 1 mg/ml DAPI

or nuclei was added and incubated for 10 min at 37 °C. The

ell morphology was investigated by LSCM (laser scanning confocal

icroscope, Nikon ALR-SI). 

.7. Animal test 

All the animal procedures and experiments were approved by

he Ethics Committee, Peking University Health Science Center,

eijing, China (LA2016305). The animal experiments were carried

ut following the protocol formulated by the Experimental Ani-

al Ethics Branch. Eighteen ten-week old male Sprague-Dawley

SD) rats were randomized into two groups: ZL and ZrO 2 -500. All

ats were anesthetized by pentobarbital sodium (50 mg/kg) be-

ore surgery. All samples were implanted into a drilled bone tunnel

2 mm in diameter and 6 mm in height) in the femur condyle. A

otal of 36 samples were implanted. Postoperatively, all rats were

aised in an environmentally controlled animal care house. Rats

ere sacrificed by euthanasia at 4, 8 and 12 weeks after implanta-

ion. The rat femurs, hearts, lives, spleens, lungs and kidneys were

arvested and fixed in 10% neutral formalin buffer for 24 h at room

emperature. At each time point, a total number of twelve femurs

ere harvested. 

Half of the femur samples were rinsed in water for 24 h, de-

ydrated with gradient dehydration from 70% to absolute ethanol,

nd embedded in polymethylmetacrylate (PMMA). Subsequently,

he embedded specimens were sectioned into 200 μm thick

ections using a EXAKT 300CP saw microtome (Leica, Hamburg,

ermany). The sections were then grounded and polished to

0 μm, followed by staining with methylene-blue/acid fuchsin

taining for histological examination. 

The rest of femur samples were decalcified in 10% EDTA so-

ution (pH 7.4) at room temperature for 6 weeks. After complete

ecalcification, dehydration and transparency, the femurs were

mbedded in paraffin and sliced into 5 μm thick slices using
 microtome. The fixed organ samples (hearts, lives, spleens,

ungs and kidneys) were embedded in paraffin and 2–3 μm thick

ections were prepared. The femurs samples were stained with

ematoxylin-eosin (H&E) staining and Masson’s trichrome staining

or histological studies. The organs samples were stained with

&E staining. Images of the stained sections were obtained using

n optical microscope (BX51, Olympus, Japan). 

.8. Statistical analysis 

SPSS 18.0 (SPSS Inc., Chicago, USA) was utilized to conduct the

tatistical analysis. One-way analysis of variance (ANOVA) was em-

loyed to analyze the statistical significance followed by Tukey’s

ost hoc tests. The P < 0.05 was considered statistically significant.

. Results 

.1. Surface morphology and composition 

Fig. 1 depicts the surface morphologies and element composi-

ions of Zn-0.1Li alloy samples with different cycles of ZrO 2 depo-

ition. As seen in Fig. 1 a, ZrO 2 nanoparticles were homogenously

istributed on the surface. Enlarged ZrO 2 nanoparticles were ob-

erved with increasing deposition cycles, resulting in thicker and

enser ZrO 2 nanofilms ( Fig. 1 b-c). Meanwhile, The EDS mapping

lso indicated the successful deposition of ZrO 2 on the surface.

uantitatively, the proportion of Zr augmented over the deposition

ycle (4.63 ± 0.57% for 100 cycles, 5.27 ± 0.40% for 300 cycles and

.70 ± 0.70% for 500 cycles). 

The phase component of Zn-0.1Li alloy samples with and with-

ut ZrO 2 deposition are displayed in Fig. 2 a. The crystallized phase

f ZrO 2 was not detected, leading the authors to hypothesize that

he as-deposited ZrO 2 coatings may exist in an amorphous state

ith TDMAZ as zirconium source at low reaction temperature

28 , 29] . Both XPS survey ( Fig. 2 b) and high-resolution spectra of
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Fig. 3. AES depth profile of (a) ZL, (b) ZrO 2 -100, (c) ZrO 2 -300 and (d) ZrO 2 -500. 
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Zr 3d ( Fig. 2 d) and O 1s ( Fig. 2 e) confirmed the successful depo-

sition of ZrO 2 . In addition, as shown in Fig. 2 c, the peak inten-

sity of Zr 3d enhanced with increased deposition cycles. The Zr 3d

core-level peaks was deconvoluted, showing doublets of Zr 3d 5/2 

(182.3 eV) and Zr 3d 3/2 (184.7 eV) with a constant spin-orbit split-

ting of 2.4 eV. In addition, the intensity ratio of Zr 3d 5/2 and Zr

3d 3/2 peaks was approximately 3:2, consistent with the theoretical

value for Zr 4 + [30] . These suggested that ZrO 2 phases were gen-

erated [31 , 32] . The slight shift of Zr 3d peak was ascribed to the

formation of amorphous zirconia or hydrous zirconia [33 , 34] . The

high resolution of O 1s spectra can be fitted into two peaks: O 

2 −

for the ZrO 2 (530.1 eV) and –OH group for the Zr-OH (531.9 eV)

