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HIGHLIGHTS

o Poly(2-ethyl-2-oxazoline-co-ethylene
imine)s are for the first time used for the
organo-modification of montmorillonites.

e Composition of copolymers and amount
of copolymer loaded has high impact on
basal spacing values.

e Organo-modification of montmorillon-
ites with prepared copolymers decreases
in vitro cytotoxic effects observed for
montmorillonites.

e Organo-modified montmorillonites accel-
erate hydrolytic decomposition of paraoxon
as a representative of organophosphate.

* Corresponding author.

GRAPHICAL ABSTRACT

Partially hydrolyzed poly(2-oxazoline)s as new class of biocompatible modifiers of montmorillonites for
sorption and decontamination of organic molecules

Statistical copolymers of 2-ethyl-2-oxazoline and ethylene imine of different molar fractions prepared by
partial acidic hydrolysis of poly(2-ethyl-2-oxazoline) represent an effective tool for organo-modification
of layered silicates. Modified montmorillonites decrease in vitro cytotoxic effects of montmorillonites
and accelerate hydrolytic decomposition of paraoxon as a representative of organophosphate pesticide
and warfare agents compared to pristine montmorillonite.
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ABSTRACT

Cationic (co)polymers play an important role in many (bio)applications, such as drug and gene delivery, anti-
microbial agents, integral parts of hydrogels, and others. Here, we present cationic copolymers prepared by
partial hydrolysis of poly(2-ethyl-2-oxazoline) as a new type of polymeric modifier of clay minerals with
improved biocompatibility toward potential utilization in biomedical and environmental applications. Statistical
poly(2-ethyl-2-oxazoline-co-ethylene imine)s (PEtOx-co-PEI) of different compositions (degree of hydrolysis 9,
12, 22, 28, 55 and 56 %, respectively) are prepared by a two-step synthetic protocol consisting of a living cationic
ring-opening polymerization of 2-ethyl-2-oxazoline and the subsequent acidic hydrolysis of poly(2-ethyl-2-
oxazoline). We demonstrate that above 22 mol% of ethylene imine (EI) units, prepared copolymers are posi-
tively charged as seen from the zeta potential measurements. The XRD patterns of the powder samples of PEtOx-
co-PEI modified organoclays are analyzed in order to evaluate the impact of the initial concentration of co-
polymers, used for sample preparation, on the changes in basal spacing value (dgo1), reflecting the expansion of
the interlayer space. We observe the expansion of the interlayer space in montmorillonite (MMT), a clay mineral
from the smectite group, dependently on the composition of copolymers and the content of the copolymer in
MMT. The presence of copolymers in the interlayer space of MMT decreases in vitro cytotoxicity of virgin MMT as
determined in 3T3 mice fibroblasts. MMT modified with PEtOx-co-PEI can have strong potential as a drug de-
livery vehicle, for tissue engineering applications, or as a sorption material. However, a key application explored
in this study is the removal and degradation of the organophosphate paraoxon, a highly toxic insecticide and
potent chemical warfare agent. Here, we show adsorption and, importantly, also hydrolytic decomposition of the
model substrate paraoxon as a representative of organophosphates at physiological neutral pH (Tris buffer pH
7.4). Hydrolysis of paraoxon is easy to follow due to chromogenicity, where the spectral change is given by the
release of 4-nitrophenolate with a different UV-VIS spectrum than paraoxon. MMT modified with the soluble
partially hydrolyzed poly(2-ethyl-2-oxazoline) with 59 mol% EI units significantly increases the hydrolysis rate
of paraoxon compared to non-modified pristine MMT. These findings highlight the potential of PEtOx-co-PEI-
modified MMT for biomedical applications and environmental remediation, particularly in detoxifying hazard-

ous organophosphates.

1. Introduction

Layered clay minerals play an important role in the design of
advanced materials in many (bio)applications, e.g., as sorption materials
and flocculants, catalysts, fillers for (nano)composites, drug delivery
systems, or materials for tissue engineering [1-3]. Montmorillonite
(MMT), a member of the smectite group of minerals, is renowned for its
unique structural and physicochemical properties, making it a versatile
material in various scientific and industrial applications. It is charac-
terized by a layered structure consisting of two tetrahedral sheets
sandwiching an octahedral sheet. This 2:1 structure results in a high
cation exchange capacity (CEC), significant surface area, and the ability
to swell upon hydration. The structure of MMT allows for the incorpo-
ration and exchange of various cations, such as Na*, Ca*, and Mg*,
within its interlayer spaces. This cation exchange capacity is a critical
factor in its ability to adsorb and immobilize contaminants, including
organic pollutants, heavy metals, and radionuclides [4]. Additionally,
the clay’s high surface area, often ranging from 700 to 800 m?/g, pro-
vides extensive active sites for adsorption processes. One of the primary
benefits of MMT is its effectiveness as an adsorbent in water and
wastewater treatment [5]. The clay’s high surface area and CEC facili-
tate the removal of organic pollutants, such as dyes and antibiotics, from
aqueous solutions [6,7]. Furthermore, the ability of MMT to swell and
disperse in water enhances its contact with pollutants, thereby
improving adsorption efficiency. This characteristic is particularly ad-
vantageous in treating industrial effluents, where it can reduce the
concentration of hazardous substances to acceptable levels. Beyond
environmental applications, MMT clay is employed in a variety of fields.
In the pharmaceutical industry, it serves as a drug delivery vehicle due
to its biocompatibility and ability to intercalate active pharmaceutical
ingredients [8]. Its role in cosmetics is also notable, where it functions as
a base for creams and lotions, and is advantageous for its ability to
adsorb oils and impurities from the skin [9]. Additionally, use of MMT in
agriculture, as a soil conditioner and carrier for fertilizers and pesticides,
underscores its multifunctional nature [10]. Moreover, both the thermal
stability and chemical inertness of MMT make it an excellent candidate
for use in polymer nanocomposites, enhancing the mechanical

properties and thermal resistance of resulting materials. Its incorpora-
tion into such composites can lead to significant improvements in ma-
terial performance, broadening its applicability in advanced engineering
and material science domains [11]. The distinctive structural properties
and versatile functionality of MMT render it an invaluable material
across multiple applications. Its effectiveness in adsorbing contami-
nants, coupled with its utility in pharmaceuticals, cosmetics, agricul-
ture, and nanocomposites, highlight its broad potential and underscore
the importance of ongoing research into optimizing its various uses. As
mentioned above, layered silicates are able to form organoclay materials
through the exchange of inorganic cations compensating the negative
charge of silicates occurring both in the interlayers and on the outer
particle surfaces. Typically, ammonium cations with longer alkyl chains
or aromatic moieties have been used for the hydrophobic modification
of layered silicates [12]. Organic cations containing diverse polar
functionalities can provide organo-clay minerals with enhanced affinity
for particular organic molecules such as pesticides [13].

