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Abstract

New temperature-responsive hybrid nanomaterials based on modified halloysite nanotubes (HNTs)
containing grafted polymer brushes with silver nanoparticles have been successfully fabricated. We used a
three steps process including synthesis of the initiating coatings onto HNTs surface, fabrication of the
POEGMA - poly(oligo(ethylene glycol)ethyl ether methacrylate) grafted brushes and synthesis of the silver
nanoparticles (AgNPs). The synthesis and properties of hybrid nanomaterials were studied by FT-IR, TGA
and DLS methods. It is shown that the introduction of AgNPs, formed from 0.005 M AgNOs solution leads
to a significant reduction of low critical solution temperature (LCST) of the polymer layer from 29.7 to 21.6
°C. The samples fabricated from 0.05 M AgNOs solution did not evidence a temperature-induced transition,
despite of the contents of AgNPs obtained for both solutions are almost identical (=4 %w). The presence of
AgNPs with sizes of ca. 20 nm was confirmed in the hybrids prepared from both AgNO3 concentrations by
UV-vis spectroscopy, and electron microscopy.

These temperature-responsive hybrid nanomaterials may be used for conservation of solid substrates,

production of advanced medical facemasks, photothermal therapy against microorganisms and tumors etc.



1. INTRODUCTION

Nanotubes are nanoscale tube-like structures, which may be synthesized using different type of the
chemicals. Now, most famous and prospective are carbon, halloysite, imogolite, boron nitride, silicon,
titanium and gallium nitride nanotubes [1]. All kinds of nanotubes possess unique physicochemical and
biological properties for their applications in different fields. Modification of the nanotubes is important
technological procedure to change their properties in order to reach highly stable dispersions of the
nanotubes in water or organic media, to improve their biocompatibility, to insert into the structure of the
nanotubes antibacterial or fluorescent components or another substances with special properties [2-3].

Halloysite nanotubes (HNTSs) are naturally occurring tubular clay nanomaterials with external diameter of
50—80 nm, made of aluminosilicate kaolin sheets rolled several times. They are a natural nanomaterials with
a unique combination of the hollow tubular nanostructures, high aspect ratio, mechanical strength, good
dispersibility, wide potential in terms of functionality, biocompatibility, and availability in large quantities at
low cost. The aluminol and siloxane groups on the surface of HNT facilitate the formation of hydrogen
bonding with the biomaterials onto its surface. HNTs could be additionally modified by various methods, to
form both covalent and non-covalent bonds with modifier [4-5]. The outer surface of nanotubes formed by
siloxane groups with the presence of some structural defects in the form of -OH groups is appropriate for
grafting organosilanes [6-7]. Lazzara’s group intensively developed different methods for functionalization
of the HNTs by synthetic polymers and biopolymers, silanes and inorganic nanostructures [8-11]. As
reported elsewhere [12], HNTs were functionalized by (3-aminopropyl) triethoxysilane (APTES) and then
silver nanoparticles (AgNPs) were synthesized through in situ reduction of Ag” ions on their surface.
Halloysite nanotubes were extensively employed in different kind of applications, such catalysis [13-19],
pharmaceutics [20-26], biomedicine [27-29], cosmetics [30-32], oil/water separation [33] and packaging [34-
39].

In our opinion, nowadays, the most promising procedure for functionalization of the nanotube’s surface is
grafting of polymer brushes by the method of polymerization "from the surface". Successful fabrication of
the grafted polymer brushes on surface of nanotubes is non-trivial aim and requires deep knowledge in
chemistry of the surface as well as in polymer chemistry [40-43]. In the work [44] magnetic nickel chrysotile
nanotubes tailored with poly(methacrylic acid) brushes have been synthesized by surface-initiated atom
transfer radical polymerization (SI-ATRP). They were used as a novel canonic nanosorbents for removal of

Cu?" ions from aqueous solutions. Polymer brushes on the surface of multiwalled carbon nanotubes



(MWCNTSs) were synthesized by grafting 2-hydroxyethyl methacrylate (HEMA) to sidewall of MWCNTs
via surface reversible addition and fragmentation chain transfer (RAFT) polymerization [45]. Grafted
polyHEMA brushes can be hydrolyzed by HCI solution to yield poly(methacrylic acid) (PMAA) brushes
grafted to MWCNTs, which have high loading capacities for metal ions, such as Ag®. Later they were used
for fabrication of MWNT-PMAA/Ag hybrid nanocomposites [45]. A synthetic strategy for the
functionalization of HNTs by poly(ethylene glycol)-based brushes via SI-ATRP and following covalent
immobilization of penicillin was developed in work [46].

