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The current work aims to test (a) possibility of grafting (via a dithiol linker) and (b) applicability of bimetallic
nanocomposites (developed in our recent work) as photo-stimulated antibacterial coatings. Therefore, bimetallic
nanocomposites, containing (i) Au nanostructures (AuNS) embedded in a protein matrix and (ii) super-
paramagnetic iron oxide nanoparticles (SPION) attached to the same protein scaffold (bovine serum albumin),
were grafted on a flexible and UVA-transparent substrate (PET, polyethylene terephthalate). Plasma-treatment
and dithiol surface modification of PET were successfully employed to increase the probability of bimetallic
nanocomposite attachment. It was evidenced by XPS (X-ray photoelectron spectroscopy) that albeit AuNS are
bound up in the protein by Au-S linkage, grafting on plasma-treated surface-modified PET is enabled due to the
same bonding type. The final system (Au-BSA-SPION@pl-BPD-PET) revealed no antibacterial activity against
Escherichia coli under ambient conditions as it was expected. However, when photo-activated by UVA radiation
(365 nm), applied for a short period (5 min), its antibacterial activity was switched on. Bimetallic nanocomposite
can be thus considered as a photo-switchable functional surface coating of PET. To the best of our knowledge, it
is the very first photo-stimulated antibacterial surface coating that is based on bimetallic AuNS-SPION
nanocomposites.

1. Introduction the release of metal cations, which, unfortunately, can adversely affect

various biological components [3-6]. Therefore, there is a growing

Bacteria resistance against antibiotics as well as against selected
nanoparticles, such as silver for instance, represents a threat to human
society in many countries and causes serious public health issues
throughout the world [1,2]. As an example, monitoring water quality
and preventing contamination by fecal bacteria are critically important
for public health. Another issue is represented by the accumulation of
antibiotics in the environment, consequently leading to development of
bacteria resistance. To solve these issues, new antimicrobial agents
(including nanostructures, antimicrobial peptides, and/or quaternary
ammonium compounds) and novel antibiotic drugs have been designed
already. As one alternative, efficient antibacterial properties of nano-
structured materials consisting of Ag and/or Cu have been frequently
chosen and are well known for decades. Antimicrobial activity relies on

trend to avoid the usage of silver and/or copper in nanostructured forms.
Alternatively, an emerging approach for combating antibiotic accumu-
lation in the environment involves antibacterial activity that is triggered
by an external stimulus.

There are different kinds of the external stimulus that switches the
antibacterial properties of a system such as for instance: tailored su-
pramolecular interactions, denaturant induced folding/unfolding of
natural enzymes, temperature-change, pH-change, photon impact etc.
[1,7-9,10]. Among the external stimuli, light/radiation is the most
perspective one because it avoids contamination of the sample (being
thus non-invasive in this sense). Moreover, it offers relatively high
spatiotemporal resolution, its wavelength and intensity can be precisely
controlled [1,11]. Different regions of electromagnetic radiation serving
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as external stimuli and boosting antibacterial properties have been
exploited in conjunction with nanomaterials and polymers already, such
as near infrared (NIR) [12,13], visible (Vis) [14,15], and/or UV radia-
tion [16]. There are advantages and disadvantages connected to each
spectral region. For instance, it is well-known that NIR radiation can
penetrate deeper than Vis and/or UV into the matter, however, it pro-
vides the least energy from the selected spectral regions and, conse-
quently, it may be insufficient for photo-induced reactions. On the
contrary, UV radiation might be considered a little bit problematic due
its higher energy and negative impact on living organisms. Nevertheless,
the general term of UV radiation includes subregions (UVA, UVB, UVC)
that substantially differ by their impact on living systems. UVA radiation
is the mildest one from UV region (spanning from 315 nm to 400 nm)
and represents around 90 % of sunlight on the earth.

Among light-responsive materials, metal-based nanostructures with
unique tuneable optical properties have attracted enormous attention in
various fields of research [17]. The usage of photo-activation is quite
frequent for semiconducting materials, such as TiO2, ZnO, and/or Fe,Oy
containing nanocomposites [6,18,19]. In this case of semiconductive
metal-oxide nanostructures, the photoactivation causes reactive oxygen
species generation. This can be effectively exploited for combating
bacteria. Since radiation of a specific wavelength is used as a trigger, it is
easier to control and suppress bacterial resistance.

