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Composite nanoparticles with titania—poly(N-vinylamide) core—shell structure
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Composite nanoparticles with a core consisting of associated
anatase crystallites and a polymeric shell consisting of
poly(N-vinylpyrrolidone) or poly(N-vinylcaprolactam) were
synthesized and found to have antimicrobial activity
against Escherichia coli and Staphylococcus aureus as
well as photocatalytic activity in decomposition of methyl
orange and methylene blue dyes. The highest antibacterial
activity of the particles with poly(N-vinylpyrrolidone) shell
is due to the larger amount of SOZ- groups and water
adsorbed on the surface, while their photocatalytic
activity is comparable with that of commercial nano-
anatase samples.
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Core-shell nanoparticles are characterized by promising
physicochemical properties, polyfunctionality as well as the
possibility to optimize the target properties of their core and
shell. Titania nanoparticles are known to have a broad spectrum
of photocatalytic activity against microorganisms® and find an
application as a catalyst for organic synthesis in medicinal
chemistry,>  while  TiO,—polymer  nanomaterials  are
environmentally friendly and retain the antimicrobial action.3
Thus, Desussa P25 TiO,—polypropylene nanocomposites, where
Degussa P25 TiO, represented a mixture of ~80% anatase and
~20% rutile, demonstrated toxicity to Escherichia coli under UV
irradiation,* while a correlation was found between the methylene
blue (MB) photodegradation and the inactivation of E. coli
0157:H7 strain by the nanocomposite films of cellulose acetate
and Degussa P25 TiO,.®> Low-density polyethylene films
containing a mixture of anatase and rutile TiO, revealed the
antimicrobial effect against Pseudomonas spp. and Rhodotorula
mucilaginosa under UV irradiation as well.5 Chitosan films
containing TiO, nanoparticles effectively inhibited the growth of
E. coli, Staphylococcus aureus, Candida albicans and Aspergillus
niger under visible irradiation, with full sterilization after 12 h.”
Photocatalytic properties of TiO, nanoparticles and bactericidal
activity of chitosan were synergistically combined in their
composites having visible radiation-induced antimicrobial
activity for E. coli, S. aureus and A. niger.8 For the antimicrobial
nanocomposites, it is important that their disinfection effect
could be achieved with no release of potentially toxic
nanoparticles into the surrounding media.®® As polymeric
components of the composites, poly(N-vinylpyrrolidone) (PVP)
and poly(N-vinylcaprolactam) (PVCL) can be considered as
biocompatible and low toxic ones.'*'? Anatase TiO,~PVCL
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core—shell nanoparticles were synthesized and characterized in
our work,!2 their core consisted of either single nanoparticles of
the nanosized anatase or their associates.

In this work, core—shell nanoparticles were prepared from
nano-TiO, and high-molecular-weight PVP (sample 1) or PVCL
(sample 2) using the hydrothermal sulfate method from titanyl
sulfate hydrate TiOSO,-xH,O (for the details of synthesis,
characterization as well as photocatalytic and antimicrobial
tests, see Online Supplementary Materials). Hombikat UV100
and Hombifine N as the known commercial nano-anatase
particles were synthesized by sol-gel and sulfate methods,
respectively, and used as reference samples.

Samples 1 and 2 consisted of nano-anatase as the main
phase as well as an amorphous hydrated phase of the
TiO,,(OH),-yH,0 composition* and/or (TiO)(HSO,),(OH),
phase, the last sulfur-containing component was absent in the
reference nano-anatase samples (Figure 1, Tables S1 and S2, see
Online Supplementary Materials). The amorphous hydrated
TiO, phase was present in all the samples due to their synthesis
conditions, though to a lesser extent in sample 1 (Figure S1, peak
with 20~10-12°, see Online Supplementary Materials). It is
known that these amorphous phases are formed in the shell of
anatase nanoparticles under powerful synchrotron irradiation.?
The known reflections of PVP and PVCL,'5 namely peaks with
20~9 and 18°,13 were absent in the X-ray diffraction patterns of
all samples (Figures 1 and S1), however, the presence of the
polymers in samples 1 and 2 was confirmed by IR spectroscopy,
XPS and CHNS element analysis (Figures S2-S4, Table S2).

