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Environmental Significance

Microbial contamination poses a serious risk in water resources worldwide. Despite considerable progress 
on the development of hybrid photocatalytic semiconductors for wastewater treatment and disinfection 
applications, very little is currently known about how to optimize the synergistic effect between two 
different semiconductor photocatalysts. In this study, for the first time, the broth microdilution 
checkerboard assay was adapted to systematically evaluate the antibacterial efficacy of nanopowders of 
CuWO4 and CuS individually in comparison with hybrid composites prepared by mixing CuWO4 and CuS 
with varying weight ratios. This method provided a way to find the best and most effective combination 
of antimicrobial photocatalysts. These findings have significant implications for controlled coupling of two 
or more semiconductors with suitable bandgaps to develop new and effective antimicrobial materials for 
water disinfection.
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Optimizing the synergistic effect of CuWO4/CuS hybrid composites 
for photocatalytic inactivation of pathogenic bacteria 
Xiuli Dong, ‡¶a Rowan R. Katzbaer, ‡b Basant Chitara, a Li Han, c Liju Yang,d Raymond  E. Schaak, *b and 
Fei Yan *a

Herein, we report an effective strategy to maximize the antimicrobial activity of CuWO4/CuS hybrid composites, prepared 
by simply mixing CuWO4 and CuS nanopowders with varying weight ratios in phosphate buffered saline solution by 
ultrasound. The tested bacteria included gram negative (G-) pathogenic bacteria Salmonella typhi, gram positive (G+) 
pathogenic bacteria Staphylococcus aureus, and G+ bacteria Bacillus subtilis. The as-prepared composites exhibited much 
enhanced antibacterial efficiency compared with individual CuWO4 and CuS nanopowders under white light irradiation. The 
checkerboard array analysis revealed that the combination of 8 μg/mL CuWO4 and 2 μg/mL CuS was most efficient and 
generated the optimal synergistic effect, showing a complete killing effect on all the tested bacteria from 3 strains with ~ 
5.8 log cell reduction. The significantly enhanced catalytic efficiency can be ascribed to the formation of a type-II 
heterojunction between CuWO4 and CuS, which can effectively improve the charge separation efficiency and increase the 
light absorption. Moreover, the hybrid composites prepared by ultrasound-assisted physical mixing can effectively increase 
interface area, which greatly facilitates the charge mobility and transfer in the interfaces between CuWO4 and CuS. This 
study offers new insights into the integration of different semiconductors to optimize their synergistic effect on antimicrobial 
activities for water disinfection.

1. Introduction
Pathogens are the leading cause of many infectious diseases 
and developing antibacterial materials is a priority for global 
health. There are an estimated 31 major pathogens acquired in 
the United States each year, causing 9.4 million episodes of 
foodborne illness, about 55,000 hospitalizations, and over 1000 
deaths.1 In these outbreaks, Staphylococcus aureus (S. aureus) 
caused 3% of foodborne illnesses, and Salmonella spp. caused 
28% of deaths. 1, 2 The treatment of bacterial infections can be 
difficult when an antibiotic resistant function was developed in 
these bacteria. It has been reported that mutant antibiotic 
resistant strains such as Methicillin Resistant S. aureaus (MRSA) 
have been transmitted rapidly through hospital facilities and 
personal care products, leading to an uncontrollable problem.3 
Moreover, some environmental pathogens, such as Bacillus 
anthracis (B. anthracis), have been used as biological weapons 
by terrorists. B. anthracis, the etiologic agent of anthrax, is a 

Gram positive spore-forming bacterium.4 B. anthracis spores 
could enter the human or animal’s body through skin lesion, 
lungs, or gastrointestinal route and cause severe illness.4

Many traditional antimicrobial reagents have been used to 
inactivate pathogenic bacteria. However, these chemicals are 
often toxic, creating potentially major issues in environmental 
and ecological systems and raising public health concerns.5 As 
one of the new promising antimicrobial strategies, 
photocatalysis has emerged as an effective green solution for 
disinfection applications. The antimicrobial effect of 
photocatalysts was first found in titanium dioxide (TiO2) by 
Mastunaga et al. in 1985.8 Unfortunately, TiO2 only absorbs the 
UV light which accounts for a small fraction (~ 4%) of the entire 
solar spectrum. 9  Some photocatalysts, such as graphitic carbon 
nitride (g-C3N4)6 and hybrid graphene oxide-silver nanoparticle 
composites,7  have been reported to be able to inactivate 
antibiotic-resistant bacteria under visible light irradiation.6 Thus, 
it is of great interest to develop photocatalysts that can yield 
high reactivity under visible light so that a great portion (~ 45%) 
of the solar spectrum is utilized in photocatalytic destruction of 
bacteria .9 

Copper tungstate (CuWO4) is an efficient visible light 
responsive photocatalyst with unique properties, including eco-
friendliness, low cost, optimum band edge potentials, as well as 
remarkable stability under oxidative and acidic conditions.10 
Benko et al. 11 first reported the photoelectrochemical 
properties of CuWO4 in 1982. Since then, many efforts have 
been made to improve its photocatalytic and 
photoelectrochemical performance. One such strategy to 
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improve the photocatalytic performance of CuWO4 is to create 
a composite material with a photocathode, as CuWO4 has the 
appropriate conduction band energy to act as a photoanode for 
the oxygen evolution half-reaction of water. 12, 13 Its conduction 
band edge potential is more positive than that of CuO.14

