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A B S T R A C T

Camptothecin (CPT) exhibits potent antitumor activity; however, its clinical application is limited by significant
gastrointestinal adverse effects (GAEs). Although the severity of GAEs associated with CPT derivatives has
decreased, the incidence rate of these adverse effects has remained high. CPT multifunctional nanoparticles
(PCRHNs) have the potential to increase the efficacy of CPT while reducing side effects in major target organs;
however, the impact of PCRHNs on the GAEs from CPT remains uncertain. Here, we investigated the therapeutic
effects of PCRHNs and different doses of CPT and examined their impacts on the intestinal barrier and the in-
testinal microbiota. We found that the therapeutic efficacy of PCRHNs + Laser treatment was superior to that of
high-dose CPT, and PCRHNs + Laser treatment also provided greater benefits by helping maintain intestinal
barrier integrity, intestinal microbiota diversity, and intestinal microbiota abundance. In summary, compared to
high-dose CPT treatment, PCRHNs + Laser treatment can effectively balance therapeutic effects and GAEs. A
high dose of CPT promotes the enrichment of the pathogenic bacteria Escherichia-Shigella, which may be
attributed to diarrhea caused by CPT, thus leading to a reduction in microbial burden; additionally, Escherichia-
Shigella rapidly grows and occupies niches previously occupied by other bacteria that are lost due to diarrhea.
PCRHNs + Laser treatment increased the abundance of Lactobacillus (probiotics), possibly due to the photo-
thermal effect of the PCRHNs. This effect increased catalase activity, thus facilitating the conversion of hydrogen
peroxide into oxygen within tumors and increasing oxygen levels in the body, which is conducive to the growth
of facultative anaerobic bacteria.

1. Introduction

Camptothecin (CPT) is a potent chemotherapeutic agent that is
active against various cancers, including breast cancer [1]. In the initial
stages of clinical trials, CPT was formulated as a CPT sodium salt to
achieve delicate equilibrium between its inactive carboxylate form
(CPT-Na+) and its active lactone form (CPT) at physiological pH.
However, patients enrolled in these trials exhibited dose-dependent
bone marrow suppression, hemorrhagic cystitis, and severe GAEs
(including diarrhea, nausea, and vomiting), which led to the discon-
tinuation of treatment [2,3]. It was not until the discovery of its unique

antitumor mechanism, which inhibits DNA topoisomerase, that CPT
regained prominence in antitumor research. Derivatives developed from
the CPT structure, such as irinotecan and topotecan, have increased
water solubility and mitigated associated GAEs. However, despite these
improvements, the incidence of GAEs remains high [4,5], which
significantly impacts patients’ quality of life. Importantly, the antitumor
activity of these derivatives is lower than that of CPT [6,7], which could
compromise therapeutic efficacy and even jeopardize patients’ lives.

Novel nanomedicine delivery systems utilize the properties of
nanomaterials to enable excellent dispersibility of water-insoluble drugs
in water, prolonged circulation time, tumor-targeting capability, and

Peer review under responsibility of KeAi Communications Co., Ltd.
* Corresponding author.
E-mail address: anderson-qian@163.com (Z. Qian).

1 These authors contributed equally to this work.

Contents lists available at ScienceDirect

Bioactive Materials

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials

https://doi.org/10.1016/j.bioactmat.2024.07.032
Received 12 June 2024; Received in revised form 27 July 2024; Accepted 27 July 2024

mailto:anderson-qian@163.com
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2024.07.032
https://doi.org/10.1016/j.bioactmat.2024.07.032
https://doi.org/10.1016/j.bioactmat.2024.07.032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2024.07.032&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioactive Materials 41 (2024) 413–426

414

remarkable accumulation within tumors [8–11]. Furthermore, certain
nanomaterials possess inherent characteristics such as photothermal and
photodynamic effects, that can effectively enhance the efficacy of anti-
tumor treatments [12–14]. These nanomaterial features offer promising
opportunities to enhance the therapeutic efficacy of CPT while mini-
mizing adverse effects. Over the past two decades, more than 15 nano-
medicines have been approved for clinical use [15]. Furthermore,
several CPT-based nanomedicines have progressed to clinical trials, with
CPT-based antibody‒drug conjugates (CPT-ADCs) being particularly
noteworthy. However, achieving a formula that balances the three parts
in the correct proportions is a challenge for scientists [16]. Combination
therapy based on photothermal therapy has been designed to enhance
the tumor targeting of CPT-ADCs, thereby effectively improving the
efficacy of this tumor treatment and reducing potential side effects. In
previous studies, our research group utilized the US Food and Drug
Administration approved agent Prussian blue (PB) to design and syn-
thesize PCRHNs for tumor targeting. The incorporation of the photo-
thermal effect of PB enhances the antitumor efficacy of CPT, and this
systemmitigates adverse effects in vital organs [17]. However, the GAEs
of CPT, which have been previously reported, were not investigated in
this system. Considering the strong GAEs of CPT [2,3] and the fact that
chemotherapy-induced GAEs may result in dose reduction, shortened
treatment cycles, or even discontinuation of medication, which could
lead to chemotherapy failure and pose a threat to patients’ lives [18], it
is necessary to study the GAEs of PCRHNs (See Scheme 1).

