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Abstract: Pyrophyllite clay, modified with PVP coated silver nanoparticles (PYRO-PVP/AgNPs), with
recently proved antibacterial activity was prepared. Silver nanoparticles were synthesized by the
chemical reduction method of AgNO3 using NaBH4 and poly(vinyl pyrrolidone) (PVP) as a stabilizer
and excellent dispersant. This research aimed to elucidate the mechanisms and kinetics of AgNPs, along
with the PVP protective mechanism responsible for antibacterial activity towards the microorganisms.
Pioneering steps were made toward coagulation studies due to the potential of aluminosilicate layered
clays to serve as alternatives to hemostatic agents currently in use. The isoelectric point of pyrophyllite
samples with 5, 20, and 45 um diameter particles and PYRO/PVP/AgNPs sample (Ag25mg/L) was
evaluated to understand how the anticoagulant or procoagulant properties of the pyrophyllite varied
according to the pH of the isoelectric point. Characterization of the PYRO-PVP/AgNPs samples was
performed using FTIR spectroscopy, while the release mechanism and kinetics of silver ions were
monitored using atomic absorption spectroscopy (AAS). Additionally, AAS was used for the evaluation
of heavy metals content in pyrophyllite clay and a simple, cost-effective procedure was proposed for the
extraction of heavy metals.
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1. INTRODUCTION

Clay is hydrated aluminosilicate sediment,
mixed in nature with quartz sand, limestone and
iron oxides. It is wusually formed by slow
mechanical and complex chemical processes of
decomposition of rocks of volcanic origin. These
processes take place due to the action of water, air
and carboxylic acid. All types of clay have the

following properties: absorption of large amounts
of water (80%), stickiness, shrinkage on drying and
retention of shape after annealing. In recent years,
clay minerals proved to be very interesting for drug
development, since they possess good chemical
inertness and biocompatibility, low toxicity, and
excellent physicochemical properties [1]. They are
widely used as pharmaceutical excipients and
active substances. There are some reports that clay
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improves the stability of drugs, or even prevents or
reduces side effects. More recently, the possibility
of clay being used as a carrier of drugs or certain
significant chemical elements was being investi-
gated due to the high ion exchange capacity, large
surface area, chemical inertness and low or zero
toxicity [2-5]. The development of these systems
requires a completely solid-state characterization
followed by a biopharmaceutical evaluation. Agu-
zzi et al reported on the intercalation of tetracycline
(TC) into a layered clay mineral, as a modified drug
carrier. It was proved that the amount of drug
retained and the drug release profile greatly
depends on the TC/clay interaction. In the TC/clay
complex, decomposition of the TC was delayed
compared to the physical mixture and drug alone,
due to a thermal protection effect resulting from
drug intercalation in the clay interlayer [6]. The
intercalation of timolol maleate (TM) into
montmorillonite (MMT) interlayers at different pH
values and initial concentrations was also
performed. Timolol maleate was successfully
intercalated into the interlayers of montmori-
llonites, due to the exchange of interlayer Na* ions
and cations of TM molecules. During the experi-
ment, a controlled release of timolol maleate from
the MMT-TM hybrid complex was observed. The
in vitro release properties of timolol maleate were
tested in simulated gastric fluid (pH = 1.2) and
simulated intestinal fluid (pH=7.4) at 37 +0.5°C
and it was shown that about 43% and 48% of TM
was released from MMT-TM hybrid in simulated
gastric fluid (pH 1.2) and intestinal fluid (pH 7.4),
respectively. The conducted study proved that
MMT can be used as the sustained release carrier
of TM in oral administration [7]. Also, some
layered inorganic materials such as kaolin, zeolite,
smectite, bentonite and porous silica were used for
accelerating blood coagulation [8].

pyrophyllite structure
v

- S[“
- A»

092nm

Figure 1. The structure of pyrophyllite clay [13]