 Several studies have reported that CuWO4 shows 
antimicrobial effects. For instance, it was reported that CuWO4 
demonstrated strong antimicrobial activity against Candida 
albicans and S. aureus by the disk diffusion assay.15 Gupta et 
al.16 synthesized the Z-scheme composite g-C3N4/CuWO4, which 
showed the photocatalytic degradation of S. aureus and E. coli 
bacteria with 0.9 and 1.15 log reduction, respectively. Vignesh 
et al. 17 synthesized CdS and CuWO4 modified TiO2 nanoparticles, 
displaying  a strong inactivation effect on P. aeruginosa. 

Copper sulphide (CuS) is another visible-light-driven 
photocatalyst. Nonporous CuS exhibits excellent photocatalytic 
activity on the degradation of methylene blue (MB), methyl 
orange (MO), and rhodamine B (RhB).18 CuS also shows 
excellent antimicrobial activity against bacteria such as S. 
aureus and E. coli.19 Antimicrobial effects were also observed 
for CuS nanocrystals modified with different moieties, including 
Au,20 lysozyme,21 L-alanine and L-aspartic acid,22 etc. It was 
reported that Au@CuS core-shell nanoparticles were highly 
effective to inhibit the growth of B. anthracis vegetative cells.20

To enhance the performance of photocatalysts, the most 
common strategy is to form the heterojunction structure with 
other semiconductors. The generation of new heterojunctions 
by semiconductors with different bandgap energy and band 
edge potentials is beneficial for the separation and stabilization 
of photogenerated electrons and holes, can adjust the 
absorption range of light to lower energy, and facilitate the 
photocatalysis process.23-26 However, it is a significant challenge 
to optimize the composition of these semiconductors to 
achieve maximum efficiency. In the area of medical science, a 
broth microdilution checkerboard method has been used to 
evaluate the antimicrobial synergistic effect of the combination 
of two drugs in vitro.27 In the checkerboard assay, two 
antimicrobial drugs are tested in 2-fold serial dilutions with all 
possible combinations in 96-well plates. The results can be used 
to determine the interaction of the two drugs and provide the 
optimal combinations. It might be feasible to use this method 
with some modifications to optimize the antimicrobial 
synergistic effect of a hybrid composite that consists of two 
different semiconductor photocatalysts with varying weight 
ratios.
    In this work, CuWO4 was synthesized via a solid-state reaction. 
The antimicrobial activity of hybrid composites, which were 
prepared by mixing CuWO4 and CuS with varying weight ratios 
in PBS buffer solution by ultrasound, was examined under the 
irradiation of a white light (60 W). The tested bacteria included 
gram negative (G-) bacteria Salmonella typhi (S. typhi), gram 
positive (G+) bacteria S. aureus, and G+ bacteria Bacillus subtilis 
(B. subtilis) which were used as a surrogate of pathogenic B. 
anthracis. To the best of our knowledge, there is only one other 
report on the fabrication of CuWO4/CuS hybrid composites by 
physical mixing, used for photodegradation of RhB.28 It is 
anticipated that the as-prepared composite will be able to 

broaden the light response range, prolong the life of 
photogenerated electrons and holes, and enhance 
photocatalytic activity of CuWO4. This approach is poised to find 
optimal semiconductor combinations for pathogen disinfection. 
This is the first instance that the modified broth microdilution 
checkerboard assay was used to optimize the synergistic effect 
of two different semiconductors for antimicrobial activity. 

2. Materials and methods

2.1 Chemicals

CuS (99.8% purity) and WO3 (99.8% purity) were purchased 
from Alfa Aesar. CuO (>99% purity) and isopropanol were 
purchased from Sigma Aldrich (St. Louis, MO). S. typhi, S. aureus, 
and B. subtilis were purchased from the American Type Culture 
Collection (ATCC; Manassas, VA).

2.2 Synthesis of CuWO4 

The bulk CuWO4 powder was synthesized from stoichiometric 
amounts of CuO and WO3. The powders were ground together, 
placed in an alumna crucible, and fired in air at 800 °C for 24 
hours. 

2.3 Characterization

2.3.1 Powder X-ray diffraction

The powder X-ray diffraction (PXRD) scans were performed on 
a Malvern Panalytical XPert Pro MPD instrument with a copper 
source, using line focus and reflection mode. Simulated 
patterns were calculated from data retrieved from Springer 
Materials. 

2.3.2 Scanning electron microscopy/energy-dispersive X-ray 
spectroscopy

CuWO4 and CuS powders were suspended in water by probe 
sonication (Qsonic, XL-2000 series, output wattage at 6) for 10 
minutes. The prepared suspensions were dropcast onto SEM 
silicon wafer and allowed to dry for imaging. Scanning electron 
microscopy (SEM) images were collected with an FEI Quanta 
200 Environmental scanning electron microscope. Energy-
dispersive X-ray spectroscopy (EDS) data of the sample were 
collected at 20 kV on a ESEM Q250 with a tungsten source 
equipped with a S10 EDS Bruker AXS detector. Secondary 
electrons were used to map elemental composition in low 
vacuum mode. Oxford Instruments AZtec software was used to 
assign peaks in the EDS spectra. EDS quantification was also 
performed using the AZtec software package; atomic 
percentages were determined through peak integration.