Numerous studies have shown that chemotherapy-induced GAEs are
associated with alterations in the gastrointestinal microenvironment,
where the intestinal barrier and microbiota play crucial roles [4,19–21].
The interaction between intestinal epithelial cells and tight junction
proteins results in the formation of the intestinal barrier, which is crucial

for maintaining intestinal homeostasis [22,23]. This barrier isolates the
intestinal microbiota within the intestine, thereby preventing harmful
substances from crossing and regulating intestinal permeability [24,25].
When chemotherapy drugs inhibit rapidly proliferating tumor cells, in-
testinal epithelial cells become vulnerable to attack by the drugs because
of their short proliferation cycle and fast growth rate, resulting in in-
testinal injury [26]. The process mainly results in an increase in intes-
tinal permeability and intestinal epithelial cell apoptosis and a decrease
in intestinal tight junction proteins, resulting in chemotherapy-induced
diarrhea [27].

Damage to the intestinal barrier often results in alterations in the
composition of the intestinal microbiota [28]. The breakdown of food by
the intestinal microbiota provides energy and nutrients for intestinal
cells, while certain microorganisms in the intestine can increase
chemotherapy sensitivity and alleviate adverse effects [29]. However,
certain intestinal microorganisms have been implicated in the toxic side
effects of chemotherapy [4]. Furthermore, chemotherapy agents can
directly impact the intestinal microbiota and result in dysbiosis. This
includes a decrease in intestinal microbial diversity and abundance, as
well as a shift in microbial composition from more “beneficial” symbi-
otic microorganisms (such as Bifidobacteria and Lactobacilli) to more
“pathogenic” microorganisms (including Clostridium and Enterobacteri-
aceae) [30]. Dysbiosis of the intestinal microbiota may contribute to
mucositis, which exacerbates the clinical course of cancer [31].

The intestinal barrier and microbiota play important roles in human
physiology and pathology, but the impact of chemotherapy drug nano
materialization on these processes is still poorly understood. Building on
prior research [17], we conducted a comparative study to evaluate the
therapeutic effects of PCRHNs and different doses of free CPT, as well as
their impact on intestinal barrier function and the microbiota. This

Scheme 1. Impact of PCRHNs + Laser treatment and high-dose CPT treatment on the intestinal barrier and microbiota. The drug enters the intestine from blood
vessels and affects the integrity of the intestinal barrier and the composition of the intestinal microbiota.
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investigation provides valuable insights into the impact of nano-
medicines on GAEs, thereby establishing a foundation for assessing the
safety of nanomedicines.

2. Methods

Preparation of PCRHNs: PB NPs and PCRHNs were prepared ac-
cording to previously reported methods [17]. The particle size and
polydispersity index (PDI) value of the PCRHNs were determined via a
Malvern Zetasizer Nano ZS (Malvern Nano ZS 90, Malvern, UK), and
their morphology was examined via transmission electron microscopy
(TEM, Tecnai G2 F20 S-TWIN).

In vitro CPT release: To evaluate the in vitro release of CPT from
PCRHNs, 4.0 mg of PCRHNs were dispersed in 2.0 mL of PBS at pH 6.4
(containing 0 mmol/L glutathione (GSH) or 5.0 mmol/L GSH) and then
transferred into dialysis bags (molecular weight cutoff: 3500 Da). A
centrifuge tube was loaded with 20 mL of PBS (pH = 6.4), the dialysis
bag was inserted into the tube, and the mixture was then placed on a
shaker at 37 ◦C for agitation. At a designated time point, 2.0 ml of buffer
solution was extracted from the test tube and replaced with an equal
volume of fresh buffer solution. The CPT content was quantified via
high-performance liquid chromatography (HPLC) using an Altima C18
analytical column and gradient elution of solvent A (CH3CN containing
0.2 % acetic acid) and solvent B (H2O containing 0.2 % acetic acid) at a
flow rate of 1.0 mL/min, with the temperature maintained at 35 ◦C.

Photothermal performance of the PCRHNs: The increase in the
temperature of the PCRHNs and PB NPs upon laser irradiation was
investigated at a concentration of 0.5 mg/mL. PCRHNs and PB NPs so-
lutions were irradiated with an 808 nm laser (Hi-Tech Opto-electronics
Co., Ltd., Beijing, China) at a power density of 1.0 W/cm2 for 5 min, and
the temperature was recorded every minute. The laser irradiation sta-
bility of the PCRHNs was evaluated by subjecting the nanoparticles to
808 nm laser irradiation for five ON/OFF cycles, each lasting 5 min. The
temperature was measured using a digital thermometer and a Fluke
infrared thermal imaging system (Ti-32, Fluke).

Animals: Female BALB/c mice aged 5–6 weeks were procured from
HFK Bioscience Co., Ltd. (Beijing, China) and housed under specific
pathogen-free conditions with ad libitum access to standard chow and
water. All animal procedures were approved by theWest China Hospital,
Sichuan University (Chengdu, P. R. China). The ethics approval number
is 20220310025.

