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Abstract. This work presents a new approach to synthesize the colloidal ODA-MMT-poly(maleic anhydride-alt-1-dodecene)-
g-a,m-methoxyhydroxyl-PEO/silver nanoparticles (AgNPs) nanohybrid composites (NHC) using the following synthetic
pathways: (1) complex-radical alternating copolymerization of maleic anhydride with 1-dodecene a-olefin comonomer,
(2) grafting of PEO onto alternating copolymer through esterification, (3) intercalating a copolymer-g-PEO between organ-
oclay layers via complex formation of maleate carboxyl with octadecyl amine, and (4) in situ generation of AgNPs in polymer
nanocomposite by annealing method under vacuum. The obtained multifunctional NHCs with different contents of AgNPs
were characterized by UV spectroscopy, {-potential and size analysis methods. It was demonstrated that annealing of the
colloidal NHC is accompanied with in situ generation of stable and partially protonated AgNPs due to specific reducing and
stabilizing effects of multifunctional matrix polymer contained positively charged reactive and bioactive sites. Antibacterial
and antifungal activities against Gram-negative and Gram-positive bacteria and fungal microorganism were investigated.
The cytotoxic, apoptotic and necrotic effects in NHC/L929 fibroblast cells systems were evaluated. The synthesized water-
soluble, biocompatible, and bioactive colloidal NHCs are promising candidate for a wide-range of applications in air filtration,
food packaging systems, bioengineering, especially in tissue regeneration and nanomedicine.
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1. Introduction Among them, silver nanomaterials include silver
It is crucial to prevent microbial and viral infections  nanoparticles, stabilized silver salts, silver-dendrimers,
as a results of microbial contamination, epidemio-  silver-polymer and metal oxide composites, and ac-
logical factors, and infection risks in many areas, es-  tivated carbon materials demonstrated antibacterial
pecially in clinics, hospital, food packaging sector, effect against high toxic organisms [7]. In addition,
and dental equipments. Therefore, attention of many  silver-enhanced zeolite, antibacterial polymer thin
researchers was focused on the fabrication and appli-  films containing silver cations-zeolite additives can
cation of a new generation of functional polymer nano-  be also included into this classification [8]. The effect
structures, and polymer-biopolymer/inorganic nano-  of synthetic and biopolymer based surfactants on the
filler hybrid composites with desired properties such  stability and bioactivity of silver nanparticles were
as antimicrobial and superhydrophobicity [1-6]. investigated. Additionally, the antibacterial activity
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of silver ions [9, 10] and Ag"-carrying polymer ma-
terials were reported in the literature [11-14]. How-
ever, the antimicrobial properties of Ag-nanoparti-
cles which formed through in situ processing during
the synthesis and thermal treatment of polymer lay-
ered silicate nanocomposites, nanocoatings and nano-
fibers has not been investigated.

The use of silver as a metal can be traced back to
times even before Neolithic revolution. Moyer first
recorded the medicinal use of silver during 8" cen-
tury [15]. Now, silver nanoparticles have promising
applications in biotechnology and life sciences due
to their remarkable optical, electrical and antimicro-
bial properties. Recently, various synthetic methods
have been developed for the fabrication of Ag-nano-
particles, which includes thermal decomposition [16],
sonochemical synthesis [17], chemical reduction
[18] and laser ablation [19]. Recently, the fabrication
and application of a new generation of functional
polymers, nanomacromolecular systems, and poly-
mer-biopolymer/inorganic nanofiller hybrid compos-
ites were reported. In order to fabricate nanostruc-
tures in biopolymer/silver nanoparticle systems, pep-
tides, proteins which are produced by bacteria and
fungi, components of nucleic acids, hollow biologi-
cal compartments like virus particles, plants, and etc.
have been utilized [20-23]. Most of the techniques
that are used to incorporate silver into polymeric ma-
trixes involve either chemical modifications such as
reduction [18, 24] or synthesis of complex silver
compounds [25], mixing preformed silver particles
with polymers [26]. Most silver-containing antimi-
crobial polymers contain either elemental silver,
which has a very low rate of dissolution in aqueous
environment, or highly water-soluble silver salts or
silver (I) complexes [27, 28]. Taking into consider-
ation the known different approaches and application
of various types of polymer and biopolymer systems
in the synthesis of silver nanoparticles, these new
synthetic pathways can be divided to the following
groups: syntheses by using (1) the synthetic polymer
surfactants-stabilizers, (2) the biopolymer, especially
carboxylated polysaccharides with surfactant prop-
erties, (3) various microorganisms, (4) the DNA
macromolecules with linear helical structure and (5)
the plasmid DNA as templates.

