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Abstract 3D porous iron (Fe) scaffolds with intercon-

nected open pores are promising candidates for bone repair.

However, the bare 3D porous Fe scaffolds lack of

antibacterial activity and the ability for cell adhesion.

Herein, atomic layer deposition technique was used to

deposit nanometer-thick zinc oxide (ZnO) layer onto the

skeleton of 3D porous Fe scaffolds with interconnected

open pores. The effect of ZnO thin film on the in vitro

degradation behavior, antibacterial activity and cytocom-

patibility of 3D porous Fe scaffolds was systematically

evaluated. The results showed that a dense ZnO thin film

with a thickness of 76 nm was uniformly deposited on the

skeleton of the porous Fe scaffolds. The thickness of ZnO

thin film could be easily controlled by the deposition

cycles. The deposited ZnO thin film significantly reduced

the degradation rate of porous Fe scaffolds and the fabri-

cated ZnO coated porous Fe scaffolds demonstrated strong

antibacterial ability against both Gram-negative Escher-

ichia coli and Gram-positive Staphylococcus aureus, while

did not significantly affect cytocompatibility and could also

promote cell adhesion.

Keywords Atomic layer deposition; Porous iron

scaffolds; ZnO; Antibacterial activity

1 Introduction

Iron (Fe) and its based alloys have recently attracted much

interest due to their adequate mechanical properties and

biodegradable characteristics, and considerable research

efforts have been devoted to the design and development of

Fe-based biodegradable vascular stents and bone scaffolds

[1–5]. In particular, three-dimensional (3D) porous Fe

scaffolds with interconnected micropores have emerged as

a promising candidate for bone repair and regeneration

[6–11], since they can not only increase the degradation

rate and reduce the modulus of metallic alloys, but also

facilitate ions exchange, allow the ingrowth of the new

tissue and promote the repair of the defect [12].

For clinical use of biodegradable Fe scaffolds, there are

several critical issues to be solved. First, the slow degra-

dation rate and high elastic modulus of the bulk Fe scaf-

folds can be solved by fabricating the scaffold into 3D

porous form [5, 13, 14]. However, for the porous Fe

scaffolds, the fast degradation and high concentration of

released Fe ions could cause cytotoxicity [9, 15–17]. To

improve the biocompatibility of the porous Fe scaffolds,

various coating strategies have been developed. These

coatings include inorganic calcium phosphates [15, 18–22],

polymeric materials [23, 24] and the inorganic-organic

composites [25]. Last but not least, as an implant, the

porous Fe scaffolds are lack of antibacterial activity. The
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possibility of bacterial adhesion to the implant surface and

subsequent biofilm formation at the implantation site may

cause resistant chronic infection or tissue necrosis [26, 27].

Implant-associated infections are extremely resistant to

antibiotics and host defenses and frequently persist until

the implant is removed. In order to inhibit bacterial adhe-

sion and diminish infection, antibacterial surface coating

by incorporating antimicrobial agents offers a promising

strategy [28, 29]. These antibacterial coatings should have

sustainable antibacterial effects and avoid the burst release

of antimicrobial agents which may cause biosafety

concerns.

Zinc oxide (ZnO) has been reported to have a broad-

spectrum of antibacterial activity [30–32] and frequently

used as antibacterial agent in biomedical field [33–36].

Moreover, the released Zn ions play an important role in

bone regeneration, which could stimulate bone formation

and accelerate mineralization [37, 38]. Therefore,

depositing nanometer-thick ZnO layer onto porous Fe

scaffolds may reduce degradation rate and increase the

antibacterial properties. However, it is a grand challenge to

coat a uniform ZnO thin film on the skeleton of the porous

Fe scaffolds due to the shape complexity, especially inside

the scaffolds.

Atomic layer deposition (ALD) is a chemical vapor

deposition system and has frequently been used to syn-

thesize high-quality metal oxide thin films for electronic

devices [39, 40]. The ALD system can allow the gaseous

reactants to go through the interconnected pores and

deposit products on internal surface. Thus, the entire

skeleton surface can be coated with a uniform ZnO

nanometer-thick layer.

In this context, we first fabricated the 3D porous Fe

scaffolds with interconnected open micropores using a

template-assisted electrochemical deposition method.