As mentioned above, a special interest was paid to modification of the HNTs. In particular, HNTs were
modified with polymer brushes. The modified nanotubes showed high dispersibility in various organic
solvents. Amphiphilic brushes of poly(4-vinylpyridine)-block-polystyrene and polystyrene-block-poly(4-
vinylpyridine) were grafted onto HNTs via a surface reversible addition-fragmentation chain transfer
(RAFT) living polymerization through anchoring R group in RAFT agent S-1-dodecyl-S’-(R,R’-dimethyl-
R"-acetic acid) trithiocarbonates [47]. To verify the amphiphilicity of HNTs, with grafted block copolymers,
their Pickering emulsification behavior in water/soybean oil diphase mixture was studied.

In our previous works [41-42], we fabricated and studied the stimuli-responsive nanotubes which are able
to change their properties as response to external stimuli such as temperature or pH. Stimuli-responsive
nanotubes could be useful in numerous biomedical, environmental and analytical applications. Motivated by
significant progress in the field of research of nanomaterials based on HNTs we firstly developed the
temperature-responsive hybrid nanomaterials based on modified HNTs, uploaded with AgNPs. The first step
involved a chemical functionalization of the pristine HNTs via covalent bonding of APTES and following
grafting multifunctional peroxide initiator of surface-initiated radical polymerization (MPI) to amino groups
of grafted APTES. The second step involved grafting polymerization of the oligo(ethylene glycol)ethyl ether
methacrylate - (OEGMA) by the method of initiating “from the surface” of MPI functionalized HNTs.
Finally, AgNPs were synthesized using Ag" ions adsorbed into the polymer brushes and reduced to AgNPs
by sodium borohydride.

The obtained temperature-responsive hybrid nanomaterials were analyzed using thermogravimetric
analysis (TGA), Fourier transform infrared spectroscopy (FT-IR) and dynamic light scattering (DLS).
Results of TGA and FT-IR analysis demonstrate successful fabrication of the POEGMA brushes. DLS
results suggest on well expressed temperature-responsive properties of HNTs functionalized by POEGMA

brushes as well as HNTs functionalized by POEGMA brushes with AgNPs. In addition, basing on results of



UV-vis spectroscopy, the presence of AgNPs with sizes of ca. 20 nm was demonstrated. Such materials have
attracted considerable interest for many scientists due to their effective antibacterial properties. It shows
strong antimicrobial activity and has a broad antibacterial spectrum. We hope that obtained nanomaterial
demonstrate both antibacterial and thermo-switchable properties as it was earlier reported in [48-49]. Most
promising ways for applications of the temperature-responsive halloysite nanotubes uploaded with AgNPs
include the protection and conservation of solid substrates, the production of advanced medical masks,

photothermal ablation and radiation-enhanced therapy.

2. EXPERIMENTAL SECTION

2.1. Materials

Pyridine and other organic solvents were purified as reported by Weissberger et al [50]. Poly(ethylene
glycol) (PEG-9), pyromellitic dianhidride, PCls were supplied by Merck Chem. Co., OEGMA and APTES —
by Sigma-Aldrich. Halloysite nanotubes with a specific surface area of 65 m?>-g™! and a specific gravity of
2.53 g-cm™ are from Sigma-Aldrich (Milan, Italy).

2.2. Synthesis

2.2.1. Synthesis of tert-butyl hydroperoxide.

tert-Butyl hydroperoxide was obtained as described in [51]. Hydrogen peroxide was alkylated with tert-
butyl alcohol in the presence of concentrated sulfuric acid. The fraction boiling in the temperature range of
318-320 K (at 1.6 kPa) was collected. It had the refractive index ng®® = 1.4002 in accord with previous
reports (ng°= 1.4010 [51]).

2.2.2. Synthesis of pyromellitic acid chloride.

Pyromellitic acid chloride was obtained, as described in [52]. In a 500 ml round-bottomed flask equipped
with a thermometer and a reflux condenser, connected with water scrubber, 43.6 g (0.2 mol) of pyromellitic
dianhydride and 91.6 g (0.44 mol) of PCls were mixed and boiled on the oil bath until the reaction mixture
appeared homogeneous. Afterwards, it was additionally mixed for 15-16 h. The temperature of the mixture
was kept at 405-408 K. Then, the condenser reflux was replaced by a Liebig condenser and approximately
60-63 g of POCIl; was distilled off during 8 h. Then, the temperature of the mixture increased to 455-458 K.
The crude product was then recrystalized from gasoline yielding 51.2 g (78.1 %) of a colorless crystalline
product with the melting point 340 K (in accord with literature value 341 K [52]); Acid number AN = 1373

mg KOH/g (calculated value is 1368 mg KOH/g).



