
Theranostics 2019, Vol. 9, Issue 13 
 

 
http://www.thno.org 

3732 

TThheerraannoossttiiccss  
2019; 9(13): 3732-3753. doi: 10.7150/thno.34377 

Research Paper 

A Multifunctional Nanotherapy for Targeted Treatment 
of Colon Cancer by Simultaneously Regulating Tumor 
Microenvironment 
Qixiong Zhang1*, Fuzhong Zhang1*, Shanshan Li2*, Renfeng Liu1,3, Taotao Jin1,3, Yin Dou1, Zhenhua 
Zhou3, Jianxiang Zhang1 

1. Department of Pharmaceutics, College of Pharmacy, Third Military Medical University, Chongqing 400038, China 
2. Department of Pharmaceutical Engineering, College of Pharmaceutical Sciences, Southwest University, Chongqing 400715, China 
3. Department of Neurology, Southwest Hospital, Third Military Medical University, Chongqing 400038, China 

* These authors contributed equally to this work.  

 Corresponding authors: Jianxiang Zhang, PhD, Prof. Department of Pharmaceutics, Third Military Medical University, 30 Gaotanyan Main St., Chongqing 
400038, China. E-mail: jxzhang1980@gmail.com. Zhenhua Zhou, PhD, Prof. Department of Neurology, Southwest Hospital. Third Military Medical University, 
30 Gaotanyan Main St., Chongqing 400038, China E-mail: exploiter001@126.com. 

© Ivyspring International Publisher. This is an open access article distributed under the terms of the Creative Commons Attribution (CC BY-NC) license 
(https://creativecommons.org/licenses/by-nc/4.0/). See http://ivyspring.com/terms for full terms and conditions. 

Received: 2019.02.24; Accepted: 2019.04.22; Published: 2019.05.31 

Abstract 

Colitis-associated colon cancer (CAC) is a widely recognized cancer, while treatment with the existing 
chemotherapeutic drugs affords limited clinical benefits. Herein we proposed a site-specific, combination 
nanotherapy strategy for targeted treatment of CAC by the oral route. 
Methods: A reactive oxygen species (ROS)-responsive and hydrogen peroxide-eliminating material OCD was 
synthesized, which was further produced into a functional nanoparticle (OCD NP). The antioxidative stress 
and anti-inflammatory effects of OCD NP were examined by in vitro and in vivo experiments. By packaging an 
anticancer drug camptothecin-11 (CPT-11) into OCD NP, a ROS-responsive nanotherapy CPT-11/OCD NP 
was obtained, and its antitumor activity was evaluated by both in vitro and in vivo studies. Preliminary safety 
studies were also performed for CPT-11/OCD NP in mice. 
Results: OCD NP significantly attenuated oxidative stress and inhibited inflammatory response in different 
cells and mice with induced colitis. CPT-11/OCD NP could selectively release drug molecules under intestinal 
pH conditions and at high levels of ROS. In C26 murine colon carcinoma cells, this nanotherapy showed 
significantly higher antitumor activity compared to free CPT-11 and a non-responsive CPT-11 nanotherapy. 
Correspondingly, oral delivery of CPT-11/OCD NP notably inhibited tumorigenesis and tumor growth in mice 
with induced CAC. By combination therapy with the nanovehicle OCD NP in the inflammatory phase, more 
desirable therapeutic effects were achieved. Furthermore, CPT-11/OCD NP displayed excellent safety profile 
for oral administration at a dose that is 87.3-fold higher than that employed in therapeutic studies. 
Conclusions: Anticancer nanotherapies derived from intrinsic anti-inflammatory nanocarriers are promising 
for targeted combination treatment of inflammation-associated tumors by simultaneously shaping 
pro-inflammatory microenvironment toward a relatively normal niche sensitive to chemotherapy. 

Key words: colitis-associated colon cancer, anti-inflammation, reactive oxygen species, nanoparticle, 
camptothecin-11, site-specific therapy 

Introduction 
Colorectal cancer (CRC) is one of the commonly 

diagnosed cancers worldwide, with poor prognosis 
after metastasis to lymph nodes or distant organs, and 
therefore causing high mortality [1-3]. In addition to 
surgery, chemotherapeutic drugs, such as oxaliplatin, 

5-fluorouracil, and irinotecan, are frequently used in 
first-line treatment of CRC [4]. However, systemic 
administration of chemotherapeutic drugs generally 
leads to dose-limiting toxicity in non-target tissues 
and organs [5, 6], while treatment by the most 
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preferable and acceptable route of oral delivery more 
often results in unsatisfactory bioavailability and 
serious side effects, such as mucositis, edema, and 
diarrhea [7-9]. 

Recently, increasing evidence has demonstrated 
that the nanoparticle (NP)-based targeting strategy is 
effective and promising for molecular imaging and 
therapy of CRC [10-13]. A diverse array of 
nanocarriers, including liposomes, lipid NPs, 
polymeric NPs, nanogels, high density lipoprotein, 
and organic/inorganic hybrid nanomaterials [10, 14, 
15], have been investigated for targeted treatment of 
CRC, by loading different drugs such as CPT-11 [16], 
doxorubicin [17], oxaliplatin [18], curcumin [19], 
5-aminolevulinic acid [20], and nucleic acids [21-23]. 
The targeting capability of these NPs can be further 
enhanced, by peripheral decoration with antibodies 
[24], fragments of antibodies [25], peptides [26], 
aptamers [27], and other small molecules [20]. In other 
cases, the magnetic- and/or photo-responsive 
nanoplatforms were used for targeted delivery of 
therapeutics to the CRC sites [28-30]. Nevertheless, 
these nanotherapies have been largely investigated 
for CRC treatment by intravenous injection [12], and 
only a few of them are administered by oral delivery 
[31, 32]. Whereas the majority of these nanotherapies 
are under preclinical development, several 
liposome-based nanomedicines (i.e. CPX-1, LE-SN38, 
and Thermodox) are currently in clinical trials [11]. 
Unfortunately, only limited therapeutic outcome was 
afforded in some cases. For instance, patients (with 
metastatic CRC) treated with LE-SN38 did not show 
slowed cancer progression [11]. Consequently, other 
innovative strategies are necessary for effective and 
safe therapy of CRC. In particular, site-specific 
therapy of CRC by the patient-friendly oral delivery 
route is desperately required.  

As well documented, the risk of CRC 
development is high in patients with long-term 
chronic gastrointestinal disorders, such as 
inflammatory bowel disease (IBD) [33-35]. Crohn’s 
disease and ulcerative colitis are two major types of 
IBD. It was reported that 18-20% patients suffering 
Crohn’s disease and 8% patients with ulcerative colitis 
would develop colitis-associated colon cancer (CAC) 
after 30 years [36]. Chronic intestinal inflammation is 
a key factor in the onset of carcinogenesis in IBD 
patients, and it can further promote tumor growth 
and progression [37]. The molecular mediators and 
cellular effectors of inflammation are important 
components of the tumor microenvironment, 
exhibiting many tumor-promoting effects, such as 
increasing the proliferation and survival of malignant 
cells, facilitating angiogenesis and metastasis, 
attenuating adaptive immune responses, and 

impairing responses to therapy [38-40]. Consequently, 
normalization of the tumor inflammatory 
microenvironment represents a new regimen for CAC 
treatment. On the other hand, long-term oxidative 
stress caused by overproduced reactive oxygen 
species (ROS) considerably contributes to the 
inflammation-cancer transformation [39, 40]. 

In view of the above unaddressed problems and 
based on our previous findings on ROS-scavenging 
anti-inflammatory materials [27], herein we 
hypothesize that ROS-triggered site-specific delivery 
of chemotherapeutic drugs, in combination with 
anti-inflammatory therapy via the functional 
nanocarrier itself, can serve as a new regimen for 
effective treatment of CAC by the oral route (Figure 
1). As a proof of concept, a ROS-responsive and 
hydrogen peroxide-eliminating material (defined as 
OCD) was synthesized based on a cyclic 
polysaccharide. Both in vitro and in vivo experiments 
were performed to demonstrate anti-inflammatory 
activity of OCD NPs. Subsequently, a ROS-responsive 
nanotherapy was produced using irinotecan (i.e. 
camptothecin 11, abbreviated as CPT-11) as a model 
drug, and its in vitro release profiles were examined 
under the gastrointestinal conditions simulating 
oxidative stress. In addition to in vitro antitumor 
effects, in vivo targeting and efficacy of the 
ROS-responsive CPT-11 nanotherapy were 
investigated in a mouse model of CAC. The 
therapeutic benefits of normalizing pro-inflammatory 
microenvironment by the nanocarrier were also 
demonstrated.  

