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Recent focus on sustainable nanoparticle synthesis highlights bio-
inspired nano-antimicrobials advantages over chemically synthesized
counterparts. This study pioneers the green synthesis of porphyrinic
nanocubes, demonstrating potent antibacterial activity through sono-
photodynamic inactivation. This sustainable approach holds promise
in combating antibiotic resistance.

Pathogenic bacterial infections are serious life-threatening
conditions worldwide due to their high morbidity and
mortality.' Taking coronavirus disease 2019 (COVID-19) as an
example, many individuals have succumbed to secondary
bacterial infections rather than the virus itself.> Currently,
antibiotic treatment is the primary strategy for combating
bacterial infections. However, the extensive misuse of antibi-
otics has led to the widespread emergence of bacterial resis-
tance, even resulting in the creation of superbugs.* In some
instances, antibiotic resistance poses a far greater threat to
public health than COVID-19.* Skin and soft tissue infections,
among the most common types of infections, are particularly
concerning as they are associated with both Gram-positive and
Gram-negative bacteria. For example, Staphylococcus aureus (S.
aureus) often initiates infections, while Escherichia coli (E. coli)
becomes predominant in later stages, continuously threatening
public health.*” This scenario underscores the urgent need for
alternative treatments that are not only effective but also envi-
ronmentally benign and biocompatible.

In this pursuit, the convergence of green chemistry princi-
ples and nanotechnology has paved the way for sustainable and
effective antimicrobial solutions.*® Green synthesis, character-
ized by its reliance on natural extracts and environmentally
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benign procedures, has emerged as a pivotal avenue for nano-
particle production. Leveraging biological resources such as
plant extracts for the synthesis of nanoparticles offers a cost-
effective and scalable method, while simultaneously reducing
the environmental impact associated with conventional chem-
ical synthesis.'*** Green tea extract (GTE), rich in polyphenols
and antioxidants, plays a crucial role in this process, acting as
both a reducing and stabilizing agent, which not only enhances
the biocompatibility of the nanoparticles but also contributes to
their therapeutic efficacy, making it an ideal candidate for eco-
friendly nanomaterial synthesis.***?

Sono-photodynamic therapy (SPDT) combines sonodynamic
and photodynamic modalities to enhance antibacterial
efficacy.’?® Ultrasound waves improve nanoparticle penetra-
tion into bacterial cells, while subsequent light activation trig-
gers reactive oxygen species, leading to bacterial inactivation.
This combined approach offers a more effective and targeted
antibacterial strategy compared to conventional therapies.
Unlike photodynamic therapy (PDT), limited by light penetra-
tion, sonodynamic therapy (SDT) utilizes deeper-penetrating
ultrasound waves, extending the therapeutic reach.***

Among various nanomaterials, porphyrin-based nano-
particles stand out due to their unique photophysical proper-
ties, making them ideal candidates for antimicrobial SPDT
applications. These versatile molecules can be activated by both
light and ultrasound (US) to produce reactive oxygen species
(ROS).>*>* Porphyrins also offer precise synthetic modifications,
excellent biodegradability, and low cytotoxicity when not acti-
vated, making them well-suited for targeted therapies and
diagnostics in biomedical applications.**>¢

This research focuses on the biogenic green synthesis of zinc
meso-tetrakis(4-pyridyl)porphyrin ~ (ZnTPyP) self-assembled
nanocubes using green tea extract (GTE), aiming to harness
the dual capabilities of sonodynamic and photodynamic ther-
apies for bacterial inactivation. To the best of our knowledge,
this study represents the first instance of employing plant
extract (composition analysis by HPLC (Table S1t) and IR
spectroscopy (Table S2t)) for the green synthesis of porphyrin-
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Scheme 1 Schematic representation of the bioinspired porphyrin-
based nano-sono-photosensitizers. The porphyrin-based self-
assembled nanocubes were synthesized via bioinspired route and
utilized for the sono-photodynamic inactivation of bacteria.

based nanoparticles. The resultant ZnTPyP nanocubes exhibi-
ted outstanding bactericidal efficiency, achieving 99.995%
against S. aureus and 99.92% against E. coli under combined
ultrasound (1.0 MHz, 1.5 W c¢cm?) and 670 nm deep-red light
irradiation within 20 minutes (Scheme 1).