2.2.3. Synthesis of MPI with residual acid chloride groups.

MPI with residual acid chloride groups was synthesized as described in [53]. 4.6 g (0.014 mol) of
pyromellitic acid chloride was dissolved in 15 ml of anhydrous dichlorethane, placed in three-necked flask,
equipped with stirrer, and 1.26 g (0.014 mol) of tert-butylhydroperoxide was added. The mixture was cooled
down to 278 K, and, then, 1.1 g (0.014 mol) of pyridine dissolved in 10 ml of anhydrous dichlorethane, was
added dropwise at 278 K. Subsequently, the suspension was mixed for 1 hour. THE, 5.6 g (0.014 mol) of
PEG-9 was added, and again the solution of 2.2 g (0.028 mol) pyridine in 10 ml of anhydrous dichlorethane
was admixed dropwise. The mixture was then stirred for another 3 hours, and the temperature rised gradually
up to 288-293 K. The precipitate of pyridinium chloride was filtered out. The solvent was distilled out and
the pellet was dried in vacuum (100-200 Pa) at 313 K for 3 h, yielding 8.2 g (81 %) of oligoperoxide. The
pellet had a yellowish resin-like appearance. Its characteristics are summarized as follows: content of active
oxygen - 1.9 % (calc. 2.2 %); content of active chlorine - 5.4 % (calc. 4.9 %); AN=163.1 mg KOH/g
(calculated value is 155.3 mg KOH/g); IR-spectra showed chararcteristic bands of v(C=0) in Ar-C(O)ClI,
v(C=0) in ester group at 1760 and 1752 sm™'; doublet at 1390, 1365 sm™!, referred to d(C(CHs);) and a band

of tert-butoxy group at 848 sm™'. The chemical structure of the MPI is presented in Fig. 1.
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Figure 1. The chemical structure of the MPL, n = 9; m = 3+5.

2.3. Modification of HNTs

2.3.1. Modification of HNTs with APTES.

0.5 mL of APTES was dissolved in 25 mL of mixture methanol and water (90/10). Approximately
0.5 g of clay powder was added, and the suspension was dispersed ultrasonically for 20 min. Then it
was stirred at 70 °C for 4 h. The solid phase was filtered out, washed six times with toluene to
remove the excess of APTES and dried overnight at 70 °C yielding 0.45 g of APTES modified
HNTs.

2.3.2. Modification of APTES modified HNTs with MPI.

50 mg of APTES modified HNTs powder was mixed with 50 ml of MPI solution in anhydrous

dioxane (1 mg/ml) and sonicated for 20 min. Afterwards, the solution was stirred vigorously for 24



h. The excess of MPI was removed by dispersing with sonication in dioxane and than in toluene. The
purified HNTs with grafted MPI were centrifuged, dried and used for grafting of POEGMA.

2.3.3. Fabrication of POEGMA grafted brushes. HNTs with grafted MPI were placed in a
container with 0.1 M OEGMA aqueous solution and sonicated for 20 min. Then, the mixture was
stirred and heated under argon atmosphere at 90 °C for a 48 h, resulting in the POEGMA-graft-MPI
functionalized HNTs. They were purified by dispersing with sonication in ethanol or water, and
centrifuged. The purified POEGMA-graft-MPI functionalized HNTs were dried and stored as a
powder.

2.3.4. Fabrication of the AgNPs.

POEGMA-graft-MPI functionalized HNTs were dipped in aqueous 0.05 or 0.005 M AgNOs solutions,
sonicated for 5 minutes and stirred for 25 min under argon flow. Then adsorbed silver ions were reduced to
form AgNPs by 0.2 M NaBH, solution for 12 h. Thereafter, the functionalized HNTs were removed from
solution by centrifugation, washed several times with distilled water and dried under argon.

2.4. Characterization of HNTs

2.4.1. Thermogravimetric Analysis (TGA). TGA analyses were performed using a Perkin Elmer
Pyris 1 TGA instrument, Thermal Analysis Gas Station and Pyris Version 11.1.1.0497 software. The
samples were analyzed under N, gas flow, from 30.00 to 600.00 °C using a heating rate of 10
°C/min.

2.4.2. Fourier transform infrared spectroscopy (FT-IR). FT-IR spectra were recorded on
NICOLET iS50 FT-IR spectrometer (Thermo Scientific, USA), equipped with iS50 ATR multi-
range, diamond sampling station. The sample powders were either placed on diamond crystal or
mixed with KBr to form a pellet. The spectra in range 4000-350 cm™ with a 5 cm™' step were
collected in reflection or in transmission mode.