Furthermore, very significant research goes
toward the formulation of new antimicrobial com-
posites based on metallic nanoparticles incur-
porated in some inorganic/polymeric matrices.
Among metallic nanoparticles, silver nanoparticles
proved to be a very good candidate for such
development [9, 10]. One of the reasons is that
silver is stable enough for use as an antibiotic
because other cations are highly reactive and
therefore short-lived. Silver nanoparticles have
higher antibacterial efficacy than silver in the form
of salts or complexes for two reasons: silver
nanoparticles have a large surface area, so they can
make better contact with the surface of bacteria and
silver nanoparticles act as effective Ag" reservoirs.
Gradual oxidation of silver atoms on the surface
can continuously release biologically active spe-
cies, providing a constant influx of silver cations
that can effectively attack bacterial targets over a
long period. Nevertheless, one should be very
careful regarding the cytotoxic mechanism of
action caused by Ag" ion on bacterial cells. There-
fore, the kinetics release of silver proved to be very
important. The silver mechanism for the elimina-
tion of bacteria could be described as follows:

1) The silver ion inhibits the absorption and
exchange of phosphate causing the accumulation of
this anion, favors the release of K™ and the release
of protons across the cytoplasmic membrane,
leading to bacterial cell death

2) Ag" can bind to nucleic acids (instead of
the phosphate part) in a very efficient way so that
the processes of bacterial cell replication can be
stopped

3) The silver ion coordinates the thiol
groups of proteins and enzymes that are located on
the cell surface, causing destabilization of the cell
membrane and disruption of the synthetic processes
of ATP [11].

In our previous papers, we reported on the
excellent antimicrobial properties of pyrophyllite
clay modified with silver NPs, namely
PYRO/PVP/AgNPs [12]. Pyrophyllite itself is a
type of clay, more precisely a monoclinic mineral
from the group of phyllosilicates of the general
formula Al [Si4010](OH)2. It is formed by the
hydrothermal metamorphosis of rocks rich in
aluminum. The pyrophyllite structure consists of an
octahedral -Al-O layer located between two
tetrahedral -Si-O layers (Figure 1)[13]. In general,
pyrophyllite and other aluminosilicates have wide
applications in medicine due to their antiseptic,
antitoxic and antibacterial properties.
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This research aims to elucidate the mecha-
nisms and kinetics of AgNPs intercalated onto the
pyrophyllite surface and give a physical and
chemical explanation of the silver ion migration
mechanism. Overall, the agglomeration phenome-
non of silver contributes to the weakness of
antibacterial properties due to the growth of nano-
particles, so special attention was attributed to the
PVP protective role.

2. MATERIALS AND METHODS

The research was conducted on the
pyrophyllite sample, Konjic (Parsovi¢i location),
Bosnia and Herzegovina. The pyrophyllite samples
were mechanically treated before research to obtain
5, 20 and 45 pum particle size.

2.1. Synthesis of a silver-pyrophyllite
nanocomposite material

PYRO-PVP/AgNPs were synthesized by the
chemical reduction, which consisted of two main
steps.

First step - Synthesis of silver nanoparticles,
AgNPs

A freshly prepared solution of NaBH4 (¢ =
0.002M) was cooled for 20 minutes in an ice bath
with constant stirring. Then solution of AgNOs3 (¢
= 0.001M) was added dropwise (1 drop/second) in
NaBHj solution with constant stirring. Finally, a
0.3% solution of polyvinylpyrrolidone (PVP) was
added.

Second step - Synthesis of Ag-pyrophyllite
nanocomposites, PYRO/PVP/AgNPs

100 mg of a sample of pyrophyllite was
added to the solution of the prepared silver
nanoparticles with constant stirring for 2 h.
Thereafter, the solution was centrifuged (10
minutes at 5000 rpm) and the synthesized
composite was washed with deionized water,
centrifuged again, and then dried for 24 h at 50 °C.
The following equation shows the process of
chemical reduction:

AgNO; + NaBHs — Ag + 1/2H, + 1/2B,Hs +
NaNO;

Thus PYRO/PVP/AgNPs samples were
prepared in the following concentration: 5 mg/L
(Ags), 25 mg/L (Agys), 50 mg/L (Agso) and 100
rng/L (Agloo).

pages: 92-101

2.2. Characterization of pyrophyllite
samples

The Fourier-transform infrared spectroscopy
(FTIR), Shimadzu was used to characterize the
synthesized Ag-pyrophyllite composite. Spectrum
recording was performed on wave numbers from
4000 to 400 cm,

