Open Access Article. Published on 17 August 2022. Downloaded on 3/30/2026 10:33:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2022, 12, 23346

Received 8th June 2022
Accepted 18th July 2022

DOI: 10.1039/d2ra03546d

Photocurable acrylate epoxy/ZnO-Ag
nanocomposite coating: fabrication, mechanical
and antibacterial properties
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In this study, a UV-curable acrylate epoxy nanocomposite coating has been prepared by incorporation of
ZnO-Ag hybrid nanoparticles. For this purpose, firstly ZnO-Ag hybrid nanoparticles were fabricated by
a seed-mediated growth method. Then, these ZnO—-Ag hybrid nanoparticles (2 wt%) were added into the
UV-curable acrylate resin matrices. The photocuring process of nanocomposite was evaluated by
various factors, such as the conversion of acrylate double bonds, pendulum hardness and gel fraction.
Under the 4.8 s UV-exposure time for full crosslinking, the obtained data indicated that incorporation of
ZnO-Ag nanohybrids into the coating matrix changed the crosslinking process of coating significantly. A
mechanical teat indicated that the presence of nanohybrids in photocurable coating matrix enhanced its
abrasion resistance from 98.7 to 131.6 L per mil (33.3%). The antibacterial test against E. coli over 7 h
indicated that E. coli bacteria were killed totally by nanocomposite coating, whereas it was 2.6 x 10%

rsc.li/rsc-advances

1. Introduction

Organic coatings have been used widely for protection and
decoration of various substrates.”> Regarding the environ-
mental issue, solvent based coatings should be replaced by non-
solvent based coatings, such as water-based or photocurable
resin coatings.”® The photocuring process exhibits many
advantages, such as good transparency, high gloss, good
mechanical properties, and high resistance against moisture/
chemical/weathering.*” The UV-curable coating refers to the
UV-crosslinking polymerization of resins, which consists of
some important agents, such as the photoinitiator, and func-
tional monomers/oligomers. The photocurable resin systems
have two main systems, such as (i) radical photo-polymerization
and (ii) cationic photo-polymerization resin systems. In this
regard, their polymerization process undergoes four steps,
including photolysis of initiator, initiation, chain propagation
and termination.”

To fabricate the antibacterial organic coatings, inorganic
nanoparticles can be added into the coating matrices.® As re-
ported, these main inorganic nanoparticles are nano-TiO,,
nano-ZnO and nano-Ag, which act as antibacterial agents for
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CFU mL™ for the neat coating without nanoparticles.

organic coatings.®** Ag nanoparticles (nano-Ag or AgNPs) have
been considered the most used and effective anti-microbial
nanoparticles against both Gram-positive bacteria and Gram-
negative. Hybridization of AgNPs with metal oxides is a new
approach to enhance the antibacterial effect of AgNPs."*"” In
this regard, ZnO can be used to support AgNPs for controlling
stability and minimizing the toxicity of free silver to human
cells." Regarding the antibacterial application of nano-ZnO
particles, due to their large band gap (~3.2 eV), they can kill
the bacteria only under UV light radiation. In addition, the
antibacterial application of nano-ZnO is limited, since nano-
ZnO exhibit the low photoenergy conversion efficiency, with
low charge separation efficiency and fast recombination of
photogenerated charge carriers.' In this case, hybridization of
nano-ZnO with AgNPs is expected to defeat the large band gap
of ZnO.” In the hybrid nanostructures, the visible light
absorption by surface plasmon resonance (SPR) of AgNPs could
induce the electron transfer to nano-ZnO, resulting in charge
separation and therefore activated by visible light. Thus, the
antibacterial and photocatalytic activities of nano-ZnO are
improved significantly by hybridization with AgNPs.*®

