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Visible-Light-Driven Antibacterial Activity of Poly(3-
hexylthiophene-2,5-diyl) Nanoparticles

Tomoka Ishikawa,?" Aki Shibata,?" Hitoshi Kasai 2and Kouki Oka *ab:

Sterilisation using photocatalysts does not lead to the development of drug-resistant bacteria and has therefore attracted
significant attention. Particularly, organic semiconductors typically comprise earth-abundant elements and allow facile
tuning of their material properties through organic synthesis. A representative organic semiconductor, poly(3-
hexylthiophene-2,5-diyl) (P3HT), exhibits visible-light absorption and efficient charge-transport properties owing to its n-
conjugated structure, emphasising its potential for visible-light-driven photocatalysis. However, the hydrophobic nature of
P3HT makes it difficult to employ in agueous environments conducive to bacterial growth while maintaining its chemical
structure. In this work, to investigate the antibacterial activity of hydrophobic organic semiconductors in aqueous
environments, P3HT nanoparticles (NPs) with diameters ranging approximately 40-100 nm were prepared via
reprecipitation, enabling stable dispersion in aqueous solution while maintaining the molecular structure of P3HT. P3HT
NPs with higher regioregularity and larger specific surface areas generate greater amounts of reactive oxygen species and
exhibit an enhanced antibacterial activity. P3HT NPs with 99% regioregularity and an average particle diameter of 42 nm
achieved a sterilisation rate of 99% against E. coli after 6 h of visible-light irradiation. This work demonstrates that
predominantly hydrophobic organic semiconductors can be developed as photocatalysts capable of sterilisation in
aqueous environments through NP formation.

Introduction

Bacteria are microorganisms capable of self-replication,
and among them, pathogenic species can invade and multiply
within the human body, leading to infections. Since antibiotics
targeting infections caused by various pathogenic bacteria
have been developed, humans have been able to protect
themselves from numerous infectious diseases.2 However, the
excessive use of antibiotics has led to the emergence of
antimicrobial-resistant (AMR) bacteria.® 4 The global number
of deaths caused by AMR infections is estimated to reach 10
million annually by 2050.> To prevent the emergence of AMR
bacteria, minimising the use of antibiotics is essential. As an
alternative sterilisation approach to antibiotics, photocatalytic
methods powered by readily available sunlight (particularly
visible light) have attracted considerable attention.® 7 The
sterilisation mechanism by photocatalysts is illustrated in Fig.
1(A). First, electrons in the photocatalyst are excited by light
irradiation, generating reactive oxygen species (ROS) such as
superoxide (Oz¢7). Next, the generated ROS and photocatalyst
hole oxidatively decompose bacterial cells.?
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Since semiconductors excite electrons when the energy of
the irradiating light exceeds the intrinsic bandgap of materials,
they are widely used as photocatalytic materials. Among these
materials, organic semiconductors offer the facile tuning of
their material properties through organic synthesis®! and the
incorporation of earth-abundant elements.® 121° P3HT (Fig.
1(B)) possesses a narrow bandgap of approximately 1.9-2.3
eV,% 20 enabling the generation of ROS under visible light.2!
Conversely, the strong visible-light absorption capability
resulting from this narrow bandgap, as compared to other n-
conjugated polymers® 2228 shown in Fig. 1(C), is expected to
yield antibacterial activity under low-energy light with longer
absorption edges. In addition, high regioregular P3HT typically
exhibits high charge mobility?® due to strong m—m stacking
interactions, which are anticipated to enhance ROS generation
more effectively. These characteristics make P3HT suitable for
use as a visible-light-driven photocatalyst; however, its poor
water solubility limits its application in aqueous environments
while retaining its chemical structure.

In this work, P3HT NPs are prepared using the
reprecipitation method, enabling their stable dispersion in
water while maintaining the molecular structure of P3HT,
thereby allowing functional development in aqueous
environments. The antibacterial activity of P3HT NPs is
investigated under visible-light irradiation. In addition, the
effects of P3HT regioregularity and the specific surface area of
the NPs on their antibacterial activity are analysed.
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Fig. 1 (A) Schematic of photocatalytic sterilisation mechanism. (B)
Molecular structure of P3HT. (C) Relationship between the
sterilisation rate and absorption edge of m-conjugated polymers
reported in the literature,® 2228 ysed as photocatalysts. The plotted
values correspond to the highest sterilisation rate reported under
the respective irradiation conditions.

Results and discussions

Preparation and characterisation of P3HT NPs

For this study, regioregular P3HT (rrP3HT, 99% regioregularity)
regiorandom P3HT (rraP3HT, 50%
selected, as they exhibit distinct visible-light absorption properties

and regioregularity) were
(Fig. 2(A) and Fig. 2(E)). To adapt P3HT to aqueous environments
for efficient sterilisation, employing a method that maximises the
specific surface area of P3HT available for ROS generation at the
water interface was essential. Among available techniques, the
reprecipitation method3® was selected as the optimal method
because the particle size could be controlled in the range of tens
nm to hundreds nm by changing the compound concentrations, and
the specific surface area in water could be adjusted.3'-3* Therefore,
as shown in Fig. 2(B), an aqueous dispersion of P3HT NPs (10-60
uM) was prepared by injecting a tetrahydrofuran (THF, good
solvent) solution of P3HT into ultrapure water (poor solvent).