In vivo antitumor effects: BALB/c mice were injected subcutane-
ously with 4T1 cells (1× 106 per mouse). After reaching a tumor volume
of approximately 100 mm3, the mice were randomly divided into 6
groups of 5 mice each (saline, 2 mg/kg CPT, 5 mg/kg CPT, 8 mg/kg CPT,
PCRHNs and PCRHNs + Laser). The dose of CPT administered to the
PCRHNs was 2 mg/kg, which is consistent with previous studies [17].
For the PCRHNs + Laser treatment, 808 nm laser radiation at a power
density of 1.5 W/cm2 was applied to the tumors for 5 min at 6, 24, and
48 h after administration. The tumor volumes and body weights were
assessed every other day. The tumor volume (mm3) was calculated using
the following formula: volume = length × width2 × 0.5. The tumors
were collected 18 days after administration and fixed in para-
formaldehyde solution, after which tissue sections were prepared.
Tumor proliferation was evaluated through immunohistochemical
staining (Ki-67), and apoptosis was assessed using immunofluorescence
staining (TUNEL). Immunohistochemical images were acquired using a
3DHISTECH Pannoramic (Pannoramic MIDI), and
immunofluorescence-stained sections were analyzed using the AKOYA
Vectra3 multispectral quantitative pathological analysis system.

In vivo intestinal permeability assay: A 4T1 cancer model was
established in female BALB/c mice. When the tumor volume reached
100 mm3, the mice were divided into six groups (n = 4 for each group):
saline, 2 mg/kg CPT, 5 mg/kg CPT, 8 mg/kg CPT, PCRHNs and PCRHNs
+ Laser. The morphology of the intestine was examined in mice on the
fifth day after administration. The intestinal permeability of the mice

was measured on the seventh day after treatment. After fasting for 4 h,
the mice were administered FITC-dextran (440 mg/kg), and blood
samples were collected 4 h later. The serum was separated from the
blood, and the FITC-dextran concentration was measured using a fluo-
rimeter with an excitation wavelength of 485 nm and an emission
wavelength of 528 nm.

In vitro barrier assessment: Caco-2 cells were seeded at a density of
1 × 105 in 6-well plates and allowed to proliferate for 72 h to establish
Caco-2 monolayers. The cells were exposed to saline, 2 μg/mL CPT, 5
μg/mL CPT, 8 μg/mL CPT, or PCRHNs at a concentration of 20 μg/mL
(with a CPT content of 10 %) for 24 h. The morphology of the Caco-2
cells was subsequently examined via light microscopy. In addition,
Caco-2 cells were grown on glass cover slips to form Caco-2 monolayers
and treated with saline, 2 μg/mL CPT, 5 μg/mL CPT, 8 μg/mL CPT, or
PCRHNs at a concentration of 20 μg/mL (with a CPT content of 10%) for
24 h. The cells were fixed with 4 % wt polyformaldehyde. Immunoflu-
orescence staining was performed to label tight junction proteins using
Bioss’s ZO-1, Occludin, and Claudin-1 antibodies. The cells were imaged
using a fluorescence microscope (Zeiss).

In vivo barrier assessment: Colons were collected 7 days after drug
administration and fixed in paraformaldehyde solution, after which
tissue sections were prepared. Colon cell apoptosis was analyzed via
immunohistochemical TUNEL staining, as previously reported [19]. To
examine the distribution of tight junction proteins in the colon, tissue
sections were immunostained with fluorescently labeled antibodies
targeting ZO-1, Occludin, and Claudin-1. Immunohistochemical images
were acquired using a 3DHISTECH Pannoramic (Pannoramic MIDI), and
immunofluorescence-stained sections were analyzed using the AKOYA
Vectra3 multispectral quantitative pathological analysis system.

Hematoxylin and eosin staining: The organs (heart, liver, spleen,
lung, and kidney) from each group were fixed in 4 % paraformaldehyde
for more than 24 h. After the organs were embedded in paraffin, they
were sliced into thin sections and stained with hematoxylin and eosin
(H&E). The sections were then evaluated using a 3DHISTECH Pan-
noramic system for pathological analysis.

Quantitative reverse transcription PCR: Total RNA was extracted
from the colon samples using an E.Z.N.A. Kit I (Omega Biotek) according
to the manufacturer’s protocol. A cDNA reverse transcription kit (Yea-
sen, Shanghai, China) was used to perform reverse transcription. cDNA
analysis was performed using SYBR Green qPCR Kits (Yeasen, Shanghai,
China) on a CFX96 instrument (Bio-Rad). The cycling conditions were
95 ◦C for 2 min and 40 cycles of 95 ◦C for 10 s and 56 ◦C for 30 s. The
relative expression of the target genes was determined via the use of
GAPDH as a reference gene. The following primer sets were used for
amplification: GAPDH-Fw, 5′-CATCAGTCCTTCCACGATACCA-3′;
GAPDH-Rv, 5′-CCTGCACCACCAACTGCTTA-3′; ZO-1-Fw, 5′-
CTTCTCTTGCTGGCCCTAAAC-3′; ZO-1-Rv, 5′-TGGCTTCACTT-
GAGGTTTCTG-3′; Occludin-Fw, 5′-CACACTTGCTTGGGACAGAG-3′;
Occludin-Rv, 5′-TAGCCATAGCCTCC ATAGCC-3′; Claudin-1-Fw, 5′-
ATGGCCAACGCGGGGCTG-3′; and Claudin-1-Rv, 5′-TTCCCACTA-
GAAGGTGTTGGC-3′.

Microbiota analysis: Fecal samples were collected 7 days after
administration. DNA was extracted using an isolation kit (OMEGA Stool
DNA Kit (50), D4015-01) according to the manufacturer’s protocol. The
extracted DNA was subsequently used to generate 16S rRNA libraries for
community analysis via the MiSeq Illumina sequencing platform [32].
The V3–V4 region of the 16S rRNA gene was amplified using the primers
338F and 806R (338F, 5′-ACTCCTACGGGAGGCAGCA-3′; 806R,
5′-GGACTACHVGGGTWTCTAAT-3′) [19].