Recently, bimetallic nanocomposite consisting of (i) super-
paramagnetic iron oxide nanoparticles (SPION) attached to a protein,
and (ii) Au nanostructures (AuNS) embedded in the same protein
(bovine serum albumin), has been proven to produce hydroxyl radicals
in aqueous environment upon UVA light irradiation [20]. Generally,
hydroxyl radicals are considered as efficient agents against bacteria.
Particularly, they are very efficient in fighting against E. coli as pub-
lished recently [21]. Therefore, the current work aims to explore if
bimetallic nanocomposites (Au-BSA-SPION) prepared by green chem-
istry approach [20,22,23] can cause photo-induced antibacterial effect
or not.

For an easier handling and inspired by antifouling coatings used in
medical devices for instance [24], bimetallic nanocomposites need to be
grafted on a flexible and UVA-transparent substrate. In this context,
polyethylene terephthalate (PET) serves as a suitable substrate owing to
its excellent flexibility, transparency to UVA [25], and ease of surface
modifications [26-29]. Prior to any nanostructure grafting, PET surface
must undergo sequential surface modification through plasma treatment
followed by functionalization with 4,4biphenyl-dithiol (BPD), as
demonstrated in previous studies [27-29] involving the immobilization
of various noble metal nanoparticles. The primary concern is whether
the bimetallic nanocomposites (Au-BSA-SPION) can effectively bind to
BPD through Au-S linkages, given that the Au-S interaction has already
been utilized for anchoring the Au nanostructures onto the protein
scaffold [20]. Therefore, the present work can serve as a direct proof of
two concepts: (a) possibility of Au-BSA-SPION grafting on modified
polymeric substrate and (b) demonstration of photo-switchable anti-
bacterial properties of the newly formed final system (Au-BSA-S-
PION@pl-BPD-PET) against E. coli.

2. Experimental part
2.1. Materials for bimetallic nanocomposite synthesis

Bovine serum albumin (BSA; >98 %), gold (III) chloride trihydrate
(HAuCl4-3H50; >99.9 %), iron (III) chloride hexahydrate (FeCls-6H20;
>99 %), and sodium hydroxide (NaOH; >98.0 %) were purchased from
Sigma-Aldrich (St Louis, MO, USA) and used as received (without any
further purification). Hydrochloric acid (35 %) was purchased from
Penta s.r.o. (Prague, Czech Republic). Deionized (DI) water prepared by
purging Milli-Q purified water (Millipore Corp., Bedford, MA, USA) was
used for nanocomposites synthesis.
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2.2. PET substrate modification

Polyethylene terephthalate thin foil (PET, p = 1.3 g-cm™, thickness
23 pm, Goodfellow Ltd., UK) was selected for the study. Firstly, samples
were activated in DC Ar™ plasma on Balzers SCD 050 device (BalTec AG,
CH): exposure duration 120 s, discharge power 8.3 W, and pressure of 10
Pa. Secondly, the samples were immersed into methanol-based solution
of biphenyl-4,4 -dithiol (BPD; ¢ = 11072 mol-1"}; Sigma-Aldrich Corp.,
US) for 24 h.

2.3. Bimetallic nanocomposites synthesis and purification

Au-BSA-SPION nanocomposite were prepared by the procedure
described in [23]. Briefly, FeCl3-6H30 (200 pL, 0.1 M) was introduced
into a microcentrifuge tube. Subsequently, BSA solution (1 mL, 66.43
mg-mL ™) was slowly added in two equal portions with constant stirring
using a pipette. The reaction mixture was then vortexed at 3000 rpm.
Five minutes later, NaOH (57.5 pL, 1 M) was rapidly introduced and the
reaction mixture was immediately vortexed. Ten minutes later, HAuCly
(800 pL, 25 mM) was slowly added under constant stirring. The tube
content was swirled in the vortex, and five minutes later, additional
NaOH (142.5 pL, 1 M) was quickly introduced into the reaction solution.
Then, the tube content was vortexed for the last time. Subsequently, the
microcentrifuge tube was placed in a dry bath incubator maintained at
50 °C and incubated for 22.5 h. The whole procedure is schematically
depicted in Scheme 1.