In last years, attention of many researchers was also
focused on synthetic and biopolymer based surfac-
tants which significantly influenced on the stability
and bioactivity of silver nanoparticles. Allain and
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Vo-Dinh utilized the silver/PVA surfaces as a silver-
coated microarray platform to detect labeled DNA
relating to breast cancer gene using the dye rho-
damine B [29]. Muraca et al. [30] reported the effect
of Ag-nanoparticles (AgNPs) seeds on the growth
and magnetic properties of Ag-Fe;O4 heterodimer
NPs prepared using two steps chemical approach.
They observed that at low concentration, the ‘flower’
type of NPs is more favorable whereas the higher
concentration of Ag-NPs seeds promotes the growth
of dimer type structures. A green synthesis of silver
NPs using extracts from the aerial part of Artemisia
capillaries was reported by Park et al. [31]. They
showed that both water and 70% ethanol extracts
successfully generated silver NPs with an average
diameter of 29.71 and 29.62 nm, respectively. They
also observed an improvement in antibacterial activ-
ity (MIC 8.35-16.7 pg/mL) against a total of twenty
different strains of G-negative and G-positive bac-
teria. They showed that, plant extracts have a poten-
tial to be utilized as powerful reducing agents for the
production of biocompatible silver nanoparticles
possessing enhanced antibacterial activities. Nomiya
and coworkers [32, 33] reported the synthesis, charac-
terization, antifungal and antibacterial activities of
silver complexes with various organic ligands. Silver
nanoparticles (NPs) were prepared using silver nitrate
(AgNOs3) as a precursor in an aqueous solution of
poly(ethylene glycol) (PEG, M, 100000 g/mol), which
acted as both a reducing and stabilizing agent [34].

Generally, AgNPs compared with TiO,, Cu and ZnO
nanoparticles exhibited higher antibacterial activity
and low cytotoxicity to human cells, and applicable
for biomedical and clinical fields [35, 36]. Mecha-
nism of antibacterial actions of AgNPs were ex-
plained in the literature by taking into the consider-
ation of the following important factors: (i) AgNPs
are able to be in situ self-generated which strongly
depends on the structures of reactive components in
the used medium, (ii) ability to release silver cations,
and (iii) generation of reactive oxygen species such
as superoxide, hydrogen peroxide, and hydroxyl rad-
ical [37, 38]. The mechanisms of antimicrobial ac-
tion of silver ions and Ag*-carrying polymer mate-
rials against various microorganisms were studied
by many researchers [39—44]. Agreeing with these re-
sults, it believed that DNA loses its replication abil-
ity and cellular proteins become inactivated on silver
caption treatment, as well as Ag” binds to functional
groups (i.e., predominantly to carboxyl groups of
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proteins) that leads to the protein denaturation. How-
ever, the mechanisms of antimicrobial actions of Ag*-
carrying polymer layered silicate nanocomposites
and their Ag-nanoparticles incorporated nanomate-
rials (polymer coatings and nanofibers) depend on
many structural factors including: (1) physical and
chemical interfacial interactions of Ag-nanoparticles
and functional groups of the polymer matrix with
membranes containing DNA and proteins, (2) cat-
alytic effect of Ag" ions and other metal cations from
silicate layers in the degradation process of mem-
brane structure, (3) destroying the permeability of
the bacterial membranes, (4) depressing the activity
of some membranous enzymes, and (5) completely
destroying the self-assembled structure of microor-
ganisms. Moreover in our resent study, the antimi-
crobial and antifungal activity of silver-carrying PVA/
ODA-MMT clay nanofiber composites significantly
improved by using organoclay in polymer composi-
tions as a nanofiller because of its high surface area,
absorptive and ion exchange capacities, as well as in
situ generation of AgNPs from Ag-carrying polymer
complexes during electrospinning process as a novel
method to synthesize silver nanoparticles onto sur-
face of nanofibers as bioactive platforms [45, 46].
Similar effects of mineral clays were observed for
the non-polymer systems contained individual Ag"
and Cu?" ions [45-47]. However, antimicrobial, an-
tifungal and anticancer properties of the Ag-nanopar-
ticles formed in situ processing during the synthesis
and annealing of polymer layered silicate colloidal
materials has not been investigated. A combination
of wide-range of antimicrobial and anticancer activ-
ities of positive charged silver nanoparticles and ma-
terials provides their utilization in air filtration, food
packaging, cosmetics and bioengineering, especially
in tissue engineering, and common nanomedicine
applications.

