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Polyethylene terephthalate (PET) foils were activated with piranha solution and grafted with selected amino

compounds (cysteamine, ethylenediamine or chitosan) and then with borane compounds. Changes in their

surface properties after particular modification steps were examined using electrokinetic analysis, X-ray

photoelectron spectroscopy (XPS), goniometry and UV-vis spectroscopy. Several tests showed that the

presence of some amino compounds and one borane cluster significantly improved the antimicrobial
properties of the composites investigated. In particular, they exhibited strong antibacterial activity against
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Staphylococcus epidermidis but only weak activity against Escherichia coli. The samples modified with

amino compounds and subsequently with borane clusters were luminescent under UV lamp irradiation.
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1. Introduction

Polymeric materials, for example polyethylene terephthalate
(PET), have replaced most of the traditional engineering mate-
rials, such as steel and aluminium, and partially replaced those
used in biomedical applications. This is due to their excellent
properties, in particular, their better corrosion resistance, low
density, flexibility, low cost, availability and ease of recycling.**
However, their surface properties like wettability, biocompati-
bility or poor adhesion to other materials, chemicals, microor-
ganisms, etc. significantly limit their use in some cases. To
avoid these deficiencies, polymer surfaces can be modified
without the loss of their excellent bulk properties. Polymer
surfaces can be modified by chemical methods (wet processes
using only chemical substances®’), physical methods like
plasma treatment,®*** UV irradiation’*™* or combinations of
both physical and chemical methods.”'® Each of them has
advantages and disadvantages. Wet methods make use of
corrosive liquids, like piranha solution (a mixture of an acid or
alkali with hydrogen peroxide), potassium permanganate and
nitric acid.””** The effect of these chemical methods is the
creation of reactive oxygenized functional groups on the poly-
mer surface.’®* Physical methods are not as cheap and easily
available, since they use more complicated and expensive
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Therefore, the nanocomposites consisting of (cheap) polymer and (more expensive) borane could be
used in luminophore development, medicine or environmental protection.

technical equipment, but on the other hand they do not
produce harmful waste."” In fact, they are more widely used for
polymer modification.

Boranes are stable compounds consisting of boron and
hydrogen. They create three-dimensional clusters with many
interesting and important properties, such as high fluorescence
yield** and the production of singlet oxygen.” Singlet oxygen
can be used in photodynamic therapy, in photomedicine for
cancer treatment>° or for uses connected with its antimicro-
bial effects.>”*® Fluorescence can be used in chemical sensors
(fluorescence spectroscopy),>*° fluorescent dyes*"** or biolog-
ical detectors.*® However, borane synthesis is difficult and
borane compounds are quite expensive. The successful grafting
of expensive boranes on cheap common polymers paves the way
for the creation of new materials based on polymer/borane
nanocomposites, combining the excellent and important
properties of both components and significantly reducing the
amount of expensive boranes.

In this work, the surface of polyethylene terephthalate (PET)
foil was chemically activated to improve its surface properties
for the subsequent grafting with borane compounds. The whole
procedure and the changes in the physico-chemical properties
of the activated and grafted polymer surface were monitored
using different analytical techniques. It was confirmed that
boranes deposited on the polymer surface preserve their orig-
inal properties (their antimicrobial effect and luminescence
yield). Polymer/borane nanocomposites exhibit pronounced
luminescence and antimicrobial properties and they could be
used in luminophore development and/or medical applications.
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2. Results and discussion

The most important surface properties were determined before
and after each individual step of surface activation and subse-
quent chemical modification. In total, 13 different samples in
different activation and chemical modification phases were
examined. The samples, marked by specific abbreviations, are
listed in Table 1.

Below, the results of the different analyses are presented,
which confirm the successful modification of the PE surface
and grafting with amino compounds and/or borane clusters.