2.3.3 UV-Vis spectroscopy

A Perkin Elmer Lambda 950 UV-Vis-NIR spectrometer was used to 
measure diffuse reflectance spectra using a 150 mm integrating 
sphere, in diffuse reflection mode. Spectra were collected from 250-
2500 nm, with 2 nm steps. The reference spectrum for total 
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reflectance was measured against a Spectralon disc standard. 
Samples were suspended in ethanol and drop cast on quartz glass 
slides (Electron Microscopy Sciences). The slides were dried with 
nitrogen before measurement. Plots of the Kubelka-Munk function, 
raised to the power two, vs. energy in eV were constructed. 
Bandgaps were calculated by fitting the linear region in the onset of 
absorption and extrapolating to the x-intercept.

2.3.4 Surface area measurements

The Brunauer–Emmett–Teller (BET) surface area was measured by 
the nitrogen adsorption isotherms measurements (Micromeritics 
ASAP 2020). The samples were degassed for two hours at 90 ºC prior 
to measurement. A five-point nitrogen adsorption experiment was 
run and fit by a BET model to obtain the isotherms.

2.3.5 Photoluminescence spectroscopy

The photoluminescence (PL) measurements were performed using a 
Raman spectrometer (Horiba LabRAM Evolution RAMAN 
microscope) with 532 nm laser excitation.

2.4 Antimicrobial assays 

2.4.1 Bacteria preparation

Three bacterium strains were used in this study, including S. 
typhi, S. aureus, and B. subtilis. Fresh grown bacterial cells were 
used for each treatment of photocatalysts. For the preparation 
of bacterial cells, single colonies were inoculated in tryptic soy 
broth (TSB) and grew at 37°C on a shaker for 12 h. The cells were 
collected in the mid-log phase of the culture with the value of 
optical density (OD) ~ 0.6 at the wavelength of 595 nm. TSB 
medium was then removed and the cells were washed twice 
with phosphate-buffered saline (PBS) by centrifugation (8,000 
rpm, 5 min). The cells were re-suspended in PBS and diluted 
with PBS for later treatment. The cell concentration in each 
treatment was kept at ~ 5 x 105 colony-forming unit (cfu)/mL.

2.4.2 Antimicrobial test of CuWO4 and CuS 

The CuS and CuWO4 suspensions were prepared in deionized (DI) 
H2O and sonicated for 10 min before reaction preparations using an 
ultrasonic water bath (Branson Ultrasonics Corporation, Danbury, CT, 
USA). The bacteria treatments were performed in 96-well plates. The 
cells were treated with CuWO4 and CuS alone or in combination with 
various concentrations in ½ PBS, which were prepared using 75 µL of 
cells in PBS and 75 µL of photocatalysts in DI-H2O. The plates were 
placed on a shaker (Lab-Line Instruments, Inc., IL) at the setting of 
two and exposed to white light (60 W) at the distance of 5 cm for 1 h 
treatment at room temperature. For comparison, the dark treatment 
was also included at the same treatment condition as the light 
treatment, except that the plates were wrapped with aluminum foil 
to avoid light illumination. A series of 10-fold dilutions of CuS and 
CuWO4 suspensions were performed immediately after the 
treatment with the bacterial cells with and without white light 
irradiation. No attempts were made to try to separate these particles 
from the cells. A 100 µL aliquot of each dilution was then used to 
spread on tryptic soy agar (TSA) plates. The viable cell numbers were 

calculated based on the bacterial colony numbers after 18 h 
incubation at 37°C. Except for the duration of the light treatment, the 
whole procedure was carried out in the dark. The presence of highly 
diluted aqueous suspension of the CuS and CuWO4 particles should 
have a negligible effect on the final bacterial CFU counts. 

2.4.3 Checkerboard assay and fractional inhibitory 
concentration (FIC) index determination

To study whether there are synergistic antimicrobial 
interactions between CuWO4 and CuS and to find the most 
effective CuWO4/CuS combination, a checkerboard method was 
used, similar to the traditional broth microdilution 
checkerboard method with some modifications.24 The 
experiment was performed in 96-well plates. Aliquots of 50 µL 
S. typhi cells in PBS were added into all the wells. CuWO4 and 
CuS suspensions with two-fold serial dilutions were prepared in 
DI-H2O separately, and then were added into the wells at a 
volume of 25 µL to achieve two-fold serial dilutions with desired 
concentrations along the abscissa and ordinate of the plate, 
respectively, with a final reaction volume of 100 µL in each well. 
The resulting checkerboard contained all the possible 
combinations of the prepared CuWO4 and CuS suspensions, plus 
CuWO4 and CuS alone. The plates were placed on the shaker 
and exposed to light for 1 h at room temperature. TSB at a 
volume of 100 µL was then added into each well. OD595 values 
were measured as growth time 0 using SpectraMas M5 
multidetection reader (Molecular Devices LLC, Sunnyvale, CA, 
USA) and the plates with the same reactions but without 
bacterial cells were used as blanks. The plates were incubated 
at 37 °C in the dark for 18 h, the reactions were homogenized 
by pipetting up and down for at least 10 times, and OD595 
values were tested at a growth time of 18 h. The increase in   
OD595 values after growths indicated bacterial growth. 

