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ABSTRACT 

X-ray irradiation-induced toxicity to gastrointestinal tract become a significant 

clinical problem when using radiotherapy for treating abdominal tumors neighbored 

to gastrointestinal tissue, which not only often prevents these tumors from receiving a 

definitive therapeutic dose but also causes a series of gastrointestinal diseases, such as 

anorexia, abdominal pain, diarrhea and hematochezia. And thus it seriously reduces 

the therapeutic outcome and life quality of patients. Therefore, the development of 

gastrointestinal radioprotectors is essential. However, the commercial gastrointestinal 

radioprotectors in clinical are still rare. In view of this, we prepared bovine serum 

albumin (BSA) modified graphdiyne (GDY) nanoparticles (GDY-BSA NPs) and for 

the first time studied its gastrointestinal radioprotection ability. The unique 

advantages of GDY nanomaterial, including high free radical scavenging ability, good 

chemical stability in gastric acid condition, relatively longer residence time in 

gastrointestinal tract and good biosafety under oral administration, provide the 

favorable prerequisites for it to be used as the gastrointestinal radioprotector. In vitro 

experimental results indicated that the GDY-BSA NPs powerfully reduced DNA 

damage and improved viability of the irradiated gastrointestinal cells. In vivo results 

showed that the GDY-BSA NPs significantly decrease radiation-induced diarrhea, 

weight loss, and gastrointestinal tissue pathological damage of mice. Furthermore, we 

also deeply studied the gastrointestinal radioprotective mechanism of GDY-BSA NPs, 

which indicated that the GDY-BSA NPs effectively inhibited reactive oxygen species 

(ROS)-induced apoptosis signal pathway, and thus reduced gastrointestinal cell 
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apoptosis. Our work for the first time employed BSA-GDY NPs to mitigating 

radiation-induced gastrointestinal tract damage, which not only promotes the 

exploration of new gastrointestinal tract radioprotectors, but also is the good guidance 

for the treatment of gastrointestinal diseases by nano-drug.  
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1. Introduction 

Radiation therapy is one of the mainstream treatment methods in clinic.[1] The 

therapeutic index of radiotherapy relies on two major factors, tumor inhibition and 

normal tissue tolerance.[2] Despite high doses of radiation may be able to maximize 

tumor cell killing, radiation dose escalation is restricted by its toxicity to neighboring 

healthy tissues. This limitation applies particularly to the gastrointestinal tract such as 

small intestine, which is the second most radiation sensitive organ in the body.[3] For 

example, pelvic and abdominal cancers, such as prostate and pancreatic 

adenocarcinoma, are very difficult to be eradicated by radiation alone because these 

tumors need large doses of high energy radiation for control, but are usually adjacent 

to the radiation sensitive structures of the gastrointestinal tract.[3-5] Therefore, X-ray 

irradiation induced toxicity to gastrointestinal tract becomes a serious clinical problem, 

which not only limits the radiation therapeutic dose but also causes a series of 

gastrointestinal diseases such as radio-induced enteritis or other adverse reactions to 

patients after radiotherapy. These side-effects make patients anorexia, vomiting, 

nausea, abdominal pain, rectal bleeding and so on, greatly reducing their life 

quality.[6-9] Thus, the development of novel radioprotectors to shield gastrointestinal 

tract from radiation-induced damage could not only ameliorate life quality of patients 

by mitigating the aforementioned side effects, but also make the therapeutic window 

increase to enable dose escalation so as to meet more effective tumor cell killing. 

Currently, there are no effective drugs for radiation-induced gastrointestinal 

damage in clinic.[3, 4, 10] Although amifostine has been approved by the Food and 
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Drug Administration (FDA) to be used in clinical for radioprotection, it is mainly 

employed to reduce the side-effects in patients undergoing radiotherapy for head and 

neck cancer.[11, 12] Meanwhile, as a typical molecular drug, amifostine has some 

inherent defects: (i) its half-life is so short that the elimination of amifostine from 

body is too fast, which leads to the low bioavailability.[11, 13] (ii) Similar to lots of 

small molecular drugs, it is not effective when used by oral administration but often 

requires intravenous injection.[14, 15] However, oral administration is the best 

manner of drug for gastrointestinal tract treatment because it is the most convenient 

and quick way for the drug to arrive in gastrointestinal tract. Also, the drug that can 

