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Introduction: In this work we selected components, developed technology and studied

a number of parameters of polymer nanocomposite materials, remembering that the material

would have high optical and good mechanical characteristics, good sorption ability in order

to ensure high value of the optical signal for a short time while maintaining the initial

geometric shape. In addition, if this nanocomposite is used for medicine and biology

(biocompatible or biocidal materials or the creation of a sensor based on it), the material

must be non-toxic and/or biocompatible. We study the creation of polymer nanocomposites

which may be applied as biocompatible materials with new functional parameters.

Material and Methods: A number of polymer nanocomposites based on various urethane-

acrylate monomers and nanoparticles of gold, silicon oxides, zinc and/or titanium oxides are

obtained, their mechanical (microhardness) properties and wettability (contact angle) are

studied. The set of required, biology-related properties of these materials, such as toxicity

and sorption of microorganisms are also investigated in order to prove their possible

applicability.

Results and Discussion: The composition of the samples influences their microhardness

and the value of contact angle, which means that varying with the monomer and the metallic,

oxide nanoparticles composition, we could change these parameters. Besides it, the set of

required, biology-related properties of these materials, such as toxicity and sorption of

microorganisms were also investigated in order to prove their possible applicability. It was

shown that the materials are non-toxic, the adhesion of microorganisms on their surface also

could be varied by changing their composition.

Conclusion: The presented polymer nanocomposites with different compositions of mono-

mer and the presence of nanoparticles in them are prospective material for a possible bio-

application as it is biocompatible, not toxic. The sorption of microorganism could be varied

depending on the type of bacterias, the monomer composition, and nanoparticles.

Keywords: polymer nanocomposites, metallic nanoparticles, oxide nanoparticles,

biocompatible materials, microhardness

Background
The development of biology, medicine and related branches of science in recent

years requires an increasing number of modern materials and technologies. In

medical practice, various devices that are implanted in the body are actively used,

such as pacemakers, bone prostheses, artificial blood vessels, etc. Much attention is

paid to the use of biodegradable polymers that can safely remain in the body for

some time, for example, to restore tissues and organs after damage.1,2 Another very
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attractive field of study polymers is biosensing. Among

modern research methods, a separate group is made up of

sensor devices (micro- and nanosystems) for analyzing

liquid media or gases, which provide quick detection of

substances with minimal sample preparation, automation

of control processes, and quite accurate and reproducible

measurement under various conditions. The development

of optical sensors is especially active due to the frequent

advantages of optical detection methods in biology, med-

icine, and environmental protection. To date, various types

of sensors have been proposed both for determining dif-

ferent pathogenic microorganisms and viruses,3,4 and for

controlling heavy metal ions in juicy waters,5 however, the

need for universal and inexpensive devices remains high.

In this regard, one of the key tasks of modern materials

science is the creation and study of biocompatible materi-

als with a variety of properties, applicable in modern

prostheses and implants,6 artificial bio-tissues,7 and in

optical biocompatible sensors.8 One of the most promising

types of such materials is a polymer nanocomposite (for

example poly(lactic-coglycolic) acid, gums, polyaniline,

poly (aniline-co-pyrrole)@Fe3O4@alginic acid, poly-

xanthone triazole, etc).9–17 based on polymers and nano-

particles, which have properties that are individually not

achievable for each of the components.18,19 An important

feature of such materials is the combination of positive

properties of the polymer matrix, such as lightness, flex-

ibility, and easiness of the production, as well as the ability

to radically modify the properties of the material by chan-

ging the monomer composition and/or by introducing

functional fillers, for example, various nanoparticles.

This is especially true for gold nanoparticles in various

materials of sensor devices, due to the ability to vary the

spectral position and amplitude of their plasmon resonance

by changing the size, shape, structure of the particles and

of the surroundings. High electron density, the ability to

scatter and emit secondary electrons, the characteristic

absorption, and scattering in the visible region of the

spectrum of electromagnetic radiation, intense red color

makes it easy to detect gold particles. To record changes in

the physicochemical parameters of biochips and biosen-

sors that occur during a specific reaction, visual observa-

tions are used, as well as methods of light scattering,

vibrational spectroscopy, and others. Biosensors based on

gold nanoparticles are already used in immunoassays.20

The use of such nanocomposites opens possibilities

for controlling the rate of development of bacteria,

suppressing their vital functions, controlling their sorption

on the surface, and also creating antimicrobial surfaces.