After maturation, the sample was dialyzed with a 14 kDa cut-off
dialysis membrane (regenerated cellulose, Membra-Cel™) against
deionized water. Dialysis was performed against deionized water at
room temperature (22 °C) for 5 h (deionized water was changed after 30
min, 45 min, 60 min, and 75 min). The as-prepared sample is of orange-
brown colour without any aggregate or agglomerate visible to the naked
eye. Main characteristics of Au-BSA-SPION can be found out in refs [22,
23]. Nevertheless, representative high-resolution transmission electron
microscopic (HR-TEM) image, energy-dispersive spectroscopic (EDS)
mapping, Mossbauer spectrum, X-ray diffraction pattern (XRD) and
X-ray photoelectron spectroscopic (XPS) investigations (Au-BSA-SPION
is drop-casted on Si wafer) are shown in Figure SI-1.

2.4. Final system fabrication

The modified PET substrates were transferred into Au-BSA-SPION
nanocomposite aqueous solution (described in the previous subsec-
tion) where they were kept for 24 h (based on the previous experience
with nanoparticles grafting [27-29]; note that shorter times of applied
soaking did not provide statistically significant antibacterial effect).
After taking the samples out from the bimetallic nanocomposite solu-
tion, they were washed out and dried in Ny stream. The final system
(Au-BSA-SPION@pl-BPD-PET) was prepared and stored under labora-
tory conditions.

2.5. Analytical methods

The XPS measurements were performed on a Nexsa G2 XPS system
(Thermo Fisher Scientific) equipped with a monochromatic Al-Ka source
and photon energy of 1486.7 eV. The spectra were recorded at two
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Scheme 1. Depiction of bimetallic nanocomposite synthesis.
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angles: 0° (i.e., normal to the surface; providing general sample
composition below the surface) and 81° (angle considered from the
normal; more information provided directly from the most upper surface
layers), under vacuum (1.6 x 107° mbar), and at a controlled ambient
temperature of 20 °C. Charge neutralization techniques were system-
atically switched on during the measurement. Spectral analysis and data
interpretation were conducted using Avantage software version 6.5.1
provided by Thermo Fisher Scientific.

Ultraviolet-visible (UV-vis) spectroscopy was used to confirm the
presence of Au nanostructures on plasma treated and BPD-modified PET.
Absorption spectra were evaluated using a Lambda 25 spectrophotom-
eter (PerkinElmer Inc., US) in the spectral range of 400 to 600 nm, scan
speed 240 nm-min™! and step of 1 nm. The reference spectrum of pristine
PET was subtracted from the collected spectrum of nanostructured PET.
The optical absorption error values were lower than 1.5 %.

Infrared spectroscopy analysis was performed by a Fourier-transform
infrared (FTIR) spectrometer Nicolet iS5 (Fisher Scientific) with a dia-
mond crystal iD7 ATR accessory. The spectra were obtained as an
average from 128 measurement cycles in the spectral range of 1800-600
cm ™! with the data interval of 0.964 cm™L.

Static water contact angle (WCA) of distilled water, characterizing
chemical and morphological differentiation. Each modification step was
evaluated under laboratory conditions using four samples and at ten
measurement points with a DSA 100 goniometer (KRUSS GmbH, DE).
Water droplets of (2.0 & 0.2) ul were dispensed onto the selected sample
surfaces for contact angle measurements. WCA values were determined
by the ADVANCE software.

Scanning electron microscopy (SEM, Lyra dual beam microscope,
Tescan a. s., CZ) was applied for evaluation of surface morphology of
pristine PET, plasma treated PET, PET modified with BPD and subse-
quently with Au-BSA-SPION nanocomposites. SEM analysis was per-
formed in the secondary electron (SE) imaging mode with accelerating
voltage of 5 kV. The magnification of the presented SEM images is
100,000 x with 2 x 2 pm? scan size. To prevent surface charging,
samples were attached to the holder with carbon conductive tape and
coated with 10 nm thick carbon layer. The carbon layer was prepared by
flash evaporation method using sputtering device Balzers SCD 050 de-
vice (BalTec AG, CH).

