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a b s t r a c t 

Gastrointestinal tract toxicity represents a serious adverse effect of chemotherapy, leading 

to reduced quality of life and survival. For instance, irinotecan (CPT-11) usually causes 

severe gastrointestinal toxicity, with a lack of effective therapeutic interventions, making 

treatment often unsustainable. Therefore, development of an effective and safe therapy is 

crucial for improving chemotherapy efficacy and the patients’ quality of life. In this work, 

we developed a novel approach involving the helical-shaped cyanobacterium microalgae, 

Spirulina platensis (SP), to carry the bornyl acetate (BA)-loaded chitosan nanoparticles to 

enhance drug retention in the small intestine. We demonstrated the protection effect 

of BA against chemotherapy-induced intestinal injury using an epithelial cell model. In 

a mouse model, orally administered BA-ChNPs@SP accumulated in the small intestine 

and attenuated inflammation by reducing dsDNA release and oxidative stress. This 

was concomitant with the restoration of the intestinal barrier and modulation of the 

immune microenvironment. This work suggests the promise of the microalgae-carrying 

nanomedicine strategy for treatment of intestinal diseases, emphasizing its potential in 

addressing chemotherapy-induced gastrointestinal complications. 
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. Introduction 

hemotherapy confronts a formidable challenge of 
dverse effects. Typically, intestinal mucositis and injury 
re among the most debilitating side effects caused by 
hemotherapeutics [ 1 ]. Reportedly, approximately 90 % 

atients receiving chemotherapy sustain intestinal disorders 
elated to reduced quality of life, treatment disruption, and 

ecreased survival [ 2 ]. Intestinal epithelial cells are among 
he most proliferative cells that are highly sensitive to 
hemo drugs (e.g., 5-fluorouracil, doxorubicin, cisplatin and 

rinotecan) that interrupt DNA synthesis, causing apoptotic 
ell death and local inflammation. The common mechanisms 
or intestinal damage are associated with the overproduction 

f reactive oxygen species (ROS) and the activation of nuclear 
actor κ-B (NF- κB) and inflammasome, subsequently leading 
o increased release of proinflammatory cytokines (e.g., IL-1 β
nd IL-6) [ 1 ]. For example, irinotecan (CPT-11) can disrupt DNA 

ynthesis, leading to structural breakdown and killing both 

ancer cells and intestinal epithelial cells, exerting severe 
ntestinal toxicity [ 3–5 ]. Severe intestinal toxicity usually 
esults in the treatment being discontinued [ 6 ]. Currently,
here is no effective prevention and therapy except for 
uppressing diarrhea through loperamide and octreotide 
 7 ,8 ]. Mitigating adverse effects while preserving anticancer 
fficacy is crucial for maximizing the clinical benefits of 
hemotherapy. 

Bornyl acetate (BA), an active compound from Amomum 

illosum , has demonstrated protective effects against 
hemotherapy-induced intestinal mucositis by inhibiting 
poptosis and modulating inflammation and oxidative stress 
 9 ]. BA exhibits various pharmacological actions, such as anti- 
nflammation and immunomodulation [ 10–13 ]. For example,
A regulates the immune response by inhibiting NF- κB and 

APK signaling pathways, downregulating pro-inflammatory 
ytokines such as TNF- α, IL-1 β, and IL-6, reducing NO 

roduction, and up-regulating CD86 [ 12 ]. BA inhibits LPS- 
nduced inflammatory responses in macrophages [ 13 ,14 ]. Our 
ypothesis posits that BA could ameliorate CPT-11-induced 

ntestinal injury by mitigating intestinal inflammation and 

poptosis. However, BA has drawbacks such as poor stability,
ioavailability, and low water solubility, limiting its efficacy 
nd application. 

Oral drug administration is the predominant route for 
astrointestinal disease treatment, and effective regional 
herapy typically requires sufficient intestinal retention and 

bsorption. To address this challenge, we developed a 
ioadhesive microalgae-carrying nanomedicine strategy for 
nhancing the efficacy of BA. Spirulina platensis (SP) stands out 
s a promising bioadhesive carrier, widely used as a dietary 
upplement [ 15 ,16 ]. SP, characterized by its distinctive helical 
tructure, facilitates capture by the villi, thereby extending 
ts retention in the intestine [ 17 ]. Importantly, its negatively 
harged surface enables the deposition of positively charged 

aterials through electrostatic interactions, making it ideal 
or carrying cationic cargos [ 18–21 ]. However, SP can only 
acilitate the adsorption of water-soluble drugs, and the 
queous channels and pores on its surface are only 14–
6 nm in size [ 21 ,22 ], which makes delivering hydrophobic 
ompounds without positive charges difficult. In this work,
e proposed a combination of SP and nanoparticles, by which 

A was encapsulated into cationic chitosan nanoparticles 
nd then absorbed onto SP via charge interaction. This 
ystem (termed BA-ChNPs@SP) aimed to prolong intestinal 
etention to modulate CPT-11-induced intestinal injury. It is 
xpected that BA can exhibit a reduction in cellular damage 
y inhibiting dsDNA release and restoring intestinal tight 
unctions via enhanced delivery by BA-ChNPs@SP. 

