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Staphylococci are among the most frequent bacteria known to cause biofilm-related infections. Pathogenic
biofilms represent a global healthcare challenge due to their high tolerance to antimicrobials. In this study,
water soluble polyethylene glycol (PEG)-coated gold nanospheres (28 ppm) and nanostars (15 ppm) with
electrostatically adsorbed photosensitizer (PS) Toluidine Blue O (TBO) ~4 uM were successfully
synthesized and characterized as PEG-GNPs@TBO and PEG-GNSs@TBO. Both nanoconjugates and the
TBO 4 uM solution showed remarkable, if similar, antimicrobial photodynamic inactivation (aPDI) effects
at 638 nm, inhibiting the formation of biofilms by two Staphylococcal strains: a clinical methicillin-
resistant Staphylococcus aureus (MRSA) isolate and Staphylococcus epidermidis (S. epidermidis) RP62A.
Alternatively in biofilm eradication treatments, the aPDI effects of PEG-GNSs@TBO were more effective
and yielded a 75% and 50% reduction in viable count of MRSA and S. epidermidis RP62A preformed
biofilms, respectively and when compared with untreated samples. This reduction in viable count was
even greater than that obtained through aPDI treatment using a 40 uM TBO solution. Confocal laser
microscopy (CLSM) and scanning electron microscope (SEM) images of PEG-GNSs@TBO's aPDI
treatments revealed significant changes in the integrity and morphology of biofilms, with fewer colony

masses. The generation of reactive oxygen species (ROS) upon PEG-GNSs@TBO's aPDI treatment was
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Accepted 19th October 2023 detected by CLSM using a specific ROS fluorescent probe, demonstrating bright fluorescence red spots

across the surfaces of the treated biofilms. Our findings shine a light on the potential synergism between
gold nanoparticles (AuNPs) and photosensitizers in developing novel nanoplatforms to target
Staphylococcal biofilm related infections.
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1. Introduction

Staphylococcus aureus (S. aureus) is a highly pathogenic Gram-
positive bacterium which is responsible for various kinds of
infections, including skin and systemic ones. Following the
appearance of methicillin-resistant S. aureus (MRSA) strains,
a few decades ago, this bacterium has been the subject of
intensive studies in the medical field. These strains, as is well-
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documented, are able to resist standard antimicrobial
therapies,.” At this point, they account for 40% to 60% of all
healthcare-associated infections and are frequent pathogens in
the infections of surgical wounds, the dermis and the blood-
stream causing sepsis.® Staphylococcus epidermidis is the most
prevalent skin bacterium, and is often regarded as a contami-
nant when isolated from infected wounds.” The impact,
however, is not limited to the skin as the peptides generated by
S. epidermidis can contribute to the proliferation of pathogenic
bacteria and, as a consequence, antibiotic resistance genes.”®

S. aureus and S. epidermidis can both form biofilms (i.e.
a clustering of surface-associated microbial cells, enclosed in an
extracellular polymeric substance matrix or EPS®) which reduce
the effectiveness of antimicrobial therapies.'**> The EPS layer
acts as a protective barrier against drug entities and cell attacks
by the host's innate immune system.® It is reported that sessile
bacteria can be as 500-5000 times more antibiotic resistant
than their planktonic counterparts.*

The development of bacterial biofilms, which can form on
biotic or abiotic surfaces, as a result of healthcare-associated
infections is now one of the most common and most serious
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complications. This is due to the ease with which biofilms form
and the difficulty of treating them afterwards.” There is, as
a consequence, an urgent need for novel therapeutic
approaches, and ones which go beyond those based on tradi-
tional antibiotics.

Light-induced therapies including photodynamic therapy
(PDT) and photothermal therapy (PTT), along with sonody-
namic therapy (SDT) have shown very promising results as
potent therapeutics for global health-care challenges such as
cancer,'>"” and multidrug resistant (MDR) bacteria.'® Photody-
namic therapy (PDT) is a minimally invasive methodology
which is used to kill cancerous, bacterial or other types of cells
by laser irradiation.**° It works by activating a photosensitizer
(PS), using a light source of a wavelength which is compatible
with the PS absorption spectrum, in the presence of oxygen.****
The interaction between the PS and the light generates free
radicals and reactive oxygen species (ROS) which, in turn, leads
to cell death, through the deleterious oxidative effects on
intracellular molecules, such as RNA, DNA, proteins and lipid
molecules.***® The particular benefits of employing PDT as an
antimicrobial therapy are that (a) it is equally effective against
antibiotic resistant microbial cells** and (b) it is engineered to
reduce the likelihood of the development of microbial resis-
tance to PDT in the sense that the photo-destructive effects of
ROS act at multiple bacterial sites, reduces the likelihood of
developing resistance.”® Toluidine Blue O (TBO) is a cationic
phenothiazine dye which is well studied as an antibacterial
photosensitizing agent.>*° It is able to generate cytotoxic
singlet oxygen when excited at a suitable wavelength (596-665
nm),**** is able to form cations when solubilized in water and is
low cost.”” These factors make it an attractive choice as an
alternative antimicrobial therapeutic.

Nanoparticles (NPs) have recently emerged both as prom-
ising antimicrobial agents themselves and as carriers for other
antimicrobial agents: this is due to their unique physicochem-
ical properties and, in particular, to a large surface area-to-
volume ratio which facilitates interaction with microbial
membranes.** Although nanoparticles made from a number of
different materials have been discussed and reviewed, gold
nanoparticles (AuNPs) are of considerable interest. This is due
to their stability, biocompatibility, pharmacokinetic character-
istics®* and antimicrobial activity.*>*®

It has been reported that the use of metal-based photo-
sensitizing NPs as PS carriers (a process which combines the
hyperthermic, antimicrobial and optical properties of metal
material with the photodynamic activity of PS)*’*° out-
performed PS alone in terms of phototoxicity against mamma-
lian and microbial cells.*’

This study reports our work on PEGylated gold nanostars
(PEG-GNSs) and gold nanospheres (PEG-GNPs), which were
prepared, characterized, and electrostatically functionalized
with the photosensitizer TBO. The prepared nanoconjugates
were tested and compared to assess the efficiency of their
antimicrobial photodynamic inactivation (aPDI) actions in
inhibiting biofilm formation, and their ability to reduce bacte-
rial viability on 24 hour preformed biofilm cultures of two
Staphylococcal biofilm producing strains: a clinical MRSA
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isolate and a S. epidermidis RP62A. Scanning electron micro-
scope (SEM) and confocal laser scanning microscopy (CLSM)
were used to characterize the aPDI actions of the prepared
nanoconjugates against both bacterial strains, in biofilm inhi-
bition and eradication treatments.

2. Materials and methods
2.1 Materials

The following were purchased from Sigma-Aldrich (Milan, Italy)
and were used without further purification: gold(m) chloride
trihydrate (~30 wt% in HCl 99.99%) MW: 339.79 g mol },
sodium borohydride (98%), L-ascorbic acid (AA) (=99%), silver
nitrate (99.8%), sodium citrate (=99%), hydrochloric acid
(=37%), nitric acid (1 N), Triton™ X-100, ethanol (=99.7%), HS-
PEG-COOH mw 5000, thiazolyl blue tetrazolium bromide (MTT),
toluidine blue O (~80%) MW: 305.83 g mol ', p(+)glucose
(=99.5%), sodium chloride (=99.0%). CellROX® Deep Red and
Hoechst 33342 solution were purchased from Thermo Fisher
Scientific (Milan, Italy). All reagents were used as received.

The following instruments were used in the study: UV-vis
spectrophotometer (HJ1908003 Aurogene, Italy), Zetasizer
Nano (ZS90 Malvern, UK), Clariostar™ microplate reader (BMG-
Labtech, Germany), shaker incubator (Certomat™ BS-T, B.
Braun Biotech International, Germany), lyophilizer (Emitech K-
850 apparatus, UK), Zeiss EVO-MA10 scanning electron micro-
scope SEM (Carl Zeiss Microscopy GmbH, Germany), trans-
mission electron microscope TEM (Jeol JEM-1200 EX II
instrument, Italy), pH meter (Thermo Fisher Scientific, Italy),
inductively coupled plasma optical emission spectroscopy ICP-
OES (OPTIMA 3000 PerkinElmer instrument, Italy), TA instru-
ments thermogravimetric analyzer (TGA) Q5000, Thermo
Scientific Nicolet iS20 FTIR Spectrometer, atomic force
microscopy (AFM) with a SmartSPM microscope (Horiba
Scientific), and ultracentrifuge (Beckman L7-65, USA).