Then, ALD was used to deposit a uniform nanometer-thick

ZnO layer on the skeleton of 3D porous Fe scaffolds

(ZnO@Fe). Based on a detailed characterization of

ZnO@Fe scaffolds, we systematically evaluated the effect

of ZnO coating on the in vitro degradation behavior,

antibacterial activity and cytocompatibility.

2 Materials and methods

2.1 Fabrication of 3D porous ZnO@Fe scaffolds

The 3D porous Fe scaffolds were fabricated via a facile

template-assisted electrodeposition method, as detailed in

our previous work [19]. Briefly, open-cell polyurethane

(PU) foams coated with conductive colloidal graphite were

used as the templates. A ferrous chloride solution

(FeCl2�4H2O) with pH 2.5 was used as the electrolyte.

Conductive PU foams and two pure Fe sheets were used as

the cathodes and the double anodes, respectively. Elec-

trodeposition was performed at a current density of

0.06 A�cm-2 for 2 h using a direct current (DC) power

supply, during which the temperature was maintained at

50 �C by a water bath. The template was then removed

after heat-treated at 550 �C for 1 h and 950 �C for another

1 h in a tube furnace with a constant flow (f) of nitrogen-

hydrogen mix gas (f(N2):f(H2) = 8:1).

The porous Fe scaffolds were cut into disks with a

dimension of U10 mm 9 3 mm using electrical discharge

machining. In order to remove the oxides and contaminants

on the skeleton surface of as-fabricated scaffolds and

obtain a uniform and smooth ZnO thin film, porous Fe

scaffolds were ultrasonically cleaned with acid solution (a

mixture of 10 vol% HCl and 10 vol% H2SO4), ethanol and

deionized water sequentially and dried in a vacuum oven

(SalvisLAB, VC 20, Swiss) at 60 8C for 2 h.

The deposition of ZnO thin film was carried out in a

Picosun R-200 ALD system (Picosun Oy, Finland) with a

working base pressure of 600 Pa. Diethylzinc (Zn(C2H5)2,

DEZn; 99.98%; Valley Gas Co., Ltd., Shenzhen, China)

and deionized water were used as the precursors for the

deposition of ZnO. High purity nitrogen gas (99.9999%)

was used as carrier and purge gas in each cycle. A sche-

matic illustration of the process of atomic layer deposited

ZnO thin film on 3D porous Fe scaffolds is presented in

Fig. 1. Optimized processing parameters including carrier

gas flow, plus and purge time for deposition of ZnO thin

film were listed in Table 1. The deposition temperature was

set at 200 �C, and the typical growth rate was 0.19 nm per

cycle by using DEZn and H2O [40].

The chemical reaction in the process can be summarized

in the following equation:

Zn CH3CH2ð Þ2(g) + H2O(g) �!
200 �C

ZnO(s)þ 2C2H3(g) ð1Þ

2.2 Material characterization

The surface morphology and composition of the deposited

thin film were characterized by a field emission scanning

electron microscope (FESEM, Tescan MIRA3, Czech

Republic) equipped with energy dispersive X-ray spec-

troscopy (EDX, AZtec EDX system with an X-MaxN

50 mm2 silicon drift detector, Oxford Instruments, UK).

The thickness of ZnO film was confirmed by a focus ion

beam system (FIB, Helios NanolabTM 600i, FEI, USA).

The phases of the coated and bare Fe scaffolds were

identified by X-ray diffraction (XRD) recorded by a

diffractometer (Rigaku Smartlab-9 kW, Japan) in the 2h
range from 30� to 55� using a Cu Ka (k = 0.15406 nm,

45 kV, 200 mA) as the radiation source.
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2.3 In vitro biodegradation tests and ions release

The effect of ZnO thin film on degradation behavior of

porous Fe scaffolds was studied by static immersion tests

according to ASTM NACE TM0169/G31-12a (2012). The

two groups of scaffolds (bare porous Fe scaffolds and

ZnO@Fe) with size of U5 mm 9 3 mm were weighted

before immersed in 3 ml Hank’s solution [41] in centrifuge

tubes and the centrifuge tubes were kept in a shaking water

bath (Memert WNE 14, Germany) at 37 �C for 28 days. At

each predefined time point (7, 14, 21 and 28 days), the pH

values of solutions were measured. After immersion, the

scaffolds were gently rinsed with ethanol and dried in a

vacuum oven at 60 �C for 2 h. Then, the corrosion mor-

phology and products were examined by SEM and EDX.