[35-37] . 

Furthermore, the depth profile of element composition of Zn-

0.1Li alloy samples before and after ZrO 2 deposition are displayed

in Fig. 3 . The Zr depth profile presented a gradient change along

with the depth direction after ALD treatment. Such gradual tran-

sition of coating composition could overcome potential mismatch

in mechanical properties between the coating and substrate. The

deposited layer was mainly composed of Zr and O, with unde-

tectable Zn. It indicated that element Zr existed in the form of

its oxide, consistent with the XPS spectra in Fig. 2 . The maximum

atomic concentrations of Zr were approximately 14%, 16% and

17% for ZrO -100, ZrO -300 and ZrO -500 samples, respectively
2 2 2 
 Fig. 3 b-d). With successive depositions, the film thickness in-

reased from ~40 nm (for 100 cycles) to ~120 nm (for 500 cycles). 

.2. Electrochemical evaluation 

Fig. 4 shows the results of short-term electrochemical corrosion

ests, including potentiodynamic polarization curves and Nyquist

lots. Corresponding electrochemical parameters were calculated

 Fig. 4 d-e). It could be seen that the corrosion current density

ecreased gradually with increasing ALD deposition cycles. The

orrosion rates were ranked in a descending order: ZL > ZrO 2 -

0 0 > ZrO 2 -30 0 > ZrO 2 -50 0. The corrosion rate of ZrO 2 -50 0

0.054 ± 0.014 mm/year) was almost 5 times smaller than that

f ZL (0.286 ± 0.012 mm/year), indicating outstanding corrosion

esistance of the ZrO 2 layer. The electrochemical impedance spec-

roscopies (EIS) of ZL and ZrO 2 -100 were characterized by two

apacitive loops and one inductive loop ( Fig. 4 b). The presence

f inductive loop was associated with the formation, adsorption

nd desorption of corrosion products, indicating the dissolution

f metal substrate. With further increased deposition cycle, the

nductive loop was absent in ZrO 2 -300 and ZrO 2 -500, along with

n apparently enlarged capacitive arc. The diameter of a capac-

tive loop was directly correlated to the corrosion resistance. In

ddition, the values of the impedance modulus, |Z| at the lowest
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Fig. 4. Electrochemical measurements of ZL, ZrO 2 -100, ZrO 2 -300 and ZrO 2 -500 in Hanks’ solution: (a) Potentioldynamic curves; (b) Nyquist plots; (c) Bode plots of |Z| vs . 

frequency. Electrochemical parameters calculated by Tafel region extrapolation: (d) corrosion current density and (e) corrosion rate. ( ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001). 
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requency, were consistent with the results of capacitive loops

 Fig. 4 c). Hence, it can be concluded that ALD of ZrO 2 remarkably

nhanced the corrosion resistance of Zn-0.1Li alloy. 

.3. Immersion tests 

The long-term degradation behavior of Zn-0.1Li alloy with and

ithout ALD treatment was investigated by immersion test in

anks’ solution at 37 °C for 28 days ( Fig. 5 ). The surface morpholo-

ies of samples are displayed in Fig. 5 a. Serious corrosion created

lenty of corrosion pits on the uncoated ZL alloy ( Fig. 5 a1). Instead,

nly a few cracks were presented after ZrO 2 deposition ( Fig. 5 a2–

4). Additionally, samples fabricated under the condition of more

eposition cycles had fewer and less severe cracks. XRD, XPS and

DS mapping were used to further investigate the composition of

orrosion products ( Fig. 5 b-e). For both ZL and ZrO 2 -500, Zn, O and

 were the major elements of their corrosion products ( Fig. 5 b-c).