2.4.3. Dynamic light scattering (DLS). The size distribution and zeta potential measurements of
the nanotubes were performed with a Zetasizer Nano ZS (Malvern, USA) at 25°C. The Nano ZS
contains a 4-mW He-Ne laser operating at a wavelength of 633 nm and an avalanche photodiode
detector. The scattered light was detected at an angle of 173°. The refractive index and absorption of
the nanomaterial were assumed to be 2.0 and 1.500, respectively. All size and zeta potential
measurements were carried out in triplicate. All data were analysed by using the Malvern instrument

DST 5.00 software. The 1 mg of samples were suspended in 1 mL distilled water and sonicated for



2-10 min. After the sonication, low speed (1000 g, 5 min, 25°C) centrifugation was carried out and
the supernatant (Figure 1) was used for analysis.

2.4.4 UV-vis spectroscopy. UV-vis spectra were registered by a Specord S600 Analytik Jena UV -
Vis spectrophotometer on aqueous dispersions of POEGMA-graft-MPI functionalized HNTs
containing AgNPs. The concentration of the dispersions was fixed at 0.01 wt%. The experiments
were conducted at 25 °C using quartz cuvettes.

2.4.5 TEM. For transmission electron microscopy (TEM), the Jeol JEM 2100 microscope was
used. The acceleration voltage was set at 200 kV. A drop of the aqueous dispersion of POEGMA-
graft-MPI functionalized HNTs containing AgNPs was deposited in a 3 mm nickel grid holey carbon

coated (Taab) and solvent evaporated under ambient conditions.

3. RESULTS AND DISCUSSION

Novel temperature-responsive hybrid nanomaterials based on modified halloysite nanotubes uploaded
with AgNPs were fabricated in three steps process: synthesis of the initiating coatings onto HNTs surface;
fabrication of the POEGMA grafted brushes and synthesis of the AgNPs (see Schema 1). The first step
involved chemical functionalization of the “native” HNTs (1) via covalent bonding of APTES (2) and
following grafting MPI (3) to amino groups of the attached APTES taking advantage of the interaction
between amino groups of APTES coatings and pyromellitic chloroanhydride fragments in MPI molecules.
The second step involved the grafting polymerization of the oligo(ethylene glycol)ethyl ether methacrylate
(OEGMA) (4) initiated “from the surface” of MPI functionalized HNTs. Finally, Ag” ions were adsorbed
into the POEGMA brushes due to strong affinity of oxygen in ether groups of the POEGMA with silver ions
and reduced to metallic Ag (5) by sodium borohydride. Successful synthesis of the metallic nanoparticles
strongly depends on location and amount of the ligands in polymer motifs. A strong affinity of silver ions
with poly(4-vinylpyridine), poly(1-vinyl-1,2,4-triazole), POEGMA or poly(hydroxyethyl methacrylate) as
well as 2-(N-dodecylbenzimidazol-2'-yl)-6-(N-{[(4-ethynylphenyl)oxy]dodecyl } benzimidazol-2'-yl)pyridine
functionalized poly(ethylene glycol)s with K>PtCls was described in [48-49, 54-57]. The functionalization
process and properties of modified HNTs were studied by FT-IR and UV-vis spectroscopies, TGA and DLS

methods.
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Scheme 1. Chemical functionalization of “native” HNTs (1) with APTES (2) and following grafting MPI
(see structure in Fig.1) to amino groups of grafted APTES (3), subsequent grafting copolymerization of
OEGMA, initiated by peroxide groups of MPI (4) resulting in POEGMA functionalized HNTs (5) which are

uploaded with AgNPs (5).



3.1. Fabrication and properties of the temperature-responsive halloysite nanotubes
FTIR spectra of native HNTs, APTES and APTES/MPI-graft--POEGMA functionalized HNTs are

displayed in Fig.2 and interprated in Table 1.
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Figure 2. Fourier transforms infrared spectra of HNT (green line), HNT/APTES (black line) and
HNT/APTES/MPI-graft-POEGMA (red line)

Table 1.
Some absorption frequencies at FTIR spectra of ,,native HNTs, HNTs modified with APTES and
APTES/MPI-graft-POEGMA modified HNTs