Materials and methods 
Materials  

4-(Aminomethyl)phenylboronic acid pinacol 
ester (AM-PBAP), N,N’-carbonyldiimidazole (CDI), 
4-dimethylaminopyridine (DMAP), α-amylase, and 
pepsin were purchased from Sigma-Aldrich (U.S.A.). 
Anhydrous dichloromethane (DCM) and anhydrous 
N,N’-dimethylformamide (DMF) were obtained from 
J&K Scientific Ltd. (China). Triethylamine (TEA) and 
lecithin were purchased from TCI (Tokyo, Japan). 
β-Cyclodextrin (β-CD) was supplied by Zhiyuan 
Biotechnology Co., Ltd. (China). 1,2-Distearoyl- 
sn-glycero-3-phosphoethanolamine-N-[(carbonyl-met
hoxy polyethylene glycol-2000) (DSPE-PEG) was 
obtained from Corden Pharma (Switzerland). 
Poly(lactide-co-glycolide) (PLGA, 75:25, with intrinsic 
viscosity of 0.50-0.65) was purchased from 
Polysciences Inc. (U.S.A.). Dulbecco’s Modified 
Eagle’s medium (DMEM), fetal bovine serum (FBS), 
and trypsin were purchased from Gibco (U.S.A.). 
Cyanine5 NHS ester (Cy5) and Cyanine7.5 NHS ester 
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(Cy7.5) were obtained from Lumiprobe (U.S.A.). 
Nocodazole, amiloride, chlorpromazine, genistein, 
irinotecan (CPT-11), and Z-VAD-FMK were supplied 
by MedChemExpress (U.S.A.). Pyridinium iodide (PI) 
and FITC Annexin V Apoptosis Detection Kits 
containing 7-aminoactinomycin D (7-AAD) were 
purchased from Biolegend (U.S.A.). Alexa Fluor 
488-labeled rabbit anti-mouse topoisomerase I 
monoclonal antibodies (#ab197505) and anti-E- 
cadherin antibodies (#ab76055) were supplied by 
Abcam (U.S.A.). PE-labeled rabbit anti-mouse cleaved 
caspase-3 monoclonal antibodies (#9978) and 
PE-labeled rabbit anti-mouse cleaved 
poly(ADP-ribose) polymerase (PARP) monoclonal 
antibodies (#67495) were purchased from Cell 
Signaling Technology, Inc. (U.S.A.). 
Cytofix/Cytoperm Plus Fixation/Permeabilization 
Kit (with BD GolgiStop) was purchased from BD 
Biosciences (U.S.A.). Azoxymethane (AOM), 
lipopolysaccharides (LPS) from E. coli, and 
phorbol-12-myristate-13-acetate (PMA) were obtained 
from Sigma-Aldrich (U.S.A.). Dextran sulfate sodium 
(DSS, Mw = 36-50 kDa) was purchased from MP 
Biomedicals (U.S.A.). Mouse lipocalin-2 ELISA kit 
was purchased from Boster Biological Technology Co. 
Ltd. (China), while other ELISA kits were obtained 
from Neobioscience (China). Kits for quantification of 
molecules related to oxidative stress were purchased 
from BioAssay Systems (U.S.A.). ROS Assay Kit based 
on 2’,7’-dichlorodihydrofluorescein diacetate 
(DCFH-DA) was obtained from Beyotime 
Biotechnology Co. Ltd. (China). All the other reagents 
are commercially available and used as received. 

Synthesis and characterization of a 
H2O2-eliminating material based on β-CD 

A H2O2-eliminating β-CD material (OCD) was 
synthesized according to our previously established 
method [27]. Briefly, β-CD (0.25 g, 0.22 mmol) and 
CDI (0.249 g, 1.54 mmol) were dissolved in anhydrous 
DMF at room temperature. After constant magnetic 
stirring for 90 min, the reaction mixture was added to 
anhydrous diethyl ether. Then the solution was 
filtered and thoroughly rinsed with ether to obtain 
CDI-activated β-CD (CDI-CD). Subsequently, 
AM-PBAP (0.359 g, 1.54 mmol) and CDI-CD were 
dissolved in DMF, into which 0.25 mL of TEA was 
added. After stirring overnight, the final product 
OCD was precipitated from ether, collected by 
centrifugation at 5752g for 5 min, and dried to give a 
white powder. 

Materials characterization  
1H NMR spectra were acquired using an Agilent 

DD2 600 MHz NMR spectrometer. Fourier-transform 

infrared (FT-IR) spectroscopy was performed on a 
PerkinElmer spectrometer (100S, U.S.A.). Matrix- 
assisted laser desorption/ionization time-of-flight 
mass spectrometry (MALDI-TOF MS) was conducted 
on a MALDI-7090 TOF-TOF mass spectrometer 
(Shimadzu). 

Characterization of inclusion interaction 
between CPT-11 and OCD 

To characterize inclusion formation of OCD and 
CPT-11, they were co-dissolved in DMSO-d6 at a 
molar ratio of 1:1. Then 2D 1H-1H NOESY spectra of 
OCD/CPT-11 were acquired on an Agilent NMR 
spectrometer with a mixing time of 300 ms. 

Fabrication of various NPs by a 
nanoprecipitation/self-assembly method  

All NPs based on different materials were 
prepared by a modified nanoprecipitation/ 
self-assembly method. Briefly, 50 mg of the carrier 
material (OCD or PLGA) was dissolved in 2 mL of 
methanol (for OCD) or acetonitrile (in the case of 
PLGA). The obtained solution was added dropwise 
into 10 mL of deionized water containing 6 mg 
DSPE-PEG and 4 mg lecithin that was preheated at 
65°C. The suspension was stirred at room 
temperature for 2 h. Then the organic solvent and 
water were removed by vacuum evaporation at 60°C 
and concentrated to a volume of 8 mL. Finally, NPs 
were obtained by freeze-drying. NPs containing 
different payloads (Cy5, Cy7.5, or CPT-11) were 
fabricated by following the similar procedures. In this 
case, free payload was removed by dialysis (MWCO: 
3500 Da) against deionized water for 24 h, and 
payload containing NPs were collected after 
lyophilization. 

Characterization of NPs  
Dynamic light scattering and ζ-potential 

measurements were performed on a Malvern 
Zetasizer Nano ZS instrument at 25°C. Transmission 
electron microscopy (TEM) observation was carried 
out using a JEM-1400 microscope (JEOL, Japan). 
Differential scanning calorimetry (DSC) was 
conducted on a Q2000 instrument (TA, U.S.A.). To 
quantify the drug content in NPs, 5 mg lyophilized 
drug-loaded NPs was dispersed in ethanol for 
extraction. The drug concentration was quantified by 
UV-Vis spectrophotometry (TU-1901, Persee Co., Ltd., 
Beijing). The detection wavelength for CPT-11, Cy5, 
and Cy7.5 was 372, 646, and 788 nm, respectively. 

In vitro H2O2-eliminating capability of OCD or 
OCD NP  

Accurately weighed samples of OCD or OCD NP 
were incubated in 4 mL of PBS containing 1.0 mM 
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H2O2 at 37°C for 24 h. Using the QuantiChrom 
peroxide assay kit (BioAssay Systems, U.S.A.), the 
concentration of remaining H2O2 was quantified by 
measuring the absorbance at 585 nm, and the 
H2O2-eliminating capacity was calculated. Similarly, 
we examined the effects of buffer pH values on the 
H2O2-scavenging capability of OCD or OCD NP. 

In vitro hydrolysis of OCD NP in different 
solutions  

The hydrolysis behavior of OCD NP (1.0 
mg/mL) was examined in 4 mL of PBS (10 mM, pH 
7.4) containing various concentrations of H2O2 at 
37°C. Quantitative experiments were conducted by 
measuring the absorbance of NP-containing aqueous 
solutions at 500 nm after incubation for various 
periods of time (0, 5, 10, 15, 20, 25, 30, 40, 60, 80, 120, 
180, 240, and 300 min). Similarly, hydrolysis of OCD 
NP in buffer solutions with or without 1.0 mM H2O2 
was studied at different pH values (varying from pH 
1.2, 4.8, 7.4, 9.0, to 11.0). In addition, hydrolysis 
profiles of OCD NP were tested in the presence of 
different digestive enzymes including α-amylase, 
pepsin, and trypsin. 

In vitro drug release tests of CPT-11/OCD NP  
Briefly, 10 mg CPT-11/OCD NP was incubated 

in 6 mL of fresh medium. At predetermined time 
points, 3 mL of release medium was withdrawn. The 
concentration of CPT-11 was measured by UV-Vis 
spectrometry at 372 nm. Through the similar 
procedures, release behaviors were tested in the 
presence of different concentrations of H2O2. In 
addition, simulated gastric fluid (50 mL of PBS 
containing 0.16 g pepsin, 0.1 g NaCl, 0.35 mL of 38% 
HCl solution) and simulated intestinal fluid (50 mL of 
PBS with 0.5 g trypsin, 0.34 g KH2PO4, and 76 mg 
NaOH) were prepared. After NPs were incubated 
with these two simulated gastrointestinal fluids for 8 
h, the concentration of CPT-11 in release medium was 
detected. Also, size distribution and ζ-potential of 
CPT-11/OCD NP in PBS or two simulated 
gastrointestinal fluids were determined. In a separate 
study, changes of average hydrodynamic diameter 
and polydispersity index (PDI) of CPT-11/OCD NP 
during 8 h of incubation were determined. 

Cytotoxicity evaluation by MTT assay  
C26 mouse colon carcinoma cells and Caco-2 

human intestinal epithelial cells were cultured in 
DMEM supplemented with 10% (v/v) FBS, 100 U/mL 
penicillin, and 100 μg/mL streptomycin in a 5% CO2 
humidified environment at 37°C. For the methyl 
thiazolyl tetrazolium (MTT) assay, cells were planted 
at 1 × 104 cells/well in 96-well plates for 24 h before 
OCD NP was added. Subsequently, cells were treated 

with the medium containing NPs at various 
concentrations for 12 or 24 h. The cell viability was 
quantified by the MTT assay. 

Intracellular uptake of OCD NP by C26 cells  
C26 cells were seeded in 12-well plates at a 

density of 2 × 105 cells per well in 1 mL of growth 
medium. After 24 h, the culture medium was replaced 
with 1 mL of fresh medium containing 5 μg/mL 
Cy5-loaded OCD NP and incubated for various 
periods of time (0.5, 1, 2, 4, and 8 h). Then, the cells 
were digested and fluorescence intensity was 
determined using a flow cytometer (BD Accuri C6). 
Through similar procedures, dose-dependent (1.25, 
2.5, 5, 10, and 20 μg/mL Cy5/OCD NP) 
internalization profiles were examined after 2 h of 
incubation. In order to confirm the specific pathways 
dominating cellular uptake of OCD NP in C26 cells, 
cells were pretreated with different endocytic 
inhibitors (including nocodazole, amiloride, 
chlorpromazine, genistein, and sodium azide), and 
then co-incubated with Cy5/OCD NP (at 5 μg/mL) 
for 2 h. Quantitative analysis was performed by flow 
cytometry. 

