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o-Ag3PO4 with capabilities of
enhancing ceftazidime for sterilization and
removing residues†

Yahui Zhang,‡ab Xiaochen Zhang,‡a Ruiming Hu,*c Yang Yang,a Ping Lia

and Qingsheng Wu *a

Since the efficacy of antibiotics towards bacteria is decreasing over time, the rising of antibiotic emission has

become an increasingly grave issue. In this study, we proposed an integrated antibacterial nanotechnology

without pollution residues, which synergistically enhances the antibacterial activity of ceftazidime by using

the inorganic nano-Ag3PO4, and subsequently removes drug residues by photocatalysis. Ag3PO4 were

synthesized using a simple ion-exchange method without any reducing agent or protectant. The combined

antibacterial activity of Ag3PO4 and 22 kinds of antibiotics against Escherichia coli was first studied. The

results showed that Ag3PO4 and ceftazidime exhibited the best synergistic effect. Next, the synergy

mechanism was proposed, the non-chemical bond forces between Ag3PO4 and ceftazidime was

determined by zeta potential analyzer, X-ray photoelectron spectroscopy (XPS) and infrared spectroscopy

(IR). The interaction between antimicrobials and bacteria was further demonstrated by surface plasma

resonance spectroscopy (SPR), scanning electron microscopy (SEM) and propidium iodide (PI) staining. In

addition, the production of reactive oxygen species (ROS), the induction of oxidative stress and dissolution

of silver ions in Ag3PO4 were studied and found out that only under light, could the ROS be generated. In

conclusion, the synergistic effect of Ag3PO4 and ceftazidime is responsible for the joint destruction of cell wall.
Introduction

Since penicillin was discovered by the British bacteriologist
in 1928 for the rst time,1 there have been thousands of
antibiotics, and hundreds of them are commonly used in the
clinical practice. However, due to the resistance of bacteria,
many of those antibiotics are no longer effective. However,
the development of antibiotics is usually limited by genomic
data, technology and innovation.2 At present, antibiotics
were mostly abused in agriculture, aquaculture and animal
husbandry.3 These antibiotics accumulated in animals, sh
and crabs might further transmitted to human by
consuming animal food. Excessive antibiotics might also
transfer into the water cycle and further threat to public
health.4
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The development of nanotechnology has led people to pay
attention to the anti-infective effect of inorganic metal parti-
cles.5–7 Here, we proposed a synergistic system of inorganic
nanoparticles enhancing the efficacy of traditional organic anti-
biotics. Since the synergistic antibacterial effect of silver and
amoxicillin has been reported in 2005,8 the synergistic effect of
nanoparticles and other antibiotics were reported succes-
sively.9–12 Ag3PO4 is a promising antibacterial agent,13,14 andmore
importantly is regarded as a signicant breakthrough in the eld
of visible-light-driven photocatalysts.15,16 Wu et al.17 and Liu
et al.18 synthesized Ag3PO4 with different morphologies and
studied its antibacterial activity. Other researchers have
improved the antibacterial activity of Ag3PO4 by doping gra-
phene.19,20 Huang et al.21 and Gan et al.22 combined CoFe2O4 with
Ag3PO4 to improve its photocatalytic property. Chen et al.23 and
Yan et al.24 increased the photocatalytic performance of Ag3PO4

by adding In2O3 or In2S3. However, the combined antibacterial
activities of Ag3PO4 and antibiotics have not been studied.

In this study, we designed a non-polluting synergistic antibac-
terial nanotechnology that not only synergistically enhances the
efficacy of ceazidime by Ag3PO4, but also photocatalytically
degrades the drug residues. To elucidate the synergistic mecha-
nism, the interaction of Ag3PO4with ceazidimewas tested, as well
as the interaction of antimicrobials (both Ag3PO4 and ceazidime)
with bacteria. This non-polluting antibacterial nanotechnology is
expected to benet human health and the water environment.
RSC Adv., 2019, 9, 17913–17920 | 17913
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Experimental
Materials