The operational taxonomic units (OTUs) were defined by applying a
97 % similarity threshold to all the data and subsequently clustered
using QIIME2. The Shannon index and Chao1 index were used to eval-
uate alpha diversity. The Shannon index was used to quantify the di-
versity of the intestinal microbiota, whereas the Chao1 index was used
to measure its abundance. Principal component analysis (PCA) was used
to analyze the similarities and differences in the intestinal microbiota
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among the different groups. Differences in the relative abundance of
microbes were determined using linear discriminant analysis (LDA) ef-
fect size (LEfSe).

Inhibition of bacterial growth by CPT: Given the impact of high-
dose CPT on the intestinal microbiota, we speculated that the effects
may be due to the inhibition of strain proliferation by high doses of CPT.
To investigate this hypothesis, we conducted an in vitro study to assess
the impact of varying doses of CPT on the growth of Shigella sp.,
Escherichia coli, and Lactobacillus reuteri. Different concentrations of CPT
were added to 20mL of mixedmedium (LB:TSA:MRAS= 1:1:1) and used
to prepare different CPT solutions at concentrations of 2 μg/mL, 5 μg/
mL, and 8 μg/mL and PCRHNs at a concentration of 20 μg/mL (with a
CPT content of 10 %). A 1.5 × 108 CFU bacterial solution was added to
each solution with different concentrations of CPT. After coculturing for
24 h, the bacteria were diluted and plated on Petri dishes to count the
number of colonies (Shigella sp. was cultured in TSA, E. coliwas cultured
in LB, and L. reuteri was cultured with MRAS).

Determination of the bacterial growth rate: To determine the
growth rates of the Shigella sp., E. coli and L. reuteri strains in mixed
media, 1.5× 108 CFU of each strain was added to 20mL of mixed media.
The mixture was then added to a 96-well plate, and the absorbance at
600 nm was measured every 2.5 h using an enzyme marker, after which
a curve was generated.

Photoacoustic imaging in vivo: A 4T1 cancer model was estab-
lished in BALB/c nude mice. When the tumor volume reached approx-
imately 400 mm3, the tumor-bearing mice were randomly divided into
three groups (I: saline; II: PCRHNs; and III: PCRHNs + Laser group). Six
hours after intravenous injection, the PCRHNs + Laser group was sub-
jected to laser irradiation. A photoacoustic (PA) imaging system
(inVision 128, iThera Medical GmbH, Neuherberg, Germany) was used
to analyze Hboxygen signals from the mice.

Determination of oxygen production in vitro: The amount of ox-
ygen generated by the PCRHNs and PCRHNs + Laser was measured at
room temperature using a dissolved oxygen meter (JPB-608; Shanghai
Instrument Electric Science instrument Limited by Share Ltd.) as pre-
viously described [33,34]. 200 μL of a 30 % hydrogen peroxide solution

were added to 9.7 mL of PBS (pH 6.4), followed by the addition of 100 μL
of PCRHNs (0.5 mg/mL) to the mixture. To investigate the impact of the
laser on oxygen production, the above solution was irradiated with NIR
for 10 min at a power density of 1.0 W/cm2, after which oxygen pro-
duction was measured. Moreover, the temperature changes in the so-
lution were recorded. The effect of temperature on oxygen production
was investigated in the same solution. The solution was placed in a
water bath (IKA, Germany), in which the temperature was rapidly
increased from 37 ◦C to 52 ◦C within 5 min. The oxygen content of the
solution was continuously monitored throughout the heating process.

Statistical analysis: The data are presented as the mean ± standard
error of the mean for results obtained from at least three independent
trials. Statistical analyses were performed using Student’s t-test and one-
way ANOVA, and p < 0.05 was considered to indicate statistical sig-
nificance (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
Statistical analysis was performed using GraphPad Prism software
(version 9.0).

3. Results and discussion

3.1. Characterization of the PCRHNs

On the basis of our previous research, we prepared PCRHNs [17].
The average diameter of the PCRHNs was 164 ± 0.3 nm (Fig. 1A). Next,
the morphology of the nanoparticles was investigated, as shown in
Fig. 1B. The particle size and morphology of the PCRHNs were similar to
those reported in previous research [17]. Additionally, the PCRHNs
exhibited good stability. This findings was supported by the fact that
even after being incubated in saline for several days, the PCRHNs did not
show any signs of aggregation (Fig. S1), and there was only a minimal
change in the PDI value (Fig. S2). The sensitivity of the nanoparticles to
reducing conditions was verified by studying the release of CPT from the
PCRHNs in the presence and absence of GSH. As shown in Fig. 1C, the
release rate of CPT was slow in the absence of GSH. However, in the
presence of GSH (5.0 mmol/L), CPT was released at a relatively rapid
rate and reached 80 % release after 48 h. Many studies have shown that