2.3. Kinetics and migration of silver from
pyrophyllite

Migration of silver ions was tested in
phosphate buffer (pH = 6) which imitates
biological conditions. Namely, the samples modi-
fied with silver with the following mass concentra-
tions: 5, 15 and 25 mg / L, were dissolved in
phosphate buffer and constantly shaken for five
days. A portion of the liquid phase was taken each
day and the amount of silver released was
determined using an atomic absorption spectro-
meter (AAS). A Perkin Elmer A Analyst 400 atomic
absorption spectrophotometer (air/acetylene flame,
appropriate hollow cathode lamp for absorption
technique) was used to measure the metal content.

2.4. Determination of isoelectric point of
original pyrophyllite of different
granulations and synthesized
Ag-pyrophyllite composite

The potentiometric method of salt addition
was used for the prediction of the isoelectric point
(point of zero charge) of pure (5, 20, 45 um) and
modified pyrophyllite PYRO-PVP/AgNPs (Agys).
Hydrochloric acid solutions (¢ = 0.1 mol/L) and
sodium hydroxide solution (¢ = 0.1 mol/L) were
used for adjustment of the pH. The solutions were
mixed on a magnetic stirrer and 0.05 g of pyro-
phyllite samples were added to the solutions thus
prepared. The prepared samples in parafilm-
protected beakers were allowed to stand for 24 h,
after which they were filtered and an additional
measurement of pH was performed.

2.5. Extraction of heavy metals from
pyrophyllite samples

Hydrochloride acid (c=0,1 mol/L) was added
to 2 g of pyrophyllite and stirred on a magnetic
stirrer for 30 to 60 minutes at room temperature.
Upon stirring, samples were centrifuged. The
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supernatant was saved for further analysis and the
precipitate was dried in an oven for 24h at 50°C.
0.1 g was taken from the dried samples and
subjected to the additional extraction process using
EDTA. The obtained samples were treated as the
previous ones. The extracts obtained after
described procedures were stored at 4°C and
afterwards analyzed for Cu, Pb and Zn. A Perkin
Elmer AAnalyst 400 atomic absorption spectro-
photometer (air/acetylene flame, appropriate
hollow cathode lamp for absorption technique) was
used to measure the metal contents (Table 1).

NANOCOMPOSITES (pyrophyllite based) WITH PVP-coated COLLOIDAL SILVER NANOPARTICLES

Standard solutions for quantification were made
using individual 1000 mg/L standards for AAS
(Perkin Elmer, USA) and proper extractant for
dilution. In all cases, standard solutions and blank
were treated in the same way as the real samples to
minimize the interferences during analysis. To
assure a correct calibration of the instrument, at
least one standard sample has been run every 10 test
samples. Concentrations have been reported as
mean values of three replicates. All analytical
procedures in the laboratory were triplicated and
were made with acid-prewashed (10% HNO3)
glassware and plastic bottles for extracts storage.

Table 1. Working conditions of atomic absorption spectrophotometry

Element Technique A [nm] Calibration standards concentration [mg/L]
Cu FAAS 324.75 0.2,0.4,0.8,1.0
Pb FAAS 283.00 1,2,4,8
Zn FAAS+BG 213.70 0.1,0.3,0.6, 0.7

FAAS — flame atomic absorption spectrophotometry

BG — background correction of the signal with deuterium lamp

3. RESULTS AND DISCUSSIONS

Figure 2. presents freshly synthesized
pyrophyllite samples containing silver
PYRO/PVP/AgNPs in the following ratio: 5, 25,
50 and 100 mg/L. As one can see, the color of the
sample was changeable due to the silver
concentration increase. In our previous study,
which focused on the antimicrobial properties of
modified pyrophyllite PYRO/PVP/AgNPs, all
samples containing silver in concentration range
Agrs to Agioo mg/l proved to provide sterile
conditions in the first 24 hours, while Ags and

