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Abstract

This study investigated, for the first time, the antimicrobial properties of polyethylene glycol-functionalized poly(N-phe-
nylglycine) nanoparticles (PNPG-PEG NPs). PNPG-PEG NPs exhibit high extinction coefficient in the near-infrared (NIR)
region; they can convert light energy into heat energy with high thermal transformation efficiency. Additionally, they can
generate cytotoxic reactive oxygen species (ROS) upon light irradiation. Also, PNPG-PEG NPs are not cytotoxic. All these
properties make them appropriate for combined dual-modal photothermal and photodynamic therapies. The antibacterial
activity of PNPG-PEG NPs was assessed using Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-positive)
pathogenic strains. The results revealed that NIR light (810 nm) irradiation for 10 min could kill effectively the planktonic
bacteria and destroy Escherichia coli and Staphylococcus aureus biofilms. The results demonstrated that PNPG-PEG NPs
represent a very effective nanoplatform for killing of pathogenic bacteria.

Keywords Polymer-based nanomaterials - Antibacterial therapy - Escherichia coli - Staphylococcus aureus - Biofilm

Introduction

Pathogenic bacteria in food and water, even in infinitesi-
mal quantities, seriously affect human health [1]. Staphy-
lococcus aureus (S. aureus) and Escherichia coli (E. coli)
are among the most rampant species of Gram-positive and
Gram-negative bacteria, respectively [2]. E. coli is one of
the leading causes of nosocomial urinary-tract infections and
enterocolitis [3]. S. aureus is also an etiological infection
agent responsible for considerable diseases and mortality
[4]. In the meantime, the usage of conventional antibiot-
ics for treating bacterial infections has become less efficient
due to increased rates of antibiotic resistance [5]. Therefore,

Sena Ghayyem and Alexandre Barras contributed equally to this
work.

< Rabah Boukherroub
rabah.boukherroub@univ-lille.fr

1" Univ. Lille, CNRS, Centrale Lille, Univ. Polytechnique
Hauts-de-France, UMR 8520 - IEMN, F-59000 Lille, France

Analytical Chemistry Department, School
of Chemistry, College of Science, University of Tehran,
1417935840 Tehran, Iran

novel approaches and new antibacterial materials are critical
for the effective killing of pathogenic bacteria.

Recently, photodynamic therapy (PDT) and photothermal
therapy (PTT) using nanomaterials have received signifi-
cant attention as therapeutic alternatives due to their high
efficiency and reduced toxicity [6]. In PTT, photo-absorb-
ing agents with high thermal transformation efficiency are
gathered in the vicinity of the bacteria, and upon light irra-
diation, they convert light energy into heat energy to cause
cell damage and further bacterial eradication [7]. In PTT,
although visible light can be used, NIR light is generally pre-
ferred, owing to its enhanced depth penetration and reduced
damage to biological matter [8, 9]. PTT materials commonly
include three types of nanomaterials: (a) inorganic, such as
gold [10-12], silver [13], palladium [14], ruthenium [10],
and copper-based nanomaterials [15]; (b) organic, such as
graphene [16—18] and carbon-based nanomaterials [19]; and
(c) polymers, such as polyaniline (PANI)- [20], polypyr-
role- [21], polythiophene- [22], polydopamine- [22], and
polyvinylpyrrolidone-based nanomaterials [23]. There are
a few studies on the use of inorganic nanomaterials as PTT
agents for killing bacteria. Although these nanomaterials are
good photo-absorbing agents with high thermal transforma-
tion efficiency, they are non-biodegradable and generally
remain in the body for long periods of time, which grows
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Scheme 1. Schematic illustration of the preparation of polyethylene glycol-functionalized poly(N-phenylglycine) nanoparticles (PNPG-PEG
NPs) (counterions are omitted for clarity). Inset: a photograph of PNPG-PEG NPs dispersion in water

concerns for their potential long-term toxicity. In contrast,
polymer-based PTT agents are biodegradable, which makes
them more beneficial for in vivo applications [24]. Overall,
polymer-based nanomaterials are considered to be ideal can-
didates for antibacterial therapy, because of their outstanding
properties such as the good ability to absorb NIR radiation,
high thermal transformation efficiency, excellent chemical/
photo/thermal-stability, low toxicity, and good biocompat-
ibility [25].