The morphology and particle size of the prepared rrP3HT and
rraP3HT NPs using scanning electron
microscopy (SEM) and dynamic light scattering (DLS). As shown in
Fig. 2(C), the P3HT NPs exhibited a spherical morphology, and they
became smaller as the polymer concentration decreased. Similarly,
as shown in Fig. 2(D), the average particle size of NPs in water, as

were characterised

measured by DLS, decreased with solution concentration, enabling
the preparation of NPs with diameters ranging approximately 40—
100 nm. NPs smaller than 40 nm aggregated immediately after
preparation due to an increase in surface energy; therefore, NPs of
40 nm or larger were used to ensure stable dispersibility. The
prepared NPs were monodispersed (Fig. S2 (A), (B)). Despite the
hydrophobic nature of the NPs (Fig. S9, Table S4), the NPs

2| J. Name., 2012, 00, 1-3

maintained a stable dispersion for at least one week (Table S2). This is
presumably due to the steric repulsion caused By hy8roptiobid\dtiirs bf
P3HT3® present on the surface of NPs composed solely of P3HT prepared
by the reprecipitation method. In addition to steric repulsion, the stable
dispersion state was maintained by the zeta potential of approximately
-20 mV (Fig. S2(C), (D)) generated by the adsorption of hydroxide ion on
the surface of NPs in ultrapure water.3¢-38

Since the antibacterial activity of P3HT NPs was evaluated
under visible-light irradiation using the NPs dispersion, the UV-
visible absorption behaviour of the dispersion was measured. As
shown in the absorption spectra in Fig. 2(E), the rrP3HT NPs
exhibited a shoulder peak near 600 nm attributed to m—m stacking
interactions,?® and a major absorption peak near 525 nm. The
rraP3HT NPs exhibited a maximum absorption wavelength near 450
nm. Both types of P3HT NPs exhibited visible-light absorption and
generated ROS under visible-light irradiation, with rrP3HT NPs
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Fig. 2 (A) Molecular structure of rrP3HT and rraP3HT. (B)
Preparation procedure of P3HT NPs dispersion using the
reprecipitation method. (C) SEM images of P3HT NPs at 10-60
MM. (The black spots in the image are the pores of the
membrane filter.) The aggregation of NPs observed in the SEM
images was attributed to the removal of water through the
filter pores, as the NPs were brought together on the
membrane surface during this process. (D) Z-Average particle
size of P3HT NPs dispersion in water measured by DLS. (E) UV—
visible absorption spectrum of P3HT NPs dispersion. (F) WAXS
intensity of P3HT NPs as a function of the module of the
scattering vector q = 41 (sinB)/A.
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showing stronger visible-light absorption. Additionally, to
investigate the crystallinity of the P3HT NPs, the samples were
analysed using wide-angle X-ray scattering (WAXS). As shown in Fig.
2(F), the primary diffraction peaks corresponding to the (100) and
(200) planes of the rrP3HT and rraP3HT NPs were nearly identical.
However, at g = 15-19 nm™, only the rrP3HT NPs exhibited a (020)
peak® at 16.5 nm™ attributed to m—m stacking interactions,
indicating that the high regioregular rrP3HT NPs partially possessed
a crystalline structure.

Notably, the coexistence of crystalline and amorphous
structures in facilitated P3HT electron—hole separation** and
suppressed charge recombination.*?2 Therefore, rrP3HT NPs were
expected to possess longer excited-electron lifetimes than the

rraP3HT NPs.

Evaluation of the antibacterial activity of P3HT NPs

The antibacterial activities of the rrP3HT and rraP3HT NPs with high
dispersion stability were evaluated under Vvisible-light irradiation
(30mW/cm?, 385—740 nm). This light intensity was selected to evaluate
the differences in antibacterial activity while ensuring reproducible
results and suppressing heat generation. As shown in Fig. 3(A), after
visible-light irradiation of a sample containing a mixture of E. coli and
NPs dispersions in LB medium for 6 h, the sterilisation rate was
determined by counting the bacterial colonies that formed in agar
plates. As shown in Fig. 3(B), the rrP3HT NPs (diameter 79 nm)
achieved a 47% sterilisation rate, which was 1.6 times higher than

