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Abstract

Hydrogel mineralization with calcium phosphate
(CaP) and antibacterial activity are desirable for ap-
plications in bone regeneration. Mineralization with
CaP can be induced using the enzyme alkaline phos-
phatase (ALP), responsible for CaP formation in bone
tissue. Incorporation of polyphenols, plant-derived
bactericidal molecules, was hypothesized to provide
antibacterial activity and enhance ALP-induced min-
eralization. Three phenolic rich plant extracts from:
(i) green tea, rich in epigallocatechin gallate (EGCG)
(herafter referred to as EGCG-rich extract); (ii) pine
bark and (iii) rosemary were added to gellan gum
(GG) hydrogels and subsequently mineralized using
ALP. The phenolic composition of the three extracts
used were analyzed by ultra-high-performance liquid
chromatography coupled to tandem mass spectrom-
etry (UHPLC-MS"). EGCG-rich extract showed the
highest content of phenolic compounds and promoted
the highest CaP formation as corroborated by dry
mass percentage meassurements and ICP-OES de-
termination of mass of elemental Ca and P. All three
extracts alone exhibited antibacterial activity in the
following order EGCG-rich > Pl > RO, respectively.

However, extract-loaded and mineralized GG hydro-
gels did not exhibit appreciable antibacterial activity by
diffusion test. In conclusion, only the EGCG-rich extract
promotes ALP-mediated mineralization.

Keywords: hydrogel, mineralization, polyphenols,
antibacterial, epigallocatechin gallate, gellan gum

[Engineering of Biomaterials 149 (2019) 2-9]

Introduction

Hydrogels are 3D polymer structures, or networks, in
which a high amount of liquid is introduced [1]. These ma-
terials present the advantage of being loaded with active
molecules, drugs and/or cells. In addition, the properties of
hydrogels can be tailored by modifying the polymer network
composing the hydrogel or their cross-linking mechanism
[2,3]. Gellan Gum (GG) is made of polysaccharide anionic
polymer which can be used as the networks for obtaining
hydrogels [4,5]. Mineralization of this type of hydrogels with
calcium phosphate (CaP) is desirable for applications in bone
regeneration. One mineralization strategy is incorporation of
the enzyme alkaline phosphatase (ALP) to cleave phosphate
from glycerophosphate (GP) substrate upon incubation in
a solution containing Ca?* and GP, resulting in CaP formation
in the hydrogel [6].

In addition to this mineralization capacity, antibacterial
properties are desirable for bone regeneration materials as
the increasing prevalence of antibiotic-resistant bacteria, e.g.
methicillin-resistant Staphylococcus aureus Mu50 (MRSA),
is a major concern in clinic [7,8]. Flavonoids, i.e. a sub-class
of polyphenols occurring in fruit, vegetables, nuts, seeds,
stems, flowers and tea, exhibit antibacterial activity in addition
to other properties such as antioxidant, anti-inflammatory,
anti-mutagenic and anti-carcinogenic properties [9,10]. The
mechanism of action of several flavonoids has been investi-
gated [9], being known that their structure and concentration
can affect the ALP and cell activities [11]. Previously, incor-
poration of a macroalgae phenolic extract into GG hydrogels
promoted subsequent ALP-induced mineralization and en-
dowed antibacterial activity before and after mineralization [6].
Quercetin and apigenin have been object of particular interest
amongst flavonoids due to their antibacterial properties [10].

In this work, two well-known plant extracts, namely green
tea extract, rich in epigallocatechin gallate (EGCG), hereafter
referred to EGCG-rich extract, and rosemary extract (RO),
and a less studied extract, i.e. pine bark (Pl, Pycnogenol)
were added to GG hydrogels. GG hydrogels were subse-
quently mineralized using ALP. We hypothesized that these
extracts would promote CaP formation and endow antibacte-
rial activity. In fact, green tea extract has shown antibacterial
activity against both Gram-positive and Gram-negative bac-
teria [12]. Pine bark and rosemary extracts have been also re-
ported to show antibacterial activity, ascribed by the authors
to the presence of polyphenols [13], and phenolic acids [14],
respectively. Notwithstanding, green tea, rosemary and pine
bark extracts were characterized by ultra-high-performance
liquid chromatography with diode array detector and cou-
pled to an ion trap mass spectrometer (UHPLC-DAD-MS").
Promotion of mineralization was assessed by measurement
of dry mass percentage, i.e. mass percentage of mineralized
hydrogels attributable to mineral and polymer and not water,
by Inductively Coupled Plasma Optical Emission Spectros-
copy (ICP-OES), Fourier Transform Infrared Spectroscopy
(FTIR) and Scanning Electron Microscopy (SEM) analysis.
Antibacterial activity was tested against three commonly
occurring bacteria known to colonize biomaterials, i.e. MRSA,
Staphylococcus aureus and Escherichia coli.

Z ommm® © 00000 0000000000000 00000600000000000000000
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Materials and methods

Materials

Allmaterials, including GG (G1910, “Low-Acyl”, 200-300 kD),
calcium glycerophosphate (CaGP, 50043) and alkaline
phosphatase (P7640), formic acid (purity >98%) gallic acid
(purity >97.5%), catechin (purity >96%), caffeic acid (pu-
rity >95%), chlorogenic acid (purity >95%), luteolin (purity
>98%), naringenin (98% purity), isorhamnetin (99% purity)
were acquired from Sigma-Aldrich, unless stated otherwise.
HPLC-grade methanol, water and acetonitrile were supplied
by Fisher Scientific Chemicals (Loures, Portugal) and further
filtered using a Solvent Filtration Apparatus 58061 from Su-
pelco (Bellefonte, PA, USA). EGCG-rich extract (Green tea
polyphenol extract, extracted by liquid/solid extraction, using
water as solvent for the extraction, followed by purification
with ethanol. EGCG > 65% (according to specification and
information from manufacturer) was obtained from Oskar
Tropitzsch e. K. Germany, Pl extract (Pycnogenol®, from
Pinus pinaster) was acquired from Biolandes Aromes,
France and RO extract (Aquarox®, from Rosmarinus of-
ficinalis) from Vitiva, Slovenia.

Extract analysis

Extracts were analyzed by UHPL-DAD-MS". Extracts
were dissolved in methanol HPLC grade (2—-10 mg/mL) and
filtered through a 0.2 um PTFE syringe filter before injection
(5 pL). The UHPLC system comprised a variable loop Ac-
cela autosampler (15°C), Accela 600 LC pump and Accela
80 Hz PDA detector (Thermo Fisher Scientific, San Jose,
CA, USA). Compound separation was performed using
a Hypersil Gold C, (100 mm x 2.1 mm % 1.9 ym) column
(Thermo Scientific, U.S.A.), at a flow rate of 0.42 mL/min and
at 45°C. Mobile phase consisted of water/acetonitrile (99:1,
v/v) (A) and acetonitrile (B), both with 0.1% formic acid.
The following linear gradient was applied: 0-3 min: 1% B;
3-6 min: 1-5% B; 6-12 min: 5-10% B; 12-15 min: 10-15% B;
15-17 min: 15% B; 17-22 min: 15-20% B; 22-27 min:
20-25% B; 27-29 min: 25-50% B; 29-31 min: 50-100% B;
31-32 min: 100% B; 32-36 min: 100-1% B; followed by 4 min
re-equilibration. Chromatograms at 280, 320 and 340 nm,
and UV spectra from 200 to 600 nm were recorded.

UHPLC was coupled to a LCQ Fleet ion trap mass
spectrometer (ThermoFinnigan, San Jose, CA, USA), as
described before [15]. Capillary temperature was 275°C
and capillary and tune lens voltages were -41 V and -75 V,
respectively.

Hydrogel preparation

GG hydrogel discs loaded with ALP and extract were
prepared as described before [6] (FIG. 1a) and had final
concentrations of 0.7% (w/v) GG, 0.03% (w/v) CaCl,,
2.5 mg/mLALP and 2.5 mg/mL of extract and were of 6 mm
in diameter and 2.5 mm in height. GG, 0.1 M CaGP and
ddH,O were sterilized by autoclaving, CaCl,, ALP and extract
solutions by filtration (pore diameter 0.22 pym). ALP- and
extract-loaded hydrogels were incubated in 0.1 M CaGP
for 5 days (with refreshment after 1 and 3 days). Dry mass
percentage was calculated as [(sample mass after drying)/
(sample mass before drying)]x100%. SEM, ICP-OES and
FTIR were performed as described before [6,16].

Antibacterial properties

For the minimal inhibitory concentration (MIC) test, MRSA © @ @ o o o o

was cultured in Mueller-Hinton broth (MH; Oxoid, Basing-
stoke, UK) at 37°C in aerobic conditions. The EUCAST broth
microdilution protocol was used with flat-bottom 96-well
plates (TPP, Trasadingen, Switzerland). The inoculum was
standardized to approximately 5 x 10° Colony Forming Units
(CFU)/mL. Extract concentrations ranging from 1024 ug/mL
to 0.5 uyg/mL were examined. After incubation at 37°C for 24 h,
optical density was measured at 590 nm. MIC was defined
as the lowest extract concentration at which the inoculated
and the blank wells displayed similar optical densities.

After determining bactericidal activity by MIC measure-
ment, antibacterial properties of the ALP- and extract
loaded hydrogels post-mineralization were tested using the
Kirby-Bauer diffusion test [17]. Ahydrogel was placed in the
middle of a 9 cm diameter Petri dish. 18 mL Mueller-Hinton
agar (MHA) containing 1x10” CFU/mL bacteria solidified
in the dish over the hydrogel. After 24 h incubation under
aerobic conditions at 37°C, the diameter of the inhibition
growth zone was measured. E. coli (L70A4), MRSA (07001)
and S. aureus (CIP224) were used.