In this work, a new approach have been developed to
fabricate colloidal polymer nanomaterial using am-
phiphilic copolymer-g-PEO/ODA-MMT silicate lay-
ered nanocomposite incorporated with silver nanopar-
ticles (AgNPs). in situ generation of AgNPs and their
Z-potential and size parameters, as well as nanoparticle
distributions were confirmed by UV-Vis spectroscopy
and Nanosizer analysis methods. Evaluation of antimi-
crobial, antifugal and anticancer activities (cytotoxic-
ity, apoptotic and necrotic effects) of colloidal hybrid
nanocomposites against G-positive and G-negative
bacteria, C. albicans fungal microorganism, and
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Fibroblast 1.929 cells was an important strategy of
these investigations.

2. Experimental

2.1. Materials

Maleic anhydride and 1-dodecene monomers, ben-
zoyl peroxide as a radical initiator and a,w-hydrox-
ymethoxy-poly(ethylene oxide) ((PEO): M, =
200 g/mol) were purchased from Sigma-Aldrich
(Germany). Octadecyl amine-montmorillonite (ODA-
MMT, Nanomer 1.30E, Nanocor Co.) was purchased
from Aldrich having the following average parame-
ters: content of ODA surfactant/intercalant 25-30%,
particle size 8-10 um, bulk density 0.41 g/cm? and
crystallinity 52.8% (by XRD) and silver nitrate
(AgNOs3, 99.995%, m.p. 202 °C with decomposition,
d = 4.35 g/cm?) was obtained from Sigma-Aldrich
(Germany). All other solvents and reagents were of
analytical grade and used without purification.
Fibroblast L929 cell line was obtained from the Tis-
sue and Cell Culture Bank of the Foot and Mouth
Disease Research Institute (Ankara, Turkey). Cell cul-
ture flasks and other plastic material were purchased
from Corning (USA). The growth medium, Dulbec-
co Modified Medium (DMEM) without L-glutamine
supplemented with fetal calf serum (FCS), Nutrient
Broth (Merck 105443), Mueller-Hilton Agar (Merck
1.05437) and Trypsin-EDTA were purchased from
Biological Industries (USA). 2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfo-phenyl)-2H-tetrazolium,
monosodium salt (WST-1) was purchased from Roche
(Germany). Penicillin (Bioanalyse P10) and tetracy-
clin (Bioanalyse TE10), Hoechst 33342 and propodi-
um iodide(PI) were purchased from Serva (Israel).
Phosphate buffer solution (PBS) was purchased from
Sigma-Aldrich (USA). Chemical structures and as-
signments of all used and synthesized materials were
given in Table 1.