The biogenic or green synthesis of porphyrinic nanocubes
(GS-ZnTPyP-NCs) was optimized using Dynamic Light Scat-
tering (DLS) analysis and Field-Emission Scanning Electron
Microscopy (FESEM) imaging. Table S3, ESI{ represents
successive DLS measurements taken every 6 hours during the
self-assembly of porphyrinic nanocubes, to monitor key
parameters such as hydrodynamic size, poly-dispersity index
(PDI), and zeta potential over time. This analysis provides crit-
ical insights into the size distribution, stability, and surface
charge of the nanocubes, essential for optimizing their
synthesis and ensuring consistent quality.

To determine the optimal concentration of green tea extract
for nanoparticle synthesis, three different concentrations (50 pug
mL ™", 100 ug mL™", and 150 pg mL™') were prepared from
a stock solution. It was observed that the concentration of 100
pg mL™" resulted in the formation of the most stable and
uniformly sized nanoparticles in cubic shape, indicating this
concentration as the optimal condition for biogenic synthesis.

At the initial stage of the reaction (0 hours), the hydrody-
namic size of the GS-ZnTPyP-NCs was measured to be 1503.1 +
12.1 nm (Table S3 and Fig. S6, ESIf). Significant changes in
nanocubes size were observed as the reaction progressed. At 12
hours, the size decreased dramatically to 240.6 &+ 18 nm, indi-
cating rapid nanoparticle formation and initial stabilization. By
24 hours, the size increased slightly to 339.9 + 11 nm and
remained consistent at 48 hours with the same measurement
about 345.7 + 14 nm (Fig. S6, ESIT).

We employed an HPLC method to analyze the active phyto-
constituents and major catechins in green tea extract. The five
catechins identified were (+)-catechin (C), (—)-epicatechin (EC),
(—)-epicatechin gallate (ECG), (—)-epigallocatechin (EGC), and
(—)-epigallocatechin gallate (EGCG) (Fig. S1f). Among these,
ECG was found to be the most abundant compound, followed
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by EGC and caffeine. Fig. S4c, ESIT presents the chromatogram
of the extracted green tea, clearly displaying these compounds,
while Table S17 lists their retention times and identifies them
based on comparison with reference literature data.””

We hypothesize that the amphiphilic polyphenols present in
the green tea extract, such as ECG, EGCG and EGC, facilitate the
self-assembly and encapsulation of ZnTPyP monomer within
micellar structure. These polyphenols not only facilitate the
encapsulation of ZnTPyP but also play a crucial role in stabi-
lizing the nanoparticles. The stabilization occurs through the
interaction of enol forms of the phytoconstituents with the
nanoparticle surface, preventing aggregation and promoting
the growth of nanostructures with the well-defined shape and
size. This stabilization mechanism is consistent with previous
studies demonstrating the role of plant polyphenols in nano-
particle formation and stabilization.?®** To further strengthen
our claim that the green tea extracts-derived ingredients are
responsible for the formation of porphyrin nanocubes, we
conducted UV-visible and FT-IR spectroscopy for both the green
tea extracts and the porphyrin nanocubes. The results revealed
the presence of similar functional groups in both the green tea
extracts and the GS-ZnTPyP-NCs, thereby providing strong
evidence to support our assertion.