Results and Discussion

Characteristics of extracts by UHPLC-DAD-MS"

The phenolic fraction of EGCG-rich, Pl and RO extracts
were detailed characterized by UHPLC-DAD-MS" analysis
(TABLE 1). Phenolic compounds were identified based on
their retention time, UV spectra and MS" fragmentation path-
way, comparing them with reference compounds or, when
these were not available, with the literature. Quantification
was performed using calibration curves of standards rep-
resentative of each phenolic compound family (TABLE 2).

One phenolic acid and six flavanols were identified in
EGCGe-rich extract, namely gallic acid, two (epi)gallocatechin
(EGC) isomers, catechin, two (epi)gallocatechin gallate
(EGCG) isomers and (epi)catechin gallate (ECG) (TABLE 1).
(Epi)gallocatechin gallate (EGCG) isomers were the major
components found, accounting for 387.20 + 15.53 mg/g and
181.96 + 6.73 mg/g of the extract, respectively (TABLE 3).
These results are consistent with the findings of Del Rio
et al [23]. PI extract was shown to consist of quinic acid,
protocatechuic acid, two B-type proanthocyanidin dimer
isomers, catechin, caffeic acid, taxifolin-O-hexoside and
taxifolin (TABLE 1). These compounds are well known con-
stituents of pine bark extracts [24,25]. Quinic acid (26.95 +
0.92 mg/g of the extract) and one B-type proanthocyanidin
dimer (6.05 £ 0.44 mg/g of the extract) were shown to be
the major components (TABLE 3).

In the same way, eighteen components were identified
in RO extract (TABLE 1), namely quinic, syringic and caf-
feic and chlorogenic acids and three luteolin-O-rutinoside
isomers, rosmarinic acid-glucoside, isorhamnetin-3-O-
hexoside, apigenin-7-O-glucoside, rosmarinic acid,
hesperetin-7-O-rutinoside, luteolin-7-O-glucuronide,
three luteolin-3-O-(2”-O-acetyl)-b-D-glucuronide isomers,
isorhamnetin-O-rutinoside and apigenin. Hesperetin-7-O-
rutinoside and apigenin-7-O-glucoside were shown to be
the major components of RO extract, accounting for 43.14 +
1.09 mg/g and 20.16 + 1.00 mg/g of the extract, respectively
(TABLE 3). This in contrast to the findings of other authors
who reported rosmarinic acid, carnosol and carnosic acid as
the major compounds of rosemary extract [14,26]. Consid-
ering the total content of phenolic compounds, EGCG-rich
extract showed the highest content (635.31 £ 19.31 mg/g
of extract), followed by RO extract (112.59 + 2.60 mg/g of
extract) and by Pl extract (49.99 + 0.82 mg/g of extract).
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TABLE 1. Phenolic compounds identified in EGCG-rich, Pl and RO extracts and their corresponding retention
time and MS" fragmentation profile data.

Rt (min) | Compound [M-H]- | MS" product ions (m/z) Ref.
(m/z)
1.34 Gallic acid 169 | MS?2: 169(100) Co?
2.41 (epi)gallocatechin isomer 305 |MS%287(15),261(40),221(90), 219(100), 179(100), 165(35), | [18]
137(30), 125(35)
6.09 (epi)gallocatechin isomer 305 |MS2 287(15), 261(40), 221(90), 219(95), 179(100), 165(30), | [18]
137(25), 125(30)
6.78 Catechin 289 | MS2 245(100), 205(35), 203(20), 179(20) Co
9.75 Epigallocatechingallate isomer 457 | MS?2: 331(95), 305(45), 287(15), 269(10), 193(25), 169(100) | [18]
11.40 Epigallocatechingallate isomer 457 | MS?: 331(100), 305(50), 287(15), 269(10), 193(20), 169(90) | [18]
14.50 | (epi)catechin gallate 441 | MS2% 331(20), 289(100)271(15), 193(10), 169(20) [18]
Rt (min) | Compound [M-H]- | MS" product ions (m/z) Ref.
(m/z)
0.68 Quinic acid 191 | MS2: 173(30), 127(10), 111(100), 93(10), 85(40) [19]
2.55 Protocatechuic acid 153 | MS? 109(100) Co
6.28 Protanthocyanidin B-type dimer | 577 |MS?2 451(60), 425(100), 407(60), 289(50); MS?3[289]: 245| [20]
(100)
6.71 Protanthocyanidin B-type dimer 577 | MS?:559(20),441(20),425(100), 407(60), 289(20); MS?[289]:| [20]
245 (100)
6.79 Catechin 289 | MS?2 289(100), 205(40), 203(20), 179(20) Co
7.32 Caffeic acid 179 | MS2 135(100) Co
12.99 | Taxifolin-O-hexoside 465 | MS2:447(40),437(70), 303(30), 285(100), 259(40); MS3[303]:
285(100), 177(15), 151(10), 125(10); MS3[285]: 257(25),
241(100), 217(55), 199(20), 175(40), 163(15)
13.28 | Taxifolin 303 |MS2Z 285(100), 177(10); MS3[285]: 257(15), 241(100),| [19]
217(15), 199(25), 175(60)
Rt (min) | Compound [M-H]- | MS" product ions (m/z) Ref.
(m/z)
0.68 Quinic acid 191 | 173 (60), 129 (20), 127 (60), 111 (40), 93 (50), 85 (100) [19]
2.44 Syringic acid 197 | MS2%179 (100), 135 (10) [21]
7.47 Caffeic acid 179 |161(10), 135(100) Co
8.70 Chlorogenic acid 353 | MS2:191(20), 179(60), 173(100), 135(30) Co
16.20 | Luteolin-O-rutinoside isomer 593 | MS2 285(100); MS®[285]: 267(20), 241(80), 199(95),| [22]
175(100), 151(25)
16.88 Rosmarinic acid glucoside 521 |MS2: 359(100), 323(20) [21]
17.04 | Isorhamnetin-3-O-hexoside 477 | MS?462(10), 357(10), 315(100), 300(20); MS?[315]:300(100) | [22]
18.18 | Apigenin-7-O-glucoside 431 | MS2: 269(100), 268(20) [22]
18.71 Rosmarinic acid 359 |MS2223(10), 197(30), 179(30), 161(100) [22]
19.42 | Hesperetin-7-O-rutinoside 609 |MS2 301(100), 285(20); MS®[301]: 286(100), 283(60),| [22]
257(40), 242(80), 227(30), 215(20), 199(50), 125(20)
19.57 | Luteolin-7-O-glucuronide 461 | MS?:446(20), 299(30), 285(100); MS3[285]: 267(40), 257(20), | [22]
241(100), 217(85), 199(90), 175(90), 151(40)
21.95 |Luteolin-3-O-(2"-O-acetyl)-b-D-| 503 |MS2 285 (100); MS® [285]: 257(25), 241(100), 217(70), | [19,21]
glucuronide isomer 1 199(100), 175(90), 151(60), 137 (15)
b U) 22.27 |Luteolin-3-O-(2"-O-acetyl)-b-D-| 503 |MS2 443(10), 285 (100); MS? [285]: 257(30), 241(100), | [19,21]
O 1 glucuronide isomer 2 217(80), 199(90), 175(80), 151(30)
< 22.79 | Luteolin-O-rutinoside isomer 593 |MS2 285(100); MS3[285]: 267(100), 241(30), 240(40),| [22]
O 199(10), 185(50), 175(20)
2444 | Luteolin-3-0O-(2"-O-acetyl)-b-D-| 503 |MS2 285 (100); MS® [285]: 257(30), 241(60), 217(100), | [19,21]
< m glucuronide isomer 3 199(60), 175(80), 151(20)
- LlJ 24.38 |lIsorhamnetin-O-rutinoside 623 | MS2 315(100), 300(70); MS® [315]: 300(100) [22]
o |_ 24 .55 Luteolin-O-rutinoside isomer 593 |MS2: 285(100); MS?3[285]: 267(70), 257(80), 241(90),| [22]
Ll < 199(100), 175(60), 151(50)
w 25.77 | Apigenin 269 | MS?2:241(10), 227(20), 225(100), 201(30), 197(15), 181(20),| [19]

151(30)

2 |dentified by co-injection of standard
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TABLE 2. Calibration data used for the quantification of phenolic compounds in EGCG-rich, Pl and RO extracts.

Compound A (nm) Conc. Range Calibration curve? R2 LOD® LOQ®
(ng/mL)

Gallic acid 280 5.2-62.4 y =-270843+159824x 0.9918 6.4 21.2
Catechin 280 5.1-61.2 y =-189194+46707x 0.9943 5.8 19.4
Caffeic acid 320 5.3-63.6 y =-372767+460017x 0.9927 6.1 20.4
Chlorogenic acid 280 5.8-19.4 y =-340173+96071x 0.9928 5.8 19.4
Luteolin 340 2.6-31.2 y =-393592+298270x 0.9943 2.7 8.9

Naringenin 280 5.1-51.0 |y =-193351+390536x 0.9573 16.0 53.2
Isorhamnetin 340 4.4-44.0 y =-9218+220419x 0.9531 121 40.3

a y = peak area, x = concentration in ug/mL
> LOD - limit of detection, LOQ - limit of quantification, both expressed as ug/mL

TABLE 3. Phenolic compounds content in EGCG-rich, Pl and RO extracts, expressed in mg/g of extract.