Standard strain of Escherichia coli (ATCC 25922) was supplied
from Shanghai Tenth People's Hospital. Silver nitrate (AgNO3)
and disodium hydrogen phosphate (Na2HPO4) were purchased
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
3-Mercaptopropionic acid (MPA) and N-(3-dimethylamino-
propyl)-N0-ethylcarbodiimide hydrochloride (EDC) were
purchased from Aladdin (Shanghai, China). N-Hydrox-
ysuccinimide (NHS), propidium iodide (PI) and 20,70-dichloro-
uorescin diacetate (DCFH-DA, 97%) were purchased from
Sigma-Aldrich (Shanghai, China). Susceptibility paper and
Luria–Bertani (LB) culture medium were purchased from
Microbial Reagent Co. Ltd. (Hangzhou, China). Ceazidime
(CAZ) powder was purchased from Mengry Bio-Technology Co.
Ltd. (Shanghai, China).
Preparation of nano-Ag3PO4 and Ag3PO4–CAZ complex

Nano-Ag3PO4 was prepared by ion exchange method.25 10 mL
0.4 M AgNO3 was added into 10 mL 0.15 M Na2HPO4 dropwise.
Aer 30 min reaction, the yellow precipitate was washed with
deionized water and ethanol several times, and then dried in
vacuum at 60 �C overnight. For synthesis of Ag3PO4–CAZ
complex, 100 mg Ag3PO4 was mixed with 100 mg ceazidime
(CAZ) in 4 mL water. Aer ultrasonic oscillations for 30 min, the
mixtures were washed with deionized water for several times,
and then freeze drying overnight.
Evaluate antibacterial activities by disk diffusion test

Several bacterial colonies were inoculated to 50 mL LB broth
and incubate in shaker overnight. Then the bacteria solution
was diluted to about 1 � 108 CFU mL�1 (OD600 ¼ 0.1). 100 mL
tenfold diluted suspension (107 CFU mL�1) was equably coated
on every LB agar plate. The drug sensitive slips (diameter 7 mm)
were attached on it. 10 mL Ag3PO4 (10, 100, 1000 mg L�1) solu-
tion was added on slip, respectively. Aer incubated at 37 �C for
20 h, the inhibition zone diameters were measured. All experi-
ments were repeated at least three times to eliminate error.
Characterization of the synergistic antibacterial system

X-ray diffraction (XRD) patterns were recorded by a Bruker D8
Advanced X-ray diffractometer with a Cu Ka (1.5 Å) source. Field
scanning electron microscopy (SEM) images were obtained with
a Hitachi S-4800 SEM. The absorbance (OD) values of bacteria
solution were measured by Agilent UV-Vis 8453 Ultraviolet-
visible spectrometer. Particles surface charges were analyzed
by Malvern Zetasizer Nano ZS90 dynamic light scattering
instrument (DLS). The surface elements of the samples were
conducted by Kratos AXIS Ultra DLD X-ray Photoelectron
Spectroscopy (XPS). Sample functional groups were recorded
using Nicolet NEXUS 6700 Fourier transform infrared (FTIR)
spectrometer. Fluorescence spectra of the samples were
collected by Hitachi F-7000 Fluorescence spectrophotometer.
17914 | RSC Adv., 2019, 9, 17913–17920
Surface plasmon resonance (SPR) analysis of the interactions
between micro/nanoparticles and bacteria

SPR experiments were performed with Reichert SR7500DC dual
channel SPR instrument. Specic experimental procedures can
be referred to the previous study.26 Briey, the naked sensor
chips were activated by piranha solution, then the carboxyl
groups were linked through MPA solution, EDC/NHS solution
was used to excite carboxyl terminal, nally Ag3PO4 and
Ag3PO4–CAZ were attached. Aer nished these pretreatment
process, a series of bacteria solution (1.25 � 107, 2.5 � 107, 5 �
107, and 1� 108 CFUmL�1) successively owed over the sensory
chip surface. The equilibrium dissociation constant (KD) was
calculated by ClampXP soware.
SEM analysis to observe cell morphology

The E. coli cells were transferred into 50 mL LB medium with
optical density (OD) around 0.1. Aer incubation in the
shaker at 37 �C, 150 rpm, until the OD600 value reached 0.6.
The bacteria solution was dispensed into test tubes with 3 mL
of each tube. 300 mL Ag3PO4 solution, 300 mL ceazidime
solution were added alone or in combination (with nal
concentration as 10, 100, 1000 mg L�1), incubated at 37 �C,
200 rpm for 4 h on a shaker bed. The above test tubes were
centrifuged at 8000 rpm for 3 min, then collected cells were
immobilized by 5 mL 2.5% glutaraldehyde (diluted with PB
buffer) for 2 h, subsequently washed with PB three times. The
dehydration was accomplished with graded ethanol (30%,
50%, 75%, 85%, 95%, and 100%) for 20 min each. Then the
cells were dispersed in 1 mL ethanol, and 20 mL of the cells
were dripped onto a silicon wafer. Aer freeze-drying over-
night, cell morphology was observed by SEM.
Assays for membrane integrity

