Heoo®06

Wwww.acsnano.org

Modulation of Intratumoral Fusobacterium
nucleatum to Enhance Sonodynamic Therapy
for Colorectal Cancer with Reduced
Phototoxic Skin Injury

Xiao Qu,l Fang Yin," Manman Pei," Qian Chen,* Yuanyuan Zhang, Shengwei Lu, Xuelian Zhang,
Ziyuan Liu, Xinyao Li, Hangrong Chen, Yang Zhang,* and Huanlong Qin*

Cite This: ACS Nano 2023, 17, 11466-11480 I: I Read Online

ACCESS ‘ [l Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: Intratumoral pathogens can contribute to cancer
progression and affect therapeutic response. Fusobacterium
nucleatum, a core pathogen of colorectal cancer (CRC), is an
important cause of low therapeutic efficacy and metastasis.
Thus, the modulation of intratumoral pathogens may provide a
target for cancer therapy and metastasis inhibition. Herein, we
propose an intratumoral F. nucleatum-modulating strategy for
enhancing the therapeutic efficacy of CRC and inhibiting lung
metastasis by designing an antibacterial nanoplatform (Au@
BSA-CuPpIX), which produced reactive oxygen species (ROS)
under ultrasound and exhibited strong antibacterial activity.
Importantly, Au@BSA-CuPpIX reduced the levels of apoptosis-
inhibiting proteins by inhibiting intratumoral F. nucleatum, thereby enhancing ROS-induced apoptosis. In vivo results
demonstrated that Au@BSA-CuPpIX effectively eliminated F. nucleatum to enhance the therapeutic efficacy of sonodynamic
therapy (SDT) for orthotopic CRC and inhibit lung metastasis. Notably, entrapped gold nanoparticles reduced the
phototoxicity of metalloporphyrin accumulated in the skin during tumor treatment, preventing severe inflammation and
damage to the skin. Therefore, this study proposes a strategy for the elimination of F. nucleatum in CRC to enhance the
therapeutic effect of SDT, thus providing a promising paradigm for improving cancer treatment with fewer toxic side effects
and promoting the clinical translational potential of SDT.
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INTRODUCTION CRC tissues. Moreover, the presence of F. nucleatum reduces
the number of CD3+ T cells in tumor tissues.'””'> The
pathogenic role of F. nucleatum in CRC has been extensively
studied, and it has been found that F. nucleatum activates f-
catenin signaling by binding to E-cadherin using its specific
FadA adhesion protein, which subsequently enhances the
expression of oncogenes and inflammatory genes."’ By acting
on inhibitory immune receptors of natural killer cells (NK
cells), the Fap2 protein from F. nucleatum can trigger an

The occurrence and development of colorectal cancer (CRC)
are influenced by intratumoral pathogens which are significant
environmental factors.'~* To date, multiple pathogenic strains
have been reported to promote CRC progression and are
considered potential therapeutic targets in clinical practice,
such as enterotoxigenic Bacteroides fragilis, enteropathogenic
Escherichia coli, and Fusobacterium nucleatum.”® Although
different CRC-associated pathogens (eg., Peptostreptococcus
Stomatis) have been progressively identified in studies on
patients with CRC, it has been confirmed by numerous studies Received:  February 10, 2023
that F. nucleatum is the main pathogen responsible for Accepted:  April 19, 2023
CRC.”™” CpG island methylation in tumor cells, microsatellite Published: May 18, 2023
instability, and mutations in proto-oncogenes (BRAF and

KRAS genes) are affected by an increased abundance of F.

nucleatum, which is a Gram-negative anaerobic bacterium, in
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Scheme 1. Scheme depicts the procedure for synthesizing Au@BSA-CuPpIX and the mechanism of eliminating the core
pathogenic bacteria in CRC in order to boost the therapeutic effect of SDT together with reduced skin photosensitivity. (a)
Schematic description of the Au@BSA-CuPpIX synthesizing process. (b) Au@BSA-CuPpIX reduces the level of apoptosis-
inhibiting proteins by inhibiting F. nucleatum to advance the efficacy of SDT for orthotopic CRC with lung metastasis
restriction. (c) Au@BSA-CuPpIX effectively reduces the phototoxicity of metalloporphyrin accumulated in the skin during
tumor treatment, preventing severe inflammation and damage to the skin.
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immune escape mechanism in tumor cells."*"® The recognition
of F. nucleatum’s lipopolysaccharide by Toll-like receptor 4
(TLR4) on the cell surface is a critical mechanism that triggers
the TLR4/MyD88 cascade to activate the nuclear factor-xB
(NF-kB) pathway, ultimately leading to the up-regulation of
cell proliferation and apoptosis inhibition genes.'® Several
reports have found that the abundance of intratumoral F.
nucleatum is associated with poor prognosis in CRC and shares
a high positive correlation with postoperative tumor
recurrence, all of which indicate that F. nucleatum may reduce
the effectiveness of CRC treatment through microbial
metabolites or activation of apoptosis suppressor
genes.”'”™"" Prior research indicates that infection of F.
nucleatum can trigger the TLR4/AKT/Keapl/NRF2 pathway,
enhance the CYP2J2 expression in CRC cells, and ultimately
lead to the increased production of 12,13-EpOME, which
promotes the advancement of CRC.””*" F. nucleatum activates
the TLR4/MyD88 autophagy pathway and boosts the mRNA
expression levels of autophagy-related genes ULK1 and ATG?7,
elevating the autophagy level of CRC cells, resulting in
resistance to S-fluorouracil (S-Fu) and oxaliplatin (OxPt) and
reducing chemotherapy-induced apoptosis.'® As a result, the
presence of F. nucleatum within CRC not only enhances the
onset and progression of CRC but also impacts the therapeutic
efficacy and cancer metastasis.

Due to its ability to deeply penetrate tissues and ensure
safety, sonodynamic therapy (SDT) shows great potential as a
supplementary technique to traditional cancer treatments,
making it an emerging and promising method in the field of
cancer treatment.””>° Ultrasonic (US) is utilized by SDT to
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stimulate sonosensitizers, resulting in the generation of reactive
oxygen species (ROS) that trigger cancer cell apoptosis.”” >’
Currently, organic sonosensitizers for SDT are frequently
developed from organic porphyrins and their derivatives, such
as hematoporphyrin, Protoporphyrin IX, and hematoporphyrin
monomethyl ether,”*°™>* because of their exceptional
attributes including extensive z-electron-conjugated systems
as well as versatile optoelectronic and catalytic features.””*
Several porphyrin-based sonosensitizers have been reported to
show effective ROS production upon US radiation for tumor
treatment.’**” However, the TLR4/NF-kB pathway in CRC
cells is triggered by F. nucleatum infection, leading to the
activation of various antiapoptosis target genes, includin§
TNFR-associated factor (TRAF-1, TRAF-2),*® BIRC3,’
inhibitor of apoptosis proteins (IAPs),*” and Bcl-2,*'~*
which resists ROS and promotes cell survival.** Therefore,
integrating the elimination of intratumoral F. nucleatum and
SDT is likely to provide the best choice for improving the
efficacy of SDT and obtaining high clinical therapeutic value.