Electrokinetic analysis is an easy, fast and sensitive method
which can indicate even very small changes in surface chemistry
and charge, before and after any surface modification. The
obtained zeta potential values for all samples of unmodified or
modified PET foils are presented in Fig. 1. As we can see, after
activation with piranha solution (PET-2) there are changes in
the surface chemistry and charge in comparison with unmod-
ified PET (PET-1), due to the creation of new reactive sites and
polar groups on the surface. Polar groups created on the surface
after surface activation facilitate the subsequent grafting of
other tested chemical compounds. The grafting of amino
compounds (cysteamine, ethylenediamine or chitosan) results
in a “less negative” zeta potential (PET-5,8,11) in all cases, due
to the presence of amino groups on the surface.>'*** In the case
of chitosan, this change is more significant because it is a larger
molecule and a larger number of amino groups are deposited
on the surface. Molecules of borane compounds have a slightly
negative charge, so grafting with selected borane compounds
leads to more negative values of zeta potential (PET-
3,4,6,7,9,10). This is clear, especially after grafting with B2,
where the effect is due to thiol groups in the molecule which
create a negative surface charge in the presence of the KCl water
solution, leading to a more negative zeta potential.'® These
results confirmed the successful surface activation and chem-
ical grafting of all tested chemical compounds.

The borane compound anti-B;gH,,, B1, shows pronounced
luminescence and photophysical properties.*»** Our goal was to
prove that the luminescence properties of borane are preserved
after borane grafting on a polymer surface. This new composite
with luminescence activity could help prepare luminophore

Table1 Sample survey
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Fig. 1 The electrokinetic potential of PET foil: pristine (PET-1), acti-
vated in piranha solution (PET-2) and grafted with amino compounds
(cysteamine, PET-5; ethylenediamine, PET-8; chitosan, PET-11) and
subsequently with tested borane compounds, anti-BigH», (PET-
3,6,9,12) or 4,4'-(HS),-anti-BigH»o (PET-4,7,10,13).

materials on the basis of polymer/borane composites. In this
sense, the present study is a continuation of our previous one
on silicates.** Our samples and their behaviour under UV lamp
irradiation (365 nm) can be seen in Fig. 2. One can see that the
samples modified with the luminescent borane compound anti-
B,gH,, (B1, third line of Fig. 2 and PET-3,6,9,12) exhibit lumi-
nescence and photo-physical properties. These results
confirmed (i) the successful B1 grafting of the PET foil surface
and (ii) the preservation of the photo-physical properties of B1,
even after its grafting on the PET substrate. This work opens the
door to the development of new stable low-cost nanocomposite
materials with extraordinary properties.

PET foil activated by piranha solution and grafted with ethylenediamine and subsequently with 4,4’-(HS),-anti-B;sH,, (B2)

PET-1 Pristine (unmodified) PET foil

PET-2 PET foil activated by piranha solution

PET-3 PET foil activated by piranha solution and grafted with anti-B,3H,, (B1)

PET-4 PET foil activated by piranha solution and grafted with 4,4'-(HS),-anti-B;sH,, (B2)

PET-5 PET foil activated by piranha solution and grafted with cysteamine

PET-6 PET foil activated by piranha solution and grafted with cysteamine and subsequently with anti-B;sH,, (B1)
PET-7 PET foil activated by piranha solution and grafted with cysteamine and subsequently with 4,4’-(HS),-anti-B;gH,, (B2)
PET-8 PET foil activated by piranha solution and grafted with ethylenediamine

PET-9 PET foil activated by piranha solution and grafted with ethylenediamine and subsequently with anti-B;gH,, (B1)
PET-10

PET-11 PET foil activated by piranha solution and grafted with chitosan

PET-12 PET foil activated by piranha solution and grafted with chitosan and subsequently with anti-B,gH,, (B1)

PET-13

15002 | RSC Adv., 2018, 8, 15001-15008

PET foil activated by piranha solution and grafted with chitosan and subsequently with 4,4'-(HS),-anti-B,3H,, (B2)
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Fig.2 PET foils under UV lamp irradiation (365 nm). First row (from left to right): pristine PET (PET-1), PET activated by piranha solution consisting
of CH3COOH and subsequently grafted with anti-B;gH,, (B1, PET-3) or 4,4'-(HS),-anti-BigH»o (B2, PET-4); second row: PET activated by piranha
solution and grafted with cysteamine (PET-5), diamine (PET-6) or chitosan (PET-7); third row: PET activated by piranha solution and grafted with
cysteamine, diamine or chitosan and subsequently with anti-BigH,, (B1, PET-6,9,12); fourth row: PET activated by piranha solution and grafted
with cysteamine, diamine or chitosan and subsequently with 4,4'-(HS),-anti-BigH»q (B2, PET-7,10,13).