Atomic force microscope Dimension ICON (AFM, Bruker Corp., US)
was employed to investigate the surface morphology and roughness of
the prepared samples at nanometre level. AFM analysis was performed
with ScanAsyst mode in the air using a silicon tip on a nitride cantilever
with a spring constant of 0.4 N-m™.. The acquired data were processed by
NanoScope Analysis software to obtain the average surface roughness
values (Ra). The size of the scans was 300 x 300 nm?.

2.6. Testing of antibacterial effect

The antibacterial effect of the Au-BSA-SPION nanocomposites graf-
ted on plasma treated surface-modified PET was measured using the
drop plate method. The measurement was carried out using the gram-
negative bacteria (G-) E. coli (E. coli; DBM 3138). One colony was used
to prepare the inoculum, which was transferred sterilely with a bacte-
riological loop in 25 ml (E. coli) of Luria-Bertani (LB) liquid medium.
Subsequently, the inocula were incubated overnight on an orbital shaker
at 37 °C. Next, they were diluted in sterile phosphate buffered saline
(PBS) to final concentration of approx.2 x 102 (E. coli) per mL. 200 pL
drop of diluted bacterial suspension was deposited onto the samples’
surface and left for 2 h at room temperature. Then, five drops (25 pL) of
bacterial suspension from each sample surface were placed on plate
count agar (PCA, Oxoid, containing tryptone 5 g-L'l, yeast extract 2.5
gL}, glucose 1 g-L'!, agar 15 g-L1) culture dish. Cultivation was carried
out overnight at room temperature. The next day, the grown colony-
forming units (CFU) were counted. All experiments were performed
under sterile conditions.

All antibacterial tests were carried out in three independent
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measurements (i.e. three samples), each of them including five repeti-
tions (i.e., five drops for CFU counting for one measurement). To show
the differences between the samples and pristine glass, the two-sample t-
test assuming equal variance (Excel, Microsoft Office, US) was done.

3. Results and discussion

Bimetallic nanocomposites prepared according to the previous work
[22,23] were characterized by several physicochemical experimental
techniques as detailed in the Supporting information (Figure SI-1) for
completeness. The main characteristics of bimetallic nanocomposites
were proven, such as: nanostructure sizes below 5 nm in diameter
(Figure SI-1A), close vicinity of Au and Fe nanostructures (Figure SI-1B),
colocalization of Au and S elements (Figure SI-1C), colocalization of Fe
and O elements (Figure SI-1D), elemental composition from the selected
area (Figure SI-1E), content of Au (0) and Au-S bond evidenced by XPS
(Figure SI-1F), presence of superparamagnetic ferric oxide particles ac-
cording to Mossbauer spectroscopy (Figure SI-1 G), and representative
XRD pattern (Figure SI-1H) confirming amorphous character of bime-
tallic nanocomposites. Then, the possibility of bimetallic nanocomposite
attachment to the chosen flexible, light, and UVA-transparent substrate
(PET) could be tested. This represents the prerequisite for nano-
composite serving as potential antibacterial coating. Prior to the bime-
tallic nanocomposite grafting, plasma treatment and BPD-modification
of PET substrates have been performed as inspired by the previous works
[26-28]. In the following text, we are going to focus mainly on the final
system, i.e. bimetallic nanocomposites grafted on modified PET sub-
strate, denoted as Au-BSA-SPION@pl-BPD-PET.

3.1. Surface properties of Au-BSA-SPION@pl-BPD-PET in comparison to
pristine and/or modified PET substrates

PET substrates exhibit slight hydrophobicity (82.7 + 1.8°), which
increases further (96.2 + 2.3°) following plasma treatment and subse-
quent surface modification with biphenyl dithiol (BPD) as evidenced by
the water contact angle (WCA) measurements shown in Fig. 1.