However, with the exception of tumor accumulation, some
sonosensitizers accumulate in the skin and other superficial
tissues for a long time. Considering that organic sonosensi-
tizers are mostly derived from photosensitizers, they can be
excited by sunlight and indoor light to produce ROS, which
causes severe inflammation and damage after administration,
posing a potential threat to SDT application in tumor
therapy.* " Therefore, it is crucial for SDT applications to
alleviate the phototoxicity of sonosensitizers on normal skin.
Recently, some nanoplatforms in the field of photodynamic
therapy, including near-infrared light-activating DiR-hCe6-
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Figure 1. Characteristics of Au@BSA-CuPpIX. (a) TEM image of Au@BSA-CuPpIX. Insets in the upper right: digital photograph of Au@
BSA-CuPpIX dissolved in deionized water. (b) HAADF image of Au@BSA-CuPpIX. (c—e) Elemental mapping of Au and Cu. (f) EDS
analysis of Au@BSA-CuPpIX. (g) Size distribution of Au@BSA-CuPpIX. (h) UV—vis absorption spectra and (i) zeta potential of Au@BSA
and Au@BSA-CuPpIX. (j) Fluorescence intensity of SOSG examined under different conditions with or without US radiation. (k) ESR
spectra of control, US, Au@BSA-PpIX, Au@BSA-CuPpIX, Au@BSA-PpIX+US, and Au@BSA-CuPpIX+US groups; 2,2,6,6-tetramethylpiper-
idine as trapping agent. (1) Fluorescence intensity of SOSG under different conditions with light radiation (405 nm, 5 mW/cm?).

liposome and biodegradable Ce6@CaCOj;-PDA, have been
designed for tumor treatment with reduced skin photo-
toxicity." > Although these ingenious strategies show
effective tumor therapy with skin protection, several limitations
need to be addressed to apply these strategies for tumor SDT.
Such responsive coencapsulated nanosystems could release

photosensitizers or sonosensitizers in the blood circulation or
tumor tissue, causing photodamage to the skin. Therefore, the
design of an SDT nanosystem that is permanently silent to
sunlight and indoor light is beneficial for promoting the clinical

application of tumor SDT.
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Figure 2. Antibacterial performance of Au@BSA-CuPpIX. (a) Statistical analysis of the bacterial activity of F. nucleatum treated with different
groups. The concentrations of Au@BSA-CuPpIX and Au@BSA-PpIX were set at 100 ug mL™" (n = 3). (b) The colony forming unit (CFUs)
statistics of F. nucleatum after different treatments (n = 3) and plate photographs of F. nucleatum forming colony after different treatments.
(c) SEM of F. nucleatum after different treatments. (d) After various treatments, live and dead F. nucleatum were subjected to confocal

imaging using staining techniques.

Herein, an ultrasonic stimulation-responsive albumin-based
nanoplatform (Au@BSA-CuPpIX) with antibacterial function
was designed and synthesized employing bovine serum
albumin (BSA) to be a carrier and stabilizer, which entraps
Au nanoparticles (Au NPs) by biomimetic mineralization and
is further modified using an antibacterial metalloporphyrin
(CuPpIX) sonosensitizer (Scheme 1). Au@BSA-CuPpIX can
effectively eliminate F. nucleatum and reduce the levels of
apoptosis-inhibiting proteins in cancer cells, thus enhancing
the tumor therapeutic effect of SDT. In addition, xenograft and
orthotopic CRC models demonstrated that Au@BSA-CuPpIX
has high SDT efficiency for the effective suppression of tumor
growth, and tumor metastases are significantly reduced by
eliminating F. nucleatum in mice after treatment with
antibacterial Au@BSA-CuPpIX. Moreover, Au NPs can reduce
or even eliminate the phototoxicity of CuPpIX in the skin by
reducing the production of light-induced ROS and avoiding
severe inflammation and skin damage. This study offers a
reference that ensures efficient treatment of tumors while
minimizing side effects.

RESULTS AND DISCUSSION

Synthesis and Characteristics of Au@BSA-CuPplX. For
the efficient SDT of CRC with reduced phototoxic skin injury,
an antibacterial nanoplatform (Au@BSA-CuPpIX) was synthe-
sized by BSA anchoring Au NPs and modified using
metalloporphyrin (CuPpIX). The uniform morphology of the
fabricated Au@BSA-CuPpIX was revealed through trans-

mission electron microscopy (TEM) imaging (Figure la)
and in terms of the high angle annular dark field (HAADF)
image. The morphology of Au@BSA-CuPpIX presented a
spherical monodispersion, consistent with TEM (Figure 1b).
Elemental mapping analysis shows Cu and Au were uniformly
distributed in the Au@BSA-CuPpIX, which substantiated the
chemical composition of Au@BSA-CuPpIX (Figure lc—e).
The energy dispersive spectrometer (EDS) analysis confirmed
the presence of the elements Au and Cu, indicating that Au
NPs and CuPpIX payloads onto the BSA (Figure 1f). The
mean hydrodynamic diameter of Au@BSA-CuPpIX was about
53 nm (Figure 1g). The UV—vis absorption spectrum of Au@
BSA-CuPpIX exhibited broader characteristic absorption
bands between 350—420 nm and 550—600 nm compared to
Au@BSA, which can be attributed to the presence of CuPpIX
in Au@BSA-CuPpIX (Figure 1h). After grafting CuPpIX onto
Au@BSA, the zeta potential reduced to —48.26 + 1.107 mV
(Figure 1i). From the stability of Au@BSA-CuPpIX in a
serum-containing medium, its particle size did not change
significantly over time, indicating its good stability in the
physiological environment (Figure S1). Owing to the
successful loading of CuPpIX, Au@BSA-CuPpIX could be
utilized to be a sonosensitizer for generating singlet oxygen
(102) for tumor treatment. Single oxygen sensor green
(SOSG), which is known as a fluorescent probe showing a
high specificity for 'O,, was applied to evaluate the capability
of Au@BSA-CuPpIX to generate 10, (Figure 1j). SOSG
fluorescence was more intense in the Au@BSA-CuPpIX+US

https://doi.org/10.1021/acsnano.3c01308
ACS Nano 2023, 17, 11466—11480


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c01308/suppl_file/nn3c01308_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c01308?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c01308?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c01308?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c01308?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c01308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acshano.org e
=
o 1507 == HCT116 .
= NCM460 == 1.0 Wiem?, 1.6 min i
S e Ty = 1409 ;o wiear, 1.6 min 404 =1 Owrcm,
< =120 3.0 Wiem?, 1.8 min Fiz - ;: mcm'
5 om
z 10 e
g 30 = 8
g S 60 3 .
2 S @ 60
= w0 g ,
2 ‘ =
° o H 3 20 H n
o ln & 11 Hliln g

o

50 i
DAPI  Au@BSA-CuPplX

0 625 125 25 50 100 200 0 25 50 100 200 0 1 15 2

Merged Concentration (ug/mL) Concentration (ug/mL) Time (min)