Rt Compound EGCG-rich Pl RO
0.68 Quinic acid? - 26.95 +0.92 7.46 £ 0.46
1.34 Gallic acid? 472 +0.33 - -
2.44 Syringic acid? - - 219+ 0.15
2.49 (Epi)gallocatechin isomer® <LOQ - -
2.55 Protocatechuic acid? - 1.81+£0.08 -
6.28 Proanthocyanidin B-typer dimer® - 4.40+0.40 -
6.46 (Epi)gallocatechin isomer® 16.75 + 0.58 - -
6.71 Proanthocyanidin B-typer dimer® - 6.05+0.44 -
7.06 Catechin® 8.46 £0.48 5.04 £0.35 -
7.47 Caffeic acid°® - 1.57 £ 0.09 1.55+0.09
8.70 Chlorogenic acid? - - <LOQ
9.84 (Epi)gallocatechin gallate isomer® 181.96 +6.73 - -
11.19 | (Epi)gallocatechin gallate isomer® 387.20 £ 15.53 - -
12.99 | Taxifolin-O-hexoside® - 2.97 +0.06 -
13.28 | Taxifolin® - 1.20 £ 002 -
14.72 | (Epi)catechin gallate® 36.22 +2.08 -
16.20 | Luteolin-O-rutinoside isomer? - - 1.64 £ 0.08
16.88 | Rosmarinic acid glucoside® - - 282+0.14
17.04 | Isorhamnetin-3-O-hexoside® - - 2.32+0.08
18.18 | Apigenin-7-O-glucoside' - - 20.16 +1.00
18.71 Rosmarinic acid® - - 3.50+£0.25
19.42 | Hesperetin-7-O-rutinoside? - - 43.14 +1.09
19.57 | Luteolin-7-O-glucuronidef - - 6.32£0.15
21.95 | Luteolin-3-O-(2"-O-acetyl)-b-D-glucuronide isomer’ - - 459+ 0.25
22.27 | Luteolin-3-0-(2"-O-acetyl)-b-D-glucuronide isomer - - 5.57£0.18
22.79 | Luteolin-O-rutinoside isomer" - - 2.66 +0.20
24.44 | Luteolin-3-O-(2"-O-acetyl)-b-D-glucuronide isomer’ - - 3.72+0.25
24.55 | Isorhamnetin-O-rutinoside® - - 1.31+£0.09
24.93 | Luteolin-O-rutinoside isomerf - - 1.83 + 0.06
25.77 | Apigenin' - - 1.82+0.10
TOTAL 635.31 £19.31 49.99 + 0.82 112.59 + 2.60

Results correspond to the averagetstandard deviation estimated from the injection of three aliquots analyzed in triplicate

Calibrations curves used:
aGallic acid, 280 nm
bCatechin acid, 280 nm
cCaffeic acid, 320 nm

dChlorogenic acid, 280 nm

¢lsorhamnetin, 340 nm
fLuteolin, 340 nm
9Naringenin, 280 nm
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Hydrogels mineralization: dry mass percentage and
ICP-OES analysis

GG hydrogels were prepared with the same mass of
extract per unit mass of hydrogel to ensure addition of
equal masses of extract (FIG. 1a). Hydrogel mineralization
led, as expected, to increased opacity (FIG. 1b), due to the
formation of CaP inside the hydrogel. Extract-free hydrogels
were white. Hydrogels loaded with EGCG-rich extract were
light pink. PI-loaded hydrogels were distinctly pink and RO-
loaded hydrogels were yellow.

Dry mass percentage values (FIG. 1c) were markedly
higher for hydrogels loaded with EGCG-rich extract. ICP-
OES results (FIG. 1d) confirmed higher amounts of Ca and
P in hydrogels loaded with EGCG-rich extract, indicating the
highest level of mineralization for this group as the Ca:P
ratio was markedly higher in this group.

The observed color development of the hydrogels sug-
gests interactions between extract components and ALP, as
was recently described for algae extracts in hydrogels [13].

Light and dark pink color development in GTE and in PI-
loaded hydrogels (FIG. 1b) may be due to non-covalent
interactions between ALP and EGCG in GTE, or between
ALP and proanthocyanidins in Pl, respectively. Interactions
of proteins with polyphenols is a well described phenom-
enon and has also been observed, for example, for whey
protein beta-lactoglobulin and EGCG [27,28]. In addition,
anthocyanins are colorful pigments that alter between blue
and red in dependence of the pH value [29], thus it is not
necessarily an indicator for protein binding but rather the
natural color of the pigments. The reasons for the develop-
ment of the yellow color in RO-loaded hydrogels (FIG. 1b)
remain unclear, although Bongartz et al. described that,
depending on the pH value, the oxidation state and the type
of interacting amino acid the color of a chlorogenic acid
solution alters between green, red and yellow [30]. Similar
mechanisms are possible for other phenolic acids such as
rosmarinic acid. However, a detailed discussion is beyond
the scope of this paper.
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FIG. 2. SEM images of reference sample (GG) and samples with added extracts, i.e. EGCG-rich, Pl and RO after
mineralization. Top: magnification x2500. Bottom: magnification x20000. Scale bar: 10 ym (top), 1 um (bottom).

The reasons why the EGCG-rich extract, promotes
mineralization (FIG. 1c, 1d) may be hypothesized due to
the binding of Ca?* to EGCG, as EGCG has shown to form
complexes with Ca?* and proteins, which could stimulate
CaP crystal nucleation [31]. Another possible explanation
might be formation of complexes between polyphenols in
the EGCG-rich extract and ALP, which could cause ag-
gregation of ALP molecules or cause deformation leading
to an increase in hydrodynamic diameter. Aggregation and
increased hydrodynamic diameter would hinder ALP’s diffu-
sion from the hydrogel. This would increase intra-hydrogel
ALP concentration, promoting CaP formation. The EGCG-
rich extract contained a higher amount of phenolic com-
pounds than the RO and PI extracts (TABLE 3). This may
explain why the EGCG-rich extract promoted mineralization
to a greater extent.

SEM and FTIR analysis

SEM microphotographs (FIG. 2) revealed a morphology
consisting of mineral agglomerates on the surfaces of all
mineralized hydrogels; thus, confirming their mineralization.
The deposits were of sizes similar to those observed in GG
hydrogels mineralized with ALP in previous works [32,33].

FTIR spectra (FIG. 3) confirmed mineralization by reveal-
ing bands characteristic for phosphate at 1100-1000 cm™'
(v; stretching). Extract-loaded hydrogels exhibited a band
at 870 cm', corresponding to the v, P-O(H) deformation of
hydrogen phosphate groups, indicating formation of calcium-
deficient hydroxyapatite (CDHA). In the case of EGCG-rich
extract, the characteristic v; stretching and vy P-O(H) de-
formation bands were more pronounced. This finding and
the higher Ca:P ratio in this group, suggest that the CDHA
formed in the presence of this extract was of a higher degree
of crystallinity. This outcome is consistent with previous work
on enzymatic mineralization of catechol-PEG hydrogels [34],
which revealed that presence of catechol groups displaying
an affinity for Ca?* ions and hydroxyapatite resulted in the
highest degree of crystallinity [35,36].

The broad absorption band at approximately 3250 cm-"
indicated the presence of the O-H hydroxyl group, while
the smaller bands at approximately 2900 and 2850 cm-,
are due to C-H bending and the carboxyl -COOH group,
respectively, while the bands at approximately 1675 cm-'
and 1040 cm" are due to the C-O carbonyl group from the
glycosidic bond and the presence of a C-O-C ester group,
respectively [37].
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FIG. 3. FTIR spectra in the range 400-4000 cm-' (a)
and 400-2000 cm™ (b) of reference GG hydrogels
and GG hydrogels loaded with EGCG-rich, Pl and
RO extracts post-mineralization.

o0 00000

“U)
©
¢
zQZ
L
L=
<

-€©

© 000000 0000000000000 00000006000000000000000 " mmm

Ll



8

------- RO
£
c
(=}
[
s}
Q
(]
10 100 1000 10000
Concentration (pg/ml)
Bacteria EGCG | GG ALP
E. coli

MRSA

S. aureus

RO

s

FIG. 4. Top: Minimal inhibitory concentration (MIC) of EGCG-rich, Pl and RO extracts. Bottom: Representative
images of the effect of the direct contact of the different hydrogels loaded with extracts post mineralization on
growth of bacteria. GG: reference gellan gum hydrogel containing no extract or ALP. ALP: gellan gum hydrogel

containing no extract.

Antibacterial properties

The minimal inhibitory concentration (MIC) test (FIG. 4)
showed that all extracts, per se, lowered bacterial number,
demonstrating antibacterial activity in the following order
EGCG-rich > Pl > RO.

The antibacterial activity in the order EGCG-rich > Pl > RO
(FIG. 4a) would be related with the higher quantity of phenolic
compounds observed in EGCG-rich extracts, together with
stronger antibacterial action of their components, namely
EGC, catechin, EGCG and ECG (TABLE 1), which have
been reported to be antibacterial towards S. aureus [38-40].
The PI extract displayed lower antibacterial activity. The
polyphenols it contained (TABLE 1) have been reported to
show different efficacies against S. aureus. Quinic acid, the
major component found in Pl extract, is reportedly ineffective
against MRSA[41]. However, catechin, the B-type proantho-
cyanidin dimers or even other unidentified substances should
be responsible for the antibacterial activity of this extract.
RO extract displayed the lowest antibacterial activity against
MRSA, although some of their components, such as apigenin
derivatives and rosmarinic acid, have been reported to have
considerable activity against S. aureus and MRSA [42].

Although solutions of the extracts themselves displayed
antibacterial activity, antibacterial testing of extract-loaded
hydrogels post-mineralization (FIG. 4) revealed that no zone
of growth inhibition could be observed around any mineral-
ized hydrogel discs, demonstrate lack of activity against any
bacterial strain.

The lack of antibacterial activity of mineralized hydrogels
(FIG. 4b) may be because bactericidal polyphenols and
phenolic acids diffused out of the hydrogel during mineraliza-
tion and/or become entrapped in the mineralized hydrogel.

Hence the concentration of remaining polyphenols is below
the MIC and hence too low to kill bacteria. Conceivably,
a larger initial extract concentration should be used to guar-
antee antimicrobial activity after mineralization.

Further work will focus on cell biological characterization
with bone-forming cells. It is believed that polyphenol-rich
plant extracts will probably display minimal toxicity as they
are used in traditional medicines but it is also believed that
interactions of polyphenols with enzymes in eukaryotic cells
is selective [9]. Therefore, in-depth testing is required.