The bacteria cells were transferred into 50 mL LB broth until
the OD600 value reached 0.1. Then it was incubated in the
shaker until the OD600 reached 0.5. The bacteria solution was
dispensed into test tubes with 3 mL of each. Aer added with
Ag3PO4, ceazidime alone or jointly the tubes were incubated
at 37 �C, 200 rpm for 3 h, and each sample was centrifuged at
10 000 rpm for 2 min. Harvested cells were stained with 5 mL
5 mM propidium iodide (PI) in the dark for 20 min. Aer
centrifuged at 10 000 rpm for 2 min, 3 mL phosphate buff-
ered saline (PBS) was used to disperse bacteria. Finally, the
samples were analyzed on a spectrouorometer with excita-
tion wavelength of 535 nm, emission wavelength of 600 nm.
Determination of reactive oxygen species (ROS)

To determine the ROS content generated by Ag3PO4, 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) was used as the radical
trap. Ag3PO4 suspension with DMPO was analyzed by Bruker
EMX electron paramagnetic resonance (EPR) spectrometer.
To simulate daylight environment, Ag3PO4 suspension was
exposed to xenon lamp for 20 min before measurement. Next,
intracellular ROS levels were also determined. The bacteria
cells were transferred into 50 mL LB broth until the OD600
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01969c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 3
:2

5:
57

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
value reached 0.1. Aer incubated in the shaker at 37 �C,
150 rpm for 2.5 h, the suspension was centrifuged at
10 000 rpm for 2 min. Then 60 mL 10 mM 20,70-dichloro-
uorescein diacetate (DCFH-DA) was used to stain cells for
20 min in the dark. Aer washed with PBS twice, harvest cells
were resuspended in PBS with OD600 about 0.5. Next, the test
tubes were added with 3 mL above-mentioned bacteria
solution. The samples were then treated with Ag3PO4, cea-
zidime alone or jointly for 2 h, at 37 �C, 200 rpm. At last, the
samples were analyzed on a spectrouorometer with an
excitation wavelength of 488 nm, emission wavelength of
520 nm.
Detection of metal ion release

100 mg L�1 Ag3PO4 was mixed with 100 mg L�1 ceazidime in
LB broth. All tubes were incubated at 37 �C, 150 rpm. The
samples were centrifuged at 10 000 rpm for 10 min aer 0.5,
2, 6, 12 and 24 h. 1 mL supernatants of each tube were
digested with 1 mL HNO3, 1 mL H2O2 for 30 min at 100 �C.
Table 1 Zone of inhibition (mm) of different antibiotics against E. coli in

Antibiotics (mg per disc)

Inhibition zone diameters (mm)

Without Ag3PO4

Ag3PO4 0.01
mg per disc

Ag3PO
mg pe

Aminoglycosides
Kanamycin 30 21.5 20.3 18.8
Neomycin 30 19.8 21.3 22.8
Amikacin 30 21.5 24.5 24
Gentamicin 10 17.25 21.5 20.5

Tetracyclines
Tetracycline 30 15.5 19.5 17
Minocycline 30 14 15.3 16.5

Quinolones
Noroxacin 10 26 28.8 29.3
Ooxacin 5 29.5 31 31
Ciprooxacin 5 29 29.8 31

Penicillins
Piperacillin 100 23.1 24.9 25.8
Ampicillin 10 11 10 11
Carbenicillin 100 23.8 27.5 26.5

Cephalosporin
Ceazidime 30 19.25 27.25 29.25
Cefradine 30 16.8 19.3 18.3
Ceriaxone 30 29.8 34.5 29.8
Cefazolin 30 25.5 25.3 25.5

Cefuroxime 30 20 21.5 22
Cefoperazone 75 27.5 31.8 28.3
Cephalexin 30 21 19.3 21.8

Others
Chloramphenicol 30 23.5 27 22.25
Polymyxin B 300 16.25 16 16
Furazolidone 300 20.8 24 22.3

a All experiments were done in triplicate, and standard deviations were n

This journal is © The Royal Society of Chemistry 2019
Aer the liquid cooled down, all samples were diluted with
2% HNO3 to 12 mL. The silver ion content was measured by
Agilent 720ES inductive-coupled plasma (ICP) optical emis-
sion spectrometer.
Photocatalytic degradation experiments