Control

Au@BSA-PpIX

Au@BSA-CuPplX Au@BSA-PpIX+US Au@BSA-CuPpIX+US

140 HCT116

Cell Viability (%)
DCFH-DA

o ol
\"#%@?0@?6 & 4
f A \"’@? £
= 18] @
& 140 =T= E
2> 1204 =
= 100 1 <
8 ol .
% :‘;: 2 j Control us Au@BSA-PpIX Au@BSA-CuPplX Au@BSA-PpIX+US Au@BSA-CuPplIX+US
8 ool @ @ . a | o @ e @ a

il —
Control  F. nucleatum

= HCT116/ £ nweleatum e
£ “ | : Xk
2 =il - S
E FITC "
> 5 E 7?0
= T £ x 3
@ S 3 & %
3 g x 3 ¢ B
a e 2 2 3
3 o a §
i 323
8 g < < g
3
H * <
Control Au@BSA-PpIX Au@BSA-CuPplX Au@BSA-PpIX+US Au@BSA-CuPplIX+US 8

Figure 3. In vitro anticancer and antibacterial activities. (a) CLSM pictures of HCT116 cells after being co-incubated with Au@BSA-CuPpIX
for 2, 4, and 6 h. Red fluorescence: Cy5.5-labeled Au@BSA-CuPpIX (100 pg/mL), blue fluorescence: DAPI. (b) The viabilities of HCT116
and NCM460 cells after incubation with Au@BSA-CuPpIX for 24 h at different concentrations (0, 6.25, 12.5, 25, 50, 100, and 200 pg/mL).
(c) Cell viabilities of HCT116 cells treated with Au@BSA-CuPpIX at varied concentrations (0, 25, 50, 100, and 200 ug/mL) using varying
power densities (1.0, 2.0, and 3.0 W/cm?) of US irradiation. (d) The viability of HCT116 cells under varying US irradiation durations (0, 1,
1.5, 2 min) or different power densities (1.0, 2.0, 3.0 W/cm?) while being treated by Au@BSA-CuPpIX at a concentration of 100 gg/mL. (e)
The viability of HCT116 cells evaluated after various treatments (PBS, Au@BSA-PpIX, Au@BSA-CuPplIX, US, Au@BSA-PpIX+US, Au@
BSA-CuPpIX+US). (f) The cell viabilities of HCT116 cells after coculture with F. nucleatum (1:1000) after 48 h. (g) Cocultured with F.
nucleatum after 48 h, the cell viability of HCT116 cells after different treatments. (h) Images of HCT116 cells obtained through CLSM after
various treatments stained with DCFH-DA. (i) Images captured through inverted fluorescence microscopy images of HCT116 cells that have
been stained by Calcein-AM and PI dyes in different treatments (green fluorescence: Calcein-AM representing live cells, red fluorescence: PI
representing dead cells). (j) Cocultured with F. nucleatum after 48 h, flow cytometric analysis of HCT116 cells after various treatments. (k)
Plate photographs of F. nucleatum forming a colony after different treatments. The corresponding colony count results of different treatment
groups.

group in comparison with the fluorescence in the Au@BSA-
CuPpIX group, indicating that Au@BSA-CuPpIX produced
sufficient 'O, excited by US. The singlet oxygen production
efficiency of Au@BSA-CuPpIX and Au@BSA-PpIX under US
irradiation showed no obvious differences. The production of
'0, was detected through using electron spin resonance (ESR)
(Figure 1k). The ESR results showed a strong characteristic
1:1:1 triple peak of 'O, in the Au@BSA-CuPpIX+US and
Au@BSA-PpIX+US groups, demonstrating that Au@BSA-
CuPpIX can be used as an effective sonosensitizer to produce
'0,. To evaluate the ability of Au NPs to inhibit the
production of light-induced ROS, the ROS production
efficiency of Au@BSA-CuPpIX and BSA-CuPpIX was
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measured using SOSG (Figure 11). The findings showed that
the group treated with Au@BSA-CuPpIX demonstrated a 76%
decrease in ROS production efficiency compared to that in the
BSA-CuPpIX group under photoradiation conditions, indicat-
ing that entrapping Au NPs in Au@BSA-CuPpIX could
effectively reduce the generation of light-induced ROS.
Therefore, Au@BSA-CuPpIX is expected to effectively reduce
the phototoxicity of sonosensitizers to the skin during tumor
therapy. Considering that Au NPs have displayed a shielding
effect of Au NPs on light-induced ROS production, further
investigation was carried out on the ROS production effect of
Au NPs induced by US radiation. The SOSG and ESR results
suggested that the efficiency of ROS production was reduced
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by 48.3% in the Au@BSA-CuPpIX group when compared to
the BSA-CuPpIX group (Figures S2, S3). Au NPs revealed a
more notable effect on light-triggered ROS production than
that on sound-induced ROS production (76% vs 48.3%,
respectively). This difference could be attributed to the
different mechanisms of ROS generation excited by light and
US.”* Therefore, Au@BSA-CuPpIX is promising for tumor
SDT while overcoming phototoxicity in the skin.

Au@BSA-CuPplIX Effective Elimination of F. nuclea-
tum. To investigate the in vitro antibacterial properties of Au@
BSA-CuPpIX, F. nucleatum was co-incubated with phosphate-
buffered saline (PBS), Au@BSA-CuPpIX, and Au@BSA-PpIX
suspensions for 24 h in the dark at a certain dosage (100 ug/
mL). According to bacterial viability, colony images, and
colony count results (Figure 2ab), Au@BSA-CuPpIX could
significantly eliminate F. nucleatum, highlighting its efficient
antibacterial properties, which was attributed to the addition of
CuPpIX. The antibacterial ability of Au@BSA-CuPpIX was
attributed to the antibacterial property of CuPpIX. The
antibacterial activity of 'O, produced by US-excited
sonosensitizers was then evaluated. The growth of F. nucleatum
treated with Au@BSA-PpIX was above 90%. However, after
Au@BSA-PpIX was irradiated by the US, the survival rate of F.
nucleatum sharply decreased, demonstrating that US-triggered
'0, production also possessed antibacterial activity. Although
Au@BSA-PpIX combined with US irradiation showed
antibacterial activity, the Au@BSA-CuPpIX group with US
irradiation showed a stronger inhibition of F. nucleatum
proliferation, indicating that Au@BSA-CuPpIX had the
synergistic antibacterial ability of both CuPpIX and 'O,. The
cocultured F. nucleatum was sampled, dehydrated, fixed, and
sectioned for scanning electron microscopy (SEM) (Figure
2¢c). Correspondingly, compared with the control and Au@
BSA-PpIX groups with or without US radiation, bacterial
dehydration and bacterial membrane contraction could be
clearly observed in the group treated with Au@BSA-CuPpIX
with US radiation, which was in agreement with the colony
forming ability results. The antibacterial ability of Au@BSA-
CuPpIX was assessed by staining for live/dead bacteria (Figure
2d). As expected, in the absence of US radiation, the control
and Au@BSA-PpIX groups emitted only green fluorescence,
indicating that F. nucleatum was viable. However, Au@BSA-
PpIX treatment in the presence of US radiation resulted in
some dead bacteria (emitting red fluorescence), which may
have been due to the SDT effect of Au@BSA-PpIX. Moreover,
numerous dead bacteria (emitting red fluorescence) were
observed in the Au@BSA-CuPpIX treatment with or without
US radiation, indicating that Au@BSA-CuPpIX had strong
antibacterial activity.