In vitro anti-inflammatory activity of OCD NP  
Firstly, we examined in vitro anti-inflammatory 

effects of OCD NP in typical inflammatory cells. 
Specifically, murine macrophage RAW264.7 cells (2 × 
105 cells/well) were cultured in 12-well plates with 
culture medium (RPMI-1640, 10 wt% FBS, 1 wt% 
penicillin-streptomycin solution) for 12 h. Then fresh 
medium was changed and cultured in the presence of 
100 ng/mL PMA for 1 h, followed by incubation with 
100 μg/mL OCD NP or PLGA NP for 6 h. 
Subsequently, cells were washed three times with 
Hank’s balanced salt solution (HBSS) and treated with 
10 μM DCFH-DA in the dark at 37°C for 40 min. 
Collected cells were washed three times with HBSS, 
and fluorescent intensities were measured by a flow 
cytometer (Accuri C6, BD). After culture media were 
collected, the levels of inflammatory cytokines 
including tumor necrosis factor (TNF)-α and 
interleukin (IL)-6 were determined by ELISA kits 
(Neobioscience) according to the manufacturer’s 
instructions. Through the similar procedures, 
anti-inflammatory effects of OCD NP were 
investigated in neutrophils that were collected from 
the peritoneal cavity of BALB/c mice after stimulation 
with PMA.  

In addition, anti-inflammatory activity of OCD 
NP was interrogated in intestinal epithelial cells. In 
brief, Caco-2 human epithelial cells (2 × 105 cells/well) 
were cultured in 12-well plates with RPMI-1640 for 12 
h. Then cells were incubated in fresh medium 
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containing 20 μg/mL LPS for 1 h, followed by 
incubation with 100 μg/mL OCD NP or PLGA NP for 
6 h. Subsequently, the levels of TNF-α and IL-1β were 
quantified by ELISA kits.  

Effects of CPT-11/OCD NP treatment on the 
cell cycle of C26 cells  

The effects of CPT-11/OCD NP treatment on the 
cell cycle of C26 cells were evaluated by quantifying 
the number of G2/M cells. After treatment with 
CPT-11/OCD NP (at 30 μg/mL of CPT-11) for 6 h. 
Cells were collected and washed with PBS, and then 
resuspended in PBS containing 0.03% Triton X-100, 
200 mg/mL RNase A, and 50 μg/mL PI. After further 
incubation at room temperature in the dark for 15 
min, cell cycle analysis was performed by flow 
cytometry of 10000 cells in each group (BD Accuri C6). 
Data were analyzed using the FlowJo V10 software. 
The percentage of cells in the G2/M phase was 
calculated to assess proliferation of C26 cells. 

In vitro anti-apoptotic activity of CPT-11/OCD 
NP in C26 cells  

Analysis of apoptosis was conducted using FITC 
Annexin V Apoptosis Detection Kit with 7-AAD 
according to the manufacture’s protocols. Briefly, C26 
cells were seeded in a 6-well plate at 4 × 105 cells/well 
and incubated overnight. The medium was then 
replaced with fresh culture medium containing 
CPT-11, CPT-11/PLGA NP, or CPT-11/OCD NP at 30 
μg/mL CPT-11 for all formulations. After 6 h of 
incubation, cells were washed with BioLegend’s cell 
staining buffer, digested with 0.25 wt% trypsin, and 
collected by centrifugation. After the cells were 
resuspended in 100 μL of annexin V binding buffer 
with 2.5 μL of annexin V and 5 μL of 7-AAD viability 
staining solution at 1 × 105 cells/mL, they were 
vortexed gently and incubated in the dark for 15 min. 
Finally, 400 μL of Annexin V binding buffer was 
added for analysis by flow cytometry. 

Effects of CPT-11/OCD NP on the expression 
of topoisomerase I, cleaved caspase-3, and 
cleaved PARP in C26 cells  

C26 cells were seeded in 12-well plates at 2 × 105 

cells/well and incubated with growth medium 
overnight. Then cells were treated with CPT-11, 
CPT-11/PLGA NP, or CPT-11/OCD NP at 30 μg/mL 
of CPT-11. After 6 h, cells were washed, digested, 
collected, and then resuspended in 1 mL of PBS 
containing 250 μL of fixation/permeabilization 
solution at 4°C for 20 min. Subsequently, cells were 
washed two times with 1 mL of BD Perm/Wash 
buffer, and resuspended in 200 μL of BD Perm/Wash 
buffer. After cells were stained with Alexa Fluor 

488-labeled topoisomerase I antibody at 22°C for 30 
min, flow cytometry analysis was performed. 
Similarly, after the cells were incubated with 
CPT-11/OCD NP and 10 μM Z-VAD-FMK, the 
expression levels of cleaved caspase-3 and PARP were 
quantified by flow cytometry. 

Animals  
All animal experiments were performed in 

accordance with the Guide for the Care and Use of 
Laboratory Animals proposed by the National 
Institutes of Health. All procedures and protocols 
were approved by the Animal Ethics Committee at 
Third Military Medical University. BALB/c mice 
(18-20 g) were obtained from the Animal Center at the 
Third Military Medical University. Animals were 
housed in standard mouse cages under conditions of 
optimum light, temperature, and humidity, with ad 
libitum access to water and food. Before further 
experiments were performed, all mice were 
acclimatized for at least 7 days. 

Induction of colitis-associated cancer by 
AOM/DSS in mice  

Colitis-associated cancer (CAC) was induced 
according to the previously described protocols [41], 
with some modifications. Briefly, mice were 
intraperitoneally injected with AOM at 10 mg/kg 
body weight. Then mice were subjected to three cycles 
of DSS treatment, each consisting of 2% DSS for 7 days 
followed by a 14-day recovery period with regular 
water. 

Study on the localization of orally delivered 
OCD NP in diseased mice by ex vivo imaging  

Mice with CAC were induced with AOM/DSS 
as mentioned above. At day 22, Cy7.5-labeled OCD 
NP or PLGA NP was orally administered at a dose of 
0.5 mg Cy7.5 in each mouse, while free Cy7.5 was 
used as a control. At 6 h after administration, whole 
colon tissues were harvested and imaged 
simultaneously using an IVIS Spectrum system 
(Ex/Em, 745/820 nm; exposure time, 2 s; binning, 8; 
F/Stop, 1). Fluorescence intensity of the colon tissue 
was then analyzed by Living Image Software. 

Evaluation on the degree of CAC  
At the end of the experiment, colon tissues were 

isolated. Colonic tumors were counted and measured 
using a dissecting microscope. According to the 
oncology evaluation criteria, the number of tumors 
per mouse, the average size of tumors, and the size 
distribution of tumors were determined. In addition, 
the tumor burden was calculated based on the tumor 
number and tumor size to assess the degree of CAC. 
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Quantification of MPO, pro-inflammatory 
cytokines, and oxidative mediators in the 
colonic tissues  

The colonic tissues were isolated from mice after 
different treatments, and they were homogenized in 
ice-cold potassium phosphate buffer (pH 6.0) 
containing 0.5% hexadecyltrimethylammonium 
bromide. The homogenates were sonicated, 
freeze-thawed 3 times, and centrifuged at 10,621g at 
4°C for 15 min. The levels of myeloperoxidase (MPO), 
TNF-α, IL-1β, and IL-6 in the supernatant were 
determined using the corresponding detection kits.  

To quantify the level of H2O2, 100 mL of 
supernatant from the tissue homogenate was mixed 
with 1 mL of aqueous solution of molybdic acid (2.4 
mmol/mL) that was preheated at 37°C. After the 
mixture was incubated for 1 min, 1 mL of the 
termination reagent was added. Then the complex 
formed by H2O2 and molybdic acid was measured at 
405 nm, and the concentration of H2O2 was calculated. 
As for malondialdehyde (MDA), its level in the 
supernatant of homogenate was quantified by using 
QuantiChrom TBARS assay kit. 

Immunofluorescence analysis of TNF-α in the 
colon  

After different treatments, colonic tissues were 
isolated and embedded in Tissue-Tek O.C.T. 
Compound immediately. Histological sections were 
then prepared and incubated with primary rabbit 
anti-TNF-α antibody overnight at 4°C. Subsequently, 
the slides were incubated with the secondary 
antibody of Alexa Fluor 647-conjugated goat 
anti-rabbit IgG at room temperature for 1 h. After 
washing with PBS, sections were stained with DAPI. 
Fluorescence images were acquired using a Zeiss LSM 
confocal system. 

Histological and immunohistochemical 
assessments 

After tissues were fixed in 10% formalin, they 
were embedded in paraffin. Tissue sections (6-μm 
thickness) were stained with hematoxylin and eosin 
(H&E). For staining with E-cadherin, paraffin- 
embedded colon sections of 6-μm thickness were 
deparaffinized in xylene, incubated in 3% H2O2 in PBS 
for 30 min, and treated with 10 mM sodium citrate 
buffer (pH 6.0) containing 0.05% Tween 20, followed 
by heating in a pressure cooker for 10 min (antigen 
retrieval). Sections were blocked with goat serum at 
37°C for 45 min, and then incubated with E-cadherin 
antibody (Abcam) at 37°C for 1 h. After washing with 
PBS containing 0.01% Tween 20, sections were 
incubated with biotinylated secondary antibody at 
37°C for 30 min, and then treated with reagents from 

the Vectastain ABC kit (Vector Laboratories) to allow 
color development. After counterstaining with 
hematoxylin, sections were observed by fluorescence 
microscopy (Olympus, Japan). 

TUNEL assay  
Apoptotic cells were detected by terminal 

deoxynucleotidyl transferase-mediated deoxyuridine 
triphosphate nick end labeling (TUNEL) assay using 
the in situ cell death detection kit (Roche Diagnostics, 
U.S.A.). Images were acquired using an Olympus 
fluorescence microscope equipped with a Hamamatsu 
ORCA03G digital camera. 

Inhibition of colonic inflammation in CAC 
mice by OCD NP  

To evaluate the anti-inflammatory effect of OCD 
NP, mice with CAC were induced by AOM/DSS as 
aforementioned, which were then randomly assigned 
to 3 groups. In the diseased control group, mice were 
untreated during days 7-21. For the OCD NP and 
PLGA NP groups, mice were orally administered 
with OCD NP or PLGA NP at 30 mg/kg every day 
during days 7-21, respectively. In addition, healthy 
mice without AOM/DSS treatment were used in the 
normal control. Body weight, feces, and physical 
activity were monitored daily. The levels of 
lipocalin-2 (Lcn-2) in feces were determined every 
two days. At day 22, all mice were euthanized, and 
colons were harvested. After homogenization, the 
homogenate supernatant was used to determine the 
levels of MPO, TNF-α, IL-1β, and IL-6. The H2O2 and 
MDA levels in colonic tissues were measured as 
aforementioned. In addition, the major organs and 
colon tissues were paraffin-embedded and sectioned 
for H&E or E-cadherin immunohistochemical 
staining.  