After removing the degradation products from the skeleton

surface by immersion in a 10 mol�L-1 NaOH solution

according to the standard of ASTM G1-03(2017)e1, the

scaffolds were weighted again. The weight loss (WL) per-

centages were then calculated using the following

equation:

WL ¼ Wo �Wið Þ=Wo � 100% ð2Þ

where Wo and Wi were the original weight and the weight

after immersion in Hank’s solution for the predefined times

and removing degradation products, respectively.

The amounts of Fe and Zn ions released from scaffolds

in Hank’s solution for 28 days were measured by induc-

tively coupled plasma mass spectrometry (IPC-MS, Agi-

lent 7700x, USA). At each time point, 1 ml solution was

collected for ICP-MS analysis and 1 ml fresh Hank’s

solution was added to keep the sample/solution volume

ratio a constant.

2.4 Antibacterial activity assay

The antibacterial activity of ZnO thin film was investigated

using spread plate method. Both Gram-negative Escherichia

coli (E. coli, ATCC 25922) and Gram-positive Staphylococ-

cus aureus (S. aureus, ATCC 29231) of standard strains were

used. Luria-Bertani (LB) culture medium and the agar plates

were sterilized by autoclaving at 121 �C for 15 min. The

samples were first sterilized by 75% ethanol and rinsed with

sterilized phosphate-buffered saline (PBS,HyCloneTM,USA)

three times, then were transferred into a 48-well plate

(Costar�, NY, USA). Each well was added with 400 ml

diluted bacterial suspension (1 9 106 CFU�ml-1, where CFU

represents colony-forming unit). After 24 h incubation at

37 �C in an incubator, the bacterial suspension in each well

was transferred to a sterilized tube. Each sample was washed

by sterilized PBS three times to collect the bacteria on scaf-

folds. Then, the bacterial suspension was diluted tenfold by

sterilized PBS, and 100 ll diluted suspension was dropped

and spread on LB agar plates, and the agar plates were incu-

bated at 37 �C for another 24 h. Finally, the number of colo-

nies on each agar plate was counted. The antibacterial rate of

ZnO@Fe scaffolds was calculated by the following formula:

Antibacterial rate =
CFUFe � CFUZnO@Fe

CFUFe

� 100% ð3Þ

where CFUFe and CFUZnO@Fe represent the numbers of

CFUs of porous Fe and ZnO@Fe scaffolds, respectively.

The bacterial morphology was observed by SEM. The

bacteria on the samples were fixed with 4%

paraformaldehyde for 30 min at room temperature, dehy-

drated in a series of ethanol, freeze-dried and sputter-

coated with platinum for SEM observation.

Fig. 1 Schematic illustration of process of atomic layer deposited ZnO coating on 3D porous Fe scaffolds

Table 1 ALD process parameters for ZnO thin film

Reactants Carrier gas flow/(ml�min-1) Plus time/s Purge time/s

DEZn 150 0.1 4

H2O 200 0.2 4
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2.5 In vitro cytotoxicity evaluation

2.5.1 Osteoblast proliferation by MTT assay

The effect of ZnO thin film on cytotoxicity of porous Fe

scaffolds was evaluated using the extraction method

according to ISO 10993-5:2009(E). Mouse calvaria pre-

osteoblasts, known as MC3T3-E1 (subclone 14) cells, were

purchased from the Cell Bank of the Chinese Academy of

Sciences (Shanghai, China). MC3T3-E1 pre-osteoblasts

were cultured in alpha minimum essential medium (a-
MEM, Gibco�, USA) containing 10 vol% fetal bovine

serum (FBS; Hyclone) and 1 vol% streptomycin-penicillin

(Antibiotic-Antimycotic, Hyclone, USA) in a humidified

atmosphere of 95% air and 5% CO2 at 37 �C. The extracts
of scaffolds were prepared in accordance with the standard

ISO 10993-12:2012. The two groups of scaffolds were first

ultrasonically cleaned in ethanol and distilled water,

respectively, and then sterilized by ultraviolet irradiation

and immersion in 75% ethanol. After washed with sterile

PBS and serum-free a-MEM, the sterilized scaffolds were

then immersed in a-MEM for 24 h in the cell incubator.