2.2 Methods

2.2.1 Synthesis of gold nanospheres (GNPs) and gold
nanostars (GNSs)

2.2.1.1 Glassware pre-treatment. Before any synthesis
involving nanoparticles, the glassware was rinsed with bi-
distilled water and then cleaned by filling it with aqua regia
(3:1 v/v HCI 37% and HNO; 65%) for 20 min, after which the
oxidant mixture was removed, and the glassware were filled
with bi-distilled water and sonicated for 3 min. Water washing
and sonication were repeated 2 more times. The purpose of this
purification procedure was to remove any trace elements of
metal ions.*

2.2.1.2 GNPs synthesis. GNPs were prepared with the stan-
dard Turkevich method.** Briefly, 87 puL of a 1.44 M tetra-
chloroauric acid (HAuCl,) solution in water were added to
500 mL of boiling Milli-Q water. The heat was then switched off
and 25 mL of a 1.7 x 10~ > M sodium citrate dihydrate solution
in water were added, under magnetic stirring. The synthesis was
considered complete after a further 2 hours of stirring. The total
Au concentration in the final solution was 2.4 x 10~ * M.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.2.1.3 GNSs synthesis. The GNSs were prepared following
a seed growth procedure, previously described.** Briefly, seeds
were prepared in a vial by mixing 5.0 mL of a Triton X-100
aqueous solution (0.2 M) and 5.0 mL of a tetrachloroauric
acid solution (HAuCl,) aqueous solution (4.5 x 10~* M). Then
600 pL of an ice-cooled solution of NaBH, in water (0.01 M) were
quickly added to the pale-yellow solution of HAuCl, obtained in
the previous step. The resulting brown-orange solution was
gently hand-shaken for a couple of seconds. This solution
contained small spheroidal NPs (d < 5 nm) that are the seeds. It
was stored in an ice bath and needed to be used within 3 hours.
The growth solution was prepared starting from 50 mL of 0.2
UM Triton X-100 solution in water and adding, in this precise
order and under magnetic stirring: 2500 pL of AgNO; in water
(0.004 M), 50 mL of aqueous HAuCl, (4.5 x 10~* M), and 1600
pL of an aqueous r-ascorbic acid solution (0.0788 M). This
process yielded a colourless solution after few seconds of gentle
mixing. After this, 120 pL of the seed solution were added,
during which the suspension could be observed turning from
pink to purple and blue and, finally, to a grey-blue colloid
suspension. At this point, the mixing was stopped. The colloidal
suspensions were stored in the preparation flask in the dark,
ready for the PEGylation (i.e., coating with a thiol-functionalized
polyethylene glycol).

2.2.1.4 HS-PEG-COOH coatings. The GNSs and GNPs were
stabilized by grafting a thiolated polyethylene glycol (HS-PEG)
of a high molecular weight on their surface. We used HS-PEG-
COOH (MW 5000), with a thiol at one end and a carboxylic
acid function on the other end of the chain.

The GNSs and GNPs were coated by adding HS-PEG-COOH
(MW 5000) to a flask of either GNSs or GNPs colloidal solu-
tions and stirred overnight. The thiol PEG concentration was 2.0
x 10° M. Synthesis impurities and excess HS-PEG-COOH after
coating were removed with three cycles of ultracentrifugation
for 40 min at 15093 x g. After the third centrifugation phase,
the pellets were resuspended in Milli-Q water, centrifuged
again, and then finally resuspended in 100 mL of Milli-Q water
in a flask stored at 2-8 °C. The actual Au molar concentration of
both colloidal solutions of PEG-GNSs and PEG-GNPs was
measured by oxidizing a small volume with aqua regia and with
inductively coupled plasma optical emission spectroscopy (ICP-
OES). PEG-GNPs and PEG-GNSs suspensions were filter steril-
ized (0.45 uM) and then UV sterilized for 30 min prior to the
antibacterial assays. The measured concentrations for PEG-
GNPs and PEG-GNSs suspensions, as detected by ICP-OES,
were 28 ppm and 30 ppm respectively.

2.2.2 TBO adsorption onto PEG-GNPs and PEG-GNSs. A
stock solution of 1 mM toluidine blue (TBO) was prepared in
Milli-Q water, filter sterilized (0.22 pm) and stored in a fridge at
2 to 8 °C in the dark. When used, the stock solution was
appropriately diluted in sterile Milli-Q water to obtain the
desired concentration.

The toluidine blue moiety was electrostatically adsorbed on
both types of PEGylated gold nanoparticles PEG-GNSs and PEG-
GNPs. This was done by mixing a certain volume of a known
concentration of either PEG-GNSs or PEG-GNPs with the same

© 2023 The Author(s). Published by the Royal Society of Chemistry
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volume of a known concentration of TBO solution (on a 1:1
ratio) in a falcon tube. The resulting suspensions were mixed
overnight using a rotator mixer to allow for TBO electrostatic
adsorption (Fig. 1A and B: the -COOH groups of HS-PEG-COOH
are deprotonated and negatively charged at neutral pH) and the
products were later purified by ultra-centrifugation and by
redispersion processes. We used a UV-visible spectrometer to
measure the adsorbed quantity of TBO molecules at the poly-
mer surface of the PEG-AuNPs. The UV-visible absorption
spectra of the resulting supernatants allowed for the detection
of the unabsorbed quantity of TBO Table 1. Based on a previ-
ously determined standard curve of TBO absorbance at 634 nm
Fig. S1,T and a comparison with molar concentration levels, we
were able to indirectly calculate the amount of adsorbed TBO on
PEG-GNPs and PEG-GNSs. The centrifuged pellets were then
redispersed in sterile Milli-Q water.

2.2.3 Physicochemical characterization of GNPs and GNSs.
The morphology of the AuNPs was observed by a transmission
electron microscope TEM Jeol JEM-1200 EX II instrument (Jeol
Italia SPA, Italy) using 10 puL samples, deposited on nickel grids
(300 mesh) covered with a parlodion membrane. The hydrody-
namic diameter and {-potential measurements of the AuNPs,
before and after functionalization, were determined with
a Zetasizer Nano (model: ZS90 Malvern, UK). The UV spectrums
for AuNPs before and after functionalization were monitored by
recording the spectrum between 400 and 700 nm (GNPs) and
then between 600 and 1000 nm (GNSs), using a UV spectro-
photometer (model: HJ1908003 Aurogene, Italy). UV spectro-
scopic and hydrodynamic diameter measurements were
monitored for a 30 day period, with measurements at three
timepoints (day 0, 7 and 30) to evaluate the nanoconjugates
stability. Thermogravimetric analysis (TGA) on PEG-GNPs and
PEG-GNS was carried out using a TA Instruments Q5000
instrument on 1-3 mg solid samples obtained from ultracen-
trifugation of large volumes and drying of the pellets. Fourier-
transform infrared spectroscopy (FTIR) analysis was carried
out with a Nicolet 1520 (Thermo Scientific) equipped with
a DTGS detector working in a spectral range of 4000-600 cm ™,
with a resolution of 2 cm ™. A total of 32 scans were collected to
obtain a high signal-to-noise ratio.

2.2.4 Laser system setup for aPDI. We used a 638 nm
continuous wave (CW) laser diode with a nominal maximum
output power of 194 mW (source L638P200, controlled using
driver LDC 205B and temperature controller TED 200C, all from
Thorlabs Inc.). The culture plates were irradiated from the top
up, as illustrated in (Fig. 2I and II), with a light intensity of 194
mwW cm .

2.2.5 Bacterial strains and culture conditions. The micro-
organisms used in this study were Staphylococcus epidermidis
RP62A [PMID: 3679536], and a clinical isolate of methicillin-
resistant Staphylococcus aureus MRSA. The S. epidermidis
RP62A [PMID: 3679536] sample, a biofilm-producing strain, was
kindly provided by Professor T. J. Foster (Department of
Microbiology, Dublin University, Dublin, Ireland) and the MRSA
sample was provided by Professor Migliavacca (Department of
Microbiology at the University of Pavia, Pavia, Italy). Bacteria
were routinely grown in a tryptic soy broth (TSB) (Difco

RSC Adv, 2023, 13, 33887-33904 | 33889
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Fig. 1 PEG-GNPs@TBO and PEG-GNSs@TBO synthesis scheme. Schematic illustration for the coating process of [A] GNPs and [B] GNSs with
HS-PEG-COOH, and afterwards their electrostatic conjugation with TBO molecules. Abbreviations: GNPs: gold nanospheres, GNSs: gold
nanostars, TBO: toluidine blue O, HS-PEG-COOH: thiolated polyethylene glycol with carboxylic acid end moiety (schematic illustration created

with https://BioRender.com).

Laboratories Inc., Detroit, MI, USA) under aerobic conditions
and at a temperature of 37 °C with a shaker incubator (model:
Certomat™ BS-T, B. Braun Biotech International, Germany) at
200 rpm.