. Materials and methods 

.1. Materials 

ornyl acetate (BA) was purchased from Master Biotechnology 
o., Ltd (Chengdu, China). Spirulina platensis (SP) was 
urchased from Guangyu Biological Technology Co., Ltd 

Shanghai, China). Chitosan ( < 25 kDa, degree of deacetylation 

5 %–90 %) was purchased from Yunzhou Biochemistry Co.,
td (Qingdao, China). Sodium tripolyphosphate (TPP) and 

odium carboxymethyl cellulose (CMC–Na) were purchased 

rom Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
nnexin V-FITC/PI Apoptosis Detection Kit, 1,1-dioctadecyl- 
,3,3,3-tetramethylindotricarbocyaine (DiR), 7-ethyl-10- 
ydroxycamptothecin (SN-38), and irinotecan HCl trihydrate 

CPT-11) were purchased from Meilun Biotechnology Co.,
td (Dalian, China). 3-(4, 5-dimethylthiazol-2-yl)−2, and 5- 
iphenyltetrazolium bromide (MTT) were purchased from 

igma-Aldrich (Missouri, USA). RNA extraction reagent,
NA reverse transcription kit, and dsDNA assay kit were 
urchased from Yeasen Biotechnology Co., Ltd (Shanghai,
hina). Myeloperoxidase (MPO) ELISA kit was from Dakewe 
iotech Co., Ltd (Shanghai, China). Superoxide dismutase 

SOD), catalase (CAT), and MDA assay kit were purchased 

rom Beyotime Biotechnology (Shanghai, China). All the 
ytokines were from Peprotech (Cranbury, USA). SGF and 

imulated intestinal fluid (SIF) were purchased from Shanghai 
uanye Bio-Technology Co., Ltd (Shanghai, China). All the 
ow cytometry antibodies were from Biolegend (San Diego,
SA). 

.2. Cell lines and animals 

EC-6 (rat small intestine crypt epithelial) cell lines were 
btained from the Type Culture Collection of the Chinese 
cademy of Sciences (Shanghai, China). IEC-6 cells were 
ultured in DMEM medium supplemented with 10 % FBS and 

 % antibiotics [streptomycin (100 U/ml)-penicillin (100 U/ml)],
n an incubator with a humidified 5 % CO2 at 37 °C. The 
one marrow-derived macrophages (BMDMs) were generated 

y culturing the bone marrow cells from the femurs and tibias 
f C57BL/6 mice using a standard protocol [ 23 ]. The cells were
ultured in DMEM with 20 % FBS, 1 % antibiotics [streptomycin 

100 U/ml)-penicillin (100 U/ml)], and 20 ng/ml M-CSF for 4 
. C57BL/6 male mice ( ∼6 week old) were purchased from 

hanghai Laboratory Animal Center (Shanghai, China). All the 
nimal experiments were performed following the guidelines 
f the Institutional Animal Care and Use Committee (IACUC) 
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and approved by Shanghai Institute of Materia Medica (SIMM),
Chinese Academy of Sciences. 

2.3. Cell viability assay 

IEC-6 cells were seeded and incubated in 96-well plates
(5 × 103 per well) overnight and then incubated with different
concentrations of SN-38/BA/SP for 24 h. Cell viability was
measured using standard MTT assay. The absorbance at
490 nm was recorded by a microreader (Multiskan, Thermo
Fisher, Waltham, USA). 

2.4. Quantification of dsDNA 

Small intestinal lavage from 2 cm of small intestine flushed
with 0.5 ml PBS. Then, small intestinal lavage and cell culture
medium were centrifuged at 5,000 rpm for 5 min, and the
supernatants were centrifuged again. dsDNA levels of the
second supernatants were detected by using the 1 ×dsDNA HA
assay kit according to the manufacturer’s instruction. 

2.5. Apoptosis assay 

To analyze the ameliorative effect of BA on cell apoptosis of
IEC-6 cells induced by SN-38, 1 × 105 cells were seeded to a
12-well plate, and then treated with SN-38/SN-38 + BA for 24 h.
After being collected and diluted by 1 × Binding buffer working
solution, the cell suspension (100 μl) was used for annexin
V-FITC/PI Apoptosis Detection Kit and subsequently analyzed
by flow cytometer (ACEA NovoCyte 3000, Agilent, Santa Clara
USA). 

2.6. Intestinal barrier protection and anti-inflammatory 
study of BA in vitro 

IEC-6 cells and BMDM were seeded in 12-well plates
(1 × 106 per well) and co-incubated with SN-38/SN-38 + BA
for 24 h, respectively. The mRNA levels of intestinal barrier
markers (Claudin-1, Occludin and MUC-2) from IEC-6 and
proinflammatory cytokines (IL-1 β, TNF- α and IL-6) from
BMDM were quantified via qPCR. 

2.7. Cytokine analysis by qPCR 

Total RNA in the cells and tissues was extracted with
RNA extraction reagent, and then reverse transcription was
performed with the RNA reverse transcription kit. Finally, the
mixture of primers, cDNA, and SYBR was subjected to the
CFX384 Touch Detecting System (Bio-Red, Hercules, USA) for
qPCR. 