RD detected Zn 3 (PO 4 ) 2 ·4H 2 O as the primary crystalline product

 Fig. 5 d). In addition, no residual Zr was observed after 28 days’

mmersion according to the XPS analysis ( Fig. 5 e). The change of

H value was in consistent with the corrosion tendencies ( Fig. 5 f).

he first 3 days witnessed the most rapid increase in pH values,

ollowed by a near-plateau state in both bare and ZrO 2 -coated

roup. In addition, the release of Zn 

2 + in Hanks’ solution was sig-

ificantly reduced by the ALD treatment, from 49.55 ± 4.94 μg/ml

or ZL to 7.21 ± 3.33 μg/ml for ZrO 2 -500 μg/ml in the end of im-

ersion. However, an opposite trend was observed in terms of Li + 

elease ( Fig. 5 g). 

.4. In vitro cytocompatibility 

We further examined the effects of material extracts of bare

nd ZrO 2 -deposited Zn-0.1Li alloy samples on cell viability, as

isplayed in Fig. 6 a. The viability of MC3T3-E1 cells cultured

n the extract of ZL alloy was 9.80% ± 3.03%, and it decreased

urther in the following incubation. In stark contrast, the samples
ith ZrO 2 deposition elicited much higher viabilities and thus

mproved cytocompatibility, with the ZrO 2 -500 ranked as the

est. The ion concentrations in the extracts were analyzed and

re shown in Fig. 6 b. Interestingly, ZrO 2 deposition decreased

he Zn 

2 + concentration but increased the Li + ion concentration.

n addition, there is no obvious difference between the pH val-

es of the extracts of ZL and ZrO 2 -coated samples as shown

n Fig. 6 c. 

Moreover, the effects of ZrO 2 coating on cell behavior were

valuated via laser scanning confocal microscopy (LSCM) in terms

f cell attachment, spreading and cytoskeleton organization, as

hown in Fig. 6 d. Initially, the majority of adherent cells on all sub-

trates except for ZrO 2 -500 presented a round shape, although the

ell spreading was slightly better in the ZrO 2 -300 group in contrast

o the ZL and ZrO 2 -100 groups. Differently, osteoblasts were able to

dhere to and spread well on ZrO 2 -500, exhibiting a multi-polar

pindle morphology with a number of cytoplasmic extensions

nd filopodia, as well as a contiguous and healthy cytoskeleton

tructure. 

.5. In vivo tests 

.5.1. Degradation behavior 

In order to investigate the changes in structure and composi-

ion of degradation layer, the cross-sections of bone-implant inter-

ace were investigated via backscattered electron (BSE) images and

DS images, as shown in Fig. 7 . After implantation for 4 weeks,

he surface of ZL was covered by a layer of degradation product,

hich was mainly composed of Zn, O, Ca and P. However, only

imited surface of ZrO 2 -500 was occupied by degradation products

ith similar composition, indicating a delayed corrosion behavior

fter ALD treatment. At week 8, the surrounding area of ZrO 2 -500

mplant was completely occupied by newborn bone ( Fig. 7 b). In

ddition, the degradation products were in close contact with the

one tissue. In contrast, fewer discontinuous bone tissues were

ound newly formed around ZL. After 12 weeks of implantation,
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Fig. 5. In vitro immersion assay for 28 days in Hanks’ solution. (a) Surface morphologies of samples with and without ALD treatment: (a1) ZL, (a2) ZrO 2 -100, (a3) ZrO 2 -300, 

and (a4) ZrO 2 -500. EDS mapping of corrosion products of (b) ZL and (c) ZrO 2 -500. (d) XRD pattern of the corrosion products. (e) XPS analysis of corrosion products on ZL 

and ZrO 2 -500. (f) pH evolution over immersion time. (g) Zn and Li ion concentrations at the end of immersion. 
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i  
the degradation products were diffused towards the surrounding

tissue in both ZL and ZrO 2 -500 group. Meanwhile, thicker and

denser newborn bone was found in the surrounding of ZrO 2 -500

while the newborn bone around ZL still remained incomplete and

unsubstantial ( Fig. 7 c). 
.5.2. Histological analysis 

Often, the degradation products of implantable biomaterials

ave significant effects on their tissue environment. Here, the

esponse of bone tissue towards ZL and ZrO 2 -500 implant was

nvestigated via histological staining of the implant-tissue using
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Fig. 6. (a) Viability of MC3T3-E1 cells cultured in the extracts of bare and ZrO 2 -coated samples. (b) Ion concentrations of culture media incubated with the samples for 24 h. 