Fig. 1. Characterization of PCRHNs. Particle size (A) and TEM image (B) of PCRHNs. (C) In vitro CPT release profiles of PCRHNs at pH = 6.4. Infrared thermal images
(D) and photothermal heating curves (E) of PCRHNs (0.5 mg/mL) under 808 nm laser irradiation at a power density of 1.0 W/cm2 for 5 min. (F) Photothermal
stability of PCRHNs under five cycles of irradiation.
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the intracellular GSH concentration in tumor cells can reach 2–20 mM,
which is 100–1000 times greater than that in the extracellular matrix
and 7–10 times greater than that in normal tissues [14,35,36]. These
results suggest that, compared with free CPT, PCRHNs exhibit a slower
and more stable release rate while also demonstrating the ability to
release CPT rapidly in response to GSH within tumor cells. The photo-
thermal properties of the PCRHNs were subsequently examined. The
infrared thermal images (Fig. 1D) and photothermal heating curves
(Fig. 1E) revealed that there was no significant difference in the tem-
perature increase between the PCRHNs and PB NPs when they were
exposed to 808 nm laser irradiation. Moreover, even after undergoing
five cycles of irradiation and cooling, the temperature of the PCRHNs
remained consistent, indicating excellent photothermal stability
(Fig. 1F). These findings were consistent with those of previous studies
[17].

3.2. In vivo antitumor activity

The research indicates that there are challenges in balancing the
effectiveness and toxicity of chemotherapy in the treatment of breast
cancer [37]. Previous studies have shown that PCRHNs are effective in
the treatment of breast cancer; however, limited research has been
conducted on the incidence of GAEs from PCRHNs therapy [17]. This
study aimed to compare the efficacy and GAEs of PCRHNs with
high-dose CPT treatment, and the administration schedule is depicted in
Fig. 2A. The results demonstrated that the therapeutic effects of 5 mg/kg
and 8 mg/kg CPT were significantly better than those of 2 mg/kg CPT,
indicating that free CPT inhibited tumor growth in a dose-dependent
manner (Fig. 2B and C, Fig. S3). The dose-dependent inhibition of
tumor growth by CPT was also demonstrated by observing tumor cell
apoptosis (Fig. 2D) and proliferation (Fig. 2E). However, the therapeutic
effects of the 5 mg/kg and 8 mg/kg CPT treatments were significantly

Fig. 2. Antitumor effects of PCRHNs + Laser therapy. (A) Administration schedule. (B) Tumor growth curves of the mice in each group were generated (****P <

0.0001, analyzed by Student’s t-test). (C) Images of the tumors were collected from the different groups after therapy. TUNEL (D) and Ki-67 (E) staining of tumors in
each group. Scale bars, 50 μm.
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inferior to those of the PCRHNs + Laser treatment group (with a CPT
concentration of 2 mg/kg). Moreover, no noticeable alterations in tissue
morphology or inflammatory cell infiltration were observed in
H&E-stained sections of the heart, liver, spleen, lung, or kidney in the
saline- or PCRHNs + Laser-treated groups (Fig. S4). These findings
indicate that, compared with high-dose free CPT therapy, PCRHNs +

Laser therapy can achieve superior therapeutic efficacy.

3.3. In vitro and in vivo intestinal barrier

On the basis of their antitumor efficacy, we investigated the effects of
PCRHNs, PCRHNs + Laser therapy, and various doses of CPT on the
intestinal barrier. The administration of increasing doses of CPT led to
gradual loosening of the tightly connected Caco-2 cells and increasingly
blurred cell boundaries. However, there was no significant difference in
the morphology of Caco-2 cells between the group treated with PCRHNs
and the saline group (Fig. 3A). Moreover, immunofluorescence staining
of Caco-2 cells revealed that the levels of the tight junction proteins ZO-1
(Fig. 3B), Occludin (Fig. 3C), and Claudin-1 (Fig. 3D) decreased with
increasing doses of CPT. However, there was no significant difference in
the expression of these tight junction proteins between the PCRHNs-
treated group and the saline group.

After evaluating the intestinal barrier in vitro, we proceeded to
conduct an in vivo assessment of the intestinal barrier. First, we found
that the percentage of weight loss in mice receiving a dose of 8 mg/kg
was significantly greater than that in the other treatment groups from
day 4 to day 8 of treatment (Fig. 4A). On the fifth day after adminis-
tration, mice in the 8 mg/kg group exhibited fecal adhesion at the anus
and the accumulation of a large amount of fluid in the cecum and colon,
while no such phenomena were observed in the other groups (Fig. 4B).
We subsequently conducted a study on intestinal permeability on the
seventh day, which serves as an indicator of damage to the intestinal
mucosa and is a crucial parameter for assessing the integrity of the in-
testinal barrier [38,39]. We found that PCRHNs+ Laser therapy resulted
in a significantly lower exposure to FITC-dextran in the blood vessels
compared to free CPT therapy at doses of 8 mg/kg (Fig. 4C). The mice
treated with 8 mg/kg of CPT exhibited the shortest colon length (Fig. 4D
and E). Subsequently, we studied intestinal cell apoptosis to further
assess the extent of intestinal injury among the different treatment
groups. These findings suggest that the administration of high-dose CPT
(5 mg/kg and 8 mg/kg) results in an increase in TUNEL-positive cells in
the colonic epithelium compared with those in the other treatment
groups (Fig. 4F). Research has demonstrated that the efficacy of tumor
cell suppression is positively correlated with the dosage of the admin-
istered drug; however, higher dosages may give rise to off-target effects
such as toxicity [40,41]. The present study demonstrated the occurrence
of intestinal damage resulting from off-target effects induced by a high
dosage of CPT.

