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The antibacterial effect of Fe-based, Ni-based and Cu-based metallic glasses has been studied in this research. All test metallic 
glasses were found to inhibit growth of Esherichia coli. The optical density value of E. coli flocculation exposed to metallic 
glasses, from which the number of bacteria was determined, was 65% lower than that of the match group, and 57% lower than 
that of the ferrite group. Moreover, the antibacterial effect was not significantly different (σ=0.05) between Cu-based, Ni-based 
and Fe-based metallic glasses. These results extend our understanding of the antibacterial effect of metallic antibacterial materials, 
and suggest new applications for metallic glasses. 
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Traditional antibacterial agents may be of natural biological, 
organic or inorganic form. Chitosan is one of the main nat-
ural biological antibacterial agents. It is the partial deacety-
lation product of chitin, which is the main structural com-
ponent of invertebrate exoskeleton. Besides bacteriostatic 
action, this natural material has been utilized widely for a 
long time, in tasks such as soil improvement, hemostasis, 
enhancing healing. However, the commercialization of chi-
tosan is hindered by limitations in current manufacturing 
techniques. Organic antibacterial agents are used extensive-
ly for sterilization, antisepsis and mildew proofing. Alt-
hough efficient, broad-spectrum and durable, they are sub-
ject to poor heat-resistance, easy hydrolysis and biological 
safety doubts [1]. 

Among the inorganic antibacterial agents, metals and 
photocatalysts are most commonly used. Most metallic ions 
exhibit antimicrobial effect. For efficiency and safety rea-
sons, silver, copper and zinc are the most widely available 
metallic antibacterial agents. Previous studies have referred 
to these metals as component or additive, since they can be 
combined with other materials to construct antibacterial 

materials [2,3].  
Photocatalysts such as titanium oxide (TiO2) reportedly 

inactivate bacteria, molds, viruses, and even cancer cells 
[4–8]. Since the post-separation of the powder catalyst in a 
slurry system is a major impediment in photocatalyst pro-
duction [9,10], immobilized TiO2 with high surface area 
(e.g., porous TiO2 thin film) is favored for antimicrobial 
applications [2–4,11–14]. 

Nano materials are currently gaining favor as antibacteri-
al materials. These are generally composites with nano an-
tibacterial coating or containing nano antibacterial com-
pounds. They have increased surface area and improved 
efficiency over conventional materials [15,16]. However, 
having entered the human body, the nano material indis-
criminately destroys all cells, including human cells and 
symbiotic bacteria. Moreover, nano materials can easily 
penetrate the cell wall, and can pass the blood-brain barrier. 
The safety of nano antibacterial materials has yet to be 
demonstrated [17–19]. 

Metallic glasses such as ferrite core have already found 
use in industry [20–22]. However, apart from electronics, 
metallic glasses are rarely employed as functional materials, 
in particular, as antibacterial materials. In this paper, the 
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antibacterial effect of Fe-based, Cu-based and Ni-based 
metallic glasses is presented and analyzed.  

1  Materials and methods 

1.1  Bacterial strain and flocculation 

The bacterial strain (E. coli KNabc) was offered by Prof. 
Terry A. Krulwich (Department of Biochemistry, Mount 
Sinai School of Medicine of the City University, New York, 
USA). A single colony from an agar plate was inoculated 
into 5 mL potassium-modified Luria broth (LBK) and 
grown for 12 h in a shaker at 180 r/min at 37°C until the 
cultures reached mid-exponential phase. Mid-exponential 
phase cultures were stored at 4°C. 

1.2  Metallic glasses 

Excepting Fe-based metallic glasses Fe78Si9B13, which were 
obtained from the Advanced Technology & Materials Co. 
(Beijing, China), all metallic glasses used in this work were 
produced by melting-spinning. A list of the materials tested 
is provided in Table 1. The metallic ribbons were cut into 
sections of length not exceeding the liquid level. The ribbon 
samples should not expose to the air. Each material was 
tested in triplicate, with mass of all 3 test samples main-
tained equal. Materials were sterilized under ultraviolet light 
for 30 min prior to experiment. An iron nail was used as a 
control sample. 

1.3  Bacterial culture medium 

The LBK nutrient broth (1% tryptone, 0.5% yeast powder, 
87 mmol/L KCl) was prepared by dissolving 10 g tryptone, 
5 g yeast powder and 6.48 g KCl fully in deionized water. 
The pH was adjusted to 7.0–7.2 with NaOH, water was 
added to a volume of 1 L and the solution sterilized by au-
toclaving at 121°C for 20 min. The medium was stored at 
4°C for future use. 