— ==

D 29

Ags proved to be very selective and specific for
gram-positive or gram-negative bacteria. Smitran
et al reported that the minimum inhibition
concentration of pyrophyllite nanocomposite
modified with silver was 25 mg/L [12]. Therefore,
the selected samples were chosen for
characterization using the FTIR technique to
confirm the successful modification of pure
pyrophyllite. Typify neat pyrophyllite (Figure 3a)
and modified pyrophyllite containing 5 mg/L
(Figure 3b) and 25 mg/L (Figure 3c) of silver were
subjected to FTIR analysis and subsequently were
subjected to kinetics analysis.

o0

100

Figure 2. Modified pyrophyllite samples with 5, 25, 50 and 100 mg/L of silver solution
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The bands that occur at 451.39 and
462.33cm™ are attributed to vibrations due to the
bending of —Si-O and —Al-O bonds. Another
confirmation of bending - Si-O is the strip at 537.89
cm! and 526.96 cm™. The presence of -Si-OH was
determined by the appearance of peaks at 930,623
and 963,43 cm’!. Also, peaks close to 1000.0 ¢cm!
are a consequence of the asymmetric vibration of
stretching - Si-O-Si groups. The peak at 1442.66
and 1453.60 cm™! is the result of -OH bending. The
signal at a wave number of approximately 3600.00
cm! indicates vibrations due to stretching of the -
Al-OH group [6]. The Ag-Ag bonds are formed
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below 400 cm™ but since the FTIR instrument
records in the wavelength range of 4000400 cm,
it cannot produce enough energy to vibrate the
metallic bonds [14]. Therefore, the spectra cannot
display any absorption peaks of Ag-Ag bonds. The
peaks at 1029, 1126 and 1453 in pure pyrophyllite
are shifted in PYRO/PVP/AgNPs samples, which
could be attributed to an interaction between PVP
and silver NPs. These shifts could indicate that
pyrrolidinyl nitrogen electrons are involved in the
formation of silver nanoparticles by donation of
electrons from N to Ag or coordination between
these atoms [15].
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Figure 3a, 3b and 3c. FTIR spectra of pure pyrophyllite (3a)
and modified pyrophyllite Ags (3b) and Ag»s (3c)
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To confirm the previously reported facts and
to elucidate the mechanism of silver NPs migration,
as well as take into consideration the toxic effect of
silver ions, the kinetics of silver release were
monitored. Based on the obtained antimicrobial
data we could hypothesize that silver NPs migra-
tions from Ags, Agis and Agys are governed by a
different mechanism. Note that the migration
profile of Ag" must be taken into account due to the
cytotoxicity of silver ions in human cells. In its
metallic form, silver is inert and cannot kill
bacteria. For silver to manifest its bactericidal
activity, AgNPs must lose an electron and become
positively charged silver ions (Ag"). The ionization
of the metallic silver nanoparticles present on the
surface of the nanocomposite is subjected to an
oxidation reaction during its exposure to an
air/humid medium, while that of the nanoparticles
incorporated within the matrix would occur only
after penetration of water molecules into the matrix
[16]. Recently, it was suggested that the migration
mechanism of silver nanoparticles takes place in
three main steps as follows: water penetration into
the nanocomposite, the reaction of water molecules
with Ag NPs forming Ag+ ions and finally
migration of the Ag+ ions formed from the inside
of the matrix to the external medium [17 — 20].
Since the majority of silver ions must appear on the
surface to be released, we believe that the last stage

440 4 A, M

4204 o Ag,
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= [ P [=2] (=] =
Lo ] L) = [ Lo ] L)
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time, h

concentration of silver, mg/kg

(migration of silver ions) is dominated by the
diffusion process.