It was reported in literature that various nanofillers could be
added into the photo-curable resins.'>'*** For the crosslinking
of thermoset resin system, the presence of additives can affect
to the components of paint formulations.”*** Regarding the
epoxy nanocomposite, nanofillers could act as a bridge for the
interconnected molecules, and thus reduce the free volume and
increase the crosslinking density.>»*® For UV-curable systems,
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influence of certain additives on their photocrosslinking are
reported.>®

Recently, Nguyen et al.*”*® reported the synthesis and anti-
bacterial activity of ZnO-Ag nanohybrids. The authors found
the good antibacterial activity against Staphylococcus aureus and
Escherichia coli bacteria, even at low content (<40 mg mL™ ") with
the higher inhibition areas. In addition, their antibacterial
activity was higher with light irradiation than those in the dark.
Incorporation of ZnO-Ag nanohybrids into the organic coatings
would provide high antibacterial activity for the coating. This
study explores how UV-curable nanocomposite coating can
exhibit the antibacterial activity.

2. Materials and methods

2.1. Materials

Silver nitrate, nano-ZnO (<100 nm, Fig. 1), 1-octadecene (ODE,
90%), oleylamine (OLA, 70%), 1-octadecanol (OCD-ol, 99%),
ethanol and hexane provided by Sigma-Aldrich
(Singapore).

Bisphenol A glycerolate dimethacrylate (BGDM) and 1,6-
hecxanediol diacrylate (HDDA, 80%) used as a diluent were
purchased from Sigma-Aldrich; 1-hydroxy-cyclohexyl-phenyl-
ketone, Irgacure 184 (1.184) used as a photoinitiator was
purchased from CIBA, Germany. Fig. 2 presents the chemical
structures of these UV-curable reagents.

were

2.2. Synthesis of ZnO-Ag hybrid nanoparticles

ZnO-Ag hybrid nanoparticles are synthesized by seed-mediated
growth method* using as-received nano-ZnO (<100 nm) as the
seeds, oleic acid (OLA) as ligand and 1-octadecene (ODE) as
solvent/reducing agent for AgNO; precursors. The details of
method for synthesis are reported in our previous work.'”** The
formation process of ZnO-Ag nanohybrids can be described in
Fig. 3. Briefly, the mixture A (10 mg of AgNO;, 6 mL of OLA,
300 mg of ODE and 40 mL of ODE) was prepared and added into
a 3-necked flask. The mixture B was prepared by dispersing
100 mg of ZnO in 2 mL of n-hexane. Then mixture B was added

100 nm

IMS-NKL 5.0kV 4.9mm x100k SE(M)

Fig. 1 FE-SEM photographs of as-received nano-ZnO.
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Fig. 2 Chemical formulas of 1.184, HDDA and BGDM.

into mixture A (in the 3-necked flask) under magnetic stirring
with the hotplate in presence of heater/nitrogen gas controller.
The reaction mixture (A + B) was stirred and kept at room
temperature for 30 minutes. Then, the reaction temperature
was increased to 80 °C and maintained at this temperature for
30 minutes. In the next stage, the reaction temperature was
continuously increased to 200 °C, then refluxed for 60 minutes.
During this reaction stage, AgNO; salt was reduced directly on
the nano-ZnO surface to form silver nanocrystals attached to
nano-ZnO.

Once the reaction stopped, the mixture system was cooled
down to room temperature, then ethanol was added into the
product solution to form the agglomeration between the
nanoparticles. To collect the nanohybrids, centrifugation at
10 000 rpm was carried out for 5 minutes. Finally, the precipi-
tation of nanohybrids was re-dispersed into the n-hexane
solvent. Chemical residues were removed by adding fresh n-

( N\
ZnO + AgNO; + OLA +ODC-ol, +
ODE
& J
, 1 \

Reaction were refluxed at about
room temperature for 30 minutes

N l J
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Reaction were refluxed at about
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Fig. 3 Scheme for fabrication of ZnO—-Ag nanohybrids.
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hexane solvent several times in the centrifugation. Final nano-
hybrids powder was dried naturally at room temperature.