The ratio of volume of medium and weight of scaffold was

set as 0.2 g�ml-1. The collected a-MEM was centrifuged

and supplemented with 10 vol% FBS and 1 vol% mixed

solution of penicillin and streptomycin.

The cells were seeded in 96-well plates with a density of

1 9 104 cells per well. After a pre-culture for 24 h in

100 ll complete a-MEM, culture media were replaced

with complete a-MEM, extracts, and a-MEM with

10 vol% dimethyl sulfoxide (DMSO) which was negative,

test and positive group, respectively. After incubation for 1,

2 and 4 days, the culture media were replaced with serum-

free a-MEM at each time point, following by adding 10 ll
(5 mg�ml-1) MTT solution (Solarbio, China). After another

4 h incubation, the media were removed and a volume of

150 ll DMSO was added to each well to dissolve the

formazan crystals, then optical density (OD) of each well

was measured using a multi-mode microplate reader

(Biotek, Cytation 3) at the wavelength of 570 nm and the

reference wavelength of 630 nm, respectively.

2.5.2 Immunofluorescence staining

The cytoskeletal filamentous actin (F-actin) and nuclei

were also stained for fluorescence microscopy observation.

The cells on scaffolds after 1 day of incubation were gently

rinsed by PBS and fixed in 4% paraformaldehyde for

15 min at room temperature, followed by an immersion in

0.1% Triton X solution for another 15 min. Then the cells

were blocked in 3% bovine serum albumin (BSA) for

30 min. 10 mg�ml-1 Alexa FluorTM 568 Phalloidin

(Thermo Fisher ScientificTM, A12380, USA) in PBS

solution containing 3% BSA was used to stain actin fila-

ments, and 1 mg�ml-1 Hoechst 33258 was used to stain cell

nuclei. After washing with PBS, the cells were observed by

a fluorescence microscope (Zeiss Axio Observer Z1,

Germany).

2.6 Statistical analysis

All data in the present work were expressed as

means ± standard deviations (SD) of at least three inde-

pendent experiments. A one-way ANOVA was conducted

and a statistical significance was defined as *p\ 0.05 and

**p\ 0.01.

3 Results

3.1 Characterization of scaffolds

The phase of the deposited thin film was confirmed by

XRD (Fig. 2). In comparison with the bare porous Fe

scaffolds, three additional reflections at 2h = 31.7�, 34.4�
and 36.2�, which were assigned to be (100), (200) and

(101) of ZnO, respectively, were also observed in XRD

pattern of the ZnO@Fe scaffolds. The deposited ZnO had a

wurtzite structure (JCPDS No.36-1451).

Figure 3 shows a comparison of the morphology

between the bare porous Fe and ZnO@Fe scaffolds. The

as-fabricated Fe scaffolds have a highly 3D porous struc-

ture (porosity of 91%) with an average pore size of

(345 ± 82) lm and skeleton diameter of (143 ± 16) lm.

Such 3D porous structure with interconnected pores would

facilitate transport of nutrients and metabolic waste, allow

the ingrowth of the new tissue and promote the repair of

bone defects. After 600-cycles ALD-ZnO deposition, the

color of porous Fe scaffolds changed from brown to light

violet. The color change could be attributed to nanometer

size effect of the ZnO thin film (note that the direct

Fig. 2 XRD patterns of porous Fe and ZnO@Fe scaffolds
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bandgap (Eg) of ZnO is * 3.3 eV). SEM images further

revealed that the deposited thin film consisted of dense

equiaxed ZnO nanoparticles, uniformly covering the

skeletons of the porous Fe scaffolds. FIB-milled cross

section showed that the ZnO thin film was tightly bonded

to the skeleton substrate with a thickness of * 76 nm.

Such nanometer-thick thin film could still maintain the 3D

interconnectivity of the porous scaffold.

The chemical composition and elemental distribution of

the as-deposited scaffolds were further examined by EDX.

As presented in Fig. 4, besides the iron substrate, both zinc

and oxygen elements showed uniform and continuous

distributions on the skeletons, indicating that the deposited

ZnO thin film was uniform.