When bimetallic nanocomposites generated in an aqueous solution
are allowed to graft to the surface-modified PET substrates, the WCA
changes to 63.5 + 1.3° — Fig. 1. Our WCA results correlate well with
those previously published, dealing with either plasma-treatment pro-
cedure of selected polymers [26], or nanoparticles grafted on
plasma-treated and surface-modified PET substrates [29]. Similar values
of WCA (between 64-69°) were obtained when metal nanoparticles of
different origins (electrochemically/chemically prepared) were grafted
on PET substrates [29]. It thus reports indirectly about successful
bimetallic nanocomposites grafting on PET substrate.

Another indirect proof of PET surface modifications and bimetallic
nanocomposite grafting is obtained by SEM imaging (Figure SI-2),
where almost-spherical nanoobjects of sizes around 50 nm as well as
irregularly shaped clumps of these nanoobjects can be recognized
(Figure SI-2C).

AFM revealed changes in surface roughness values (Ra) due to sur-
face modification induced by plasma treatment and BPD attachment
(Fig. 2): while PET substrate manifested itself by Ra = 0.5 nm, plasma-
treated and BPD-modified PET substrate by Ra = 1.7 nm. For the
bimetallic nanocomposite grafted onto the modified PET substrate, the
surface roughness increased further to Ra = 3.7 nm, providing addi-
tional evidence of successful nanocomposite grafting.

When compared with scientific literature (e.g., [27,28]), PET surface
roughness augments from Ra = 0.5 nm (smooth surface) to Ra = 1.7 nm
for plasma treated and BPD-modified PET. Indeed, the disruption of
macromolecular chains in the upper layer of PET is the reason for the
observed increase in surface roughness [29]. A further augmentation of
Ra values revealed for the final system (bimetallic nanocomposites
grafted on plasma-treated and BPD-modified PET substrate), 3.7 nm
(Fig. 2C). It lies approximately in the middle of the Ra values obtained
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Fig. 1. Representative results of water contact angle (WCA) measurements for pristine PET substrate (A), plasma-treated and BPD-modified PET substrate (B), and

bimetallic nanocomposites grafted on plasma-treated surface-modified PET (C).
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ﬁa¥1jnﬁ

600.0 nm

Ra=05nm
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Fig. 2. Atomic force microscopic images of PET substrate (A), plasma-treated and BPD-modified PET substrate (B), and bimetallic nanocomposites grafted on plasma-

treated surface-modified PET (C).

for a comparable system: AgNPs of different origins (i.e., electro-/-
chemically and physically prepared) grafted on plasma-treated and
BPD-modified PET substrates [29].

3.2. Spectroscopic characterization of Au-BSA-SPION@pl-BPD-PET

The UV-vis and IR absorption spectra of surface modified PET sub-
strate with and without grafted bimetallic nanocomposite did not show
any significant differences (Figures SI-3 and SI-4). On the contrary, XPS
spectroscopy as a surface specific analytical method (investigating
roughly top 10 nm of the surface) gave direct evidence of a successful
grafting of bimetallic nanocomposites since Fe and Au signals were
clearly detected and changes in C, O, N, S contents were also observed:
the atomic percentage of these elements derived from XPS survey scans
at two different angles, 0° (i.e., perpendicular to the substrate surface)
and 81° (considered from the vertical) provided information about the
composition of subsurface vs top layers, respectively - Table 1.

Considering the atomic percentage of elemental contents derived
from XPS measurements (Table 1), iron predominates over gold in the
final system. Looking at detailed XPS scans and fitting the signals of the
selected elements (Au 4f, S 2p, N 1 s, and C 1 s) - Fig. 3, one can
distinguish obvious chemical composition differences between subsur-
face and top layers.

Table 1

Comparison of the elemental composition of Au-BSA-SPION@pl-BPD-PET and of
pl-BPD-PET, determined for subsurface (0°) vs. top (81°) layers by XPS
measurements.