Polyurethane (PU) is one of the main groups of poly-

meric materials used in the manufacturing of various

implants, as well as many other products. Most of them

have new medical applications as biphasic block copoly-

mers or, as they are highly hemocompatible, they became

one of the preferred types of polymers for products, contact

with blood. Another possible area is to use this polymer

material in reconstructive surgery (allows reconstructing

defects of various tissues and organs and improving the

quality of life for patients without the use of transplants

and biosynthetic organs), reconstruction of bone defects

(great interest of using polyurethanes, because of their

good compatibility with growing cells and very durability,

to obtain biodegradable materials) and the reconstructive

orthopedics (filling with this materials the large cavities in

bone tissue).21,22 All of the above-listed polymer-based

materials are well-researched as biocompatible ones and

they are relatively expensive. However, the acrylate-based

nanocomposites are practically not used in such quality and

are little studied before. It is known similar mixtures of

monomers with silicon dioxide, barium, titanium, and zinc

oxides, which are used by dentists; however, these materials

are not nanocomposites. As a rule, these are opaque mix-

tures in which the inorganic components are micrometer

size. Nanoparticles can improve the homogeneity of the

mixture, prevent phase separation— inorganic components

are released in the organic environment of the polymers by

separate islands. Nanocomposites medium homogeneity at

the nanoscale is important to improve the bioactive proper-

ties of the medium. Besides of it, it is necessary to obtain

optical material, which we propose to use, for example, for

the preparation of fluorescent sensors. In comparison to

other polymer biocompatible materials, to which metallic

nanoparticles could be added as well, on the surface of

polyurethane-based nanocomposites surface patterns could

be created in a step optical writing process, so it enhances

the possibility of using this material for biological, sensing

applications, like creation of waveguide-based sensors with

in-situ, created coupling gratings, etc.

The antimicrobial properties of silver,19,23 gold19,24

and some other materials19,25 and nanoparticles of these

metals are well known. Silicon oxide nanoparticles are

thermally stable and highly bioactive. There are works

on the analysis of their size- and dose-dependent cyto-

toxicity, an increase in the active forms of oxygen and

anti-inflammatory stimulation.26,27 It is also known, that
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data obtained in in vitro studies demonstrate nanoparti-

cle-induced inflammation and pulmonary fibrosis, the

formation of granulomas and emphysema.28 Medical

and biotechnological applications of silicon dioxide

nanoparticles include the production of sorbents and

molecular sieves, DNA delivery vehicles, proteins, and

anti-cancer drugs. The high photocatalytic activity of

ZnO and TiO2 nanoparticles determines their antibacter-

ial and antiseptic properties, which in turn are important

for applications.29 The main mechanism of the toxic

effect of titanium oxide and zinc oxide nanoparticles

was the induction of reactive oxygen species, and the

reactivity depends not only on the size of the nanoparti-

cles but also on the type of structure.30

Based on the above-mentioned data, in this work we

selected components, developed technology and studied

a number of parameters of polymer nanocomposite materials,

remembering that the material would have high optical and

good mechanical characteristics, good sorption ability in order

to ensure high value of the optical signal for a short time while

maintaining the initial geometric shape. In addition, if this

nanocomposite is used for medicine and biology (biocompa-

tible or biocidal materials or the creation of a sensor based on

it), the material must be non-toxic and/or biocompatible.

Methods
Initial Materials
The following materials and chemicals were used for

sample preparation:

● Diurethane dimethacrylate, a mixture of isomers

(Aldrich 436909, UDMA)
● Isodecyl acrylate (Aldrich 408956, IDA)
● A 2-Carboxyethyl acrylate (Aldrich 552348, 2Car)
● Initiator - 2.2-Dimethoxy-2-phenylacetophenone

(Aldrich 19611–8, In2)
● Dodecanethiol functionalized gold nanoparticles with

size 5 nm (ALDRICH 660434, AuNP)
● SiO2 nanoparticles with size 14 nm (Aldrich 066K0110,

SiO2NP)
● Zinc oxide nanoparticles (ALDRICH 205532, ZnONP)
● Titanium dioxide nanoparticles (ALDRICH 637254,

TiO2NP)

Preparation of Polymer Nanocomposites
The polymer nanocomposites are mixtures of different

monomers with SiO2NP, AuNP/TiO2NP/ZnONP, and photo-

initiator. Three different monomer mixtures were created:

two on the basis of UDMA/IDA (with different concentra-

tions of UDMA and IDA in it) and one - UDMA/IDA/2Car.