(c) pH values of the sample extracts. (d) LSCM images of MC3T3-E1 cells cultured on bare and ZrO 2 -treated samples. The actin cytoskeleton (green) and the nucleus (blue) 

were counterstained. ( ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001). (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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ethylene blue and basic fuchsin sections, as shown in Fig. 8 .

fter 8 weeks postoperatively, limited woven bone was formed

round the ZL implants. On the contrary, the peri–implant area

n ZrO 2 -500 group was almost filled by newly formed bone,

ndicating a beneficial effect of ALD treatment on new bone

ormation. Meanwhile, a layer of fibrous connective tissue was

resented between the bone tissue and implant in both groups at

eek 8, resulting in weak osseointegrantion. As the implantation

rolonged to 12 weeks, much more new bone was deposited in

he peri–implant area for both groups. Specifically, local peripheral

itch of the ZrO 2 -500 was in close contact with the surrounding

one tissue, signifying a certain degree of osseointegrantion. How-

ver, the fibrotic layer remained around ZL, separating the newly

ormed bone from bonding the implant. 

To further investigate the inflammatory response, the decalci-

ed samples were stained by hematoxylin and eosin (H&E) ( Fig. 9 ).

fter 8 weeks postoperatively, the local inflammatory infiltration

f macrophages and lymphocytes was observed in the ZL group.

eanwhile, a loose osteoid tissue was presented surrounding the

mplant. In contrast, few inflammatory cells were presented in the

rO 2 -500 group, indicating a beneficial effect of ALD treatment

n the inflammatory response. Pleasingly, the implant was sur-

ounded by a relatively dense osteoid tissue. The mature degree

f newly bone was also assessed by Masson’s trichrome (MT)

taining. The mature bone tissue was stained blue, while the

mmature bone tissue red. In the ZrO 2 -500 group, the new bone

ntegrated well with the host bone. Besides, the peri–implant bone

issue mainly consisted of mature bone. On the contrary, there

as much more immature bone in the surrounding of implant in

L group. At week 12, fibrous tissue encapsulation was observed in

oth groups. Inflammatory reaction was still detected along with

nordered fibroblast growth in the ZL group. By comparison, an or-

ered cell growth was found in the ZrO 2 -500 group with minimal

nflammatory response. The thickness of bone tissue surrounding

he implant also increased with more compact structure. 
Furthermore, histological response of organic tissue was investi-

ated to evaluate the comprehensive toxicity of degradation prod-

cts during their metabolism and excretion process ( Fig. 10 ). The

istological evaluation displayed that no significant pathological

hanges (tissue damage, inflammation and lesions, etc.) took place

n heart, liver, spleen lung and kidney after 8- and 12-week’s im-

lantation. The local responses of peri–implant tissue to the releas-

ng degradation products affect bone tissue healing and denote the

iosafety of the implant materials. The histological results after 12

eeks’ implantation demonstrated that both groups were biosafe,

ausing minimal functional disorder or lesions. 

. Discussion 

.1. Feasibility of ZrO 2 coating on BMs via ALD treatment 

On account of its favorable combination of physiochemical and

echanical properties, ZrO 2 has been wildly applied in bone repair

nd replacement. ZrO 2 can stimulate the adhesion, proliferation

nd differentiation of osteoblast cells [38 , 39] . In vivo studies also

onfirmed direct bone apposition and favorable osseointegration

f ZrO 2 implants [40] . The successful application of ZrO 2 implants

uggests the potential of ZrO 2 as a coating material. ZrO 2 coating

as been applied on the surface of 316 stainless steel [41] and ti-

anium [42] for the sake of antibacterial property and corrosion

esistance. In addition, ZrO 2 was employed on the surface of Mg-

ased alloys to promote corrosion resistance and biocompatibility

s well [15 , 43] . However, when it comes to biodegradable metals,

here are controversies in the application of ZrO 2 coatings since

hey are generally bio-inert and non-degradable in physiological

nvironment. 

There have thus far been few literature reports on the in vivo

etabolism of ZrO 2 coating in orthopedic environment. Neverthe-

ess, the bio-distribution of ZrO 2 wear debris generated in total hip

r knee replacement had been documented. The release of ZrO 
2 
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Fig. 7. SEM images of the cross-sections of ZL and ZrO 2 -500 for (a) 4 weeks, (b) 8 weeks and (c) 12 weeks. NB: new bone. In addition, the right panels show corresponding 

EDS maps of elements of interest for the rectangular areas in (a-c). 