The SEM images in Fig. S7, ESI{ capture different stages in
the self-assembly of GS-ZnTPyP-NCs, providing a visual
complement to the DLS data. Fig. S7b, ESI{ shows the emer-
gence of large cubical objects approximately 6 hours after the
reaction starts. These intermediates are relatively short with
round ends, reflecting the early stages of nanoparticle forma-
tion observed in the DLS analysis. At approximately 18 h into
the reaction, as depicted in Fig. S7c, ESI, the assembly prog-
resses further, with the coexistence of fully formed nanocubes
of ZnTPyP and incomplete structures visible. This intermediate
stage corroborates the confined self-assembly and stabilization
phases identified through DLS measurements.

The ZnTPyP porphyrin nanoparticles exhibit well-defined
morphologies, including nanocubes and nanorods, as depic-
ted in Fig. 1, and possess notable photophysical properties. It
was observed that the morphology of ZnTPyP nanoparticles
differs significantly between conventional and biogenic
synthesis approaches. The conventionally synthesized nano-
particles (CS-ZnTPyP-NPs) exhibited a rod-shaped structure
(Fig. 1b). In contrast, the biogenically synthesized nanoparticles
(GS-ZnTPyP-NPs) displayed a uniform three-dimensional cube-
like morphology (Fig. 1c), with edge lengths of approximately
330.7 nm and a standard deviation of 4.8%. This stark differ-
ence in morphology highlights the impact of the synthesis
method on the structural characteristics of the nanoparticles.
Specifically, the arrangement of porphyrins within the CS-
ZnTPyP nanorods and GS-ZnTPyP nanocubes results in signif-
icantly broader UV-visible absorption bands that are both red-
shifted and enhanced compared to those of the monomeric
porphyrin (Fig. 1a).

High-resolution transmission electron microscopy (HR-
TEM) (Fig. 1d and S8, ESIt) of GS-ZnTPyP-NCs reveals ordered
arrays within a single crystalline wall structure and elemental
mapping confirms the presence of zinc metal in it. The HRTEM

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization data of porphyrinic nanoparticles (a) UV-vis
absorption spectra of ZnTPyP, green tea extract, ZnTPyP-NRs
synthesized via conventional method and ZnTPyP-NCs synthesized via
bioinspired route. (b) FESEM image of CS-ZnTPyP-NRs. (c) FESEM
image of GS-ZnTPyP-NC. (d) HRTEM image of bioinspired GS-
ZnTPyP- NCs.

image in Fig. 1d displays a single-crystal lattice fringe with
a spacing of 1.7 nm, which is consistent with the - stacking
configuration of porphyrins.*®

Singlet oxygen ('0,) induces cytotoxic reactions that result in
bacterial cell destruction, and the effectiveness of the antimi-
crobial sono-photodynamic effect of any sono-photosensitizer is
directly related to its singlet oxygen quantum yield (SOQY,
@,).*'* Consequently, the developed self-assembled porphyr-
inic nanoparticles were evaluated for their efficiency in gener-
ating singlet oxygen (Table S4, ESIt). The generation of singlet
oxygen was determined using a 1,3-diphenylisobenzofuran
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Fig. 2 Determination of the singlet oxygen quantum yield of por-
phyrinic nanoparticles. Degradation of DPBF as a function of irradia-
tion time under the treatment conditions of (a) DPBF + US + L (b) GS-
ZnTPyP-NCs + DPBF + US + L (c) absorbance intensity of DPBF along
the irradiation time for different groups. (d) ESR spectra using TEMP as
a spin trap agent under different measurement conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

(DPBF) assay. For this purpose, mixtures of DPBF with the test
samples, CS-ZnTPyP-NRs and GS-ZnTPyP-NCs, as well as DPBF
alone (blank), were irradiated with ultrasound (1.0 MHz, 1.5 W
cm %) and deep-red light LEDs (670 nm) for 180 seconds. The
decrease in the concentration of DPBF, a singlet oxygen chem-
ical quencher, was monitored using UV-vis spectroscopy every
30 seconds, as shown in Fig. 2 and S11, ESI} with the @, values
listed in Table S4, ESI.T The absorbance intensity showed no
significant change within 180 seconds for the group DPBF + US
+ L (Fig. 2a). In contrast, the GS-ZnTPyP-NCs + DPBF + US + L
group exhibited a significant decrease in absorbance intensity,
indicating singlet oxygen (*0,) generation under combined US
and light irradiation (Fig. 2b).