3.2 In vitro degradation and ions release

The effect of ZnO thin film on degradation behavior of bare

porous Fe scaffolds was investigated by immersion tests in

Hank’s solution. Figure 5 shows the morphology of the two

groups of porous scaffolds after immersion in Hank’s

solution for 7, 14, 21 and 28 days, respectively. The bare

porous Fe scaffolds showed severe corrosion. After 7 days,

a mass of degradation products was observed, forming a

loose layer on the skeleton surface (Fig. 5a). With the

increase of immersion time, the corrosion became much

severer. After 28 days, the skeleton of bare porous Fe

scaffolds was covered with large agglomerates of corrosion

products. In the higher magnification images (insets in

Fig. 5a–d), the precipitates layer consisted of a large

amount of spherical particles with size of several microns.

The precipitates layer showed weak adherence to the iron

surface, and cracks and peeling off were observed on the

surface. EDX analysis on the loose precipitates layer after

immersion for 28 days showed that this layer mainly

consisted of O, P, Fe and Ca, indicating the formation of

phosphates on the iron surface (Fig. S1a–c). On the con-

trary, ZnO@Fe scaffolds showed only a slight change in

structure and morphology even after 28 days immersion

(Fig. 5h). High magnification SEM images showed that a

small amount of spherical precipitates was located on the

dense and uniform ZnO coating. EDX analysis confirmed

that these spherical particles were composed of Zn, Fe, O,

P and Ca, implying that these particles were phosphates

(Fig. S1e). This means that the deposited ZnO nanothick

coating significantly reduced the corrosion rate of the

porous Fe scaffolds.

WL was a direct index to assess the extent of degradation

of materials. The WL of bare porous Fe scaffolds was

2.99% ± 0.44% after immersion for 7 days and

9.86% ± 1.82% after 28 days (Fig. 6a), indicating fast

degradation. However, after coated with a 76 nm-thick

ZnO layer, the WL of ZnO@Fe scaffolds showed negative

values even after 21 days, suggesting weight gain after

Fig. 3 Morphology of 3D porous Fe and ZnO@Fe scaffolds: a photograph showing distinct appearance of original 3D porous Fe and
ZnO@Fe scaffolds; SEM images of b porous Fe and c ZnO@Fe scaffolds and (insets) images with higher magnifications;
d secondary electron image of FIB-milled cross section of the skeleton of ZnO@Fe scaffold
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Fig. 4 Composition analysis of ZnO@Fe scaffold: a SEM image of skeleton of ZnO@Fe scaffold and (inset) representative EDX
spectrum; b–d corresponding EDX elemental maps of Fe, Zn and O, respectively

Fig. 5 Comparison of surface morphology (SEM images) of a, b, c, d porous Fe and e, f, g, h ZnO@Fe scaffolds after immersion for
predefined time intervals and (insets) images with higher magnification

Fig. 6 a Weight loss, b evolution of pH in the solution and c ions release profiles with varying immersion time (n = 3, *p\ 0.05,
**p\0.01)
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immersion. The measured pH values of the Hank’s solu-

tions steadily increased with immersion time for both

group of samples and the solutions with bare porous Fe

scaffolds showed higher values which increased from

7.77 ± 0.07 to 8.51 ± 0.05 after 28 days (Fig. 6b).

The cumulative concentrations of released ions from the

scaffolds during immersion were measured by ICP-MS. As

shown in Fig. 6c, in the bare porous Fe scaffolds group, the

cumulative concentration of the released Fe ions linearly

increased with the immersion time, from (88.00 ± 5.76)

mg�L-1 at the first day to (1789.00 ± 189.11) mg�L-1 at the

twenty-eighth day, which indicated the rapid degradation

of iron. However, after deposited with ZnO film, the

released Fe ions were dramatically decreased, only

(135 ± 14.69) mg�L-1 at the twenty-eighth day

(* 4.8 mg�L-1�day-1), which suggested that the coated

ZnO thin film significantly reduced the degradation rate of

bare porous Fe scaffolds. In addition, the release of Zn ions

was also observed, despited at a low level during the

immersion period. The average released concentration of

Zn ions was about 1.9 mg�L-1�day-1 in Hank’ solution,

which was much lower than the recommended upper limit

for the daily intake of zinc [42].