UV-vis spectra were measured on PET foil activated by
piranha solution and grafted with amino compounds and
subsequently with anti-B;gH,, (B1), with the aim of confirming
fluorescence activity. Typical UV-vis spectra taken at A = 380 nm
are shown in Fig. 3. While pristine PET foil (PET-1, green
dashed line) shows no fluorescence activity, PET treated in
piranha solution and grafted with cysteamine and subsequently
with anti-B;gH,, (B1, PET-6, red dashed-dot line) exhibits
obvious fluorescence activity. For comparison, the fluorescence

This journal is © The Royal Society of Chemistry 2018

of original highly fluorescent anti-B,gH,, (B1, black line) is also
shown.

The activation and subsequent grafting of selected amino
compounds and borane compounds led to significant changes
in surface wettability in comparison with pristine PET foil.
Surface hydrophobicity or hydrophilicity are known to play
a crucial role in surface adhesion or cytocompatibility.****¢ The
difference in surface wettability between pristine PET and PET
foil after activation with piranha solution, grafting with

RSC Adv., 2018, 8, 15001-15008 | 15003
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Fig. 3 UV-vis spectra (at 380 nm) of the original borane compound
anti-BigHy (B1, black solid line), pristine PET foil (PET-1, green dashed
line) and PET foil after activation with piranha solution and grafting with
cysteamine and subsequently with B1 (PET-6, red dashed-dot line).

cysteamine and subsequent grafting with B1 is illustrated in
Fig. 4. The contact angles measured on all studied samples are
summarized in Table 2.

The chemical composition of the PET surface before and
after activation and subsequent grafting of selected compounds
was determined using XPS. The results confirm changes in the
surface chemistry after the individual steps of surface activation
and subsequent chemical grafting. Table 3 summarizes the
results for pristine PET foil (PET-1) and foil activated by piranha
solution (PET-2), subsequently grafted with amino compounds
(cysteamine, PET-5; ethylenediamine, PET-8; or chitosan, PET-
11) and subsequently grafted with both borane compounds
(B1, PET-6,9,12 or B2, PET-7,10,13). On pristine PET foil (PET-1),
only C and O atoms are visible. After piranha activation (PET-2),
the concentration of O increases slightly due to the presence of
oxygen-containing polar groups from the piranha solution. An
increase in N concentration confirms the successful grafting of
all of the tested amino compounds (PET-5-PET-13). The pres-
ence of B on the surface confirms the successful grafting of the
borane compounds (PET-3,4,6,7,9,10,12,13). In the case of

A 72.9°

i
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Table 2 Contact angles of pristine PET foil (PET-1) and PET foil after
activation with piranha solution (PET-2) and grafting with selected
amino compounds (cysteamine, ethylenediamine or chitosan, PET-
5,8,11) and subsequently with borane compounds (B1, PET-6,9,12 or
B2, PET-7,10,13)

Sample Contact angle [°] Sample Contact angle [°]
PET-1 729 + 1.1 PET-8 60.6 + 1.7
PET-2 76.6 = 2.6 PET-9 61.8 £ 1.5

PET-3 69.9 + 1.9 PET-10 75.9 £ 1.9
PET-4 73.7 £ 0.9 PET-11 53.6 £ 1.8
PET-5 62.8 + 1.7 PET-12 70.1 + 2.3
PET-6 571+ 1.6 PET-13 84.5 + 2.5
PET-7 77.1 £ 2.3

Table 3 Elemental composition in at% for PET foils, as determined
using XPS. Pristine PET foil (PET-1), foil activated by piranha solution
(PET-2) and subsequently grafted with borane compounds B1 (PET-3)
or B2 (PET-4) and foil activated by piranha solution and subsequently
grafted with amino compounds (cysteamine, PET-5; ethylenediamine,
PET-8; or chitosan, PET-11), then subsequently grafted with both
tested borane compounds (B1, PET-6,9,12 or B2, PET-7,10,13)

C (1s) O (1s) B (1s) N (1s) S (2p)