PDT requires the use of a photosensitizer (PS) able to
generate reactive oxygen species (ROS), upon light irradia-
tion at an appropriate wavelength in presence of molecular
oxygen, to kill pathogenic bacteria. In PDT, the PS transfers
energy to the surrounding oxygen to generate cytotoxic ROS,
resulting in DNA/protein/lipid damage and finally cell death
[25]. PDT photosensitizers can be divided into porphyrins,
chlorine, and dyes [26]. These PSs are typically activated by
applying UV-visible light, which is not suitable for clinical
implementation [27]. Recently, a few studies have focused
on the design and construction of new PSs that can generate
ROS and damage cellular components in the presence of an
external NIR light source [28, 29].

Multimodal therapy by delivering different types of
treatments together has become a hopeful approach to
improve therapeutic efficacy. Compared with PDT or PTT
alone, integrating PDT with PTT can enhance antibacterial
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eradication [28]. A few studies about the use of inorganic
nanomaterials for dual-mode phototherapeutic treatment
of bacterial infections have been reported [27, 28, 30], but
reports about the use of polymer-based nanomaterials for
PTT or PDT treatment of bacterial infections are scarce.
One of the reports on the antibacterial properties of poly-
mer-based nanomaterials is that by Xing et al., consisting
of an anionic water-soluble polythiophene (PTP) and a
cationic porphyrin (TPPN), which can form a complex that
can generate singlet oxygen after irradiation [30]. Hsiao
et al. described a chitosan (CS) derivative with self-doped
polyaniline (PANI) side chains that can convert NIR light
into heat to kill bacteria [6].

Poly(N-phenylglycine) (PNPG) is an analogue of poly-
aniline (PANI) obtained by N-phenylglycine (NPG) chemi-
cal polymerization. While PNPG is not water dispersible,
its dispersion in aqueous media can be improved through
chemical functionalization with polyethylene glycol amine
(PEG) [24]. In this work, we synthesized water dispersible
PNPG-PEG nanoparticles (Scheme 1) according to our pre-
vious report [31] and investigated, for the first time, their
antibacterial properties under NIR light irradiation. We dem-
onstrated that PNPG-PEG nanoparticles can be used as a
novel PTT/PDT agent under 810 nm irradiation to stimulate
the production of a great amount of heat and ROS to kill
bacteria.
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Experimental section

NIR light-mediated antibacterial activity
of PNPG-PEG NPs

The antibacterial activity of PNPG-PEG NPs was assessed
using Escherichia coli K-12 MG1655 (Gram-negative) and
Staphylococcus aureus 43300 MRSA (Gram-positive)
pathogenic strains. Glycerol stocks (— 80 °C) of E. coli
and S. aureus were streaked out on LB (Luria—Bertani)
and BHI (Brain Heart Infusion) agar plates, respectively.
E. coli and S. aureus cultures were grown on nutrient agar
for 24 h.

A single E. coli and S. aureus colony from LB/BHI agar
plate was inoculated for 6 h in LB/BHI medium at 35 °C,
200 rpm in an orbital shaker incubator (Labnet 211DS).
Afterwards, the medium was separated by centrifugation,
the pellet re-suspended in PBS, and the final bacterial
concentration was adjusted to 10° or 10'° CFU mL~!. To
assess the antibacterial properties of PNPG-PEG NPs, 600
UL of the bacterial solution was added to different concen-
trations (10, 25, 50, and 100 pg mL™!) of PNPG-PEG NPs
in PBS at a final volume of 1 mL and the reaction mixture
was incubated at 35 °C for 30 min. After incubation, wells
were irradiated for 10 min at 1.5 W cm~2. Both irradi-
ated and non-irradiated (controls) solutions were diluted,
and an appropriate amount was placed on agar plates and
incubated at 37 °C. After 24 h, both irradiated and non-
irradiated (controls) colonies were counted.