2.2. Synthesis of poly (1-dodecene-alt-MA)

Amphiphilic alternating copolymer was synthesized
by complex-radical copolymerization of maleic an-
hydride and 1-dodecene (molar ratio =1:1) with ben-
zoyl peroxide (2.5%) as an initiator in toluene solu-
tion at 80 °C under nitrogen flow up to fully phase
separation processing. To prepare copolymer with low
molecular mass, higher content of initiator is used in
heterogonous solution copolymerization reaction. Self-
precipitated copolymer particles from reaction medi-
um (reaction time 3 h; unlike monomers, copolymer
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Table 1. Chemical structures and estimation of used and synthesized materials.
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is not dissolved in toluene) was isolated by filtration
and centrifugation, and then was purified by dissolv-
ing in acetone and precipitation with methanol.
White powder product was dried under vacuum at
40°C. Molecular mass of the as prepared copolymer
is 9.060 m/z (by MALDI-TOF MS).

2.3. Synthesis of nanohybrid composites via
grafting and complexing method

Mixture of 3.5 g poly(1-dodecene-al/t-MA) matrix
copolymer and 2.5 g PEO in 1,4-dioxane solution
with 5 wt% concentration was stirred in carousel type
glass microreactor at 40 °C up to the formation of a
viscous liquid. In order to control of the grafting of
copolymer with end-hydroxyl group of PEO was car-
ried out with the measurement of acid number values
for copolymer and after its esterification with PEO.
Then 0.175 g ODA-MMT clay as reactive nanofiller
was dispersed in pure water and added to copoly-
mer-g-PEO solution and stirred up to full dispersion
and intercalation of copolymer chains between lay-
ered silicate galleries. In the last step, various con-
tents (around 0.6-5.0 mass%) of silver precursor
(AgNO;) was loaded in reaction medium consisting
the copolymer-g-PEO/ODA-MMT nanocomposite
with intensive mixing at room temperature up to the
formation of Ag-carrying polymer nanocomposite
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complexes. Colloidal NHCs with different contents
of AgNPs were isolated by vacuum evaporation of
solvents and annealing of the Ag-carrying polymer
complexes at 80 °C under vacuum for 6 h due to in
situ generation and reductionstabilization of silver
nanoparticles onto the PEO branched matrix copoly-
mer. Colloidal structure of NHCs was confirmed by
the fact that NHC is not precipitated by methanol
from water/dioxane solutions and is not transformed
to a solid powder state after annealing. Furthermore,
NHCs are able to generate thin film/coating with
higher surface adhesion property onto various sub-
strates, and can be easily dissolved in aqueous and
physiological medium due to their excellent biocom-
patibility behavior.

2.4. Characterization

The molecular mass of pristne alternating copolymer
was performed by matrix-assisted laser desorption/
ionization mass spectrometry (MALDI-TOF MS,
Voyager DE PRO model) in THF solution using a-
ciyano—4-hidroxycinnamic acid (CHCA) as a matrix.
UV spectra were performed by Varian Carry 100
model UV-Vis Spectrophotometer using 3 mL of pure
water solutions of NHCs/AgNPs with 0.01% con-
centration. The particle size and {-potential parame-
ters of nanohybrids were measured by Nanosizer
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3000HSA instrument (Malvern, UK) in water dis-
persion medium with 0.01% concentrated sample.
Acid numbers (AN in mg(KOH)/g) of alternating
copolymer and its PEO grafted derivatives were
measured by alkali titration method. To calculate
the molar fractions of monomer units and grafting
linkage in copolymer, the Equation (1) was used
[48, 49]:

W
— (W, = W)

100 (1)

m, [mol%] = Mo
AN

where W and W, are molecular weights of m; and
my monomer units, AN is Acid Number [mgxon/g]
of copolymer and Mkop is the molecular weight of
KOH.