2.8. Preparation characterization of BA-ChNPs@SP 

Chitosan (2 mg/ml) was dissolved into acetic acid (1 %, v/v,
pH 5) and the TPP was dissolved into deionized water (2
mg/ml). Afterward, 200 μl methanol with dissolved BA was
added dropwise to the 5 ml chitosan solution with stirring
for 30 min. Subseqently, 1 ml TPP was added dropwise to the
chitosan solution at a ratio of 1:4 (w/w). The mix was stirred
for 30 min. The BA-ChNPs were collected by centrifuging at
12,000 rpm to remove free chitosan, TPP, and unencapsulated
BA. SP was collected by centrifugation at 3,500 rpm for 10 min
and washed three times with deionized water to remove the
culture medium. After resuspending in water and freezing at
−20 °C for 24 h, SP powder was collected by freeze-drying
for 24 h. The BA-ChNPs were resuspended in water and 50
μg/ml SP was added with gentle stirring for 10 min, followed
by centrifugation at 3500 rpm for 10 min to remove free SP. The
BA-ChNPs@SP are stored at 4 °C. 

2.9. Characterization of BA-ChNPs@SP 

The bright-field and fluorescence microscope images of
SP were captured with a fluorescence microscope (DM6B
fluorescence microscope, Leica, Wetzlar, Germany), and the
fluorescence intensity of BA-ChNPs, SP and BA-ChNPs@SP was
measured by a fluorescence spectrophotometry (HITACHI F-
4600, Tokyo, Japan). As for the co-localization of SP and ChNPs,
we photograph coumarin-6-stained ChNPs@SP by confocal
microscopy (Olympus SpinSR10, Tokyo, Japan). The particle
size, polydispersity index, and zeta potential of the BA-ChNPs,
SP, and BA-ChNPs@SP were evaluated by the Malvern Zeta
analyzer (Nano-ZS90, Malvern, UK). Transmission electron
microscope images of BA-ChNPs were acquired using a TEM
(120 kV, FEI Talos L120C, Thermo Fish Scientific, Waltham,
USA). The BA was quantified by GC-FID (Agilent 7890A, Santa
Clara, USA). The drug-loading capacity and encapsulation
efficiency were calculated by the following formula: 

Drug loading capacity ( %) 

= Weight o f encapsul at ed drug 
Weight o f nanopart icl e 

× 100% 

Encapsulation efficiency ( %) 

= Weight o f encapsul at ed drug 
Weight o f total ad d ed d rug 

× 100% 

2.10. Drug release and SP degradation study 

The drug release behavior was evaluated by dialysis
membrane (MWCO 8–14 kDa) containing BA or BA-ChNPs@SP
in the SGF (pH1.2, 2 h) and consequently the SIF (pH 6.8, 6 h)
which both contained 0.5 % Tween 80 on a shaker (150 rpm).
BA was quantified by GC-FID. The method of GC-FID to test
BA: HP-5 capillary column (30 m × 250 μm × 0.25 μm, 5 %
phenyl-95 % methylene glycol as stationary phase); oven
temperature 100 °C; inlet temperature 230 °C; the gas was
nitrogen at a flow rate of 4.0 ml/min. The injection volume
was 1 μl; the split ratio was 10:1; and the detector temperature
was 250 °C. The degradation of SP was evaluated under the
same condition as above. The average length of SP was
estimated by ImageJ (NIH, USA). 

2.11. Retention analysis of BA-ChNPs@SP 

Coumarin-6 (cou-6) labeled ChNPs@SP was prepared for
examining the retention ratio in SGF and SIF. Cou-6-ChNPs@SP
was dispersed in SGF (2 h) and SIF (6 h) on a constant
temperature shaker (37 °C, 150 rpm). The samples were taken
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t different time points (0, 1, 2, 4, 6 and 8 h) and centrifuged 

3,500 rpm, 10 min) to collect the Cou-6-ChNPs@SP while the 
etached ChNPs left in the supernatant. The fluorescence 
pectrophotometry was used to detect the fluorescence 
ntensity ( λex : 450 nm, λem 

: 505 nm) and the retention ratio 
f ChNPs@SP was calculated. 

The dissected small intestines from the normal mice were 
ncubated with DiR, DiR-ChNPs, and DiR-ChNPs@SP for 1 h.
fter washing with PBS three times, imaging was performed 

ith IVIS imaging system (Caliper PerkinElmer, Hopkinton,
SA). To visualize the retention effect of BA-ChNPs@SP in 

he small intestine, male C57BL/6 mice (6 week old, n = 3) 
ere administered with DiR, DiR-ChNPs, or DiR-ChNPs@SP.
ifferent parts of the intestine tract of the mice were dissected 

nd subjected to IVIS imaging system at different time points 
4, 8 and 12 h). 