Cellular Uptake, Biocompatibility, and SDT Efficiency
of Au@BSA-CuPplX in Vitro. First, the uptake of Au@BSA-
CuPpIX labeled with cyanine (Cy)S.5 dye in cells was
observed by confocal laser scanning microscopy (CLSM).
The endocytosis of Au@BSA-CuPpIX into HCT116 cells was
successfully demonstrated (Figure 3a). Next, to assess the
biocompatibility of Au@BSA-CuPplIX, the cell viability of
human cells (HCT116 and NCM460), incubated with Au@
BSA-CuPpIX at different concentrations (6.25, 12.5, 25, 50,
100, and 200 pg/mL) for 24 h, was determined by the cell
counting kit-8 (CCK-8). The results showed that Au@BSA-
CuPpIX exhibited no obvious toxicity, even at high
concentrations (up to 200 ug/mL) (Figure 3b). Owing to
the good compatibility and efficient phagocytosis, the SDT

efficiency of Au@BSA-CuPpIX in vitro was investigated using
CCK-8. The concentration of Au@BSA-CuPpIX, US power
density, and US irradiation duration showed a negative
correlation with cell viability (Figure 3c,d), demonstrating
that Au@BSA-CuPpIX had a high sonotoxicity efficiency. It is
noteworthy that there was no apparent variation observed in
the SDT efficiency under US radiation when cells were
cocultured with Au@BSA-PpIX and Au@BSA-CuPpIX
(Figure 3e), indicating no significant difference between the
sonotoxicity of Au@BSA-CuPpIX and Au@BSA-PpIX in
killing uninfected HCT116 cells.

The impact of F. nucleatum on the growth of HCT116 cells
was explored. It was found that there was an obvious increase
in HCT116 cell proliferation following a 48 h incubation with
F. nucleatum at a concentration of 1:1000 (Figure 3f), which is
consistent with previous reports.'®*"** Then, F. nucleatum-
infected HCT116 cells were used to evaluate the effect of SDT
combined with an antibacterial. As shown in Figure 3g, after
US irradiation, Au@BSA-CuPpIX exhibited a more obvious
inhibitory effect on cell viability than Au@BSA-PpIX,
suggesting that the sonotoxicity of Au@BSA-CuPpIX for F.
nucleatum-infected tumor cells was stronger than that of Au@
BSA-PpIX, which could be attributed to the stronger
antibacterial ability of Au@BSA-CuPpIX to eliminate F.
nucleatum. The levels of TLR4 and MyD88 proteins could
be enhanced in HCT116 in response to the treatment of F.
nucleatum, leading to sustained activation of NF-kB. Western
blot was used to explore the effect of Au@BSA-CuPpIX on this
pathway after eliminating F. nucleatum (Figure S4). The
findings indicated that TLR4, MyD88, and p65 levels remained
unchanged in the control group. However, these proteins were
noticeably decreased in the Au@BSA-CuPpIX and Au@BSA-
CuPpIX+US groups. This could be attributed to the
exceptional antibacterial properties of Au@BSA-CuPpIX,
which may have prevented the TLR4/MyD88/NF-xB pathway
from being activated. Previous reports have found that
intratumoral F. nucleatum may reduce the effectiveness of
CRC treatment through microbial metabolites or activation of
apoptosis suppressor genes. Therefore, Western blot was used
to analyze the mechanism of eliminating F. nucleatum to
enhance ROS-induced apoptosis (Figure SS). The results
indicated that the Au@BSA-CuPpIX+US group showed a
significant rise in the levels of apoptosis-promoting proteins
(cleaved caspase 3, cleaved caspase 9, and Bax) and a decline
in the apoptosis-inhibiting protein (Bcl-2). Interestingly,
although apoptosis-promoting proteins in the Au@BSA-
CuPpIX group did not increase compared to those in the
control group, the level of the apoptosis-inhibiting protein Bcl-
2 was obviously decreased, indicating that the apoptosis-
inhibiting protein Bcl-2 was down-regulated by eliminating F.
nucleatum. The elevated intracellular ROS induced by Au@
BSA-CuPpIX irradiated with US was detected using 2,7-
dichlorofluorescein diacetate (DCFH-DA), which could be
oxidized by ROS from the nonfluorescent state to fluorescent
2,7-dichlorofluorescein (DCF). As shown in with US
irradiation, Au@BSA-CuPpIX and Au@BSA-PpIX generated
intense green fluorescence in cancer cells, indicating massive
production of intracellular ROS (Figure 3h).

CLSM images were used to verify the therapeutic function
of the Au@BSA-CuPpIX. HCT116 cells were cocultured with
F. nucleatum (1:1000 dilution). Calcein-acetoxymethyl ester
(Calcein-AM) and propidium iodide (PI) were costained with
HCT116 cells in all groups after treatment to differentiate
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Figure 4. SDT efficiency of Au@BSA-CuPpIX in vivo. (a) Schematic ill

ustration of experimental design and schedule of treatments. (b)

Photograph of mouse tumors and (c) tumor growth volume curves at the end of the treatments (PBS, Au@BSA-PpIX, Au@BSA-CuPpIX,
US, Au@BSA-PpIX+US, Au@BSA-CuPpIX+US). (d) Average tumor weight in different groups. (e) Individual tumor growth curve in

different groups. (f) Representative fluorescent TUNEL and FISH-staine

d sections of HCT116 tumor tissue at the end of the experiments.

between live (green fluorescent) and dead (red fluorescent)
cells. Strong green fluorescence and weak red fluorescence
were observed in the control, US, Au@BSA-PpIX, and Au@
BSA-CuPpIX groups, suggesting good biocompatibility in
HCT116 cells. Notably, after US irradiation, the Au@BSA-
PpIX+US group and Au@BSA-CuPpIX+US group showed
strong red fluorescence originating from PI, which indicated
significant cell death (Figures 3i, S6). The use of flow
cytometry helped in further evaluating the rate of apoptosis.
The control, US, Au@BSA-PpIX, and Au@BSA-CuPpIX
groups showed no obvious apoptotic rates. Under US
irradiation, the highest apoptosis rate was approximately 70%
in the Au@BSA-CuPpIX+US group (Figure 3j). These results,
together with the CCKS8 results, further demonstrate that the
antibacterial and SDT effects of Au@BSA-CuPpIX played a
synergistic role in inhibiting cell viability. The bactericidal

11472

ability of Au@BSA-CuPpIX against F. nucleatum cocultured
with cells was investigated further. HCT116 cells from the
various treatments described above were lysed with 0.1%
Triton X-100 for CFU counting. Au@BSA-CuPpIX could
effectively inhibit the growth of F. nucleatum cocultured with
cells, while Au@BSA-CuPpIX almost completely eliminated F.
nucleatum after US irradiation (Figure 3k). It can be inferred
from the results that the use of Au@BSA-CuPpIX in tandem
with US has the potential to effectively eliminate F. nucleatum,
thus augmenting SDT for CRC.

In Vivo Biocompatibility and Biodistribution of Au@
BSA-CuPplX. Prior to the in vivo assessment, the red blood
cell hemolysis assay of Au@BSA-CuPpIX was performed, and
no significant hemolysis was detected, indicating the benign
hemocompatibility of Au@BSA-CuPpIX (Figure S7a,b). To
assess the biocompatibility of Au@BSA-CuPpIX in vivo,
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Figure 5. In vivo SDT of Au@BSA-CuPpIX against F. nucleatum-infected orthotopic CRC and lung metastasis. (a) Schematic illustration of
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images of TUNEL and FISH-stained sections at the end of the experiments. (f) In vivo fluorescence intensities of lung metastasis. (g) Ex vivo
fluorescence imaging of the lung and fluorescence intensity after treatments.

healthy male mice were injected intravenously with different
amounts of Au@BSA-CuPpIX (0, S, 10, and 20 mg/kg). Mice
in all groups did not significantly lose body weight during the
observation period (14 d), indicating that Au@BSA-CuPpIX
was not acutely toxic (Figure S8). Furthermore, Au@BSA-
CuPpIX showed negligible toxicity to treated mice at different
doses, as confirmed by blood biochemical analysis and
histological examination (Figures S9, S10). These preliminary
data suggest that the synthesized Au@BSA-CuPpIX was highly
biocompatible in vivo.