2.2.6 In vitro antibiofilm assays

2.2.6.1 Biofilms treatment with PEG-GNPs and PEG-GNSSs.
The experiments were performed under two treatment condi-
tions for both bacterial strains: biofilm inhibition and eradi-
cation treatments.

Biofilm inhibition treatments:

The dose-dependent effects of PEG-GNPs and PEG-GNSs on
biofilm formation were determined using the twofold broth
microdilution method. A double-strength medium (100 pL) of
TSB broth was used to fill the wells in the first column of a 48-
well plate to compensate for the first dilution. The other wells
were filled with single-strength TSB medium (100 pL). A 100 pL
volume of the highest concentration of either PEG-GNPs or
PEG-GNSs suspensions were added to the first column. Double
fold serial dilutions were then carried out across the plate in

three successive steps. The bacteria, overnight-grown, were
diluted in a 0.25% glucose-supplemented TSB medium to 4 x
10* CFU mL . Then, 100 uL of the diluted bacterial suspension
was added to the geometric dilutions of PEG-GNP or PEG-GNS
suspensions inside the 48-well plate (1:1 ratio) and the plates
were incubated for a 24 hour period at 37 °C. The untreated
samples (positive controls) consisted of a 100 pL single strength
TSB medium mixed with 100 pL of diluted bacterial suspen-
sions as previously mentioned.

The supernatants, containing planktonic cells, and the PEG-
GNS or PEG-GNP suspensions were carefully removed after
incubation. At this point, bacterial biofilm formations was
assessed by Crystal Violet (CV) assay, as described by Chris-
tensen et al.** Briefly, the biofilms were washed twice with
sterile phosphate-buffered saline (PBS) (0.134 M NacCl, 8.34 mM
Na,HPO,, 1.64 mM NaH,PO,, pH 7.4) to remove the planktonic
cells. Then, the cells were fixed with 96% ethanol for 10 min and
stained with 0.1% crystal violet for 15 min. After several wash-
ings, the wells were air dried. For a quantitative estimation of

Table 1 Quantity of electrostatically conjugated TBO to PEG-GNPs@TBO/PEG-GNSs@TBO. TBO's quantity was estimated indirectly through
the measurement of unbound TBO in the supernatant of TBO and PEG-GNPs/PEG-GNSs mixtures see Fig. S1. Data were expressed as mean +

standard deviations (n = 3)

Quantity of TBO conjugated
Type of nanoconjugate

to PEGylated gold nanoparticles (uM)

Measured absorbance
of TBO left in the supernatant after conjugation

4.023 £+ 0.030
4.007 & 0.084

PEG-GNPs@TBO
PEG-GNSs@TBO

33890 | RSC Adv, 2023, 13, 33887-33904

0.177 £ 0.001
0.176 £+ 0.004

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic illustration for the experimental setup of biofilm inhibition and eradication treatments: [I] biofilm inhibition treatments: (A)
overnight bacteria culture, (B) seeding bacteria into culture plate with the addition of treatments afterwards, (C) laser irradiation, (D) incubation
for 24 hours at 37 °C to induce biofilms formation, (E) crystal violet assay for biofilm formations detection, (F) reading CV absorbance values at
590 nm using the microplate reader. [ll] Biofilm eradication treatments: (A) overnight bacteria culture, (B) incubation for 24 hours at 37 °C to
induce biofilms formation, (C) treatments addition to the preformed biofilms, (D) laser irradiation, (E) MTT assay to detect bacterial viability after
treatments, (F) reading solubilized formazan salts absorbance values at 570 nm using the microplate reader (schematic illustration created with

https://BioRender.com).

biofilm formation, crystal violet was solubilized with 10%
glacial acetic acid. The absorbance of the solubilized dye was
determined at 590 nm by a Clariostar™ microplate reader
(BMG-Labtech, Germany). The percentage of biofilm formation
was calculated by dividing the CV absorbance intensity of the
treated bacterial samples by the CV absorbance intensity of
bacteria grown in the untreated samples.

Biofilm eradication treatments:

200 puL of S. epidermidis RP62A or MRSA cultures at 5 x 10°
CFU mL " in 0.25% glucose supplemented TSB medium were
seeded in a 48-well plate for 24 hours at 37 °C.

At the end of the incubation period the supernatant con-
taining planktonic cells were carefully removed and 200 pL of
PEG-GNS or PEG-GNP suspensions, already diluted by a 0.25%
glucose-supplemented TSB medium, were added to the formed
biofilms which were incubated for a further 24 hours at 37 °C.
200 pL of a 0.25% glucose-supplemented TSB medium were
added to the untreated samples (positive controls). At the end of
the incubation period, the supernatant containing the PEG-
GNPs or PEG-GNSs suspensions, along with the planktonic
cells, was carefully removed and the biofilms were washed once
with a sterile PBS.

The formed biofilms were vigorously disrupted, and the
bacterial cell viability was assessed through the quantitative 3-
[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium bromide
(MTT) assay as previously reported.* This colorimetric assay
measures dehydrogenase activity as an indicator of the bacterial
metabolic state. MTT, dissolved in sterile PBS (0.134 M NaCl,
8.34 mM Na,HPO,, 1.64 mM NaH,PO,, pH 7.4), was prepared at
5 mg mL " (stock solution) and diluted within the well plate at
0.5 mg mL " for the viability tests. Reduction of the MTT salt,
mediated by cellular respiration, results in purple insoluble

© 2023 The Author(s). Published by the Royal Society of Chemistry

formazan granules that are dissolved through acidified 2-
propanol (0.04 M HCI). Absorbance spectrophotometric values
were read using Clariostar™ microplate reader (BMG-Labtech,
Ortenberg, Germany) at 570 nm. The surviving fraction was
calculated by dividing the number of viable bacteria after
treatments by the number of viable bacteria in untreated
samples. Following the same procedure, we also investigated
the antibacterial effect of TBO solutions against MRSA and S.
epidermidis RP62A biofilm cultures, as reported in ESI
(Fig. S6AT).

2.2.6.2 Biofilms aPDI treatments with PEG-GNPs, PEG-
GNPs@TBO, PEG-GNSs, PEG-GNSs@TBO suspensions and TBO
solution. Biofilms of both bacterial strains were treated with
PEG-GNPs, PEG-GNPs@TBO, PEG-GNSs, PEG-GNSs@TBO
suspensions or TBO solutions and were exposed to laser
under two different treatment conditions: biofilm inhibition
and eradication treatments.

Biofilm inhibition treatments:

100 puL of S. epidermidis RP62A or MRSA cultures at 4 x 10*
CFU mL " in 0.25% glucose supplemented TSB medium were
seeded in a 48-well plate. 100 puL of PEG-GNPs, PEG-
GNPs@TBO, PEG-GNSs, PEG-GNSs@TBO suspensions or TBO
solutions, already diluted in 0.25% glucose-supplemented TSB
medium, were added to the bacterial cultures (1 : 1 ratio). 100 pL
of 0.25% glucose-supplemented TSB medium were mixed with
100 pL of diluted bacterial cultures (1:1 ratio) in untreated
samples (positive controls). The samples were divided into two
groups: those treated in dark conditions and those treated with
laser exposure (~0.2 W cm ™ > at 638 nm for 15 min). At the end
of the irradiation process, both irradiated and non-irradiated
samples were incubated at 37 °C for 24 hours. At the end of
the incubation period, CV assay was conducted to reflect the

RSC Adv, 2023, 13, 33887-33904 | 33891
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biofilm formation profile, following the same procedure indi-
cated in biofilm inhibition treatments in Section 2.2.6.1.

Biofilm eradication treatments:

Bacterial cultures of each strain were seeded in a 48 well-
plate for 24 hours at 37 °C to induce biofilm formation, as
mentioned in Section 2.2.6.1. After removing the supernatant,
and washing with sterile PBS, 200 pL of PEG-GNPs, PEG-
GNPs@TBO, PEG-GNSs, PEG-GNSs@TBO suspensions or TBO
solutions were carefully added to the preformed biofilms and
were incubated for 1 hour at 37 °C. 200 pL of sterile Milli-Q
water were added to untreated samples (positive controls). At
the end of the incubation period, the samples were divided into
two groups: those treated in dark conditions and those treated
with laser exposure (~0.2 W cm ™2 at 638 nm for 15 min). At the
end of the irradiation process, the surviving fraction of bacterial
cells in both groups was evaluated by MTT assay, as described in
Section 2.2.6.1.