The nanoparticles and photo-initiator were added to the

monomer mixture and the nanocomposite was formed.

The synthesis method of creation of monomer nano-

composites consisted of the following steps:

Sample 1:

The SiO2NPs were added by small portions into the

mixture of UDMA and IDA (26.99 wt% and 62.99 wt %

so the proportion was 3/7). Adding toluene to the mixture to

decrease the viscosity of it. After mixing the composition,

the necessary amount of AuNP in toluene is added. Further,

the photoinitiator In2 is added (0.02 wt% of total mass). It

was mixed for 3 hours in a magnetic mixer. Afterward, the

toluene is evaporated at 35 ºС for 24 hours till the constant

weight. The composite is stored at 25 ºС.
Sample 2:

The preparation was the same as for Sample 1, but the

ratio of UDMA and IDA in the mixture was different

(71.99 wt% and 18.99 wt % so the proportion was 8/2)

(see Table 1).

Sample 3:

The SiO2NPs were added by small portions into the

mixture of UDMA, IDA and 2Car (67.48 wt%, 16.20 wt%

and 6.30 wt % so the proportion was 75/18/7). In this case,

toluene was added as well. After mixing the composition,

the necessary amount of AuNP in toluene, TiO2NP and

ZnONP were added separately to the monomer mixture.

Further, the photoinitiator In2 is added (0.02 wt% of total

mass). It was mixed for 3 hours in a magnetic mixer.

Afterward, the toluene is evaporated at 35 ºС for 24 hours

till the constant weight. The composite is stored at 25 ºС.

Table 1 The Compositions of the Prepared Polymer

Nanocomposites

Sample The Mixture of

Monomer and Their

Weight Ratio

SiO2

NPs

wt%

Au

NPs

wt%

ZnO

NPs

wt%

TiO2

NPs

wt%

1a UDMA/IDA=3/7 10 – –

1Au UDMA/IDA=3/7 10 0.15 – –

2a UDMA/IDA=8/2 10 – – –

2Au UDMA/IDA=8/2 10 0.15 – –

3a UDMA/IDA/2Car=75/18/7 10 – – –

3Au UDMA/IDA/2Car=75/18/7 10 0.15 – –

3Zn UDMA/IDA/2Car=75/18/7 10 – 1 –

3TiO UDMA/IDA/2Car=75/18/7 10 – – 2
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To create polymer nanocomposite samples layers with

thicknesses 200–300 μm were formed on a glass substrate

in the gap surrounded by a spacer between the glass and

cover polyester film. For the photopolymerization, the

layers were cured by a UV lamp for 20 minutes.

The compositions of the prepared polymer nanocompo-

sites are presented in Table 1. There are samples 1a, 2a, and

3a, which will be the basic monomer composites, containing

just a mixture of monomers, SiO2NP, and a photoinitiator.

While the samples 1Au, 2Au, 3Au, 3ZnO and 3TiO, besides

the basic samples (1a, 2a and 3a) contain the indexedmetallic

nanoparticles as well.

The novelty of the synthesis of these samples was

using a mixture of monomer composites, their fabrication

routs, a combination of different metallic, oxide nanopar-

ticles, which increased the multifunctionality of the nano-

composite, including optical applications. Another novelty

of the prepared polymer nanocomposites in the present

work was the improvement of the compatibility of the

mixture of the monomers with the inorganic nanoparticles,

not only by using silicon dioxide nanoparticles but also by

modification with silane The introduction of 10 wt% of

modified SiO2NP allows to obtain a homogeneous solu-

tion of organic monomers with inorganic particles (oxi-

des), thus, phase separation can be prevented in solutions

and in films after polymerization, as a result, a uniform

film could be obtained.

Characterization of the Polymer

Nanocomposites
Vickers hardness of the prepared polymer nanocomposites

was established by a Buehler hardness tester with PMT-

ZM “Lomo”. Five microhardness indentations were made

on each prepared specimen. Vickers microhardness mea-

surements were made with 50 g load for 20 seconds in

a micro-hardness testing machine. The advantage of the

Vickers hardness method is that deformation due to the

indentation can reveal structural characteristics of the test

material in a quick measurement. The errors of the mea-

surements were ± 5–10%.