Conclusion

In conclusion, EGCG-rich extract promoted hydrogel
mineralization. EGCG-rich, Pl and RO extracts all exhibited
antibacterial activity against MRSA. Nevertheless, extract-
loaded hydrogels post-mineralization did not appreciably
hinder growth of MRSA, E. coliand S. aureus.
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Abstract

Electrospinning is a technique used to manufac-
ture nano- and submicron fibers based on synthetic
or natural polymers. Additionally, biomaterials used
in the electrospinning procedure can be modified by
bioactive compounds, e.g. peptides or growth factors.
The microstructure of the obtained fibrous scaffolds
mimics natural extracellular matrix (ECM) environ-
ment. The size and the microstructure of the fibrous
scaffolds are considered to be suitable for cells
adhesion and proliferation.

Various design features of the electrospinning
device (e.g. the shape of the collector, the shape of
the nozzle, the direction of the applied voltage) or
electrospinning conditions (e.g. humidity, temperature)
allows to control properties of the fibers (their shape,
diameter, porosity). Novel structures, such as core-
-shell fibers, porous fibers attracted wide attention due
to their properties and functionalities. Porous fibers
or fibers with nanoscaled structures can be obtained
in several ways. These methods are mainly focused
on using high humidity and highly volatile solvent
applied in the electrospinning process. The core-shell
structure can be obtained by coaxial electrospinning.
That binary fiber has ability to control the release rate
of drug enclosed within the shell or core. The drug
release profile can be also modified by loading the
pharmacological agent either directly to the spinning
solution or its post immobilization.

This diversity of the electrospun fibers is a reason
for non-woven materials to be considered for appli-
cation as drug carriers. The review of electrospinning
methods presented here proves that the control over
fibers surface area, morphology and the choice of
polymer enable modelling of drug release kinetics.

Keywords: electrospinning, drug carrier, DDS,
nanofibers, polymer

[Engineering of Biomaterials 149 (2019) 10-14]

Introduction

The main challenge in designing drug carriers is an effec-
tive biodistribution of the pharmacological agents in the body.
Thus, the form of a carrier plays an important role in the drug
release process. There are many types of carriers such as
micelles, microcapsules, microspheres, liposomes, proteins,
and DNA. Lately, scientists have been paying particularly
great attention to (nano)fibers. Such form of the material can
be obtained by several techniques like template synthesis,
self-assembly, phase separation method, airbrush spray,
melt blow technology, and the most popular one — electro-
spinning. In the last one, the polymeric solution is trans-
formed into solid fibers by application of electrical force [1].

There are numerous critical factors, including process
parameters, solution parameter, and ambient parameters,
that have an influence on the morphology of the fibers and
the whole membrane. These variables determine fibers
morphology which, in consequence, affects the drug release
profile. The electrospun mats have fiber diameter ranging
from several dozen of nanometers to microns. These ma-
terials are characterized by high porosity and high surface
area to volume ratio which allow efficient drug loading. It is
also possible to create porosity within a single fiber. That
can further enhance surface development and increase the
functionality of the fibers. Furthermore, the drug release can
be controlled by loading the pharmacological agent either
directly to the spinning solution or by its post-immobilization.
There are also other techniques for drug incorporation.
In the case of less stable drugs, use of emulsion electrospin-
ning or co-axial strategies is recommended.

This review summarizes current possibilities of producing
fibrous drug carriers.

Parameters determining the properties
of the fibers

A typical electrospinning setup consists of 3 main com-
ponents: high voltage power supply, syringe pump with
attached metal nozzle (needle) and grounded collector
(metal shield, plate, rotating drum). The polymer solution is
introduced via a syringe pump. When a high voltage (typi-
cally 1-30 kV) appears between the metal nozzle and the
collector, the polymer solution inside the syringe becomes
electrically charged. When the electrostatic force is greater
than the surface tension of the polymer drop at the end of
the metal nozzle, the droplet is pulled out of the needle.
The shape of the drop resembles a cone, known as the
Taylor’s cone. The thin stream of fiber is accelerated to
the collector with opposite polarity. During the passage of
the fiber stream from the needle to the collector, the solvent
present in the polymer solution evaporates allowing the
polymer fiber to solidify on the collector [2-4].

A number of processing parameters can be adopted
to obtain the desired diameter and morphology of the na-
nofibers. They can be divided into three groups: process,
polymer, and ambient parameters. Process parameters
include applied voltage, the flow rate of the solution, the
distance between the tip of the needle and the collector
and the type of the collector [5]. The most common collec-
tor design is the single static plate collector. The plate can
be changed to the rotating drum. This modification allows
to obtain parallel fibers by increasing the rotation speed of
the drum. Dual collectors can be obtained as well when
a gap is left between them. As a result, the electrospun fibers
are suspended in the air. A similar solution can be found in
a ring collector, which has an empty interior. It is also pos-
sible to co-electrospun fibers onto a rotating collector (two
separate syringe pumps and nozzles sets are needed) or
electrospray and electrospun simultaneously. These nu-
merous permutations of the collector design have an effect
on the final morphology of the fibers [6]. The rest of the
process parameters affect mainly fibers diameter. Increase
in applied voltage causes a decrease in fibers diameter.
The same effect is observed when increasing distance be-
tween the needle and the collector or decreasing the flow
rate [5] (TABLE 1).
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TABLE 1. Effects of electrospinning prameters on fibers microstucture.

Paramters Effect on the fiber morphology

Supplied voltage

tvoltage |fiber diameter

Flow rate

Lflow rate |fiber diameter

Distance between needle and the collector

tdistance |fiber diameter

Polymer concentration

tconcentration ffiber diameter

Polymer viscosity

tviscosity tfiber diameter

Polymer molar mass

molar mass provides bead formation

Solvent volatility

tvolatility — porous fiber
volatility — fibers stick together on the collector

Solution conductivity

tconductivity — homogeneous fibers diameters

Temperature

ttemperature |fiber diameter

Humidity

thumidity |fiber diameter

Also, polymer solution parameters, such as polymer
concentration, solution viscosity, the molar mass of polymer,
solvent volatility and solution conductivity have an impact
on the electrospinning process. Spinnability of the solution
is the most important factor which is determined by the
polymer concentration. It has to be high enough to allow
forming fibers. On the other hand, too high concentration
and viscosity impedes passing of the solution through
the needle and may cause dropping of the solution from
the needle prior to the actual electrospinning process.
Ahighly concentrated solution results in a greater number of
entangled polymer chains, which translates into a larger fiber
diameter of uniform thickness. At gradually lower polymer
concentrations, the resulting fibers become thinner and may
contain a large number of beads. Too low concentration and
too low viscosity cause lack of spinning or interruption of the
beam and the formation of droplets. In this way, the elec-
trospinning process can transform into electrospray. Thus,
there are critical concentration and viscosity values at which
the concentration of polymer chains entanglements allows
the formation of a continuous polymeric stream. It is worth
underlining that by increasing these two parameters, the
diameter of the resulting fibers may be increased. A suitable
viscosity of a polymer solution is provided by a molar mass.
Lower molar mass leads to the formation of beads. The role
of a solvent is not only to dissolve a polymer but also to
transfer the polymer solution towards the collector. Solvent
parameters like surface tension, conductivity and vapour
pressure are of equal importance. Low vapour pressure and
thus high volatility are desirable properties of the solvent.
As a result, the entire solvent evaporates completely when
the jet is transferred to the collector. When using a solvent
with low volatility, the fibers on the collector stick together
or flatten. The increased volatility of the solvent also gives
a greater chance of producing porous single fibers. All these
parameters have an influence on a solution surface tension,
which determines the amount of charge needed to initiate
the jet. With a smaller surface tension, a low value of voltage
created by the power supply to remove the drop from the
needle is needed. In the case of high surface tension, the
electrospinning process is more difficult [5,7-9].

The ambient parameters are also very relevant. The
thickness of the fibers can be controlled by temperature
and humidity. The increase in temperature is associated
with a reduction in fiber diameter. This is due to the drop in
polymer viscosity at elevated temperature. Humidity affects
the electrical conductivity of the ambient atmosphere/air.

The increase in humidity causes the tensile forces to be
more efficient, facilitating the spinning of the fibers from
solutions of high viscosity, and the applied voltage can be
significantly lower. Lower humidity results in rapid evapora-
tion of the solvent, resulting in thicker fibers, while higher
values cause slower evaporation of the solvent resulting
in thinner fibers. Changes in humidity and/or higher tem-
perature may contribute to the formation of pores on fiber
surfaces, as these parameters affect the evaporation rate
of the solvent [5].

Drug incorporation method

The specific form of fiber provides several options for drug
incorporation. The basic approach is blend electrospinning
(FIG. 1C). Drug and polymer are co-dissolved in solvents
before electrospinning process. In the case of this method,
the crucial factor is a proper distribution of the drug in the
entire volume of a solution. Preferably, active agents should
be evenly distributed within the final electrospun fibers.
In practice, most molecules, during the electrospinning
process, migrate to the surface of the solidifying fibers due
to evaporation of the solvent. The molecules of the drug de-
posited on the fiber surface can be readily released, causing
an undesirable burst effect. It is also worth mentioning that
appropriate selection of a solvent, polymer and drug system
is challenging for blend electrospinning [4].

This limitation can be overcome by applying emulsion
electrospinning (FIG. 1B). This technique is based on two
immiscible liquids stabilized by an emulsifier. In this way,
biomolecules or hydrophilic drugs are protected from a sol-
vent used in a polymer solution. During the electrospinning
process, the obtained droplets may be distributed homo-
geneously within fibers, locate close to the surface or form
a core-shell structure. The core-shell structures are obtained
when solvent from the outer part of a polymer jet, the surface,
evaporates faster than from the inner part. The viscosity of
the surface is much higher compared to the interior. Then,
emulsion droplets are induced to move from the outside to
the inside of the polymer jet. Under a high-voltage condi-
tions, emulsion droplets are stretched and condensed along
the fibers axis. Optimal parameters ensure that a fibrous
core-shell structure is obtained without using a specific
nozzle. Furthermore, emulsion electrospinning allows the
encapsulation of less stable molecules and provides a sus-
tained drug release without burst effect [10].
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The core-shell structure can also be manufactured in an
intended manner using co-axial electrospinning (FIG. 1A).
This strategy is based on simultaneous electrospinning
of two kinds of immiscible polymer solutions through two
concentrating nozzles. Use of two different solutions in-
creases the difficulty of optimizing process parameters.
Itis also possible to generate empty space inside the fibers
by removing the internal phase of the core. This technique
can be used to encapsulate unstable macromolecules [4,6].