Figure 4. displays the release of silver from
pyrophyllite samples Ags, Agis and Agys for six
days. As can be seen, investigated samples showed
quite different kinetic behavior. The samples Ags
and Agis proved to increase the migration of silver
ions each day for six days, while sample Agos
showed a typical kinetic behavior, i.e., concen-
tration was decreasing with time. Note that the
concentration value of released silver ions in the
Agys sample in the first 24h is equal to 446 ppm,
while in samples Ags and Ags this value was
reached after six days. The kinetics of Ag
nanoparticles depends on their concentration and
various parameters such as size, morphology,
stability, chemical composition, media etc. [21].
So, this information on different kinetic behavior
could be valuable for a better understanding of
human exposure levels, application of such
materials, as well as safety aspects. We potentially
believe that reason for this different kinetic
behavior is in the absorption of silver ions into
pyrophyllite structure, its possibility to aggregate
and diffusion of Ag" ions linked to the
intercalated/exfoliated sheets of pyrophyllite by
ionic bonds, towards the external medium. The role
of PVP is also important since PVP ensure the
stability of silver NPS for a longer period. This is a
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Figure 4. Kinetic mechanism of releasement of silver ions in Ags, Ag1s and Ag>s
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consequence of the coordination of nitrogen from
PVP with silver, forming a protective layer. We
potentially believe that PVP ensured better stability
for Ags and Ag;ssamples and the diffusion process
was postponed due to stabilizing effect of PVP.
Nevertheless, regardless of the mechanism em-
ployed, silver NPs once released could interact with
negatively charged membrane surfaces of bacteria,
causing a destabilization of the bacterial cell wall
as well as a disturbance of the metabolism. This
results in a significant decrease in the nutrient
exchange between the bacterial cells and the
external environment, leading to the radical death
of bacteria [22].

Additionally, pioneering steps were made
toward coagulation studies due to the potential of
aluminosilicate layered clays to serve as alterna-
tives to hemostatic agents currently in use. It was
reported that the negative charge surface of clays
provides the key to surface chemistry, which can
rapidly activate the coagulation process. The
hemostatic activities observed for the inorganic
materials identify the isoelectric point as an
important parameter that strongly affects the
biological response of blood during contact
activation of the clotting cascade of reactions.
Ostomel et al reported that the most negatively
charged metal oxides are associated with the fastest
coagulation, while the most positively charged
surfaces are associated with the slowest coagu-
lation. Furthermore, negatively charged metal

Table 2. pH values of isoelectric point
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oxides accelerate the rate of coagulation and
positively charged metal oxides decelerate the rate
of coagulation [23].

To get insight into the hemostatic properties
of the pyrophyllite surface, pure and modified, we
determined the isoelectric point of pyrophyllite
samples with 5, 20, 45 um diameter particles and
PYRO/PVP/AgNPs sample (Agys). Table 2
contains the value of isoelectric points for pure and
modified pyrophyllite and it seems that the iso-
electric point of neat pyrophyllite containing diffe-
rent particles size showed rather different
isoelectric point values. To do a preliminary study
toward hemostatic potential ability, we have
chosen the one which had an isoelectric point value
below the blood pH value (7.35-7.45). The pyro-
phyllite with a particle size of 20 um was modified
with silver, and the isoelectric point value proved
to be lowered and amounted to 7.12. This infor-
mation could be of special interest to future
experiments concerning the hemostatic potential
and surface chemistry of pure and modified pyro-
phyllite. The surface under pH of isoelectric value
should be positively charged properties, and
negatively charged above. Note that all hazardous
species, such as toxins, are positively charged and
their elimination via adsorption and electrostatic
interaction between their positive and negative
surface could contribute to their elimination. It is
worth mentioning that the pl value of Agys is below
the pH value of the blood.

Sample isoelectric point pH
5 um 7.44
20 pm 7.23
45 um 7.00
Agys (20pum) 7.12

In addition to the experiments, extraction of
heavy metals from pyrophyllite samples was
performed. According to US pharmacopoeia,
alumosilicate minerals should not contain more
than 100 mg/kg taking into account all heavy
metals present. Therefore, the elimination of heavy

metals was performed using successive extraction
with hydrochloride acid and EDTA. Elimination of
heavy metals proved to be rather successful and the
elimination was 75% and 100% depending on the
samples employed (Table 3).
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Table 3. Heavy metal content in pyrophyllite samples

NANOCOMPOSITES (pyrophyllite based) WITH PVP-coated COLLOIDAL SILVER NANOPARTICLES