Intracellular relative reactive oxygen species (ROS)
production

In order to examine the production of intracellular ROS,
DCFH-DA was used [31]. One colony from the plates was
transferred into 3 mL TSB and incubated at 35 °C, 200 rpm
in an orbital shaker incubator (Labnet 211DS) until it
reached the exponential growth phase (ODgy,=0.5-1.0;
GeneQuant pro, Amersham Biosciences). The cell suspen-
sions were stained with 10 pM DCFH-DA for 30 min and
then washed once by centrifugation (3500 g for 5 min;
Eppendorf 5804) with PBS (pH 7.4; Gibco®). The pel-
lets were resuspended in PBS, and the final bacterial
concentration was adjusted to 107 CFU mL"!. After that,
the bacteria samples were treated with PNPG-PEG NPs
(100 ug mL~") in PBS for 30 min and then irradiated
with a continuous laser (810 nm, 1.5 W cm™2). Treated
cells, cells alone with or without irradiation stained with
DCFH-DA, served as the negative controls. Relative fluo-
rescence intensities were recorded in a 24-well cell culture
plate from the bottom using a Cytation™ 5 Cell Imaging

Multi-Mode Reader (BioTek Instruments SAS, France) at
an excitation/emission wavelength of 485-20/528-57 nm.

NIR light-mediated biofilm destruction of PNPG-PEG
NPs

One colony from the plates was transferred into 3 mL TSB
and incubated overnight at 35 °C, 200 rpm in an orbital
shaker incubator (Labnet 211DS). After 18 h, the inocula
were prepared by diluting the overnight cultures 1:100 in
TSB (0.5X) supplemented with additional glucose to a final
concentration of 1%. One mL of the inoculum was trans-
ferred to the assay wells of a sterile 24-well assay plate
(Thermo Scientific™, Nunc™ MicroWell™, Nunclon Delta-
Treated, Flat-Bottom Microplate), which corresponds to an
inoculum of approximately 0.5-1x 107 cells/well. Each
plate was covered with an adhesive foil lid (Greiner Bio-One
GmbH, ViewSeal 676,070). Inoculated plates were trans-
ferred to an incubator set at 35 °C and incubated for 48 h
without shaking. After incubation, biofilms were washed
with 0.9% saline solution in order to remove planktonic
bacteria.

The biofilms grown on plastic assay wells were incubated
with a solution of PNPG-PEG NPs (100 ug mL~! in PBS)
and then irradiated with a laser (810 nm, 1.5 W cm™?) for
10 min. Following this treatment, cells were detached from
the bottom and homogenized in liquid medium via scrap-
ing and vortexing. In order to estimate the viability of cells
detached in the aqueous solution from the biofilm, the plat-
ing method was realized by the aseptic removal of aliquots
of the suspended biofilm, followed by serial dilution and
plating onto TSA nutrient plates. After 24 h incubation, col-
onies were counted on the plates, and the number of cells
per milliliter (CFU mL™") in the original culture was calcu-
lated using the mean colony counts, the volume of culture
plated, and the dilution factor from the suspended biofilm
to the plate.

The biofilms were also stained with LIVE/DEAD™
Bac Light™ Bacterial Viability Kit (Thermo Fisher Sci-
entific), and both irradiated and non-irradiated (control)
biofilms were imaged by fluorescence microscopy using
a Cytation™ 5 Cell Imaging Multi-Mode Reader (BioTek
Instruments SAS, France) with 20 X objective magnification
and with the corresponding excitation and emission filters
(469-35/525-39 nm for SYTO™ 9 and 586-15/647-57 nm
for propidium iodide).

Statistical analysis
All experiments were conducted with at least duplicate or
triplicate observations per condition. Data were analyzed by

ordinary one-way or two-way analysis of variance (ANOVA)
with Dunnett’s multiple comparison test for ROS generation
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and cell viability and Holm-Sidak’s multiple comparison
test for antibacterial activities, and expressed as mean + SD.
*p value < 0.05, **p value <0.01, ***p value <0.001, and
*#*%p value < 0.0001 were considered significant compared
to a control. Statistical analysis was performed with Graph-
Pad Prism 7 (version 7.05).

