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ABSTRACT: Assisted by three-dimensional printing technology, we proposed and demonstrated a full spectrum visible light
activated antibacterial system by using a combination of 500 nm sized Cu2O crystals and light-emitting diode (LED) lamps.
Further improved antibacterial ratios were achieved, for the first time, with pure Cu2O for both Gram-positive bacteria and
Gram-negative bacteria among all of the six different color LED lamps. For practical antibacterial applications, we revealed that
the nonwoven fabric could act as excellent carrier for Cu2O crystals and provide impressive antibacterial performance.
Furthermore, integrated with our self-developed app, the poly(ethylene terephthalate) film loaded with Cu2O crystals also
showed significant antibacterial property, thus making it possible to be applied in field of touch screen. The present research not
only provided a healthier alternative to traditional ultraviolet-based sterilization but also opened an auto-response manner to
decrease the rate of microbial contamination on billions of touch screen devices.
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■ INTRODUCTION

With the increasing demand for environmental sanitation,1−6

intensive attentions have been focused on the exploration of
new inorganic antibacterial agents, especially nanosized
materials.7−10 Currently, there are four main nanometer
inorganic antibacterial agents, namely, silver,11−14 zinc
oxide,15,16 titanium dioxide,17,18 and cuprous oxide.19 For
silver, apart from the high cost, its human body toxicity and
environmental safety have yet not been determined.20−23 For
both zinc oxide and titanium dioxide, they only exhibit the
maximum antibacterial potency under ultraviolet environ-
ment,24,25 where may cause skin allergy, skin aging, skin
cancer, cataract, immune system damage, etc.26,27 Besides,
ultraviolet light is only a small fraction (less than 5%) of solar

spectrum.28 Therefore, it is of profound significance to find the
antibacterial materials that can be activated under visible light.
Actually, cuprous oxide has a relatively narrow band gap,
making it possible to be excited sufficiently under visible light.29

Moreover, cuprous oxide nanoparticles are relatively easy to
prepare with low cost due to abundant copper ore resource and
low energy consumption.30 Recently, there has been an
increasing interest to synthesize cuprous oxide nanoparticles
with different morphologies and examine their photocatalytic,
sensing, electrical and surface properties.31−34 However, despite
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the significance, limited studies have been conducted to the
antibacterial property of cuprous oxide under visible light. One
major problem that hinders this research area is how to
combine the bacterial cultivation equipment and visible light
radiation device properly. The existing cultivation devices are
difficult to meet the need of experiment because they are
designed primarily for classical cultivation tests. Fortunately, the
increasingly mature 3D printing technology has broken the
limitation of traditional manufacturing mode due to its free
design and precise matching which could be utilized to realize
specialized antibacterial tests.
This study is the first to investigate the influence of different

wavelengths in visible light region on the antibacterial
performance of cuprous oxide assisted with 3D printing
which has not been reported. First, the cuprous oxide of
different morphologies, sizes and crystal structures were
synthesized. Through antibacterial tests, the cuprous oxide
which exhibited the best antibacterial potency without
illumination was selected for further optimization utilizing
LED technology. During the study, customized experimental
apparatus was printed out by 3D printing, thus making the
research more convenient, time saving, efficient and reliable
than the conventional experimental device. According to our
results, all of the visible lights of six different wavelengths could
improve the antibacterial performance of our selected cuprous
oxide in varying degrees including the red light. It was worth
mentioning that red light was the most difficult to stimulate to
generate the antibacterial activity of cuprous oxide due to the
lowest light energy in visible light. Therefore, the improved
antibacterial potency of cuprous oxide by red light demon-
strated the possible of a full spectrum visible light activated
antibacterial system, greatly broadening the scope of
application. Moreover, the results indicated that the best
antibacterial performance on both Gram-positive bacteria and
Gram-negative bacteria took place when combined the cuprous
oxide nanoparticles with blue LED.
For further application, the widely used nonwoven fabric was

demonstrated to be a suitable carrier. Both the uniform
dispersion and impressive antibacterial performance were
revealed. Moreover, the poly(ethylene terephthalate) film
loaded with Cu2O crystals also showed significant antibacterial
property, thus making it highly possible to be applied in the
field of touch screen which harbor lots of bacteria due to the
extreme popularity and frequent contact. This study not only
proved the application of 3D printing technology in special
scientific experiments which were hardly achieved by traditional
experimental apparatus, but also provided a more secure full
visible spectrum antibacterial system than the traditional
ultraviolet sterilization solution. Still, the unremitting research
is needed in mechanism of action.