The minimal inhibitory concentration (MIC) of each 
semiconductor was defined as the lowest concentration that 
completely inhibited the bacterial growth. The FIC index (∑FIC) 
was calculated by the use of following equation: 

∑FIC = A/MICA + B/MICB = FICA + FICB                  (1)
where A and B are the MIC of each hybrid composite (in a single 
well), and MICA and MICB are the MIC of individual 
semiconductor nanocrystal.29 
    The interaction between the two combined reagents was 
determined by the ∑FIC values as follows: ∑FIC ≤ 0.5 indicates 
synergy, 0.5 < ∑FIC ≤ 0.75 indicates partial synergy, 0.75 < ∑FIC 
≤ 1 indicates additive, 1.0 < ∑FIC < 4.0 indicates indifference, 
and ∑FIC ≥ 4.0 indicates antagonism.5, 30-32 

2.4.4 Isobologram analysis 

To graphically visualize the interactions of CuWO4 and CuS on S. 
typhi bacteria, an isobologram was plotted based on the results 
of checkerboard assays. In the isobologram, the concentrations 
of CuS and CuWO4 from the growth-no growth interface were 
plotted on the x- and y-axis, respectively, and then the MIC of 
each nanocrystal alone was plotted and joined by a line on the 
graph. It was considered as additive interactions if the 
combination line fell along the line connecting the two MIC 
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values, as synergistic interactions if the combination line fell 
below, and as antagonistic interactions if the combination line 
was concave-up.33,34

2.4.5 Antimicrobial test of CuWO4/CuS hybrid composites

Hybrid composites of CuWO4/CuS with different weight ratios 
were used to treat three bacterial strains, including S. typhi, S. 
aureus, and B. subtilis. The concentrations of CuWO4 and CuS 
were determined according to the checkerboard results on S. 
typhi and the most effective combination was used together 
with other combinations for 1 h light treatment. In this way, the 
most effective combination can be confirmed and optimized. 
After the treatment, viable cell numbers were tested on TSA 
plates using the plating methods.

3. Results and discussion
3.1 Characterization of CuWO4 and CuS 

3.1.1 Powder XRD analysis

PXRD patterns of as-prepared CuWO4 and as-purchased CuS are 
shown in Fig. 1. The diffraction peaks observed in both samples 
are identical to simulated patterns for the triclinic phase of 
CuWO4 35 and hexagonal covellite CuS.36 All peaks matched the 
reference pattern, and no impurity phases could be observed. 

3.1.2 UV–Vis diffusive reflectance spectroscopy

The light absorption properties of CuWO4 and CuS were 
examined using ultraviolet-visible diffuse reflectance 
spectroscopy. Fig. 2 illustrates the UV-Vis diffuse reflectance 
spectra of CuWO4 and CuS. The optical bandgaps of these two 
materials were calculated using plots of the Kubelka-Munk 
function35-37 vs. energy in eV.  These materials possess a direct 
band gap and so the function is raised to the power of two. 
Bandgaps were calculated by fitting the linear region in the 
onset of absorption and extrapolating to the x-intercept. The 
calculated band gap values were determined to be 2.4 and 1.8 
eV for CuWO4 and CuS, respectively. These values match well 
with those previously reported in literature.38 This indicated 
that both materials are photosensitive to visible light. 

3.1.3 Scanning Electron Microscopy/Energy-Dispersive X-ray 
Spectroscopy

The morphologies of these two materials were observed 
by SEM. SEM images (Fig. 3) reveal that CuWO4 and CuS are 
polycrystalline with various shapes and that a majority of the 
crystallites have dimensions ranging from 10 nm to 300 nm. 
Elemental analysis was performed by energy-dispersive X-ray 
spectroscopy (EDS) and the spectra for CuWO4 and CuS are 
shown in Fig. 3b and Fig. 3d, respectively. The EDS spectra 
confirm the presence of copper (Cu), tungsten (W), and oxygen 
(O) in CuWO4, and the presence of Cu and sulphur (S) in CuS. All 
samples did exhibit a background oxygen and carbon (C) signal 
from the carbon tape substrate. Subtracting the roughly 10 
atomic percent of oxygen signal from the carbon tape, it is 

found that the Cu:W:O ratio of CuWO4 corresponds to the 
expected 1:1:4 ratio. Similarly, CuS exhibits a Cu:S ratio of 1:1.

a)

c)

b)

d)

CuWO4

CuS

Fig. 2.  UV-Vis diffuse reflectance spectra for a) CuWO4 and c) CuS, 
and corresponding direct bandgap calculation: b) CuWO4 and d) CuS 
utilizing the Kbelka-Munk function.

CuWO4

CuS

a)

b)

Fig. 1 XRD patterns of a) CuWO4, and b) CuS 

Fig. 3 SEM images of a) CuWO
4
 and b) CuS, and their corresponding EDS 

spectra. Scale bar: 2.0 μm.