The possibility of introducing active molecules into the
fibers prior to the electrospinning process is not the only
way to combine the drug with a fiber. Active molecules can
also be adsorbed onto a surface of the fibers as a result
of physical (FIG. 1D) or chemical interactions (FIG. 1E).
Simple adsorption is an example of a physical post-immo-
bilization. It is a common method of applying a drug onto
a fibrous membrane. Adsorption of molecules onto the fibers
is driven by electrostatic interactions, hydrogen bonds, and
van der Waals interactions. The fibrous membranes have
a higher surface to volume ratio, as a result of which
a larger amount of drug can be deposited onto the surface
of the fiber than introduced into their volume. For that rea-
son, the immediate release of a very high dose of an active
substance may be observed. A similar surface functionaliza-
tion process takes place in the case of nanoparticles. The
method of the physical surface modification can be also
realized by a multilayer assembly. The method is based
on applying layers of polyanions and polycations to the
charged surface by electrostatic forces [4].

Another approach is to modify fibers surface chemically,
which causes the formation of reactive functional groups.
Such transformation of surface groups allows the immo-
bilization of molecules with covalent bonds. This results
in a stronger attachment of a molecule compared to the
physical adsorption. As a result, the drug introduced into
the fibers remains attached to it for a long time. An example
of chemical modification is a plasma treatment. Commonly,
plasma is used to optimize wetting properties and adapt
adhesion of the surface by changing the surface chemical
composition. Polymer surface can be modified by adding
different functional groups to improve the biocompatibility
[11]. Formation of carboxyl groups or amine groups on
the surface of the fibers through plasma treatment with
air, oxygen or ammonia, causes immobilization of ECM
components on their surface, such as collagen, gelatin,
laminin, and fibronectin. This process enhances cell adhe-
sion and proliferation [12]. Moreover, plasma treatment can
be also used to coat a surface with a thin film, tailor surface
roughness or to induce crosslink formation and graft polym-
erization. Plasma treatment has also some limitations [11].
Most importantly, only the very surface of the fibrous mem-
brane can be modified due to restricted plasma depth pen-
etration. Other chemical post-mobilization methods which
can overcome this restriction is a wet chemical method,
based on surface hydrolysis. Surface hydrolysis leads to
cleavage of ester bonds in polymer chains. As a result,
carboxylic and hydroxyl groups are formed on the surface
from degraded, but insoluble, polymer fragments. Plasma
treatment and UV radiation cause the formation of free
radicals for polymerization on the surface of the fibrous
membrane. This operation makes the surface hydrophilic
and allows the connection of active agents to a membrane
by covalent bonding [12].

Factors affecting drug release

Release of drugs from fibers can be affected by desorp-
tion, dissolving, diffusion through water-filled pores and
degradation of a polymer matrix. Therefore, the direct fac-
tor that affects the release of the drug from the fibers was
discussed in the previous paragraph. Blend electrospinning
provides drug release through diffusion and degradation of
the polymer. This model is characterized by the immediate
release of the entire active factor from the fibers. Sustained
release with initial burst effect is represented in the case of
surface functionalized fibers through diffusion model. Here,
the release rate is influenced by the attachment strength of
the molecules. The most sustained drug release can be ob-
tained from core-shell or emulsified structures, caused by the
degradation of the shell [13,14]. For molecules introduced
into the fibers, their diameter has a key role in drug release
rate. Thinner fibers have a high surface area to volume
ratio that provides larger surfaces for mass exchange and
results in a faster release [8]. Also, the distance between
a surface and a core of fibers from where active molecules
are dissolved is very small [3]. Increasing the contact sur-
face can be achieved by producing porous fibers. Thus, the
thicker fibers with high porosity are characterized by faster
release when compared to thinner fibers but without pores.
Membrane porosity, and hence the orientation of the fibers,
also determines the drug release rate. It will be lower in the
case of a membrane with parallel, closely arranged fibers
than randomly distributed [8]. Moreover, physicochemical
drug properties (hydrophilic, hydrophobic), the interaction
between a drug and a polymer matrix, molecular weight of
a polymer, and degradation rate of a polymer matrix can
influence the drug release profile. Polymer degradation is
related to its crystallinity. The polymers with amorphous
structure degrade faster, providing a faster release of the
drug from the matrix. The higher degree of crystallinity,
the slower the degradation and the release of the drug.
What is more, the degradation depends on the hydrophilic/
hydrophobic surface character. The more hydrophilic mate-
rial, the better water penetration and the faster degradation
and desorption of the drug. Hydrophobic material swells
in the aqueous environment, releasing small doses of the
drug over a long period of time. Combining the drug with
the matrix by covalent bond results in sustained release
or sustained release with the burst effect in the first days.
On the other hand, second-order interactions (hydrogen, van
der Waals) ensure the immediate release of the drug [13].

Formation of porous fibers

The electrospun membranes are characterized by high
surface area. This property can be further increased by
producing porous fibers. Careful solvent selection and
appropriate ambient conditions allow to achieve surface
or internal porosity. This unique microstructure may be ob-
served as wrinkles, nanopores, porous or hollow interiors.
Two mechanisms can explain pore formation in polymer
fibers, i.e. based on phase separation or breath figures.
By selecting volatile solvents that are immiscible with water
and have low dielectric constants, the pores are obtained
using the breath figures mechanism. During electrospinning
process in a humid environment (above 50%) evaporation
of volatile molecules of solvents, causes a decrease in the
temperature on the surface of the fiber. As a result of high
humidity, water vapor droplets condensate on the fibers.
Those droplets leave circular imprints and pores of the same
shape are formed after water evaporation from the surface.
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In the case of phase separation, a rich polymer phase and
the poor one are formed when a polymer solution becomes
thermodynamically unstable. The pores are represented by
a polymer-poor phase. Three phase separation methods
resulting in pore formation have been identified. Firstly, ther-
mally induced phase separation (TIPS) based on a dynamic
change of temperature. The decrease of the temperature
leads to evaporation of the volatile solvent from the homo-
geneous solution. Another phase separation mechanism
is vapour induced phase separation (VIPS). Water vapour
droplets from a humid environment are attracted to the
surface of the electrospun jet and penetrate it. The water
vapour droplets mix with the solvent and become a non-
solvent for the polymer, inducing phase separation. After
complete evaporation of the water-solvent solution, highly
porous structures are obtained. VIPS, TIPS, and breath
figures are mechanisms which explain the formation of
the porous fibers in a single solvent system. In the ternary
system consisting of two solvents with one non-solvent,
a non-solventinduced phase separation (NIPS) takes place.
There are also other methods for obtaining porous fibers,
like eg. using polymer blends and subsequent removing of
one of the components, use of bath collector or appropri-
ate additives, etc. However, there are a few limitations of
these methods. Namely, need for: post-treatment of the
electrospun membrane, modification of the device, or
the optimization of an effect of introduced additives on the
properties of the fibers [21,22].
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Conclusions

Electrospinning is a simple technique for the manufac-
turing of nano- and submicrofibers characterized by high
porosity and high surface area to volume ratio. These
properties of electrospun nanofibers have been highly
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immobilization and recently in drug delivery. Manufacturing
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parameters: solution parameters, equipment parameters,
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electrospinning have been successfully used for fabrication
of nanofibers with various drug release behaviour including
fast, biphasic, delayed or controlled release. The physical
and chemical stability of these polymer-drug fibers systems
is a very complex phenomenon, hence the drug release
kinetics have not been thoroughly explored yet. Neverthe-
less, the various possibilities offered by electrospun nanofib-
ers in drug delivery systems guarantee rapid development
of this technique for biomedical applications.
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Abstract

The bactericidal and bacteriostatic effects of cop-
per have been known for a long time. However, the
coatings apart from biological activity should fulfil
a number of other requirements, such as tight-
ness, scratch resistance or aesthetic appearance.
Researchers have been working on creating durable
coatings meeting these requirements for a long time.
Scientific research indicates a high interest in active
coatings. Nano-scale additives are used, with the aim
to modify the material’s performance at the atomic
level. Composite coatings allow us to provide the
materials multifunctionality, and in addition, can en-
hance their mutual action. There are many methods
for creating such materials. One of the techniques of
applying composite coatings is the Cold Spray method,
in which the coating is made of a powder. The main
purpose of the modification is to obtain a bactericidal
and bacteriostatic effect, but also a durable and wear-
-resistant coating. The paper proposes modifications
of copper powder with amorphous submicron titanium
dioxide in order to increase its biological activity.
The modified powder can be used to create coatings
by various methods including thermal methods.
The work presents a material analysis of Cu and TiO,
powders and results of bactericidal tests carried out
on a Cu-TiO, composite powder. The experiment in-
cluded Escherichia coli and Staphylococcus aureus.
The studies have shown a positive effect of the ad-
dition of TiO, on bactericidal properties against both
Staphylococcus aureus (Gram-positive bacteria) and
Escherichia coli (Gram-negative bacteria) when mixed
with copper at 1:9 ratio.

Keywords: composite powder, Cu, TiO,, bactericidal
tests

[Engineering of Biomaterials 149 (2019) 15-19]

Introduction

Copper is known as an important micronutrient required
in very small amounts for the survival of most aerobic
organisms but at high concentrations can become toxic
and inhibit microbial growth. Bogdanovic et al. [1] show
that copper nanoparticles (Cu NPs) (diameter 5.3 nm)
were able to reduce more than 98% of all tested strain
(include E. coli and S. aureus) after 2 h of contact and Cu
NPs has higher reduction rate for E. coli than S. aureus.