The contact angle of wetting for the samples was mea-

sured by the equipment, which is shown in Figure 1. It

consists of a high-resolution USB camera, a sample holder

and a diffuse light source. On the surface of prepared

Figure 1 Contact angle measurement: (A) the measuring system, (B) the image of the drop on the surface of polymer nanocomposite.
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samples, the same amount of water was used to create

a drop on it. The picture of the drop on the surface was

recorded and analyzed by a Fiji software (http://fiji.sc/),

with Drop analysis-Drop Snake and Drop analysis-LB-

ADSA plugins (http://bigwww.epfl.ch/demo/dropanalysis).

As a result, the contact angle of the water on the surface of

the prepared polymer nanocomposites was established. The

errors of the measurements were ± 5%.

Biocompatibility of the Polymer

Nanocomposites
Human Monocyte-Derived Dendritic Cell Cultures

Leukocyte-enriched buffy coats were obtained from healthy

blood donors drawn at the Regional Blood Center of the

Hungarian National Blood Transfusion Service (Debrecen,

Hungary) in accordance with the written approval of the

Director of the National Blood Transfusion Service of the

University of Debrecen, Faculty of Medicine (Hungary) and

from the Regional and Institutional Research Ethical

Committee of the University of Debrecen (DEOEC RKEB/

IKEB 3855–2013). Written, informed consent was obtained

from the blood donors prior to blood donation, their data were

processed and stored according to the directives of the

European Union. Peripheral blood mononuclear cells

(PBMCs) were separated by a standard density gradient cen-

trifugation with Ficoll-Paque Plus (Amersham Biosciences,

Uppsala, Sweden). Monocytes were purified from PBMCs

by positive selection using immunomagnetic cell separation

and anti-CD14 microbeads, according to the manufacturer’s

instruction (Miltenyi Biotec, Bergisch Gladbach, Germany).

After separation on a VarioMACS magnet, 96–99% of the

cells were shown to be CD14+ monocytes, as measured by

flow cytometry. Isolated monocytes were cultured for three

days in 12-well tissue culture plates at a density of 5.0 x 105

cells/mL in Gibco’s serum-free AIM-V medium (Thermo

Fischer Scientific, Waltham, MA, USA), supplemented with

80 ng/mL granulocyte-monocyte stimulating factor (GM-

CSF) (Gentaur Molecular Products, Brussels, Belgium) and

100 ng/mL interleukin (IL)-4 (PeproTech EC, London, UK)

into monocyte-derived dendritic cells (moDC) at 37°C atmo-

sphere containing 5% CO2.

Measuring the Effects of Polymer Nanocomposites

on the Activation Level and Viability of moDC

Resting human monocyte-derived dendritic cells (moDCs)

were cultured for 24 hours on the surface of the prepared,

sterilized by UV light, polymer nanocomposites in the pre-

sence or absence of the specific Toll-like receptor (TLR)

ligand bacterial lipopolysaccharide (LPS) (250 ng/mL ultra-

pure LPS, InvivoGen, San Diego, CA, USA) for 24 hours. As

human moDCs are highly sensitive for LPS the reagents and

lab equipment are endotoxin-free. Some samples were cul-

tured with both – polymer nanocomposites and LPS (nano-

composites + LPS) to detect the effect of nanocomposites on

moDC viability and activation under microbial stimuli of

LPS, while untreated cells (ctrl) were served as negative

controls.

Flow Cytometry

Resting human monocyte-derived dendritic cells (moDCs)

were cultured for 24 hours on the surface of the prepared,

sterilized by UV light, polymer nanocomposites in the pre-

sence or absence of LPS. At the end of incubation, cells were

harvested. Phenotyping of resting and activated moDCs

cultured with or without polymer nanocomposites

was performed by flow cytometry using anti-human

CD83-fluorescein-isothiocyanate (FITC) (R&D Systems,

Minneapolis, MN, USA), The viability of moDCs was deter-

mined with 1 µg/mL 7-amino-actinomycin D (7-AAD) (LKT

Laboratories Inc., St. Paul, MN, USA) dye followed by a 24

h activation period with LPS. 7-AAD is internalized in the

cell if the cell membrane is disrupted (dead cells). The

7-AAD dye binds to the cellular DNA. Fluorescence inten-

sities were measured by FACSCalibur (BD Biosciences,

Franklin Lakes, NJ, USA) and data were analyzed by the

FlowJo software (Tree Star, Ashland, OR, USA).