.12. Therapeutic effect against CPT-11-induced intestinal 
njury model 

he mice were treated daily with 0.25 % CMC–Na, BA,
A-ChNPs and BA-ChNPs@SP at a BA dose of 10 mg/kg 
n Day 1, referring to the previous study of the group.
ubsequently, CPT-11 was given to the mice by intraperitoneal 

njection at a dose of 200 mg/kg on Day 2 and 100 mg/kg 
n Day 4 and 6. The body weight of mice was recorded 

aily. The mice were sacrificed on day 10 for collection 

f serum, the intestinal tissue and major organs. The 
engths of different parts of intestine (total intestine, small 
ntestine, and colon) and major organs were measured.
amples were fixed in 4 % paraformaldehyde and stained 

ith hematoxylin/eosin (H&E) and primary antibodies 
or pathological and immunofluorescence analysis using 
 standard protocol [ 24 ]. The levels of proinflammatory 
ytokines (IL-1 β, TNF- α and IL-6) were measured via qPCR.
o determine the anti-oxidative stress markers of small 
ntestine tissue, the intestinal segments were homogenized 

n PBS in the ratio of 1:10 (w/v). The resulting samples were 
hen subjected to centrifugation at 10,000 g for 10 min at 4 °C.
he intestinal levels of redox factors were determined by 
OD assay kit, CAT assay kit, MDA assay kit, and MPO assay 
it. 

.13. Flow cytometry analysis 

t the end of animal experiments, the small intestines were 
arvested to obtain lamina propria cells for flow cytometry 
ccording to a previous report [ 25 ]. In brief, the small intestinal 
issues were incubated with intestinal epithelial digestive 
uid (HBSS, 1 mM DTT, and 1 mM EDTA). The small intestinal 

amina propria cells were obtained by incubation with lamina 
ropria digestive fluid (RPMI1640, 1 mg/ml collagenase IV,
.3 mg/ml Dnase I, and 5 % FBS) for 2 h and centrifugation.
or analysis of macrophages, cell suspension was stained 

ith CD45-APC–Cy7, F4/80-BV510, CD86-BV650, CD206-AF647 
nd CD80-BV421 antibodies. For examination of neutrophils 
nd Tregs, cell suspension was stained with CD45-APC–Cy7,
D11b-AF647, Ly6G-BV605, CD3-BB770, CD4-FITC and CD25- 
V421 antibodies. Afterwards, the cells were further stained 

ith intracellular TGF- β-PE (macrophage panel) and Foxp3- 
E (Treg panel) by using an intracellular staining kit (BD 

iosciences, USA). The cells were measured with a flow 

ytometer. 

.14. Statistical analysis 

ll data were presented as mean ± SD ( n ≥ 3). Statistical 
nalysis was performed by two-tailed Student’s t -test or one- 
ay ANOVA followed by Tukey’s multiple comparison test 

nd post hoc analysis. The semi-quantitative analysis of 
uorescence images was implemented by Image J software 

NIH, USA). Statistical significance was indicated as ∗P < 0.05,
P < 0.01 and ∗P < 0.001; ns means not significant. 

. Results and discussion 

.1. Protective effect of BA on intestinal injury 

PT-11 can cause severe gastrointestinal toxicity [ 26 ,27 ].
onsistent with a previous report [ 28 ], intraperitoneal 

njection of CPT-11 in C57BL/6 mice resulted in a 
hortened length of the small intestine (Fig. S1A and S1B).
istopathological analysis and dsDNA levels also confirmed 

hat small intestine injury was serious (Fig. S1C and S1D). 
Rat small intestine crypt epithelial cells (IEC-6), a normal 

mall intestinal epithelial cell line, was used as a cell 
odel to assess the therapeutic effects of BA. SN-38 is an 

ctive metabolite of CPT-11, known for its anticancer activity 
 29 ,30 ]. SN-38 can cause the release of dsDNA from the
ntestinal epithelial cells and accumulate in the intestinal 

icroenvironment, triggering inflammasome activation [ 28 ].
ntestinal SN-38 exposure can cause mucosa damage [ 31 ].
herefore, SN-38, with higher water solubility than CPT-11,

s often used in cellular studies [ 28 ]. Our work showed that
N-38 resulted in nearly 50 % IEC-6 cell death at 50 nM,
hile BA showed a high biocompatibility to IEC-6 cells 

Fig. S1E and S1 G). In the SN-38-injured IEC-6 cells, BA 

xhibited a significant rescue effect, improving cell viability 
n a concentration-dependent manner ( Fig. 1 B). The damaging 
ffects of SN-38 on IEC-6 cells included dsDNA release and 

poptosis; BA treatment alleviated these cellular damages 
 Fig. 1 C–1E). Notably, SN-38 also compromised the epithelial 
arrier functions, while BA promoted the recovery of the 
arrier functions, evidenced by upregulated levels of Claudin- 
, Occludin, and MUC-2 ( Fig. 1 G). 