2.5. Antibacterial and antifungal activity of
colloidal hybrid nanocomposites
Antifungal and antimicrobial activities of the nano-
hybrid composites were determined according to the
methods reported in our earlier research [46].

2.6. Cytotoxicity of NHCs against 1.929
fibroblast cells

The WST-1 assay was used to evaluate cytotoxicity
exerted by chemicals. The WST-1 assay is a simple
colorimetric assay to measure cell cytotoxicity, and
viability. L929 fibroblast cells were seeded into 96-
well plates at a density of 5-10° cells/well and incu-
bated 12 hours. The AgNPs NHC solutions (3.125,
6.25,12.5,25,50 and 100 pg/mL) were diluted with
cell culture medium and added into the wells and in-
cubated for 48 h in CO, incubator. The cell culture
medium in each well was then replaced with 100 uL
of fresh medium and 15 pL of WST-1 solution. After
incubating for another 4 h at 37°C in a dark condi-
tion, the wells were read at 440 nm using an ELISA
plate reader (Biotek), and then the percentage of vi-
able cells was calculated. For WST-1 assay, the con-
trol fibroblast cell viability was defined as 100%.
The samples were evaluated for each group.

2.7. Apoptotic and necrotic effects

Double staining with Hoechst dye 3342 (2 mg/mL)
and propodium iodide (PI) was applied to quantify
the number of apoptotic L929 fibroblast cells (25-10°
cells per well) were seeded into 24-well plates con-
taining DMEM solution. After treating with different
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concentrations (3.125, 6.25, 12.5, 25, 50, 100 and
200 pg/ml) of AgNPs incorporated nanohybrid com-
posite (NHC) solution for 48 hours, attached and de-
tached cells were harvested. Upon PBS wash, cells
were incubated with Hoechst dye 3342 (2 mg/mL),
PI (1 mg/mL) and DNAse free-RNAse (100 mg/mL)
for 15 min at room temperature. Then, 10-50 mL of
cell suspension was smeared on a glass slide and
cover slipped for examination under a fluorescence
microscope (Leica, DMI 6000). In double staining
method with Hoechst dye and PI, the nuclei of nor-
mal cells are stained light blue while apoptotic cells
are stained dark blue. The apoptotic cells were iden-
tified by their nuclear morphology based on nuclear
fragmentation or chromatin condensation. The num-
ber of apoptotic and necrotic cells in 10 random mi-
croscopic fields were counted. The number of apop-
totic and necrotic cells were determined with DAPI
and FITC filters of a Fluorescence Inverted Micro-
scope (Leica, Germany). Data were expressed as the
ratio of apoptotic or necrotic cells to normal cells.
Each group were triplicated.

3. Results and discussion
3.1. Synthetic pathway, chemistry and
structure of NHCs

To synthesize silver nanoparticles (AgNPs) incorpo-
rated copolymer-g-PEO layered silicate nanohybrid
composites (NHCs), the following steps of synthetic
pathways were developed: (1) synthesis of matrix
copolymer by complex-radical alternating copoly-
merization via the formation of electron donor/ac-
ceptor type of charge-transfer complex between used
1-dodecene (donor) and maleic anhydride (acceptor)
monomers; (2) grafting a,m-hydroxymethoxy-poly
(ethylene oxide) (PEO) onto copolymer through ring-
opening esterification of anhydride unit with end-hy-
droxyl group of PEO; (3) intercalating of graft copoly-
mer chains between silicate galleries via in situ in-
teraction of carboxyl and ether groups of graft copoly-
mer with dodecyl amine surfactant-compatibilizer
from MMT clay; (4) synthesis of Ag-carrying com-
plexes of copolymer-g-PEO with negatively charged
graft copolymer by mixing silver precursor (AgNO3);
(5) in situ reduction/stabilization and generation of
AgNPs onto matrix graft copolymer chains by ther-
mal treatment (annealing) of the nanohybrid compos-
ites (NHCs) at 80 °C under vacuum for 6 h. The col-
loidal NHCs were prepared with different loadings
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Figure 1. Synthetic pathways, chemistry and structure of NHCs.

of silver precursor (1.0, 2.5, 5.0 and 0.0 mass%).
The above mention synthetic pathways were schemat-
ically represented in Figure 1.