Furthermore, we performed a comparative analysis of the distribu-
tion and expression of tight junction proteins in the colon. ZO-1,
Occludin, and Claudin-1 are pivotal proteins that establish tight con-
nections within the intestine and play crucial roles in maintaining in-
testinal homeostasis [42–44]. Immunofluorescence analysis revealed no
significant differences in the protein levels of ZO-1 (Fig. 5A), Occludin
(Fig. 5B) or Claudin-1 (Fig. 5C) among the PCRHNs, PCRHNs + Laser,
and saline groups. However, these proteins were significantly lower in
the intestines of the mice treated with high-dose free CPT (5 mg/kg and
8 mg/kg) than in those of the PCRHNs, PCRHNs + Laser, and saline
groups. In addition, the expression patterns and mRNA levels of ZO-1,
Occludin, and Claudin-1 were significantly greater in the PCRHNs +

Laser group than in the high-dose CPT treatment group (Fig. 5D). These
findings are consistent with those obtained from the immunofluores-
cence analysis.

These findings suggest that a high dose of CPT can increase intestinal
permeability, induce intestinal epithelial cell apoptosis, and diminish
the distribution and expression of tight junction proteins within the

intestine, resulting in significant damage to intestinal tissue. Compared
to high-dose CPT, PCRHNs + Laser therapy offers greater advantages in
preserving the integrity of the intestinal barrier function.

3.4. Modulation of the intestinal microbiota

The findings from our previous research indicate that the impact of
chemotherapy drugs on the intestinal microbiota varies depending on
the dosage, and there may be a correlation between the intestinal
microbiota and therapeutic outcomes [19]. In this study, we analyzed
the composition of the intestinal microbiota in mice exposed to different
treatments, and sequence data have been deposited in the National
Center for Biotechnology Information (NCBI) Sequence Read Archive
(SRA) database with the accession number PRJNA1136424. To assess
the impact of various treatments on the intestinal microbiota, we uti-
lized Bray–Curtis analysis to perform PCA based on the OTUs. The PCA
results revealed significant differences in the intestinal microbiota
among the mice treated with 8 mg/kg free CPT and the remaining
groups (Fig. 6A). Afterward, we examined the diversity and abundance
of the intestinal microbiota. Compared with those in the other groups,
the diversity (Fig. 6B) and abundance (Fig. 6C) of the intestinal micro-
biota in the 8 mg/kg treatment group were significantly lower. The di-
versity of the intestinal microbiota was lower in the PCRHNs + Laser
treatment group than in the PCRHNs group (Fig. 6B); however, there
was no significant difference in abundance between the two groups
(Fig. 6C). The diversity and abundance of the intestinal microbiota are
reportedly associated with disease occurrence and treatment, and higher
diversity and abundance may contribute to patient health [45,46].

Further analysis of the microbiota composition at the genus level
revealed a significant increase in the abundance of Escherichia-Shigella in
the 8 mg/kg CPT treatment group (Fig. 6D and E). This bacterium is
capable of penetrating epithelial cells and inducing macrophages to
release IL-1β, which further triggers intestinal inflammation [47,48].
The abundance of Lactobacillus decreased as the dosage of CPT
increased. Surprisingly, the relative abundance of Lactobacillus was
significantly lower in the PCRHNs group than in the PCRHNs + Laser
group (Fig. 6D and F). Lactobacillus species are gram-positive, facultative
anaerobic or microaerophilic bacteria widely used in various fields as
probiotics [49–52]. LEfSe analysis was subsequently performed with an
LDA score of 4 to identify significant biomarkers at the species level
comparing the PCRHNs group and the PCRHNs+ Laser treatment group.
We found that Lactobacillus reuteri was a biomarker species enriched in
the PCRHNs + Laser treatment group (Fig. 6G and H). This bacterium is
a facultative anaerobic microorganism that promotes human health by
combating infections, mitigating inflammation, enhancing immunity,
and promoting intestinal homeostasis [53–55].

There was a significant difference in the intestinal microbiota be-
tween the 8 mg/kg treatment group and the other treatment groups,
leading us to speculate whether high-dose CPT inhibited the growth of
certain bacteria. To confirm this hypothesis, the effects of various con-
centrations of CPT on the bacteria L. reuteri, E. coli, and Shigella sp. were
investigated through in vitro cocultivation with CPT solutions. There was
no significant variation in the number of bacterial colonies observed
when the same bacteria were exposed to PCRHNs or different concen-
trations of CPT (Fig. 7A and B). However, L. reuteri produced fewer
colonies than E. coli and Shigella sp. at the same concentration of CPT. In
light of the aforementioned findings, we hypothesized that the enrich-
ment of Escherichia-Shigella in the intestinal microbiota of the mice in the
8 mg/kg treatment group could be attributed to the bacterial growth
rate. Subsequently, the growth rates of these bacteria were measured,
and the results revealed that the growth rates of E. coli and Shigella sp.
were significantly faster than that those of L. reuteri (Fig. 7C).