To evaluate the biodistribution of Au@BSA-CuPpIX in vivo,
CyS.5-labeled Au@BSA-CuPpIX were intravenously injected
into mice. The biodistribution of CyS.5-labeled Au@BSA-
CuPpIX was assessed using an in vivo imaging system (IVIS).
The results indicated that the liver, lung, and kidney had the
highest accumulation of Au@BSA-CuPpIX (Figure S11). The

quantities of Au NPs in the important organs were measured
by utilizing inductively coupled plasma atomic emission
spectrometry (ICP-AES), and the results indicated that the
major organs where the Au@BSA-CuPpIX were found to
accumulate were the liver, lung, spleen, and kidney (Figure
S$12). Forty-eight hours after injection, the quantity of Au NPs
in the tumor increased by 2.97 times compared to 2 h
postinjection, indicating the effective tumor accumulation of
Au@BSA-CuPpIX through the enhanced permeability and
retention effect. The blood circulation curve results showed
that the blood circulation halflife of the albumin-based
nanoparticles was 31.0 + 5.9 h, which further verified the
stability of the albumin-based nanoplatform in vivo (Figure
S13).

In Vivo SDT of Au@BSA-CuPplX against F. nucleatum-
Infected Tumor-Bearing Xenograft and Orthotopic
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CRC. As high F. nucleatum levels are strongly associated with
the progression of CRC, eliminating F. nucleatum is beneficial
for promoting therapeutic efficacy. Due to the high ROS yield
and the strong antibacterial activity of Au@BSA-CuPplIX, the
efficacy of antibacterial synergistic tumor SDT in vivo was
further investigated in HCT116 cell tumor xenografts and
orthotopic CRC-bearing nude mice. First, mice bearing
HCT116 tumor xenografts were constructed. Mice were
allocated into six groups at random: control, Au@BSA-PpIX,
Au@BSA-CuPpIX, US, Au@BSA-PpIX+US, and Au@BSA-
CuPpIX+US. To construct the F. nucleatum-infected HCT116
cell tumor xenografts, each group of mice received an
intratumoral injection of the same amount of F. nucleatum
(10° CFUs per mouse) every day for a total of S d of
colonization, as previously described.*” Then, PBS, Au@BSA-
PpIX, and Au@BSA-CuPpIX were injected intravenously 24 h
after the last F. nucleatum injection, followed 24 h later by
irradiation of the tumor with US, repeated the next day (Figure
4a). The growth of tumors was inhibited in the Au@BSA-
CuPpIX group compared to the control and Au@BSA-PpIX
groups, suggesting that antibacterial Au@BSA-CuPpIX could
inhibit tumor growth by eliminating intratumoral F. nucleatum.
After US irradiation, the Au@BSA-PpIX+US group showed
obvious tumor inhibitory effects (82.1%). However, the Au@
BSA-CuPpIX+US group had the highest tumor inhibition
efficiency (94%) due to the antibacterial combined SDT effect
(Figure 4b—e). After the treatment, tumor tissues were
harvested from all groups and subjected to histological
examination using haematoxylin and eosin (H&E) staining,
immunohistochemical (IHC) staining for Ki-67, and TdT-
mediated dUTP nick end labeling (TUNEL) staining.
Compared with other treatments, H&E staining showed
significant lesions in tumor tissues in both Au@BSA-PpIX
+US and Au@BSA-CuPpIX+US treatment groups. Moreover,
the Au@BSA-CuPpIX+US treatment group demonstrated the
most significant suppression of cellular proliferation, as
observed by Ki-67 staining. The TUNEL results indicated
that the Au@BSA-CuPpIX+US treatment group had a
significantly higher number of apoptotic cells with green
fluorescence compared to the control groups (Figures 4f, S14).
To investigate the inhibitory effect of Au@BSA-CuPpIX on
intratumoral F. nucleatum, specific fluorescence in situ hybrid-
ization (FISH) probes with red fluorescence were used to
detect F. nucleatum in tumors. The results showed that minimal
red fluorescence was observed in the Au@BSA-CuPpIX group
following US radiation treatment (Figure 4f), indicating that
Au@BSA-CuPpIX+US could effectively scavenge intratumoral
F. nucleatum. These results suggest that Au@BSA-CuPpIX
showed superior therapeutic efficacy against xenografted
colorectal tumors by eliminating the core oncogenic bacteria
combination with SDT.

To investigate the impact of F. nucleatum in a clinically
relevant model of CRC, F. nucleatum-infected HCT116 cells
with orthotopic tumor were constructed. First, mice were
treated daily with an oral antibiotic mixture (streptomycin and
penicillin) for a total of 1 week, and an orthotopic CRC model
was established in vivo by injecting HCT116 cells transfected
with luciferase into the cecum.”>* Three days later, mice were
administered F. nucleatum (10° CFUs) by tube feeding every
day for a total of 5 d. Other treatments were similar to the
xenograft tumor subcutaneously model (Figure Sa). Tumor
growth was monitored by bioluminescence every S d (Figure
Sb). The results of the quantitative analysis of in wvivo

bioluminescence images showed that the bioluminescence
intensity of the Au@BSA-CuPpIX group was weaker than that
of the control and Au@BSA-PpIX groups, which was related to
the antibacterial activity of Au@BSA-CuPpIX. The bio-
luminescence intensity of Au@BSA-PpIX+US was weak,
while the bioluminescence intensity of the Au@BSA-CuPpIX
+US treatment group was the weakest, indicating that the
antibacterial Au@BSA-CuPpIX had a stronger antitumor
response than Au@BSA-PpIX because of the synergy between
antibacterial activity and SDT (Figure Sc). Moreover, the
survival time of mice was examined in treatment groups over
35 d, showing that all mice died within 35 d in the control,
Au@BSA-PpIX, Au@BSA-CuPpIX, and US groups (Figure
Sd). As expected, antibacterial activity combined with SDT
therapy extended the median survival time and survival rate
(>35 d, 40%) compared to antibacterial activity (=19 d, 0%) or
SDT therapy alone (>35S d, 20%). In addition, orthotopic
tumor tissue was pathologically stained with H&E, Ki-67, and
TUNEL, showing that Au@BSA-CuPpIX+US caused the most
severe damage to the tumor tissue and induced the most severe
apoptosis (Figures Se, S15). FISH results also showed that
Au@BSA-CuPpIX had strong antibacterial activity in ortho-
topic tumors (Figure Se), which is in agreement with the
results obtained from the tumor xenograft CRC. These
findings implied that the proliferation and invasion activity of
CRC cell lines could be increased by F. nucleatum, and the
combination treatment of Au@BSA-CuPpIX and US was
found to be effective in suppressing the growth of both tumor
xenografts and orthotopic colorectal tumors by clearing F.
nucleatum synergetic SDT, further illustrating that the
elimination of CRC core pathogens is necessary for CRC
treatment.