■ RESULTS AND DISCUSSION
Figure 1A revealed the typical SEM patterns of the Cu2O
crystals with five different morphologies. In turn, they were
cube, edge-truncated octahedra, edge- and corner-truncated
octahedra, truncated octahedra and octahedra. The colors red,
purple, and yellow represent {100}, {110}, and {111} facets,
respectively. The sample a with a size of nearly 500 nm was
much smaller than the others. On the contrary, the sample c
was almost 6 μm which was the largest of all. Here, different
morphologies of cuprous oxide could be prepared through
simply altering the concentration of OH− ions. The crystal
phase of the as-prepared products was determined by X-ray

diffraction characterization which was shown in Figure 1B. The
diffraction peaks were indexed as the {110}, {111}, {200},
{220}, {311} and {222} reflections, corresponding to the
standard structure of cuprous oxide (JCPDS No. 05-0667). The
sharp and strong peaks suggested that all the as-prepared Cu2O
samples were highly crystalline. No significant peaks of
impurities were detected, indicating the high purity of the
obtained products.
To compare the antibacterial performance of these Cu2O

crystals without illumination, two of the most common clinical
strainsEscherichia coli (Gram-negative) and Staphylococcus
aureus (Gram-positive) were used. The Cu2O solutions at the
same concentration were cocultured with bacterium suspen-
sion, respectively, as the control, the Cu2O solutions were
replaced by the same volume of PBS. The results of the
antibacterial tests were shown in Figure S1. For E. coli, samplea
a and b exhibited more excellent antibacterial potency, followed
by samples e, c, and d. While for S. aureus, samples a and c
showed better antibacterial performance, followed by samples e,
b, and d. Therefore, the cubic Cu2O exhibited the most
outstanding antibacterial properties for both Gram-negative and
Gram-positive bacteria. It was selected for the subsequent
studies. Although there had been reported that the {111} facets
exhibited higher activity than {100} facets both in killing E.
coli35 and photocatalytic degradation,36 the sizes of cuprous
oxide used for comparison were almost the same. In our study,
the size of cubic Cu2O was much smaller than other
morphological Cu2O, which perhaps could be act as a
reasonable explanation. Furthermore, our results were con-

Figure 1. (A) Typical SEM images and (B) XRD patterns of the Cu2O
crystals with five different morphologies. The SEM images were
processed by pseudo color, and each color represented different facet:
(a) cube, (b) edge-truncated octahedra, (c) edge- and corner-
truncated octahedra, (d) truncated octahedra, and (e) octahedra.
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sistent with Huh’s report.37 Hence, we speculated that size was
the first factor which affected the antibacterial performance of
Cu2O, followed by the facet.
As shown in Figure 2A, the UV−visible spectroscopy study

of the cubic Cu2O was conducted. The band gap of cubic Cu2O
was evaluated from the absorption spectra using Tauc’s
formula: αEp = K(Ep − Eg)

1/2, where α is the absorption
coefficient, Ep is the energy of incident photon, K is a
proportionality constant and Eg is the band gap energy.38

Figure 2B showed the plot of (αEp)
2 vs Ep for the cubic Cu2O.

The corresponding band gap was determined by extrapolating
the linear region of the plot of (αEp)

2 vs Ep and finally we
confirmed that the cubic Cu2O exhibited band gap of 1.92 eV.
Cuprous oxide had been used as photocatalyst for a long
time,33,39,40 and the relatively narrow band gap of 1.92 eV
meant that the as-prepared cubic Cu2O might be excited under
red light area which possesses the lowest energy in visible light.
In other words, it was possible to be excited by full visible
spectrum.

To investigate whether there were certain relations between
photocatalytic activity and antibacterial property, we did
antibacterial tests of the cubic Cu2O under LED belts
irradiation of different wavelengths. However, there were no
experimental apparatus which could effectively combine the
cultivation equipment and radiation device. To ensure the
consistency of experimental parameters and increase the
flexibility of experimental design, we innovatively introduced
three-dimensional (3D) printing technology into our anti-
bacterial tests. Figure S2 showed the 3D model of experimental
apparatus which was designed by CATIA software and
accomplished by SLA 3D printer. Besides, a professional device
was also employed to accurately control the power of LED belts
which was provided in Figure S3.
Assisted by the 3D printed apparatus, the effect of

illumination on the antibacterial property of cuprous oxide
was studied. Six different wavelengths of LED lights and two
kinds of typical bacteria were selected. The experimental results
were shown in Figure 3. For E. coli, the antibacterial ratio of

Figure 2. (A) UV−vis absorption spectra and (B) optical band gap of cubic Cu2O nanoparticles.