PET-1 73.0 27.0 — — —
PET-2 71.0 29.0 — — —
PET-3 66.9 26.0 7.1 — —
PET-4 69.0 22.3 5.0 — 3.7
PET-5 74.3 24 — 1.1 0.6
PET-6 71 18.5 9.4 0.6 0.5
PET-7 71 19 7.1 0.5 2.4
PET-8 70.5 27 — 2.5 —
PET-9 65.6 22 10.4 2.0

PET-10 68 25 4.8 1.3 0.9
PET-11 69.2 29.2 — 1.6 —
PET-12 65.0 20.2 13.6 1.2 —
PET-13 66.4 20.2 8.8 1.2 3.4

thiolated borane B2 (PET-4,7,10,13), S on the sample surface is
also observed. All of these results confirm the successful
modification steps of the PET surface, including borane
compound grafting after the first activation step with piranha
solution (without the grafting of amino compounds as
“conjunction”). On the other hand, the amount of grafted
borane compounds was found to increase after pre-grafting
with any tested amino compounds. These results were also
confirmed using other techniques.

Fig. 4 Contact angles of pristine PET foil (A) and PET foil after activation with piranha solution and grafting with cysteamine and subsequently

with B1 (B).
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First, the algae growth inhibition tests were carried out on all
studied samples. The results are presented in Fig. 5. It is clear
that PET modified with chitosan and B1 or B2 showed only weak
antibacterial activity against Desmodesmus quadricauda algae in
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Fig. 5 The growth inhibition of Desmodesmus quadricauda algae of
samples of pristine PET foil (PET-1) and after activation and chemical
modification: after piranha solution (PET-2), after subsequent grafting
of the tested amino compounds (PET-5,8,11) and subsequent grafting
of the tested borane compounds, B1 or B2 (PET-6,7,9,10,12,13).

The aim of this study was to verify that all of the excellent
properties of the original borane compounds, including their
antimicrobial activity, are preserved after grafting on modified
PET surfaces. For this purpose, (i) a test on the inhibition of
algae growth and (ii) an antibacterial test on Gram-negative and
Gram-positive bacteria were performed using PET foils
before and after surface activation and individual chemical

modifications.
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comparison with the control (KO) and with pristine PET foil
(PET-1), which was especially visible after 7 days. As could be
expected, the presence of amino groups on the surface resulted
in better cell adhesion which played a key role in cell prolifer-
ation.’®*”** On the other hand, the presence of borane
compounds reduced algae growth strongly on all samples. The
results of these tests confirm that grafted boranes preserve their
antimicrobial activity.

The second antimicrobial test, the study of antibacterial
activity on Gram-negative and Gram-positive bacteria, was
carried out for all samples. The results for S. epidermidis (A) and
E. coli (B) are presented in Fig. 6. Since S. epidermidis has
a significantly lower CFU in comparison with E. coli, different
amounts of both bacteria were added to the samples in accord
with the results of previous experiments.'®*® A greater amount
of S. epidermidis bacteria was added to the bacterial suspension
since it shows weaker (slower) growth and higher sensitivity (so
even less and worse proliferation) in comparison with E. coli.*”
The results presented in Fig. 6A and B confirmed the antibac-
terial activity of surfaces grafted with B1 or B2. Interesting
results were obtained for a chitosan combination (PET-12,13).
In the case of S. epidermidis (Fig. 6A), all samples grafted with
amino compounds and subsequently with B1 (PET-6,9,12) and
also for B2 pre-grafted with chitosan (PET-13) show significant
antibacterial behaviour. Only a small amount of antibacterial
activity for the PET foil grafted with B1 and B2 pre-grafted with
chitosan for E. coli, in comparison with other tested samples,
was observed. The strong resistance of E. coli against many
agents is well known.*”*® As could be expected, the presence of
amino compounds on a surface resulted in better cell adhesion,
which has been demonstrated previously. It has been found
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Fig. 6 The number of colonies (CFU cm™2) of S. epidermidis (A) and E. coli (B) on samples of pristine PET foil (PET-1) and after surface activation
and chemical modification: after piranha exposure (PET-2), after subsequent grafting of the tested amino compounds (PET-5,8,11) and
subsequent grafting of the tested borane compounds, B1 (PET-6,9,12) or B2 (PET-7,10,13) and their comparison with a control (KO).
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that, for different polymers, the cell adhesion depends on many
surface properties and the presence of amino groups on the
surface may play an important role.'**® It is known that major
proteins (especially proteins in fetal bovine serum) as well as
cell membranes are negatively charged under physiological pH.
The adhesion of cells on negatively charged membranes may be
facilitated by electrostatic interactions and better cell adhesion
may be expected on positively charged surfaces.'®**