Studies have shown that irinotecan, a derivative of CPT, can increase
intestinal permeability and result in diarrhea [25]. Patients diagnosed
with diarrheal irritable bowel syndrome typically exhibit enhanced
colonic transit, diminished intestinal microbial diversity, and elevated
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Fig. 3. In vitro barrier assessment. (A) Impact of PCRHNs (the concentration of PCRHNs was 20 μg/mL, with a CPT content of 10 %) and different doses of CPT on the
morphology of Caco-2 cells (scale bar = 125 μm). Immunofluorescence staining analysis of ZO-1 (B), Occludin (C) and Claudin-1 (D) in the intestine (scale bar =
20 μm).
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levels of Enterobacteriaceae [56]. In addition, Cheng et al. demonstrated
that some supplemented bacteria were capable of occupying the niche
previously occupied by members of the human gut microbiota [57]. In
the present study, similar to the aforementioned report, we observed a
significant increase in intestinal permeability in mice at a dosage of 8
mg/kg (Fig. 4C). This increase in permeability resulted in a substantial
influx of fluid into the intestinal lumen (Fig. 4B), leading to the devel-
opment of diarrhea in mice. Simultaneously, a high frequency of diar-
rhea resulted in reductions in both the diversity (Fig. 6B) and abundance
(Fig. 6C) of the intestinal microbiota. Furthermore, enrichment of
Escherichia-Shigella was observed in the 8 mg/kg treatment group in this
study (Fig. 6D and E). On the basis of these experimental results and the
effects of different doses of CPT on the in vitro growth of L. reuteri, E. coli,
and Shigella sp., we suspect that high doses of CPT may trigger diarrhea
while reducing the intestinal microbial load. Furthermore, the rapid
proliferation of specific microorganisms (such as Escherichia-Shigella)
may allow them to occupy ecological niches left vacant by other
microorganisms.

In addition to variations in the intestinal microbiota induced by
different doses of CPT, we also observed differences in the intestinal
microbiota between the PCRHNs-treated group and the PCRHNs +

Laser-treated group. The abundance of Lactobacillus in the PCRHNs +

Laser group was significantly greater than that in the PCRHNs group
(Fig. 6D–F, Fig. 6G), and these species are facultative anaerobic or

microaerophilic bacteria widely used in various fields as probiotics
[49–52]. It appears that PCRHNs + Laser treatment promotes the
growth of facultative anaerobes and microaerophilic bacteria.

To validate this hypothesis, we conducted the experiment again to
compare the effects of PCRHNs and PCRHNs + Laser treatment on the
intestinal microbiota, and sequence data have been deposited in the SRA
database with the accession number PRJNA1136405. Similar to the first
experiment, the abundance of Lactobacillus in the PCRHNs+ Laser group
was significantly greater than that in the PCRHNs group (Fig. S5). LEfSe
analysis revealed enrichment of Lactobacillus taiwanensis, Acinetobacter
towneri, L. reuteri, Staphylococcus succinus, and Actinobacillus capsulatus
in the PCRHNs + Laser group (Fig. S6). L. taiwanensis [58], A. towneri
[59], L. reuteri [60], and S. succinus [61] are classified as facultative
anaerobic bacteria, while A. capsulatus [62] is categorized as an aerobic
bacterium. Notably, none of these bacteria are obligate anaerobes.

Intrigued by the enrichment of facultative anaerobic bacteria and
aerobic bacteria in the PCRHNs + Laser group, we subsequently con-
ducted an analysis to determine the underlying reasons for this phe-
nomenon. Tumor tissues and cells exhibit significantly higher levels of
hydrogen peroxide than their normal counterparts [63,64]. Moreover,
PB NPs exhibit peroxidase activity at an optimal temperature of 50 ◦C for
catalysis [65]. Research has shown that the colon’s microecological
environment is predominantly inhabited by obligate anaerobes [66].
Based on the above evidence, we suspect that laser irradiation induces

Fig. 4. PCRHNs + Laser therapy protects the colonic epithelium. (A) Changes in the body weights of the mice in the different treatment groups were determined
(****P < 0.0001, analyzed by Student’s t-test). (B) The adhesion status of mouse feces to the anus and the water content in the intestines were observed on the fifth
day after administration. (C) Intestinal permeability was assessed in these mice by orally administering 4 kDa FITC-dextran on the seventh day after administration,
followed by measuring the FITC-dextran signal in the blood (*P < 0.05, analyzed by Student’s t-test). Images (D) and corresponding quantified lengths (E) of colons
harvested from mice on the seventh day after different treatments. (F) TUNEL-positive epithelial cells indicate apoptosis in the colonic epithelium. Scale bars, 50 μm.
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Fig. 5. PCRHNs + Laser treatment protects intestinal tight junction proteins. Immunofluorescence images of ZO-1 (A), Occludin (B) and Claudin-1 (C) staining in the
colon. Scale bar, 50 μm. (D) ZO-1, Occludin and Claudin-1 mRNA levels in the colon (*P < 0.05, **P < 0.01, and ***P < 0.001; analyzed by one-way ANOVA).
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localized hyperthermia at the tumor site, thereby accelerating the con-
version of hydrogen peroxide to oxygen and increasing systemic oxygen
levels. This ultimately promotes both facultative anaerobic bacteria and
aerobic bacterial growth.