As can be seen in Figure 1, the following important
steps were assumed: (I) charge-transfer complex for-
mation, (II) complex-radical copolymerization,
(IT) grafting PEO onto copolymer via esterification,
(IV) intercalating the graft copolymers between lay-
ered silicate, (V) preparation of Ag-carrying copoly-
mer-g-PEG/organoclay polymer complexes and
(VI) in situ generation of AgNPs onto graft copoly-
mer matrix chains by annealing under vacuum.

The molecular mass of alternating copolymer syn-
thesized by complex-radical copolymerization with
relatively low molecular mass (9.060 m/z) was de-
termined by MALDI-TOF mass spectrometry (Fig-
ure 2a). Additionally, the in situ generation of silver
nanoparticles onto surface of matrix polymer were
confirmed by UV-Vis spectroscopy at A =417 nm
for the various loading silver precursor (AgNO; salt)
in concentration-absorbance relationships manner
(Figure 2b).

3.2. The size and {-potential parameters of
polymer/AgNPs colloidal nanoparticles
The results of the { -potential and size parameters of
nanohybrid particles were given in Figure 3. Agree-
ing with (-potential values and distribution, these
particles predominantly show positive charges with
a unique distribution. While the size of particles
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Figure 2. (a) Molecular mass of pristine alternating copoly-
mer by MALDI-TOF mass spectrometry, in
tetrahyrofuran (THF) solution using a-cyano—4-
hydroxycinnamic acid (CHCA) as a matrix.
(b) UV-Vs spectra of AgNPs incorporated graft
copolymer/organoclay nanohybrids. Effect of

loading silver precursor.
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show two distribution peaks which are related to sil-
ver nanoparticles (first peak at nano-size region
around 65—95 nm) and layered silicate micro parti-
cles (second peak at micro-size region around 500—
600 nm).

Usually, organoclay or intercalated polymer/organ-
oclay exhibited higher size micro particles around
5-8 um. Peak analyses by intensity and volume show
average mean values of 145 and 625 nm and average
width values of 50 and 100 nm, respectively. These
peak analyses also show average (relative) area val-
ues of 36 and 63 for first and second peaks, respec-
tively. The obtained results showed that idal struc-

ture of NHCs effectively prevented the swelling
process. It was proposed that obtained unique {-po-
tential and {-size parameters of both silicate layers and
silver particles in NHCs can be essentially changed
with improving the surface structures of matrix graft
copolymer and their bioengineering activity.