stay in gastrointestinal tract for a relatively long time so as to be fully utilized is also 

desired. Amifostine thus does not meet such requirements for gastrointestinal tract 

radioprotection. Therefore, these facts motivate us to exploit new types of 

radioprotectors for gastrointestinal radioprotection. Recently, researchers discovered 

that some nano-drugs possess free radical scavenging activity, which is even higher 

than molecular radical scavengers. For instance, it is reported that the antioxidant 

activity of C60 fullerene is hundreds of times more than vitamin C.[16] Moreover, 

unlike the molecular drug, the nano-drugs have much longer systemic circulation in 

the body and good stability in various physiological environments.[17] Based on these 

properties, researchers have spared a lot of efforts for the exploration of 

nanoradioprotectors, mainly involving carbon-based nanoradioprotectors[18-24], 

transition-metal dichalcogenide nanoradioprotectors[25-28], cerium-based 

nanoradioprotectors[29, 30] and noble metal nanoradioprotectors[31, 32]. However, 
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the studies of using the nanoradioprotector for gastrointestinal tract radioprotection 

are still rare or not deeply studied yet. 

In view of these facts, we developed the graphdiyne nanoparticles (GDY NPs) as 

the new nanoradioprotector for efficient gastrointestinal radioprotection (Scheme 1). 

The unique physical and chemical properties endow the GDY NP a good candidate as 

an efficient gastrointestinal radioprotector. Firstly, The GDY has strong delocalized 

π-conjugated structure as well as highly reactive diacetylenic linkages, which makes it 

possess highly efficient and extensive radical scavenging activity.[22, 33-36] 

Secondly, The GDY NPs exhibit good chemical stability in the strong acid condition 

of gastric juice, and thus, it can be injected by oral administration. Thirdly, because of 

its nanoscale size, the GDY nano-drug can stay in gastrointestinal tract for a relatively 

long time. These features make GDY NPs not only efficiently scavenge reactive 

oxygen species (ROS) under oral way and thus protect the gastrointestinal tract during 

the radiotherapy, but also have low toxicity because it could be efficiently excreted 

after the treatment. Based on the facts, we prepared bovine serum albumin (BSA) 

modified GDY NPs (GDY-BSA NPs) and studied its radioprotection behavior for 

gastrointestinal system. The cell viability assay, clonogenic assay and DNA damage 

assay indicated that the BSA-GDY NPs can effectively reduce the radiation-induced 

gastrointestinal cell damage, which is achieved by inhibiting the ROS-induced 

apoptotic signaling pathway, involving scavenging radiation-induced ROS, reducing 

ROS-caused mitochondria damage, inhibiting the release of cytochrome c from 

mitochondria to cytoplasm and decreasing the activation of caspase 3. We further 
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showed that BSA-GDY NPs could powerfully relieve the body weight loss, 

radiation-caused diarrhea as well as gastrointestinal tissue pathological damage of 

mice. Consequently, the BSA-GDY NPs are well candidates to be developed as the 

gastrointestinal radioprotector. Our work for the first time highlights the potential of 

BSA-GDY NPs for gastrointestinal radioprotectors and encourages further in-depth 

investigation of nanoscale radioprotectors for gastrointestinal tract disease treatments. 

 

2. Materials and methods 

2.1. Materials 

BSA was obtained from Beijing Biodee Biotechnology Co. Ltd. Amifostine was 

purchased from Shanghai yuanye Bio-Technology Co., Ltd. 

1,1-Diphenyl-2-picrylhydrazyl radical (DPPH), potassium persulphate and FeSO4 

were supplied by Alfa Aesar. 2,2'-Azinobis(3-ethylbenzthiazoline-6-sulfonate) 

(ABTS) was provided by Sigma-Aldrich. Nicotinamide adenine dinucleotide (NADH) 

and nitroblue tetrazolium chloride (NBT) were purchased from Beyotime 

Biotechnology. Phenazine methosulfate (PMS) was provided by Shanghai Aladdin 

Bio-Chem Technology Co., Ltd. TMB was obtained from Tokyo Chemical Industry 

Co., Ltd. Cyanine dye was purchased from Innochem (Beijing) Technology Co., Ltd. 