Argueta-Figueroa et al. [2] also confirmed that Cu NPs have
the antibacterial activity against E. coli and S. aureus (mini-
mal inhibitory concentration, MIC = 1000 pg/ml) and cause
more membrane damages of the E. coli as compared to
S. aureus. The results of the experiment with another Gram-
negative bacteria (Salmonella) showed that under dry incu-
bation conditions bacterial cells are extremely vulnerable to
copper [3]. He X. et al. [4] also shows that CuO/TiO, coating
has high antibacterial activity against S. aureus in contrast
to pure titanium and TiO, coating. It can be explained that
the addition of copper is the crucial factor to endow copper/
TiO, coating with the antibacterial effect against S. aureus.
TiO, coating with the addition of copper enhanced antibacte-
rial activity against E. coli and S. aureus [5].

The bactericidal and bacteriostatic effects of copper have
been known for a long time, since then, researchers have
been working on coatings that have these properties. The
coatings apart from biological activity should fulfil a number
of other requirements, such as tightness, scratch resistance
or aesthetic appearance. The production of active com-
posite materials with bactericidal activity is a very hot topic
nowadays. The problemis, that currently known and applied
Cu-TiO, protective layers are thick, heterogeneous and un-
stable. The composites based on copper and titanium diox-
ide have been tested several times, in most cases coatings
in the form of nanopowders or thin films have been made.
Sol-gel deposited Cu-TiO, films are not mechanically stable,
in many cases their preparation is not reproducible, do not
present uniformity but only low adhesion. Films obtained by
a direct current magnetron sputtering, as reported, avoid
the disadvantages of Cu-films prepared by sol-gel methods
[6-8]. Ultra-thin copper/titanate coatings can be produced,
among others, by the Highly lonized Pulsed Plasma Mag-
netron Sputtering method (HIPMS), in which the bactericidal
effect is activated by visible light. The study shows the first
complete report on ultrathin TiO,/Cu nano-particulate films
leading to fast bacterial loss of viability. The TiO,/Cu sput-
tered films induced complete bacteria E. coli inactivation in
the dark, which was not observed in the case of TiO,. When
Cu was present, the bacterial inactivation was accelerated
under low-intensity solar light and this may have a positive
practical impact on biological technology. Disadvantages
of HIPMS lead scientists to look for new technologies to
complement these shortcomings. Cold spray technology,
due to the low temperature during spraying, does not cause
physicochemical changes in the modified material, also the
plastic strain energy accompanying the formation of the
coating does not cause phase changes in the coating [9].

In this study, we propose modifications of copper pow-
der with amorphous submicron titanium dioxide in order to
increase its biological activity. The modified powder can
be used to create coatings by various methods including
thermal methods. The work presents an analysis of Cu and
TiO, powders and results of bactericidal tests carried out on
a Cu-TiO, composite powder.

Materials and Methods

Adendritic commercial copper powder with a particle size
of 10-100 pm obtained by the electrolytic method was used
for the tests. The use of the dendritic form of the powder
assures its better binding to the surface. However, such high
surface area has a direct effect on the accelerated oxidation
of the powder surface. The powder is characterized by differ-
ent structure and size of dendritic particles as shown by scan-
ning electron microscopy (SEM) observations (FIG. 1 a-d).
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FIG. 1. a-d Different types of morphology of copper powder produced by electrolytic method studied
by SEM.

: 500 nm
L (

= _-_>—_ FIG. 2. a-b Morphology of titanium dioxide powder studied by TEM.
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FIG. 3. SEM picture (a) and EDS elemental distribution (b) in composite powder with Cu-25TiO, composition.

The variety of structures has a positive effect on the forma-
tion of the coating during application using the Cold Spray
method and coating deposition is much more efficient than
the use of symmetrical spherical copper particles.

The powder of copper was mixed with submicron tita-
nium dioxide powder produced by the sol-gel method at
the Department of Mechanics and Materials Engineering
at the Wroclaw University of Science and Technology [10].
TiO, powder of the amorphous type, which also possesses
antibacterial activity properties, was used for the tests. The
morphology of the TiO, powder has a diverse structure,
both nanometric particle size and agglomerates with sizes
of several dozen nanometres are visible in the transmission
electron microscopy (TEM) pictures (FIG. 2 a,b). Diffraction
analysis of TiO, powder confirmed the amorphous structure
of the material (FIG. 2 b).

Four different concentrations of Cu and TiO, powders
were used. The powders (Cu and TiO,) were mixed in
a mechanical stirrer for 4 h. Pure copper was used as
a reference material, and further powders were additionally
supplemented with 10, 25 and 50% mass concentrations
of titanium dioxide. Analysis of the composition of the ele-
ments included in the powder showed that the titanium
dioxide powder, despite the nanometric granulation, does
not occupy the position between the branches of dendritic
copper particles. The components of the composite powder
form separate fractions despite intense mixing, which is vis-
ible on the map analysis of elements made by the electron
dispersion spectroscopy (EDS) method (FIG. 3).

Zone inhibition assay is a qualitative method commonly
used to measure antibiotic resistance, but also to test anti-
microbial surfaces/substance properties. With this method,
a pure bacterial culture is suspended in a buffer, standard-
ized to a density (ODg,,) and then spread over an agar plate.
A filter-paper disk, impregnated with the compound (e.g.
antibiotic), is placed on the surface of the agar. After re-
quired incubation time, which depends on a bacterial strain,
the diameter of the zone of inhibition should be measured,
including the diameter of the disc. If the bacterial strain
is susceptible to the antimicrobial agent, then a zone of
inhibition appears on the agar plate, if it is resistant to the
antimicrobial agent, then no zone is observed.

Another method to determine the antibacterial effect
is connected with MIC — minimal inhibition concentration.
It can be done for aqueous samples using microplates or
broth — 2-fold dilution are prepared for each concentration
of the solution and then no microbial growth is observed.
The lower concentration where no microbial growth is ob-
served, the higher antimicrobial effect is. For plastic and
non-porous surfaces, it can be also evaluated according to
ISO Standard. Results are given as a difference in recovery
of the bacterial inoculum after the incubation on the tested
surface (shown in log10 or percentages).

The experiment included E. coli ATCC 11775 (Gram-
negative bacteria) and S. aureus ATCC 6538P (Gram-pos-
itive bacteria), which were obtained from Polish Collection
of Microorganisms (WFCC, No. 106). Strains were used
after 24 h incubation at 37°C to prepare the inoculum to
a concentration of 10°cfu/ml. A suspension of S. aureus and
E. coli was sprayed over the total area of each Petri dish
in triplicate. Then paper discs (7 mm diameter) soaked in
a solution of a mixture of Cu-TiO, powders (10 mg/ml) were
put on nutrient agar plates. After incubation at 35°C for 48 h,
the diameter of the inhibition zone was measured by the
calliper. The result equal to 7 mm is actually no zone of
inhibition (no antimicrobial effect) as in the negative control.

The same bacterial inoculum was used to determine MIC
(of an aqueous suspension of a mixture of Cu-TiO, powders
(using broth suitable for bacteria growth). All solutions were
prepared using sterile 96-well plate. 100 pl of nanoparticles
suspension was added to each well according to the scheme
shown in FIG. 4. The initial concentration of nanoparticles was
10 mg/ml and 2-fold dilutions were prepared from well num-
ber 1 to well number 7 (from 10 mg/ml to 156.25 pg/ml).
Three types of control samples were prepared — broth with-
out bacteria and nanoparticles (K-), broth with bacteria (K+)
and nanoparticles suspended in broth (Ky,). The bacterial
suspension (concentration — 10° cfu/ml) was added to each
well (except control K-) and then incubated at 37°C for 24 h
(with shaking). The optical density was measured using
a Gen5 microplate reader at 600 nm. The results were given
in MIC (mg/ml).
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FIG. 4. Scheme of minimal inhibitory concentration
test (MIC).

Results and Discussions

The analysis of the obtained results shows the benefi-
cial effect of the addition of the titanium dioxide fraction on
the microbiological activity of the copper powder against
S. aureus and E. coli. The results of zone inhibition method
are shown in TABLE 1 and TABLE 2.

Copper NPs and titanium dioxide at concentrations of
titanium dioxide 10% and 25% show good inhibition zone
against E. coli and S. aureus. There was no inhibition
zone for titanium dioxide at a concentration 50% (FIG. 5).
The best results were obtained for addition titanium dioxide
at concentration 10% and 50% for both reference strains.
The tests confirm the results obtained for TiO,-Cu coatings
produced by magnetron sputtering method where the au-
thors found that addition of copper into titanium dioxide struc-
ture during sputtering process resulted in increasing antimi-
crobial activity for microorganisms (E. coli, Bacillus subtilis,
S. aureus, Enterococcus hirae and Candida albicans) [11].
Asignificant effect on the test results and bactericidal activity
could have been the oxidation state of the copper powder.
The critical concentration of the modifying fraction seems to
be very important in this method, it has a decisive influence
on bactericidal properties.

In the microplate assay for determining MIC, there was no
turbidity of broth in K- and K, control samples and notice-
able turbidity in K+ control samples for E. coliand S. aureus
strains, which confirm that the test was carried out properly.
The results showed that a mixture of Cu-TiO, powders has
higher antimicrobial efficacy against S. aureus. The MIC of
mixtures of Cu-TiO, is varied, but the lowest was observed
for Cu+10%TiO, samples for both reference bacteria strains
(TABLE 3).

The lower concentration where no microbial growth is
observed, the higher antimicrobial effect is. This test should
be compared to the MBC (minimum bactericidal concentra-
tion), which is complementary to the MIC and also to the
test according to ISO standard for antimicrobial efficiency
of the surface.

TABLE 1. Zone of inhibition of Cu and TiO, powder
against E. coli ATCC 11775.