Results and discussion

Characterization of polyethylene
glycol-functionalized poly(N-phenylglycine)
(PNPG-PEG) nanoparticles

The PNPG-PEG NPs investigated in this study were syn-
thesized following the process in Scheme 1. First, PNPG
NPs were prepared by oxidative polymerization of N-phe-
nylglycine monomer in acidic conditions (0.1 M H,SO,)
using APS as the oxidant [31]. The acid groups of PNPG
NPs were activated using EDC-HCI/NHS, and then amino-
PEG (750 Da) was introduced to produce highly dispersible
PNPG-PEG NPs (Scheme 1, inset). The successful synthesis
of the PNPG-PEG NPs was confirmed by various charac-
terization techniques. The main characterizations of PNPG
and PNPG-PEG NPs are reported in our previous work [31].

The morphology of PNPG-PEG NPs was determined
by scanning electron microscopy (SEM). The nanoparti-
cle size distribution histogram was realized based on 100
counted nanoparticles. As shown in Fig. 1A, the mean
diameter of the PNPG-PEG NPs is 77.3 nm with 22.9 nm
standard deviation. The PNPG-PEG NPs have a nearly
spherical shape with an average diameter ranging between
35 and 155 nm (Fig. 1A, inset). The mean hydrodynamic
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average diameter (number) of PNPG-PEG NPs was deter-
mined to be 151.5+62.5 nm in water (Fig. 1B) and a
surface charge of +17.5 mV (data not shown), due to the
presence of positively charged nitrogen groups.

In PBS buffer, the diameter increased to 339.1+ 113 nm,
immediately after dispersion. Time-dependent stability of
the NP dispersions was assessed by DLS in water and PBS
(Figure S1A). During 1 h at room temperature, the dis-
persion remains stable in water, while the hydrodynamic
diameter increases in PBS due to aggregates’ formation.
The dispersibility of the synthesized PNPG-PEG NPs
was further examined by their dispersion in different sol-
vents: water, phosphate buffered saline (PBS), Dulbecco’s
Modified Eagle’s Medium (DMEM) with 10% fetal bovine
serum, and tryptic soy broth (TSB, bacterial nutrient
medium). The NPs are highly dispersible in all solutions
(Figure S1B) for several hours at room temperature with-
out any apparent aggregation, due to the excellent colloidal
stability provided by the PEG moieties. It is also worth
noting that optical observation revealed that after one day,
only a very slight sedimentation of NPs was apparent. The
phenomenon was higher in PBS due to high salt concentra-
tion and phosphate ions. However, all suspensions stayed
dispersible with further agitation (Figure S2). The optical
properties of PNPG-PEG NPs were examined by using
UV-vis-NIR spectroscopy. The UV—vis-NIR absorption
spectrum of PNPG-PEG NPs displayed high absorption
in the visible region (500—780 nm) and NIR region up to
900 nm (Figure S1C). The most attractive feature was still
the high optical absorption of PNPG-PEG NPs at 810 nm
(Figure S1D), which increases with the nanoparticle con-
centration and makes them an effective photothermal agent
for antimicrobial therapy by means of local hyperthermia.
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Fig. 1 A Particle size distribution histogram of PNPG-PEG NPs and SEM image (inset) of PNPG-PEG NPs. B Analysis of nanoparticle size

(diameter in number) by DLS in water (blue) and PBS (10 pg mL™!, red)
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Photothermal and photodynamic properties
of PNPG-PEG nanoparticles

The photothermal properties of different concentrations of
PNP-PEG NPs were first assessed upon irradiation with a
continuous laser (810 nm, 0.7 W cm~2) for 10 min (Fig. 2A).
The temperature of the dispersions increases in a concentra-
tion- and a time-dependent manner to reach rapidly 52 °C in
10 min for a concentration of 100 ug mL~" in water.