Wavenumber (cm™")
Samples __|v(8i-0) v (Si-0)| v (Si-0) . . .
V(O-H) | v (H20) | v (NH2) | v (CHY) [v(C=0) | 0o O-H)|" 0 T 6 (Si-0-AD | 3 (5i-0-Si)
native* 3694
» 1088 750
HNT 3620 1025 912 795 690 540 465
3694
HNT/APTES 3450 1088 750
2 12 4 4
3620 3360 930 1025 9 795 690 540 65
/MEA;;ES 36941 1450 1088
) ) 2930 | 1670 912 540 465
POEGMA | 2020 1025

The frequency and assignment of each vibrational mode observed for unmodified and modified HNTs are
based on previous reports [6] and completely confirm the modification process. Specific bands at 3694 cm'!
and 3620 cm™ are assigned to O-H stretching of inner hydroxy groups of HNTs (green colour). Bands at 912

cm! — to O-H deformation of inner hydroxyl groups, at 1088 and 1025 cm™ — to in-plane Si-O stretching, at



795 cm™! — to symmetric stretching of Si-O, at 750 cm™ and 690 cm™ — to perpendicular Si-O stretching, at
540 cm™ — to deformation of Al-O-Si and at 465 cm™ — to deformation of Si-O-Si bonds.

After modification with APTES (black color) intensities of the picks assigned to characteristic groups of
the HNTs became essentially lower. The broad peak of water OH stretch, at 3450 cm™, is more centered and
well expressed in the spectra of HNTs functionalized with APTES, which is attributed to the overlap with the
-NH, stretching vibration signal around 3360 cm'. Appeared a new band at 2930 cm™ assigned to the
stretching of CH» fragments. Absence of majority APTES bands at HNTs/APTES spectrum is related with a
small amount of APTES at the HNTSs surface (4-5 %). Absence of majority of bands of APTES molecules in
HNTs/APTES spectrum is related with small amount of APTES at the HNTs surface (4-5 %). The spectrum
of HNT/APTES/MPI-graft-POEGMA (red color) is similar to this one of HNT/APTES. The difference is in
emergence of the low but very well expressed band of carbonyl stretching at 1670 ¢m™ and increasing of
intensity of the band CH, stretching at 2930 cm™'. In general, the basic patterns of change of spectra in the
process of modification differ insignificantly from those described in details in our previous publications

[41-42].

Fig. 3 shows the TG curves for HNT, HNT/APTES, and HNT/APTES/MPI-graft-POEGMA samples. All
thermograms (Fig.3) demonstrate a slight weight loss at a temperatures of about 50-120°C, connected with
dehydration of physically adsorbed water [58-61]. Second stage of the degradation of “native” HNTs are in
interval within 110°C and 460°C due to decomposition of structural water or bound water [58-61] (Fig.3,
green). Significant weight loss of HNTs starts at 460°C and ends approximately at 600°C. This range is
specific for HNTs and it is related to dehydroxylation of the structural aluminol groups (Al-OH) [6]. The
total weight loss for HNTs is nearly 15%.

TG curve of HNT/APTES (Fig.3, black) showed three degradation steps. The first weight loss was
observed between 120-250 °C and, probably, it is attributed to degradation of hydrogen-bonded APTES
existing in the cross-linking framework [6]. They are much less thermally stable than the covalently bonded
APTES, and decompose at a lower temperature. The second temperature range of weight loss is between 250
and 450°C. This step is associated to several stages of thermal decomposition including decomposition of the
APTES species grafted onto SiOH and AIOH groups on the edges or external surface, the oligomerized

APTES, and the APTES grafted on AIOH groups at the internal surface of the lumen [6]. The third step



occurred between 450 and 515°C. The total weight loss for HNT/APTES is nearly 20% suggesting that

nearly 4.6 wt.% is related to degradation of the APTES.
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Figure 3. TG curves of HNT, HNT/APTES and HNT/APTES/MPI-graft-POEGMA

In contrast to previous curves, curve attributed to HNT/APTES/MPI-graft-POEGMA strongly loses
weight demonstrating gradual destruction, ending about at 530 °C. The decomposition of different fragments
of HNT/APTES/MPI-graft-POEGMA is partially overlapped, making a complex multistep loses weight and
the boundary between different processes cannot be accurately defined. The range between 180 and 450 °C
indicates the weight loss due to decomposition of APTES/MPI as well as POEGMA molecules. The next
range, which starts from 450 °C, is similar to the HNTs and HNT/APTES thermogravimetric curves. The
total weight loss for HNT/APTES/MPI-graft-POEGMA is =31%. The difference between the weight loss of
HNT/APTES/MPI-graft-POEGMA and HNT/APTES is 12.6% and corresponds to MPI-graft-POEGMA
quantity on the HNTs surface.