1.4  Antibacterial test 

Prior to microbiological experimentation, all glass wares 
were sterilized by autoclaving at 127°C for 15 min. 

(i) Shaking culture.  The precursor flocculation of E. 
coli was diluted by a factor of 20 with LBK to yield the  

Table 1  Metallic glasses tested for antimicrobial activity 

Code name Contents 
Cu1 Cu64Hf36 
Cu2 a) Cu64Hf36 
Cu3 Cu62Hf38 
Ni1 Ni66Hf34 
Ni2 Ni64Hf36 
Fe1 Fe78Si9B13 

a) Unannealed. 

diluted E. coli flocculation. The 5 mL aliquots of the diluted 
flocculation were dispensed into test tubes, to which were 
then added the test metallic glasses. Test tubes were incu-
bated in a shaker for 8 h at 180 r/min, 37°C. A tube without 
metallic glasses was used as the background in test. The 
number of bacteria in the sample was determined turbidi-
metrically by measuring optical density (A) at 600 nm.  

(ii) Inhibition zone.  A substrate was prepared by add-
ing 20 g/L agar to LBK and was sterilized by autoclaving at 
121°C for 20 min. After this mixture had been cooled to 
50°C, 20±5 mL was poured into each petri dish and allowed 
to set. The 250 μL precursor flocculation of E. coli has 
smeared on the surface of the culture. For each metallic 
glass, 3 samples per dish were prepared. Zone of inhibition 
around the test sample (measured in mm) provides an assay 
of the antimicrobial activity of the specified metallic glass. 

2  Results 

The growth of shaking culture is shown in Figure 1. The 
A600 value of the control sample (iron nail) was 81.2% that 
of the blank control (CK). For test tubes containing metallic 
glasses, A600 was less than 60% that of CK. Apart from 
Ni66Hf34(Ni1), there was no significant difference (=

 0.05) 
between the tested metallic glasses. 

Before addition of metallic glasses, the 5% (v/v) diluted 
flocculation was cultured at 37°C by shaking at 180 r/min 
for 8 h. The optical densities of the resulting cultures are 
shown in Figure 2. The antibacterial effect of metallic 
glasses was greatly reduced or eliminated after prolonging 
the incubation period. Compared to Figure 1, the A600 value 
of tubes containing metallic glasses exhibited a dramatic 
rise, up to 107.15% relative to CK. Optical densities of cul-
tures exposed to iron, however, did not alter appreciably 
under prolonged incubation ( = 0.01). 

The agar culture was used to measure diffusion of the 
metallic glasses in water. Figure 3 illustrates the radius of 
inhibition zone produced by different metallic glasses and  
 

 
Figure 1  Optical densities of E. coli cultures exposed to different metal-
lic glasses after shaking for 8 h. 
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Figure 2  Optical densities of diluted E. coli colonies exposed to different 
metallic glasses (5% (v/v) dilution flocculation; cultivation prolonged by 8 
h following addition of the glass). 

iron as a function of time. For iron, the radius of inhibition 
expanded to 24 mm during the first 8 h and was thereafter 
stable, whereas the radius of metallic glasses reached negli-
gible 4 mm at most. As time increased, the radius of metal-
lic glasses fluctuated around some low value, frequently 
becoming lost. 

The Fe-based metallic glasses Fe78Si9B13 (Fe1) display 
the highest inhibition radius among the test metallic glasses. 
The inhibition zone of this material was enlarged at first and 
then narrowed. Ignoring the growing bacterial colony, two 
changing zones emerged; that appearing on the surface cen-
ter of Fe1 enlarged constantly and almost covered the entire 
Fe1 surface after 24 h (see Figure 4). 

Another zone (the inhibition zone) appeared around the 
Fe1. This zone exhibited the largest radius of the test metal-
lic glasses and also faded the fastest. Interestingly, a clear 
white boundary was visible, created by the high density of  
E. coli within the colony. As time increased and the inhibi-
tion zone waned, the white boundary synchronously faded. 
After 24 h (see Figure 3), this boundary had disappeared. 

3  Discussion 

The effect of metallic glasses depends markedly on the 
concentration of flocculation in bacterial cultures incubated 
with shaking. The A600 value of tube containing Ni66Hf34  

 
Figure 3  The radius of inhibition zone for different metallic glasses (with 
iron as the control) versus time. 