F. nucleatum infection has been reported to promote CRC
cell migration and lung metastasis.”” >’ To further explore
whether antibacterial Au@BSA-CuPpIX could reduce meta-
stasis in vivo, a lung metastasis model was constructed by
injecting F. nucleatum-infected HCT116 cells overexpressing
luciferase via the tail vein. Mice were allocated randomly into
three groups (control, Au@BSA-PpIX, and Au@BSA-CuPpIX)
for different treatments. After 14 d, strong bioluminescence
from metastases was detected in the lungs of the PBS and Au@
BSA-PpIX groups, which showed higher bioluminescence than
that of the antibacterial Au@BSA-CuPpIX group (Figure Sf).
These in vivo imaging findings were consistent with end-point
bioluminescence intensity in lung imaging of euthanized mice
(Figure Sg), confirming that tumor metastases were signifi-
cantly reduced in mice treated with antibacterial Au@BSA-
CuPpIX. Therefore, inhibition of F. nucleatum by Au@BSA-
CuPpIX suppressed CRC metastasis.

Skin Phototoxicity Evaluation. Porphyrins generally
cause severe phototoxicity in the skin when exposed to light,
which hinders their clinical application.""®* Au NPs are
superior electron/energy receivers, which could convert the
excited singlet state of porphyrins through electron/energy
transfer, thereby reducing the formation of the triplet state of
porphyrins.”* ™ Energy/electron transfer may occur from
CuPpIX to Au NPs under light conditions, which could reduce
the ROS production excited by light to prevent porphyrins
from damaging the skin. Therefore, engineered Au@BSA-
CuPpIX may weaken and even eliminate the phototoxicity of
porphyrins to protect skin from damage. To determine the skin
protective effect of Au NPs, normal human skin epithelial cells
HaCaT were cocultured with Au@BSA-CuPpIX and BSA-
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Figure 6. Skin photoprotection evaluation. (a) The viability of HaCaT cells was assessed by CCKS assay after being cultured with PBS, BSA-
CuPpIX, and Au@BSA-CuPpIX, with or without LED light (405 nm) irradiation (5 W/cm? for § min) at the same CuPpIX concentration.
(b) The confocal imaging of HaCaT cells treated with PBS, BSA-CuPpIX, and Au@BSA-CuPpIX and then stained using DCFH-DA (green).
The cell nuclei were stained using DAPI (blue). (c) The confocal imaging of live and dead cells stained by Calcein-AM and PI dyes. (d) Skin
samples measuring 1.5 cm X 1.5 cm were collected to determine their relative weight after exposing the backs of euthanized mice to 405 nm
LED light at a power density of 5 mW/cm? for 2 h. (e) Photograph and (f) H&E sections of the skin tissue on the back of the mouse taken 3
days after with or without exposure to 405 nm LED light (5 mW/cm?, 2 h) treatments.

CuPpIX for 24 h. After irradiation with 405 nm light emitting
diode (LED) light for S min, cells treated with BSA-CuPpIX
showed a low level of cell viability and a high level of ROS
(Figure 6a—c). However, cells treated with the same
concentration of Au@BSA-CuPpIX with or without light
irradiation had a minimal effect on cell viability and low level
of ROS production, indicating no obvious phototoxicity of
Au@BSA-CuPpIX.

Furthermore, the protective effect of Au NPs against
porphyrin skin phototoxicity was assessed in shaved, healthy
male C57BL/6 mice. After intravenous injection of PBS, BSA-
CuPpIX, and Au@BSA-CuPpIX for 24 h, the mice were
irradiated with or without 405 nm LED light for 2 h to evaluate
the photodamage of the dorsal skin of mice. Skin damage in
mice was negligible in the group without light irradiation. After
illumination, the mice injected with BSA-CuPpIX showed
significant edema on their backs. However, mice administered
Au@BSA-CuPpIX injection did not show significant edema of
the skin after light irradiation. To quantify the skin edema of

mice receiving different treatments, skin samples measuring 1.5
cm X 1.5 cm were collected from the backs of three euthanized
mice in each group and weighed. It is worth noting that the
mean skin weight of mice receiving BSA-CuPpIX combined
with illumination was approximately 180% greater than that of
mice in the control group, whereas there was no significant
change in skin weight after treatment with Au@BSA-CuPpIX
combined with illumination, indicating that Au NPs eliminated
the phototoxicity of porphyrins on the skin (Figure 6d).
Moreover, severe edema in mice treated with BSA-CuPpIX
combined with illumination gradually developed into erythema
and eschar. Severe skin erythema was observed on the backs of
mice treated with BSA-CuPpIX combined with illumination at
day 3, whereas mice treated with Au@BSA-CuPpIX combined
with illumination had no significant erythema (Figure 6e).
Histological changes in the skin were evaluated 3 days after
light irradiation using H&E staining. Mice treated with BSA-
CuPpIX showed severe skin damage following light irradiation.
In sharp contrast, the skin of the mice treated with Au@BSA-
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CuPpIX remained essentially intact after irradiation (Figure
6f). Taken together, all these results suggest that Au@BSA-
CuPpIX reduced the severe phototoxicity of sonosensitizers,
highlighting a promising approach offering a sonosensitizer
with efficiency, precision, and biosafety.

CONCLUSION

In this study, we constructed an ultrasmall antibacterial
nanoplatform (Au@BSA-CuPpIX), which made it easy for it
to be metabolized by the kidney. Au@BSA-CuPpIX exhibited
good ultrasonic-excited ROS production and antibacterial
activity of F. nucleatum. The xenografts and orthotopic CRC
model in vivo experiments showed that Au@BSA-CuPpIX
significantly improved the therapeutic effect of SDT and
suppressed CRC tumor metastasis by eliminating the
pathogenic bacterium F. nucleatum. Notably, Au@BSA-
CuPpIX reduced the phototoxicity of sonosensitizers and
improved their clinical translational potential. Such concepts of
“anti-harmful bacteria synergism tumor treatment” are
expected to provide a solution and scientific support for
accurate and efficient pathogen-related cancer therapies.

MATERIALS AND METHODS

Materials and Reagents. BSA, N-hydroxysuccinimide (NHS),
N-(3-(dimethylamino)propyl)-N-ethylcarbodiimide hydrochloride
(EDC), sodium hydroxide, HAuCl,-4H,0, PpIX, CuPpIX, DAPI,
2,2,6,6-tetramethylpiperidine (TEMP), DCFH-DA, Calcein acetox-
ymethyl ester (Calcein-AM), and propidium iodide (PI) were
purchased from Sigma-Aldrich Inc. CCK-8 was obtained from
Beyotime Biotechnology.

Synthesis of Protein-Based Sonosensitizers. BSA was
dissolved in ultrapure water, and chloroauric acid (HAuCL-4H,0)
was added dropwise under gentle stirring for 30 min; then a reducing
agent (sodium borohydride) was added. After 1 h of reaction, the
product underwent a purification process using an ultrafiltration
method with a membrane filter (MWCO, 10 kDa), followed by three
rounds of water washing, and albumin-stable gold particles (Au@
BSA) were obtained. Further, a solution of dimethyl sulfoxide was
used to dissolve metal protoporphyrin (CuPpIX) or protoporphyrin
(PpIX), and then EDC and NHS were added to the solution and
stirred, then added dropwise to the Au@BSA solution and reacted at
low temperature for 24 h in the dark. Finally, albumin-complex
particles (Au@BSA-CuPpIX or Au@BSA-PpIX) were acquired
through ultrafiltration utilizing a 10 kDa membrane filter and
subsequently washed with water three times.