3.3 Antibacterial activity

Figure 7 shows the typical photographs of agar media with

bacterial colonies and the corresponding numbers of CFUs

after 24 h incubation with bare porous Fe scaffolds and

ZnO@Fe. After incubation with bare porous Fe scaffolds,

the numbers of E. coli and S. aureus bacteria were

(44.08 ± 5.97) 9 105 and (168 ± 41.48) 9 105 CFUs per

piece, respectively. In comparison, the numbers of E. coli

and S. aureus bacteria reduced to (5.74 ± 1.18) 9 105 and

(19.47 ± 6.32) 9 105 CFU per piece in ZnO@Fe group,

respectively. The calculated antibacterial rates were 87.0%

and 88.4% against E. coli and S. aureus, respectively.

These results indicate that after deposition of ZnO nano-

layer, the antibacterial ability of iron scaffolds is signifi-

cantly enhanced against both Gram-negative and positive

bacteria.

To reveal the antibacterial mechanism, the morphology

of the bacteria adhered to the skeletons of the scaffolds was

observed by SEM, as shown in Fig. 8. After 24 h incuba-

tion with porous Fe scaffolds, many E. coli cells adhered to

the skeleton of the bare porous Fe scaffolds, showing

typical rod-shaped appearance. Under higher magnifica-

tion, the well-developed bacterial cell structure was

observed. On the contrary, a much smaller number of

E. coli cells were found on the ZnO@Fe scaffolds, and the

bacterial cells were withered and even lysed, as marked

with dashed circles. A similar phenomenon was also found

for S. aureus. The round-shaped S. aureus cells grew well

on the bare porous Fe scaffolds, however, the bacterial

cells were distorted and collapsed on the ZnO@Fe porous

scaffolds.

3.4 In vitro cytotoxicity

Given that the atomic layer deposited ZnO thin film can

significantly increase the antibacterial activity of porous Fe

scaffolds, the cytotoxicity should also be evaluated. The

proliferation of MC3T3-E1 cells in 100%, 75% and 50%

extracts after 1, 2 and 4 days incubation is presented in

Fig. 9. Even though the cell viability at the first day is 96%

in extract of porous Fe scaffolds, 100% extracts of both

porous Fe and ZnO@Fe scaffolds show strong cytotoxicity

to MC3T3-E1 cells (Fig. 9a). When diluted to 75% with a-
MEM, extracts of porous Fe scaffolds present no cytotox-

icity; however, extracts of ZnO@Fe scaffolds still hold

tough cytotoxicity (Fig. 9b). When further diluted to 50%

with a-MEM, the cytotoxicity of both groups’ extracts is

significantly reversed. Both porous Fe and ZnO@Fe scaf-

folds become cytocompatibility under this condition. At the

fourth day, ZnO@Fe even performs better than porous Fe

scaffolds (Fig. 9c). These results give evidence that the

viability of MC3T3-E1 cells has a strong correlation with

the concentrations of extracts, meaning that diluting

extracts could decrease the cytotoxicity of both porous Fe

and ZnO@Fe scaffolds, and ZnO@Fe has better cyto-

compatibility than porous Fe scaffolds when diluted to a

certain concentration.

The cell adhesion on scaffolds was also observed by

fluorescent microscope after 24 h incubation, as shown in

Fig. 10. No cells were found on bare porous Fe scaffolds.

This is probably due to the fast degradation of porous Fe

which is not suitable for cell attachment. In contrast, a

considerable number of cells were found on ZnO@Fe

scaffolds. Both nuclei and the F-actin could be clearly

observed (Fig. 10c, d). However, MC3T3-E1 cells did not

grow and spread well, presenting in round shape, not the

typical elongated morphology [43]. Similar morphology

was also observed in previous studies [44, 45], probably

caused by free Zn ions in culture medium. These results

suggest that the deposited ZnO thin film could promote the

cell adhesion on porous Fe scaffolds.