2.2.6.3 Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) imaging. Biofilm inhibition treatments:

A 400 pL volume containing 200 L (4 x 10* CFU mL ™) of
either S. epidermidis RP62A or MRSA cultures and 200 pL of
either PEG-GNSs, or PEG-GNSs@TBO suspensions diluted in
a 0.25% glucose supplemented TSB medium (1:1 ratio) was
seeded on Thermanox™ coverslips (Nunc) which had been
placed inside 24-well plates. The untreated samples (positive
controls) consisted of a 400 pL final volume containing 200 pL
(4 x 10" CFU mL™") of either S. epidermidis RP62A or MRSA
cultures and 200 pL of a 0.25% glucose supplemented TSB
medium (1 : 1 ratio). The samples were divided into two groups:
those treated in dark conditions and those treated with laser
exposure (~0.2 W cm > at 638 nm for 15 min). After irradiation,
the samples were incubated for a 24 hour period at 37 °C, fol-
lowed by a fixation process. The supernatant was carefully
removed, and the samples were fixed with 2.5% (v/v) glutaral-
dehyde in a 0.1 M Na-cacodylate buffer, pH 7.2, for 1 hour at 4 °
C. After additional washes with cacodylate buffer, to remove the
excess of glutaraldehyde, the samples were incubated using
increasing concentrations of ethanol (25, 50, 75, and 96%) for
10 min. They were then dried to the critical point using
a lyophilizer (Emitech K-850 apparatus, UK) and placed on
a mounting base. The last step involved attaching coverslips on
aluminium stubs with a C bi-adhesive tape and sputtered with
gold (3 times for 1 min at 10 mA). Analysis was carried out using
a Zeiss EVO-MA10 scanning electron microscope (Carl Zeiss
Microscopy GmbH, Germany) with an acceleration voltage of 20
kv at a working distance of 8.5 mm. A scale bar was inserted
using Image]J software.

Biofilm eradication treatments:

400 pL (5 x 10° CFU mL ") of either S. epidermidis RP62A or
MRSA cultures in 0.25% glucose-supplemented TSB medium
were seeded on Thermanox™ coverslips (Nunc), already inside
the 24-well plates, and were incubated for 24 hours at 37 °C.
After incubation, the supernatant containing planktonic cells
was carefully removed, and 400 pL of PEG-GNSs or PEG-
GNSs@TBO suspensions were carefully added to cover the
biofilm on the sterile coverslip. The samples were incubated for
1 hour at 37 °C prior to laser irradiation. 400 pL of sterile Milli-Q
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water were carefully added to untreated samples (positive
controls).

Samples were divided into two groups: those treated in dark
conditions and those treated with laser exposure (~0.2 W cm >
at 638 nm for 15 min). After irradiation, the samples were fixed
following the procedure described in the paragraph above. For
(AFM) imaging, the biofilm morphology of the same samples
was analyzed by tapping mode Atomic Force Microscopy (AFM)
with a SmartSPM microscope (Horiba Scientific), with NT-MDT
NSGO03 tips (resonance frequency 110 kHz, radius 10 nm).
Images were taken from 70 pm to 4 pm scale, with scan rate 1 Hz
and were processed through IApro software analysis.

2.2.6.4 Confocal laser scanning microscopy (CLSM) imaging.
For confocal studies performed in biofilm eradication treat-
ments, 400 pL (5 x 10° CFU mL™") of either S. epidermidis
RP62A or MRSA cultures in 0.25% glucose-supplemented TSB
medium, were seeded on sterile glass coverslips placed inside
24-well plates and were incubated for 24 hours at 37 °C. After
incubation, the supernatant containing planktonic cells was
carefully removed, and 400 pL of PEG-GNSs or PEG-GNSs@TBO
suspensions were carefully added to cover the biofilm on the
sterile coverslip. The samples were incubated for 1 hour at 37 ©
C. 400 uL of sterile Milli-Q water was carefully added to
untreated samples (positive controls). Samples were divided
into those which were laser irradiated (~0.2 W cm ™2 at 638 nm
for 15 min) and those which were kept at dark conditions. After
laser treatment, the supernatant containing the nanoconjugate
suspensions for both groups were carefully removed and the
biofilms were carefully washed, once, with sterile PBS. The
viability of the bacterial cells in treated biofilms was monitored
using the LIVE/DEAD® BacLight bacterial viability kit L7012.
This kit uses two fluorescent nucleic acid stains: SYTO9 and
propidium iodide. SYTO9 permeates both living and dead
bacteria. Propidium iodide, on the other hand, permeates only
bacteria with damaged membranes and quenches SYTO9 fluo-
rescence. The dead bacteria, which are penetrated by propidium
iodide, fluoresce red whereas the viable bacteria fluoresce
green. To assess viability, 1 uL of the stock solution of each stain
was added to 3 mL of sterile PBS and, after mixing, 400 uL of the
prepared solution was dispensed into the 24-well plates con-
taining the biofilms grown on the sterile glass coverslips. The
culture plates were incubated at 37 °C for 15 min in the dark.
Stained bacteria were analysed with a Leica CLSM (model TCS
SP8 DLS; Leica, Wetzlar, Germany) with a 40x oil immersion
objective. The excitation and emission wavelengths used for
monitoring SYTO9 were 488 and 525 nm, respectively. Propi-
dium iodide was excited at 520 nm, and its emission was
monitored at 620 nm. The 3D projections and scale bar were
generated using LAS X software.

2.2.6.5 ROS detection. The semi-quantitative assessment of
ROS generation in biofilm eradication treatments was assessed
with the fluorescent probe CellROX® Deep Red reagent. This
probe is a cell-permeable reagent that is localized within the
cytoplasm. It is non-fluorescent or very weakly fluorescent while
in a reduced state and upon oxidation exhibits a strong red
fluorescent signal. For the induction of biofilms, and their
consecutive treatments with the PEG-GNSs or PEG-GNSs@TBO
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suspensions we followed the same experimental process re-
ported above (Section 2.2.6.4) but used the CellROX® Deep Red
reagent instead of the LIVE/DEAD® BacLight bacterial viability
test. CellROX® Deep Red reagent, at a final concentration of 5
uM, was added to the formed biofilms and was incubated in
dark conditions for 30 minutes at 37 °C. After incubation, the
probe was carefully removed, and the biofilms were washed
twice with sterile PBS. Then the biofilms were fixated with 3.7%
formaldehyde for 15 minutes. After fixation, a nuclear coun-
terstain Hoechst 33342 solution at a concentration of 20 uM was
added to all the samples. Hoechst 33342 (2'-[4-ethoxyphenyl]-5-
[4-methyl-1-piperazinyl]-2,5™-bi-1H-benzimidazole trihydro-
chloride trihydrate) is a cell-permeable DNA stain that is excited
by ultraviolet light and emits blue fluorescence at 460 to
490 nm. Stained bacteria were examined with a Leica CLSM
(model TCS SP8 DLS; Leica, Wetzlar, Germany) using a 63x oil
immersion objective. The excitation and emission wavelengths
used for monitoring CellROX® Deep Red were 640 and 665 nm,
respectively. Hoechst 33342 was excited at 460 nm, and emis-
sion was observed at 490 nm. The images and the scale bar were
generated using software LAS X. Mean of corrected total cell
fluorescence (CTCF) was calculated using Image] software as
folllows: CTCF = integrated density — (area of selected cells x
mean fluorescence of background). The mean fluorescence of
the background was collected using areas without fluorescence
adjacent to bacterial cells.

2.2.7 Statistical analysis. The experiments were performed
with n = 3. All data measurements were represented as mean +
standard deviations (SDs). To identify statistically significant
differences between groups, one-way variance analysis (ANOVA)
was performed, followed by Bonferroni post hoc, for multiple
comparisons or student's ¢-test to compare the means between
two groups (significance level of p = 0.05). All the statistical
calculations related to antibacterial tests were carried out using
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GraphPad Prism 9.0 (GraphPad Inc., San Diego, CA, United
States).

3. Results and discussion
3.1 Physicochemical characterization of GNPs and GNSs

GNPs were prepared by the Turkevich method,*! i.e. by reducing
HAuCl, with excess sodium citrate in Milli-Q water. In our
measurements of the UV spectral band, we observed the ex-
pected sharp localized surface plasmon resonance (LSPR)
absorption band typical of small gold nanospheres GNPs, with
Amax = 520 nm, (Fig. 3A), imparting the typical intense purple-
red colour to the colloidal solutions.

TEM imaging confirmed the expected spheroidal shape of
the prepared GNPs, (Fig. 3B), with an average diameter of 17
(£1) nm. The hydrodynamic diameter (d},) was 26.3 (£0.8) nm
(Fig. 3G), with a zeta-potential of —31.5 £+ 0.7 mV (average of 3
measurements) due to the citrate coating, at the pH of the
synthesis (~5.7) (Fig. 3C).