In vivo pharmacokinetic study 
Mice were intraperitoneally injected with AOM 

at 10 mg/kg, followed by treatment with 2% DSS for 7 
days. Then mice were orally administered with 
different CPT-11 formulations at 5 mg/kg of CPT-11. 
At predefined time points (15, 30, 60, 120, 180, 240, 
and 480 min), blood samples and colonic tissues were 
collected. The whole blood samples were immediately 
centrifuged at 12,000g for 2 min to obtain plasma. 
Then 800 μL of ice-cold methanol was added into 200 
μL of plasma to precipitate protein. After 
centrifugation at 12,000g for 2 min, the supernatant 
was purged with nitrogen, reconstituted with 
methanol, and detected by high-performance liquid 
chromatography (HPLC) [42]. The mobile phase was 
consisted of acetonitrile and ammonium acetate 
buffer (75 mM, pH 6.4) containing 5 mM 
tetrabutylammonium phosphate at 22:78 (v/v). 
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Reversed-phase C18 columns were used, and 
detection wavelength was 370 nm. To determine drug 
distribution in colonic tissues, they were 
homogenized and centrifuged. CPT-11 in the 
supernatant was extracted with acetonitrile. 
Quantification was also performed by HPLC. Typical 
pharmacokinetic parameters such as the maximum 
plasma/colon concentration (Cmax), time to reach Cmax 
(Tmax), and the area under the plasma/colon drug 
concentration-time curve (AUC) were calculated. 

In vivo efficacies of CPT-11/OCD NP in CAC 
mice  

According to the aforementioned procedures, 
the mouse model of CAC was established by 
induction with AOM/DSS during days 1-7, days 
22-27, and days 43-48. Then mice were divided into 
five groups: the AOM/DSS group, AOM/DSS- 
induced mice without treatment during the periods of 
days 7-21, days 28-42, and days 49-63; the CPT-11 
group, AOM/DSS-induced mice without treatment 
during days 7-21, and treated with 5 mg/kg CPT-11 
during days 28-42 and days 49-63; the T1 group, 
AOM/DSS-induced mice without treatment during 
days 7-21, and treated with CPT-11/OCD NP during 
days 28-42 and days 49-63; the T2 group, 
AOM/DSS-induced mice treated with OCD NP 
during days 7-21, and treated with CPT-11/OCD NP 
during days 28-42 and days 49-63; the TP group, 
AOM/DSS-induced mice treated with PLGA NP 
during days 7-21, and treated with CPT-11/PLGA NP 
during days 28-42 and days 49-63. For all CPT-11 
nanotherapies, their dose was 5 mg/kg of CPT-11. In 
addition, healthy mice without treatment with 
AOM/DSS were used in the control group.  

The changes of body weight were measured 
once a week, while Lcn-2 levels in feces were 
determined by kits at day 21, 42 and 63, respectively. 
At the end of experiment at day 64, colonic tumors 
were counted and measured using a dissecting 
microscope. Major organs and colon tissues were 
collected, and the related organ index was calculated. 
The indicators of oxidative stress and 
pro-inflammatory factors were determined by 
commercially available kits. Paraffin sections of colon 
tissues were subjected to H&E staining or E-cadherin 
immunohistochemical analysis. In addition, the colon 
cryosections were used to TUNEL assay. 

Preliminary safety evaluation of CPT-11/OCD 
NP  

Male BALB/c mice were randomly assigned into 
three groups (n = 10). CPT-11/OCD NP in saline was 
orally administered at 1.5 or 3.0 g/kg. In the control 
group, mice were orally administered with the same 

volume of saline. After administration, the body 
weight of mice and their behaviors were monitored 
for any signs of illness each day. After two weeks, 
mice were euthanized. Blood samples were collected 
for hematological analysis and quantification of 
biochemical markers relevant to liver/kidney 
functions. Major organs were resected and weighed, 
and their organ index was calculated. 
Histopathological sections were prepared and stained 
with H&E. 

Statistical analysis  
Data are expressed as mean ± standard deviation 

(SD). Statistical analysis was assessed using one-way 
ANOVA test. A value of p < 0.05 was considered 
statistically significant. 

Results and Discussion 
Synthesis and characterization of a H2O2- 
eliminating material OCD 

According to our previously established 
methods [27], a H2O2-eliminating material OCD was 
synthesized by chemical functionalization of β-CD 
with an oxidation-labile moiety of AM-PBAP (Figure 
2A-B). β-CD was used as a scaffold molecule due to its 
multiple advantages, such as low cost, well-defined 
structure, good in vivo safety, and inclusion capability 
with various compounds for further functionalization 
or therapeutic loading, which are very important for 
translation studies [43]. Of note, CDs and their 
derivatives have already been widely used in 
different drug formulations [44]. The chemical 
structure of synthesized OCD was confirmed by 1H 
NMR, FT-IR, and MALDI-TOF mass spectrometry 
(Figure S1A-C). Calculation based on the 1H NMR 
spectrum revealed approximately 5 AM-PBAP units 
were conjugated onto each β-CD molecule. According 
to our previous findings on the hydrolysis 
mechanisms of PBAP-based β-CD materials [27], in 
the presence of H2O2, the PBAP moiety may be 
oxidized to a phenolic compound that undergoes a 
quinone methide rearrangement (Figure S2A). 
Through a series of electron transfer processes, OCD 
can be rapidly hydrolyzed into water-soluble 
products, including β-CD, 4-hydroxybenzylamine, 
pinacol, and boric acid (Figure S2B-C). Concomitant 
with hydrolysis in PBS at pH 7.4, OCD was able to 
efficiently eliminate H2O2, in a dose-dependent 
manner (Figure 2C). Of note, the H2O2-eliminating 
capability of OCD was closely associated with pH of 
buffer solutions, which was remarkably enhanced 
with the increased pH value when it was below pH 
7.4 (Figure 2D). This pH-dependent H2O2-scavenging 
capacity is related to the pH-sensitive hydrolysis 
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performance of OCD. As demonstrated in our 
previous study [27], hydrolysis of OCD was 
considerably inhibited in buffers with low pH. This 
can be attributed to the fact that hydroxyl ion is 
generally required for hydrolysis of pinacol ester, 
while low pH may suppress the removal of pinacol 
from AM-PBAP, thereby impairing hydrolysis of 
OCD NP [45]. Collectively, these results demonstrated 
that the ROS-responsive material OCD can effectively 
eliminate H2O2. 

Preparation and characterization of a H2O2- 
eliminating nanocarrier  

By a modified nanoprecipitation/self-assembly 
method [46], OCD NP was prepared in the presence 
of a small amount of lecithin and DSPE-PEG (Figure 
2B). Lecithin was used to introduce an amphiphilic 
layer around the hydrophobic core of OCD, in which 
the DSPE-PEG component can be effectively anchored 
to provide resulting nanovehicles with peripheral 
PEG chains, thereby affording good colloidal stability. 
Characterization by TEM suggested that OCD NP 
exhibited a well-defined spherical shape (Figure 2E), 
with relatively narrow size distribution (Figure 2F). 
The mean hydrodynamic diameter of OCD NP was 
103 ± 4 nm, and the ζ-potential was -32 mV. In 
addition, NPs based on a biodegradable polymer 
PLGA that has been approved by U.S. Food and Drug 

Administration were prepared via the same method 
and used as a control without H2O2-scavenging 
capability (Figure S3A). The mean hydrodynamic 
diameter of PLGA NP was 95 ± 1 nm.  

Hydrolysis behavior and H2O2-eliminating 
capability of OCD NP 

The hydrolysis profiles of OCD NP were first 
tested in buffers containing various concentrations of 
H2O2 (Figure 2G). As expected, only slight hydrolysis 
occurred after OCD NP was incubated in PBS (pH 7.4) 
without H2O2 for 5 h. By contrast, remarkably 
accelerated hydrolysis profiles were observed with 
increase in the H2O2 concentration. In PBS (pH 7.4) 
containing 1.0 mM of H2O2, a hydrolysis percentage of 
80% was found at 180 min after incubation. 
Accordingly, hydrolysis of OCD NP was highly 
sensitive to the level of H2O2. To interrogate the 
hydrolysis of OCD NP under various pH conditions, 
which is intimately related to oral drug delivery, 
experiments were conducted in buffers with 1.0 mM 
H2O2 at different pH values. In the entire pH 
spectrum corresponding to the gastrointestinal tract, 
OCD NP displayed notably rapid hydrolysis at pH 7.4 
compared to that at other pH values (Figure 2H). At 
pH 1.2, even with H2O2, this low pH considerably 
inhibited hydrolysis of OCD NP. 

 

 
Figure 1. Study design of targeted treatment of colitis-associated colon cancer (CAC) by normalizing inflammatory microenvironment using a functional nanovehicle. An 
antitumor drug CPT-11 is loaded into a nanoparticle (NP) derived from a ROS-responsive β-cyclodextrin material OCD. On the one hand, OCD NP can target diseased sites 
of CAC and selectively release the loaded CPT-11 molecules; while on the other hand, OCD is able to normalize inflammatory and oxidative microenvironment by eliminating 
over-produced H2O2. Desirable antitumor efficacy can be achieved by the ROS-responsive nanotherapy CPT-11/OCD NP, in combination with anti-inflammatory therapy with 
the nanocarrier OCD NP at the inflammatory phase. 
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Figure 2. Preparation and physicochemical characterization of a H2O2-eliminating nanovehicle. A-B, Schematic illustration of the synthesis of an oxidation-responsive material 
OCD and engineering of a H2O2-eliminating nanocarrier OCD NP. C, Dose-dependent elimination of H2O2 in PBS by OCD at pH 7.4. D, The effect of pH values of buffer 
solutions on H2O2-eliminating capability of OCD. E-F, TEM image (E) and size distribution profile (F) of OCD NP. G-H, Hydrolysis profiles of OCD NP in buffers with various 
concentrations of H2O2 (G) or at different pH values with 1 mM H2O2 (H). I, OCD NP dose-dependent elimination of H2O2 in PBS at pH 7.4. J, H2O2-eliminating capability of 
OCD NP at different pH values. All data are presented as mean ± SD (n = 3). 