Growth of Lactobacteria for Monitoring

Biocompatibility with Polymer Nanocomposites

L. reuteri ATCC 6475 strain was grown in DifcoTM de

Man, Rogosa and Sharpe (MRS) broth medium for 18

h stationary at 37°C (MRS, BD BioSciences, Franklin

Lakes, NJ, USA) in the presence or absence of polymer

nanocomposites for 18 h. Bacterial suspensions were mea-

sured by spectrophotometry and converted to CFU/mL

following OD600 nm x 2.5 x 108 CFU/mL. L. reuteri

ATCC 6475 was kindly provided by Nathalie Juge

(Institute of Food Research, Norwich, UK).

Adhesion of Different Microorganisms on

the Surface of Polymer Nanocomposites
To analyze the adherence of different microbial organisms

on the surface of polymer nanocomposites three species of

the colonizing microbes of the human body were selected

including Escherichia coli, Staphylococcus aureus, and

Candida albicans. For all species, 3 different strains
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were used for this measurement. The results of the species

were averaged the strain results. The investigation was

done in the following way:

● 24 hours cultured microorganism has created

a suspension with saline solution in concentration

1.5*108 cells/mL.
● The samples of polymer nanocomposites were ster-

ilized by UV light and were put to the sterile Petri

dish. The suspension of the microorganism was put

to this dish and totally covered the samples for 30

minutes at room temperature.
● After the incubation, the suspension was recovered

by a pipette. The samples were dried in normal air.
● The fixation of the microorganism was done by the

flame of alcohol.
● In the next step, the staining of the samples was done

by methylene blue, the remaining part of the stain

was removed by water.
● The determination of the sorption of the microbes

was done by the calculation of the average number of

stuck bacterias on the surface of the investigated

samples. It was done by optical microscope Nikon

Eclipse E-200 at 1000 resolution. For each sample,

10 images were done and analyzed. The optical

image of the microorganisms is shown in Figure 2.
● For the calculation of the bacteria’s from the images,

an open-access software was used: PO OpenCFU

(http://opencfu.sourceforge.net/).

Results
Sample Characterization
Polymer nanocomposites based on urethane-acrylate mono-

mer structure were created for the investigation of possible

bioapplications. As it was shown earlier, this monomer

material could be used as a photosensitive material, doped

with different nanoparticles and as a result enhance some

optical properties. In this work, different monomers

(UDMA, IDA, 2Car) and nanoparticles (SiO2NP, AuNP,

ZnONP, TiO2NP) were used. As a result of using different

materials, some properties of the polymer nanocomposite

could be modified, such as optical parameters, microhard-

ness, sorption, surface energy (contact angle) and even

toxicity. It could be connected with different functional

properties of these materials.

It was shown in our previous paper,31 that the prepared

polymer materials with SiO2NPs are highly transparent

from 400 to 1100 nm. Adding ZnO NPs did not affect

the transmission of the initial polymer samples, while TiO2

NPs decrease it. However, the addition of AuNPs results in

the appearance of well-known absorption, localized sur-

face plasmon resonance peak near 530 nm. The refractive

index of the created polymer nanocomposites was between

1.4 and 1.6. The reflection was not larger in comparison to

another optical polymer material like PMMA.

The parameters of the prepared polymer nanocomposites

were studied with different techniques. For analyzing the

influence of different monomers and added nanoparticles on

Figure 2 The optical microscopy images of the studied microorganisms.
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the mechanical properties of the created polymer nanocom-

posites, Vickers microhardness was measured. The results

are shown in Table 2. It could be seen, that introducing IDA

and 2Car to the UDMA basic monomer mixture decreases

the microhardness while adding AuNPs increases it.