In addition, SN-38 can induce inflammatory responses,
eading to increased expression of proinflammatory cytokines 
e.g., IL-1 β and TNF- α) [ 32 ,33 ]. Our results showed that BA
ubstantially reduced proinflammatory cytokines, including 
L-1 β, TNF- α, and IL-6 ( Fig. 1 H). The conditioned medium
ontaining dsDNA obtained by SN-38-pretreated IEC-6 cells 
 Fig. 1 F) showed the effects on stimulating macrophages 
oward M1-type polarization (F4/80+ CD80+ CD86+ ), while 
uppressing M2 macrophages (F4/80+ CD206+ ), indicating 
he induction of inflammation. BA notably increased 

he proportion of M2 macrophages while decreasing the 
roportion of M1 macrophages ( Fig. 1 I–1L). These results 
nderscored the protective role of BA against SN-38-induced 

nflammation at the cellular level ( Fig. 1 A). 
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Fig. 1 – Protective and anti-inflammatory effects of BA. (A) Scheme illustration of irinotecan effect. (B) IEC-6 cell viability after 
treatment with SN-38 and BA. (C) dsDNA concentration in IEC-6 cells treated with SN-38 and BA. (D, E) Flow cytometry 

analysis of apoptosis after treatment of SN-38 and BA. (F) Experimental scheme of BMDM treatment with dsDNA-containing 
medium. (G) mRNA levels of Claudin-1, Occludin, and MUC-2 in IEC-6 cells measured by qPCR. (H) mRNA levels of IL-1 β, 
TNF- α and IL-6 in BMDM measured by qPCR. (I) Representative flow cytometry plots of F4/80+ CD80+ CD86+ M1 
macrophages. (J) Percentage of M1 macrophages. (K) Representative flow cytometry plots of F4/80+ CD206+ M2 
macrophages. (L) Percentage of M2 macrophages. Data are presented as mean ± SD ( n = 3 biologically independent samples 
for (C–E and G–L), n = 4 biologically independent samples for (B)). Statistical analysis was evaluated with a two-tailed 

Student’s test (G and H) and one-way ANOVA followed by Tukey’s multiple comparison test and post hoc analysis (∗P < 0.05, 
∗∗P < 0.01, and ∗∗∗P < 0.001). 
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Fig. 2 – Characterization of BA-ChNPs@SP. (A) Schematic illustration of BA-ChNPs@SP preparation; (B) Brightfield and 

fluorescence images of SP. Scale bar: 100 μm; (C) Size distribution and TEM image of BA-ChNPs. Scale bar: 200 nm; (D) 
Stability of BA-ChNPs. (E) Zeta potential; (F) Fluorescence emission spectra of BA-ChNPs, SP and BA-ChNPs@SP; (G) In vitro 

drug release profiles in SGF and SIF; (H) Fluorescence images of ChNPs@SP. (red: SP; green: ChNPs). Scale bar: 100 μm. Data 
are presented as mean ± SD ( n = 3 biologically independent samples for D, E and G). 
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.2. Characterization of BA-ChNPs@SP 

he BA-chitosan nanoparticles (BA-ChNPs) were synthesized 

hrough an ion crosslinking method ( Fig. 2 A). The BA-ChNPs 
xhibited a mean particle size of ∼260 nm and a polydispersity 
ndex (PDI) of ∼0.2 ( Fig. 2 C and Table S1). Transmission 

lectron microscopy (TEM) revealed the morphology of the 
anoparticles ( Fig. 2 C). The drug encapsulation efficiency was 
3.8 % and drug-loading capacity of 3.7 % (Table S1). The 
anoparticle loading efficiency of SP is about 58.8 % (Fig. S1J).
he BA-ChNPs showed good stability over a 2-week period at 
 °C ( Fig. 2 D). 

The BA-ChNPs were then loaded onto SP, which showed 

 helical shape with a length of approximately 100–200 μm 

 Fig. 2 B). The ζ potential of BA-ChNPs@SP shifted from −23.1 to 
4.3 mV after loading positively charged BA-ChNPs, indicating 
he successful combination of SP and BA-ChNPs ( Fig. 2 E). Due 
o the substantial presence of chlorophyll in SP, it exhibited 

uorescence at λem 

650 nm with λex 550 nm ( Fig. 2 B). Both 

P and BA-ChNPs@SP had similar fluorescence characteristics 
 Fig. 2 F). By using coumarin 6 to label the ChNPs, confocal 

icroscopy images showed the ChNPs (green fluorescence) 
ocalized on the surface of SP (red fluorescence) ( Fig. 2 H and 

2A). 
The cellular uptake experiments showed there was no 

ignificant difference between C6-ChNPs and C6-ChNPs@SP 
Fig. S2F–S2G). This could be attributed to SP being a drug 
arrier with a linear structure that is not able to enter cells 
irectly; the nanoparticles must be released from SP before 
hey can enter the cells. In addition, the cellular biosafety of SP,
A-ChNPs, and BA-ChNPs@SP was good (Fig. S1F, S1H and S1I) 

SP is stable in gastric fluid but gradually degrades in 

he small intestine [ 17 ]. It is well-documented that chitosan 

anoparticles remain stable in gastric fluid allowing them 

o safely reach the intestine [ 34 ]. Consistently, our results 
lso revealed the gastric stability of SP. The in vitro release 
tudy demonstrated that BA-ChNPs@SP exhibited only 12 % 

A release in the SGF, but > 50 % drug release in the SIF ( Fig. 2 G).
his release profile highlights the capability of BA-ChNPs@SP 

o resist gastric degradation and enhance small intestinal 
elivery. 