Cationic polymers represent an alternative way for clay mineral
modification. The polymer molar mass and the molar fraction of cationic
units have been identified as important parameters for modification
efficiency [14]. Polycation-modified clay minerals have been exten-
sively studied as catalysts [15] or adsorbents for organic pollutants [16].
Similarly, naturally occurring polycation spermine with repeating pro-
pylene imine units was used, showing pronounced affinity for herbicides
like fluometuron or diuron [17]. Clay minerals have also been modified
with other synthetic and natural polycations such as cationic starch or
chitosan mainly to produce nanocomposites with various polymeric
matrices [18].

It was already stated that clay minerals are, due to their high specific
surface areas, good adsorbents of various organic molecules, e.g. pesti-
cides, air and water pollutants, metabolites or drugs [19]. In recent
years, the removal of organic pollutants, including dyes and antibiotics,
from aqueous solutions such as wastewater, has become a critical focus
of environmental engineering and science [6,7]. These pollutants pose
significant risks to aquatic ecosystems and human health due to their
persistence and toxicity. Consequently, a variety of methods have been
developed and optimized to address this pressing issue, each offering
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distinct mechanisms and efficiencies. Adsorption methods, particularly
those utilizing activated carbon, zeolites, and biomass-derived adsor-
bents, are widely employed due to their high surface areas and effec-
tiveness in capturing a broad spectrum of organic contaminants [20].
Advanced oxidation processes, including photocatalysis, Fenton re-
actions, and ozonation, leverage reactive oxygen species in order to
degrade complex organic molecules, demonstrating high efficacy albeit
with potential cost and handling challenges [21]. Membrane filtration
techniques such as nanofiltration, ultrafiltration, and reverse osmosis
are highly efficient at removing organic pollutants, although they are
often limited by membrane fouling and significant energy requirements
[22]. Biological treatments harness the metabolic activities of micro-
organisms and plants in systems like activated sludge processes, con-
structed wetlands, and bioaugmentation, offering sustainable and
cost-effective solutions, though sometimes at the expense of complete
pollutant degradation rates [23]. Chemical treatments, including coag-
ulation, flocculation, and chemical precipitation, provide efficient
pollutant removal through the formation of easily removable aggregates
or precipitates, but can introduce secondary contaminants [24]. Elec-
trochemical methods, such as electrocoagulation and electrooxidation,
utilize electric currents to induce pollutant removal reactions,
combining versatility with high efficiency, yet often demanding sub-
stantial energy inputs [25]. Ion exchange techniques employ synthetic
resins or natural materials like zeolites to selectively remove ions, of-
fering high specificity and effectiveness, albeit with the challenge of
managing waste brine [26]. Additionally, photolysis, both direct and
sensitized, uses UV light to degrade pollutants directly or via reactive
intermediates, presenting a straightforward but sometimes incomplete
solution [27]. Hybrid methods that integrate multiple techniques have
emerged to capitalize on the strengths of each approach, enhancing
overall treatment efficiency. Examples include combining adsorption
with photocatalysis or integrating biological treatments with membrane
filtration [28]. Each of these methods presents unique advantages and
limitations, necessitating a careful selection based on the specific pol-
lutants involved, economic feasibility, and environmental impact [29].
From the wide group of hazardous chemicals, CBRN (C - chemical, B -
biological, R - radioactive, and N - nuclear) agents pose a significant
security threat in military conflicts, terrorist attacks, and industrial ac-
cidents. Protection against them is therefore a key societal priority.
Comprehensive protection strategies are multi-faceted and include
organizational measures, monitoring and analytics, barrier protection,
external decontamination means, and antidotes for internal exposure.
Therefore, the development of self-decontaminating materials capable
of inactivating CBRN agents, whose adsorption and decontamination
effects can target the surface of skin, clothing, articles of general con-
sumption, or even objects used in public spaces, including means of
transport and other technology in use, is of high importance.

In the case of chemical warfare agents (CWA), which fall under the
CBRN category, their adsorption onto a suitable material, e.g. layered
silicate-activated MMT (such as bentonite, a commercially available
sorbent with the tradename Desprach), can be used as a preliminary
strategy, but only leads to immobilization, as opposed to complete
chemical destruction. The chemical decontamination of CWA is carried
out by a reaction with suitable reagents that convert the CWA into non-
toxic or less toxic products. Most commonly, mixtures containing active
chlorine, most notably hypochlorites, oxidize a wide range of CWA [30].
Other (photo)oxidation processes have also been studied [31]. As most
CWA are alkylating (yperite and its derivatives), acylating arsenic acid
derivatives (Lewisite) or phosphorylating (organophosphates) agents,
the use of suitable nucleophiles such as thiosulfate, British anti-Lewisite,
amidoximes or oximes, or water with appropriate catalysis, is often an
experimental strategy, however, each of these approaches has its
drawbacks [32]. Enzymatic hydrolysis is sometimes too
substrate-specific, as enzymes can be easily deactivated due to lability,
and are also expensive [33]. Water-soluble metal complexes have rela-
tively slow hydrolysis kinetics and unfavorable physicochemical
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properties, and can be costly for special ligands [34]. Metal-organic
frameworks (MOFs) may have fast degradation kinetics, especially of
organophosphates, but they are often unstable in moisture and
complicated to handle [35]. Metal-oxide nanoparticles perform poorly
in protic solvents and water [36]. Catalysts on imprinted polymers are
complex and expensive to produce and too specific for a single CWA
[37]. Catalytic efficiency can sometimes be improved for more hydro-
phobic CWA by micellar catalysis [38].

Water contamination by toxic organophosphates, such as paraoxon,
poses significant environmental and health risks, necessitating effective
remediation strategies. Clay minerals, particularly MMT, are promising
adsorbents due to their high surface area, ion-exchange capacity, and
tunable interlayer spacing. However, while pristine clays can efficiently
adsorb contaminants, their limited ability to facilitate degradation
presents a major challenge [39].

In the context of our study, cationic copolymers such as partially
hydrolyzed poly(2-ethyl-2-oxazoline) (PEtOx-co-PEI) offer a means to
enhance clay performance by improving dispersion, increasing surface
charge, and modifying interlayer chemistry. These modifications can
lead to improved contaminant uptake, better compatibility with bio-
logical environments, and, crucially, increased degradation rates of
adsorbed toxins. Compared to conventional adsorbents like zeolites,
resins, or functionalized silica, polymer-modified clays offer advantages
in cost-effectiveness, scalability, and multifunctionality, combining
adsorption with catalytic degradation. This study explores how such
polymer-clay composites address key limitations in current remediation
technologies and demonstrates their potential for environmental
decontamination and biomedical applications.