Although, the ZnONPs and TiO2NPs have not influenced

much on the measured value. It was shown previously31 that

the modification of the composition could result in changes

in the structure. In this way, the mechanical properties, such

as microhardness could be increased by adding nanoparti-

cles to the monomer mixture. It could be explained by the

photopolymerization process, structuring of polymers, for-

mation of the different absorption layers, changing the poly-

mer matrix and also by the influence of added nanoparticles

on the microstructure of the polymer matrix.32–35

It is important to check materials of possible bio-related

applications for reaction with water, their surface energy, and

hydrophobic/hydrophilic character as well. For these rea-

sons, the contact angle of water was measured on the created

polymer nanocomposites. It gives us information about the

character of the surface – is it hydrophilic or hydrophobic

one. For producing biosensing devices, it is more effective to

have a hydrophilic character of the surface.36–38 While for

antibacterial surfaces – both types of the surface could be

used: depending on the effect on the bacteria, it is an anti-

bactericidal surface or bacteria-release surface.39 The results

are presented in Table 2. It could be seen that, as in the case of

microhardness, the composition has an influence on the

measured data. Adding monomers IDA and 2Car to the

basic mixture decreased the contact angle, which resulted in

a more hydrophilic character of the surfaces. However, add-

ing AuNPs to the monomer mixture essentially increases the

angle, so the character of its’ surface became more hydro-

phobic. Using ZnONP and TiO2NP in the composition

increases the value of the contact angle, but not essentially.

It was shown that the composition and the presence of

different nanoparticles have an influence on the microhardness

and on the value of the contact angle, so on the surface

character of the samples. The addition of IDA and 2Car

monomers to the basic UDMA mixture led to the decrease

of microhardness and contact angle. This tendency can be

connected with the process of photopolymerization, which

was studied in some previous papers.40–42 The added mono-

mers (IDA, 2Car) led to a lower rate of photopolymerization

process, which resulted in a softer and more hydrophilic sur-

face. The addition of AuNP to the mixture of monomers in all

cases leads to higher microhardness and contact angle value. It

was also shown previously that the AuNP enhances the pro-

cess of photopolymerization, increasing/decreasing the time of

it, and increasing the polymerization rate. It leads to a harder

and more hydrophobic surface than the initial one.40–42 The

addition of ZnONPs and TiO2NPs has not influenced essen-

tially the measured values. However, as there was a difference

in composition, in structure and in the parameters, it may

influence the interaction with the microorganism.

Biocompatibility of the Polymer

Nanocomposites
To test the biocompatibility of the non-water reacting

polymer nanocomposites, we set up a model to monitor

the effects of polymer nanocomposites on the viability of

eukaryotic and prokaryotic cells, respectively.

The biocompatibility and toxicity were studied by mea-

suring the viability and activation level of human monocyte-

derived dendritic cells (moDC). MoDCs are an essential part

of the human immune system and regulate defense mechan-

isms against microbes in the body, which can be affected by

the presence of nanocomposites. We found that the majority

of polymerized nanocomposites did not affect the number of

dead cells and did not decrease the viability of human

dendritic cells (Figure 3A). The stimulation of moDCs by

LPS and nanocomposites together slightly, but not signifi-

cantly elevated the number of dead cells.

To test further the biocompatibility of the nanocompo-

sites, we monitored the proliferation of a lactic acid bac-

teria L. reuteri (Figure 3B) and we showed that that

polymer nanocomposites with different nanoparticles did

not affect the proliferation of the bacteria.

In conclusion, the created polymer nanocomposites did

not modify the viability of human dendritic cells in the

presence or absence of LPS and did not inhibit the pro-

liferation of probiotic lactic acid bacteria.

Table 2 Microhardness and Contact Angle Values of the Created

Polymer Nanocomposites

Sample Number Microhardness, MPA Contact Angle

1a 10 ± 1 73 ± 3

1Au 40 ± 3 83 ± 4

2a 80 ± 7 87 ± 2

2Au 140 ± 10 94 ± 2

3a 40 ± 4 80 ± 3

3Au 210 ± 20 88 ± 3

3ZnO 44 ± 5 86 ± 3

3TiO 46 ± 5 85 ± 3
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Adhesion of the Microorganism on the

Surface of Polymer Nanocomposites
Adhesion of two bacterial and one fungal species on the

surface of created polymer nanocomposites with different

composition was studied using Gram-negative E. coli, the

Gram-positive S. aureus and C. Albicans. In Table 3, the

number of microorganisms is presented. It was shown that

S. aureus and C. Albicans have a higher value of sorption in

comparison to E. coli, which could be connected with the

structure of the created polymer nanocomposites. It was

found that the composition and addition of the nanoparticles

in the polymer nanocomposites influenced the sorption of

different microorganisms, see Tables 1 and 3. However, the

adhering capacity was higher for S. aureus and C. Albicans as

compared to E. coli. Moreover, S. aureus showed the highest

ability to adhere on the surface of different nanocomposites.