Dynamic light scattering (DLS) control experiments were
carried out on d, at different pH values, finding almost
unchanged dimensions at 9.0 (d;, =29.5 + 1.5 nm) and 7.4 (d, =
26.1 + 0.4 nm), while at pH 3 the strong acid (HCI) addition
promoted aggregation (d, = 40.0 & 1.8 nm).

The GNSs, on the other hand, were prepared according to
a synthetic pathway optimized in our laboratory,*” utilizing
a seed-growth process involving Triton X-100 surfactant, as
a shape-directing and protecting agent, and AgNO; in small
amounts (~10% molar ratio vs. Au) to further direct the aniso-
tropic growth.

The synthetic parameters used yielded GNSs with 5-6
branches and with a tip-to-tip maximum distance of 80-120 nm,
as can be seen in the transmission electron microscope (TEM)
images (Fig. 3E). These GNSs have multiple LSPR absorption
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Fig. 3 Physicochemical characterization of GNPs and GNSs suspensions. UV-vis absorption spectra of GNPs [A] and GNSs [D]; TEM images of
GNPs [B] and GNSs [E] (TEM scale bar: 200 nm); zeta-potential measurements of GNPs [C] and GNSs [F]; hydrodynamic diameter measurements
of GNPs and GNSs suspensions at the pH of synthesis [G]. Data were expressed as mean + standard deviations (n = 3). TEM images [within the
black frames] represent specific sections from the same corresponding images at a larger magnification.
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bands, dominated by two very intense peaks whose maximum
can be tuned, changing the synthetic conditions, to between 750
and 1100 nm (LSPR1) and 1200 and 1600 nm (LSPR2), respec-
tively. In this study, we obtained the LSPR1 band placed between
830 and 850 nm as shown in (Fig. 3D). A good reproducibility of
the synthetic procedure can be noticed by comparing the
absorption spectra recorded on different batches (Fig. S2t). The
zeta-potential of the GNSs samples was almost neutral, i.e. —5
(£0.3) mV (average of 3 measurements) at the pH of synthesis ~3
(Fig. 3F), due to the non-ionic nature of the adsorbed Triton X-
100 surfactant. The hydrodynamic diameter of the as-
synthesized GNSs was 69.3 (£3.3) nm (Fig. 3G). DLS control
experiments at pH 7.4 and 9.0 did not show significant changes,
with dj, = 68.0 &+ 4.6 nm and 72.8 + 4.6 nm, respectively.

The prepared GNPs and GNSs were coated with COOH-PEG-
SH MW 5000, as shown graphically (Fig. 1A and B). The weakly
bound coating citrate for GNPs and the Triton X-100 for GNSs,
were easily replaced by an a-thiolated polyethylene glycol
bearing an Q-carboxylic acid function (COOH-PEG-SH 5000).
Considering that a -COOH function is fully deprotonated at pH
> 6, PEGylating the AuNPs was essential to ensure stability in
water.” This is necessary for the electrostatic adsorption of the
cationic TBO molecules onto the negatively charged surfaces of
the PEG-GNPs or PEG-GNSs suspensions and, in addition,
prevents aggregation and so further enhances stability.*
Moreover, PEG grafting on GNSs ensures that excess amounts of
Triton X-100, a cytotoxic substance, are removed. Finally,
PEGylation prevents the severe product loss that may be caused
by repeated ultracentrifugation cycles on uncoated GNPs and
GNSs.”” PEGylation resulted in a small red shift (2-3 nm) of the
LSPR band peak for both GNPs and GNSs (Fig. 3A and D). The
hydrodynamic diameters of both PEG-GNPs and PEG-GNSs
increased upon surface decoration (with COOH-PEG-SH 5000).
Considering the acidic nature of the coating, we measured such
parameter at pH 3.0, 7.4 and 9.0, finding 50.7 (£+1.8), 53.1
(£0.4), and 54.7 (£1.5) nm, respectively, in the case of PEG-
GNPs, and 87.0 (£2.8), 74.0 (+2.5), 76.1 (£2.2) nm, respec-
tively, in the case of PEG-GNSs. The slight differences found
between acidic (pH 3.0) and basic conditions (pH 7.4 and 9.0)
are to be attributed to the -COOH group, that is neutral at pH
3.0 and fully deprotonated at basic pH, this inducing minimal
changes in the interactions between vicinal PEG chains and on
their overall conformation. Moreover, an additional slight
increase was also detected upon the adsorption of TBO mole-
cules, on the PEG-GNSs or in the PEG-GNPs suspensions
(Fig. 3G). In addition, the effective surface charge (i.e. zeta
potential) changed on functionalization with COOH-PEG-SH
5000. Again, due to the ionizable nature of the -COOH group,
this parameter was measured at pH 3.0, 7.4 and 9.0, obtaining
—10.4 (£0.3), —32.4 (£0.8) and —38.7 (£2.1) mV, respectively,
for PEG-GNPs, and —8.7 (£0.3), —31.4 (+1.7), —35.9 (£1.3) mV,
respectively, for PEG-GNSs. For the aims of this paper, it is
relevant to stress that at pH ~7.4 the zeta-potential changes only
slightly on PEGylation of the citrate-coated GNPs, remaining
strongly negative. On the other hand, it shifts from —5 mV to
—31 mV for GNSs, as the neutral Triton X-100 is replaced by the
deprotonated COOH-PEG-SH 5000 polymer.
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The PEG-GNPs and PEG-GNSs suspensions were both ultra-
centrifuged 3 times to remove synthesis impurities and excess
amounts of citrate and Triton X-100 and were filter sterilized
(0.45 pM) prior to mixing with TBO solution. This resulted in
losing a certain quantity of PEG-GNPs and PEG-GNSs, as is
evident from the UV-vis absorption spectrums of PEG-
GNPs@TBO and PEG-GNSs@TBO (Fig. 3A and D).

Further characterization of the PEGylated PEG-GNPs and
PEG-GNSs was carried out by Thermogravimetric analysis (TGA)
(Fig. S371). For PEG-GNPs TGA revealed a 10.65% mass loss due
to COOH-PEG-SH 5000 decomposition, to be compared with
a 4.44% mass loss for the parent citrate-coated GNPs. For PEG-
GNSs, a 14.78% mass loss was found, vs. a 2.88% for the parent
GNSs. FT-IR analysis (Fig. S4Bt) shows a significant difference
between the citrate-coated GNPs obtained from synthesis (that
has a weak and almost featureless spectrum) and PEG-GNPs.
The latter display the rich set of signals typical of a poly-
ethylene glycol. The difference in the FT-IR spectra of GNSs and
PEG-GNSs is instead less evident, due to the presence of Triton
X-100 around the as-synthesized GNSs, a molecule that has
structural similarities with PEG.

Following the successful PEGylation, TBO was adsorbed into
the polymer surface of the PEG-GNSs or PEG-GNPs suspensions
by electrostatic interaction, as indicated in (Fig. 1A and B).
Mixing TBO solution with the PEGylated AuNPs increased zeta-
potential values for both PEG-GNPs@TBO and PEG-GNSs@TBO
suspensions, conforming that electrostatic adsorption of the
cationic TBO molecules onto the anionic polymer surface of
PEG-GNPs and PEG-GNSs had taken place (Fig. 3C and F). The
increase in zeta-potential value was more pronounced in the
PEG-GNPs@TBO samples than in the PEG-GNSs@TBO
samples. This is likely because PEG-GNPs are smaller and
more uniformly sized than PEG-GNSs. These morphological
factors might have distributed the oppositely charged TBO
molecules onto the negatively charged polymer surface of PEG-
GNPs more evenly and, as a result, increased the net surface
charge of the polymer surface. Additionally, looking at the UV
graphs provided in Fig. 3A and D we can observe a small peak at
634 nm, which also confirms the conjugation of TBO.

The stability of the PEG-GNPs@TBO and PEG-GNSs@TBO
suspensions were evaluated as indicated in (Fig. 4). We moni-
tored the stability of the nanoconjugate suspensions by taking
three different measurements, over a month-long period, of UV-
vis absorption spectra and hydrodynamic diameters (Fig. 4A, B
and D). Samples were stored in a fridge between 2 and 8 °C
throughout the testing period. By means of these measure-
ments, which exhibited little variation, we were able to confirm
that the nanoconjugates remained stable over the course of test
period. Visual examination of the nanoconjugate suspensions
showed no aggregation nor a change in colour (Fig. 4C), which
agrees with the other evaluations of stability.