4 Discussion

Iron is an essential trace element for human bodies and

plays a significant role in bone metabolism. In addition, Fe-

based alloys show excellent mechanical properties and

slow degradation rate, which offer sufficient mechanical

support and prolonged maintenance for new bone ingrowth

[10]. However, the slow degradation rate delays the bone
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Fig. 7 Representative photographs of colonies of E. coli and S. aureus on porous Fe and ZnO@Fe scaffolds and statistical analysis of
total colony-forming units (CFU/piece) (n = 3, **p\0.01) after 24 h incubation

Fig. 8 SEM images and (insets) higher magnificated images of E. coli and S. aureus after 24 h incubation with scaffolds: E. coli on
a porous Fe and b ZnO@Fe scaffolds (dotted circles in b marking apoptotic E. coli cells); S. aureus on c porous Fe and d ZnO@Fe
scaffolds
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healing period. Moreover, the intrinsic lack of antibacterial

properties could induce peri-implant inflammation reaction

due to the bacterial infection introduced during surgical

operations, which directly leads to the orthopedic implant

failure. Given the above-mentioned challenges, in the

present work, we have fabricated the Fe scaffolds in 3D

porous form to accelerate the degradation and then coated

nanometer-thick ZnO film using ALD on the skeleton

surface of the porous Fe scaffolds to prevent the formation

of biofilm. The obtained ZnO@Fe scaffolds show strong

antibacterial ability, and could promote cell adhesion

without sacrificing biocompatibility.

Distinct from the flat substrates with regular shape, the

3D interconnected open pore structure of the scaffolds

poses a grand challenge to uniform coating which is in

great demand for surgical applications. In terms of fabri-

cating ZnO films or coatings, many techniques have been

used including sol-gel technique [46], reactive radio fre-

quency magnetron sputtering [35], hydrothermal synthesis

[47, 48] and ALD [49]. Sol-gel technique includes two

steps: (i) ZnO nanoparticles synthesis and (ii) spin coating,

thus it only works for coating ZnO on plates or other

regular specimens. Although ZnO films prepared by mag-

netron sputtering are dense, uniform and adherent to sub-

strates, they cannot coat internal surface of porous

scaffolds due to the shadow effect. Regarding to the nature

of liquid phase reactions, ZnO coatings can be synthesized

on the internal surface of porous scaffolds. However, the

obtained coatings always show loose structure and weak

bonding to the substrate. The ZnO synthesized by

Fig. 9 MC3T3-E1 cells proliferation on porous Fe and ZnO@Fe scaffolds: a 100% extraction medium; b 75% extraction medium;
c 50% extraction medium (n = 3, *p\0.05, **p\0.01)

Fig. 10 Fluorescent images and higher magnificated images of MC3T3-E1 cells adhered to skeletons of a, b porous Fe (the
insets are corresponding ones captured in bright field) and c, d ZnO@Fe scaffolds after 1 day of incubation
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hydrothermal method is often in the rod shape with high

aspect ratios and in the micrometer-scale thickness [47],

which can easily be peeled off from the skeletons surface

during surgical operations. ALD is an advanced film fab-

rication technique which can precisely control thin film at

the Angstrom or monolayer level. The obtained thin film is

smooth and pinhole-free due to the nature of sequential,

self-limiting surface reactions. Moreover, the feature of gas

phase reactions extends the applications of ALD to the

substrates in complex shape. Thus, it is suitable for

depositing high quality ZnO thin films with nanometer-

scale thickness on the 3D porous Fe scaffolds. In this work,

dense, uniform and well-adhered ZnO thin film with a

thickness of below 100 nm were successfully deposited on

the skeleton surface of porous Fe scaffolds, and the con-

nectivity and open pore structure were well reserved.

The degradation in physiological environment is a crit-

ical factor to the performance of metallic implants. During

degradation, the metallic implants would release ions or

particles into local environment which would affect bio-

compatibility. In addition, too fast degradation of porous

biodegradable metals could also lead to mechanical failure.

In this study, the bare iron scaffolds show severe corrosion

after 28 days in Hank’s solution, which was also demon-

strated in other studies [9, 18]. The mechanism of corrosion

of iron is known as localized corrosion [9, 50]. The cor-

rosion products after 28 days was identified to be mainly c-
Fe2O3 (Fig. S2). The corrosion process is summarized as

Eqs. (4, 5):

2Fe + 2H2O + O2 ! 2FeO�H2O ð4Þ
4FeO�H2O + O2 ! 2Fe2O3 + 4H2O ð5Þ

However, after deposition of nanometer-thick ZnO, the

degradation rate was apparently reduced, as demonstrated

by both ICP-MS analysis and the increasing pH. As is well

known, ZnO is a typical amphoteric oxide which can react

with Hþ as well as OH� and release Zn ions to the solution.