Poly(2-oxazolines) represent versatile synthetic polymers suitable
for different applications and bioapplications [40,41]. They can be
prepared via living cationic polymerization, providing polymers with
controlled molar mass, narrow dispersity, and different architecture
[42]. Therefore, poly(2-oxazoline) can be used in (bio)applications
requiring specific polymer size and topology. Moreover, poly
(2-alkyl-2-oxazolines) have excellent in vitro performance, as exhibited
by low cytotoxicity, no immunogenic effects and ultralow fouling of
biofilm [43,44]. Poly(2-alkyl-2-oxazolines) with 2-methyl, 2-ethyl, and
2-propyl alkyl substituents have been used for the preparation of their
statistical copolymers with poly(ethylene imine) through their partial
hydrolysis [45-47]. In all cases, the degree of hydrolysis can be finely
tuned by the concentration of used mineral acid, temperature, and time
of hydrolysis. In previous work, we presented the effect of linear poly
(2-oxazoline) and linear poly(ethylene imine) on the microstructure of
modified MMT [48].

Herein, we report for the first time on the preparation of MMT
modified with cationic polymers derived from poly(2-oxazolines), with
the aim to decrease the negative cytotoxic effect of MMT. Poly(2-ethyl-
2-oxazoline-co-ethylene imine)s containing a positive charge were pre-
pared by the partial acidic hydrolysis of poly(2-ethyl-2-oxazoline). We
compared in vitro cytotoxicity of cationic polymers containing different
ratios of PEI units. Prepared copolymers were used for the organo-
modification of MMT, and their effect on the interlayer distance was
studied. Selected organo-modified MMT was used for adsorption and the
subsequent decontamination of paraoxon, which stands as a represen-
tative of organophosphate insecticides and warfare agents.

2. Experimental section/methods
2.1. Materials

Methyl 4-nitrobenzenesulfonate, hydrochloric acid, sodium chloride,
dimethylsulfoxide (DMSO), 4-nitrophenol, 4-nitrophenyl phosphorodi-
chloridate, triethylamine and lithium bromide were used as received
from Sigma-Aldrich (Germany), and without further purification.
Acetonitrile (Sigma -Aldrich, Germany) was dried and distilled over
calcium hydride. 2-Ethyl-2-oxazoline (TCI Chemicals, Belgium) was
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dried over potassium hydroxide for 48 h and distilled over calcium hy-
dride under reduced pressure. Methanol (p.a.), absolute ethanol (p.a.)
and potassium hydroxide were purchased from Mikrochem (Slovakia).
N,N-dimethylacetamide (DMAc) suitable for HPLC, > 99.9 % was pur-
chased from Sigma-Aldrich (Germany). Deionized ultrapure water was
obtained with Millipore (Direct-Q® 8 UV).

Homogenous solutions of previously synthesized and lyophilized
poly(2-ethyl-2-oxazoline) and copolymers were prepared by dissolving
0.1 wt% of poly(2-ethyl-2-oxazolines) in a warm (50 °C) aqueous bath
for 5h. The smectite used in this study was reference montmorillonite
Cheto, SAz-1 obtained from the Clay Minerals Society, Source Clay Re-
pository (Department of Agronomy, Purdue University, West Lafayette,
IN, USA).

2.2. Synthesis of paraoxon

The 4-nitrophenyl phosphorodichloridate (75.0g, 293 mmol) was
slowly added to anhydrous ethanol (500 mL) in a 1L round-bottom
flask. Under cooling and stirring, triethylamine (90 mL, 0.646 mmol)
was slowly added through a septum, and after the last portion was
added, the mixture was stirred for additional 2 h at room temperature.
The mixture was then concentrated on a rotatory evaporator under
reduced pressure and separated by extraction using water and diethyl
ether layers. The diethyl ether layer was separated, concentrated on
rotatory evaporator and as the residue still contained some triethyl-
amine hydrochloride, it was again separated by extraction using water
and diethyl ether. The diethyl ether layer was dried with anhydrous
magnesium sulfate and evaporated, yielding 79.9 g (99 %) of the prod-
uct. The purity was verified by thin-layer chromatography (TLC) using
TLC Silica gel 60 F254 plates (Sigma-Aldrich, Germany). The retention
factor (RF) of the product was 0.71 in diethyl ether as mobile phase.

'H NMR (400.1 MHz, CDClg, 8, ppm): 8.17 (d, 2 H, Ar), 7.32 (d, 2H,
Ar), 4.18 (m, 4H, CHy), 1.30 (t, 6 H, CHg3). (see Figure S1 in the Sup-
porting Information) 31p NMR (100.6 MHz, CDCls, §, ppm): —7.30 (see
Figure S2 in the Supporting Information). 13C NMR (100.6 MHz, CDCI3,
8, ppm): 155.64, 144.69, 125.72, 120.60, 65.22, 16.10 (see Figure S2 in
the Supporting Information).

2.3. Preparation of poly(2-ethyl-2-oxazoline-co-ethylene imine)

In the first step, poly(2-ethyl-2-oxazoline) (PEtOx) was prepared by
the cationic ring-opening polymerization of 2-ethyl-2-oxazoline initi-
ated by methyl 4-nitrobenzenesulfonate according to the standard
method [46]. Briefly, 10 mL (0.1 mol) of 2-ethyl-2-oxazoline and 0.22 g
(0.001 mol) of methyl 4-nitrobenzenesulfonate were dissolved in 10 mL
of dry acetonitrile (c = 4m01-dm’3) under an argon atmosphere to
achieve the theoretical degree of polymerization equal to 100. The
polymerization was performed at 80 °C for 48 h and terminated with
1.5mL methanolic KOH (¢ = 0.1 moledm™3) in 1.5-fold excess at
ambient temperature for 2 h. The resulting polymer was purified by the
dialysis toward deionized water (Spectra/Pro 6, MWCO 1000 Da,
Spectrum Laboratories, USA). Yield: 9.1 g (91 %). M;, = 15,000 gornol’l.
D =1.19. The structure of the resulting polymer was confirmed by 'H
NMR spectrum (Figure S4). Then, poly(2-ethyl-2-oxazoline-co-ethylene
imine) was prepared through the partial hydrolysis of PEtOx in 16.7 %
hydrochloric acid as described elsewhere [46]. Briefly, 4.98 g of PEtOx
was dissolved in 100 mL 16 wt% aqueous HCl and the solution was
heated at 100 °C. 15 mL of the reaction mixture was withdrawn from the
flask after 40, 60, 80, 120,180, and 240 min, cooled in liquid nitrogen
and neutralized with 5M aqueous KOH to pink color changes of dis-
solved phenolphthalein. The partially hydrolyzed polymer was purified
by dialysis toward deionized water using dialysis membrane SpectraPro
Nr.6 (MWCO 1 kDa, Spectrum Laboratories, USA) and then freeze dried.
The degree of hydrolysis of all copolymers was determined from 'H
NMR spectrum (see Supporting Information, Figures S5-5S10).
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2.4. Preparation of modified clay minerals