that of the rraP3HT NPs (diameter 78 nm, sterilisation rate 30%)
(A)
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Fig. 3 (A) Experimental protocol for the pour plate method:
Suspensions of E. coli and the samples were irradiated with visible
light for 6 h. Subsequently, the irradiated samples were serially
diluted 10°fold in PBS to prevent ROS-induced bacterial
aggregation.”® These diluted samples were then mixed with agar
medium to form colonies for counting. Control samples, which
contained THF (2% v/v) at a concentration equivalent to the
residual level in the NPs dispersions, were subjected to the same
light irradiation conditions. Consequently, any potential
photothermal effect induced by irradiation was accounted for as a
common background factor across all samples. Antibacterial activity
is evaluated by the sterilisation rate calculated from the resulting
colonies. (B) The sterilisation rate of rrP3HT NPs and rraP3HT NPs
(diameter about 80 nm) dispersion after visible-light irradiation (385—
740 nm, 30 mW/cm?, 6h). The effects of molecular weight and
residual THF, along with results under dark conditions, are shown in
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Fig. S5, S6 and Table S3. These were found not to be\)t‘QvngqhoC@m‘pg
factors, and P3HT NPs themselves exhibited mol antiloscyerialractivity
under dark conditions. (C) The sterilisation rate of rrP3HT NPs (42,
72, 106 nm) dispersion after visible-light irradiation (385-740 nm, 30
mW/cm?, 6h).

nearly identical particle size and specific surface area. To verify
whether the antibacterial activity of P3HT NPs originates from ROS,
the total amount of ROS was quantified using the OxiSelect In Vitro
ROS/RNS Assay Kit, as shown in Fig. S4 (B). In the measurements,
the total amount of ROS was quantified by measuring the
fluorescence intensity of 2',7'-dichlorofluorescein (DCF) generated
from 2',7'-dichlorodihydrofluorescein (DCFH) oxidized by ROS.**
While this method does not allow for the identification of specific
ROS species, it revealed that the rrP3HT NPs generated a greater
amount of ROS compared to the rraP3HT NPs. Overall, the obtained
indicated that the rrP3HT NPs, possessing high
regioregularity and pronounced r—m stacking interactions, exhibited

results

strong visible-light absorption and suppressed electron—hole
recombination,3> thereby generating more ROS than the rraP3HT
NPs.

The antibacterial activity of the rrP3HT NPs was expected to be
further enhanced by an increase in specific surface area. Therefore,
the sterilisation rates of the rrP3HT NPs (average particle size: 42,
72, 106 nm) with different specific surface areas were compared. As
shown in Fig. 3(C), the sterilisation rate of the rrP3HT NPs increased
as the NPs became smaller. The P3HT NPs with high regioregularity
(99%) and a large specific surface area (42 nm in diameter)
exhibited a high sterilisation rate of 99%. When the sterilisation rate
was plotted against specific surface area and particle number (Fig.
S7), a relationship was observed in the range of
approximately 40-100 nm (Fig. S8). (NPs smaller than 40 nm could

linear

not be evaluated for antibacterial activity as they aggregated
immediately in the agueous medium. Moreover, for this plot, the
specific surface area was calculated by assuming the NPs as ideal
spheres because the particle sizes used for our evaluation were
obtained from DLS measurements, which themselves are based on
a first-order approximation of ideal spheres.3®) This correlation
suggests that the increased specific surface area and particle
number facilitated the efficient generation of the total amount of
ROS and enhanced its interaction with E. coli.2% %5 4% |n this work, E.
coli (Gram-negative bacteria) was used for the initial proof-of-
concept regarding the antibacterial activity of NPs composed of
organic photocatalysts. In addition, it has been reported that in the
ROS-driven bactericidal
against Gram-positive bacteria is equivalent to or higher than that
against Gram-negative bacteria.*’*° Based on the above, the P3HT

mechanism, the antibacterial activity

NPs are expected to exhibit potential sterilisation rates against
Gram-positive bacteria that are comparable to or higher than the
results obtained with E. coli. This achievement is significant as it
demonstrates high antibacterial activity utilizing longer wavelengths
(a longer absorption edge) compared to those of other m-
conjugated polymers. As shown in Fig. 1(C), this performance is
comparable to or higher than the values reported for other m-
conjugated polymers.

J. Name., 2013, 00, 1-3 | 3
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In this work, leveraging the principle that reducing the
concentration of the P3HT solution injected into water results in
smaller NP sizes, P3HT NPs were prepared with diameters ranging
from approximately 40 to 100 nm. The rrP3HT NPs exhibited visible-
light absorption and partial crystallinity arising from strong m—m
The rrP3HT NPs exhibited a
sterilisation rate than the rraP3HT NPs because their strong visible-
light absorption and suppression of electron—hole recombination,

stacking interactions. higher

resulting from pronounced m—mn stacking interactions, enhanced
ROS generation under visible-light irradiation. Additionally, the
smaller particle size of the rrP3HT NPs led to a higher sterilisation
rate. The P3HT NPs with high regioregularity (99%) and a large
specific surface area (42 nm in diameter) exhibited a high
sterilisation rate of 99%. Therefore, this work demonstrated that
typically hydrophobic organic semiconductors can be developed as
organic photocatalysts capable of promoting sterilisation in
aqueous environments through NP formation.
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