Element  Au-BSA-SPION@pl-BPD-PET pl-BPD-PET substrate
Subsurface Top layers Subsurface Top layers
layers [Atomic [Atomic %] layers [Atomic [Atomic %]
%] %]

Cls 66.0 67.2 70.2 70.8

O1s 22.3 22.1 21.1 22.5

N1s 8.1 7.2 1.4 0.9

Fe 2p 2.1 2.1 - -

S 2p 1.5 1.4 0.4 0.6

Au 4f <0.1 <0.1 - -

It should be noted that Au (0) content derived from detailed XPS Au
4f signals in bimetallic nanocomposites per se (i.e., prior to any grafting)
is around 64.5 %, while Au-S represents the rest of the signal (35.5 %) -
Figure SI-1F (measured in subsurface layers). On the contrary, the
grafted bimetallic nanocomposite contains only approx. 35 % of Au (0)
and approx. 65 % of Au-S (denoted as Au(5+)) - Fig. 3A. Therefore, from
the direct comparison of Au (0) vs Au-S in bimetallic nanocomposites
prior and after grafting to modified PET substrate (measured in sub-
surface layers), one can assume that bimetallic nanocomposite interacts
with modified PET substrate through gold atoms; indeed, almost one-
half of gold atoms in the oxidation state of 0 are exploited for the
interaction with sulphur of BPD. By the act of bonding to sulphur, Au (0)
is changed/oxidized to Au (8+).

Furthermore, the content of Au (0) at top layers decreased by approx.
5 % with a simultaneous increase of Au (6+), again by approx. 5 % as
can be derived from the comparison of curves in Fig. 3A. It means that
Au (0) is partially oxidized at top layers. This is further supported by a
detailed investigation of S 2p region: approx. 8 % of Au-S and approx. 78
% of R-SH in subsurface layers, whereas almost 20 % of Au-S and around
65 % of R-SH at top layers (Fig. 3B). The increased content of Au-S at the
expense of R-SH at top layers clearly shows that Au (stemming from the
bimetallic nanocomposite) is bound to sulfur of BPD (molecular modi-
fier of PET substrate). It should be also reminded that a nonnegligible
portion of Au-S bonds originates from the bimetallic nanocomposite it-
self (Figure SI-1F), where cysteine residues are bound with the edge
atoms of Au nanoclusters. The discrepancy between the exact percent-
age changes (5 % in Au 4f region vs 12 % in S 2p region) may be caused
by uneven distribution of nanocomposites grafted on plasma-treated and
BPD-modified PET substrates as well as by a further component in S 2p
region (assigned to sulphites/sulphates).

Considering organic part of the nanocomposite grafted on modified
PET substrate, there are distinct differences in N 1 s and C 1 s XPS signals
between subsurface and top layers. N 1 s region in subsurface layers
(Fig. 3C) evidences the presence of amidic bond and ammonium, both
functionalities stemming from the protein matrix of the grafted nano-
composite (note: PET substrate, neither its molecular modifier, BPD, do
not contain any nitrogen within their structures). In addition to these
two functionalities, amine (8 %) is detected at the top layers of the final
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Fig. 3. Detailed XPS signals fitting in: (A) Au 4f, (B) S 2p, (C) N 1 s, and (D) C 1 s regions for the data recorded at 0° (subsurface) and 81° (top layers).

system (Fig. 3C). This observation may be attributed most probably to
conformational changes of the protein. This hypothesis is further
corroborated by changes revealed in C 1 s region of detailed XPS signal
when going from subsurface to top layers (Fig. 3D). Particularly: O =
C—O increased by 3.2 %, O = C—N by 2.6 %, C—C (sp®) by 1.3 %, and
-1 by 0.6 % at the expense of C—C (sp®) and C = O that decreased by 4.1
% and by 3.8 %, respectively. The assignment of peaks within Au 4f, S
3p, N 1s, and C 1 s regions corresponds well to the literature [30-32].
Indeed, Au and SPION nanostructures are embedded in the protein
matrix and in the process of grafting to the modified substrate (via Au-S
bonds), the protein matrix is forced to change its conformation. There-
fore, XPS signals of N and C in subsurface vs top layers of the final system
can differ.