The purified MMT fractions were obtained by dispersing 20 g of
MMT lumps in 20 L of deionized water (0.1 % (w/v)) and were allowed
to swell overnight and stirred (200 rpm) for 90 min. The supernatant
slurry, having the desired clay particles size (<2 um), was collected at a
specific time (24 h) and height (21 cm) at room temperature (25 °C) and
a precalculated time according to Stokes’ law of sedimentation. The clay
slurry obtained was Na-MMT saturated by repeated treatment with 1 M
NaCl, and the <2 pm fraction was collected. The excess of salt was
removed by washing with deionized water until the AgNOj3 test for
chlorides gave a negative result. The sample was dried at 60 °C and
ground to pass a 0.2 mm sieve. The structural formula of the purified
MMT calculated from the chemical analysis was Nag 9 Ko.02 Cag.04(Si7.08
Alp.02)(Aly g1 Feg 13 Mg1.06)020(0OH)4, and the cation exchange capacity
(CEC) determined by the Cu-trien method was 1.21 mmologfl.

For the preparation of PEtOx and PEtOx-co-PEI organoclays, the
solvent intercalation process was used.

Sodium montmorillonite (Na-MMT, 200 mg) was added to 200 mL of
distilled water and the suspension was stirred continuously for 24 h at a
room temperature to ensure the Na-MMT was adequately exfoliated.
Consequently, the calculated volumes (for each separate experiment) of
0.1% aqueous solution of PEtOx or PEtOx-co-PEI were slowly
(2 mLemin 1) added to the stored suspension of Na-MMT under exten-
sive stirring (900 rpm) at laboratory temperature (25 °C), and after the
addition of the polymers, the mixture was continuously stirred for 10
days at 25 °C.

The content of PEtOx or PEtOx-co-PEI in the suspension was 50, 100,
250, and 500 mg PEtOx or PEtOx-co-PEI per 1 g of MMT.

After the reaction, the suspension was centrifuged, and the final
product was washed (redispersed and centrifuged) three times with
200 mL of distilled water to remove excess of water-soluble polymer.
Finally, the sample was quickly frozen and lyophilized at low pressure.
The polymer-MMT nanocomposites obtained by this procedure are
designated as Hx/n, where x denotes the level of PEtOx hydrolysis and n
denotes the amount (in mg) of the poly(2-oxazoline) added to g of pure
MMT.

For example:

HO0/50 = 50 mg of PEtOx (batch HO) per 1 g MMT

H4/250 = 250 mg of PEtOx-co-PEI (batch H4) per 1 g MMT

2.5. Analytical methods

1 H NMR spectra were recorded at room temperature on a Varian
VXR-400 (Varian, USA) in CDCl3 solution using tetramethylsilane (TMS)
as an internal standard. The concentration of (co)polymers was in all
cases equal to 10 mgemL 1,

'H NMR, 3!P NMR and '3C NMR spectroscopy was used for paraoxon
structural characterization. All spectra were acquired with a Bruker
Avance NEO 400 spectrometer operating at: 400.1 MHz for 4,
161.9 MHz for 3!P and 100.6 MHz for 3C at 299K using CDCl; as a
solvent. The acquisition parameters were as follows: for 'H NMR, width
of 90° pulse was 16.5 ps, relaxation delay 10, acquisition time 3.28 s
and 32 scans; for 'P NMR, width of 90° pulse was 10 ps, relaxation
delay 15 s, acquisition time 0.46 s and 2000 scans; for 13C NMR, width of
90° pulse was 10 ps, relaxation delay 10s, acquisition time 1.18 s and
18000 scans.

Molar mass and dispersity of PEtOx were recorded by gel permeation
chromatography (GPC) using DMAc with the addition of 0.1 wt% LiBr as
an eluent. The GPC system consisted of a Shimadzu LC-20 pump (Shi-
madzu Corporation, Kyoto, Japan), Shimadzu refractive index detector
(Shimadzu USA Manufacturer Inc., Canby, OR, USA) and two PPS PFG
5 um columns or PSS GRAM 5 um columns (Polymer Standard Services,
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Mainz, Germany; d = 8 mm, 1 = 300 mm; 100 + 1000 A) at 25 °C. Flow
rate was set to 1 mLemin™". Poly(methylmethacrylate) (PMMA) stan-
dards (Polymer Standard Services, Mainz, Germany) were used for a
calibration. Polymer concentration was 1 mgemL ™! in DMAc.

X-ray diffraction (XRD) patterns were measured on X'Pert PRO
(PANalytical ~ B.V.)  diffractometer = equipped with  CuKa
(Al =1.54060 A) radiation and operating at 45 kV 40 mA. The patterns
were scanned in the 20 range of 2-20°, with scanning step 0.026° 20 and
scan step time 100 s.

2.6. In vitro cytotoxicity of statistical copolymers and organo-modified
montmorillonites

After thawing, the 3T3 fibroblasts (DSZM, Braunschweig, Germany)
were cultured in Dulbecco-minimal essential medium (DMEM, Sigma-
Aldrich, Germany) with 10% FBS in a CO; incubator at 37°C, 5%
CO, with saturated humidity. Before the experiment, cells were
collected by trypsinization using trypsine-EDTA (Gibco, BRL) for 1 min
at room temperature and centrifuged at 1500 rpm for 3 minutes. The
number of cells was determined using the Biirker chamber. Cells were
seeded in a 96-well tissue-culture plate at a concentration of 5,000 cells
per well in the culture medium and cultivated overnight. The next day
polymers were dissolved and organo-modified MMT was dispersed in
culture media in respective concentration ranges and applied to the
cells. Polymers were incubated 24 h and 48 h and MMT 24 h. After the
incubation time, solutions were removed, and cells treated with MMT
were rinsed once with phosphate buffer solution (PBS, Sigma-Aldrich,
Germany) to remove the clay, and a 3-(4,5-dimethyldiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT, Sigma-Aldrich, Germany) disper-
sion with a concentration of 0.5 mgemL " in culture media was added to
the cells and incubated 3h. Afterwards, the MTT dispersion was
removed and 100 pL. of DMSO was added to the wells. Optical density
(OD) was determined at 595 nm.