To determine the generation of other reactive oxygen species
(ROS) such as hydroxyl radicals ("OH) and superoxide radical
anion (O, "), similar experiments were performed using meth-
ylene blue (MB) and nitroblue tetrazolium (NBT) as probes,
respectively (Fig. S11, ESIt). The observed decrease in absor-
bance for MB and NBT after treatment indicated the production
of "OH and O,", respectively, confirming the ROS generation
capability of the ZnTPyP NPs under the experimental condi-
tions. Notably, the CS-ZnTPyP-NRs produced no detectable
superoxide radical, whereas the GS-ZnTPyP-NCs generated
a high amount of superoxide radical, highlighting a significant
difference in their ROS generation profiles (Fig. S11g and h,
ESIt).

Continuing from the previous results, a scavenging study
was performed to confirm the formation of ROS.** Specific
scavengers were employed for each ROS, with sodium azide
(NaNj3) used for '0,, isopropanol (IPA) for ‘OH, and p-benzo-
quinone (p-BQ) for O," . ZnTPyP NPs were exposed to combined
US and light irradiation (SPDT) in the presence of these scav-
engers, and the degradation of the respective probes was
monitored via UV-vis spectroscopy (Fig. S11, ESIT). A significant
reduction in probe degradation rates in the presence of the
specific scavengers confirmed the successful quenching of the
respective ROS, thereby substantiating the formation of '0,,
'OH, and O," ", during SPDT treatment. These findings support
and expand upon the earlier evidence of ROS generation by
ZnTPyP-NPs.

Further, the results of electron spin resonance (ESR) spec-
troscopy analysis also confirmed the distinctive 'O,, "OH and
O,"” peaks in an environment containing GS-ZnTPyP-NCs
exposed to combined US and light irradiations, and the levels
of ROS were much higher than those in the CS-ZnTPyP-NRs
group, implying the excellent sono-photocatalytic capability of
GS-ZnTPyP-NCs (Fig. S11, ESIY).

The short- and long-term stability of the GS-ZnTPyP-NCs was
thoroughly investigated. To assess short-term stability, nano-
cubes were sampled every 6 hours during preparation and
analyzed for particle size, zeta potential, and polydispersity
index (PDI) using dynamic light scattering (DLS). The results
showed that both mean particle size and zeta potential
remained constant over 48 hours, indicating stability under
physiological conditions (Fig. S10a, ESIt). Additionally, the low
PDI values confirmed a uniform size distribution (Fig. S10b,
ESI{). Long-term stability was assessed by storing lyophilized
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nanoparticles at 4 °C for 60 days, with measurements every 15
days. The results showed consistent particle size and zeta
potential, confirming long-term stability (Fig. S10c and d, ESIT).

The antibacterial sono-photodynamic (aSPDT) activity of the
porphyrinic nanoparticles was assessed against E. coli and S.
aureus using the plate count method (Fig. 3). The number of
bacterial colonies significantly decreased in both the GS-
ZnTPyP-NCs + US and GS-ZnTPyP-NCs + light groups
compared to the control and GS-ZnTPyP-NCs alone. The GS-
ZnTPyP-NCs + US + light group demonstrated remarkable
antibacterial efficiency, achieving 99.995% against S. aureus
and 99.92% against E. coli with just 20 minutes of combined
light and ultrasound treatment.

Moreover, S. aureus demonstrated greater susceptibility to
aSPDT treatment compared to E. coli, aligning with previous
research indicating that Gram-positive bacteria are often more
responsive to such treatments.* This differential susceptibility
is likely due to the distinct structures of their cell envelopes,
which affect their interaction with ROS.