Figure 3. Antibacterial studies of cubic Cu2O crystals against (A) E. coli and (B) S. aureus under the irradiation of LED belts of different wavelengths.
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pure Cu2O was 80.88%. However, under the irradiation of six
different LED belts, the antibacterial ratios of Cu2O were all
further improved, among which an antibacterial ratio as high as
94.36% was achieved when combined the Cu2O with blue LED
belt. We also found that the antibacterial ratio of cubic Cu2O
crystals under the irradiation of yellow LED belt was lower than
those under the irradiation of red LED belt, indicating that
there might be no direct relationship between the antibacterial
property of Cu2O and its photocatalytic activity because the
yellow light was easier to excite the Cu2O due to the higher
photon energy than red light. For S. aureus, the antibacterial
ratio of pure Cu2O was as high as 96.51%. Similarly, the
antibacterial ratios of Cu2O were all improved under the
irradiation of six different LED belts, among which all reached
100% except for the group of red light (98.59%). Surprisingly,
the results also revealed that the bacteria took place in different
degrees of growth under the irradiation of orange light or
yellow light only which were different from the other four
groups. Further research is still needed to give a reasonable
explanation of the mechanism. In general, S. aureus is more
sensitive to Cu2O than E. coli, whether there is light irradiation
or not. The differences may be related with the different
membrane structure between Gram-positive bacteria and
Gram-negative bacteria.41 The Gram-negative bacteria have a
thin peptidoglycan layer between the cytoplasmic membrane
and outer membrane, while the Gram-positive bacteria lack the
outer membrane but possess a relatively thick peptidoglycan
layer. However, for both Gram-positive bacteria and Gram-
negative bacteria, the antibacterial ratio was highest of all when
combined the cubic Cu2O crystal with blue LED belt which was
probably related with the antibacterial property of blue light
itself.42 The above results revealed the successful incorporation
of Cu2O crystals and LED lights as a full visible spectrum
antibacterial system.
However, for further applications, suitable carrier is needed.

In previous study, nonwoven fabric which had been widely
applied in fields of health care, home decoration, clothing,
industry and others was selected due to the advantages of
environmental friendly, nontoxic, low-cost, circular reoccupy,
lightweight and flexibility.43−46 By simple ultrasonic processing,
certain numbers of cuprous oxide crystals were immobilized in
nonwoven fabric which was proved by the SEM and EDX
images. Figure 4A,B shows the SEM images of pure nonwoven
fabrics and the perfect fibrous structure was revealed. After
ultrasonic processing, as shown in Figure 4C, uniformly
distributed Cu2O crystals were decorated on the surface of
nonwoven fabric. In Figure 4D, the EDX spectroscopy
elemental mapping image further demonstrated the presence
of cuprous oxide which was indicated in green. Different from
Figure 4C and Figure 4D, there appeared a layer of thin film
after adding the bacterium suspension of E. coli on nonwoven
fabric in Figures 5E and 4F. On account of a high utilization
rate of the doorknob, they are easy to make lots of bacteria
accumulate on the surface, thus likely causing cross infection.
Utilizing the nonwoven fabric loaded with Cu2O crystals, we
hope to reduce the bacterial infection simply and conveniently
assisted with external visible light source. A doorknob wrapped
by nonwoven fabrics was shown in Figure 5A and enlarged view
of the blue LED lamp was shown in Figure 5B. The nonwoven
fabrics loaded with Cu2O crystals could kill the bacteria timely
and effectively assisted with the blue light (Figures 5C and 6D
and Figure S4).The antibacterial ratio of nonwoven fabrics
loaded with cubic Cu2O crystals was as high as 100%, no matter

whether there was irradiation of blue LED or not, indicating
that reducing the loading of cuprous oxide on nonwoven fabric
or appropriately increasing the irradiation intensity of blue light
could be utilized to further optimize the full visible spectrum
antibacterial system.
One of the most valuable applications of our antibacterial

system is in the field of touch screens that possess the internal
visible light source. With the extreme popularity of electronic
equipment, such as mobile phones, tablet PCs, and automobile
navigation, the health problems caused by bacteria on touch
screen has aroused people’s concern. According to statistics,
there are almost as many mobile phones as are were humans on
the planet,47 of which approximately 81.8% mobile phone

Figure 4. SEM and EDX spectroscopy elemental mapping images of
(A, B) pure nonwoven fabrics, (C, D) nonwoven fabrics loaded with
Cu2O crystals, and (E, F) nonwoven fabrics loaded with Cu2O crystals
after adding bacterium suspension of E. coli.