5 µm

a)

5 µm

b)

c) d)

2 .0 μm 2 .0 μm
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3.2 Antimicrobial assays of pure CuWO4 and CuS 

3.2.1 Antimicrobial effects of CuWO4 and CuS

Fig. 4a shows the antimicrobial effects of CuWO4 on S. typhi cells 
after treatment with 8, 16, 32, and 64 µg/mL CuWO4 for 1 h 
under visible light illumination or in the dark. With light 
illumination, CuWO4 showed concentration-dependent 
antimicrobial effects. When the CuWO4 concentration was 8 
µg/mL, a 0.5 log reduction in bacteria population. When the 
CuWO4 concentration was increased to 64 µg/mL, there was 
complete inactivation of the bacteria, with no viable cells 
detected, a 5.58 log reduction. In contrast, CuWO4 did not show 
obvious antimicrobial effect in the dark, even at the 
concentration of 64 µg/mL, which confirms that this is a 
photocatalytic process. This observation was consistent with 
previous studies, which reported the antimicrobial effects of 
CuWO4 on bacteria and fungi (Candida albicans and Aspergillus 
niger) by disc diffusion methods.15 As for the antibacterial effect 
comparison of this study with what was reported by others, 
there were no prior publications that provided the 
concentration range of CuWO4 with antimicrobial effects. 
      The antimicrobial activity of CuWO4 depends on several 
factors, including its degree of agglomeration, molecular weight, 
nutrient composition, host, natural nutrient constituency, 
solvent, target microorganism, and physicochemical properties, 
and is inversely affected by pH.15,39 Besides the limited 
application study of CuWO4 on antimicrobial effects, CuWO4 has 
been utilized to photodegrade hazardous organic and inorganic 
pollutants, demonstrating excellent activity towards the 
degradation of ciprofloxacin,40 MO,41 MB,42 tetracycline 
antibiotic,43 terephthalic acid,44 among other pollutants. Other 
applications of CuWO4 included photocatalytic water reduction 
for H2 generation and photoelectrochemical water splitting.10 
     Fig. 4b shows the antimicrobial effects of individual CuS 
nanopowders on S. typhi cells. Similar to CuWO4, the effects of CuS 
were light-activated and concentration-dependent. CuS showed 

obvious antimicrobial effects even at the concentration of 1 µg/mL, 
displaying 1 log cell reduction after 1 h light treatment. Whereas, CuS 
at the concentration of 8 µg/mL completely killed bacteria with 5.5 
log reduction. It is worth noting that CuS induces 1.5-2 log cell 
reduction at high concentrations such as 4 and 8 μg/mL even without 
light treatment. The antimicrobial effect of a photocatalyst under 
dark conditions is called dark toxicity or innate toxicity, which could 
be attributed to the presence of free metal ions released to the 
medium. Liang et al. found that a certain amount of Cu2+ could be 
released from CuS nanoparticles and Cu2+ could damage the 
structures of DNA, enzymes, and cell membranes, and affect 
biochemical properties, leading to bacterial death.19 Giachino and 
Waldron 45 reported that excess Cu2+ is extremely toxic and 
generated distinctive pleiotropic effects in the cells.20 In our study, it 
is highly plausible that the Cu2+ release from CuS produced excess 
Cu2+ in the environment and caused bacteria death, displaying a cell 
concentration reduction after treatments in the dark. 
      Others also reported antimicrobial effects of CuS on bacteria. 
Liang et al.19  used CuS to treat S. aureus infected wounds on 
the back of rats and observed that CuS had antibacterial 
properties, and particularly, 500 µg/mL CuS had good 
antimicrobial effects without increasing side effects. The 
authors also indicated that CuS promoted wound healing 
through reepithelialization and collagen deposition.19 Malakodi 
and Rajeshkumar 46 synthesized CuS by using bacteria Serratia 
nematodiphila to reduce CuSO4 into CuS and found that the MIC 
of CuS against E.coli, S. aureus, K. pneumoniae, and P. vularis 
was 30, 40, and 50 µg/mL, respectively. Huang et al.46 utilized 
bovine serum albumin (BSA) as the template to synthesize CuS 
NPs and observed antimicrobial effects on S. aureus and E. coli 
cells after treated with 50 ppm BSA-CuS NPs under near infrared 
light. 
      The CuS used in this study was more effective than those 
used by others19, 42,47 possibly due to the difference in particle 
size, treatment condition, bacterium strain, etc. It has been 
demonstrated that CuS nanoparticles interact with the proteins 
and possible phospholipids associated with the proton pump of 
bacterial membranes, leading to a collapse of membrane 
proton gradient, a disruption of many cellular metabolisms, and 
cell deaths.48,49