(Ni1) was 34.89% that of CK at normal culture, but up to 
102.71% that of CK after prolonged incubation. The Ni1 
appeared to lose its effect when the number of E. coli in-
creased to high levels.  

Tang et al. [17] have reported a similar phenomenon in 
bacterial cultures exposed to C60. They reported a decline in 
E. coli growth after addition of C60 and a return to normal 
growth rate after several hours, at C60 concentrations of 20 
and 40 mg/L. However, most of our cultures exposed to test 
metallic glasses have higher A600 values than that of CK 
(Figures 1 and 2). The possibility of bacterial growth as a 
cause of the phenomenon has been ruled out. Turbidimetric 
measurements are easily disrupted by suspended particles. 
Thus, the increased A600 value relative to CK might be at 
least partly caused by reaction products of metallic glasses.  

In this experiment, the dosage of metallic glasses was 
maintained constant, but bacterial growth increased. By 
contrast, Tang et al. [17] increased metallic glass dosage in 
proportion to bacterial growth, and obtained the same re-
sults for metallic glasses as for C60. Therefore, we suggest 
that metallic glasses are inhibitors rather than eliminators of 
bacterial growth.  

Chitosan can prevent implantation of E. coli, cells by de-
stroying the bacterial biofilm which protects them from be-
ing washed away [14]. The metallic glasses might be capa-
ble of the same action within their inhibition zones. The free 
bacteria could then implant only following departure from 
the inhibition zone. Within the region of the metallic glasses 
and their imposed inhibition zones, bacteria are free to  

 

 
Figure 4  The Fe78Si9B13 metallic glass and its inhibition zone at different time. 
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move but cannot attach. This hypothesis can account for the 
observed inhibition zone boundaries.  

In former studies, inorganic antibacterial materials have 
been shown to destroy bacteria via atom and ion contact. The 
diffusion of metallic atoms or ions obeys Fick’s law, given by 

 J D    ,  (1) 

where J is the amount of a material passing through a unit 
area perpendicular to the motion of the material, per unit 
second, D is the diffusion coefficient, and  is the concen-
tration gradient of the metallic atoms or ions.  

Metallic antibacterial effect was found to increase in the 
order Hg>Ag>Cd>Zn>Ni. However, the Fe-based and 
Ni-based metallic glasses exhibit the same effect as the 
Cu-based metallic glasses. With the exception of Cu64Hf36 
(Cu1) and Ni66Hf34 (Ni1), which demonstrate the abnormal 
behavior apparent in Figures 1 and 2, the antibacterial effect 
of metallic glasses is relatively consistent. In other words, 
the antibacterial effect of metallic glasses depends little on 
their metal constituents. The abnormal results of Cu1 and 
Ni1 can be attributed to human factors. The results for Cu2 
do not exhibit the abnormal behavior of Cu1, despite Cu1, 
and Cu2 sharing a metal constituent. 

Considering that diffusion of metal ions within metallic 
glasses is expected to differ between the test samples, it is 
interesting that the antibacterial effect of metallic glasses is 
independent of metallic atom or ion. This suggests that the 
antibacterial ability of metallic glasses arises from its non- 
crystalline structure.  

4  Conclusion 

Growth of E. coli was inhibited by metallic glasses, via 
prevention of bacterial adherence to the substrate surface. 
This kind of soft antibacterial action, which is similar to that 
of chitosan, is possibly invalidated by high bacterial density. 

The antibacterial property of metallic glasses probably 
originates from their non-crystalline structure. In our study, 
the antibacterial effects of Fe-based, Ni-based and Cu-based 
metallic glasses were approximately the same. Metallic ions 
were found to play an insignificant role, and the difference in 
metallic constituents induced no effect on antibacterial prop-
erties, when metals were incorporated into metal/glass alloys. 

These results extend our understanding of the antibacte-
rial effect of metallic antibacterial materials, and offer po-
tential for further application of metallic glasses. 

We would like to acknowledge financial support from the National Basic 
Research Program of China (2007CB613901), the National Natural Sci-
ence Foundation of China (50871062, 50831003) and the Natural Science 
Foundation of Shandong Province (Z2008F08). Thanks to Dr. Weiming 

Tian, Dr. Zenghui Wang, and Ms. Haiyan Tan from Rubber Research 
Institute of Chinese Academic of Tropical Agricultural Sciences, for ex-
periment advice. 