The photothermal properties of different concentrations
of PNP-PEG NPs were further studied at different power
densities (1.0 and 1.5 W cm™2) upon 10-min laser irradiation
(Figure S3). The temperature profiles of PNPG-PEG NPs
are depicted in Fig. 2B, indicating that the photothermal
heating effect could increase monotonically with the con-
centration of NPs and power density. For all investigated
concentrations of NPs at a power density of 1.5 W cm™2,
the temperature reaches 65 °C after 10-min laser irradiation.
These observations indicate that these nanoparticles have
the potential to convert light energy into heat energy. These
good photothermal properties demonstrate that PNPG-PEG
NPs can be applied as a PTT agent for killing bacteria.

Conjugated polymer NPs are able to generate reactive
oxygen species (ROS) upon laser irradiation and act as
photodynamic therapy (PDT) agents [32]. The ROS gen-
eration by PNPG-PEG NPs was indirectly examined using
2'T"-dichlorofluorescin (DCFH) probe. DCFH can be easily
oxidized to the highly fluorescent product (DCF, dichloroflu-
orescein) by oxygen radical anion (O,°”) and singlet oxygen
(!0,). Therefore, ROS generation can be investigated by fol-
lowing the increase in the fluorescence emission intensity of
DCFH. For this purpose, PNPG-PEG NPs were mixed with
deacetylated DCFH-DA solution and irradiated with 810 nm
laser at 1.5 W cm ™ (Figure S4). Changes in the fluorescence

55
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emission were immediately recorded after irradiation. As a
control, the changes in the fluorescence emission of DCFH
alone without nanoparticles were investigated. After 10-min
laser irradiation, almost no fluorescence was observed. The
fluorescence emission at 528 nm increased by increasing the
PNPG-PEG NPs concentration, suggesting ROS generation
under laser (NIR); a similar behavior was observed upon
laser irradiation while keeping the plate on ice (NIR at 4 °C)
in order to compensate the PTT effect. The thermal tempera-
ture elevation with 100 ug mL~"' of PNPG-PEG solutions
on ice (similar setup for all experiments) were measured
and presented in Figure S3C. Furthermore, the fluorescence
intensity recorded at room temperature and at 4 °C was
much lower than that measured under laser irradiation on
ice. The fluorescence increase was non-negligible at 65 °C
(direct heating) even though it is less significant compared
to that recorded under laser irradiation for all concentrations.
This evidence confirms the ROS generation capability of
PNPG-PEG NPs.

Cytotoxicity assay

In order to evaluate cell viability, metabolic activity was
assessed using a standard resazurin assay. For this purpose,
HeLa and U-87 MG cells were exposed to PNPG-PEG NPs
at concentrations ranging from 0 to 100 pg mL~! in DMEM
containing fetal bovine serum (FBS) for 24 h. As shown in
Fig. 3A, all cell viabilities for HeLa and U-87 MG were,
respectively, higher than 90% and 80% at the highest PNPG-
PEG concentration of 100 ug mL~!. These results revealed
that PNPG-PEG NPs present minor dark cytotoxicity in vitro
in the concentration range up to 100 pg mL™".

Encouraged by efficient phototoxicity (PTT and PDT
effects) of the PNPG-PEG NPs in solution mentioned above,
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Fig.2 A Temperature evolution as a function of PNPG-PEG NPs concentration in water upon 10-min laser irradiation (810 nm, 0.7 W cm™?). B
Temperature profiles of PNPG-PEG NPs after 10 min irradiation (810 nm) at different laser power densities (0.7, 1, and 1.5 W cm™?)
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Fig.3 A Relative viability of HeLa and U-87 MG cells incubated
with different concentrations of PNPG-PEG NPs for 24 h (*p <0.05,
significance versus control, n=3). B Relative photoinduced viability
of HeLa and U-87 MG cells incubated with 100 ug mL~! of PNPG-
PEG NPs for 24 h and irradiated with the 810 nm laser at 1.5 W cm™2