3.3 Interaction of CuWO4 and CuS in combination

Combined treatment of two antimicrobial reagents is 
generally an effective strategy to inactivate bacteria and also 
fight resistance.50 To find the most efficient CuWO4/CuS 
combination and confirm the synergistic antimicrobial 
interactions between CuWO4 and CuS, the checkerboard 
method was used to examine the inhibition of the growth of S. 
typhi cells treated with CuWO4 and CuS separately and in 
combination. The most efficient combination in this study was 
considered as the one which could completely kill all the cells 
with the lowest concentration of CuWO4 and CuS. Fig. 5 
illustrates the setup of the checkerboard assay. The MICs of 
CuWO4 and CuS were 64 and 8 µg/mL, respectively, showing 
consistency with the results tested by plating methods above. 
The FIC indexes were calculated (Table 1). The combination of 8 

Fig. 4 Antimicrobial effects of CuWO
4
 (a) and CuS (b) on S. typi cells 

in the dark or under the light. Data is presented as mean values with 
± SD error bars.
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µg/mL CuWO4 and 2 µg/mL CuS showed the ∑FIC value of 0.375, 
which was the lowest ∑FIC value among all the combinations, 
indicating this combination was the most efficient combination 
and the interaction between 8 µg/mL CuWO4 and 2 µg/mL CuS 
was synergistic.
      The other 2 combinations listed in the table were the 
combination of 32 µg/mL CuWO4 with 0.25 µg/mL CuS, and the 
combination of 2 µg/mL CuWO4 with 4 µg/mL CuS, showing 
partial synergistic interactions. A different result was observed 
on the synthesized CuWO4/CuS heterojunction, which showed 
the best photocatalytic efficacy on the photodegradation of RhB 
at the ratio of 1:1.28 

The interaction between CuWO4 and CuS in combination was 
further tested using isobologram. Isobolograms are an 
alternative method of interpretation of the interaction of two 
compounds on a defined microorganism and used when FIC 
gives borderline values.33 Fig. 6 shows the line of MICs in 
CuWO4/CuS combination fell below the line of MICs from 
CuWO4 and CuS treatment alone, indicating the synergistic 
interaction between CuWO4 and CuS. This observation proved 
the synergistic relation tested both by the plating method and 
by the checkerboard method. 
      Combination treatment of two antimicrobial reagents with 
synergistic interactions can reduce the frequency of drug 
resistance and minimize the dosage of toxic drugs, achieving 
more significant effects than monotherapy in biochemical 
activity.51 To achieve a maximal synergistic effect, the 
determinations of the reagent type, combination ratio, reaction 

conditions, and screening methods are essential. The 
checkerboard method developed in this study was easy to 
handle and could provide sufficient data to find the most 
efficient combination and to optimize the ratios of two reagents. 
The major difference between the checkerboard assay in this 
study and the traditional broth microdilution checkerboard 
assay27 was that the cell treatment in this study was performed 
in ½ PBS instead of cell culture medium, and the growth 
medium was added after the treatment. Our previous study 
showed that reaction buffers played important roles on the 
inactivation of bacterial cells and the cell treatment was much 
more effective in PBS than in broth.52 As for the most efficient 
combination in this study, the combination of 8 µg/mL CuWO4 
and 2 µg/mL CuS reduced 87.5% and 75% dosage of CuWO4 and 
CuS, respectively, compared to using them separately to reach 
a complete killing effect. The significant dosage decrease is 
important on environmental health and reduces economic 
burden.   The synergistic photocatalytic effects were also found 
in the hybrid composites consisting of CuWO4 with other 
photocatalysts. For instance, the synergy effects were observed 
in the combination of CuWO4 and TiO2 on atrazine degradation, 
showing an increased degradation efficiency of 92.1% after 270 
min, which was 1.94 times higher than that of TiO2 alone.53 The 
spatially separated cocatalysts and p-n heterojunctions in 
Pt/CuWO4/Co3O4 photoanode system exhibited a prominently 
enhanced photocurrent of 4.4 mA/cm2 at 1.23 V vs. RHE, 
demonstrating that synergistic effect of this system could 
effectively achieve improved photoelectrochemical 

Fig. 5 Illustration of the checkerboard assay results in a 96-well plate 
using CuWO4 and CuS. 

Fig. 6 Isobologram analysis for CuWO4/CuS combination 
against S. typhi cells. 

Table 1. Fractional inhibitory concentration (FIC) index and the interaction between CuWO4 and CuS. 

CuWO4 concentration(µg/mL) CuS concentration(µg/mL) ∑FIC relation

64 0 MIC of CuWO4

32 0.25 0.53125 Partial synergy

8 2 0.375 Synergy

2 4 0.53125 Partial synergy

0 8  MIC of CuS
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performance for water splitting.54 The nanostructured 
ZnO/CuWO4 heterojunction film had a photoelectrochemical 
degradation efficiency of 82% on RhB, making it approximately 
twice as effective as ZnO film.55 It was also observed that the 
surface modification of CuWO4 with 1.8 wt.% CuO can increase 
the activity by approximately 9 times under UV light and by 5 
times under visible light, for phenol degradation in aerated 
aqueous suspension.14 Although these studies showed the 
synergistic effects, the authors did not show how to optimize 
the combination ratios. It is worth noting that the 
aforementioned photocatalysts such as TiO2 and ZnO have a 
bandgap of 3.209 and 3.37,44 respectively, which corresponds to 
an absorption wavelength of 387 and 368 nm, all in the 
ultraviolet range. The goal of this study was to optimize the 
synergistic effect of visible light-driven photocatalysts for 
bacterial inactivation. CuS, with a visible-wavelength bandgap 
(1.8 eV)38, is a novel candidate, and such a study using the 
combination of CuWO4 and CuS has never been reported before.  