2.7. Statistical analysis

Statistical analysis was performed by one-way ANOVA and post hoc
Tukey test. Results were considered significant when differences
equaled or exceeded the 95 % confidence level (* p < 0.05, ** p < 0.01
or *** p < 0.001).

2.8. Hydrolytic decomposition of paraoxon by organomodified
montmorillonites

UV/Vis absorbance of 4-nitrophenol solutions with concentrations
ranging from 0.001 to 0.4 mM was measured in aqueous 0.15M Tris
buffer at pH =7.4 on a Varioskan LUX Multimode Microplate Reader
(Thermo Fisher Scientific; Waltham, MA, USA). The blank sample con-
sisted of Tris buffer only, all measurements were performed at room
temperature in triplicate, and the optical absorbance at 400 nm wave-
length was plotted as a UV-Vis calibration line of 4-nitrophenol.

The second step consisted of the preparation of 1 mM paraoxon so-
lution with 0.05 wt% of neat or polymer-modified MMT in Tris buffer
(pH = 7.4), which was stirred in a reaction flask at 50°C. To determine
the optical absorbance of the reaction mixture, its aliquots were taken
after set periods of time, measurement was performed at room tem-
perature as described above, and the remaining mixture was returned to
the flask afterwards. Dispersed unmodified MMT, copolymer poly(2-
ethyl-2-oxazoline-co-ethylene imine) (H6), and MMT modified by two
different ratios of H6 in Tris (0.05 wt% of solute) served as blank sam-
ples of subtracted light scattering baseline (the same composition but
without paraoxon).
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2.9. Kinetical analysis of paraoxon adsorption on montmorillonites in
aqueous solution

An exponential fit was used to determine if the kinetic data acquired
in the presence of MMT can be described by the pseudo-first-order (PFO)
model of paraoxon adsorption [49], given by Eq. (1).

¢ =g (1—e™") @

where q; and q. are the adsorption amounts of paraoxon on the clay
particles at time t and at equilibrium time, respectively (mg/g), and k; is
the adsorption rate constant (hb.

The values of adsorption amount g; were calculated from Eq. (2).

_ V.(C() *Ct)
N m

q: 2
where V is the volume of the solution (L); Cy is the initial concentration
of paraoxon (mg/L); C;is the concentration of paraoxon remaining in the
solution at time t after the beginning of adsorption (mg/L); m is the mass
of the adsorbent (g).

3. Results and discussion

3.1. Synthesis and characterization of poly(2-ethyl-2-oxazoline-co-
ethylene imine)s

Organic compounds containing positive charges are widely
employed as efficient modifiers for intercalation of clay minerals, e.g.
smectites or halloysites, through cation exchange in the interlayer space
[13]. Cationic polymers represent a possible alternative for modification
of clay minerals toward the formation of stable (nano)composites with a
plethora of synthetic and natural polymers. Here, statistical copolymers
of poly(2-ethyl-2-oxazoline) with poly(ethylene imine) were prepared in
two-step synthesis consisting of the living cationic ring-opening poly-
merization (LCROP) of 2-ethyl-2-oxazoline and the subsequent partial
hydrolysis of poly(2-ethyl-2-oxazoline) under acidic conditions accord-
ing to the procedure described elsewhere (Fig. 1) [46].

LCROP of 2-ethyl-2-oxazoline was performed in acetonitrile using
methyl 4-nitrobenzenesulfonate as an initiator. Polymerization pro-
ceeded in 91 % yield. The molar mass of the resulting PEtOx as calcu-
lated from gel permeation chromatography (GPC) was 15000 gemol ™,
which was slightly higher than the theoretical value, and the dispersity
was equal to 1.19. The chemical structure was determined by 'H NMR
(Figure S2, Supporting Information)

Acidic hydrolysis was performed in 16.7 wt% aqueous HCI at 100°C
in different time intervals. The molar fraction of ethylene imine units
was determined from 'H NMR and calculated values gradually increased
with the increasing time of hydrolysis (Figures S5-S10, Supporting in-
formation). The rate of hydrolysis performed at 100 °C was equal to
5.9 x 107° s! according to kinetics of the first order (Fig. 2). The
composition of the statistical copolymers formed in the second step was
driven by the different times of hydrolysis as can be seen from Table 1.
We expect that partial hydrolysis of poly(2-ethyl-2-oxazoline) provides
copolymers with fully random distribution of N-propionyl-ethyl-
eneimine and ethyleneimine units. The sequence analysis of partially
hydrolyzed poly(2-ethyl-2-oxazolines) provided by bulk mass spectros-
copy described in the work of Morgan et al. revealed the stochastic
character of acidic hydrolysis. This indicates that ethyleneimine unit
distribution corresponded to a theoretically modeled random distribu-
tion [50].

The residual charge of statistical copolymers was characterized by
the zeta potential measurements. The zeta potential values listed in
Table 1 clearly indicate that a positive charge was found for copolymers
with an ethylene imine content higher than 22 mol% units.
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Fig. 1. Scheme of synthesis of poly(2-ethyl-2-oxazoline-co-ethylene imine).
1,0 Table 2
doo1 values [in ;X] of the basal spacing for montmorillonites (MMT) modified
k=59x10°s" ) with various statistical copolymers PEtOx-co-PEI from 50 mg copolymer per 1 g
08 - m MMT to 500 mg copolymer per 1 g MMT.
50 100 250 500
HO 12.73 13.17 20.47 21.24
§ 0,6 - H1 12.78 12.92 20.59 21.64
= H2 12.78 12.82 20.35 21.24
S'O H3 12.97 13.17 19.64 20.98
= H4 13.22 13.98 17.79 20.85
£ 04 H5 13.22 13.87 15.24 17.98
. H6 13.07 14.04 16.03 18.27
“
0,2 4 . 0.8 A to a lower d-value compared to Na-MMT. This observation refers
<om to the prevalent monolayer arrangement of polymer chains in the
- interlayer space. The unexpected impact on layer stacking of prepared
0,0 T T T T T 1 nanocomposites was observed with additional loading of the PEtOx
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Time of hydrolysis (min)
Fig. 2. Kinetic plot of the hydrolysis of poly(2-ethyl-2-oxazoline).
Table 1

The molar fractions and zeta potential of resulted poly(2-ethyl-2-oxazoline-co-
ethylene imine)s.