Fig. 8. Hard tissue sections of the bone-implant interfaces after various implantation periods. The red rectangles are zoomed in for clarity. (For interpretation of the refer- 

ences to colour in this figure legend, the reader is referred to the web version of this article.) 



W. Yuan, D. Xia and Y. Zheng et al. / Acta Biomaterialia 105 (2020) 290–303 299 

Fig. 9. Histological analysis of decalcified samples. H&E and Masson’s trichrome staining of ZL and ZrO 2 -500 after 8- and 12-week implantation (The red rectangles are 

magnified). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Histological images of diverse organs after 8 and 12 weeks of implantation of ZL and ZrO 2 -500. 
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articles might raise local and systematic biosafety issues. Wear

articles are mainly transported by means of lymphatic system

44] . When the size of wear particle is smaller than 10 μm, they

an be phagocytized or pinocytosed by macrophages and foreign

ody giant cells. Subsequently, they enter the lymphatic system

45] . Meanwhile, a debris particle is able to activate macrophages,

hich then release inflammatory mediators and trigger osteo-

lastic bone resorption, resulting in osteolysis surrounding the

mplant [46 , 47] . In addition, the existence of wear particles in the

xed macrophages or Kupffer cells lining the hepatic sinusoids

lso implied the hematogeous dissemination of the wear particle

44] . Intravenous administration of ZrO 2 nanoparticles in rats

emonstrated a major accumulation of ZrO nanoparticles in
2 
pleen, lung and feces [48] . Nonetheless, it is reported that the

ffects of particle accumulation in organs are dose-dependent in

linical implantation. Adverse impact was found in the case of

igh concentration, while low concentration displayed no obvious

lternation compared with normal tissue [44] . 

In this work, a better bone formation and osseointegration was

chieved instead of bone resorption in the ZrO 2 -500 group. Be-

ides, there was no accumulation of ZrO 2 in all the organs in-

estigated. It is hypothesized that the distinct behaviors between

rO 2 -based ALD coating and wear debris is attributed to the con-

ent of ZrO 2 particles. The wear debris will be persistently released

uring the enlistment of implants, resulting in aseptic loosening

nd osteolysis. However, the ZrO coating fabricated by ALD had
2 
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a nanoscale thickness. In this way, only limited number of ZrO 2 

particles could be generated. Additionally, although ZrO 2 is non-

degradable in vivo , it is able to be excreted via feces as mentioned

above, alleviating the negative effect of accumulation. Therefore,

ZrO 2 coating fabricated by ALD is supposed to be a promising al-

ternative to control the corrosion rate of biodegradable metals and

improve their biocompatibility. 

4.2. Biodegradation behavior of Zn-0.1Li alloy after ALD treatment 

In physiological milieus, Zn-based BMs majorly degrade through

anodic oxidation of Zn into Zn 

2 + and the cathodic reduction of

oxygen Eq. (1) and (2) [49] . The increase in local pH and Zn 

2+ can

lead to the formation of ZnO and Zn(OH) 2 Eq. (3) and (4) , estab-

lishing a barrier layer on the surface. It is demonstrated that ZnO is

more thermodynamically stable in physiological environment com-

pared with Zn(OH) 2 and it makes up the majority of the corrosion

products [50] . However, the abundant chloride ions in physiological

media will convert ZnO and Zn(OH) 2 into soluble salts, resulting in

the breakdown of the protection layer [51] . The subsequent forma-

tion of hydrated zinc phosphate is preferred thermodynamically in

physiological environment ( Eq. (5) ) [52] , which was confirmed on

ZL with and without ALD treatment by EDS and XRD spectra af-

ter 28 days’ immersion ( Fig. 5 ). Meanwhile, the in vivo results also

demonstrated that the corrosion products were mainly composed

of Zn, O, Ca and P. 

Zn → Z n 

2+ + 2 e − (1)

2H 2 O + O 2 + 4e − → 4OH 

− (2)

Z n 

2+ + 2O H 

− � Zn ( OH ) 2 (3)

Zn ( OH ) 2 → ZnO + H 2 O (4)

3Zn 

2+ + 2 HPO 

2 −
4 + 2OH 

− + 2H 2 O → Zn 3 ( PO 4 ) 2 · 4H 2 O (5)

ALD has been utilized to deposit barrier layer with well-defined

thickness, pinhole-free structure, and good layer conformity [53] .