.3. The retention capacity of BA-ChNPs@SP in the small 
ntestine 

he long-helical shape of SP renders it ready to be captured 

y small intestinal villi and its length is associated with 

he intestinal retention capacity [ 17 ]. Fig. 3 B illustrates the 
tability of SP in SGF, without significant reduction in length,
hile over 6 h in SIF, SP can still maintain its long-helical 

hape, with a minor change in length from 80 to 60 μm 

 Fig. 3 C). Quantitative analysis in Fig. 3 C confirmed that 
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Fig. 3 – Small intestinal retention capability of BA-ChNPs@SP. (A) Scheme of targeting delivery via oral administration; (B) 
Bright-field images of SP in different kinds of simulated GI fluids. Scale bar: 100 μm; (C) SP lengths (indicating the stability 

in the simulated GI fluids); (D) Retention ratio of ChNPs@SP in SGF and SIF; (E) Ex vivo fluorescence images of intestines after 
incubation with DiR, DiR-ChNPs, and DiR-ChNPs@SP; (F) Cryosections of small intestine (DAPI staining). The red signals are 
SP. Scale bar: 100 μm. White arrows point to SP aggregates; (G) Region-of-interest analysis of fluorescence intensities of the 
intestines as shown in E. Data are presented as mean ± SD ( n = 3 biologically independent samples for G). Statistical 
analysis was evaluated with one-way ANOVA followed by Tukey’s multiple comparison test and post hoc analysis 
(∗P < 0.05, ∗∗P < 0.01). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the length of the SP follows the same trend as images,
demonstrating the stability of SP in the small intestine for long
retention. 

To investigate the cargo-carrying capacity of SP to the
small intestinal villus site, we examined the binding between
SP and nanoparticles in SGF and SIF. The binding percentage
remained above 70 % after 2h incubation in SGF, suggesting its
stability in the stomach. It exhibited 50 % after 6h incubation
in SIF ( Fig. 3 D), indicating the sustained release of ChNPs
from SP. 

Furthermore, we incubated DiR-ChNPs and DiR-ChNPs@SP
with the freshly dissected mouse small intestines, and after
thorough washing, fluorescence imaging was carried out
to evaluate bioadhesion capacity. It revealed that the DiR-
ChNPs@SP groups exhibited significantly higher intestinal
retention efficiency compared to DiR-ChNPs ( Fig. 3 E and 3G).
In addition, the red fluorescence representing SP was strong
at the small intestinal site, especially at the top of the villi
and deep in the crypts (white arrowheads), indicating the long
retention capacity of SP ( Fig. 3 F). 

The efficiency of small intestinal targeted delivery of BA-
ChNPs@SP was evaluated in C57BL/6 mice ( Fig. 3 A). The
in vivo retention time of DiR-ChNPs@SP was prolonged to
12 h ( Fig. 4 A and 4C). The high fluorescence in the upper
part of the abdomen at 4 h and 6 h could be due to the
accumulation of DiR in the liver after being absorbed into
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Fig. 4 – In vivo biodistribution and fluorescence imaging. (A) Fluorescence images of mice after administration; (B) Ex vivo 
fluorescence images of the intestinal tracts after the intragastrical administration; (C–D) Region-of-interest analysis 
fluorescence intensities as shown in A and B, respectively (Orange: small intestine; red: cecum; violet: colon). Data are 
presented as mean ± SD ( n = 3 biologically independent samples). Statistical analysis was evaluated with one-way ANOVA 

followed by Tukey’s multiple comparison test and post hoc analysis (∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001). 
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he blood. Ex vivo fluorescence imaging in different parts of 
he intestine, including small intestine, cecum and ileum,
rom the DiR-ChNPs@SP treated mice showed DiR-ChNPs@SP 
as still detectable at 12 h after administration, while there 
as none in the control groups ( Fig. 4 B); the quantitative 
ata showed that the fluorescence intensity of DiR-ChNPs@SP 
as higher ( Fig. 4 D). There was no significant difference 

n the distribution among the three groups in other major 
rgans (Fig. S2B–S2E). These findings suggested the excellent 
etention capacity of BA-ChNPs@SP in the small intestine. 

.4. Therapeutic efficacy of BA-ChNPs@SP against 
PT-11-induced small intestinal injury 

n vivo therapeutic efficacy was evaluated in a murine 
odel with CPT-11-induced small intestinal injury. Fig. 5 A 
llustrates the overall experimental design. CPT-11 treatment 
aused significant loss of body weight, while this declining 
rend was suppressed in the BA-ChNPs@SP treatment group 

 Fig. 5 B). The intestine length serves as an indicator of 
ntestinal injury. The intestinal length of the model groups 
as remarkably shorter than that of the normal mice,

ndicating significant intestinal lesions induced by CPT-11 
reatment ( Fig. 5 C and 5D). However, treatment with BA- 
hNPs@SP could prevent the shortening of intestinal length.