Sample H1 H2 H3 H4 H5 H6

Time of 40 60 80 120 180 240
hydrolysis
[min]

Degree of 9 12 22 28 55 56
hydrolysis
[mol%]

Zeta potential 0 -1,2 +1,6 + 16,6 + 25,7 + 29,7
[mV] +0 +0,1 +0,2 +0,7 +0,4 +0,4

3.2. Modification of montmorillonites with poly(2-ethyl-2-oxazoline-co-
ethylene imine)s

Prepared statistical copolymers PEtOx-co-PEI were used to
compensate for the negative charge of MMT layers. Organoclays were
prepared by the intercalation of different copolymer amounts per 1 g of
MMT. The XRD patterns of the powder samples of PEtOx-co-PEI orga-
noclays were analyzed in order to evaluate the impact of the initial
concentration of copolymers, used for the sample preparation, on the
changes in basal spacing value (dgo1), reflecting the expansion of the
interlayer space (Table 2). The initial modification carried out with
50 mg of PEtOx (sample HO) caused only minimal changes in dyo; po-
sition (pure Na-MMT has 12.4 A). However, a slight broadening of the
001 reflection was observed, therefore the incorporation of the polymer
at a small extent was noticed. Using 100 mg of PEtOx per 1 g of MMT
resulted in pronounced broadening of a diffraction peak and shift of the
reflection maxima to a lower angle with a basal spacing of 13.17 A. The
increase of the PEtOx concentration in HO-100 caused more pronounced
uniform distribution of the 001 reflection, with an approximate shift of

polymer. A doubling of the polymer concentration (250 mg) caused a
significant change of the doo; value to 20.47 A, indicating a dominant
bilayer arrangement at this concentration of polymer. Continued in-
crease of polymer loading affected the distance between the layers, and
the dggp value increased to 21.24 A for HO-500. A basal spacing of the
samples prepared with 250 and 500 mg of PEtOx indicated the creation
of polymer double layers or possibly also a pseudo-trilayer arrangement
in MMT interlayers.

Intercalates prepared with PEtOx-co-PEI copolymer showed similar
but less pronounced trends. As the content of PEI in the copolymer
increased, the interlayer expansion of the prepared organoclay
decreased, for example in the case of the H5-500 sample with the
highest content of PEI fraction, the dgg; value was equal to 17.98 10\,
roughly 3.25 A less than in the case of HO-500. Generally speaking, the
expansion of the clay interlayers was diminished as the content of PEI in
copolymers increased. Thus, XRD consistently shows that these samples
are in a hybrid structure where intercalated silicate layers coexist in
considerable ratios.

In this study, PEtOx-co-PEI co-polymers were water soluble and the
smectite layers were swelled in solvent. In the first stage, the layered
silicate was swollen in water and then the polymer chains intercalated
and displaced the solvent within the interlayer of MMT during the
mixing of the polymer solutions and layered aluminosilicate dispersion.
After solvent removal, the intercalated structure remained and the result
was a nanocomposite. In terms of thermodynamics, a negative variation
in the Gibbs free energy is required for the overall process, in which the
polymer is exchanged with the previously intercalated solvent in the
gallery. The entropy obtained by desorption of solvent molecules is the
driving force for the polymer intercalation into layered smectite from a
solution, which compensates for the decreased entropy of the confined,
intercalated chains [51].

Fig. 3 displays the dependence of the zeta potential on the type of
copolymer and the degree of loading in organo-modified MMT. These
results show that the negative charge of MMT was fully compensated
only in the case of PEtOx-co-PEI with 55 mol% PI (H5) and PEtOx-co-PEI
with 56 mol% PI (H6), respectively, using the highest content of
copolymer in the organoclay (H5-500 and H6-500).
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Fig. 3. Dependence of zeta potential of organo-modified MMT on the (PETOx-
co-PEI) composition and a loading of copolymer in the organoclay.

3.3. In vitro cytotoxicity studies of copolymers and organoclays

Invitro cytotoxicity of PEtOx and its partially hydrolyzed copolymers
was evaluated using 3T3 mice fibroblasts. The effect of hydrolysis and
the content of EI on cell viability was determined after 24 and 48 h of
incubation. With an increased degree of hydrolysis (increased content of
EI), the cytotoxicity of copolymers increased (Fig. 4), as was also
demonstrated in previous studies [46]. We reported previously that in
vitro cytotoxicity is dependent not only on the polymer type and con-
centration, but also on the type of cells. 3T3 fibroblasts were found to be
less sensitive than other cell lines [46].

Copolymers PEtOx-co-PEI with EI content of 22 mol% (H3) are
considered non-cytotoxic up to a concentration of 20 mgemL ™ with cell
viability above 70 %. Copolymers containing 28 mol% and 55 mol% of
EI units (H5) are non-cytotoxic only up to a concentration of 5 mgomL’1
or lower than 1 mgemL ™, respectively.

To evaluate the in vitro cytotoxicity of polymers, it is also important
to observe the change in the morphology of the cells after their treat-
ment with the tested samples. The typical morphology of fibroblasts is
spindle- or branched-shaped cells with an oval nucleus, as can be seen in
the control cells in Figure S11 (Supporting Information). After the
treatment of cells with PEtOx, no changes in morphology were observed.
In the case of PEtOx-co-PEI 22 mol% (H3), no changes in morphology
were observed, except at the highest concentration of 20 mgemL !
where some cells lost typical spindle-shape morphology, and became
round with the presence of apoptotic bodies. With increasing content of
EI units, e.g. in the PEtOx-co-PEI 55 mol% (H5), the apoptotic cells
appeared also at lower concentrations. The effect of time is best
noticeable by H5 at a concentration of 20 mgemL ™" where after 24 h,
both living and apoptotic cells were visible, but after 48 h were mostly
dead and apoptotic cells were observed, similar to positive control PEI at
a concentration of 10 mgomL’1 (Figure S12, Supporting Information).

This work aimed to prepare MMT with improved adsorption capa-
bility and biocompatibility for use in biomedicine and other applications
where contact with the human body occurs. It was shown previously
using different cell lines that MMT reduces cell viability with respect to
concentration and cell line used [52]. As expected, the non-modified
MMT used in this study significantly decreased the viability of 3T3
mouse fibroblasts, which was less than 20 % at concentrations higher
than 5 mgemL ™! (Figure $13, Supporting Information). The cytotoxic
effect can be reduced through different modifications of clays [53]. For
example, the modification of MMT with oligo(styrene-co-acrylonitrile)
increased the viability of NIH-3T3 and HEK 293 cells [54]. There are
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several studies where poly(lactic-co-glycolic acid)-modified clays, such
as Laponite or Halloysite, increased cell viability several times over
when used for scaffold formation in bone regeneration and tissue engi-
neering [55-58]. Thus, the modification of MMT with non-cytotoxc
PEtOx and PEtOx-co-PEI was expected to improve their biocompati-
bility. Therefore, three different (co)polymers were selected: PEtOx as a
non-ionic polymer, and two copolymers carrying a cationic charge with
22 mol% (H3) and 55 mol% (H5) of EI units. There were four different
PEtOx-co-PEI/MMT loadings used: 50, 100, 250, and 500 mg per 1 g of
MMT. Organo-modification of MMT with PEtOx significantly improved
biocompatibility using 100 mg per 1 g MMT and higher (Fig. 5a).
Loading of PEtOx equal to 500 mg/g increased cell viability 3.5 times at
the highest concentration (10 mgemL™!) compared to pure MMT. The
modification of MMT with H3 had a similar effect on cell viability,
where the loading of 500 mg per 1 g at the highest concentration
increased cell viability 5.5 times as compared to pure MMT (Fig. 5b).
Use of the copolymer with 55 mol% of EI units (H5) also led to signifi-
cantly improved biocompatibility, showing a 3.5 times increased
viability similarly to PEtOx-modified MMT (Fig. 5c).