The prepared ceazidime solution was added into 25 mL
different concentrations of Ag3PO4 aqueous solution. Aer
ultrasonic treatment for 10 min, it was placed in the XPA-
Photochemical Reactor (Xujiang Electromechanical Plant,
Nanjing, China), stirred in the dark for 30 min to achieve an
adsorption equilibrium, and then switched on 500 W xenon
lamp to simulate the solar environment (wavelength: 200–2500
nm) for photocatalytic reaction. 3.4 mL of each sample were
collected at regular intervals. Aer centrifugation, these
samples were ltered with a 0.22 mmmicroporous lter and the
supernatant was collected. The concentration of ceazidime
was determined by measuring its absorbance at 255 nm with
Agilent UV-Vis 8453 Ultraviolet-visible spectrometer.
absence and in presence of Ag3PO4
a

Increasing rate of inhibition zone area (%)

4 0.1
r disc

Ag3PO4 1
mg per disc

Ag3PO4 0.01
mg per disc

Ag3PO4 0.1
mg per disc

Ag3PO4 1
mg per disc

21.3 �11 �24 �2
19.5 16 33 �3
21.8 27 25 2
19.5 55 41 28

17 58 20 20
17.3 19 39 52

28.3 22 27 18
31 10 10 10
32 5 14 22

27.3 16 24 39
9 �17 0 �33

25 34 24 11

22.5 100 131 37
17.5 32 19 �8
33 34 0 23
27 �2 0 12

21.5 16 21 16
29 33 6 11
21 �16 7 0

27 32 �10 32
11.25 �3 �3 �52
22.5 34 15 18

egligible. The inhibition zone diameter of Ag3PO4 alone is 7 mm.

RSC Adv., 2019, 9, 17913–17920 | 17915
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Fig. 1 XRD pattern of Ag3PO4.

Fig. 3 XPS images of Ag3PO4 with ceftazidime.
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Results and discussion
The cooperative antibacterial effects

Disk diffusion test was used to study the combined antibacterial
activity of Ag3PO4 and 22 kinds of antibiotics against E. coli. The
results show that Ag3PO4 with gentamicin, tetracycline, mino-
cycline and ceazidime have better synergistic effect (Table 1).
Their maximum inhibition zone increase by 55%, 58%, 52%
and 131% respectively. However, when Ag3PO4 combines with
other antibiotics, the inhibition zones do not increase signi-
cantly, and even the antagonistic effect is observed for ampi-
cillin (�33%) and polymyxin B (�52%). Ag3PO4 shows the best
synergistic effect on ceazidime, so their synergistic mecha-
nism was systematically studied. In addition, when Ag nano-
particles were added, the inhibition zone of ceazidime
remains unchanged, indicating that they could not produce
synergistic effect (Table S1†).

Characterization of the antibacterial systems

XRD analysis of Ag3PO4 (Fig. 1) reveals a cubic crystal structure
(JCPDS no. 06-0505), no other miscellaneous peaks appears,
demonstrating the formation of pure Ag3PO4 crystals. As shown
in Fig. 2, Ag3PO4 particles have an irregular spherical shape,
particle size distribution is between 400 to 800 nm, with an
average size of about 650 nm. The mean zeta potential of
Ag3PO4 and Ag3PO4–CAZ complexes in distilled water is
�40.2 mV and �44.2 mV, the increased number of negative
charges is due to COO� on ceazidime. The surface charge is an
important factor in inuencing the particles to “see” and react
to the cells.27
Fig. 2 SEM images of Ag3PO4.

17916 | RSC Adv., 2019, 9, 17913–17920
The interaction between antibiotics and inorganic particles

The content of ceazidime on the surface of Ag3PO4 was
analyzed by XPS. The results (Fig. 3) demonstrate the existence
of Ag, P, C, O and N elements. Comparing of the signal intensity
of N with Ag, the molar ratio of ceazidime molecules to Ag
atoms in Ag3PO4–CAZ is 0.03. Ag3PO4 takes negative charges, so
that the amino groups in ceazidime determine its adsorption
capacity on the surface of Ag3PO4. For further investigating their
bonding type, the infrared spectra were analyzed. In Fig. 4, the
absorption bands at 556 cm�1 and 1015 cm�1 are the charac-
teristic peaks of Ag3PO4 due to the vibrations of PO4

3� groups.
The characteristic peaks of ceazidime appear at 1759 cm�1

and 1709 cm�1 due to the stretching vibrations of four-
membered lactam carbonyl and secondary amide carbonyl
groups. The N–H bending vibrations are observed at 1620 cm�1.
The band at 1531 cm�1 is due to torsional vibrations of aromatic
ring. Compared with the single infrared spectra, there are no
obvious changes in characteristic peaks of Ag3PO4–CAZ spec-
trum, indicating that the combination of Ag3PO4 and ceazi-
dime is a physical effect and no chemical bond is formed or
Fig. 4 Infrared spectra of Ag3PO4 with ceftazidime.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 SPR curves of Ag3PO4, Ag3PO4–CAZ with E. coli.