3.4 Antimicrobial effects of CuWO4/CuS hybrid composites

CuWO4/CuS hybrid composites with varying weight ratios were 
used to test the effectiveness on S. tyhi, S. aureus, and B. subtilis.  
The concentration of CuWO4 and CuS for the test was 
determined based on the results from the checkerboard assay. 
The effect of the mixture consisting of 8 µg/mL CuWO4 and 2 
µg/mL CuS (denoted as 8CuWO4/2CuS) were compared with 
other combinations through plating method, including hybrid 
composites consisting of 8 µg/mL CuWO4 and 0.5 µg/mL CuS 
(8CuWO4/0.5CuS), 8 µg/mL CuWO4 and 1 µg/mL CuS 
(8CuWO4/1CuS), 2 µg/mL CuWO4 and 2 µg/mL CuS 
(2CuWO4/2Cu), and 4 µg/mL CuWO4 and 2 µg/mL CuS 
(4CuWO4/2CuS). The testing results were consistent with the 
results from checkerboard assay, showing that the hybrid 
composite consisting of 8 µg/mL CuWO4 and 2 µg/mL CuS was 
the most effective combination and killed all the tested bacteria, 
showing ~ 5.8 log reduction (Fig. 7). This results also proved 
reliability of the checkerboard assay.

B. subtilis cells were more vulnerable to the treatments than 
the other 2 bacterial strains and showed a complete inactivation 
in all the combinations except for 8CuWO4/0.5CuS. By 

comparing bacteria S. aureus and S. typhi, the former were 
more vulnerable to the treatments than the latter in general 
except for the 4CuWO4/2CuS treatment. The possible reason for 
the difference was that both B. subtilis and S. aureus are G+ 
bacteria, and S. typhi is G- bacteria. G+ bacteria usually are more 
vulnerable to chemical treatments than G- negative bacteria.56 
Giving an example, in 2017 the World Health Organization 
(WHO) published a list of antibiotic-resistant priority pathogens, 
and the majority on the list is G- bacterial pathogens.57 The 
characteristics of G- bacteria being more resistant to chemicals 
than G+ bacteria are due to the cell wall structure difference. 
The complex G- bacterial cell wall is made of multiple layers of 
peptidoglycans, lipoproteins, phospholipids, and 
lipopolysaccharides, which hampers the penetration of 
particles in bacterial cells.56 The outer membrane of G- bacteria 
is the main reason for resistance to a wide range of antibiotics 
including β-lactams, quinilons, colistins and other antibiotics.56 
The cell wall structure difference might be the explanation for 
our observation that CuWO4/CuS combinations showed 
different antimicrobial effects on different bacterial strains.  
      The XRD pattern for CuWO4/CuS hybrid composites did not show 
any deleterious phase changes after the photocatalytic bacterial 
inactivation experiment, as shown in Fig. S1, Supporting Information. 
The stability of the hybrid composites was also evidenced by EDS 
mapping and elemental analysis (Figs. S2 and S3, Supporting 
Information). The elemental compositions of the hybrid composite 
only changed slightly after the bacterial inactivation under white 
light irradiation.

3.4 Proposed mechanisms of photocatalytic inactivation of bacteria

It is generally recognized that after band gap excitation a 
semiconductor could generate electrons (e-) and holes (h+) in its 
conduction and valence bands, respectively. These charge 
carriers may recombine to heat or migrate onto the surface, 
reacting with suitable electron donors and acceptors.14 Several 
reactive oxygen species (ROS), such as •O2

–, H2O2,1O2, and •OH, 
are generated through the redox reactions with dissolved 
oxygen and water.58 The generation capacity of ROS is the 
essential factor for photocatalysis.  ROS with high oxidative and 
reductive activities can easily degrade organic and inorganic 
pollutant molecules.59 The interaction of ROS with biological 
microorganisms can cause direct injury to proteins, membrane 
lipids, and nuclei acids, leading to cell death.60

     By simply mixing CuWO4 and CuS, synergistic antimicrobial 
effects were observed in the presence of visible light. The 
mixture of CuWO4/CuS was similar to the structure of a 
traditional type-II heterojunction when the two nanopowders 
were in close contact. Type-II semiconductor heterojunction 
can be realized when one of the semiconductor’s conduction 
and valence bands are lower than those of its neighboring 
semiconductor. Thus, the electrons are confined to one 
material and holes to the other, preventing electron-hole 
recombination, manifesting as a quenching of 
photoluminescence in the heterojunction.61

Charge transfer in the CuWO4/CuS composite was probed via 
photoluminescence spectroscopy using a Raman spectrometer. The 
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PL spectra for CuWO4, CuS and CuS/CuWO4 hybrid composite with a 
w/w ratio of 1:4 are shown in Fig. 8. In the case of the CuWO4/CuS 
hybrid composite, a strong PL quenching was observed, indicating a 
charge transfer at the interface of CuWO4/CuS composite. 
   The possible mechanisms of photocatalytic inactivation of 
bacteria are show in Fig. 9. The Ecb and Evb values of CuWO4 and 
CuS were estimated using the following expressions:62 