Figure 5. (A) A doorknob was wrapped by nonwoven fabrics loaded
with Cu2O crystals. (B) Enlarged view of the blue LED lamp. (C, D)
Antibacterial results of nonwoven fabrics loaded with Cu2O crystals
assisted with blue LED lamp.
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represented reservoirs for huge amount of bacteria, incluing
pathogens.48 Currently, the most common screen protective
film is prepared by PET. Therefore, PET film was selected as
substrate on which the Cu2O crystals were deposited. Taking
mobile phone as the example, preliminary antibacterial tests
were done, assisted with our self-developed app,49 which could
both control the irradiation time and reflect the degree of
sterilization. In Figure 6A, a small piece of PET film loaded
with Cu2O crystals was laid on the screen of mobile phone. The
enlarged view of PET film was shown in Figure 6B, from which
we found that small fonts still could be discerned, while the
light transmittance was slightly decreased. In Figure 6C, the
PET films loaded with Cu2O crystals all exhibited certain
antibacterial property which could be further enhanced by
increasing the concentration of Cu2O solution. The anti-
bacterial ratio of the PET film loaded with Cu2O crystals was
63% when the concentration of Cu2O crystals used in the film
was 1 mg/mL. When the concentration increased to 2 mg/mL,
the antibacterial ratio reached to almost 91%. Generally, for
mobile phones, the more frequently they are used, the more
bacteria there will be. In contrast to other solutions for cleaning
mobile phones, it is more reasonable and convenient for our
protocol to kill bacteria when using. As a result, the more
frequently the phone is used, the longer the visible light exists,
thus promoting the antibacterial performance. Although there
were many parameters which need improvement and
optimization, such as inoxidizability, abrasion resistance,
transparency, and so on, it was still a meaningful and promising
protocol for antibacterial applications.

■ CONCLUSION
We have proposed a full spectrum visible light activated
antibacterial system assisted with 3D printing technology which
was more secure than traditional ultraviolet sterilization
solution. Comparing with pure Cu2O crystals, the antibacterial
performance of Cu2O was further improved under the
irradiation of visible LED light for both Gram-positive bacteria
and Gram-negative bacteria. The optimum antibacterial
potency will be achieved when combining the Cu2O with
blue LED light. Different from conventional antibiotic solution,
the basic material of our antibacterial system is sole Cu2O
without any doping. Furthermore, Cu2O crystals have great
advantage of low cost and low toxicity, thus making it highly

possible to be applied to various fields where the sterile
environment is needed. We also have shown that the nonwoven
fabric could act as excellent carrier for Cu2O crystals and
impressive antibacterial performance was demonstrated. Taking
mobile phones as the example, the PET film loaded with Cu2O
crystals exhibited certain antibacterial property under the
illumination of internal visible light source. Significantly, our
antibacterial system is promising to be applied in the field of
touch screens to solve the health problems caused by bacteria,
although there are still some defects, and further optimization is
in progress.

■ EXPERIMENTAL SECTION
Synthesis of Cu2O Crystals. The synthesis method was mainly

derived from Yang’s work.36 First, 4.994 g of CuSO4·5H2O and 2.923
g of EDTA were dissolved in 300 mL deionized water, then heated to
55 °C before 30 min stirring. Second, 250 mL of NaOH solution at
five different concentrations (6.8, 5.2, 3.96, 1.6, and 0.6 M) were
respectively added into the above solution under constant stirring.
Third, after 5 min, 5 g of ascorbic acid was added into the solution and
continued to stir for 1.0 h. Fourth, after the solution cooled to room
temperature naturally, it was centrifuged at 8000 rpm for 5 min, and
then, the precipitates were washed with deionized water and
anhydrous ethanol three times, respectively. Finally, the obtained
products were dried at 60 °C in vacuum oven.