2.3. Fabrication of nanocomposite coating

Firstly, ZnO-Ag nanohybrids were dispersed in HDDA under
sonication (25 KHz, 3 hours). Secondly, BGDM and 1.184 were
added into this mixture with the presence of mechanical stir-
ring (600 rpm for 30 min). The content of nanohybrids was 2%
by weight of HDDA and BGDM, whereas the ratio of
E284 : HDDA : 1.184 was 55 : 45 : 3.

Thirdly, from the as-prepared solution, 25 pm of thick layers
were coated on various substrates, such as Kerr pellets (for IR
study), Teflon sheets (100 x 100 x 10 mm, for GF and FE-SEM
studies), and glass plates (100 x 100 x 2 mm, for pendulum
hardness and abrasion resistance tests). Finally, the curing
process was carried out on the coated samples by exposure to
UV-light using the FUSION UV (Model F3008S, USA).

2.4. Characterization of ZnO-Ag nanohybrids

Morphological study of ZnO-Ag nanohybrids and their disper-
sion into coating matrices has been carried out using

100nm

IMS-NKL 5.0kV 4.7mm x100k SE(M) 500nm

Fig. 4 FE-SEM (a) and TEM (b) photographs of ZnO—Ag nanohybrids.
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Transmission Electron Microscopy (TEM, JEM 1010, JEOL,
Japan) and Scanning Electron Microscopes (FESEM-S4800-
Hitachi and SEM/EDX-JSM 6510LV-JEOL, Japan). X-ray diffrac-
tion (XRD) patterns were obtained by a Siemens D5000 (Bruker,
USA), whereas the UV-vis absorption spectra were measured by
using CINTRA 40 (GBC Scientific Equipment, USA).

The band gap (E;) of asreceived nano-ZnO and as-
synthesized ZnO-Ag nanohybrids was calculated from the UV-
vis diffused reflectance spectra (UV-2600, Shimadzu, Japan),
using the Tauc method.**

2.5. Characterization of UV-cured coatings

To evaluate quantitatively the chemical conversion of acrylate
double bonds (AD bonds), FTIR study was used, focusing on the
characteristic band at 984 cm™ ' (=CH stretching) during
crosslinking. The details of this method was reported in
previous works.””*° The gel fraction (GF) of cured coatings was
determined by using a Soxhlet (in acetone, for 24 hours), under
the standard ASTM D 2765.%°

To study the mechanical properties of coatings, relative
hardness (pendulum hardness) was measured by using
pendulum damping tester (ASTM D 4366 standard). Whereas,
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Fig. 5 EDX spectra of ZnO-Ag nanohybrids.
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abrasion resistance was measured by using the abrasive falling
methods (ASTM D968 standard).

2.6. Antibacterial activity test for UV-cured coatings

The antibacterial test of UVAE and UVAE/ZnO-Ag coatings was
performed according to the 22196:2007 standard by using
Escherichia coli strain DH5a (Invitrogen Corp.). Firstly, the
Escherichia coli (E. coli) strain was activated overnight on LB
fluid (Luiria Bertani broth) so that the number reached 10° CFU
mL~". The bacterial solution after being activated is evenly
dripped with the same amount (with a concentration of 3.4 x
10> CFU mL ") on the surface of the coated glass coupons (50 x

20+ —Ag
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Fig. 6 UV-vis absorption spectra of ZnO—-Ag nanohybrids (ZnO-Ag),
pure ZnO nanoparticles (ZnO) and pure Ag nanoparticles (Ag).
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50 x 2 mm). The glass panels are illuminated with fluorescent
lamps usually at the temperature of (35 + 1) °C. The antibac-
terial ability of the samples was evaluated through the number
of E. coli bacteria surviving on the surface of the glass slide
before and after 7 h of the experiment.?*3*

3. Results and discussion

3.1. Characterization of ZnO-Ag nanohybrids

Fig. 4 presents the FE-SEM and TEM photographs of ZnO-Ag
nanohybrids. As shown in Fig. 4, AgNPs present the irregular
shape with average size of ~10 nm, which are attached to the as-
received nano-ZnO (<100 nm). Energy-dispersive X-ray (EDX)
analysis (Fig. 5) shows the content of AgNPs in ZnO-Ag hybrid
nanoparticles is ~8.55 wt%.