The positive effect of (co)polymer-modified MMT is also supported
by the morphological analysis of cells. Generally, with increased satu-
ration of MMT with the (co)polymer from 50 to 500 mgeg ™, the number
of apoptotic cells decreased and fibroblasts maintained their typical
spindle- or branched-shaped morphology (Figure S11, see Supporting
Information). On the other hand, the non-modified MMT had a visibly
negative effect on cell morphology with increasing concentration.

Thus, we conclude that the cytotoxic effect of non-modified MMT
can be reduced by the organo-modification with PEtOx and PEtOx-co-
PEI containing 22 mol% and 55 mol% of EI units when the loading of
(co)polymer is equal to 100 mg/g or higher. With increasing loading of
(co)polymers in MMT up to 500 mgeg ™' we can diminish the in vitro
cytotoxic effect of MMT. The poly(2-oxazolines) and their copolymers
are known for their non-cytotoxicity and as drug and gene delivery ve-
hicles [59]. The presented novel type of poly(2-oxazoline)- modified
MMT has a high potential in its utilization as a drug delivery system in
biomedical applications.

3.4. Sorption and decomposition of paraoxon in the presence of organo-
modified montmorillonites

As previously stated, absorbents based on smectites are widely used
for adsorption of different pollutants including pesticides, drugs or
metabolites. Here we demonstrated both efficient adsorption and,
importantly, the following deactivation properties of organo-modified
MMT towards the neurotoxic organophosphate paraoxon. Paraoxon is
a parasympathomimetic agent which acts as a cholinesterase inhibitor
[60]. Paraoxon was also used as an ophthalmological drug against
glaucoma. Paraoxon is one of the most potent organophosphate-based
acetylcholinesterase-inhibiting insecticides available on the market,
and is thus now only rarely used as an insecticide due to the risk of
poisoning to humans and other animals. Paraoxon has been studied in
regards to both the acute and chronic effects of organophosphate
intoxication [61]. It is easily absorbed through skin, and was allegedly
used as an assassination weapon by the apartheid-era South African
chemical weapons program, Project Coast [62]. Paraoxon can be
decomposed by basic, metal-catalyzed, or enzymatic hydrolyses (Fig. 6)
and is often used as a model organophosphate as its hydrolysis is easy to
follow by UV-VIS spectrophotometry [63-65]. In cases of basic hydro-
lysis, different amines have been used [66].

Here, paraoxon as an organophosphate model compound was syn-
thesized from 4-nitrophenyl phosphorodichloridate with ethanol and
triethylamine according to a procedure previously described in the
literature [67]. The chemical structure of the prepared paraoxon was
supported by 'H, 13C, and 3P NMR spectra (see Supporting Information,
Figures S12-S14).

Here, the kinetics of the paraoxon hydrolysis were evaluated using
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Fig. 4. Invitro cytotoxicity of PEtOx and copolymers PEtOx-co-PEI with various content of PEI on 3T3 fibroblasts after 24 h (a) and 48 h (b).

UV-Vis spectroscopy, and the signal of its decomposition product 4-
nitrophenol was selected. 4-nitrophenol has a different spectrum than
the original paraoxon, namely, the paraoxon does not absorb at all at
400 nm, where the 4-nitrophenolate exhibits strong absorption (see
Supporting information, Figure S15 for calibration curve, Figure S16 for
UV spectra).

To determine the hydrolytic activity of organo-modified clays
against paraoxon, the dispersions of pristine or polymer-modified MMT
in Tris buffer (pH = 7.4) with 1 mM paraoxon were taken after set pe-
riods of time, measurement was performed at room temperature, and the
remaining mixture was returned to the flask afterwards (see Supporting
information, Figure S17 for illustrative image). Dispersed non-modified
MMT, copolymer poly(2-ethyl-2-oxazoline-co-ethylene imine) contain-
ing 56 mol% EI (H6), and MMT modified by two different ratios of H6 in

Tris (0.05 wt% of solute) served as blank samples to subtract light
scattering baseline (i.e., the same composition but without paraoxon).
We observed that samples with MMT showed a sharp increase of
absorbance after 5 min of stirring at 50 °C, which continued for 2 h.
After that, absorbance quickly decreased and started to grow slightly
with time. This behavior can be explained by the swelling of clay par-
ticles, leading to their disintegration into smaller ones, which absorbed
the light less than the initial particles. The optical absorbance was
plotted versus time (Fig. 7) and analyzed by the first order kinetics
model (Fig. 8, Table 3).

The hydrolysis of paraoxon on non-modified MMT was very signifi-
cantly slower than the spontaneous hydrolysis of pure paraoxon in
buffer (PP), showing that MMT strongly adsorbs paraoxon, but also
efficiently stabilizes it against hydrolysis after adsorption. Modification
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Fig. 6. Scheme of hydrolytic degradation of paraoxon.
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Fig. 7. Temporal evolution of optical absorbance of 1 mM paraoxon solution in 0.05 wt% (a) and 0.05 + 2.5 wt% (b) of analyzed samples in Tris buffer at pH 7.4. PP

— pure 1 mM paraoxon solution in Tris buffer.

0.15

012

0.09

In[cy/c]

0.06

0.03

0.00 L L L
72 96

Time (h)

1 1
120 144
Fig. 8. First-order kinetic plots of paraoxon hydrolysis in pre-incubated 0.05 wt
% dispersions of organo-modified MMT in Tris buffer at pH 7.4 compared to

hydrolysis of pure 1 mM paraoxon solution in Tris buffer (PP) and in the
presence of 0.05 wt% H6 dissolved in Tris buffer at pH 7.4.

of MMT with the soluble partially hydrolyzed poly(2-ethyl-2-oxazoline)
H6 significantly increased the hydrolysis rate of paraoxon compared to
non-modified MMT. The hydrolysis rate on less (H6-250) and more

(H6-500) modified MMT is similar, and was somehow faster for the
more modified MMT H6-500. Interestingly, H6 itself without MMT was
weakly inhibitory for paraoxon hydrolysis at a low concentration 0.05 %
against PP control, but catalytic at a higher concentration 2.5 %,
showing that the catalysis mechanism may involve cooperative in-
teractions existing in more concentrated polymer solution or on the
surface of polymer-coated MMT, but not in diluted polymer solution
(Fig. 9, Table 4).