Comparing XPS signals of the dispersed nanocomposite in solution
with that of the nanocomposite grafted state on PET, the following can
be summarized: the dispersed Au-BSA-SPION contains Au nanoclusters
predominantly in the Au (0) state (=65 %), embedded in the protein
scaffold, while SPION are stably coordinated to BSA residues. Upon
grafting to the BPD-modified PET substrate, however, XPS analysis ev-
idences a pronounced decrease of Au (0) to ~35 % with a concomitant
increase of Au(8-+). This observation directly supports the formation of

Au-S covalent bonds with the PET surface modifier, which leads to a
partial oxidation of gold atoms. In addition, the N 1 s and C 1 s regions
reveal conformational changes in the protein matrix upon immobiliza-
tion, consistent with rearrangements not observed in the dispersed state.
The comparison thus demonstrates that the interaction with the polymer
substrate is dominated by Au-S anchoring, while SPION remain more
exposed to the environment, providing a mechanistic explanation for the
surface functionality of the final grafted system.

Based on the above discussed observations derived from XPS, it can
be concluded that our bimetallic nanocomposite is grafted to the
modified PET substrate via Au-S covalent bond (however, not all AuNCs
are accessible, some of them are hidden within protein matrix) and
SPION (mostly bonded to N-terminal region of the protein as revealed in
our recent work [20]) is exposed to the ambient environment - Fig. 4.

3.3. Antibacterial properties of Au-BSA-SPION@pl-BPD-PET

Antibacterial effect of Au-BSA-SPION@pl-BPD-PET has been tested
against E. coli and the results are shown in Fig. 5. It should be reminded
that due to a good wettability as well as absence of any sharp objects
(proven in Section 3.1) on the final surface coating, a successful
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i plasma-treated PET

Fig. 4. Schematic depiction of Au-BSA-SPION@pl-BPD-PET, i.e. bimetallic
nanocomposite grafted on plasma-treated BPD-modified PET substrate.
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Fig. 5. Results of antibacterial testing of PET substrate, plasma-treated PET
substrate, plasma-treated BPD-modified PET substrate, and plasma-treated
BPD-modified PET substrate with grafted bimetallic nanocomposites against
Escherichia coli. Colony forming units (CFU) are expressed on y axis. As a control
(CTRL), bacterial suspension was dropped on the bottom of a sterile Petri dish.
On the left side of the graph, results obtained under ambient conditions are
shown; whereas on the right side of the graph, those obtained upon UVA-light
irradiation applied for 5 min.

interaction with the bacteria can be envisaged. As already mentioned in
introduction, E. coli has been chosen due to its abundance in polluted
water. Simultaneously, it has become obvious recently [21] that eOH
radicals are efficient in E. coli growth inhibition. In our previous work
[20], it has been proved (by EPR) that the bimetallic nanocomposites
(Au-BSA-SPION) are producing *OH radicals in aqueous environment
upon short-time (5 min) UVA light irradiation. Therefore, we wanted to
exploit the UVA-light photo-activation of Au-BSA-SPION and, conse-
quent eOH radical formation, to inhibit E. coli growth. Therefore, we
tested the antibacterial effect against E. coli without and with UVA light
application as can be compared on left and right parts of Fig. 5,
respectively. It should be noted that the graphical representation of
bacterial counts (Fig. 5) provides a more reliable basis for interpreting
the antibacterial effect, rather than qualitative visual inspection of cul-
ture plates. Representative images of the cultivation plates from the
antibacterial tests, conducted using the colony-forming unit (CFU)
assay, are presented in the Supporting Information (Figure SI-5).

The left part of Fig. 5 shows results of CFU assay performed under
standard cultivation conditions. One can conclude from the left part of
Fig. 5 that no antibacterial activity is observed in any of the samples
(there is mutual similarity considering the appropriate error bars). On
the contrary, the right part of Fig. 5 provides results obtained while UVA
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light (365 nm) irradiation is applied for 5 min. In this case, the previous
similarity among the systems with respect to antibacterial properties has
significantly disappeared. The comparison of the two sections (left and
right) of Fig. 5 reveals two distinguishable qualitative trends: decrease of
the average CFU value in the case of control and Au-BSA-SPION@pl-
BPD-PET; whereas its increase in the other cases (PET, pl-PET, pl-BPD-
PET). The possible reason might be in different wettability of substrates
influenced by differences in the extent of UVA radiation impact.
Importantly, the decrease of the average CFU value dominated and
substantially exceeded the experimental error in the case of bimetallic
nanocomposites grafted on surface-modified polymer when comparing
left and right parts of Fig. 5.