UV-visible absorption spectra of ZnO-Ag nanohybrids (ZnO-
Ag), pure ZnO nanoparticles (ZnO) and pure AgNPs (Ag) were
presented in Fig. 6. As can be seen in Fig. 5, the broad
absorption peak of the single nano-ZnO is found at 361.8 nm,>*
whereas strong absorption peak of the single AgNPs (localized
surface plasmon resonance, LSPR peak) of AgNPs is observed at
423.2 nm. In case of ZnO-Ag nanohybrids, a broad (strong) peak
at 440.6 nm and a shoulder (weak) at 362/370 nm are observed.
Interestingly, hybridization of nano-ZnO and AgNPs exhibits
the red shift of LSPR peak position from 423.2 to 440.6 nm. This
result confirms that AgNPs are not only formed/attached to the
surface of nano-ZnO, but also hybridized with nano-ZnO. This
red shift of LSPR band is coherent with the data reported for Ag/
ZnO core-shell composites® and other noble metal-metal oxide
hybrid nanoparticles.*® This red shift of LSPR band can be
explained by the strong interfacial electronic coupling between
neighboring nano-ZnO particles and nano-Ag.*”*
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Fig. 7 XRD diffraction diagrams of ZnO-Ag nanohybrids (ZnO-Ag) and
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The structural characteristics of nanoparticles were then
studied by XRD method. Fig. 7 shows the XRD diffraction
patterns of ZnO-Ag nanohybrids and as-received nano-ZnO. As
shown in Fig. 7, the hexagonal crystal structure of ZnO are
observed by their characteristic planes of (100), (002), (101),
(102), (110), (103), (112) and (201) (based on the reference of
JCPDS no. 36-1451). These similar characteristic planes are
found in the XRD pattern of ZnO-Ag nanohybrid, along with the
presence of AgNPs in face-centered cubic structure. As shown in
Fig. 5, the face-centered cubic structure of AgNPs is

(F(R) hv)’* (eV*)

Photon energy, hv (eV)

Fig. 8 Plots of F(R)? vs. photon energy, obtained using UV-vis diffuse
reflectance spectra, of the as-synthesized materials; pure ZnO and
ZnO-Ag nanohybrid.
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characterized by lattice planes for (220), (111), (200), (220) and
(311) (with the reference of JCPDS no. 04-0783).

Fig. 8 presents the plots of F(R)> vs. photon energy of as-
received nano-ZnO and ZnO-Ag nanohybrids. As estimated,
the band gap energy (E,) of ZnO is 3.2 eV. Hybridization with
AgNPs reduces the E, value of ZnO (from 3.2 to 2.6 eV). This
finding confirms that Ag particles have been attached to the
surface of ZnO particles. This can be explained by the hybrid-
ization of Ag with ZnO.

3.2. Study on crosslinking process of UV-curable
nanocomposite coatings

Fig. 9 presents the IR spectra of UV-curable UVAE and UVAE/
ZnO-Ag coatings, before and after UV light exposure (4.8 second
of irradiated time). As can be seen in Fig. 9, during the curing
stage, we observe the reduction of characteristic bands at 1635,
1409, 984 and 810 cm ™', which are attributed to AD bonds of
HDDA and BGDM. Among these bands, the intensity of
984 cm ™! band reduces the most visible. Thus, we consider this
peak as reference for quantitative evaluation of AD bonds'
conversion during the crosslinking stage of this coating system.
Fig. 10 shows the conversion of AD bonds during the UV-light
irradiation for UVAE and UVAE/ZnO-Ag coatings.