In this research, nanoscale ZrO 2 films were deposited on the ZL

surface by cyclic reaction between TDMAZ and water. The two

self-terminating reactions in the formation process of the ZrO 2 

film are illustrated in the Fig. 11 . The thickness of ZrO 2 coating

and ZnO layer increased with the deposition prolonging. In ad-

dition to that, the coating structure became more compact with

fewer gaps. After ALD treatment, both in vitro and in vivo results

demonstrated that the corrosion resistance of ZL was significantly

improved. The introduction of the ZrO 2 barrier layer alleviated the

direct contact between corrosion media and substrate. As shown

in Fig. 3 , the proportion of Zn in the surface was reduced after

ZrO 2 deposition. The reduction in the reactive Zn is able to slow

down the degradation rate. In addition, corrosion-resistant metal

oxide will also benefit the corrosion resistance. The introduction

of oxygen source can react with Zn on the surface and give rise

to a thicker layer of zinc oxide ( Fig. 3 ). It is claimed that ZnO

is more persistent than Zn in 0.1 M sodium chloride solution

under the circumstance of neutral and alkaline environment [54] .

Therefore, the thicker oxide layer will also play a significant role

in corrosion resistance. The primary corrosion process of bare and

ZrO 2 -coated ZL are illustrated in Fig. 12 a and b. In contrast to the

direct collision between the corrosion media and substrate in ZL

group, the presence of ZrO 2 barrier layer can prevent the substrate

from corrosive attacks at the initial stage. With corrosion pro-

ceeding, the corrosion media would gradually permeate through
he nanogaps in the ZrO 2 layer and react with the substrate.

inally, the ZrO 2 layer would be damaged and fail to provide

fficient protection ( Fig. 5 ). In this way, the degradation rate of

L is controllable via deposition thickness of ZrO 2 . Meanwhile, the

nner thicker ZnO layer is also able to provide superior corrosion

esistance in contrast to ZL group. However, as mentioned above,

nO is not stable in physiological environment, and therefore will

radually dissolve and be substituted by the formation of hydrated

inc phosphate of better stability ( Figs. 5 and 7 ). 

The degradation of Li-rich phase consists of two types of corro-

ion models, thus chemical dissolution and electrochemical corro-

ion were investigated in this research. The former, as involved in

he gradual dissolution in the physiological condition, can be ob-

erved in both ZrO 2 -coated and bare samples. The later includes

he formation of micro-galvanic coupling among coating, matrix

nd Li-rich phase ( Fig. 12 b1-b2). In consideration of the differences

n standard electrode potential, Li is prone to be attacked with a

ower standard electrode potential when the corrosion media pen-

trated through the nanogaps of ZrO 2 layer while Zn matrix was

rotected in physiological condition ( Fig. 12 b1) [55] . Besides, it is

eported that galvanic coupling can form between Zn and ZnO, ac-

elerating the corrosion rate of Zn [56–58] . In this way, the accel-

rated release of Li + after ZrO 2 deposition may be attributed to

he formation of galvanic coupling between ZnO layer and Li-rich

hase in the matrix ( Fig. 12 b2). The increment in ZnO species on

he surface with increased deposition cycles might have resulted in

he formation of more micro-galvanic coupling between ZnO and

i-rich phase. Previous research has also revealed Mg-rich phases

ould corrode preferentially compared with Zn matrix in Zn-Mg

omposite due to a potential gradient [59] . 

.3. Biocompatibility of Zn-0.1Li alloy after ALD treatment 

A biphasic effect of Zn ion on the cell behavior was observed

epending on the Zn ion concentration. Low dose of Zn 

2 + is able

o stimulate the bone formation by increasing osteoblast prolifer-

tion, mineralization osteoblast marker gene expressions as well

s calcium deposition [60–62] . In our previous research, Zn 

2 + was

ound to stimulate the growth and apoptosis of osteoblast-like

ell simultaneously while the process of cell apoptosis was dom-

nant at high Zn 

2 + concentrations [7] . In addition, high-dose Zn 

2 + 

ould interfere the electron transport in uncoupled mitochondria

eversibly and result in cell injury [63 , 64] . An excess release of

n 

2 + was shown to cause significant cytotoxicity in vitro and de-

ayed osseointegration in vivo after the implantation of Zn-based

Ms [9 , 65] . Hence, the systematic and local toxicity of Zn-based

lloys remain concerns. 