On the other hand, molecules of the tested boranes could
more easily penetrate through bacterial cells due to the absence
of an outer membrane (phospholipid bilayer) in Gram-positive
bacteria.*

The obtained results of the antibacterial tests show that the
antibacterial behavior of the tested boranes is preserved even
after their grafting on substrate surfaces, which originally had
no antibacterial behavior.

3. Experimental
a. Materials

50 pum thick polyethylene terephthalate (PET) foils were
supplied by GoodFellow Ltd., UK.

The surface of the PET foils was firstly activated with piranha
solution for one hour. Piranha solution was prepared as
a mixture of acid and hydrogen peroxide in the proportion 3 : 1.
We used acetic acid (CH;COOH, 99%, Lachema, CR) or sulfuric
acid (H,SO,, 96%, Lach:Ner, s.r.o. Neratovice) and hydrogen
peroxide (H,O,, 30%, P. A. Lach:Ner, s.r.o. Neratovice) for the
preparation of the piranha solution. After one hour of exposure,
the samples were taken out of the piranha solution and washed
with distilled water.

The activated samples then were put into a 10% aqueous
solution containing (i) cysteamine ((HS(CH),),NH,, 98%, Sigma
Aldrich), (ii) ethylenediamine (NH,(CH,),NH,, MERCK) or (iii)
chitosan (85%, deacetylated powder, Alfa Aesar). After 24 hours,
the samples were rinsed with distilled water, dried and inserted
into the tested solutions in dichloroethane for 24 hours. The
borane compounds used in this work, anti-B,gH,, (B1) and 4,4'-
(HS),-anti-B1gH,o (B2), were synthesized according to a pub-
lished procedure.”**** The chemical grafting procedure has
been described previously.>'®3443

b. Analytical methods

Surface properties, before and after each step of activation and/
or chemical modification, were characterized using electroki-
netic analysis, X-ray photoelectron spectroscopy, goniometry
and UV-vis spectroscopy. Also, some antimicrobial tests on
pristine and modified samples were carried out.

Electrokinetic analysis (zeta potential determination) was
accomplished using the SurPASS electrokinetic analyser (Anton
Par, Austria). For each measurement, a pair of polymer foils of
the same sample was fixed on two sample holders (2 x 1 cm?).
Measurements were carried out in a cell with an adjustable gap
(of about 100 pwm), at room temperature, atmospheric pressure
and a constant pH of 6.7. For the determination of zeta poten-
tial, the streaming current method and the Helmholtz-

15006 | RSC Adv., 2018, 8, 15001-15008
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Smoluchowski equation®**** were used. The typical experi-
mental error of the results was 5%.>****

The analysis of the surface composition was performed using
XPS. The high vacuum chamber, operated at 3 x 10~° mbar, was
equipped with an XR50 X-ray source (SPECS) and used an Al
cathode (1486.6 eV) with a hemispherical analyzer (PHOIBOS 100,
SPECS) with a 5-channel detector. The spectra were referenced to
the C 1s peak of aliphatic C-C bonds at 285 eV.***

Surface wettability was determined by measuring the static
contact angle of water, at room temperature, using the SEE system
(Surface Energy Evolution System) from AdveX Instruments. A
drop of distilled water with a volume of 8.0 uL was applied on
a surface using an automatic pipette, photographed and evalu-
ated by the SEE system. Each surface was tested with 3 pieces of
the same surface. 10 drops at different positions were dropped
and analyzed on all of these pieces of the samples. All obtained
values for contact angles were then statistically evaluated.