Characterization of Protein-Based Sonosensitizer. TEM was
performed using a JEM-2100F electron microscope at a working
voltage of 200 kV. A UV-3101PC Shimadzu spectrometer was used to
measure the UV—vis spectra. A Zetasizer Nanoseries instrument
(Nano ZS90) was used to measure the zeta potential and size
distribution. An FV 1000 camera (Olympus) was used to collect
CLSM images. An ultrasonic transducer (Chattanooga Co., USA) was
used in all experiments. A Bruker EMX electron paramagnetic
resonance system was used for the ESR.

ESR Test for '0,. 'O, production by Au@BSA-CuPpIX, BSA-
CuPpIX, and Au@BSA-PpIX was detected using TEMP. Typically, in
the presence of TEMP, Au@BSA-CuPpIX, BSA-CuPpIX, and Au@
BSA-PpIX (100 pug/mL) solution was subjected to US radiation at a
frequency of 1.0 MHg, intensity of 3.0 W/cm? and 50% duty cycle for
a duration of 120 s. An ESR spectrometer immediately detected the
'0, signals. The control, Au@BSA-CuPpIX+TEMP, BSA-CuPpIX
+TEMP, Au@BSA-PpIX+TEMP, and US+TEMP groups were tested
for comparison.

SOSG Test for '0,. To evaluate the production of singlet oxygen
('0,), a fluorescent probe called SOSG was utilized. The grouping
used in the ESR was replicated, and the fluorescence of the sample
was measured at 30 s intervals with or without ultrasonic irradiation.

The fluorescence spectrophotometer used was a Shimadzu RF-5301
PC from Japan, with excitation and emission wavelengths set at 488/
525 nm. To detect 'O, produced by light, SOSG was employed. The
fluorescence of Au@BSA-CuPpIX and BSA-PpIX (at 100 ug/mL
concentration each) was measured at 60 s intervals following light
radiation (at 405 nm) for 300 s.

Bacterial Culture. The strain F. nucleatum ATCC 25586 was
sourced from the American Type Culture Collection and grown in an
anaerobic incubator at 37 °C on Columbia blood agar enriched with §
mg/mL heme, 5% defibrinated sheep blood, and 1 mg/mL vitamin
K1 (Sigma-Aldrich).

Evaluation of Antibacterial Activity. F. nucleatum (10° CFUs/
mL, 1 mL) was co-incubated with PBS, Au@BSA-PpIX, or Au@BSA-
CuPpIX at a dose of 100 pg/mL for 24 h, followed by US (1.0 MHz,
3.0 W/em? 50% duty cycle) or without US radiation, and the
absorbance values of the bacterial suspensions at OD 600 nm were
measured from an enzymatic label. The bacterial suspensions of the
above groups were taken and then continuously diluted 10° times, and
the bacterial suspension diluted with 100 uL was spread on an agarose
plate. The antibacterial efficacy of Au@BSA-CuPpIX was assessed
using the plate counting method. The number of bacterial colonies
was observed after incubation at 37 °C for S d. Bacterial suspensions
from the above groups were collected by centrifugal washing. For
SYTO-9/PI staining, dead/live SYTO-9/PI dye was added to the
bacteria and incubated for 30 min, washed thrice with PBS, and
observed by CLSM. For SEM imaging, the bacteria were fixed in
glutaraldehyde and observed.

Coculture Experiment. HCT116 cells were treated with F.
nucleatum (1:1000) under normal culture conditions for CRC cell
lines.

Endocytosis Observed by CLSM. HCT116 cells were seeded
onto CLSM dishes (35 mm X 10 mm, Corning Inc., New York) at a
density of 1 X 10° and incubated for 12 h. The medium was
subsequently replaced with CyS.S-labeled Au@BSA-CuPpIX (100
ug/mL in DMEM, 1 mL) and further cultured for 2, 4, and 6 h. The
nuclei were stained with DAPI before observing the cells using CLSM
after a 15 min staining period.

In Vitro 0, Generation. The cells were cocultured with Au@
BSA-CuPpIX (100 pg/mL) and Au@BSA-PpIX (100 ug/mL) at 37
°C for a period of 6 h. Next, US irradiation (1.0 MHz, 3.0 W/cm?,
50% duty cycle, 1.5 min) was applied to the cells. After substituting
the medium with DCFH-DA (100 uL, Vpcrmpa:Vomem = 1:9), the
cells were stained for an additional 15 min. The cells were thoroughly
rinsed with PBS three times and subsequently analyzed using CLSM.

Observation of the Sonotoxicity of Au@BSA-CuPplX. The
protocol for treating the cells is akin to the previously mentioned
CLSM observation of 'O, generation, with the sole exception being
that Calcein-AM (2 uM) and PI (4 uM) were used instead of DCFH-
DA to stain live and dead cells correspondingly.

SDT Effectiveness of Au@BSA-CuPplX in Vitro. Approximately
1 x 10* cells/well were seeded in 96-well plates to ensure that
HCT116 cells adhered to the plates after 12 h. Subsequently, the cells
were treated with varying concentrations of Au@BSA-CuPpIX and
incubated for 24 h. After 90 min, cell viability was determined via a
microplate reader by substituting the medium with CCK-8 medium
(100 L, Vecrs:Vomem = 1:9), and the absorbance was measured at
450 nm. To investigate the efficiency of SDT combined with its
antibacterial activity against cancer cells, the cells were first cocultured
with F. nucleatum (1:1000) for 48 h, and PBS, Au@BSA-CuPpIX, and
Au@BSA-PpIX were added to each group. After irradiation with or
without US for 1.5 min (1.0 MHz, 3.0 W/cm?, 50% duty cycle), cell
viability was tested similar to the CCKS8 protocol after further
incubation for 3 h.

Cell Apoptosis Assay. Flow cytometry was employed to evaluate
cell apoptosis and determine the pro-apoptotic capacity of HCT116
cells across various treatment conditions. Following the coculture of
HCT116 cells with F. nucleatum for 48 h, PBS, Au@BSA-CuPpIX
(100 pug/mL), and Au@BSA-PpIX (100 pg/mL) were added to the
medium. After US radiation (1.0 MHz, 3.0 W/cm?, 50% duty cycle,
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1.5 min), apoptosis was assessed through Annexin V-FITC and PI
staining, followed by flow cytometry analysis.