Previous studies have demonstrated that slow release of Zn

ions could enhance the alkaline phosphatase (ALP)

activity, extracellular matrix (ECM) mineralization and

osteogenic related genes or proteins expression [38, 51].

However, rapid release of Zn ions has negative effect on

the cellular growth and proliferation [52]. In this study, the

release of Zn ions is only 1.9 mg�L-1�day-1, which is much

lower than the recommended upper intake limit of zinc.

The precipitation of phosphates on the skeleton surface is

expected to enhance cell adherence and promote

biocompatibility.

The formation of biofilm on the implants after surgical

operation poses another challenge for metallic scaffolds. It

has been demonstrated that iron has no antibacterial ability,

and bacteria could easily form biofilm on its surface [53].

However, in the present study, nanometer-thick ZnO thin

film enables porous iron scaffolds strong antibacterial

ability against both Gram-positive and negative bacteria.

Regarding to the antibacterial mechanism of ZnO, it is still

in debate. Generally, four mechanisms have been pro-

posed: (1) reactive oxygen species (ROS) mechanism

[54–56], (2) zinc ions [57–59], (3) electrostatic interaction

[60] and (4) membrane penetration [61, 62]. In this study,

the zinc ions mechanism is more reasonable for the fol-

lowing factors: (1) The sustained release of a trace amount

of Zn ions was observed in the immersion tests. (2) No

ultraviolet radiation treatment on the scaffolds before

antibacterial evaluation and the scaffolds with culture

medium had never been exposed to visible light during the

whole incubation period. Therefore, ROS has seldom

chance to form. (3) The electrostatic interaction with bac-

terial cell membranes and membrane penetration mostly

occurs when ZnO is in the form of nanoparticles. Zn ions

could probably react with the membrane of bacteria

resulting cell deformation and lysis [44, 63]. The sustained

release of Zn ions could maintain the long-term antibac-

terial performance. Moreover, taking advantage of ALD,

the thickness of ZnO films can be easily controlled by

changing reaction cycles to meet the demand on different

antibacterial period, which is significant to lower the risk of

inflammation and inhibit biofilm formation during bone

repair.

The in vitro cytotoxicity evaluation shows that ZnO@Fe

scaffolds have certain cytotoxicity to MC3T3-E1 cells. It is

found that the biocompatibility of Zn-based scaffolds

in vitro is highly related to the concentration of Zn ions

released in media that low concentration of Zn ions could

increase the cell viability, proliferation, adhesion and

osteogenic differentiation while high concentration exhi-

bits strong cytotoxicity [52, 64–66]. The results in this

work also confirm this concept, furthermore the diluting

process indicates that with the help of dynamic substance

exchange in local microenvironment in vivo, the cytotox-

icity of ZnO@Fe scaffolds could be eliminated. For in vivo

implants, mass exchange in biological bodies could

accelerate the removal of excess Zn ions and corresponding

degradation products in time; meanwhile, Zn ions could

rapidly react with HPO2�
4 in surrounding microenviron-

ment and produce zinc phosphates, which show high bio-

compatibility [44, 67]. Thus, a good performance would be

expected when ZnO@Fe scaffolds are implanted in vivo.

5 Conclusion

In summary, we presented a facile and effective strategy to

coat dense and uniform ZnO thin film on the 3D porous Fe
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scaffolds with interconnected micropores. After coated

with ZnO thin film, the degradation rate of the porous Fe

scaffold was dramatically reduced. The ZnO@Fe scaffolds

showed excellent antibacterial activity, with the antibac-

terial rate up to 87.0% and 88.4% against E. coli and S.

aureus, respectively, without sacrificing the cytocompati-

bility. The antibacterial mechanism was probably attrib-

uted to the sustained release of Zn ions. The fabricated 3D

porous ZnO@Fe with interconnected pores offers a

promising antibacterial scaffold for bone repair and

regeneration. Additionally, the present study also demon-

strates that ALD is an effective method to coat thin films on

the 3D porous scaffolds.
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