Cu 10.47 0.32

Cu+10%Ti0,| E: coli 10.27 0.99
: ATCC

Cu+25%TiO, 11775 11.87 1.86

Cu+50%TiO, 0 -

TABLE 2. Zone of inhibition of Cu and TiO, powder
against S. aureus ATCC 6538P.

Cu 10.34 0.37

Cu+10%TiO,| S-aureus 11.37 0.85
ATCC

Cu+25%TiO, 6538P 12.28 0.56

Cu+50%TiO, 0 -

TABLE 3. MIC (minimal inhibitory concentra-
tion) of Cu and TiO, powder (E. coli ATCC 11775,
S. aureus ATCC 6538P).

MIC, mg/ml

Cu E. coli 2.5
Cu+10%TiO, ATCC 11775 0.625
Cu+25%TiO, 10
Cu+50%TiO, >10
Cu S. aureus 25
Cu+10%TiO, ATCC 6538P 0.625
Cu+25%TiO, 5
Cu+50%TiO, >10
14,00

12,00

10,00 -
8,00 -
6,00 -
4,00 -

2,00 +

Diameter of inhibition zone, [mm]

0% TiO2| 10% 0% TiO2| 10%

Staphylococccus aureus

FIG. 5. Influence of the addition of titanium dioxide
on bactericidal activity of copper powder.
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Conclusions

The tests were carried out on copper powders modified
with the amorphous fraction of titanium dioxide at various
concentrations: 10, 25 and 50%. The bacterial strain E. coli
ATCC 11775 and S. aureus ATCC 6538P were used for
microbiological tests. The research involved the determina-
tion of the impact of the modification on the inhibition zone
of bacterial proliferation after 48 h of exposure and also
determination of MIC (minimal inhibitory concentration) of
an aqueous suspension of a mixture of Cu-TiO, powders
in conditions of 37°C for 24 h (with shaking). The studies
showed a positive effect of the modification primarily against
reference bacteria strains (E. coli and S. aureus). In both
tests, the results clearly indicate that the addition of titanium
dioxide at a concentration of 10% and 25% is beneficial.
It seems reasonable to develop an optimal concentration
of modifying TiO, fraction for individual bacterial strains,
in order to obtain sufficiently high-performance antibacterial
properties.
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Abstract

The paper presents results of investigations of
basic material properties of novel composites based

on silicone resin and carbon nanotubes as a filler.

The motivation for the research is a need for ma-
terials which provide better mechanical properties

than standard wet Ag/AgCl electrodes. However,

a critical issue is also obtaining defined electrical
characteristics in order to preserve an ability to ef-
fectively record biomedical signals such as electro-

cardiography (ECG). Within the introduction chapter,

related researches and the current state-of-the-art
in the context of dry electrodes technology were
described. In the next step technological aspects
of components processing and forming as well as
the morphology of substrates used in the research
were presented. Thermally-cured silicone resin was
utilized to obtain elastic properties of the resulting ma-
terial. The carbon nanotubes (CNT) were chosen as
a conductive medium which provides defined electrical
impedance. A developed technological process allo-
wed to deliver samples of reproducible structure and
properties. In the next chapter, methods and results of
conducted experiments involving electrical, mechani-

cal and thermal examination were presented. Finally,

achieved outcomes are promising in the context of
improvements of the designed composite. Especially
the conductivity below 100 Ohms constitutes a signi-
ficant motivation for further research in the field of dry

electrodes for biosignals acquisition.

Keywords: dry electrodes, ECG pads, silicone resin,
carbon filler

[Engineering of Biomaterials 149 (2019) 20-24]

Introduction

Nowadays, aging society struggling with rapid and stress-
ful lifestyle suffers from civilization diseases paradoxically,
especially in well-developed western countries. On the
other hand, heart diseases constitute a major part of deaths
worldwide. It has been calculated that almost two thousand
people die each day because of cardiac disorders [1]. This
gives the motivation to utilize top-notch technologies to
provide sophisticated yet convenient medical services sup-
porting the elderly and chronically ill patients. One example
of emerging technology which seems to meet requirements
of modern healthcare needs is telemedicine which com-
bines achievements of multiple scientific branches such as
electronics, computer science, and material engineering.
This approach aims to provide remote medical services
even in domestic conditions by utilizing wearable sensors
which send physiological signals directly from households
to medical facilities. Physicians may then analyze provided
diagnostic data and decide if there is a need for any medi-
cal intervention. One of the major challenges is, however,
a design of electrodes capable of capturing biosignals
generated on the body surface as a result of heart activity
or muscle movement. The issue of biopotential monitoring
is definitely a complex challenge mainly due to the skin-
electrode interface. From the theoretical point of view, the
phenomenon which contributes significantly to the electrical
properties of a conductor is a Helmholtz double layer. This
effectis caused by ion separation and occurs on the contact
between electrolyte and conductive medium. In practical
application, it results in capacitance in the electrical circuit
[2]. This problem can be effectively compensated by the
use of wet chloride silver electrodes, however, some appli-
cations, e.g. textile-integrated solutions are still an area of
development and improvements in the context of advanced
materials. Apart from adjusting the interface resistance,
the next vital aspect of electrode design is undoubtedly a
need to ensure biocompatibility and application properties
like formability or adhesion to other media. This gives a
motivation to utilize recent advances in material science
to find a solution which would be more efficient than tradi-
tional Ag-AgCl electrolyte electrodes for electrocardiography
(ECG) measurement. It turns out that when used over an
extended time period, wet electrodes tend to cause skin
irritation and change electrical properties which may lead
to reducing of a signal-to-noise ratio. Such side effects may
be limited by dry composite electrodes. This was proved
by investigating the performance of self-adhesive carbon
nanotubes/adhesive polydimethylsiloxane (CNT/aPDMS)
electrodes in a real long-term ECG measurement by Jae-
hyo Jung et al. [3]. Julia W.Y. Kam et al. also delivered a
comparison of standard gel pads and novel metallic dry
electrodes. Apart from superior mechanical properties and
increased patient’s comfort the latter also allowed to obtain
reliable ECG signal. This was proved by significant posi-
tive correlation ratios (r = 0.54-0.89) of electrophysiologi-
cal metrics calculated for these two independent systems
[4]. Carbon nanotubes are willingly used as a nandfiller in
various polymer compositions in particular - in conductive
plastics applications. This approach is suitable in biomedical
electrodes design. Adaptation of material properties can be
achieved by surface modification of a filler [5]. lI-Seok Park
et al. examined the impact of multiwall carbon nanotubes
(MWCNT) addition on magnetic and mechanical properties
of silicone elastomer-based composite. In this research,
the carbon filler with an average thickness of 10 nm and
over 95% purity was used. Authors applied only three con-
centrations of CNTs (0.2 wt%, 0.5 wt%, 0.7 wt%) as larger
amounts of MWCNT caused difficulties in homogenization.
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This research proved that proposed composites manifest
interesting changes in mechanical and dielectric proper-
ties (particularly for the highest CNTs concentration) which
makes them useful as dampers and actuator elements [6].
It was also confirmed that the use of MWCNT as an additive
gives better results in comparison with carbon black (CB).
M. Norkhairunnisa et al. tested 0.5 to 2% vol. concentration
of carbon fillers in PDMS elastomer. One of the biggest dif-
ficulties in material preparation was an uneven distribution
of CNT due to the formation of agglomerates. In this case
conductivity plateau of -2.62 log 6[S/cm] was reached at 2%
concentration of MWCNT. To achieve a similar result for CB
a volume of 2.5% was needed. Another useful property of
the CNT based composite is an increased thermal conduc-
tivity. However, as the authors concluded, preparation and
surface treatment of MWCNT is very important to improve
the properties of a final composite [7]. Jeong Hun Kim et al.
proposed a universal flexible and conductive material for
wearable applications. They developed new polydimethyl-
siloxane (PDMS) based composite with a CNT filler. Homo-
genic character of CNT dispersion in the matrix is crucial for
electrical properties of final samples. They used isopropylic
alcohol as a carbon filler solvent which was next evaporated
from the mixture. This type of composite can be used in dif-
ferent applications including a flexible conductor which can
replace wires in wearable electronics. Furthermore, a vari-
able and strain-dependent resistance makes this material
useful for mechanical sensors elements design. Research
also proved that biopotential electrodes made of proposed
composite have properties desired in such applications.
To investigate this further, ECG signals were recorded for 7
days with PDMS+CNTs conductive pads. No deterioration
in terms of a signal quality was found in comparison with
standard Ag/C electrodes [8].

This study aims to provide a preliminary investigation of
a new kind of composite dry electrodes. The best effect for
the chosen application is provided by carbon nanotubes
because in addition to excellent electrical properties CNTs
provide better mechanical properties, which is not obtained
in the case of amorphous carbon with a spherical structure.
To verify the usability and durability of the proposed solu-
tion we conducted a set of material tests including electrical
impedance and mechanical tensile strength measurements
as well as verification of antibacterial properties.

Materials and Methods

As the carbon additive that was aimed to provide a con-
ductivity of polymer matrix the commercially available mul-
tiwall carbon nanotubes (MWCNTs) (CNT Co., Ltd., Korea)
were used. This powder component is obtained by catalytic
chemical vapour deposition method using Fe catalyst. Car-
bon purity in raw multiwall carbon nanotubes was at least
95%. Before using, carbon nanotubes were chemically puri-
fied by heating under reflux in a mixture of boiling, concen-
trated sulfuric acids (V1) (98%) (Stanlab, Poland) and nitric
acid (V) (65%) (Stanlab, Poland) in a ratio of 1:3 for about
16 h to completely remove amorphous carbon and traces of
catalysts and to oxidize nanotubes’ surface and obtain polar
functional groups with a predominance of carboxyl groups.
In turn, carboxylic groups were attached to the ends and
walls of CNTs. The oxidized carbon nanotubes were eluted
with demineralized water and ethanol until filtrate pH was
stabilized. Used nanotubes had a diameter ranging from
10-40 nm and length in the range of 1-25 ym. For MWCNTs
observation and their morphology the Field Emission Scan-
ning Electron Microscope JEOL JSM- 7800F was used.