Therefore, Fig. 5 demonstrates that UVA light (365 nm) applied for 5
min leads to a significant antibacterial effect of bimetallic nano-
composites grafted on modified PET substrate against E. coli. Impor-
tantly, the antibacterial effect of Au-BSA-SPION@pl-BPD-PET is switch-
on by the UVA light solely, thus photo-induced as expected when
considering our recent work [20]. In other words, this indicates that
inherited nontoxicity of bimetallic nanocomposite (Au-BSA-SPION) that
was successfully used as an inert dual imaging probe in vivo [23], can be
turned into antibacterial agent against E. coli simply by a short-time UVA
light irradiation. In fact, such irradiation creates OH radicals near the
substrate surface (at solid-liquid interface) most probably and hence
inhibits the growth of E. coli (since the control gives evidence that UVA
light does not induce E. coli growth inhibition - Fig. 5). The direct proof
of eOH radical formation has been provided by us using EPR recently for
the same bimetallic nanocomposite in aqueous solution [20]. Hence,
according to the results summarized in Fig. 5, we speculate that
Au-BSA-SPION becomes toxic for E. coli most probably due to swift «§OH
radical formation induced by UVA light applied for 5 min.

It is important to emphasize that a brief UVA radiation exposure (5
min at 365 nm) is required in our case, which is both more economically
feasible and practically convenient compared to longer exposure dura-
tions. For instance, the prolonged time of 8 h was used in ref [16]. The
authors [16] employed 300 nm light to unveil primary amine groups
that impart antimicrobial activity to a smart polymer. Similarly, in
Ag-Ru-ZnO nanocomposite systems [6], antibacterial properties against
E. coli were activated by a prolonged UVA-light irradiation. Contrary to
these examples, the bimetallic nanocomposites grafted on
surface-modified PET substrates did not require such prolonged
UVA-light exposures. Due to the nature of Au-BSA-SPION, only
short-time UV-light exposure is preferred because prolonged exposure to
UV light can cause irreversible changes in the nanocomposite as
demonstrated in ref [33].

Owing to grafting to modified PET substrate, Au-BSA-SPION can be
easily manipulated to the place of its action, and its photo-switchable
antibacterial activity allows for activation at a user-determined time.
This holds a promising potential for use as light-activated antibacterial
coatings on polymeric substrates. Simultaneously, it can be envisaged
that building of bacteria resistance is suppressed because without light-
irradiation, the polymeric substrates, plasma-treated surface-modified
polymeric substrates, and bimetallic nanocomposite grafted on modified
polymeric substrates, all are non-toxic (left part of Fig. 5).

Further work can be devoted to the optimization of PET substrate
surface coverage by the bimetallic nanocomposite and to the changes of
Au:Fe ratio within the bimetallic nanocomposites to reach higher photo-
induced antibacterial impact. It can be also envisaged that our bimetallic
nanocomposite could be grafted to other polymeric substrates that need
to be surface-modified with the aim of reaching photo-switchable anti-
bacterial properties.

4. Conclusions
Owing to surface properties investigation and spectroscopic char-

acterization of the final system (Au-BSA-SPION@pl-BPD-PET), it was
proved that the bimetallic nanocomposite is covalently attached (via Au-



V. Lacmanova et al.

S bond) to the PET surface that has been pre-modified by BPD. This
indicates that the bimetallic nanocomposites, where Au-S linkages are
utilized, can still form the same bonding type with the surface-modified
substrate.

The antibacterial effect of the final system against E. coli was clearly
demonstrated to be activated exclusively by a 5-minute UVA light
irradiation. This represents a new photo-activable system that could be
successfully used in E. coli growth regulation.
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