 
 Considering that α-amylase is capable of 

hydrolyzing CDs [47], we also investigated the 
stability of OCD NP in aqueous solution of α-amylase. 
It was found that OCD NP was relatively stable for at 
least 24 h in the presence of α-amylase (Figure S4A). 
On the one hand, the conjugated PBAP groups may 
inhibit contact of α-amylase to the β-CD skeleton by 
the steric hindrance effects. Meanwhile, the 
hydrophobic core of OCD NP is surrounded by a 
hydrophilic PEG shell, which may further reduce the 
binding of α-amylase to OCD. These effects 
collectively accounted for the stability of OCD NP in 
the presence of α-amylase. Also, our results showed 
that OCD NP was stable upon incubation in aqueous 
solutions containing other digestive enzymes such as 
pepsin and trypsin (Figure S4B-C). Consequently, 

these results demonstrated that OCD NP can protect 
the loaded drugs from hydrolysis by digestive 
enzymes in the gastrointestinal tract. 

Similar to that of OCD, the H2O2-eliminating 
capability of OCD NP was also dependent on its dose 
(Figure 2I). The amount of eliminated H2O2 was 
almost linearly proportional to the quantity of OCD 
NP. The calculated H2O2-eliminating efficiency of 
OCD NP was approximately 0.33 μmol/mg. Also, in 
line with the hydrolysis profile, low pH reduced the 
H2O2-eliminating ability of OCD NP (Figure 2J). 
Together, these data substantiated that OCD NP can 
be rapidly hydrolyzed in response to high levels of 
H2O2, concomitant with elimination of H2O2 in dose 
and pH-dependent patterns. 
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Figure 3. In vitro intracellular uptake of OCD NP by C26 murine colon carcinoma cells. A-B, Representative flow cytometry curves (A) and quantitative data (B) illustrating 
time-dependent internalization of 5 μg/mL Cy5/OCD NP in C26 cells. C-D, Flow cytometry profiles (C) and quantitative results (D) of cellular uptake of Cy5/OCD NP in a 
dose-dependent manner. In this case, the incubation time was 2 h. E-F, Flow cytometry profiles (E) and quantitative results (F) indicating the effects of different endocytosis 
inhibitors on internalization of Cy5/OCD NP in C26 cells. In all cases, the dose of Cy5/OCD NP was 5 μg/mL, while the incubation time was 2 h. All data are presented as mean 
± SD (n = 3). **p < 0.01, ***p < 0.001; ns, no significance. 

 

Internalization of OCD NP in C26 murine 
colon carcinoma cells 

It is well known that CPT-11 achieves its 
antitumor activity by inhibiting type I topoisomerase, 
which is expressed in the nucleus [48]. Accordingly, 
cellular internalization is a prerequisite for CTP-11 
nanotherapies to perform their therapeutic effects. 
First, we demonstrated that the blank nanocarrier 
OCD NP showed negligible cytotoxicity in C26 
murine colon carcinoma cells and human epithelial 
colorectal adenocarcinoma Caco-2 cells after 12 h of 
incubation at the examined doses (Figure S5). Even at 
a dose as high as 1000 μg/mL, high viability was 
detected for both cells. Then, we examined cellular 
uptake profiles of OCD NP by flow cytometry, using 
Cy5-labeled OCD NP. With prolonged incubation, 
internalized Cy5/OCD NP notably increased (Figure 
3A-B). In dose-dependent experiments, flow 
cytometry analysis showed enhanced endocytosis of 
Cy5/OCD NP in C26 cells with increase in its dose 
(Figure 3C-D). 

To address the pathways responsible for 
endocytosis of OCD NP by C26 cells, different 
inhibitors were used. Among them, nocodazole can 

inhibit the polymerization of F-actin and induce 
microtubule depolymerization [49], while amiloride is 
an inhibitor of micropinocytosis [50]. Chlorpromazine 
may suppress clathrin-mediated endocytosis [51], and 
genistein is capable of attenuating caveolae-mediated 
endocytosis [52]. On the other hand, sodium azide can 
deplete cellular ATP [53], while it is required for 
energy-dependent internalization. Flow cytometric 
analysis showed that cellular uptake of Cy5/OCD NP 
was significantly inhibited when C26 cells were 
pre-incubated with nocodazole, chlorpromazine, 
genistein, or sodium azide, but amiloride had no 
significant effect (Figure 3E-F). These results 
suggested that endocytosis of OCD NP in C26 cells 
can be realized by multiple pathways, including 
caveolae- and clathrin-mediated ATP-dependent 
processes. As well documented, NPs internalized by 
clathrin-mediated endocytosis will eventually be 
transported to endolysosomes [54]. Our previous 
studies showed that endocytosed NPs based on 
ROS-responsive β-CD materials were co-localized 
with LysoTracker-labeled endolysosomes in different 
cells [46, 55, 56]. Nevertheless, endolysosomal escape 
was also observed after prolonged incubation. 
Accordingly, the endolysosomal pathways are mainly 
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responsible for intracellular trafficking of OCD NP, 
agreeing with previous studies on other NPs [57]. 
Furthermore, compared to RAW264.7 macrophages in 
the resting state, C26 cells exhibited a relatively high 
level of intracellular ROS (Figure S6), which can 
promote ROS-responsive hydrolysis of OCD NP and 
triggerable drug release in C26 cells.  

In vitro anti-inflammatory activity of OCD NP 
in different cells 

Based on the H2O2-eliminating capacity and 
cellular internalization performance of OCD NP, we 
examined its anti-inflammatory effects in different 
cells, including RAW264.7 macrophages, peritoneal 
neutrophils, and Caco-2 epithelial cells. Whereas the 
level of intracellular ROS in RAW264.7 cells 
significantly increased by stimulation with PMA, 
treatment with OCD NP significantly reduced ROS 
generation (Figure 4A-B). Meanwhile, OCD NP 
significantly attenuated the expression of TNF-α and 
IL-6 in PMA-induced RAW264.7 cells (Figure 4C-D). 
In both cases, PLGA NP had no significant effects. Of 
note, both OCD NP and PLGA NP did not increase 
the levels of ROS, TNF-α, and IL-6. Similarly, we 
found that OCD NP effectively inhibited oxidative 
stress and inflammatory response in PMA-stimulated 
peritoneal neutrophils (Figure 4E-H). In this case, 

treatment with PLGA NP even potentiated 
PMA-mediated oxidative stress (Figure 4E-F). These 
results demonstrated that OCD NP displays 
anti-oxidative stress and anti-inflammatory effects in 
inflammatory cells.  

On the other hand, inflammatory response in 
intestinal epithelial cells induced by endotoxins is an 
important cause of colitis and colon cancer [58]. We 
found that OCD NP reduced the levels of TNF-α and 
IL-1β in epithelial-like Caco-2 cells stimulated by LPS 
(also known as endotoxins) (Figure S7). Collectively, 
these results demonstrated that OCD NP can 
effectively inhibit oxidative stress and attenuate 
inflammatory response in both inflammatory cells 
and epithelial cells. 

Accumulation of OCD NP in the colon of mice 
with induced CAC  

A common complication of ulcerative colitis is 
CAC [59]. The exacerbated activation and 
maintenance of inflammation, without inadequate 
resolution, can promote malignant progression and 
eventually leads to tumor development [36]. The 
selective accumulation of NPs in the colon is the first 
step toward effective oral therapy of CAC. Therefore 
we first examined the oral targeting capability of OCD 
NP in mice with AOM/DSS-induced CAC that 

 
Figure 4. In vitro anti-oxidative stress and anti-inflammatory activity of OCD NP. A-B, Typical flow cytometry profiles (A) and quantitative analysis (B) of relative ROS levels 
in PMA-stimulated RAW264.7 macrophages. C-D, Relative levels of TNF-α (C) and IL-6 (D) in RAW264.7 cells. E-F, Flow cytometric curves (E) and quantitative data (F) of 
relative levels of ROS in peritoneal neutrophils stimulated with PMA. G-H, Relative levels of TNF-α (G) and IL-6 (H) in neutrophils. In these cases, RAW264.7 cells or 
peritoneal neutrophils were first exposed to 100 ng/mL PMA for 1 h, followed by incubation with NPs at 100 μg/mL for 6 h. Cells were incubated with 10 μM DCFH-DA for 
analysis of intracellular ROS. In another parallel experiment, TNF-α and IL-6 in cell lysates were measured by ELISA. The same experiment was performed in mouse peritoneal 
neutrophils (E-H). All data are presented as mean ± SD (n = 5). **p < 0.01, ***p < 0.001; ns, no significance. 
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recapitulates the aberrant crypt foci-adenoma- 
carcinoma sequence (Figure 5A) [60]. In this aspect, 
Cy7.5-labeled OCD NP was prepared (Figure S3B), 
and another Cy7.5-labeled nanovehicle based on 
PLGA was used as the control (Figure S3C). At 6 h 
after oral administration of different Cy7.5 
formulations, ex vivo imaging showed a considerably 
high fluorescent signal in the colon isolated from CAC 
mice treated with Cy7.5/OCD NP, compared to that 
of mice administered with free Cy7.5 or Cy7.5/PLGA 
NP (Figure 5B). Further quantitative analysis 
confirmed the highest accumulation of Cy7.5/OCD 
NP, although Cy7.5/PLGA NP also exhibited 
stronger fluorescence than Cy7.5 (Figure 5C). 

Taken together, these results demonstrated that 
orally administered OCD NP can selectively 
accumulate in the inflamed colon of CAC mice. On 
the one hand, this is mainly attributed to 
inflammation-mediated opening of the tight junctions 
in epithelial cells that can notably increase colonic 
mucosal permeability [61]. On the other hand, the 
stability of OCD NP in the upper gastrointestinal tract 
guarantees its successful transport to the colon, which 
is a prerequisite for colon targeting. Notably, the 

targeting efficiency of OCD NP was significantly 
higher than that of control PLGA NP, which should 
be attributed to the multiple binding interactions of 
OCD with biological molecules upon triggering by the 
inflammatory microenvironment [55, 62]. In addition, 
positive charges on the intestinal epithelium during 
inflammation can facilitate their electrostatic 
interactions with OCD NP that displays more 
negative charges after ROS-triggered hydrolysis [62, 
63]. This finding also suggested that, by packaging 
into OCD NP, the loaded antitumor molecules can be 
preferentially targeted to the colitis/tumor tissue, 
thereby effectively maximizing their bioavailability at 
diseased sites and decreasing their indiscriminate 
distribution in healthy organs. 