The refinement of the nano-anatase crystalline structure in
samples 1 and 2 by the Rietveld method (Table S1) revealed a
greater amount of vacancies (o) in the titanium site for sample 1
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Figure 1 X-ray diffraction patterns of the samples synthesized compared
with the reference commercial nano-anatase particles, the background
difference region is indicated by a rectangle.

(Tiggo3(14y200770,)  compared — with  the  Hombifine N
(Tio.g66(8)20.03402)™ and Hombikat UV100 (Tig gs()70.03202)
references. An increase in the vacancy concentration with a
decrease in the average crystallite sizes was observed. Sample 1
had the smallest average crystallite size and the least microstrains
content (Table S1). According to XPS data, the number of
oxygen vacancies on the surface of nanoparticles decreases in
the following order: sample 2 (24.3%) > Hombikat UV100
(24%) > sample 1 (9.8%) > Hombifine N (7.7%) (Figure S4).

As follows from SEM images, samples 1 and 2 have different
microstructure (Figure S5) with nanoparticles size in the range
from ~10-30 to >100 nm. The presence of a small number of
coarse particle associates larger than 100 nm is characteristic of
both samples.

Then, antimicrobial activity of the nanoparticles was tested.
The reference nano-anatase samples had no effect in the dark
against S. aureus, E. coli and C. albicans (Figure 2).

Samples 1 and 2 revealed the growth delay zone >10 mm for
E. coli and S. aureus but did not demonstrate activity against the
fungi. The best effect for sample 1 is presumably associated with
the larger content of sulfur in the form of SO3~ on the particles
surface along with physically adsorbed water. Samples 1 and
2 with antimicrobial activity in the dark can be employed for
further design of biocidal nanomaterials, for example, in
wastewater treatment'® and preparation of antimicrobial agents.”

The assessment of photocatalytic activity of the nanoparticles
for the degradation of methyl orange (MO) dye revealed greater
effect for the reference nano-anatase samples (Figure 3),
although sample 1 approached the Hombifine N activity. Under
irradiation of a 26 W UV lamp, an increase in the temperature of
the dye solution up to 33 °C was detected, however, at this
temperature the phase transition of PVCL did not occur yet, i.e.,
the core-shell structure was preserved. Hombikat UV100 had
larger photocatalytic activity in the MO decomposition compared
with Hombifine N due to the larger specific surface and oxygen
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Figure 2 The antimicrobial activity of the synthesized and reference
nanoparticles.
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Figure 3 Rate constants for photodecomposition of MO and MB dyes
catalyzed by the synthesized and reference nanoparticles.
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vacancy content on the surface of the former nanoparticles,®
while other characteristics of the reference nano-anatase samples
were almost identical (Table S1). Sample 1 had better photo-
catalytic activity in the MB dye degradation compared with
other nanoparticles (see Figure 3). Its advantage over sample 2 is
due to smaller crystallite sizes as well as the absence of oxygen
vacancies in the titania bulk and on the nanoparticles surface
(Table S1), which favors the recombination of charge carriers as
an important factor for photocatalytic activity.

In summary, composite nanoparticles with a core consisting
of associated anatase crystallites and a polymeric shell consisting
of PVP or PVCL were synthesized and found to have anti-
microbial activity against E.coli and S.aureus as well as
photocatalytic activity in decomposition of MO and MB dyes.
The highest antibacterial activity of the particles with PP shell
is due to the larger amount of SO~ groups and water adsorbed
on the surface, while their photocatalytic activity is comparable
with that of commercial nano-anatase samples. Since the
commercial Hombifine N and Hombikat UV100 references have
demonstrated promising results in photodegradation of pesticides
and fungicides,®® the investigated TiO,~PVCL and TiO,~PVP
core=shell nanoparticles can find application in this area as well
as may be employed as a basis for the development of new
antimicrobial agents.
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Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2021.01.006.
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