Fig. 6 SEM images of E. coli treated by (a and b) negative control, (c
10 mg L�1 Ag3PO4 and 10 mg L�1 ceftazidime, (i and j) 100 mg L�1 Ag3PO
100 mg L�1 ceftazidime, (o and p) 1000 mg L�1 Ag3PO4, (q and r) 1000
ceftazidime.

This journal is © The Royal Society of Chemistry 2019
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dissociated, thus no chemical reaction occurs. Therefore, it can
be considered that the synergistic effect of Ag3PO4 with cea-
zidime is not due to the formation of new compounds.
The interaction of antibacterial agents and bacteria

SPR biosensor was used to study how the adsorption of cea-
zidime on Ag3PO4 affects the interaction between Ag3PO4 and
bacteria. SPR biosensor is commonly used to detect the inter-
action of biological macromolecules in real time. We extended
its function24 to determine the interaction between nano-
particles and organisms dynamically and quantitatively. As
shown in Fig. 5, the ascending curves represent the binding
process, the faster the curve rises, the faster the combination,
and the greater the association constant (Ka). The descending
curves indicate dissociation process, the faster the curve drops,
the faster the dissociation, and the larger the dissociation
constant (Kd). The equilibrium dissociation constant (KD) was
and d) 10 mg L�1 Ag3PO4, (e and f) 10 mg L�1 ceftazidime, (g and h)

4, (k and l) 100 mg L�1 ceftazidime, (m and n) 100 mg L�1 Ag3PO4 and
mg L�1 ceftazidime, (s and t) 1000 mg L�1 Ag3PO4 and 1000 mg L�1

RSC Adv., 2019, 9, 17913–17920 | 17917
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Fig. 7 Permeability of bacterial cell membrane probed by PI
(concentration units are mg L�1).

Fig. 9 Intracellular reactive oxygen species (ROS) probed by DCFH-
DA (concentration units are mg L�1).
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calculated by the ratio of Kd to Ka. Smaller KD value indicates
stronger affinity and less dissociation, which means a greater
interaction force. The KD values of E. coli with Ag3PO4 and
Ag3PO4–CAZ are 4.17 mg L�1 and 3.92 mg L�1, suggesting that
the interaction of bacteria with Ag3PO4–CAZ is slightly stronger
than Ag3PO4, though the Ag3PO4 surface negative charges
increase due to its combination with ceazidime, resulting in
the increase of electrostatic repulsion between particles and
bacteria. However, because of biochemical reaction between
ceazidime and trans-peptidase in cell wall, the increase of
chemical force is more pronounced than electrostatic
repulsion.

The SEM analysis28,29 was used to study the impact of
changes in the interaction between nanoparticles and bacteria
onmembranemorphology of the bacteria. As shown in Fig. 6d, j
and p, while the concentration of Ag3PO4 increased from
Fig. 8 EPR images of Ag3PO4 in the dark and light.

17918 | RSC Adv., 2019, 9, 17913–17920
10 mg L�1 to 1000 mg L�1, the cell wall damage aggravated, and
pits appear in the center of the bacteria. When Ag3PO4 is
combined with ceazidime, cell wall breakage is worse than
that of bacteria treated with drugs alone. As seen in Fig. 6j, l and
n, when 100 mg L�1 Ag3PO4 combined with 100 mg L�1 cea-
zidime, there are obvious holes in the cell wall. Comparing with
Fig. 6h, n and t, it is found that as the concentration of the
combination drug increases, the pore size on the cell wall
gradually increases, and no obvious hole was observed in the
bacteria under the action of 10 mg L�1 combined drug, while
the cell wall completely collapsed aer treated with 1000mg L�1

combined drug.
The cell permeability was analyzed by propidium iodide

(PI) stain.30,31 As shown in Fig. 7, when 100 mg L�1 CAZ
combined with 10 mg L�1 Ag3PO4, cell permeability increases
Fig. 10 The dissolution of Ag3PO4 in LB broth with or without
ceftazidime.