n specific, the length of the small intestine was remarkably 
mproved in the BA-ChNPs@SP group, indicating superior 
herapeutic efficacy ( Fig. 5 E). Histological examination of the 
mall intestine exhibited complete loss of villi, immunocyte 
nfiltration, and severe mucosal damage, whereas substantial 
mprovements were found in the BA-ChNPs@SP group ( Fig. 5 F 
nd 5G). 
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Fig. 5 – Treatment efficacy of BA-ChNPs@SP against CPT-11-induced intestinal injury. (A) Experimental procedure for 
treatment; (B) The body weight change of the mice; (C) Photographs of the whole intestines; The lengths of total intestine (D) 
and small intestine (E); (F) Villus/crypt ratio in H&E-stained small intestinal sections; (G) Representative images of H&E 
staining of small intestinal sections. Scale bar: 250 μm. Data are presented as mean ± SD ( n = 5 biologically independent 
samples for B–E, n = 3 biologically independent samples for F). Statistical analysis was evaluated with one-way ANOVA and 

Tukey’s multiple comparison test and post hoc analysis (∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TUNEL staining of the small intestinal tissues showed
that the BA-ChNPs@SP group markedly alleviated apoptosis
compared to the BA and BA-ChNPs groups, emphasizing the
critical role of SP retention in the small intestine ( Fig. 6 A
and 6D). Immunofluorescence staining of ZO-1 and MUC-2,
markers for the small intestine epithelial barrier, revealed
that CPT-11 treatment significantly reduced the expression
of ZO-1 and MUC-2 in the small intestine ( Fig. 6 B–6D).
These proteins are crucial for maintaining the structure and
function of the intestinal epithelium as well as the integrity
of the intestinal barrier. Importantly, the intestinal barrier
function was repaired by treatment with BA-ChNPs@SP, as
evidenced by the upregulation of the tight-junction protein
ZO-1. 

Moreover, BA-ChNPs@SP significantly reduced CPT-11-
induced dsDNA release ( Fig. 6 E) and mitigated inflammatory
responses by decreasing the production of proinflammatory
cytokines, including TNF- α, IL-1 β and IL-6 ( Fig. 6 F–6H). 

Furthermore, oxidative stress was determined. SOD
scavenges superoxide radicals and plays a crucial role
against free radical damage and inflammation. SOD levels
in CPT-11-treated mice were notably reduced, but treatment
of BA-ChNPs@SP upregulated SOD levels ( Fig. 6 I). CAT is
an antioxidant enzyme that mitigates oxidative stress
via scavenging hydrogen peroxide. Our results showed
the effect of BA-ChNPs@SP on CAT upregulation ( Fig. 6 J).
Malondialdehyde (MDA) is a secondary product of lipid
peroxidation. CPT-11 triggered an increase in MDA levels,
which were, however, decreased after BA-ChNPs@SP
treatment ( Fig. 6 K). It suggested that BA-ChNPs@SP could
inhibit lipid peroxidation process. MPO, secreted by activated
leukocytes, catalyzes the formation of reactive intermediates
and promotes lipid peroxidation. Similarly, MPO levels in CPT-
11 treated mice increased sharply, but showed no obvious
differences from normal levels ( Fig. 6 L) after treatment with
BA-ChNPs@SP. 

Taken together, our results demonstrated that BA-
ChNPs@SP treatment could successfully alleviate CPT-11-
induced intestinal injury. 

3.5. Modulatory effect of BA-ChNPs@SP on immune 
microenvironment in the small intestine 

CPT-11-mediated dsDNA release elicits immunogenic
responses [ 35 ,36 ]. We analyzed the small intestinal
immune cells by flow cytometry. In the BA-ChNPs@SP
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Fig. 6 – Repairing effect on the small intestinal epithelial barrier. (A) Representative TUNEL staining images of the small 
intestine sections; Representative immunofluorescence staining images of the small intestine sections to indicate the 
expression of (B) ZO-1 and (C) MUC-2. Scale bar: 100 μm; (D) Relative fluorescence intensity of the small intestine sections as 
shown in A–C; (E) Concentration of dsDNA in small intestinal lavage fluid; (F–H) The mRNA levels of TNF- α, IL-1 β, and IL-6 in 

the small intestine tissues measured by qPCR; (I) SOD activity, (J) CAT activity and (K) MDA levels in the small intestines; (L) 
The MPO activity in the small intestine tissues measured by ELISA. Data are presented as mean ± SD ( n = 3 biologically 

independent samples for D, n = 5 biologically independent samples for F–L). Statistical analysis by one-way ANOVA 

followed by Tukey’s multiple comparison test and post hoc analysis (∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001). 
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roup, there was a significant decrease in the proportion 

f M1 macrophages (CD45+ CD11b+ F4/80+ CD80+ CD86+ ),
howing 2.4 %, compared to 24.2 % observed in the model 
roup ( Fig. 7 A and 7E). Conversely, the proportion of M2 
acrophages (CD45+ CD11b+ F4/80+ CD206+ TGF- β+ ) increased 

-fold compared with the model group ( Fig. 7 B and 7F). These 
esults indicated that BA-ChNPs@SP promoted the transition 
f macrophages from M1 to M2 phenotype, thereby mitigating 
ntestinal inflammation. 