As seen in Fig. 10, the AD bonds are converted mainly in the
first 0.15 second, then its conversion becomes stable. After 4.8 s
of UV-light irradiation, the conversion of the AD bonds reaches
to the highest value, i.e. 87.24% and 90.39% for the UVAE and
UVAE/ZnO-Ag (2 wt%) coatings, respectively. Thus, the

Acrylate double bond
(984 cm™) .51,

(]
<
g
g
=
UVAE/ZnO-Ag
— — — Before
— After 4.8 s )
4000 3000 2000 1000

Wavenumbers (cm!)

Fig. 9
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IR spectra of UV-curable UVAE and UVAE/ZnO-Ag coatings, before and after UV light irradiation.
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Fig. 11 Evolution of GF for UVAE and UVAE/ZnO-Ag coatings during
the curing.

conversion of AD bonds in the UVAE/ZnO-Ag coating is slightly
higher than that in the UVAE coating. A possible explanation is
that the conversion of the AD bonds could be influenced by
photocatalysis of ZnO-Ag nanohybrids. We have also observed
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Fig.13 Variation of coating pendulum hardness during curing process
for UVAE and UVAE/ZnO—-Ag coatings.

similar effect in case of other photocatalysts like A-TiO, and
ZnO. Besides, the photocatalytic activity of ZnO-Ag nanohybrids
is stronger than single nano-Zn0O.*

Fig. 11 shows the evolution of GF by the time of curing for
the UVAE and UVAE/ZnO-Ag coatings. As shown in Fig. 11, GF
of the coatings could be detected after 0.3 second under UV-
light irradiation. Then, GF of the coatings increase rapidly for
the next 2.4 second, but slowly till 4.8 second. After 4.8 second
of exposure, the GF reaches a maximum values, i.e. 95.45% and
96.53% for the UVAE and UVAE/ZnO-Ag coatings, respectively.
Thus, incorporation of ZnO-Ag nanohybrids into the coating
matrix increases on its GF. This finding also can be explained by
the photocatalytic enhancement of hybrid particles that
promotes the crosslinking reaction. As a comparative study, in
the previous work on UV-curable acrylate/Fe;O,~Ag nano-
composite,* we reported that the presence of Fe;0,-Ag hybrid
nanoparticles in UV-curable coating matrix did not change its
crosslinking process. We also found that loading of nano-TiO,
(anatase) and nano-ZnO particles (at 2 wt%) to the resin led to
an increase in the curing conversion. However, nano-TiO,
(rutile) particles had no effect on photocrosslinking polymeri-
zation (fairly negligible at 2 wt%).* For nano-SiO,, their incor-
poration into the coating matrix (at 2.5 wt%) increased the

Zn0O-Ag

200 nm

500nm

Fig. 12 FE-SEM photographs of UV-cured UVAE/ZnO—-Ag in cross-section: (a) x20 000 and (b) x60 000.
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Fig. 14 Values of abrasion resistance for UV-cured UVAE and UVAE/
ZnO-Ag coatings.
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curing conversion.** Thus, the effect of these nanoparticles on
the crosslinking process of UV-curable coatings depends on the
competition between their roles as UV-absorbents and photo-
catalysts as well.

3.3. Morphology and mechanical properties of
nanocomposite coatings

Fig. 12 presents the cross-sectional images of UVAE/ZnO-Ag
coating. As shown in Fig. 12, the coating exhibits a dense
structure with homogenous dispersion of nanohybrids in the
polymer matrix. This dense structure is expected to increase the
hardness of nanocomposite coating, due to both reasons of
crosslinking degree and nanofillers. Please note that under UV-
light irradiation of the crosslinking stage, the liquid curable
resin system was converted into a three dimensional polymer
network. In addition, the nanohybrids could also contribute
their positive effects as both nanofillers and nano-
photocatalysts to the crosslinking process. As photocatalyst,

UVAE
(0 wt.% nanoparticles)

Fig. 15 Photographs of Petri dishes for antibacterial test samples.
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Table1 The number of E. coli bacteria surviving on the surface of the
glass slide

Number of E. coli
bacteria, CFU mL™*

No Coating samples Before After 7 h

3.4 x 10° 2.6 x 10*
3.4 x 10° 0

1 UVAE (without nanohybrids)
UVAE/ZnO-Ag (2 wt% nanohybrids)

hybrid particles may promote the crosslinking reaction at the
great depth from the irradiated surface.