the photocytotoxicity effect on both cells was further stud-
ied under 810-nm laser irradiation during 10 min after 24 h
incubation with PNPG-PEG NPs at 100 ug mL~!. After
incubation, cells were irradiated for 10 min at 1.5 W cm™2
and incubated for further 24 h before the assay. As shown in
Fig. 3B, the cell viability of the control (cells alone under
laser irradiation) remained at 100% following laser irra-
diation for both HeLLa and U-87 MG cells. These results
revealed that the irradiation alone did not affect the cell
viability. On the contrary, viability of the cells previously
incubated with 100 ug mL~' of PNPG-PEG NPs signifi-
cantly decreased by 80% and 98.5% for HeLa and U-87 MG,
respectively, upon 10-min laser illumination at 1.5 W cm™2,
confirming the apparent PDT and PTT effects of the
nanoparticles.

Moreover, dead and live cells were imaged by staining the
cells with calcein-AM and PI in order to confirm the meta-
bolic activity results. As shown in Fig. 3C, control cells irra-
diated with 810 nm laser at a power density of 1.5 W cm™>
for 10 min displayed green emission (live cells), confirming
that the 810 nm laser had no effect on the cell viability. In
the opposite, when cells were previously treated with NPs
(100 pg mL™") and 810-nm laser illumination, most of cells

@ Springer
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(*p<0.05, and ****p <0.0001, significance versus control, n=2). C
Fluorescence microscopy images of HeLa and U-87 MG cells treated
or not with PNPG-PEG NPs (100 pg mL™!) for 24 h, irradiated at
810 nm for 10 min (1.5 W cm™2) and stained with calcein-AM (green,
living cells) and propidium iodide (PI, red, dead cells)

exhibited red emission (dead cells), indicating that both cell
lines were killed due to combined phototoxicity effects.

Photothermal/photodynamic killing of bacteria

Considering the efficient photothermal and photodynamic
effects of PNPG-PEG NPs in aqueous solution and in vitro
on eukaryotic cells, we chose to study their potential as
PTT and PDT agent for killing bacteria in vitro. The anti-
bacterial activity of PNPG-PEG NPs was assessed using
both Gram-positive S. aureus and Gram-negative E. coli
bacteria as the bacterium models at the final concentra-
tions of 5x 10° and 5x 10° CFU mL~". For this purpose, to
a bacterial solution was added different concentrations (10,
25, 50, and 100 pg mL_l) of PNPG-PEG NPs in PBS, and
the reaction mixture was incubated at 37 °C for 30 min.
After incubation, wells were irradiated for 10 min at
1.5 W cm™2. Then, both irradiated and non-irradiated (con-
trols) solutions were diluted and an appropriate amount
was placed on agar plates and incubated at 37 °C. After
24 h, both irradiated and non-irradiated (controls) colonies
were counted. As shown in Fig. 4, the bacterial viability
decreased with increasing the concentration of PNPG-PEG
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Fig.4 Logarithmic bacterial viability of different concentrations of
PNPG-PEG NPs under PTT/PDT treatment for E. coli at a final bac-
terial concentration of A 5x 10° CFU mL~! and B 5x 10° CFU mL™!,
S. aureus at a final bacterial concentration of C 5x10° CFU mL™!

NPs. Using 100 ug mL~! of PNPG-PEG NPs suspension,
only 1.3 x 10? and 3.3 x 10> CFU mL~"! of E. coli bacteria
survived after irradiation of 5x 10° and 5x 10° CFU mL ™"
for 10 min, respectively. This result contrasts somehow
with that recorded for S. aureus bacteria with full eradi-
cation after 10 min irradiation at 810 nm at a bacterial
concentration of 5x 10° CFU mL™!. Using a bacterial con-
centration of 5x 10° CFU mL™!, 1.3 x 10*> CFU mL™! of
bacteria survived under otherwise similar treatment.
Reports about the use of polymer-based nanomateri-
als for PTT or PDT treatment of bacterial infections are
scarce. Table 1 compares the efficiency of the PNPG-
PEG NPs with other PDT/PTT polymer-based nano-
materials reported in the literature. It can be seen that

[PNPG-PEG] / ug mL™

and D 5x10° CFU mL~! under 810-nm laser irradiation at
1.5 W em™2 for 10 min (**p <0.01 and ****p <0.0001,+NIR versus
-NIR, n=2)

the PNPG-PEG NPs have a great potential for killing
of planktonic cells compared to other polymer-based
nanomaterials.