1 Dong J S, Chen S H, Lü M Q, et al. History and current status of an-
tibacterial materials. Mater Rev, 2004, 18: 41–43, 46 

2 Akhavan O. Lasting antibacterial activities of Ag-TiO2/Ag/a-TiO2 
nanocomposite thin film photocatalysts under solar light irradiation. J 
Colloid Interface Sci, 2009, 336: 117–124 

3 Chen J, Wan G, Leng Y, et al. Antithrombogenic investigation and 
biological behavior of cultured human umbilical vein endothelial 
cells on Ti-O film. Sci China Ser E-Technol Sci, 2006, 49: 20–28 

4 Liu Y, Wang X, Yang F, et al. Excellent antimicrobial properties of 
mesoporous anatase TiO2 and Ag/TiO2 composite films. Microporous 
Mesoporous Mater, 2008, 114: 431–439 

5 Yu J C, Ho W, Lin J, et al. Photocatalytic activity, antibacterial effect, 
and photoinduced hydrophilicity of TiO2 films coated on a stainless 
steel substrate. Environ Sci Technol, 2003, 37: 2296–2301 

6 Nadtochenko V, Denisov N, Sarkisov O, et al. Laser kinetic spectros-
copy of the interfacial charge transfer between membrane cell walls of 
E. coli and TiO2. J Photochem Photobiol A, 2006, 181: 401–407 

7 Hur J S, Koh Y. Bactericidal activity and water purification of im-
mobilized TiO2 photocatalyst in bean sprout cultivation. Biotechnol 
Lett, 2002, 24: 23–25 

8 Sunada K, Watanabe T, Hashimoto K. Bactericidal activity of cop-
per-deposited TiO2 thin film under weak UV light illumination. En-
viron Sci Technol, 2003, 37: 4785–4789 

9 Mills A, Le Hunte S. An overview of semiconductor photocatalysis. J 
Photochem Photobiol A, 1997, 108: 1–35 

10 Bellantone M, Williams H D, Hench L L. Broad-spectrum bacteri-
cidal activity of Ag2O-doped bioactive glass. Antimicrob Agents 
Chemother, 2002, 46: 1940–1945 

11 Fu G, Vary P S, Lin C T. Anatase TiO2 nanocomposites for antimi-
crobial coatings. J Phys Chem B, 2005, 109: 8889–8898 

12 Alivisatos A P. Perspectives on the physical chemistry of semicon- 
ductor nanocrystals. J Phys Chem, 1996, 100: 13226–13239 

13 Henglein A. Physicochemical properties of small metal particles in 
solution: “Microelectrode” reactions, chemisorption, composite metal 
particles, and the atom-to-metal transition. J Phys Chem, 1993, 97: 
5457–5471 

14 Murakami Y, Matsumoto T, Takasu Y. Salt catalysts containing basic 
anions and acidic cations for the sol-gel process of titanium alkoxide:  
Controlling the kinetics and dimensionality of the resultant titanium 
oxide. J Phys Chem B, 1999, 103: 1836–1840 

15 Sivakumar P M, Balaji S, Prabhawathi V, et al. Effective antibacterial 
adhesive coating on cotton fabric using ZnO nanorods and chalcone. 
Carbohydr Polym, 2010, 79: 717–723 

16 Simchi A, Tamjid E, Pishbin F, et al. Recent progress in inorganic 
and composite coatings with bactericidal capability for orthopaedic 
applications. Nanomed Nanotechnol Biol Med, 2011, 7: 22–39 

17 Tang Y J J, Ashcroft J M, Chen D, et al. Charge-associated effects of 
fullerene derivatives on microbial structural integrity and central 
metabolism. Nano Lett, 2007, 7: 754–760 

18 Service R F. Nanomaterials show signs of toxicity. Science, 2003, 
300: 243 

19 Nel A, Xia T, Mädler L, et al. Toxic potential of materials at the 
nanolevel. Science, 2006, 311: 622–627 

20 Hilzinger H R. Applications of metallic glasses in the electronics 
industry. IEEE Trans Magn, 1985, MAG-21: 2020–2025 

21 Ku W, Ge F, Yan G, et al. Giant magneto-impedance effects in nano-
crystalline soft magnetic alloy ribbons. Chin Sci Bull, 1997, 42: 
1049–1052 

22 Yoshizawa Y, Oguma S, Yamauchi K. New Fe-based soft magnetic 
alloys composed of ultrafine grain structure. J Appl Phys, 1988, 64: 
6044–6046

 
Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction 

in any medium, provided the original author(s) and source are credited. 