Moreover, neutrophils, which are pivotal in inflammation,
re among the first leukocytes recruited to inflammatory 
ites [ 37 ]. Regulatory T (Treg) cells play a crucial role in
urbing intestinal inflammatory responses and autoimmune 
eactions at the mucosal interface [ 38 ,39 ]. Following BA- 
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Fig. 7 – Remodeling the inflammatory microenvironment in the small intestinal tissues. Representative flow cytometry plots 
of (A) CD45+ CD11b+ F4/80+ CD80+ CD86+ M1 macrophages, (B) CD45+ CD11b+ F4/80+ CD206+ TGF- β+ M2 macrophages, (C) 
CD45+ CD11b+ Ly6G+ neutrophils, and (D) CD45+ CD3+ CD4+ CD25+ Foxp3+ Treg cells in the small intestines. Percentage of (E) 
M1 macrophages, (F) M2 macrophages, (G) neutrophils, and (H) Treg cells in the small intestines. Data are presented as 
mean ± SD ( n = 5 biologically independent samples for E–H). Statistical analysis was evaluated with one-way ANOVA 

followed by Tukey’s multiple comparison test and post hoc analysis (∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001). 
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hNPs@SP treatment, there was a decrease in the proportion 

f neutrophils (CD45+ CD11b+ Ly6G+ ) ( Fig. 7 C and G), while 
he proportion of Treg cells (CD45+ CD3+ CD4+ CD25+ Foxp3+ ) 
as notably elevated ( Fig. 7 D and H). These results revealed 

he effective modulation of the small intestinal immune 
icroenvironment by BA-ChNPs@SP, highlighting the 

otential for small intestinal protection. 

.6. Biosafety of BA-ChNPs@SP 

o address safety concerns, we conducted histological 
xaminations of organ tissue sections stained with H&E 
nd calculated organ coefficients. The results revealed 

hat major organs (e.g., heart, liver, spleen, lung, and 

idney) maintained normal structures without any obvious 
nflammatory lesions or damage. Furthermore, there were 
o differences in the organ coefficients among the tested 

roups (Fig. S3A and S3B). In addition, the liver and kidney 
unction parameters, including alanine aminotransferase 
ALT), aspartate aminotransferase (AST), creatinine (CRE), and 

lood urea nitrogen (BUN), showed no significant difference 
Fig. S3C–S3F). These results suggested the biosafety of BA- 
hNPs@SP for in vivo application. 

.7. Discussion 

he mechanism of CPT-11-induced intestinal injury is not 
ully understood. CPT-11-mediated dsDNA breaks impede 
NA replication and induce apoptosis [ 40–43 ], resulting 

n histopathologic changes [ 44 ]. Furthermore, the released 

sDNA acts as a damage-associated molecular pattern 

DAMP), triggering innate immune responses [ 45 ], as well 
s activating inflammatory responses through cGAS-STING 

athway [ 46 ,47 ]. There are no effective drugs available yet for 
pecifically treating chemotherapy-induced intestinal injury.
ur work revealed the therapeutic potential of an active 
ompound (BA) from a Chinese herb that has been well- 
ocumented for treating gastrointestinal diseases. To address 
he intestine-specific delivery barrier for such water-insoluble 
ompound, we developed a promising strategy of combination 

f SP carrier and chitosan nanoparticles and thus achieved 

nhanced small intestinal delivery. 
While previous studies have explored the medicinal 

otential of microalgae or the concept of microalgae vaccines 
 15 ,16 ], the application of microalgae in drug delivery,
articularly in treating intestinal diseases, has been rare.
trategies such modifying magnetic nanoparticles on the 
urface of microalgae for magnetic field-guiding target [ 48 ], or 
sing microalgae’s aqueous channels to load small molecules 
 21 ,22 ] have been explored. However, the utilization feasibility 
f oral delivery for water-insoluble drugs was not known.
herefore, combining microalgae with nanoparticles in drug 
elivery strategies presents a promising avenue with broader 
pplications. 

SP has been demonstrated protective effects on both the 
tomach and intestines at a high SP dose of 1,500 mg/kg for 
8 d in rats and 160 mg/kg for 7 d in mice to yield an effective
fficacy [ 49 ,50 ]. In our work, the SP dose is 15.6 mg/kg for 8 d,
hich is far below the therapeutic dose of SP. Therefore, SP 
ay only serve as a carrier in this application. 
. Conclusion 

o address the complexity of the intestinal environment, we 
mployed a strategy involving microalgae SP to effectively 
rally deliver the BA-loaded chitosan nanoparticles. BA- 
hNPs@SP demonstrated remarkable small intestinal 
etention capability and significantly enhanced local drug 
xposure. The long-helical shape of SP facilitated adhesion to 
illi, thereby increasing drug release in the small intestine.
ral administration of BA-ChNPs@SP exerted protective 
ffects on the intestine and exhibited anti-inflammation 

bility, noticeably reducing oxidative stress. Moreover,
A-ChNPs@SP demonstrated good biosafety and had an 

dvantage of a straightforward process for formulation 

reparation. Therefore, the microalgae-nanomedicine 
reatment can serve as a promising BA-based therapeutic 
trategy for the management of intestinal diseases. 
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