In order to estimate the PDT effect in vitro on bac-
teria survival, the experiments were also carried out at
4 °C. For this purpose, both S. aureus and E. coli bacte-
ria (5x 10° CFU mL™") were examined. As shown in Fig-
ure S5, the effect of PDT alone on bacteria killing is less
pronounced than that of PTT alone. Using 100 ug mL~! of
PNPG-PEG NPs suspension, the decreasing trend of cell
viability corresponds to less than 1 log for E. coli and S.
aureus after irradiation on ice (4 °C) of 5x 10° for 10 min.
At high concentrations, the temperature increase is signifi-
cant (Figure S3C) to rule out a photothermal effect on cell
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Table 1 Comparison of the PNPG-PEG NPs with other PDT/PTT polymer-based nanomaterials

Polymer-based nanomaterials

Reduction of bacte- Reference
rial viability

Bacteria treated

Anionic polythiophene (PTP) & a cationic porphyrin (TPPN) (PTP/TPPN complex)

Self-doped N-(mercaptopropylsulfonic acid substituted PANI)-CS (NMPA-CS)

Cationic poly(arylene ethynylene) conjugated polyelectrolytes

PDPP-DBT nanoparticles modified with the Tat peptide (RKKRRQRRRC)

(CPNs-Tat)

PNPG-PEG

E. coli 70% [30]

B. subtilis 90%

MRSA 94% [6]

P. aeruginosa 80% [33]

S. aureus 90% [34]

C. albicans 100%

E. coli 99.8%

E. coli 99.97% This work
S. aureus 100%

viability. Although we have demonstrated oxygen generation
of nanoparticles in vitro (Fig. 2C), it seems that the share
of reactive species is not sufficient to visualize a PDT effect
alone in the presence of bacteria in solution.

To further investigate the PDT effect, we measured the
intracellular ROS production by bacteria. For this purpose,
bacterial inocula were first incubated with DCFH-DA solu-
tion for 30 min. Then, bacterial solutions were incubated
with PNPG-PEG NPs alone or irradiated with 810 nm laser
at 1.5 W cm~2. Changes in the fluorescence emission were
recorded after irradiation. As shown in Fig. 5A, a significant
increase of fluorescence emission at 528 nm was observed
only with PNPG-PEG NPs under laser illumination for E.
coli and S. aureus, suggesting ROS generation. As a con-
trol (Fig. 5B), the changes in the fluorescence emission of
DCF were investigated by incubation of PNPG-PEG NPs
with bacteria at 65 °C. Fluorescence analysis further indi-
cated a 1.4-fold increase in ROS level upon incubation of
PNPG-PEG NPs with E. coli at 65 °C, in comparison with
untreated control at room temperature, indicating lower oxi-
dant activity than laser treated samples (3.7-fold increase).
For S. aureus, the fluorescence intensity featured a 3.8-
fold increase in ROS level, which is much lower than the
laser treated sample (6.5-fold increase). This evidence only

confirms the partial ROS production of PNPG-PEG NPs
in vitro.

The evaluation of bacterial killing in solution after 10 min
in an incubator set at 65 °C are presented in Figure S6 in
order to evaluate the contribution of heat. Using a bacte-
rial concentration of 5 x 10° CFU mL"!, bacteria survived
without any significant loss of viable cells. E. coli in solution
at 5x 10° CFU mL~! also survived under these conditions.
For S. aureus, a slight decrease (0.2 log) in cell viability
was detected. Taken together, these nanoparticles exhibit a
local photothermal effect on both Gram-positive and Gram-
negative bacteria.