Figure 4 demonstrates the distribution curve of the hydrodynamic diameter of HNT/APTES/MPI-graft-
POEGMA, measured in the temperature range from 15 to 45°C. Samples with grafted POEGMA brushes
show a well-defined and reproducible response to temperature with LCST at 29.7+0.7 °C, which is in good
agreement with data published in other studies [54]. Temperature-sensitive grafted polymer brushes are
ultrathin polymer coatings consisting of polymer chains that are tethered with one chain end to an interface,
which generally is a solid substrate [51]. They have unique ability to change their physico-chemical

properties reversibly in relatively small temperature intervals [54]. Temperature-responsive properties of the



POEGMA grafted brushes are explained by the formation of hydrogen bonds between ether oxygens of
poly(ethylene glycol) and water hydrogens at T<LCST. This balance is disrupted at T>LCST, where
polymer-polymer interactions are thermodynamically favored in comparison to polymer-water interactions

[54, 62-65].
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Figure 4. Impact of temperature on the Z-average hydrodynamic diameter of HNT/APTES/MPI-grafi-

POEGMA.

This causes the transition of grafted polymer chains from the conformation of stretched hydrated brushes
to the conformation of collapsed hydrophobic chains, which coagulate and lead to a decrease in the average

hydrodynamic diameter HNT/APTES/MPI-grafi-POEGMA with grafted brushes (figure 5).
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Figure 5. Temperature-induced change of the Z-average hydrodynamic diameter of HNT/APTES/MPI-

grafi-POEGMA

3.2. Fabrication and properties of temperature-responsive halloysite nanotubes uploaded with

AgNPs



In our previous works [48-49, 66] we have fabricated and characterized in details temperature-responsive
antibacterial coatings based on grafted polymer brushes with embedded AgNPs. For this, Ag" ions were
adsorbed into the polymer coatings and reduced to metallic silver in the form of nanoparticles. As reducing
agent a sodium borohydride was used.

In turn to previous results, HNT/APTES/MPI-graft-POEGMA were dipped in 0.05 or 0.005 M AgNO;
aqueous solutions and then adsorbed silver ions were reduced to AgNPs by sodium borohydride. TGA
curves of the HNT/APTES/MPI-graft-POEGMA and HNT/APTES/MPIl-graft-POEGMA with AgNPs
obtained from 0.05 or 0.005 M AgNOs solutions are presented in Fig.6. All curves are similar at
temperatures lower 450 °C, but after this value, the appearance of the curves differs significantly. We
observe essentially reduced weight loss for samples with AgNPs in comparison to ,native
HNT/APTES/MPI-graft-POEGMA. The HNT/APTES/MPI-graft-POEGMA demonstrates ~31% weight
loss, in contrary to another two samples with AgNPs which lost only 27% of weight. This indicates that
content of the organic phase in the samples with AgNPs is lower than in ,,native“ HNT/APTES/MPI-graft-

POEGMA and confirms fabrication of the AgNPs on the surface of nanotubes.
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Figure 6. TGA of the HNT/APTES/MPI-graft-POEGMA, HNT/APTES/MPI-graft-POEGMA with

AgNPs obtained from 0.05 or 0.005 M AgNOs; solutions

In Table 2 the values of weight loss at 800 °C for HNT/APTES/MPI-graft-POEGMA and samples with

AgNPs as well as contents of AgNPs are presented. Calculated contents of the AgNPs in both samples are

nearly 4%.



Table 2.

The weight loss values at 800 °C for HNT/APTES/MPI-graft-POEGMA and these ones with AgNPs

Sample Weight loss, % AgNPs, %
HNT/APTES/MPI-graft-POEGMA 30.9 0
HNT/APTES/MPI-graft-POEGMA/AgNPs with 0,005 M AgNO; 27.3 3.6
solution
HNT/APTES/MPI-graft-POEGMA/AgNPs with 0,05 M AgNO3 26.9 4.0
solution

The effect of temperature on the hydrodynamic diameter of HNT/APTES/MPI-graft-POEGMA and
HNT/APTES/MPI-graft-POEGMA/AgNPs fabricated from 0.05 or 0.005 M AgNOj solutions is presented in
Figure 6. HNT/APTES/MPI-graft-POEGMA and HNT/APTES/MPI-graft-POEGMA/AgNPs fabricated
from 0.05 or 0.005 M AgNO:s solutions represent different behaviors within the studied temperature range

(15 to 45°C).
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Figure 7. Impact of the temperature on the Z-average hydrodynamic diameter of the HNT/APTES/MPI-
graft-POEGMA and HNT/APTES/MPI-graft-POEGMA/AgNPs fabricated from C=0.05 or 0.005 AgNO;

solutions.