The instrument has a field emission gun and is also equipped
with an EDX (energy dispersive X-ray) detector for chemi-
cal analysis and a STEM (Scanning Transmission Electron
Microscopy). The analysis was carried out with an acceler-
ating voltage of 30 kV. Results in the form of pictures were
taken in a bright field. Nanopowder of MWCNTSs, used as
a carbon nanofiller, was added to ethanol and exposed to
ultrasonic waves. For TEM method, one drop of the sus-
pension was placed on a copper 300 mesh grid coated with
holey carbon film. Then the sample was dehydrated at 40°C.
The polymer matrix was obtained by mixing hydroxy
functional polydimethyl siloxane polymer (Elastomer 80N,
Wacker, Germany) and high-temperature vulcanizing sili-
con rubber (Polsil Gum 100/30, Silikony Polskie, Poland).
Both components were mixed together at a ratio of 5:4.
The preliminary part of this research included also the
design of the technological process of obtaining samples
of defined geometry in laboratory conditions. The viscosity
of used polymeric components implied a necessity to find
a method to achieve a homogeneous structure of the final
composition. After many trials, a laboratory triple roller was
used to mix components together. This device contains
three independent shafts moving axially in opposite phase
driven by an electric motor. The gap between rollers can be
easily adjusted to obtain optimal friction generated between
moving parts and material being processed. Each polymer
substrate was dispensed one after another onto the first
shaft and proceeded through all moving parts until obtaining
homogeneous and consistent composition (FIG. 1).

FIG. 1. Silicone matrix with carbon additive during
preprocessing on a triple roller.

After thorough mixing, purified multi-wall carbon na-
notubes in various concentrations were added into the
polymer premix. After homogenization, a crosslinking
system dedicated to polysiloxanes based on hydrogen
siloxane-co-dimethylsiloxane was added to the mixing
matrix. This substrate consisted of an inhibitor based on
3,5-dimethyl-3-hexanol and a platinum addition polymer
catalyst (all Evonik, Germany). Finally, samples with three
concentrations of the nanofiller were obtained: “1” — 10 wt%,
“2" = 7.5 wt%, “3” — 5 wt%. The next step involved forming
samples between Teflon plates in the hydraulic press under
aload of approximately 1.5 tons at room temperature. In the
following part rectangles of the size of 20 x 40 mm were cut
from flat samples and immediately placed between Teflon
separators in a steel die with an electric heater connected.
One part of the samples was then formed and crosslinked
in a hydraulic press under a load of 5 tons at 150°C for
30 min. The second part was placed in an incubator under
a pressure generated by steel blocks at 150°C (45 min).
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TABLE 1. Characteristics of materials resistance measured in DC.

R[Q] 1. pad R [Q] 2. pad R [Q] 3. pad R [Q] mean
10% hot pressing 4.36 3.64 1.56 3.19 2.63
7.5% hot pressing 1.38 5.43 3.92 3.58 2.98
5% hot pressing 80.54 72.78 68.61 73.98 0.12
10% crosslinking in oven 14.80 1.34 2.91 6.35 0.74
7.5% crosslinking in oven 4.42 1.21 4.85 3.49 1.57
5% crosslinking in oven 83.26 61.65 72.43 72.45 0.05
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In the next step, a basic electrical study was carried out to
verify the usefulness of obtained samples as electrode materi-
als. Keysight 34461 Amultimeter as 4-wire ohmmeter was used
to directly measure direct current (DC) resistance (TABLE 1).
The same device was applied as an ammeter in the alter-
nating current (AC) setup. For impedance measurements,
a functional generator SIGLENT SDG1025 was utilized as
a sinusoidal signal source and Boonton 1130 analyzer for
voltage measurement. Both devices were connected in
a standard voltmeter-ammeter method configuration.

In this examination, three different carbon filler concentra-
tions and two manufacturing methods (hot pressing and cold
forming with crosslinking in an oven) were investigated. Then
three pads from each forming/composition variant were cut
out to increase accuracy and verify the bulk homogeneity.
First, DC resistance was measured which was a base for cal-
culation of conductivity of the material. AC parameters were
also recorded. Two flat, square-shaped copper electrodes
were prepared for measurements by soldering the con-
necting wires (FIG. 2). Samples were then placed between
electrodes and the measurements were taken under a static
load of 1 kg (perpendicular to the surface of the sample).

Mechanical testing of the composites was performed us-
ing Zwick-1435 machine with strips samples (5 x 80 mm).
All materials were compared for tensile strength (Rm) and
Young’s modulus (E). The behavior of materials under in vitro
conditions was checked, keeping them for 7 days in 0.9%
NaCl and the effect of the environment on the mechanical
properties of the materials was determined. The durability
conditions for testing of the materials for dry electrodes were
chosen for the duration of the device during the long-term
ECG test.

The composite material was also microbiologically tested
by contacting it with bacteria E.coli using Kriba-Miller test
(agar/24 h). The aim of this experiment was to check pos-
sible antibacterial properties that may be an effect of the
introduction of CNTs into the polymer matrix.

Result and Discussion

The carbon nanofiller’s morphology from the STEM is
presented in FIG. 3. The analysis shows that the used
nanotubes have a diameter smaller than 40 nm, which
is consistent with the producer declaration. The declared
length was not confirmed due to method limitations.

Mechanical properties

A set of the hot-pressed samples was tested for me-
chanical properties such as Young’s modulus (E) and tensile
strength (Rm). Low values of the standard deviation indicated
homogeneous filler distribution in the resin. The filler concen-
trations (10 wt%, 7.5 wt%, 5 wt%) were selected based on
the previous experiments with mixing process and optimized.

FIG. 2. Copper electrodes and cut pads of the
composite samples.

FIG. 3. STEM micrographs of multiwall carbon
nanotubes (MWCNTSs).
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TABLE 2. Characteristics of materials impedance measured in AC.

Sample

1Z] Q 10Hz

1Z] Q 100Hz

|Z| Q 1000Hz

1] Q 10000Hz
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10% hot pressing 0.85 0.58 0.63 0.54
7.5% hot pressing 1.58 1.00 1.18 1.37
5% hot pressing 95.78 49.36 37.20 37.08
10% crosslinking in oven 3.28 2.71 3.23 3.47
7.5% crosslinking in oven 1.22 1.15 0.94 1.12
5% crosslinking in oven 26.07 24 .44 29.33 46.21

Addition of 10 wt% of MWCNT resulted in a significant in-
crease in Young’s modulus and material stiffness, which can
cause its breaking and crushing during exploitation. Both
materials (5 wt% and 7.5 wt% MWCNT) had similar strength
and significantly lower Young’s modulus values. Despite the
above observation, all tested materials had properties that
allow their application as dry electrodes. Tensile strength
was measured before and after the incubation in solution
simulating degradation environment (contact skin — elec-
trode, 0.9% NaCl) to determine durability of the proposed
material. This in vitro experiment was carried out using
a saline solution, which is similar to human sweat. Results
show that no degradation was observed (FIG. 4). All ma-
terials which work as a dry electrode were stable under
in vitro conditions.

Electrical parameters

Obtained results indicated a variation of parameters
between samples that were formed in a cold press and
crosslinked in a laboratory oven. The electrical conductivity
of all samples was in a range from 0.05 to 2.98 S/m (TABLE 1)
which is sufficient result for electrode applications [9].
The number of frequency data points in AC investigation
might not be enough to fully represent the conductiv-
ity mechanism but this test was performed only to verify
a bandwidth from the viewpoint of biosignals acquisition.
The measured spectrum range was between 10 Hz and
10 kHz which corresponds to biopotential nature. Resulting
linear characteristics indicate the lack of reactance part in
the impedance (TABLE 2), which is desired in the context
of reliable electrical biosignal acquisition.

Microbiological properties

Bacteria seeded on an agar medium and then cultured
in vitro for 24 h/42°C were contacted with the tested materi-
als. Due to the thickness of plastics (above 400 um), the
non-standard sizes of the samples submitted for testing
were used. The test materials were kept in contact with the
bacteria for 24 h and then the form of the bacterial biofilm
was assessed (FIG. 5). In the literature, there are reports on
the bactericidal properties of MWCNT [10-11]. Considering
the long working time of the electrode applied directly to the
human skin, the antibacterial properties of the electrodes
would be desirable. Unfortunately, the results of the study
indicated that the materials do not have antibacterial proper-
ties. After the set time of the experiment, a uniform bacterial
layer appeared on all materials (FIG 5). In order to obtain
antibacterial properties for the polymer matrix, it would be
necessary to introduce proven additives with a bactericidal
effect, e.g. nanometric silver [12].
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Conclusions

Application of a carbon nanofiller such as graphite oxide,
graphite, carbon nanotubes, graphene enabled to obtain
a conductive polymer material with satisfactory mechani-
cal properties. Results of breaking strength, deformation
resistance and Young’s modulus tests of the samples after
degradation suggest that this material can be integrated
with textiles.

A designed technology of processing of the proposed
substrates allows to prepare in laboratory conditions
a composite material with high CNTs homogenization in
the silicone resin. A fact that the nanofiller was very evenly
dispersed in the polymer matrix was proven by repetitive
results of the mechanical tests. It turns out that, besides the
addition of the carbon nanotubes also curing methodology
has a significantimpact on the resulting electrical properties.
None of the prepared samples have antibacterial proper-
ties. However, the proposed material is certainly durable in
the in vivo conditions. In the future, it is planned to conduct
further research on the designed composite in the context
of electrophysiological applications. Measured resistance
of the tested samples was several ohms and featured lin-
ear bandwidth in a biopotential range. These results meet
requirements for dry electrodes. On the other hand, the
obtained material composition and its properties make it
a promising alternative to the current standard solutions
based on wet electrodes.
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