Bacteria biofilm destruction

The bacteria within a biofilm are 10-1000 times more resist-
ant than planktonic cells, and it is difficult to destroy bacte-
rial biofilms [34]. There are many reports about the treat-
ment of planktonic bacteria, but reports about the treatment
of biofilms are scarce [33]. In this study, we assessed the
capability of PNPG-PEG NPs to eradicate E. coli and S.
aureus biofilms upon irradiation with an 810 nm laser for
10 min at 1.5 W cm™2 by using the counting method. The
viability loss was evaluated by colony counting method on

Fig.5 A Intracellular ROS pro- o 12 o 12
duction: relative emission fluo- O 11 == E coli A O 114 =mm £ coli B
rescence intensity (528/20 nm) X 10{ mm S aureus * X 10{ mm S aureus
of bacterial solution incubated g g 94
with 100 ug mL~" of PNPG- = S 8-
PEG NPs under laser (810 nm) i T 74
at 1.5 W cm™2 for 10 min < g 64
(*p>0.05 and ****p <0.0001, g‘, O 5
significance versus control, g g’ 4-
n=2). B Controls at 65 °C = g 3
(significance versus control at _g © o]
RT, n=2) S T 1l
[ o
0 +NIR NPs NPs+NIR % 0- : NPs
Conditions Conditions
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104 mm S aureus
9- * %k

Log4o concentration / CFU mL"
(<]

0 +NIR NPs NPs+NIR

Conditions

B

S. aureus S. aureus

NPs+NIR

Control

Fig.6 A Logarithmic E. coli and S. aureus biofilm reduction
using PNPG-PEG NPs (100 pug mL™') under PTT/PDT treatment
using 810-nm laser irradiation at 1.5 W c¢cm™2 for 10 min *p <0.05,
*4p <0.01, ***p<0.001 and ****p<0.0001, significance versus
control, n=2). B Fluorescence images of bacterial biofilm stained
with calcein-AM (green) and PI (red) after being treated with PNPG-
PEG NPs (100 pg mL™") under NIR laser irradiation (810 nm,
1.5 W cm™2) for 10 min

agar plates. The biofilm cell viability curve is displayed in
Fig. 6A. As can be seen, this treatment led to a total decrease
in biofilm cell survival for S. aureus, while the treatment
achieved ~ 3 log decrease in biofilm cell survival for E. coli.

The results above were also confirmed by the calcein-
AM/propidium iodide (PI) dual fluorescence staining of
bacteria using fluorescence microscopy. As depicted in
Fig. 6B, untreated E. coli and S. aureus biofilms emitted
green fluorescence, which is indicative of live bacteria in
the biofilm. On the contrary, after being treated with PNPG-
PEG NPs under NIR laser irradiation (810 nm, 1.5 W cm™2),
the observed red fluorescence emission points out the elimi-
nation of the bacteria as a result of combined photothermal

and photodynamic processes. The decrease of biofilm mass
was also observed for E. coli.

The SEM images before and after irradiation are dis-
played in Figure S7. The control E. coli biofilm maintained
an entire and undamaged rod-shape structure. However,
upon incubation with PNPG-PEG NPs + NIR treatment, the
biofilm exhibited an evident decline in the biofilm mass.
Also, this treatment damaged the bacterial cell membrane
and altered the morphology of the biofilm.

Conclusion

We synthesized water dispersible polyethylene glycol-func-
tionalized poly(N-phenylglycine) nanoparticles and inves-
tigated their photothermal and photodynamic properties.
We characterized their function as a dual mode photother-
mal therapy and photodynamic therapy. Combining with
the 810 nm NIR irradiation, the nanoparticles were able to
convert light energy into heat energy and generate reactive
oxygen species. While the contribution of ROS generation
is negligible in the killing mechanism, local heat generation
appears to predominate in the death of Gram-negative and
Gram-positive bacteria in vitro. Also, in this study, we inves-
tigated the capability of these nanoparticles to eradicate E.
coli and S. aureus biofilms upon 810-nm laser irradiation for
10 min. The results revealed that this treatment can decrease
the biofilm mass and alter the viability of the biofilm.
Supplementary information.
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