Dependences of the hydrodynamic radius from temperature for HNT/APTES/MPI-graft-POEGMA and
HNT/APTES/MPI-graft-POEGMA/AgNPs fabricated from 0.005 AgNOs3 solution demonstrate similar trends

fitting by Boltzmann's curve. Their hydrodynamic diameters decrease from 350 up to 160 nm at LCST. As



was reminded above LCST for HNT/APTES/MPI-graft-POEGMA was equal 29.7+0.7 °C. The same
analysis (Fig. 7.), for HNT/APTES/MPI-graft-POEGMA/AgNPs fabricated from 0.005 AgNOs solution
showed the LCST nearly 21.6+0.5 °C suggesting on essential impact of the AgNPs on LCST. In contrast, the
average diameter of HNT/APTES/MPI-graft-POEGMA/AgNPs fabricated from 0.05M AgNO; solution is
almost constant at about 150 nm for studied temperature range suggesting on absence of temperature-
sensitive properties. Similar results were described in work [48] where strong dependence between
concentration of the embedded AgNPs and temperature-responsive properties of POEGMA grafted brush
coatings was demonstrated. The content of the AgNPs obtained for samples which were synthesized from
solutions with different AgNOs concentrations are almost identical (=<4 % wt), but in one case the
temperature-responsive properties are blocked and in another one a very well expressed temperature-induced
changes were demonstrated. It seems that not only concentration of the AgNPs has strong impact on
temperature-responsive properties but also manner of the fabrication and their morphology does so.
Probably, AgNPs fabricated from 0.05M AgNOs solution create dense shell around the POEGMA coatings
blocking temperature-responsive properties. At the same time, for samples fabricated from 0.005M AgNOs
solution AgNPs are uniformly distributed in POEGMA coatings. Hypothetical scheme of the temperature-
induced change of the hydrodynamic radius of HNT/APTES/MPI-graft-POEGMA/AgNPs fabricated from

0.005M AgNOs solution are depicted in Figure 8.
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Figure 8. Temperature-induced change of the Z-average hydrodynamic diameter of HNT/APTES/MPI-

graft-POEGMA/AgNPs fabricated from 0.005M AgNOs solution.

The presence of AgNPs within the structure of POEGMA functionalized HNTs was demonstrated by UV-
vis spectroscopy. As shown in Figure 9, the spectra of HNT/APTES/MPI-graft-POEGMA/AgNPs evidended

a broader absoprtion signal (in the wavelenght range between ca. 370 and 440 nm) that can be attributed to



colloidal AgNPs [67-68]. This observation is valid for HNT/APTES/MPI-graft-POEGMA/AgNPs fabricated
from AgNOs solution with different concentration (0.05 and 0.005 M). We determined the Ag conduction
band energy form the cut off wavelength of the absorption peaks. Based on the corresponding condution
band energy (3.039 eV) and related literature [68], we calculated that both samples present AgNPs of ca. 20
nm. The HNT/APTES/MPI-graft-POEGMA/AgNPs composite was also imaged by TEM and the
nanotubular morphology was evidenced with a clear coating layer that contains also particles with higher

contrast as expected for AgNPs (Figure 9) that possess a size compatible with UV-VIS findings.
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Figure 9. (a) UV-vis absorption spectra for HNT and HNT/APTES/MPI-graft-POEGMA/AgNPs
fabricated from C=0.05 or 0.005 AgNOj solutions. (b) TEM image for HNT/APTES/MPI-graft-

POEGMA/AgNPs fabricated from C=0.05 M AgNO:s.

3.3. Possible ways for applications of the temperature-responsive halloysite nanotubes uploaded
with AgNPs
Within past years, application of the AgNPs has become a popular trend in scientific works. It is

interesting to compare use of combination of words “silver” and “nano” in Scopus for last 30 years. As it can



be seen from Table 3 this combination has not been in use in 1990, but the number of remarks grew
intensively during last 30 years.
Table 3.

Statistics of remarks for combination of the words “silver” and “nano” in Scopus for last 30 years

Year Amount of the remarks
1990 0

2000 38

2010 985

2020 1143

First of all this interest is related to diminution in efficiency of current biocides and antibiotics, leading to
increased mortality and higher medical costs. On the other hand, fundamentally new approaches towards
usage of the AgNPs were proposed. For example, a hyperthermic treatment caused by the photo-thermal
effect of the AgNPs under near-infrared laser irradiation can induce localized hyperthermia, which is used to
kill bacteria or cancer cells [69-70]. Another example it are “smart” coatings which are able simultaneously
to kill bacteria and to self-clean the surface from killed ones [48-49, 71-72]. And last prominent work [73]
what we would like to mention here is fabrication of microorganisms coated with AgNPs, so-called
"cyborgs", that are capable of delivering nanoparticles to living organisms.