It could be seen from Table 3 than the S. aureus and

C. Albicans have higher sorption ability on the surface of

polymer nanocomposites then E. coli. There are some

papers dealing with it and based on them, accordingly, it

could be shown that the sorption of bacteria on different

surfaces could depend on its hydrophobic/hydrophilic

character, surface roughness, surface charge, chemical

potential and etc.43 The surface charge of the microorgan-

ism could be estimated from the chemical composition of

its’ cell structure. The interaction between the cells and the

surface depends on the surface charge, while the character

of the sorption forces could be determined by the chemical

composition of the cells and of the surface (in our case by

the polymer nanocomposites).44

Discussions
Thus, the chemical composition of themicrobial cell wall has

an important role in studies of sorption on different surfaces.

These microbial characteristics were diverse for the tested

microbes. The lipid content of the Gram-negative bacterial

cell wall is within 19–20% and in the case of Gram-positive

bacteria, it is 1–4%. For Gram-positive S. aureus – cell walls

include peptidoglycans modified by polysaccharides, for

gram-negative E. coli – it consists of LPS modified by

carbohydrates, for candida’s – it contains polysaccharides

in a multilayer structure.45–49 As it is known, peptides are

molecules built on more than two amino acids, bonded by

amino bonds -C(O)NH-, while polysaccharides are long

chains of monosaccharide bonded by glycoside bonds and

the lipids.45–52 So the cell walls of these microorganisms are

A B

Figure 3 Biocompatibility of the polymer nanocomposites. (A) Resting moDCs were cultured for 24 hours on the surface of the prepared, UV-sterilized polymer

nanocomposites in the presence or absence of LPS. At the end of incubation, cells were harvested to measure the viability of moDC by flow cytometry. (B) A number of

cultured human Lactobacillus reuteri ATCC 6475 bacteria on the investigated materials. CFU=colony forming units (bacteria with the ability to proliferate). Mean values were

calculated from 3 independent experiments with duplicates +SD.

Table 3 The Sorption of Microorganisms on the Surface of Different Polymer Nanocomposites

Species of Microbe 1a 1Au 2a 2Au 3a 3Au 3ZnO 3TiO

S. aureus 286± 30 63± 15 214± 25 77± 15 256± 15 150± 15 233± 20 61± 15

E. coli 33 ± 5 0 ± 1 8 +/3 0 ± 1 16 ± 3 0 ± 1 0± 1 0± 1

C. albicans 175 ± 15 20± 2 152± 15 31± 2 126± 13 83± 7 66± 8 45± 7
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rather different, which could influence their sorption on the

surface of the investigated polymer nanocomposites. As

a result, the sorption of S. aureus was essentially higher in

comparison to E. coli, which effect partly could be connected

with the structure of these bacteria. The structure of the

monomers have different functional groups and their chemi-

cal structure is closer to Gram-positive bacteria as compared

to the Gram-negative ones.

The sorption of microorganisms depends on their com-

position, structure, and character as well. As it was shown

during the analysis of sorption, the composition and the

existence of nanoparticles had an essential effect on the

adhering ability of S. aureus. There is a connection

between the sorption and the contact angle value of the

investigated samples. Higher sorption of bacteria and

hydrophilicity was established for samples without metal-

lic nanoparticles (1a, 2a, and 3a) in comparison with the

samples with them. So it could be concluded that the

sorption of the bacteria was higher on the surface of

more hydrophilic samples. At the same time for samples

with metallic nanoparticles (1Au, 2Au, 3Au, 3ZnO, 3TiO)

the sorption of the bacteria and hydrophilicity was lower,

while the hydrophobicity of these samples was higher in

comparison to the samples without nanoparticles. In fact

of that, the sorption of the bacteria was lower for samples

with lower hydrophilicity. The structure of polymer nano-

composites which contains metallic nanoparticles has an

essential role in sorption and hydrophilic/hydrophobic

character of them. On the other hand, the composition of

polymer mixture has an influence on these parameters as

well, since a higher amount of IDA (1a) results in higher

sorption of bacteria and hydrophobicity. Besides the sur-

face character of the samples, the surface charge could

play an important role as well. For the sample 3TiO, the

contact angle was not lower, however, the sorption was

really low – the surface charge could play an important

role and leads to a lower amount of bacteria on it.

As a result of these investigations, it could be estab-

lished that the sorption of different microorganisms on the

surface of polymer nanocomposites can be changed, con-

trolled by the composition of the polymer mixture and by

the existence of metallic, oxide nanoparticles in them.