Evb =χ - E0 + 0.5Eg                                         (2)
Ecb = Evb - Eg                                            (3)

Where Evb is the valence band (VB) edge potential, the E0 value 
is constant 4.5 eV versus normal hydrogen electrode (NHE), Ecb 
is the conduction band (CB) edge potential, Eg is the bandgap of 
the semiconductor, and χ is the geometric mean of the 
electronegativities of atoms constituting the semiconductor. 
The VB position and CB position are estimated to be + 2.9 eV 
and 0.50 eV, respectively for CuWO4,63,64 whereas these values, 
are + 1.67 eV and -0.13 eV respectively, for CuS. 65-67

      Under visible light irradiation, CuWO4 and CuS could 
generate e- and h+, and the generated e- and h+ could be 
effectively transferred to the lower potential band. The photo-
induced e- of CuS are transferred to the CB orbitals of CuWO4, 
and the h+ of the CuWO4 are transferred to the VB orbitals of 
CuS. The e- in the CB orbitals of CuWO4 reduced O2 to O2

–, and 
h+ in the VB orbitals of CuS oxidized H2O to OH and H2O2. The 
produced ROS reacted with bacteria and caused cell damage, 
leading to synergistic antimicrobial effects and cell death. A 
similar mechanism of the degradation of RhB by CuWO4/CuS 
heterojunction was reported by Cui et al.28 in which the 
formation of CuWO4/CuS heterojunction was evidenced by the 
significant photoluminescence quenching.

Both CuWO4 and CuS can generate a series of photo-induced 
reactive species including •OH and •O2

- with the irradiation of 
visible light.68,69 CuWO4 and CuS have been reported for the 
capabilities to effectively degrade various pollutants.68,69 The 
ROS generation by CuWO4 could be the explanation for the 
antimicrobial effects in this study. The difference in band gap 
also allows them to function synergistically under illumination. 
This supports our hypothesis that interfacing these two 
materials could lead to superior separation and stabilization of 
photogenerated e- and h+. Charge transfer is energetically 

favorable because of the misalignment of the valance and 
condition band edges.

Although individual semiconductor photocatalysts might 
show good photocatalytic efficiencies when the reaction 
condition is suitable, using a single photocatalyst may face a 
drawback since photoproduced e- and h+ pairs are generally 
likely to recombine, leading to reduced quantum and 
photocatalytic efficiencies.70, 71 However, this drawback can be 
improved by coupling with another photocatalyst which can 
effectively increase the separation of e- and h+. The 
heterojunction photocatalysts typically could be grouped into 
six categories based on the heterojunction structure: traditional 
(e.g., type I, type II, and type III), p-n, Z-scheme, step-scheme, 
Schottky, and surface heterojunctions.59,72,73 In terms of 
traditional heterojunction system, only type II heterojunction 
can be an ideal system to improve the separation of e- and h+. 
In type II heterojunctions, the e- transfers to the semiconductor 
with a lower CB level. Meanwhile, the h+  transfers to the 
semiconductor with a higher VB level, decreasing the contact 
and recombination electron-hole pairs.59, 74

The photocatalytic efficiency of the photo-induced 
degradation varies over a wide range due to the type of 
photocatalysts used and the solution conditions employed.54 
Narrow bandgap, large specific surface area and efficiency of 
the separation of photoexcited electrons and holes were the 
essential factors for the enhanced photocatalytic activity.28 N2 
adsorption isotherms were obtained for a) CuS, b) CuWO4, and 
c) CuS/CuWO4 hybrid composite with a w/w ratio of 1:4 (see Fig. 
S4 - Supporting Information). The BET surface areas for CuS, 
CuWO4, and CuS/CuWO4 hybrid composite were determined to 
be 0.5, 1.4, and 8.0 m2/g, respectively, confirming an increase 
of the surface area as a result of ultrasound-assisted physical 
mixing.

 
4. Conclusions
In this study, the checkerboard method was developed by the 
modification of traditional broth microdilution checkerboard 
assay to examine the antibacterial efficacy by CuWO4 and CuS 
nanopowders individually and in mixtures of varying weight 
ratios. This method provided a way to find the best and most 
effective combination of antimicrobial photocatalysts. The 

Fig. 9 Proposed mechanism of photocatalytic inactivation of 
bacteria by CuWO4/CuS hybrid composite.

Fig. 8 PL spectra of CuS, CuWO4, and CuWO4/ CuS hybrid 
composites.
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hybrid composite consisting of 8 μg/mL CuWO4 and 2 μg/mL CuS 
was found to generate the maximum synergistic effect, showing 
a complete killing effect on all three bacteria with ~ 5.8 log cell 
reduction. The potent antimicrobial effects of CuWO4/CuS 
hybrid composites made it a feasible strategy to inactivate 
pathogenic bacteria in the environment in a fast (in 1 h), easy, 
and effective manner. These findings have significant 
implications for the coupling of semiconductors with suitable 
bandgaps to develop new and effective antimicrobial materials 
for water disinfection. 
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