To validate this hypothesis, we conducted pertinent in vivo and in

vitro experiments. Oxygen can convert deoxygenated hemoglobin into
oxygenated hemoglobin (HbO2) [33,67]. We evaluated the HbO2 value
of the tumors and found that it was significantly greater in the PCRHNs
+ Laser group than in the PCRHNs group (Fig. 8A and B). We subse-
quently conducted an in vitro study on oxygen production in the PCRHNs

Fig. 6. PCRHNs + Laser therapy alters the composition of the intestinal microbiota. (A) PCA revealed the differences in the microbial communities among the
samples. Each point represents one mouse. (B) Changes in the diversity of the intestinal microbiota are shown (Shannon index, *P < 0.05 and ****P < 0.0001;
analyzed by one-way ANOVA). (C) Changes in the abundance of the intestinal microbiota are shown (Chao1 index, ****P < 0.0001; analyzed by one-way ANOVA).
(D) The composition and abundance of the intestinal microbiota at the genus level were determined. (E) The relative abundance of Escherichia-Shigella (****P <

0.0001; analyzed by one-way ANOVA). (F) The relative abundance of Lactobacillus (*P < 0.05 and ****P < 0.0001; analyzed by one-way ANOVA). (G) LEfSe
histograms were generated. Bacterial taxa that met the criterion of an LDA score >4 were considered biomarker taxa. (H) The relative abundance of Lactobacillus
reuteri (****P < 0.0001; analyzed by one-way ANOVA).
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Fig. 7. The impact of PCRHNs and varying doses of CPT on bacterial proliferation. Representative images of viable colonies on suitable agar plates were taken after
treatment with PCRHNs (the concentration of PCRHNs was 20 μg/mL, with a CPT content of 10 %) and various concentrations of CPT (A), and bacterial colony
counting (B) was performed. (C) The absorbance of the biomass of L. reuteri, E. coli and Shigella sp. was measured at a wavelength of 600 nm (****P < 0.0001,
analyzed by one-way ANOVA).

Fig. 8. Oxygen generation in vitro and in vivo. (A) PA images and (B) PA intensity were used to evaluate HbO2 levels in 4T1 tumor-bearing mice (*P < 0.05 and **P <

0.01; analyzed by one-way ANOVA). In the PCRHNs + Laser group, PA images were obtained immediately after 5 min of laser irradiation (1.5 W/cm2). (C) Oxygen
generation and (D) temperature variation were measured. In vitro, the generation of oxygen from hydrogen peroxide was catalyzed by PCRHNs (0.005 mg/mL), and
the temperature changed during the process. The laser irradiation intensity for the PCRHNs + Laser group was 1.0 W/cm2, and the duration of exposure was 10 min.
(E) PCRHNs catalyze the generation of oxygen from hydrogen peroxide as the temperature gradually increases from 37 ◦C to 52 ◦C.
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and PCRHNs + Laser groups while simultaneously monitoring temper-
ature fluctuations throughout the process. We found that there was no
significant difference in oxygen production between the PCRHNs and
PCRHNs + Laser groups at ambient temperature (Fig. 8C), and no sig-
nificant variation in temperature was observed during this process
(Fig. 8D). Previous research conducted by our group found that a solu-
tion of PCRHNs at a concentration of 0.02 mg/mL did not undergo
noticeable heating upon laser irradiation [17]. In this study, no signif-
icant temperature change was observed in the PCRHNs + Laser group
(PCRHNs concentration of 0.005 mg/mL) during in vitro oxygen pro-
duction, which could be attributed to the low concentration of PCRHNs.
As the tumor temperature of the mice in the PCRHNs + Laser group
rapidly increased to 52.8 ◦C after 5 min of NIR laser irradiation [17], we
simulated this process in vitro by gradually increasing the temperature of
the system in a water bath and monitoring oxygen production during
this process. Notably, in the presence of PCRHNs, oxygen production
increased rapidly as heating progressed (Fig. 8E). These findings are
consistent with previous reports, which indicate that the optimal tem-
perature for determining the catalase activity of PB NPs is 50 ◦C [65].

These studies revealed that Lactobacillus was enriched in the
PCRHNs + Laser group, potentially because of rapid laser irradiation-
induced heating of the tumor site. This led to an increase in catalase
activity, resulting in an increase in the conversion of hydrogen peroxide
into oxygen within the tumor through catalysis and ultimately leading to
an overall increase in the oxygen content. These factors are conducive to
the proliferation of facultative anaerobic (such as Lactobacillus) and
aerobic bacteria.

4. Conclusion

The results of this study demonstrate that, compared with high-dose
free CPT, PCRHNs + Laser treatment effectively achieves a balance
between therapeutic efficacy for breast cancer and low GAEs. High-dose
free CPT leads to significant intestinal injury characterized by increased
intestinal permeability, intestinal epithelial cell apoptosis, and a
reduction in the level of tight junction proteins. In addition, the
administration of high-dose CPT results in a dysregulated microbiota,
which is characterized by reduced microbial diversity and abundance, as
well as an increase in pathogenic bacteria (e.g., Escherichia-Shigella).
This phenomenon may be attributed to the rapid proliferation of path-
ogens, which swiftly colonize the ecological niche vacated by other
bacteria as a result of chemotherapy-induced diarrhea. Achieving both
excellent therapeutic effects and few GAEs via free CPT treatment is
challenging. However, the PCRHNs designed and synthesized by our
research group effectively balance the antitumor effects and
gastrointestinal-related toxicity. The efficacy of PCRHNs + Laser treat-
ment is significantly superior to that of high-dose CPT, and the negative
effects on the intestinal barrier and microbiota caused by high-dose CPT
can be avoided. In addition, PCRHNs + Laser treatment promoted the
proliferation of Lactobacillus (probiotics), possibly through the photo-
thermal effect of the PCRHNs, which increased their catalase activity.
This increase in activity accelerates the conversion of hydrogen peroxide
into oxygen and increases oxygen levels in the body, which is conducive
to the growth of facultative anaerobic bacteria that can grow with or
without oxygen.
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