Sample Phase of the extraction Pb, mg/kg Cu, mg/kg Zn, mg/kg
0-75 pum Untreated sample 58.60 24.56 132.69
0-75 um Precipitation with HCI extraction 29.32 18.91 162.68
0-75 um Precipitation with EDTA extraction 8.73 <0.01 65.45
100 pm Untreated sample 15.17 2.48 112.07
100 um Precipitation with HCI extraction 12.49 0.25 38.90
100 pm Precipitation after EDTA extraction <0.01 <0.01 39.97

4. CONCLUSION

The research gave insight into kinetics of
silver ions incorporated in PYRO-PVP/AgNPs.
The kinetics proved to be dependent on silver ions
concentration and amount of PVP which was used
as a stabilizer. The different PYRO/PVP/AgNPs
nanocomposites showed to undergo different
mechanisms of silver ion release. Based on the
zero-point charge, we can conclude that PYRO-
PVP/AgNPs have favorable hemostatic properties.
Successive extraction with hydrochloride acid and
EDTA proved to be a very useful, cost-effective
and simple method for purification of alumosilicate
minerals for their further application.
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PA3BOJ AYTOTPAJHUX AHTUMHUKPOBHUX "
HOTEHIHUJAJTHUX XEMOCTATHYKUX HAHOKOMITIO3UTA

(HA BA3U ITMPODPUJIMTA) CA KOJTIOUJTHUM HAHOYECTUIIAMA
CPEBPA OBJIOKEHUM INOJIMBUHUJI-IIMPOJIMIOHOM

Caskerak: [lupodpmimTHa TIMHA MOOU(UKOBaHA je HaHOYecTHIIaMa cpebpa mpecBydeHuM [1BIT-om
(ITMPO-IIBII/Ag HanouecTHIe), Ca HEJABHO JOKa3aHOM aHTHOAKTEpHjcKOM akTuBHOIhy. HaHoue-
cTume cpebpa CHHTETH30BaHE Cy MeTomoM xemujcke pemykiuje AgNOs xopucrehn NaBHy u monm
(BuaMT poruaoH) (IIBII) kao ctabmimm3aTop M OUIMYHO CPEACTBO 3a pactpmuBame. OBO HCTpaXKu-
Bam€ MMa 3a IIWJb J1a pa3jaCHA MEeXaHW3Me M KHHETHKY HaHOYecTHIIa cpedpa, 3ajeqHo ca [IBIT-om, koje
Cy OJIrOBOpPHE 3a aHTHOAKTEPHjCKO jeJIOBambE NpeMa MHUKPOOPTaHU3MHUMA. YUHEEHU Cy MHOHUPCKU
KOopalM Ka CTyaujama Koarynaiuje 300r NOTEHIMjala CJIO0jeBUTUX aTyMHHOCHJIMKATHUX IJIMHA Ja
MOCTYXKE Kao aJlTepHATHBA XEMOCTAaTCKMM areHCHMMa KOju Cy TPeHyTHO y ymotpebu. OmpeljuBana je
M30€JICKTPUYHA Tayka y30paka nupoduinra ca decTuiama npeunuka 5, 20, 45 pm u y3opka [TMPO-
IIBIT/AgHIT (Ag25mg/L) na Gu ce cXBaTHJIO KaKO CE€ aHTUKOAr'yJIaHTHA HJIH IIPOKO-aryJiaHTHa CBOjCTBa
nupoduiuTa pas3nukyjy y ckiany ca pH mzoenekrpuune tauke. Kapakrepuszauwmja ysopaka ITMPO-
[IBI1/AgHIIc n3Benena je nomohy ®TUP criektrpockomnuje, a MexaHuzam ociobaljama 1 KHHETHKaA joHa
cpebpa npahenn cy aroMckoM arcopriuoHoM criekrpockomnijoM (AAC). oxatao, AAC je xopuirhen
3a MPOIjeHy caJipKaja TEIIKUX MeTalla y MUPOGUINTHOj TIIMHH U IPEIUIOKEH j€ jeTHOCTABaH 1 HCIUIATUB
MOCTyNaK 3a npeuynnrhaBame nupodumTa.

KibyuHe pujeun: nupoQuauT, HAHOKOMITO3UT, KOJIOMIHO Cpedpo, MexaHn3aM ociobahama, KHHETHKA.
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