3.2 aPDI effects on biofilm formations by treatments with
PEG-GNPs@TBO and PEG-GNSs@TBO

Before assessing the aPDI effect of PEG-GNPs@TBO and PEG-
GNSs@TBO on biofilm formation of both bacterial strains

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Stability evaluation of PEG-GNPs@TBO and PEG-GNSs@TBO suspensions. UV-vis absorption spectra of PEG-GNPs@TBO [A] and PEG-
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suspensions images taken at different times as indicated [C]. Hydrodynamic diameter measurements of PEG-GNPs@TBO and PEG-GNSs@TBO

recorded at different times as indicated [D].

(Fig. 6), a preliminary assessment was made of the effect of PEG-
GNPs and PEG-GNSs without conjugated TBO (Fig. 5).
PEG-GNPs and PEG-GNSs, at different concentrations, were
tested for their intrinsic biofilm inhibition effect against
planktonic cultures of the biofilm-producing Gram positive
bacterial strains MRSA and S. epidermidis RP62A.* The crystal
violet CV biofilm assay showed an increment in the biofilms
inhibition effect for both types of PEG-AuNPs against both

bacterial strains as shown in (Fig. 5A and B) as well as the
corresponding CV well-plate images in (Fig. 5C and D). For PEG-
GNSs the biofilm inhibition effect plateaued after 15 ppm, and
30 ppm for MRSA and S. epidermidis RP62A cultures, respec-
tively. Instead for PEG-GNPs, the gradual increase in dose
correlated with an increased inhibition in biofilm formation,
for both bacterial strains. Although AuNPs are generally
considered to be biologically inert, and do not to possess
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Fig. 5 Dose-dependent effects of PEG-GNPs and PEG-GNSs on Staphylococcal biofilm formations. To evaluate the intrinsic dose-dependent
effect of PEG-GNPs [A and C] and PEG-GNSs [B and D] on biofilm formations by MRSA and S. epidermidis RP62A planktonic cultures, CV assay
was performed. Percentage of biofilm mass formation was calculated as indicated in Materials and methods in Section 2.2.6.1. Data were
expressed as mean =+ standard deviations (n = 3). Test groups were compared to the untreated samples using one-way variance analysis
(ANOVA), followed by Bonferroni post hoc, for multiple comparisons where: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. [C and D]
Qualitative images of bacterial biofilm biomass stained with CV after incubation with PEG-GNPs [C] and PEG-GNSs [D], compared to the control.
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antibacterial properties,*® a number of studies have indicated
that there are ways in which AuNPs, of various shapes and
dimensions, can in fact exert an intrinsic antibacterial activity.
Small spherical AuNPs, for example, can produce holes in the
bacterial cell wall, leading to the loss of cell contents and
eventually cell death.**® These studies explain the gradual
decrement in the ability of both MRSA and S. epidermidis RP62A
cultures to form biofilms after being incubated with incre-
mental doses of PEG-GNPs. It has also been demonstrated
elsewhere, in other work on GNSs, that the larger quasi-
spherical and star-shaped AuNPs can adhere on bacterial
cells, causing membrane stretching and rupturing.*>

Another contributing factor to the antibacterial effect of GNSs
could be the presence of silver (~10%) in the GNSs lattice, added
during the synthesis phase:* the gradual release of small quan-
tities of Ag" ions from the GNSs suspension, when incubated with
bacteria, may well account for this cytotoxic effect against
bacterial cells.>® Other papers have highlighted the potential of
AuNPs to directly impact the bacterial respiratory chain through
nicotine amide® or through the generation of reactive oxygen
species (ROS) and the induction of oxidative stress.*

In our study, we argue that the dose-dependent decrease in
biofilm formation is in fact due to a reduction in the bacterial
cell count which occurs as a result of the physical interaction
between the bacterial planktonic cells of either MRSA or S.
epidermidis RP62A with either the PEG-GNPs or PEG-GNSs.

We are able to exclude the possibility that this antibacterial
effect is in any way due to synthesis impurities or excess reac-
tants, as reported previously,* since three rounds of ultracen-
trifugation were conducted for the PEG-GNPs and PEG-GNSs
suspensions before the antibacterial assays.

Based on the results of the intrinsic biofilm inhibition effect
of our PEG-GNPs and PEG-GNSs suspensions (Fig. 5), we chose
to proceed with our aPDI evaluations using PEG-GNPs and PEG-
GNSs suspensions concentrations that exhibited a lower
intrinsic biofilm inhibition effect. The concentrations that were
chosen, as measured by ICP-OES, were as follows: [Au] ~28 ppm
for PEG-GNPs and ~15 ppm, for PEG-GNSs. The same concen-
trations were used for the adsorption of TBO molecules onto the
polymer surface of PEG-GNPs and PEG-GNSs suspensions, and
later for the subsequent antibacterial assays.

The amount of adsorbed TBO on the PEG-GNPs@TBO and
PEG-GNSs@TBO samples was indirectly measured by UV-vis
absorption spectroscopy (Section 2.2.2) and it was found to be
similar for both nanoconjugates. Approximately ~4 uM of TBO
(an average of 3 measurements) was found to be electrostatically
attached to PEG-GNPs [28 ppm] and PEG-GNSs [15 ppm]. A
possible explanation for the attachment of a similar amount of
TBO ~4 pM for both PEG-GNPs and PEG-GNSs despite the
differences in their measured [Au] concentrations is the fact
that PEG-GNSs are larger in size than PEG-GNPs (Fig. 4). In the
remaining antibacterial evaluations described in this study, the
antibacterial activity of nanoconjugates was compared with the
antibacterial activity of a 4 pM TBO solution as this effectively
mirrors the amount that was adsorbed onto the polymer surface
of the nanoconjugates. Our objective was to evaluate and
compare the differences in antibacterial activity of PEG-
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GNPs@TBO, PEG-GNSs@TBO suspensions with the TBO 4 pM
solution alone, in biofilm inhibition and eradication treatments
and with and without laser irradiation.

The biofilm formations inhibition assays for the MRSA and S.
epidermidis RP62A bacterial strains, showed a significant difference
between the samples that were exposed or unexposed to laser
irradiation (Fig. 6A-D). Biofilm formation was almost completely
inhibited, for both bacterial strains, after treatment with either the
nanoconjugates or the TBO solution and laser exposure, in
comparison the untreated bacterial samples. On the other hand,
the samples that were treated but not exposed to laser irradiation
showed marked biofilm formation, approximately 75-90% more
biofilm mass in comparison to that observed in untreated samples.

In dark conditions, the PEG-GNSs@TBO samples were
~10% more effective in reducing biofilm formation than TBO
alone, against both strains (Fig. 6B and D). The PEG-
GNPs@TBO treatment, however, only outperformed (with
a 10% increase in biofilm inhibition) TBO alone against S.
epidermidis RP62A cultures (Fig. 6C). We performed the same
tests using only PEG-GNPs and PEG-GNSs with and without
laser irradiation as a control experiment (Fig. S5T). In the case of
PEG-GNPs, there was a little difference in the percentage of
biofilm formations between samples whether they were treated
in dark conditions or were irradiated (Fig. S5A7). With the PEG-
GNSs, on the other hand, there was a much more noticeable
difference between samples that had undergone laser irradia-
tion and those that had not (Fig. S5Bf). We attribute this
increased effectiveness in reducing biofilm formations to the
laser irradiation absorbed by PEG-GNSs which, in turn, may
cause an antibacterial photothermal effect.*>*"*® We speculate
that this induced photothermal effect may further stimulate the
release of the silver ions from the GNSs lattice,*” increasing
again the antibacterial effect.>

Based on these results, we chose to further support our data
by performing a SEM qualitative assessment. Given that biofilm
formation was almost completely inhibited with the treatments
after exposure to laser, we carried out a SEM analysis to visualize
the effect of PEG-GNSs@TBO as a representative treatment. As
reported in (Fig. 6E-H), the images before and after laser irra-
diation supported the CV biofilm inhibition assay data (Fig. 6B
and D), ie., the practical absence of biofilm formation after
laser exposure and in presence of PEG-GNSs@TBO. The
samples that were grown, in presence of PEG-GNSs@TBO but
without exposure to laser, on the other hand, showed a normal
biofilm growth (Fig. 6E and G). This would roughly be similar to
the levels of biofilm development in the absence of treatment
(Fig. S7A and D).