In contrast, while CS-ZnTPyP-NRs also demonstrated anti-
bacterial activity, GS-ZnTPyP-NCs exhibited significantly greater
efficacy (Fig. S13, ESIY). Particularly for S. aureus, GS-ZnTPyP-
NCs achieved nearly complete eradication with only 20
minutes of US + light irradiation at a concentration as low as 50
ug mL ™', whereas CS-ZnTPyP-NRs only killed 75% of the
bacteria at the same concentration (Fig. S13, ESI}). These
results clearly establish GS-ZnTPyP-NCs as a more potent sono-
photosensitizer for bacterial eradication compared to CS-
ZnTPyP-NRs. This enhanced activity is due to polyphenols
present on the surface of the GS-ZnTPyP-NCs, which are derived
from the GTE used in their synthesis. These polyphenols act as
electron donors, facilitating the reduction of molecular oxygen
to superoxide anion (O, °). In contrast, CS-ZnTPyP-NRs,
synthesized without GTE, lack these polyphenols, resulting in
lower superoxide anion production and antibacterial efficacy.
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Fig. 3 Antibacterial sono-photodynamic (aSPDT) activity of green
ZnTPyP nanocubes (GS-ZnTPyP-NCs). (a and b) The statistical chart of
antibacterial effects of (a) E. coli and (b) S. aureus. (c) Spread plate of E.
coli and S. aureus. Statistical significance between bars (*p < 0.05, **p
< 0.01, ***p < 0.001).
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Fig. 4 FESEM micrographs of (a) S. aureus, control, inset showing
intact cellmembrane (b) S. aureus, treated with GS-ZnTPyP-NCs + US
+ L, inset showing damaged cell membrane (c) E. coli, control, inset
showing intact cell membrane (d) E. coli treated with GS-ZnTPyP-NCs
+ US + L, inset showing damaged cell membrane.

Additionally, green tea extract at a concentration of 0.1 mg
mL~" did not show significant antibacterial activity against S.
aureus and E. coli (Fig. S13, ESIT), confirming previous reports
that natural extracts possess negligible antibacterial activity.**

Further examination of bacterial morphologies using FESEM
images (Fig. 4) confirmed these observations, showing wrin-
kled, deformed, and broken bacterial membranes in the GS-
ZnTPyP-NCs + US + light treated group. In contrast, control
group bacteria, both S. aureus and E. coli, displayed smooth
surfaces and intact membranes. Treated bacteria exhibited
various degrees of membrane damage, leading to significant
bacterial death due to severe membrane disruption and content
leakage. These results further demonstrate that GS-ZnTPyP-NCs
with dual sono-photo response can achieve excellent antibac-
terial efficiency at low concentrations in a short time.

Sono-photoinactivation of bacteria using porphyrin
combines PDT and SDT mechanisms. PDT generates ROS under
light, while SDT uses US-induced acoustic cavitation to enhance
ROS production. Sonoluminescence further excite porphyrin,
amplifying bacterial inactivation.

Conclusions

In conclusion, the green synthesis of ZnTPyP nanocubes (GS-
ZnTPyP-NCs) via tea extract and their application in sono-
photodynamic therapy (SPDT) for bacterial inactivation repre-
sents a sustainable and effective therapeutic strategy. This eco-
friendly approach aligns with green chemistry principles and
leverages bioactive compounds for enhanced antibacterial effi-
cacy. The augmented sonodynamic and photodynamic modal-
ities offer a potent solution for combating bacterial infections,
highlighting the potential of green nanosynthesis in addressing
antibiotic resistance and advancing innovative antimicrobial

© 2024 The Author(s). Published by the Royal Society of Chemistry
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therapies. Future research should investigate the in vivo efficacy
of GS-ZnTPyP-NCs and their use in treating complex infections.
Clinically, they could be used for resistant infections, poten-
tially transforming antimicrobial treatments.
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