Our previous experience in area of the hybrid nanomaterials with AgNPs [48-49] and analysis of the
literature sources allow to propose four most promising ways for applications of the temperature-responsive
halloysite nanotubes uploaded with AgNPs. These reflections are presented in Fig.10. One of them is the
potential use for surface protection and conservation of solid substrates (marble, stone, glass, bronze, and
bread-made artifacts) [74]. As was demonstrated earlier [75-79] polymer/nanoclay hybrids are efficient
protective agents for coating and surface cleaning of artwork. Thin protective layer of the temperature-
responsive halloysite nanotubes uploaded with AgNPs deposited on solid substrates is a promising agent for

long-term protection against bacteria and fungi.
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Safe drinking water Killing effects for cancerous cells

Figure 10. Most promising ways for applications of the temperature-responsive halloysite nanotubes

uploaded with AgNPs

Second way is connected with usage of the temperature-responsive halloysite nanotubes uploaded with
AgNPs for production of advanced medical masks. Masks might prevent the virus transmission and protect
people especially vulnerable to infection by being a physical barrier to the droplets [80]. This is a very actual
task developed in last two years because of COVID-19 pandemic. It has recently been shown [80-81] that
facemasks fabricated with polymer composition materials including the metal nanoparticles have antiviral
effect against SARS-CoV-2. This effect can be essentially enhanced using near-infrared laser irradiation
causing photo-thermal phenomenon to allow reusable application of the facemasks.

Third, application of the temperature-responsive halloysite nanotubes uploaded with AgNPs to obtain safe
drinking water. In the work [82] the thermosensitive POEGMA gels were obtained and used as an adsorbents
with ability to adsorb oil, adjusting the adsorption activity depending on the temperature of the water. On the
other hand, bacteria, fungi and viruses in water can be destroyed using two mechanisms based on silver ions
release and photo-thermal effect [83-84].

And finally, temperature-responsive halloysite nanotubes uploaded with AgNPs may be used for
photothermal ablation or radiation-enhanced therapy. As it was described in the work [85], a nanoparticles
consisting of silver nanoshell with a carbon core were synthesized and killing effects for cancerous cells of

each therapeutic modality was demonstrated.



Conclusions

Novel temperature-responsive hybrid nanomaterials based on modified halloysite nanotubes uploaded
with AgNPs were successfully fabricated in three-step process (synthesis of the initiating coatings onto
HNTs surface, fabrication of the POEGMA grafted brushes and synthesis of the AgNPs). Obtained hybrid
materials have some distinct advantages. First, they demonstrate responsive properties reversibly switching
solubility and hydrodynamic radius as a response to small changes in temperature. Second, they are uploaded
with AgNPs which essentially broads the potency of their applications, especially for killing of
microorganisms or cancerous cells. Third, POEGMA modified halloysite nanotubes uploaded with AgNPs
probably are biocompatible, nontoxic, nonimmunogenic, demonstrate antifouling/stealth behavior and could
be easy uptaken by cells.

The functionalizion and properties of modified HNTs were studied by FT-IR, TGA and DLS. In contrast
to POEGMA modified HNTs with LCST at 29.7+0.7 °C, samples uploaded with AgNPs fabricated from
0.005 M AgNO:s solution showed the LCST nearly 21.6+0.5 °C suggesting on essential impact of the AgNPs
on LCST. The samples of HNT/APTES/MPI-graft-POEGMA/AgNPs fabricated from 0.05 M AgNO;
solution had no temperature-induced transitions. Meanwhile the contents of the AgNPs in both samples are
almost identical (=4 %w) suggesting that not only concentration of AgNPs has strong impact on temperature-
responsive properties but also manner of their fabrication and morphology. Based on the analysis of UV-vis
spectra, we demonstrated the presence of AgNPs within the HNT/APTES/MPI-graft-POEGMA structures.
From the calculated condution band energy (3.039 eV), we determined that the fabrication of the hybrid
nanomaterials using AgNOs3 solutions with variable concentration (0.05 and 0.005 M) induced the formation
of AgNPs (sizes of ca. 20 nm).

Obtained temperature-responsive hybrid nanomaterials based on modified halloysite nanotubes uploaded
with AgNPs have at least four most promising ways for applications which will be developed in our
following works (for surface protection and conservation of solid substrates; for production of advanced
medical facemasks; for obtaining safe drinking water; for photothermal therapy against microorganisms and

tumors).
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