3.3. Antibacterial and antifungal activity of
hybrid nanocomposites

Recent developments in the fabrication of a new

class of antifungal functional polymer systems, poly-

mer capsulated nanoparticles, biopolymers, and syn-

thetic polymers functionalized with bioactive groups
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Figure 3. The (-potential and size parameters of colloidal NHC/AgNPs nanohydrid prepared in the presence of 2.5 mass%
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have indicated that these systems can be successfully
utilized as biocides in many areas, especially in med-
icine and pharmacy. Recently, in our previous study,
we reported the higher antimicrobial and antifungal
activity of multifunctional Ag-carrying PVA-based
nanofiber composites [46]. In this work, antibacterial
and antifungal studies were carried out with novel
copolymer-g-PEO/Organoclay/AgNPs idal nano-
hybrid composites using G-positive (Staphylococcus
aureus Newman, P. aeruginosa) and G-negative (Es-
cherichia coli 25922 and P. aeruginosa PA0I) bac-
teria, as well as a Candida albicans 10231 fungal
microorganism obtained from TOBB ETU-Hospital
(Turkey). Cell culture flasks, disks, and other med-
ical plastic materials were purchased from Corning.
The results of antibacterial and antifungal activity
via diameter of distribution zone were given in Fig-
ures 4 and 5a. Agreeing with these results, bioactiv-
ity of the nanohybrid composites strongly depend on
the concentration (1.0 mass% for NHC-1, 2.5 mass%
for NHC-2, 5.0 mass% for NHC-3, and 0.0 mass%
for NHC-0) of incorporated silver precursor (AgNOs)
and in situ generated AgNPs during annealing. High-
er effects of loading (changes from 6.5 to 16 mm of
zone and from 15 to 20 mm of zone) were observed
for the interactions of nanohybrid composites with
P aeruginosa and S. aureus Newman bacteria, re-
spectively. While interactions with E.coli 25922 and
P aeruginosa PAQI bacteria, as well as with C. al-
bicans 10231 fungal (Figure 5a) accompanied a vis-
ible changes of diameter of zones. The lower inhibi-
tion effects of the copolymer-g-PEO/ODA-MMT
clay composites, which is not contained AgNPs, on
microorganisms (S. aureus Newman and P. aerugi-
nosa PAOI) can be explained by a complexed col-
loidal structure of matrix polymer layered silicate via
hydroxyl (carboxyl)-amine physical interactions and
partial swelling process, as well as formation of mi-
crodomains with lower bioactive surface contact
area.

Antibacterial properties of AgNPs were also deter-
mined in bacterial disk using G-negative E. coli and
tetracycline antibiotic for comparative analysis. The
results were obtained from microscope photographs
by conventional disk diffusion assay in which the an-
tibacterial feature of different percentage AgNPs so-
lution were given in Figure 5b.

The results obtained of antibacterial zones (around
the disk) were given in table of Figure 5b. As seen
in these dishes, the disk diameter increases when the

percentage of AgNPs is increased on S. aureus cul-
ture. Comparative analysis of antibacterial disk di-
ameters of E.coli and known antibiotic (tetracycline)
indicated that the disk diameters show the same time
effects, i.e., disk diameters for the both type of cell
cultures are almost not changed.

3.4. Cytotoxicity results

The toxic effect of the polymer nanohybrid compos-
ites was determined by WST-1 method on the fibrob-
last cell line and the results are given in Figure 6.
The eftects of nanohybrid composites (NHC-1, NHC-
2.5 and NHC-5) to the cells were evaluated with dif-
ferent concentrations of AgNPs (1, 2.5 and 5%) and
only medium without AgNPs (NHC-0) was used as
a control group. According to the obtained results,
toxic effect strongly depends on the loading AgNPs
and and toxicity of NHCs increases in increasing
concentration of samples. It was found that toxic ef-
fects of all NHCs were similar to each other, and rel-
ative highest toxic effect was obtained for NHC-5 at
200 pg/mL concentration.

3.5. Apoptotic and necrotic results

The apoptotic and necrotic effects of AgNPs (NHC-
1, NHC-2.5 and NHC-5) were determined by double
staining method and the results obtained are given
in Table 2. Agreeing with these results, the apoptotic
and necrotic effects strongly depend on the concen-
tration of Ag-NPs. The highest apoptotic effect was
also obtained for the NHC-5 composite against fi-
broblast cells. When NHC-5 was administered to the
cells at 200 pg/mL concentration, an apoptotic index
of 16+0.5% was obtained. It was found that by in-
creasing the matter concentration, necrotic effect
also increased. The highest necrotic effect (index
24+1.2%) was obtained for NHC-5 sample at
200 pg/mL concentration in parallel to the toxicity
results.

Agreeing with these results, the mechanisms of an-
timicrobial actions of Ag*-carrying polymer layered
silicate nanocomposites and their Ag-nanoparticles
incorporated nanomaterials (polymer coatings and
nanofibers), as well as polymer/AgNPs hybrids, de-
pend on several structural factors. These parameters
are listed as below: (1) physical and chemical inter-
facial interactions of Ag-nanoparticles and function-
al groups of the polymer matrix with membranes con-
taining DNA and proteins, (2) catalytic effect of Ag”
ions and other metal cations from silicate layers in
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the degradation process of membrane structure,
(3) destroying the permeability of the bacterial mem-
branes, (4) depressing the activity of some membra-
nous enzymes, and (5) completely destroying the
self-assembled DNA structure of microorganisms.