The aPDI effect of TBO has been well documented.>”?*3%%
Once irradiated with a light source of an appropriate wavelength
(600-660 nm)*® the aPDI has the potential to generate a cytotoxic
ROS that is able to eradicate bacterial cells. We used a CW laser
diode of 638 nm with an output power of ~0.2 W ecm 2 for 15
minutes in all of our aPDI assays. The laser wavelength was
chosen to be close to the TBO absorption maxima, at 634 nm
within the used concentration, to ensure a high quantum yield of
ROS generation.** It is worth noting here that the power and
wavelength of the laser fall within the maximum permissible

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 aPDI effects of PEG-GNPs@TBO and PEG-GNSs@TBO on Staphylococcal biofilm formations. To evaluate the aPDI effects exerted by
PEG-GNPs@TBO, PEG-GNSs@TBO or TBO alone on biofilm formations by MRSA [A and B] and S. epidermidis RP62A [C and D] planktonic
cultures, CV assay was performed. Percentage of biofilm mass formations was calculated as indicated in Materials and methods in Section 2.2.6.1.
Data were expressed as mean =+ standard deviations (n = 3). Test groups were compared using one-way variance analysis (ANOVA), followed by
Bonferroni post hoc, for multiple comparisons where: ****p < 0.0001. SEM images of MRSA [E and F] and S. epidermidis RP62A [G and H]
planktonic cultures upon PEG-GNS@TBO treatment in dark conditions and with laser exposure as indicated. SEM images [within black frames]

represent specific sections from same corresponding images at a larger magnification.

exposure (MPE) limits for skin, as stated by the American
National Standard for Safe Use of Lasers.”® There was a signifi-
cant biofilm formation inhibition with PEG-GNPs@TBO and
PEG-GNSs@TBO, along with TBO alone, nonetheless the nano-
conjugates did not outperform the TBO alone in inhibiting bio-
film formation. The results did reveal, though that adsorption of
TBO onto both the PEG-GNPs@TBO and PEG-GNSs@TBO
suspensions did not negatively impact its aPDI effects.

3.3 aPDI effects on preformed biofilms by treatment with
PEG-GNPs@TBO or PEG-GNSs@TBO

The effect of both the TBO unconjugated PEG-GNPs and PEG-
GNSs was evaluated (Fig. 7) prior to the evaluation of the aPDI

exerted by PEG-GNPs@TBO and PEG-GNSs@TBO on preformed
biofilms against both bacterial strains (Fig. 8).

PEG-GNSs and PEG-GNPs, at different concentrations, were
assessed for their intrinsic antibacterial activity against 24 hour
preformed biofilms of MRSA and S. epidermidis RP62A cultures
(Fig. 7). This was to check for the innate antibacterial effect of
PEG-GNPs or PEG-GNSs suspensions, ie., their ability to
decrease the viable count of bacterial cells present within the
biofilms.

For PEG-GNSs, a slight decrease in bacterial viability was
measured with a plateau effect reached when incremental doses
of PEG-GNSs were used (Fig. 7B). A similar biofilm viable count
(plateau response) was measured for biofilm cultures of the
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Fig. 7 Dose-dependent effects of PEG-GNPs and PEG-GNSs on the bacterial viability of preformed Staphylococcal biofilms. To evaluate the
intrinsic dose-dependent effects of PEG-GNPs [A] and PEG-GNSs [B] on the bacterial cell viability of 24 hour preformed biofilms of MRSA and S.
epidermidis RP62A, an MTT assay was performed. PEG-GNSs and PEG-GNPs were incubated with the preformed biofilms for 24 hours at 37 °C
prior to conducting the MTT assay. Surviving fraction was calculated as indicated in Materials and methods in Section 2.2.6.1. Data were
expressed as mean + standard deviations (n = 3). Test groups were compared to the untreated samples using one-way variance analysis
(ANOVA), followed by Bonferroni post hoc, for multiple comparisons where: ****p < 0.0001.
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Fig.8 aPDl effects of PEG-GNPs@TBO or PEG-GNSs@TBO on the bacterial viability of preformed Staphylococcal biofilms. To evaluate the aPDI
effect on the bacterial viability of 24 hour preformed biofilms of MRSA [A and B] and S. epidermidis RP62A [C and D] upon treatments with PEG-
GNPs@TBO, PEG-GNSs@TBO or TBO alone, an MTT assay was performed. Surviving fraction was calculated as indicated in Materials and
methods in Section 2.2.6.1. Data were expressed as mean + standard deviations (n = 3). Test groups were compared using one-way variance
analysis (ANOVA), followed by Bonferroni post hoc, for multiple comparisons where: *p < 0.05, ***p < 0.001, ****p < 0.0001. Live/dead 3D CLSM
projections of MRSA [E and F] and S. epidermidis RP62A [G and H] preformed biofilms upon treatment with PEG-GNSs@TBO in dark conditions
and with laser exposure as indicated. Live cells were stained in green by SYTO 9 and dead cells stained in red by propidium iodide PI. Scale bar:

100 pm.

same bacterial strains, when tested against a range of different
TBO concentrations (Fig. S6AT). In the case, alternatively, of
PEG-GNPs the reduction in bacterial viability was correlated
with incremental doses, with a slightly more pronounced anti-
bacterial effect at higher doses (Fig. 7A). This result agrees with
previous studies of the relationship between AuNPs size and
their biofilm eradication efficacy®”®* where smaller AuNPs were
shown to be more capable of eliminating bacterial cells present
in mature biofilms due to their increased ability to penetrate
cellular membrane barriers. The same concentrations of PEG-
GNPs@TBO and PEG-GNSs@TBO that were used in the bio-
film formations inhibition assays (Section 3.2) were assessed
again to understand their effect on laser treatment against 24
hour preformed biofilm cultures of MRSA and S. epidermidis
RP62A.

PEG-GNSs@TBO had superior aPDI effects against the pre-
formed biofilms of both bacterial strains. The treatment
reduced bacterial viability of MRSA and S. epidermidis RP62A
biofilms by 75% and 50%, respectively, in comparison to a 12%
and 17% reduction with TBO alone for the same bacterial
strains (Fig. 8B and D). It is interesting to note that the PEG-
GNSs@TBO samples were able to reduce bacterial viability
only slightly, without laser irradiation. This suggests that this
nanoconjugate system would be suitable as an on-demand
antibacterial effect. The antibacterial activity of PEG-
GNPs@TBO, however, was lower and only slightly more effec-
tive than TBO alone (Fig. 8A and C). The bacterial viability of
MRSA and S. epidermidis RP62A biofilm cultures were reduced
by around 35% and 30%, respectively, upon treatment with
PEG-GNPs@TBO and laser exposure. This compares to reduc-
tion rates of just 13% and 17% with the TBO solution alone for

33898 | RSC Adv, 2023, 13, 33887-33904

the same bacterial strains (Fig. 8B and D). Bacterial viability was
not reduced significantly in samples that were not exposed to
laser irradiation. Samples treated in dark conditions by PEG-
GNPs@TBO showed the highest reduction, followed by TBO
alone and PEG-GNSs@TBO in the same corresponding order
(Fig. 8). It is worth noting that for both bacterial strains, we
tested the effect of laser alone, TBO unconjugated PEG-GNPs
and PEG-GNSs suspensions with laser exposure as an experi-
mental control to check for their antibacterial effects in biofilm
inhibition and eradication treatments. With laser treatments
alone, there were virtually no detected differences from the
untreated bacterial samples in both biofilm inhibition and
eradication treatments (Fig. S7-S107t), whereas the antibacterial
effects in biofilm eradication treatments of the TBO unconju-
gated PEG-GNPs and PEG-GNSs suspensions were almost
equivalent to those without laser exposure (Fig. S5C and D).
For comparative purposes, we also investigated the antibacterial
effect of a relatively high concentration of TBO (40 uM) against
preformed biofilms of the same bacterial strains (Fig. S6B). A
reduction of nearly 30% in bacterial viability was measured for
both strains after 15 minutes of laser irradiation. This result
clearly demonstrates the superior antibacterial effects achieved
via the adsorption of TBO to GNSs, as a treatment with a ten
times more concentrated solution of TBO (40 pM), did not result
in the same extent of reduction in bacterial viability as that
attained by the aPDI treatment of PEG-GNSs@TBO. Given the
promising aPDI data with the PEG-GNSs@TBO treatments, we
decided to conduct a LIVE/DEAD® assay utilizing a BacLight
bacterial viability kit L7012 and CLSM microscopy to check for
the bacterial viability and the morphological changes following
preformed biofilm treatment with PEG-GNSs@TBO, with and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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without laser exposure (Fig. 8E-H). Both treated biofilms
(Fig. 8E and G), showed predominantly green-fluorescing,
viable, cells after treatment with PEG-GNSs@TBO without
laser irradiation. This agrees with the results of the antibacterial
MTT assays (Fig. 8A and C). Increased levels of cellular death,
however and as demonstrated by a higher percentage of red-
fluorescing cells, were observed in biofilms treated with PEG-
GNSs@TBO and laser irradiation (Fig. 8F and H), along with
morphological changes. To further support our data, we also
performed a SEM imaging analysis to visualize the antibacterial
effects of the treatments on the preformed biofilms (Fig. 9A-D).
SEM images demonstrated a clear difference in biofilm integrity
for samples that were (Fig. 9B and D) and were not (Fig. 9A and
C) exposed to laser. Bacterial cell clusters within biofilms that
were treated with PEG-GNSs@TBO and exposed to laser were
much more fragmented than those that had not been exposed
to laser. Using the same samples, we conducted also atomic
force microscopy imaging (AFM) to further examine the biofilm
surface morphology before and after treatments. The uniform
and smooth biofilm surface morphology in dark conditions is
confirmed by AFM images on the micro-meter scale (Fig. 9E and
G). On the other hand, after laser treatment, AFM images clearly
demonstrated a detrimental effect on biofilm integrity (Fig. 9F
and H). These images show that PEG-GNSs@TBO aPDI treat-
ment can also facilitate and enhance the diffusion of other
antimicrobials into biofilms. This may consequently lead to
better therapeutic outcomes as antimicrobials gain access to
deeper bacterial cell layers.®> Our quantitative and qualitative
assays results confirmed that the antibacterial effects of PEG-
GNSs@TBO were attributed to the photodynamic activation of
the conjugated TBO. As a result, we assessed laser induced ROS
generation with the fluorescent probe CellROX™ Deep Red.