Oral treatment with OCD NP inhibited the 
progression of inflammation in CAC mice 

Based on the above promising result of OCD NP 
targeting at diseased colon tissues in CAC mice, in 
combination with its excellent H2O2-eliminating 
capability, we further examined in vivo anti- 
inflammatory activity of OCD NP in CAC mice 
(Figure 6A). Lcn-2 is a well-recognized sensitive 

biomarker for intestinal 
inflammation, and the level of 
fecal Lcn-2 can reflect the degree 
of inflammation in the colon of 
mice [64]. Compared to the 
normal control, mice induced 
with AOM/DSS showed 
significantly higher levels of 
fecal Lcn-2 (Figure 6B). Oral 
administration of OCD NP 
effectively reduced Lcn-2 levels. 
By contrast, PLGA NP had no 
therapeutic effects at all 
examined time points. In 
addition, CAC mice displayed 
significantly shortened colon 
length compared to normal 
mice, while OCD NP treatment 
maintained the colon length 
(Figure 6C). Further, we 
quantified different mediators 
relevant to oxidative stress and 
inflammatory response in colon 
tissues. For CAC mice, the levels 
of H2O2 and MDA significantly 
increased (Figure 6D-E). 
Treatment with the control 
nanovehicle PLGA NP showed 
no therapeutic effects, consistent 
with its inert and inactive 
properties. By contrast, OCD NP 

 
 

Figure 5. Accumulation of orally administered OCD NP in the colon of mice with AOM/DSS-induced colitis-associated 
colon cancer (CAC). A, Schematic of establishment of CAC in mice by AOM/DSS induction and treatment with 
different Cy7.5 formulations by oral administration. B-C, Representative ex vivo images (B) and quantitative analysis (C) 
illustrating distribution of Cy7.5 fluorescence signals in colon tissues at 6 h after oral administration. All data are 
presented as mean ± SD (n = 3). ***p < 0.001. 
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effectively decreased both H2O2 and MDA in colon 
tissues. Correspondingly, treatment with OCD NP 
dramatically reduced the expression of typical 
inflammatory mediators including MPO, TNF-α, 
IL-1β, and IL-6 (Figure 6F-I), while PLGA NP 
displayed no significant benefits. Also, 
immunofluorescence staining confirmed that the 
expression of TNF-α in colon sections remarkably 

decreased by oral treatment with OCD NP (Figure 
S8). 

Examination on the histological sections of colon 
tissues revealed serious necrocytosis, significantly 
damaged mucous membrane, destruction of crypt 
structure, and considerable infiltration of 
inflammatory cells for AOM/DSS-induced mice 
(Figure 6J). The PLGA NP group also showed certain 

 

 
Figure 6. OCD NP attenuates the progression of inflammation in CAC mice. A, Protocols for induction of CAC by AOM/DSS and treatment regimens. B, Lcn-2 levels in feces 
during the inflammation stage. C, Representative digital photos (left) and quantitative data (right) showing colon length of mice at day 21 after different treatments. D-E, The 
relative levels of H2O2 (D) and MDA (E) in colon tissues isolated from mice at day 21 after receiving treatment in the inflammatory phase. F-I, The levels of MPO (F), TNF-α (G), 
IL-1β (H), and IL-6 (I) in colon tissues. J-K, Representative microscopic images of H&E-stained sections (J) and immunohistochemistry analysis of E-cadherin in sections (K) of 
colon tissues after treatment with different formulations. Scale bars, 100 μm. All data are presented as mean ± SD (n = 10). *p < 0.05, **p < 0.01, ***p < 0.001; ns, no significance. 
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degrees of injuries in the colon tissues. 
Comparatively, nearly normal histological 
microstructure was observed for the OCD NP group, 
which was even comparable to that of the normal 
control. Previous studies have demonstrated that the 
expression of E-cadherin (a typical cell adhesion 
molecule) on the surface of intestine epithelial cells 
(IECs) is important for the formation of adherens 
junction to bind cells with each other [65]. We 
determined E-cadherin expression on the surface of 
IECs in the inflamed colon by immunohistochemistry 
(Figure 6K). Compared to the normal colon, the 
AOM/DSS-induced inflammatory colon exhibited 
markedly decreased E-cadherin expression. Whereas 
treatment with PLGA NP did not increased 
E-cadherin positive cells, OCD NP-treated mice 
showed considerably high expression of E-cadherin. 
On the other hand, treatment with OCD NP showed 
negligible effects on typical major organs, as 
illustrated by H&E-stained sections of heart, liver, 
spleen, lung, and kidney (Figure S9).  

Collectively, these results demonstrated that oral 
administration of OCD NP can effectively attenuate 
oxidative stress and inhibit inflammation in the colon 
of mice with induced CAC, thereby protecting 
intestinal tissues from injury.  

Fabrication and characterization of CPT-11- 
loaded NPs 

Since the above results revealed H2O2- 
scavenging capability, preferential accumulation in 
the inflamed colon, and anti-inflammatory activity of 
orally administered OCD NP, we reasonably 
speculate that OCD NP can serve as a multifunctional 
nanocarrier for targeted treatment of CAC in mice. 
Among different anti-cancer drugs, CPT-11 has been 
widely used to treat lung, esophageal, gastric, and 
colorectal cancers [66]. CPT-11 can inhibit cellular 
DNA topoisomerase I, causing apoptosis and death of 
cancer cells. Unfortunately, CPT-11 has severe 
gastrointestinal toxicity [67], due to its direct damage 
to DNA. Moreover, efficacy of CPT-11 can be strongly 
suppressed by the cancer microenvironment. In 
particular, oxidative stress in the tumor 
microenvironment and activation of NF-κB increase 
cancer cell resistance to CPT-11 treatment [68, 69]. In 
view of these issues, CPT-11 was employed as a 
candidate drug in this conceptual proof study.  

Through a similar nanoprecipitation technique 
as aforementioned, CPT-11 was physically entrapped 
into OCD NP, offering a spherical nanotherapy 
CPT-11/OCD NP (Figure 7A). The loading content of 
CPT-11 in CPT-11/OCD NP was 14.5% (Table S1). 
Measurement by DSC suggested that the loaded 
CPT-11 molecules in CPT-11/OCD NP were 

molecularly dispersed in the OCD nanocarrier other 
than in a crystal form (Figure S10), which is 
advantageous for rapid release of CPT-11 upon 
triggering by high levels of ROS. To investigate the 
possible inclusion interaction between CPT-11 and 
OCD, both 1H NMR and 2D 1H-1H NOESY spectra 
were acquired for different samples in DMSO-d6 
(Figure S11 and Figure S12A). Of note, two groups of 
intermolecular NOE cross-peaks were observed in the 
2D NOESY spectrum of CPT-11/OCD. One 
correlation signal at 5.78 and 6.56 ppm revealed 
interaction between -OH groups on the wider ring of 
OCD with H14’ of CPT-11 (Figure S11 and Figure 
S12B). Another cross peak at 3.65 and 6.56 ppm 
indicated correlation between H3/H5 of OCD and 
H14’ of CPT-11 (Figure S12C). These results 
suggested that the D- and E-ring of the camptothecin 
unit in CPT-11 was included in the hydrophobic 
cavity of OCD through the wider rim. Our result 
agrees with a previous study on CPT-11 and 
water-soluble negatively charged CD derivatives [70]. 
Consequently, both inclusion complexation and 
hydrophobic interactions may have contributed to 
entrapment of CPT-11 in OCD NP. In addition, PLGA 
NP containing CPT-11 was fabricated and used as a 
control nanotherapy (Figure S3D and Table S1). At 
the same drug feeding, the loading content of 
CPT-11/OCD NP was significantly higher than that of 
CPT-11/PLGA NP, which should be related to the 
inclusion-facilitated drug entrapment in the OCD core 
in the former case.  

In 0.01 M PBS at pH 7.4, CPT-11/OCD NP 
exhibited relatively narrow size distribution, with 
mean hydrodynamic diameter of 121 nm and 
ζ-potential of -20.5 mV (Figure 7B). We also examined 
the stability of CPT-11/OCD NP in the simulated 
gastric fluid (0.32% pepsin, pH 1.2) and simulated 
intestinal fluid (1.0% trypsin, pH 7.4). After 
incubation with the simulated gastrointestinal fluid, 
the size distribution profile of CPT-11/OCD NP only 
slightly changed (Figure 7B, the left panel), with 
average size of 118 and 114 nm, respectively. Also, 
CPT-11/OCD NP had negative ζ-potential in the two 
simulated fluids (Figure 7B, the right panel). During 8 
h of incubation in different solutions, only slight 
changes were observed for both average 
hydrodynamic diameter and polydispersity index 
(Figure S13). Accordingly, CPT-11/OCD NP was 
stable in the stimulated gastric/intestinal fluids, 
despite the presence of proteases and notable change 
in pH. On the one hand, this is due to the inherent 
hydrophobicity and stability of the carrier material 
OCD in the absence of H2O2. On the other hand, 
peripheral coating of DSPE-PEG can improve the 
stability of NPs in the simulated gastrointestinal 
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environment, which is consistent with previous 
findings [71, 72].  

In vitro release profiles of CPT-11/OCD NP 
In simulated gastrointestinal fluids without 

H2O2, less than 20% of total CPT-11 was released even 
after 8 h of incubation (Figure 7C). Consistent with 
the hydrolysis profile of OCD NP, CPT-11 release at 
pH 1.2 was significantly inhibited, even in the 
presence of 1 mM H2O2 (Figure 7D). In PBS at either 
pH 6.4 or pH 7.4 with 1 mM H2O2, rapid release of 
CPT-11 was observed (Figure 7E-F). In both cases, 
above 65% of CPT-11 was released after 2 h of 
incubation. Also, release of CPT-11 was clearly 
dependent on the H2O2 concentration in 0.01 M PBS at 
pH 7.4 (Figure 7G). These results indicated that OCD 
NP can effectively prevent loaded CPT-11 from 
leaking in the gastric environment, while rapid 
release of CPT-11 under the intestinal pH conditions 
may be efficiently triggered by H2O2. 