120

P NHC
% =
100 ’ i
L & 7 e
= Z .:. % )
S| B8 4 & 78
z &V ¥ g & > |
SN 1111 rrF
2 2 2 2 B B N N
= 7 Z Z 7 Z 7 Z 7z
ol 1111111
3§ 40 ? é ? é Z é g ?
=l 2 2 2 % 1118
2 0 1 R 2 B B
ol ¢//_ /A:-: //’_ // 4:;: 4:: ,//,’ P &
0 3125 625 125 25 50 100 200
NHC concentration [pug/mL]
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5%). Data given as mean =+ std.

749

4. Conclusions

This work presents a new approach to synthesize of
the colloidal ODA-MMT-poly(MA-alt-1-dodecene)-
g-a,0-methoxyhydroxyl-PEO/silver nanoparticles
(AgNPs) nanohybrid composites (NHCs) using the
following synthetic pathways: (1) complex-radical al-
ternating copolymerization of maleic anhydride with
1-dodecene a-olefin comonomer, (2) grafting PEO
onto alternating copolymer through ring-opening es-
terification, (3) intercalating a copolymer-g-PEO be-
tween organoclay layers via complex formation of
maleate carboxyl with octadecyl amine, and (4) in
situ generation of AgNPs in polymer nanocomposite
by annealing method under vacuum. An important
strategy of these investigations is the evaluation of
antimicrobial, antifungal and anticancer activities (cy-
totoxicity, apoptotic and necrotic effects) of colloidal
hybrid nanocomposites against G-positive and G-
negative bacteria, C. albicans fungal microorganism,
and Fibroblast L929 cells. The synthesized AgNPs in-
corporated biocompatible and bioactive colloidal



Demircan et al. — eXPRESS Polymer Letters Vol.12, No.8 (2018) 740-752

Table 2. Apoptotic and necrotic index in fibroblast L929 cells of ODA-MMT-copolymer-g-PEO/AgNPs nanohybrid com-
posites (NHC-1, 2 and 3). Data obtained by double staining methods for the various concentrations of NHCs. The

percent data were given as mean + std.

NHC-1 NHC-2 NHC-3
[E;;SE] Apoptotic index | Necrotic index | Apoptotic index | Necrotic index | Apoptotic index | Necrotic index
[%0] (%] (o] [%] (%] [70]

0.000 1.0£1.0 1.5+0.5 1.0£1.0 1.5+0.5 1.0£1.0 1.5+0.5
3.125 2.0+1.4 10.0+£0.4 4.0+1.0 4.0+0.2 4.0+0.5 10.5+0.3
6.250 5.5+0.4 12.5+0.3 5.0£0.6 6.0£1.0 5.0+£1.4 12.0+0.5
12.500 7.0+0.2 14.5+1.5 5.542.0 12.0+0.3 7.0£0.7 13.0+0.8
25.000 8.5+0.7 18.0£1.0 6.0+0.5 14.0+1.4 9.5£1.0 16.5+0.7
50.000 11.0£1.0 20.0+0.4 9.0£0.2 16.5+0.7 10.0£0.2 19.0+1.5

100.000 13.0£1.5 21.5+1.2 12.0+1.5 18.0£0.5 11.0+0.5 21.5£1.0

200.000 16.0+0.5 23.0+0.5 13.0+0.3 20.0£1.5 13.5£1.0 24.0+1.2

NHCs are promising candidate for a wide-range of
applications in air filtration, food packaging systems,
bioengineering, especially in pharmacy, tissue regen-
eration and nanomedicine.
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