Fig. 13 presents the evolution of the pendulum hardness
during the curing process for UVAE and UVAE/ZnO-Ag coatings.
As shown, the pendulum hardness of coatings increased quickly
after the first 1.2 second under UV-light irradiation, till 3.6
second of curing. After 4.8 second, the pendulum hardness
reaches a highest values, i.e. 0.90 and 0.94 for the UVAE and
UVAE/ZnO-Ag, respectively. Thus, as expected, incorporation of
ZnO-Ag nanohybrids into the coating matrix increases its
pendulum hardness.

Fig. 14 present the values of abrasion resistance for UV-cured
UVAE and UVAE/ZnO-Ag coatings. As can be seen from Fig. 14,
addition of ZnO-Ag nanohybrids into the polymer matrix
increases the abrasion resistance of coating from 98.7 to 131.6 L
per mil (33.3%). This finding is coherent with the data from
FESEM and pendulum hardness studies.

3.4. Antibacterial activity study of nanocomposite coatings

Fig. 15 and Table 1 present the quantitative data of viable E. coli
cells before and after 7 h with the presence of UVAE and UVAE-
ZnO-Ag coatings. For the coating without nanohybrids (UVAE),
the number of E. coli viable cells decreases from 3.4 x 10°> CFU
mL™! to 2.6 x 10* CFU mL™' after 7 h. Whereas, with the
presence of nanocomposite coating (UVAE/ZnO-Ag), all viable
E. coli cells before test (3.4 x 10> CFU mL™ ") are killed totally
after 7 h. Thus, the nanohybrids provide high antibacterial
activity against E. coli to the UV-curable acrylate epoxy coating.

The antibacterial activity of ZnO-Ag nanohybrids against
different bacteria has been reported recently by Fouladi-Fard
et al.** The authors found their high antibacterial activity
against K. pneumoniae, S. typhimurium, P. vulgaris, S. mitis, and
S. faecalis with minimum inhibitory concentration (MIC) values
of 50, 12.5, 12.5, 12.5, and 12.45 ug mL ', respectively. In
addition, for ZnO-Ag nanocomposites, Cuadra et al.** indicated
that more than 90% of inoculated bacteria (S. aureus and E. coli)
have been eliminated when the Ag contents of 1 at% was used.

4. Conclusion

ZnO-Ag nanohybrids were successfully prepared by seed-
mediated growth method. Data from SEM, TEM, XRD, UV-vis
and UV-Vis diffuse reflectance spectra confirmed the hybrid-
ization of AgNPs and nano-ZnO with the reduction of E, from
3.2 eVto2.6eV.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Data from the kinetic of UV-curing reaction indicated that
adding 2 wt% of hybrid nanoparticles into the coating matrix
changed significantly its crosslinking process. FESEM photo-
graphs of cross-section for UVAE/ZnO-Ag coating revealed
a dense structure with homogenous dispersion of nanohybrids
in the polymer matrix.

Data from mechanical studies indicated that incorporation
of ZnO-Ag hybrid nanoparticles into the polymer matrix
increased not only its abrasion resistance (from 98.7 to 131.6 L
per mil), but also its pendulum hardness.

Antimicrobial study indicated that the nanohybrids provide
high antibacterial activity against E. coli to the UV-curable
acrylate epoxy coating. All viable E. coli cells before test (at
concentration of 3.4 x 10°> CFU mL™") are killed totally after 7 h
by presence of UVAE/ZnO-Ag coating.
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