It has been demonstrated that CPT-11 is easy to 
open the lactone ring and transfer to a carboxylate 

form in alkaline environment, thereby leading to 
significantly decreased pharmacological activity [73]. 
Our tests by HPLC further substantiated that CPT-11 
released from CPT-11/OCD NP retained its original 
structure (Figure S14). 

In vitro antitumor evaluations of CPT-11/OCD 
NP in C26 cells 

We then tested the antitumor activity of 
CPT-11/OCD NP in C26 cells. First, cytotoxicity of 
free CPT-11 and CPT-11/OCD NP was evaluated 
after 12 h of incubation. In both cases, significant 
dose-dependent cytotoxicity was observed for C26 
cells. The calculated half maximal inhibitory 
concentration (IC50) value was 32.3 ± 2.6 and 16.3 ± 3.5 
μg/mL for CPT-11 and CPT-11/OCD NP, 
respectively (Figure 7H-I). After 24 h of incubation, 
IC50 of CPT-11/OCD NP was also significantly lower 
than that of free CPT-11 (14.9 ± 2.1 versus 30.8 ± 2.9 
μg/mL, Figure 7J-K). Consequently, packaging 
CPT-11 into OCD NP significantly potentiated its 
antitumor activity. In view of the slight effect of OCD 

 

 
Figure 7. Physicochemical characterization, in vitro drug release, and in vitro antitumor activity of CPT-11-loaded OCD NP. A, TEM image of CPT-11/OCD NP. B, Particle size 
distribution and ζ-potential of CPT-11/OCD NP in different solutions. C, CPT-11 release behaviors in buffers simulating gastrointestinal conditions without H2O2. D-F, In vitro 
release profiles of CPT-11/OCD NP at different pH values with or without 1 mM H2O2. G, In vitro release of CPT-11 at various concentrations of H2O2. H-K, Relative cell 
viability of C26 cells (H, J) and calculated IC50 values (I, K) after incubation with different concentrations of CPT-11 or CTP-11/OCD NP for 12 h (H, I) or 24 h (J, K). Data are 
presented as mean ± SD (B-G, n = 3; H-K, n = 6). ***p < 0.001. 
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NP alone on C26 cell viability (Figure S5B), the 
desirable antitumor activity observed herein should 
be largely attributed to enhanced cellular uptake and 
ROS-triggered release of CPT-11 in C26 cells. 

It is well known that camptothecins mainly affect 
the spatial structure of cellular DNA topoisomerase I, 
thereby causing irreversible cell cycle arrest at the 
G2/M phase [74-76]. Accordingly, the effect of 
CPT-11/OCD NP on the cell cycle of C26 cells was 
examined by flow cytometry (Figure 8A). Treatment 
with CPT-11 at 30 μg/mL for 12 h caused 
approximately 33% of cells to stay in the G2/M phase, 
with an increase of nearly 10% compared to cells 
under normal conditions (Figure 8B). The effect of 

CPT-11/PLGA NP was comparable to that of free 
CPT-11 at the same dose of CPT-11. By contrast, 
incubation with CPT-11/OCD NP increased the 
G2/M cell ratio to around 40%, which is significantly 
higher than that of CPT-11.  

In line with the inhibited formation of DNA 
spatial structure, treatment with CPT-11 resulted in 
significant apoptosis of C26 cells (Figure 8C-D). Of 
note, cells incubated with CPT-11/OCD NP showed 
significantly high apoptosis, compared to those 
treated with CPT-11. By contrast, CPT-11/PLGA NP 
only induced slight apoptosis in C26 cells. As 
aforementioned, efficacy of CPT-11 in OCD NP can be 
enhanced by increasing intracellular delivery and 

 

 
Figure 8. In vitro antitumor activities of CPT-11/OCD NP in C26 cells. A-B, Typical flow cytometry profiles (A) and quantitative data (B) showing the percentage of G2/M cells. 
The cell cycle of C26 cells was measured by PI staining after treatment with different formulations for 6 h. C-D, Flow cytometric analysis of cell apoptosis of C26 cells. Apoptosis 
was determined by staining with Annexin V and 7-AAD at 6 h after different treatments. E-F, Flow cytometry quantification of topoisomerase I expression. After 6 h of 
incubation, intracellular topoisomerase I was stained with Alexa Fluor 488-labeled rabbit anti-mouse topoisomerase I monoclonal antibodies. G-H, Flow cytometric profiles (left) 
and quantitative analysis (right) illustrating the levels of cleaved caspase-3 (G) and cleaved PARP (H) in C26 cells. All data are presented as mean ± SD (n = 5). *p < 0.05, **p < 
0.01, ***p < 0.001; ns, no significance. 
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triggered release in subcellular organelles, while 
activity of CPT-11 in PLGA NP may be compromised 
due to its delayed release. Further, we quantified the 
expression of topoisomerase I in C26 cells by flow 
cytometry (Figure 8E). As expected, treatment with 
CPT-11/OCD NP most effectively inhibited 
topoisomerase I expression in C26 cells, among all the 
examined CPT-11 formulations (Figure 8F). 
Consequently, this result demonstrated that 
CPT-11/OCD NP also exerted its antitumor activity 
by inhibiting topoisomerase I.  

As well demonstrated, caspase-3 plays a central 
role in CPT-11-induced cell apoptosis, and high 
expression of cleaved caspase-3 indicates a high level 
of apoptosis [77]. During cell apoptosis, caspase-3 is 
also responsible for the cleavage of PARP-1 [78]. Both 
cleaved caspase-3 and PARP-1 have been used as 
important indicators of cell apoptosis. Compared to 
normal cells, CPT-11 treated C26 cells showed 2.2 and 
4.1 times higher expression of cleaved caspase-3 and 
PARP-1, respectively (Figure 8G-H). When cells were 
simultaneously incubated with CPT-11 and an 
inhibitor of caspase-3 (i.e. Z-VAD-FMK), the cleavage 
of both caspase-3 and PARP-1 significantly decreased. 
Whereas treatment with the blank nanocarrier OCD 
NP showed no significant changes in these two 
apoptosis-related proteins, CPT-11/OCD NP 
increased the levels of cleaved caspase-3 and PARP-1 
to 2.8 and 5.9 times higher than those of normal cells, 
respectively. Moreover, significant differences were 
observed between the free CPT-11 and CPT-11/OCD 
NP groups.  

Together, these results demonstrated that 
antitumor activity of CPT-11 can be considerably 
potentiated by packing it into a ROS-responsive 
nanocarrier OCD NP. Cytotoxicity of the responsive 
nanotherapy CPT-11/OCD NP in C26 cells was 
mainly mediated by activation of caspase-3 and 
PARP-1 via inhibiting topoisomerase I, while the 
nanocarrier itself showed negligible effects. Notably, 
the responsive nanotherapy displayed significantly 
higher efficacy compared to the nonresponsive 
control nanotherapy CPT-11/PLGA NP. 

In vivo pharmacokinetic and tissue distribution 
studies 

Subsequently, we compared pharmacokinetic 
and colon distribution profiles of CPT-11, 
CPT-11/PLGA NP, and CPT-11/OCD NP in mice 
with AOM/DSS-induced colitis. At predetermined 
time points, both colon and blood samples were 
collected. For three formulations, CPT-11 levels in the 
colon tissues rapidly increased within the first 4 h, 
which were then decreased (Figure S15A). Notably, 
the CPT-11/OCD NP group showed remarkably 

higher CPT-11 levels at most time points examined, 
compared to those of the CPT-11 and CPT-11/PLGA 
NP groups. Furthermore, analysis of typical 
pharmacokinetic parameters suggested that Cmax and 
AUC of the CPT-11/OCD NP group were 
significantly higher than those of CPT-11 and 
CPT-11/PLGA NP groups (Figure S15B-C). In 
particular, the AUC value of CPT-11/OCD NP was 
1.88 times of that corresponding to free CPT-11. These 
results are well consistent with the desirable targeting 
capability of OCD NP (Figure 5).  

As for plasma levels of CPT-11, similar changing 
profiles were also observed for three different 
formulations. In this case, the lowest plasma CPT-11 
levels were detected after treatment with 
CPT-11/OCD NP, while the highest levels were found 
for free CPT-11 (Figure S15D). Correspondingly, Cmax 
and AUC values of free drug were dramatically larger 
than those of nanotherapies (Figure S15E-F). 
Consequently, the ROS-responsive nanotherapy 
CPT-11/OCD NP can effectively deliver CPT-11 to the 
diseased colon tissue, increase its oral bioavailability, 
and simultaneously decrease its systemic exposure 
that is beneficial for reducing side effects.  

In vivo efficacy of CPT-11/OCD NP in mice 
with AOM/DSS-induced CAC  

Antitumor effects of CPT-11/OCD NP were 
investigated in CAC mice (Figure 9A). Normal mice 
were treated with saline in the control group, while 
the diseased mice received oral administration of free 
CPT-11 in the AOM/DSS group. In order to verify the 
advantages of combination therapy with OCD NP 
and CPT-11/OCD NP, two groups were examined. In 
one group (i.e. T1), diseased mice were treated with 
CPT-11/OCD NP during days 28-42 and days 49-63. 
In another group (i.e. T2), mice were subjected to 
treatment with OCD NP during days 7-21, followed 
by treatment with CPT-11/OCD NP during days 
28-42 and days 49-63. A similar combination therapy 
with PLGA NP and CPT-11/PLGA NP was 
performed in diseased mice for the TP group. 