As polymer-modified MMT in its exfoliated form in water is essen-
tially composed of anionic silicate sheets coated with a layer of cationic
polymer polycations permeable for low molecular weight compounds,
the most plausible mechanism is the adsorption of paraoxon on the sil-
icate surface followed by the nucleophilic attack of water augmented by
the basic nature of the adsorbed partially hydrolyzed polymer according
the scheme displayed in Figure S18.

The results therefore pave the way for MMT-based nanoreactors for
dephosphorylation reactions of neurotoxic organophosphate agents as
the polymer modification of MMT switches pure adsorption to adsorp-
tion plus subsequent hydrolysis mode. Compared to other paraoxon
decontamination methods, the performance of the polymer-modified
MMT is intermediate, but it works at milder conditions, does not
require additional technical treatment such as irradiation, and the
polymer-modified MMT is also non-toxic.

The pseudo-first-order (PFO) fitting model according to the Eq. (1)
resulted in the corresponding values of g and k; (Figure S19, Table S1).
In the case of MMT, the determined error of both g, and k; was almost
the same as the values of these parameters, clearly indicating that the

Table 3
The first-order kinetic parameters of paraoxon hydrolysis in the presence of analyzed samples (0.05 wt%).
Sample PP (pure paraoxon) H6-500 H6-250 H6 MMT
R?, coefficient of determination 0.968 0.738 0.861 0.968 0.969
Rate constant, h™* (9.47 £ 0.35)-10* (5.28 + 0.62)-10* (4.80 £ 0.43)-10°* (4.18 £ 0.16)-10°* 1.74 £0.07)-10°*
Half-life, h 732 1310 1445 1660 3980

10



Z. Kronekova et al.

0.20
B H6 (2.5 %)
v PP
016L @ H6(0.05%)
— 012}
L
o
L
£
0.08 |-
0.04 F
0.00 1 1 1 1 1 1
0 24 48 72 96 120 144
Time (h)

Fig. 9. First-order kinetic plots of paraoxon hydrolysis in presence of different
concentrations of H6 dissolved in Tris buffer at pH 7.4. PP — pure 1 mM para-
oxon solution in Tris buffer.

Table 4
The first-order kinetic parameters of paraoxon hydrolysis in presence of H6.

Sample H6 (2.5 %) PP (pure H6 (0.05 %)
paraoxon)
R?, coefficient of 0.967 0.968 0.968
determination
Rate constant, h! (15.0 + 0.63) (9.47 + 0.35) (4.18 +0.16)
x10~* x10~* x10~*
Half-life, h 462 732 1660

PFO model was inapplicable. Thus, the pseudo-second-order (PSO)
model of adsorption was tested, given by Eq. (3)

kyeq?et

:1+k2'qe't ®

t
It produced a linear dependence in coordinates 1/q; vs. 1/t
(Figure S20), yielding the kinetic parameters g. and kp, which were
presented in Table S2 [68]. But yet again, an unacceptably high error
was generated by this model in the case of the H6-250 modified clay
sample, implying that another mechanism could govern the adsorption
kinetics.
Finally, the intraparticle diffusion (IPD) model was used with the
Weber-Morris Eq. (4).

@ =ket'?+C @
where k, was the intraparticle diffusion rate constant and C represented
the particle boundary layer thickness. It was linearized in coordinates g,
vs. 2, and its kinetic parameters were determined from the resulting
linear fits (Figure S21 and Table S3). However, it was found to be
inapplicable as well due to the obtained meaningless values of C, which
were negative in the case of neat MMT and polymer-modified H6-250
clay.

The observed disparity between the experimental kinetic data and
the theoretical adsorption models can be attributed to the fact that the
chemical decomposition of paraoxon is the rate-determining step of the
overall process, while the adsorption of paraoxon on the clay particles
proceeded rather quickly. The latter may be the result of the low
porosity of MMT, which has a layered structure, granting the easy access
of adsorbate molecules to the particle surface.

The highest conversion of paraoxon into 4-nitrophenol during hy-
drolysis reached 15.90 % in the presence of H6 (2.5 wt%), while the
lowest was 1.97 % with neat MMT (Table S4).
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4. Conclusion

Statistic copolymers with various cationic capacity were prepared
through partial hydrolysis of poly(2-ethyl-2-oxazoline). Hydrolysis
proceeded via kinetics of the first order with the rate constant of
5.9x10"° s~!. In such manner, copolymers with six different molar
fractions were prepared. We showed through zeta potential measure-
ments that copolymers contain residual positive charge from a minimal
molar fraction of 22 mol% of ethylene imine units. We demonstrated the
non-cytotoxic character of statistical copolymers based on the partial
hydrolysis of poly(2-ethyl-2-oxazoline) with 55 mol% of ethylene imine
units up to a concentration of 1 mgemL ",

Poly(2-ethyl-2-oxazoline-co-ethylene imine)s with a different con-
tent of ethylene imine units were used for the organo-modification of
MMT. The XRD patterns showed the different impact of MMT modifi-
cation on basal spacing dpp; values dependently on (co)polymer
composition and amount of (co)polymer loaded to MMT. For all (co)
polymers, dyo; values increased with increasing polymer loading.
Moreover, dyo; values decreased with increasing content of EI units. This
observation is consistent with published results for the organo-
modification of MMT with poly(2-methyl-2-oxazoline) and poly
(ethylene imine) homopolymers [48]. The modification of MMT with
poly(2-ethyl-2-oxazoline-co-ethylene imine)s led to significantly
improved biocompatibility compared to non-modified MMT.

Paraoxon, as a representative of organophosphate insecticides and
warfare agents, was used for the assessment of sorption and decon-
tamination activity of neat and organo-modified MMT. The MMT
modified to different extents with partially hydrolyzed poly(2-ethyl-2-
oxazoline) caused the more rapid hydrolysis of paraoxon as compared
to non-modified MMT, clearly showing the synergy of cationic co-
polymers and supporting clay. This indicates that MMT-based adsor-
bents also provide pronounced deactivation activity against neurotoxic
organophosphate agents.

This study has shown preliminary proof of concept of the possible use
of the studied material. Detailed kinetic study, which is beyond the
scope of this particular article, would investigate the effect of variables
such as temperature, contact time, pH, concentration of common anions
and cations in the aqueous solution, adsorbent dose and pollutant con-
centration on the efficiency of the removal process.
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