Western Blot. RIPA lysis buffer (Beyotime, Jiangsu, China) was
utilized to extract total protein from diverse HCT116 cell lines.
Equivalent quantities of protein samples were applied to a 10%
sodium dodecyl sulfate-polyacrylamide gel to facilitate separation, and
subsequently, the partitioned proteins were transferred onto a 0.45
pm nitrocellulose membrane. The membrane was then incubated with
5% skim milk for 1 h and incubated with the following primary
antibodies overnight at 4 °C: anti-cleaved caspase 3 (Abcam, 1:1000),
anti-cleaved caspase 9 (Cell Signaling Technology, 1:1000), anti-Bax
(Cell Signaling Technology, 1:1000), anti-Bcl-2 (Cell Signaling
Technology, 1:1000), anti-TLR4 (Cell Signaling Technology,
1:1000), anti-MyD88 (Cell Signaling Technology, 1:1000), anti-p6S
(Cell Signaling Technology, 1:1000), and anti-GAPDH (Cell
Signaling Technology, 1:5000). Subsequently, the corresponding
secondary antibody was added to the membrane and incubated at
room temperature for an hour. Protein bands were visualized utilizing
a chemiluminescence image analysis system (Tanon, Shanghai,
China).

Antibacterial Activity of Au@BSA-CuPpIX in Cell and
Bacterial Coculture Models. HCT116 cells were incubated with
F. nucleatum for 48 h and then treated with PBS, Au@BSA-CuPpIX
(100 pug/mL), and Au@BSA-PpIX (100 pg/mL) in the medium for a
24 h period, either with or without US radiation. The supernatant was
collected with PBS-lysed cells supplemented with 0.1% Triton X-100,
and a 100 uL suspension was taken and spread on an agarose plate.
CFUs were counted after incubation at 37 °C for S d.

In Vivo Biocompatibility Assay. Male BALB/c nude mice (n =5
per group) were evaluated. The mice were intravenously injected with
Au@BSA-CuPpIX at different doses (S, 10, and 20 mg/kg). A control
group of mice was used without any treatment. After 14 days of
feeding, the mice were weighed and humanely euthanized, with their
blood samples and organs gathered for evaluation, encompassing
different blood parameters and H&E staining analysis.

Pharmacokinetics of Au@BSA-CuPplX. Healthy male rats (n =
3) were injected with 10 mg/kg FITC-labeled Au@BSA-CuPpIX
intravenously, and orbital blood was taken at 5 min, 30 min, 1 h, 2 h,
4h,6h,8h,12h, 24 h, and 48 h after administration. After obtaining
serum, the fluorescence intensity of FITC was determined and the
corresponding blood drug concentration ratio at each time point was
calculated.

In Vivo Therapy of Tumor in an Orthotopic CRC Model.
Initially, mice were provided with drinking water containing
streptomycin (2000 mg/mL) and penicillin (1 U/mL) for a duration
of 1 week. Subsequently, human CRC HCT116 tumor cells with
luciferase transfection were implanted into the cecum of BALB/c
nude mice, creating an orthotopic CRC model. After 3 d, F. nucleatum
(10° CFUs/mouse) was administered orally once a day for 5 d to
colonize in the intestine. Mice with tumors were randomly allocated
into six separate groups (five mice per group): control, Au@BSA-
PpIX (10 mg/kg), Au@BSA-CuPpIX, US, Au@BSA-PpIX+US, and
Au@BSA-CuPpIX+US. Equal volumes of PBS, Au@BSA-PpIX (10
mg/kg), and Au@BSA-CuPpIX (10 mg/kg) were injected intra-
venously into the mice. After injection for 24 h, the US, Au@BSA-
PpIX+US, and Au@BSA-CuPpIX+US groups received US radiation
(1.0 MHz, 3.0 W/cm?, 50% duty cycle, 6 min) every other day twice
in a row. The IVIS system (PerkinElmer) was employed to monitor
the progression of orthotopic tumors through the bioluminescence
emitted by cancer cells. After 35 d, the mice were euthanized and
dissected for tumor progression analysis. At the conclusion of the
treatment, H&E, TUNEL, and Ki-67 staining methods were applied
to the tissues for histological examination. FISH staining was utilized
to determine the presence of F. nucleatum.

In Vivo Therapy of a Xenograft Model. Male BALB/c nude
mice 6 weeks of age were given subcutaneous injections of HCT116
cells (5 x 10°) on the right side. The mice were randomly distributed
into the subsequent groups: control, Au@BSA-PpIX, Au@BSA-
CuPpIX, US, Au@BSA-PpIX+US, and Au@BSA-CuPpIX+US. F.

nucleatum (10° CFUs per mouse) was injected into the tumor within

S d to achieve colonization. PBS, Au@BSA-PpIX (10 mg/kg), and
Au@BSA-CuPplIX (10 mg/kg) were injected intravenously into mice,
and this was conducted every alternate day for a total of two sessions.
Tumor volume growth was observed every 2 days, and measurements
were taken using a vernier caliper, following this equation: volume
(mm®) = (length X width®)/2. The tissues were dissected, weighed,
and stained for histological analysis using H&E, TUNEL, and Ki-67
staining at the end of treatment. FISH staining was employed to
determine the abundance of F. nucleatum.

In Vivo Therapy of a Lung Metastasis Model. For in vivo lung
metastasis models, 6-week-old male BALB/c nude mice were
constructed as previously reported.’>*! Luciferase-transfected HCT-
116 cells were incubated with F. nucleatum (1:1000) for 48 h, and the
cell resuspension solution was injected via the tail vein (10° cells, 100
uL per mouse). Mice were injected with PBS (100 uL per mouse),
Au@BSA-CuPpIX (10 mg/kg), and Au@BSA-PpIX (10 mg/kg).
After 14 d, bioluminescence of lung metastasis of cancer cells was
observed using the IVIS system. Mice were humanely euthanized,
followed by the surgical extraction of their lungs. Lung biofluor-
escence was observed using the IVIS system, and fluorescence
intensity was calculated.

FISH. FISH was conducted on paraffin-embedded tissues to
identify F. nucleatum, following the method described in earlier
reports.””>* The Cy3-labeled F. nucleatum probe (5'-CGCAATA-
CAGAGTT & GAGCCCTGC-3') sequence was synthesized by
Sangon Biotech Company (Shanghai, China).

In Vivo Phototoxicity of Au@BSA-CuPplX. To assess the in vivo
phototoxicity of Au@BSA-CuPpIX versus BSA-CuPpIX, 36 healthy
C57BL/6 male mice were randomly allocated into six distinct groups
(control, control+light, Au@BSA-CuPpIX, Au@BSA-CuPpIX+light,
BSA-CuPpIX, and BSA-CuPpIX+light) for assessments. Two sets of
mice received intravenous injections of Au@BSA-CuPpIX, while the
other two sets were given intravenous injections of BSA-CuPpIX at an
equivalent PpIX dosage. After 24 h, the three groups (control+light,
Au@BSA-CuPpIX+light, and BSA-CuPpIX+light) exposed to a 405
nm LED light source with a power density of S mW/cm? for a
duration of 2 h. The other three groups received no light. After 4 h,
three mice from each group were euthanized, and their dorsal skin was
taken to the nearest dimension (1.5 X 1.5 cm) and weighed. The
remaining mice were observed. After light treatment for 3 d, each
group of mice was imaged using a digital camera. In addition, the
previously outlined protocol for H&E staining was followed to
evaluate skin damage caused by light exposure.

Statistical Analysis. Mean + standard error was used for
continuous data. An unpaired or paired f test (¢ test) was used to
compare the mean of two groups of normal distribution measurement
data. The ANOVA test was used to compare the mean of normal
distribution measurement data. p < 0.05 was considered statistically
significant (*p < 0.05, **p < 0.01, ***p < 0.001, and ***¥p <
0.0001).
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