In the present research, significant cytotoxicity of ZL to MC3T3-

1 cell was observed in vitro . After coating with ZrO 2 , the released

n 

2 + was significantly reduced. As a consequence, improved cell

iability and superior cell spreading were observed in ZrO 2 -coated

roup since the influence of Zn 

2 + on biocompatibility is dose-

ependent. Meanwhile, the cytocompatiblity was further improved

ith increased deposition cycles. In vivo results also demonstrated

uperior new bone formation in the surrounding of ZrO 2 -500 at

eek 8 compared with ZL. Subsequently, such difference became

ore obvious at week 12 ( Fig. 7 ). In addition, better osseointegra-

ion was achieved with evident direct bonding between the ZrO 2 -

00 implant and new bone at week 12 ( Fig. 8 ). In the early stage

f implantation, tissue trauma will lead to more accumulation of

ody fluids. Meanwhile, a haematoma consisted of cells from pe-

ipheral and intramedullary blood and bone marrow is generated,

ccompanied with acute inflammatory response [66] . Hence, an ac-

elerated corrosion releasing more degradation products can be ex-

ected in this period. However, the overdose of Zn 

2 + would sup-

ress bone formation and induce side effects. Limited contacts
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Fig. 11. Schematic illustration of ZrO 2 deposition process via atomic layer deposition. 

Fig. 12. Degradation mechanism of ZL (a) without and (b) with atomic layer deposition of ZrO 2 nanofilm in physiological condition. (b1) Galvanic corrosion between Zn 

matrix and Li-rich phase, (b2) galvanic corrosion between ZnO and Li-rich phase. 
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between bone and implant, significant inflammatory response,

as well as massive fibrous connective tissue capsulation were

found in the surrounding of pure Zn due to high dose release of

Zn 

2+ when implanted into the femoral condyles of Sprague −Dawley

rats [59] . In vivo results revealed that zinc-containing β-tricalcium

phosphate ceramics could improve new bone formation with zinc

content of 0.316 wt.%, while the incorporation of 0.633 wt.% of Zn

caused apparent bone resorption [67] . In this way, ZrO 2 coating

deposited by ALD treatment could effectively isolate the substrate

from the body fluid, hence retarding the releasing rate of Zn 

2 + . Un-

der the circumstance of low Zn 

2 + concentration, the beneficial ef-

fect of Zn 

2 + on bone formation is therefore dominant. 

In addition, ALD treatment also gave rise to higher levels of

Li + . The concentration of Li + was significantly increased from

0.50 μg/ml for ZL to 8.89 μg/ml for ZrO 2 -500 ( Fig. 6 ). Li has been

extensively applied as a mood stabilizer in the treatment of mood

disorders for over half a century. Meanwhile, Li-containing bioma-

terials are to promote the proliferation and differentiation of os-

teoblasts in vitro as well bone regeneration in vivo [68 , 69] . It is

reported that Li incorporated β-tricalcium phosphate can further

stimulate proliferation and differentiation of human bone marrow

stromal cells with Li ion concentrations ranging from 0.23 ± 0.01

to 7.42 ± 0.05 μg/ml in material extract [70] . Li-containing meso-

porous bioglass also showed beneficial effect on the proliferation

and differentiation of bone mesenchymal stem cells with daily re-

lease from approximately 8 μg/ml to 17 μg/ ml in cell culture

medium through activation of the Wnt signaling pathway [71] .

Hence, it is hypothesized that the elevated release of Li + after ALD

treatment also played an important role in the improvement of

biocompatibility. 

5. Conclusions 

In this work, ZrO 2 nanofilm was constructed on Zn-Li alloys

via ALD to control biocorrosion for orthopedic applications. The

introduction of ZrO 2 layer as well as thicker ZnO layer after ALD

treatment retarded the corrosion of Zn-0.1Li, showing promise as

an effective physical barrier. Meanwhile, the corrosion rate can

be controlled by adjusting the ALD deposition cycles. The delayed

corrosion allowed a stable and biocompatible implant surface for

cell attachment and growth, resulting in enhanced cytocompati-

bility in vitro . Moreover, in vivo assays demonstrated better bone

formation and osseointegration. To sum, this study introduced a

simple, effective and controllable approach to improve the corro-

sion resistance and biocompatibility of Zn-based materials, while

providing insights into the potential mechanisms. 
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