The effect of borane compound grafting on fluorescence
intensity was examined using UV-vis spectroscopy. The best
known and the most striking example is the absorption of the
fluorescence agent in the ultraviolet region and the subsequent
emitted light in the visible region.>**

Antibacterial tests and tests on the inhibition of algae growth
were performed in order to determine the antibacterial prop-
erties of the prepared composites.

The antibacterial tests were carried out by the drip method,
using Escherichia coli (E. coli) and Staphylococcus epidermidis (S.
epidermidis). Pristine PET foil and modified PET samples were
immersed in physiological saline solution. An aliquot of diluted
E. coli or S. epidermidis culture was inoculated in the saline
solution with the samples (a final concentration of 1.0 x 10*
CFU mL ™ for E. coli and 4.0 x 10* CFU mL " for S. epidermidis;
CFU is the number of colony forming units). Bacterial samples
incubated only in the pure physiological solutions served as
a control. Inoculated solutions were incubated at laboratory
temperature in static conditions for 2 h. Aliquots of 25 pL from
all samples were placed on LB agar plates. The growth of E. coli
or S. epidermidis was evaluated after 20 h of growth at 37 °C for
S. epidermidis and at laboratory temperature for E. coli. Each
sample was prepared separately in triplicate. Detailed descrip-
tions of these tests were presented earlier.>”*

Bacterial strains of environmental Gram-negative bacteria,
Escherichia coli (DBM 3138), and Gram-positive bacteria,
Staphylococcus epidermidis (DBM 3179), were acquired from The
Microbial Type Culture Collection (Institute of Chemical Tech-
nology, Prague). The methodology of these tests has been
developed at UCT Prague and the different amounts of bacteria
added to the samples were determined in previous experiments.
The reason for this is the different behaviour of individual
bacterial colonies.”” S. epidermidis exhibits worse (slower)
growth and higher sensitivity (so even less and worse prolifer-
ation) in comparison with E. coli. To balance the difference,
a greater amount of S. epidermidis bacteria was added to the
bacterial suspension. This procedure is always carried out in
this way, so the results can be compared with previous
measurements. Therefore, after finding out the OD600 (optical

n
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density), the suspension is diluted so that the S. epidermidis
concentration is 2-4 times higher than that of E. coli.

An inhibition of algae growth test was carried out using
a procedure based on EN ISO 8692:2012 (ref. 48) with Desmo-
desmus quadricauda under non-stop illumination. An algae
suspension was dropped (1.5 mL) onto the surfaces of the pieces
of sample (3 x 1 cm). The concentration of algae was deter-
mined by direct counting under a microscope using a Cyrrus II
chamber. The first sample was withdrawn (~0.1 mL) one hour
after suspension addition, then after 48 hours and after 168
hours. A more detailed description of this test and the prepa-
ration of the medium were presented earlier.*

4. Conclusions

Polyethylene terephthalate foils (PET) were activated with
piranha solution and grafted with selected amino compounds
(cysteamine, ethylenediamine or chitosan) and then with
borane compounds. The results of the subsequent modification
steps were monitored using different analytical methods. The
main results can be summarized as follows;

(i) Sole piranha treatment results in activation of the PET
surface, which in turn facilitates subsequent grafting with
amino- and borane-compounds. Piranha treatment leads to an
increase in oxygen surface concentration.

(ii) Pre-grafting of amino compounds on piranha activated
polymer surfaces facilitates subsequent borane grafting and
increases the amount of borane compounds embedded on the
PET surface.

(iii) Modification leads to changes in surface wettability. While
amino compounds can increase surface hydrophilicity, borane
compounds, especially B2, can increase surface hydrophobicity.

(iv) The antibacterial tests showed that the B1 borane
compound significantly improved the antimicrobial activity of
the prepared composites, especially against S. epidermidis. The
effect is further improved by pre-grafting with selected amino
compounds, especially with chitosan. Only a slight antibacterial
effect was observed on E. coli, the resistance of which against
many agents is well known.

(v) PET foils, modified with amino compounds and subse-
quently with B1, showed clear fluorescence under UV lamp
irradiation.

(vi) The present results show that boranes embedded on
modified PET foils preserve their excellent physico-biological
properties and PET/borane composites can have applications
in different fields such as luminophore development and/or in
medicine or environmental research.
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