PEG-GNSs@TBO

PEG-GNSs@TBO

MRSA

S. epidermidis
RP62A

View Article Online

RSC Advances

This cell-permeant dye is non-fluorescent while in a reduced
state but exhibits bright red fluorescence upon oxidation by
ROS. Previous studies reported the successful use of the same
probe for detecting oxidative stress in bacteria.®*** Our CLSM
images revealed a clear difference between the samples that
were treated in dark conditions, and those which were laser
irradiated (~0.2 W cm 2 at 638 nm for 15 min). Following
treatment with PEG-GNSs@TBO, but without laser irradiation,
red fluorescence surface levels were barely detectable (Fig. 10A
and C). In the case of bacterial biofilms that were treated with
PEG-GNSs@TBO and exposed to laser, however, numerous
bright red spots were clearly observed in different locations
(Fig. 10B and D). This confirms the laser induced ROS
production by PEG-GNSs@TBO ROS production. Using a dedi-
cated image processing software (Image]) we managed to
quantify the ROS production for both bacterial samples after
treatment with and without laser irradiation (Fig. 10E and F).
Several previous studies®*****® have demonstrated that during
the photodynamic activation of a PS, the generation of ROS and,
in particular, singlet oxygen species (O,) can be significantly
elevated by the localized surface plasmon resonance of gold
nanoparticles. It has been argued that the LSPR of Au nano-
particles enhances photocurrent and leads, once activated by
a suitable light source, to an energy transfer to the PS. This,
gained, energy is transferred into elevated ROS formation.®
Khan et al.®” have demonstrated enhanced aPDI effects in
methylene blue MB, a PS which is close in structure to TBO,
when conjugated with Concanavalin-A (ConA) directed dextran
capped gold nanospheres ~36 nm in diameter. This was
attributed to the AuNPs plasmon field that excited MB mole-
cules located in the proximity of the nanoparticles, when they
were subjected to a suitable light source.®® Theses studies

PEG-GNSs@TBO
w/o Laser

PEG-GNSs@TBO
with Laser

Fig. 9 Bacterial biofilms images after aPDI effect of PEG-GNSs@TBO. SEM images of MRSA [A and B] and S. epidermidis RP62A [C and D]
preformed biofilms upon treatment with PEG-GNSs@TBO in dark conditions and with laser exposure as indicated (scale bar: 10 pm). SEM images
[within black frames] represent specific sections from same corresponding images at a larger magnification. Tapping mode 2D AFM topo-
graphical images for the same samples studied: MRSA [E and F] and S. epidermidis RP62A [G and H] preformed biofilms upon PEG-GNSs@TBO
treatment both in dark conditions and with laser exposure, respectively (scale bar: 2 um).
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Fig. 10 Fluorescent detection of ROS formation after treatment with PEG-GNSs@TBO. CellROX® Deep Red/Hoechst 33342 stained CLSM
images for the ROS detection on MRSA [A and B] and S. epidermidis RP62A [C and D] preformed biofilms upon treatment with PEG-GNSs@TBO in
dark conditions and with laser exposure as indicated. Scale bar: 50 pm. CLSM images [within the yellow frames] represent a selected section from
the same corresponding images at a larger magnification. Mean of fluorescence intensity [E and F], expressed as CTCF (corrected total cell
fluorescence), determined for MRSA [E] and S. epidermidis RP62A [F] after laser exposure. Data were expressed as mean + standard deviations (n
= 3). Test groups were compared using Student's t-test where: **p < 0.01.

support the position of this paper, i.e. the increased efficacy, in
terms of aPDI levels, of the TBO conjugated with PEG-
GNSs@TBO when compared with TBO alone. Moreover, Kha-
ing Oo et al*® reported that enhanced ROS generation, in
conjugating the PS protoporphyrin IX on the surface of GNPs, is
size-dependent. Functionalized GNPs with a 106 nm diameter
presented an enhancement ratio which was 11 times greatest
than that of 19 nm samples and of 3.5 times those of 66 nm. The
larger the GNPs, the stronger the effect. This finding agrees with
our results and may help to explain the enhanced aPDI effects of
PEG-GNSs@TBO over the smaller PEG-GNPs@TBO. Moreover,
the well-known ability of GNSs to enhance the electric field
around their sharp edges and tips* may also contribute to an
increase in ROS generation in irradiated PEG-GNSs@TBO.
Finally, another factor that may have contributed to the
enhanced antibacterial activity of our nanoconjugates is the
presence of the cationic TBO on the outer polymer surface. As
reported by previous literature®* >3’ this should have aided
the electrostatic interaction between the nanoconjugates with
the negatively charged bacterial cell surface*® and extracellular
polymer substances (EPS) of bacterial biofilms.” Another aspect
that is important to discuss is the safety of our nanoconjugates
as a potential candidate therapeutic for superficial biofilm
infections, such as those found in chronic infected wounds.
Moderate to high ROS production from exogenous factors is
known to contribute to oncogenesis, and indirectly may cause
cell mutations leading eventually to cell death.”” Since our
nanoconjugates are targeted towards bacterial infections

33900 | RSC Adv, 2023, 13, 33887-33904

present on the skin, this may justify the possible damage caused
by ROS production, based on two facts: first, skin is a regener-
ative organ, meaning that possible damage arising from exog-
enous ROS production won't be irreversible and eventually
damaged skin tissue will be replaced by healthy intact one.”
Second, is that our nanoconjugates may offer an alternative
therapeutic to infected chronic wounds, including systemic
antibiotic treatments or even some last-resort treatments
notably amputations. From a benefit-risk ratio point of view,
avoiding the administration of systemic antibiotics with all of
its associated side effects,”® or preventing an amputation
surgery outweighs the possible side effects arising from ROS
production to nearby skin tissue.

4. Conclusions

This paper sheds light on the antibacterial potential of gold
nanoparticles as carriers for photosensitizers and indicates how
this synergism can be harnessed to provide efficient anti-
biofilm therapeutics in an era where pathogenic biofilms
represent a major and global concern for health-care systems.

We compared the intrinsic antibacterial activity of two kinds
of PEGylated gold nanoparticles, PEG-GNPs and PEG-GNSs, and
their aPDI effects upon functionalization with TBO. We
demonstrated that the antibacterial potential of a PS like TBO
can be significantly enhanced by adsorption onto a metallic
nanoplatform like gold nanoparticles.

Our findings revealed that differences in NP shapes and sizes
impact their intrinsic antibacterial efficacies and their aPDI

© 2023 The Author(s). Published by the Royal Society of Chemistry
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effects when used as a carrier for the PS TBO. Although both
nanoconjugates and TBO solutions exhibited remarkable aPDI
effects in inhibiting biofilm formation, only the PEG-
GNSs@TBO treatment, in terms of aPDI effects, was able to
notably reduce bacterial viability on 24 hour preformed bio-
films. CLSM and SEM images also demonstrated the ability of
PEG-GNSs@TBO aPDI's to disrupt biofilm integrity. This effect
can be repurposed by deploying this treatment to increase the
effectiveness, via enhanced levels of biofilm diffusion, of other
antimicrobial treatments.

Our results were achieved using a laser within the maximum
permissible skin exposure levels. This paves the way for opti-
mizing and employing our findings in future studies for treating
clinically related biofilm infections. We firmly believe that there
is huge potential to develop other synergistic photodynamic
nanoplatforms, as and efficacious antibiofilm
therapeutics.
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