Characterization. The crystalline phases of the samples were
characterized by X-ray diffraction (XD-3, Beijing) with Cu Kα
radiation. The morphologies of the as-prepared Cu2O crystals were
investigated by field-emission scanning electron microscopy (FE-
SEM) on SIGMA (Zeiss, Germany). The UV−visible diffuse
reflectance spectra were recorded using a UV−vis spectrometer
(UV-2550, Shimadzu).

Antibacterial Test of Cu2O with Different Morphologies. To
compare the antibacterial property of as-prepared cuprous oxide
without illumination, we used two of the most common clinical
strainsE. coli (Gram-negative) and S. aureus (Gram-positive). Five
milliliters (5 mL) of Luria−Bertani broth, 100 μL of bacterium
suspension and 1 mL Cu2O solutions with the concentration of 40
mg/mL were mixed in 10 mL tubes and then cocultured in orbital
shaker for 6 h. As the control, the Cu2O solutions were replaced by the
same volume of PBS. After that, 100 μL of the coculture media was
taken out for different degrees of dilution and 50 μL of the diluent was
used to coat on the Petri dishes which were placed in the constant
temperature incubator (37 °C) for 24 h. The antibiotic potency of
Cu2O crystals with five different morphologies was compared by plate
counting method.

Construction and 3D Printing of Modular Experimental
Apparatus. The design of all the models was realized by 3D software
CATIA. The SLA 3D printer (Pegasus Touch, America) was used to
print the modular experimental apparatus.

3D Printing Assisted Antibacterial Test under LED Irradi-
ation. Two of the most common clinical strainsE. coli and S. aureus
were used. A 3D printed experimental apparatus was utilized. A tube
containing 5 mL of Luria−Bertani broth, 100 μL of bacterium
suspension, and 1 mL of Cu2O solution with the concentration of 500
μL/mL was placed in the appropriate location of the device. The
apparatus was placed in the orbital shaker and illuminated by LED belt
for 30 min each hour (totally 3 h). After that, 100 μL of the coculture
media was taken out for different degrees of dilution, and 50 μL of the
diluent was used to coat on the Petri dishes which were placed in the
constant temperature incubator (37 °C) for 24 h later. The antibiotic
potency of cubic Cu2O crystals under LED of different wavelengths
was compared by plate counting method.

Deposition of Cubic Cu2O on Nonwoven Fabric and the
Corresponding Antibacterial Test. The nonwoven fabrics (aramid
fiber, Changzhou Yuanxiang Decoration Production Factory, China)
were washed with deionized water and anhydrous ethanol to get rid of
surface particles. After being dried (60 °C, 1 h), small pieces of
nonwoven fabrics (1.5 × 1.5 cm) were put into the Cu2O solution

Figure 6. (A) A small piece of PET film loaded with Cu2O crystals was
lay on the screen of mobile phone. The concentration of Cu2O crystals
used in the film is 1 mg/mL. (B) Enlarged view of PET film. (C)
Antibacterial results of PET films loaded with Cu2O crystals assisted
with internal visible light source of mobile phone.
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with the concentration of 1 mg/mL and processed under ultrasound
for 20 min. Then, the nonwoven fabrics were dried in a vacuum oven
at 60 °C. After that, 100 μL of bacterium suspension of E. coli was
dropwise added on the surface of nonwoven fabrics. A modified blue
LED light (0.06 W) was located in the place 10 cm above the
nonwoven fabric. After being irradiated for 30 min, the nonwoven
fabrics were immersed into 5 mL of PBS solution. Next, a plate
counting method was employed to test the corresponding antibacterial
performance.
Deposition of Cubic Cu2O on PET Films and the

Corresponding Antibacterial Test. The PET films were first
washed with deionized water and anhydrous ethanol. After being dried
(60 °C, 3 h), small pieces of PET films (1.5 × 1.5 cm) were placed on
the Petri dishes, followed by the addition of Cu2O solutions with the
concentration of 1 or 2 mg/mL, which were subsequently dried in the
vacuum oven at 60 °C. Next, 100 μL of bacterium suspension of E. coli
was uniformly added on the surface of PET films, which were placed
on the screen of a mobile phone. Then a self-developed app which
could both control the irradiation time and reflect the degree of
sterilization was started. After being irradiated by the screen of mobile
phone for 30 min, the PET films were immersed into 5 mL of PBS
solution. Next, plate colony method was employed to test the
corresponding antibacterial performance.
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