For the fabrication of possible biosensor devices based

on the created polymer nanocomposites, high sorption of

the possible detected objects is needed. For example, for

the detection of S. aureus, a monomer mixture of UDMA,

IDA and 2Car are needed, which has a lower contact angle

and high sorption. One way to create an optical sensing

device is using rare earth elements, as nanoparticles and

their luminescence properties, which were studied in.53 We

tried to create a model of optical sensing device based on

ErO nanoparticles, which were added to the mixture of

UDMA/IDA/2Car to enhance its’ luminescent character

and to optimize the measurement. First of all sorption of

CuSO4 water solution on the surface of samples with and

without ErO nanoparticles was studied. Shimadzu UV-

1800 spectrophotometer was used for the sorption mea-

surements on thin layers of polymer nanocomposites. The

luminescence of the samples was studied by LSM 710

Zeiss confocal optical microscope at excitation wavelength

514 nm. The luminescence spectra were taken before and

after the absorption of CuSO4 solution on the samples with

and without ErO nanoparticles. The results on lumines-

cence are shown in Figure 4.

It could be seen that adding ErO nanoparticles the

sorption can be increased from 8 to even 17%, so the

signal of luminescence can be increased by 2.5 times. It

was shown that for samples containing rare earth nanopar-

ticles, the luminescence increased due to the sorption of

copper. However, in other cases, the copper decreases the

luminescence, as earlier was shown in.54 The lumines-

cence in the presence of the copper-containing solution

in the region of 500–650 nm could be connected with

ligand transition in their structure, which could be

enhanced by blue light.55 So it was shown that adding

ErO nanoparticles may enhance the detection of heavy

metals by this composite, and it a good model material

to create optical sensors based on their luminescence

properties.

Figure 4 Luminescence spectra of the investigated samples with and without ErO

nanoparticles.
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On the other hand, the nanocomposites containing

AuNP, have an absorption peak near 550 nm, connected

with localized surface plasmon resonance, as it was shown

in our previous paper.40 As the position of this peak is

sensitive to the refractive index of the surrounding media,

the changes could be detected optically in transmission

mode. This is supported by the fact, that our samples are

highly transparent in the visible range of light.56 The

photopolymerization process, which leads to an increase

in the refractive index, shifts the position of the peak.40

This phenomenon can be effectively utilized for a large

variety of sensing purposes (chemical sensors, gas sensors,

biosensors, etc.) by measuring the changes in the refractive

indices. Such an optical sensor element can be used for

monitoring of molecular-scale interactions. However, it

should be analyzed more carefully further.

Besides the biosensing application, the polymer nano-

composites could be taken into account as materials for the

creation of antibacterial surfaces. It is possible since this

material is biocompatible and not toxic. For enhancing it,

we should increase the contact angle of the surface,

decreasing at the same time the sorption of the microor-

ganism, which was done by changing the composition and

adding nanoparticles. For this purpose, the monomer mix-

ture of UDMA could be used with AuNPs (which

increases the contact angle – decreases the sorption) and

with TiO2NP (which surface charge has an influence on

the microorganism – decreases their sorption). However,

not only the composition and existence of nanoparticles

has an influence on the sorption. The surface roughness

also could be a key factor in this. This material was

studied successfully for the creation of surface

structures.37 As a result, holographic gratings were

recorded on samples 2a, 2Au, 3a, and 3Au. The contact

angle of water was measured on the created surface struc-

tures. It was shown that the presence of the structure

increased the contact angle, so the character of hydropho-

bicity became larger in comparison to the normal thin

layer from this material as it is shown in Table 4. The

sorption of microorganism should be analyzed in the next

step, however, for it, a lot of gratings should be created.

Polymer nanocomposites based on various urethane-

acrylate monomers and different nanoparticles were prepared

and studied. The composition of the samples influences their

microhardness and the value of contact angle, which means

that varying with the monomer and the metallic, oxide nano-

particles composition, we could change these parameters.

Besides it, the set of required, biology-related properties of

these materials, such as toxicity and sorption of microorgan-

isms were also investigated in order to prove their possible

applicability. It was shown that the materials are non-toxic,

the adhesion of microorganisms on their surface also could

be varied by changing their composition. So the presented

polymer nanocomposites with different compositions of

monomer and the presence of nanoparticles in them are

perspective material for a possible bio- application as it is

biocompatible, not toxic. The sorption of microorganism

could be varied depending on the type of bacterias, the

monomer composition, and nanoparticles.
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