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 The photocatalytic degradation of ceftazidime by Ag3PO4 under simulated solar radiation.
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62.6% than 100 mg L�1 CAZ. Most obviously, when 10 mg L�1

CAZ combined with 100 mg L�1 Ag3PO4, cell permeability
increases 80.2% than 10 mg L�1 CAZ. CAZ can inhibit trans-
peptidase and interfere with bacterial cell wall synthesis,
resulting in increased interaction between Ag3PO4 and
bacteria, as well as increased the membrane damage and the
cell permeability.

The study of ROS generated by Ag3PO4, intracellular ROS
levels and silver ions release

To further investigate the synergistic mechanisms, the ROS
generated by Ag3PO4, intracellular ROS levels32,33 and silver ions
release34 were tested. EPR is a commonly used method28 for
detecting ROS produced by semiconductor materials in a solution
environment. Unpaired electrons of different free radicals can be
captured by trapping agent DMPO, causing a change in eld
intensity. As shown in Fig. 8, Ag3PO4 suspension is not able to
produce free radical signals in the dark (i.e. antibacterial experi-
mental conditions). However, aer irradiation with a 500 W xenon
lamp for 20 minutes, a 1 : 2 : 2 : 1 hydroxyl radical signal appears.
Therefore, it can be concluded that light irradiation can make
Fig. 12 Schematic drawing of the synergistic mechanisms of Ag3PO4

with ceftazidime against Escherichia coli.

This journal is © The Royal Society of Chemistry 2019
Ag3PO4 produce ROS, which is benecial to its subsequent pho-
tocatalytic degradation of antibiotic residues. In the antibacterial
experiment (in the dark), although Ag3PO4 itself does not produce
ROS, it can cause an increase in the intracellular ROS levels. When
E. coli cells were treated by 10 mg L�1 and 100 mg L�1 Ag3PO4,
intracellular ROS levels increased by 23%and 60% (Fig. 9). Besides,
the addition of antibiotics makes no difference to ROS levels.

The solubility of Ag3PO4 in LB broth is shown in Fig. 10. The
dissolution rate of Ag3PO4 alone increases from 0.12% to 1.32%
when soaked from 0.5 h to 24 h. In the presence of ceazidime,
it increases from 0.12% to 1.44%. It is found that the addition of
antibiotics has little effect on Ag3PO4 solubility. Therefore, the
synergistic mechanisms between them cannot be explained by
more silver ions release when antibiotics were added.

Photocatalytic degradation of ceazidime residues

Aer ceazidime fullled its antibacterial mission, the photo-
catalytic degradation of CAZ by Ag3PO4 under simulated solar
radiation was conducted to eliminate environment pollution. As
shown in Fig. 11, aer 2 h of simulated sun exposure in pres-
ence of 1 g L�1 Ag3PO4, 16 mg L�1 CAZ degrades by 75.6% and
32mg L�1 CAZ degrades by 71.2%. CAZ degradation slows down
between two and four hours. Ag3PO4 has different degradation
efficiencies for different types of antibiotics, it could remove
about 30% of ciprooxacin aer 2.5 h,35 72% of tetracycline
aer 1 h,36 87% of sulfamethazine and 73% of cloxacillin aer
1.5 h37 under visible light irradiation. Combining the synergistic
antibacterial activity with the successive highly photocatalytic
degradation of CAZ, the non-polluting nanotechnology for CAZ
using nano-Ag3PO4 was established.

Conclusions

Ag3PO4 exhibits the best synergistic effect on ceazidime
against E. coli among 22 antibiotics and can further photo-
catalytically remove the residues. This non-polluting antibac-
terial nanotechnology is expected to benet human health and
the water environment. XPS and IR tests indicated that cea-
zidime binded to the surface of Ag3PO4 by non-chemical bond
forces. SPR experiments showed that the adsorption of
RSC Adv., 2019, 9, 17913–17920 | 17919
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ceazidime on the surface of Ag3PO4 produced a stronger
interaction between Ag3PO4 and bacteria. SEM and PI dye tests
further showed that Ag3PO4 combined with ceazidime caused
more serious damage to cell wall and greater cell permeability
(Fig. 12). In addition, Ag3PO4 produced very low levels of ROS
and Ag+, so their contributions to antimicrobial activities were
almost negligible. The application of nanotechnology in the
eld of biomedicine is expected to provide strong protection
against infection treatment.
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