After 63 days, mice were euthanized and colon 
tissues were collected for evaluation of the degree of 
CAC. For the model group treated with AOM/DSS 
alone, the originally smooth colonic wall was 
accompanied by a large number of tumor lesions, and 
tumors developed from the middle to the distal 
portion of the colon. As for mice in the CPT-11 group 
orally treated with free CPT-11, the number of colon 
tumors decreased to a certain degree. Mice in the T1 
group showed considerably reduced tumors. Of note, 
when mice were pre-treated with OCD NP during 
days 7-21, followed by treatment with CPT-11/OCD 
NP during days 28-42 and days 49-63 (i.e. the T2 
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group), less carcinogenesis was observed. By contrast, 
the therapeutic effect in the TP group was extremely 
limited (Figure 9B). Further quantitative analysis 
revealed significant efficacy in the T1 and T2 groups, 
as implicated by the significantly reduced tumor 
number per mouse and tumor burdens (Figure 9C), 
particularly the T2 group. Moreover, sequential 
treatment with OCD NP and CPT-11/OCD NP 
notably decreased the number of tumors. It is worth 
noting that both T1 and T2 groups showed more 
desirable results compared to the CPT and TP groups.  

Importantly, CAC mice in the T2 groups 
exhibited the lowest level of Lcn-2 in the feces at all 
examined days (Figure 9D), although the content of 
Lcn-2 in the CPT-11 or T1 group also significantly 
decreased at days 42 and 63. In addition, mice in the 
T2 group displayed significantly restored body 
weight loss (Figure 9E), while no significant effects 
were observed in the CPT-11 and TP groups. In 
particular, after 7 or 28 days of treatment, the body 
weight of mice in the T1 or T2 group showed an 
increasing trend, while the mice treated with CPT-11 

 

 
Figure 9. In vivo efficacies of CPT-11/OCD NP for treatment of CAC in mice. A, Establishment of AOM/DSS-induced CAC in mice and treatment regimens. B, Representative 
digital photos show colon tumors in CAC mice after treatment with different formulations. C, The number of colon tumors in each mouse, tumor burden (calculated based on 
the number of tumors and the average tumor size), and the distribution of tumor size quantified after different treatments. D, The Lcn-2 levels in colon tissues of mice after 
treatment for 21, 42, and 63 days. E, Changes in the body weight of mice during 63 days of treatment. F, The organ index of livers isolated from mice subjected to different 
treatments. G-H, The relative levels of H2O2 (G) and MPO (H) in colon tissues. I-K, The levels of TNF-α (I), IL-1β (J), and IL-6 (K) in colon tissues quantified by ELISA. Control, 
Health mice without AOM/DSS induction; AOM/DSS, AOM/DSS-induced mice without treatment during the periods of days 7-21, days 28-42, and days 49-63; CPT-11, CAC 
mice without treatment during days 7-21, and treated with CPT-11 during days 28-42 and days 49-63; T1, CAC mice without treatment during days 7-21, and treated with 
CPT-11/OCD NP during days 28-42 and days 49-63; T2, CAC mice treated with OCD NP during days 7-21, followed by treatment with CPT-11/OCD NP during days 28-42 
and days 49-63; TP, CAC mice treated with PLGA NP during days 7-21, followed by treatment with CPT-11/PLGA NP during days 28-42 and days 49-63. For all 
CPT-11-containing formulations, the dose was 5 mg/kg of CPT-11. All data are presented as mean ± SD (n = 10). *p < 0.05, **p < 0.01, ***p < 0.001; ns, no significance. 
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or CPT-11/PLGA NP decreased gradually. 
Meanwhile, the organ index of the liver of CAC mice 
was reversed to a normal level after different 
treatments (Figure 9F). Whereas the levels of H2O2 

and MPO in the colon tissues of CAC mice were 
significantly higher than those of normal mice, 
treatment with CPT-11/OCD NP significantly 
reduced their levels (Figure 9G-H). Also, treatment 
with CPT-11 or CPT-11/OCD NP notably decreased 
the expression of typical pro-inflammatory cytokines 
(TNF-α, IL-1β, and IL-6) in colon tissues, particularly 
after combination therapy with OCD NP and 
CPT-11/OCD NP (Figure 9I-K). These results 
demonstrated that local oxidative stress and 
inflammation can be effectively attenuated by OCD 
NP. 

In line with the above findings, examination on 
H&E-stained sections of colon tissues showed obvious 
inflammatory cell infiltration and crypt disappearance 
for mice in the model group (Figure 10A). In addition, 
a high level of adenocarcinoma was observed in the 
colon section of CAC mice. Whereas treatment with 
different CPT-11 formulations mitigated 
carcinogenesis, more desirable outcomes were 
achieved by CPT-11/OCD NP or CPT-11/OCD NP in 
combination with OCD NP. The absence of 
E-cadherin, an adhesion molecule, is associated with 
the development, invasion, and metastasis of various 
cancers [79]. Downregulation of E-cadherin reduces 
the strength of cell adhesion within tissues, thereby 
allowing cancer cells to invade the surrounding tissue 
through the basement membrane. In addition, 
impaired expression of E-cadherin is linked to 
disturbed intestinal barrier function and homeostasis 
[79]. Immunohistochemistry analysis of colonic 
sections revealed dramatically higher expression of 
E-cadherin on colonic epithelial cells of mice in the T1 
and T2 groups, compared to the untreated CAC mice 
and mice treated with CPT-11 or CPT-11/PLGA NP 
(Figure 10B). The E-cadherin level of the T2 group 
was even comparable to that of the normal control. 
This result is in accordance with that observed in 
anti-inflammatory studies in vivo (Figure 6K). Also, 
agreeing with well-maintained E-cadherin, TUNEL 
assay of colonic tissues near colon neoplasms showed 
that oral administration of CPT-11/OCD NP 
remarkably suppressed apoptosis in intestinal 
epithelial cells (Figure 10C). 

Collectively, these results demonstrated that 
CPT-11/OCD NP can suppress colorectal 
tumorigenesis, particularly by combination therapy 
with a H2O2-eliminating nanocarrier OCD NP. On the 
one hand, OCD NP serves as a ROS-responsive 
nanovehicle for targeting CAC and selectively 
releasing CPT-11 in response to a high level of ROS at 

diseased sites. On the other hand, it may function as a 
pharmacologically active nanocarrier capable of 
attenuating colitis-associated oxidative stress and 
inflammation. The multiple functions of OCD NP 
synergistically contribute to its antitumor activity in 
CAC mice. 

In vivo safety evaluations of CPT-11/OCD NP 
for oral administration 

Since the above findings evidenced that 
combination therapy with OCD NP and CPT-11/OCD 
NP is promising for targeted treatment of CAC, we 
performed additional animal studies to interrogate in 
vivo safety of CPT-11/OCD NP. To this end, 
CPT-11/OCD NP was orally administered in mice at 
1.5 or 3.0 g/kg in BALB/c mice. Post administration, 
all animals showed normal breath, autonomic 
movements, and responses to various stimuli. No 
abnormalities such as convulsions, vomiting, and 
diarrhea were observed for CPT-11/OCD NP-treated 
mice. No animal death occurred at all examined 
doses. Mice in all groups displayed gradually 
increased body weight, and no statistical significance 
was found between the saline and CPT-11/OCD NP 
groups (Figure S16A).  

At day 14, mice were euthanized. Calculation on 
the organ index of typical major organs revealed no 
abnormal changes in all CPT-11/OCD NP groups 
(Figure S16B). Quantification of typical hematological 
parameters, such as white blood cells (WBC), red 
blood cells (RBC), platelets (PLT), and hemoglobin 
(HGB), indicated no significant differences between 
the saline and CPT-11/OCD NP groups (Figure 
S17A-D). Clinical biochemistry analysis of 
biomarkers relevant to liver (ALT, alanine 
aminotransferase; AST, aspartate aminotransferase) 
and kidney (UREA, blood urea; CREA, creatinine) 
functions revealed no abnormal variations in the 
CPT-11/OCD NP groups (Figure S17E-H). 
Furthermore, H&E stained histological sections 
suggested that there were no distinguishable injuries 
or pathological changes in the heart, liver, spleen, 
lung, and kidney of mice treated with 1.5 or 3.0 g/kg 
CPT-11/OCD NP (Figure S18). 

Taken together, CPT-11/OCD NP showed 
excellent safety after oral administration even at a 
dose 87.3-fold higher than that used for in vivo 
therapeutic evaluations. According to recent studies, 
the side effects of camptothecins are mainly due to 
double-strand DNA that can be produced by the 
destruction of spatial structure of DNA, causing 
increased oxidative stress and inflammatory response 
in the body [80]. OCD NP can alleviate the adverse 
reactions of CPT-11 by effectively eliminating 
overproduced H2O2. 
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Figure 10. Histological evaluations of therapeutic effects of CPT-11/OCD NP in CAC mice. A, H&E-stained sections of colon tissues excised from mice subjected to different 
treatments. B, Immunohistochemistry analysis of E-cadherin in the colon sections. C, Analysis of cell apoptosis by TUNEL assay. The green fluorescence indicates apoptotic 
intestinal epithelial cells, while the blue fluorescence shows DAPI-stained nuclei. 

 

Conclusions 
In summary, we have developed a combination 

nanotherapy strategy for targeted treatment of 
colorectal cancer by an oral route. A ROS-responsive 
and H2O2-eliminating material OCD was synthesized, 
which can be easily produced into a functional 
nanocarrier OCD NP capable of scavenging H2O2. 
Both in vitro and in vivo studies demonstrated that 
OCD NP can effectively attenuate oxidative stress and 
inflammatory response. By packaging a candidate 
chemotherapeutic drug CPT-11 into OCD NP, a 
ROS-responsive antitumor nanotherapy was 
obtained, which can selectively release the loaded 
drug molecules under intestinal pH conditions with 
high levels of ROS. Compared to free CPT-11 and a 
non-responsive CPT-11 nanotherapy, the responsive 
nanotherapy CPT-11/OCD NP exhibited more 
efficacious in vitro antitumor effects. Consistently, oral 
delivery of CPT-11/OCD NP significantly inhibited 
tumorigenesis and tumor growth in mice with 
induced CAC. In combination with OCD NP in the 
inflammatory phase, more desirable antitumor effects 
were achieved, mainly resulting from reduced 
oxidative stress and inflammation in the diseased 
colons. Moreover, preliminary in vivo tests revealed 
excellent safety profile of CPT-11/OCD NP for oral 
administration. Collectively, our results substantiated 
that anticancer nanotherapies derived from intrinsic 

anti-inflammatory nanocarriers are promising for 
targeted treatment of inflammation-associated tumors 
by simultaneously normalizing inflammatory 
microenvironment. 
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