Rat small intestinal crypt epithelial cells (IEC-6 cells) were obtained from Shanghai 

fuxiang Biotechnology Co., Ltd. Phosphate buffered saline (PBS) was supplied by 

HyClone company. Dulbecco's modified eagle medium (DMEM) and fetal bovine 

serum (FBS) were purchased from Gibco company. Paraformaldehyde was purchased 
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from Boster Biological Technology Co., Ltd. Triton X-100 were provided by 

Amresco. Anti-rabbit IgG (H + L), PhosphoHistone H2A.X (Ser139) (20E3) Rabbit 

mAb and MitoTracker® Deep Red FM were supplied by Cell Signaling Technology. 

CCK-8 and Giemsa's Stain Kit were obtained from Solarbio Life Sciences. Hoechst 

33342, ROS Assay Kit, GSH and GSSG Assay Kit, Mitochondrial Membrane 

Potential Assay Kit (JC-1), Cytochrome c Mouse Antibody, Alexa Fluor 488-labeled 

Goat Anti-Mouse IgG (H+L) and Caspase 3 Activity Assay Kit were provided by 

Beyotime Biotechnology. 

 

2.2 Characterzation.  

Transmission electron microscope (TEM, JEM2100Plus) was employed to 

characterize the size of the product. Dynamic light scattering (DLS, NanoBrook 

Omni) was used to perform the hydrodynamic size of the product. UV-vis 

spectrophotometer (Hitachi U-3900) was taken to record the absorption spectra of 

sample. In vivo fluorescence imaging system (IVIS Spectrum, PerkinElmer) was 

chose to investigate the biodistribution of GDY-BSA NPs in mice under oral 

administration. Microplate reader (Thermo Fisher MK3) was used to detect the 

absorbance of sample. Confocal laser scanning microscope (Nikon A1) and 

fluorescence inverted microscope (Olympus IX73) was applied for the imaging of 

cells or tissues. Flow cytometer (BD Accuri C6, USA) was adopted to analyze 

fluorescent probe signal in the cells. 

 



 

10 
 

2.3. The preparation of GDY NPs 

The GDY NPs were prepared according to our previous report[22]. In brief, 50 

mg of as-synthetized GDY powder was ground by the agate pestle and agate mortar 

for 10 min. Then, it was dispersed in 50 mL of ultrapure water and subsequently 

treated with tip-probe ultrasonication under ice-bath to obtain GDY NPs (8 h, 400 W). 

 

2.4. The preparation of GDY-BSA NPs 

The GDY-BSA NPs were prepared through a simple physical adsorption method. 

Briefly, BSA was mixed with GDY NPs with the mass ratio 1:1. Then, this mixture 

was stirred on the magnetic stirrer (12 h, room temperature) to obtain GDY-BSA NPs. 

 

2.5. The chemical stability of GDY NPs in strong acid 

Firstly, GDY NPs solution (⁓ pH=1) was prepared with 0.1 M hydrochloric acid, 

and GDY NPs solution (⁓ pH=7) was prepared with ultrapure water. Then, the 

absorption spectrum of GDY NPs solution with pH=1 and pH=7 were measured on 

UV-vis spectrophotometer in 0, 1, 3, 5, 24, 48 and 72 h, respectively. 

 

2.6. DPPH free radical scavenging assay 

The DPPH free radical possesses characteristic absorption at 517 nm. And this 

characteristic absorption value will decrease when DPPH free radical reacts with the 

radical scavenger. On the basis of the reduced absorption value, we can calculate the 

free radical scavenging ratio. The experimental procedures are as follows: DPPH was 
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dissolved in ethanol to obtain 100 µM of DPPH solution. GDY-BSA NPs and 

amifostine aqueous solutions were set as various concentrations with 10, 20, 30, 50 

and 100 µg/mL. Then, the DPPH solution was added into GDY-BSA NPs and 

amifostine solutions (volume ratio = 1:1) respectively, and these mixtures were 

reacted in dark for 30 min. After that, the absorbance value in 517 nm of each solution 

was detected on UV-vis spectrophotometer. The DPPH scavenging ratio (%) was 

calculated as follow: DPPH scavenging ratio = ((Acontrol − Asample)/Acontrol) × 100. The 

Acontrol is the absorbance value of a standard sample without any radical scavengers, 

and the Asample is absorbance value of un-scavenged DPPH after reacted with radical 

scavenger. 

 

2.7. ABTS free radical scavenging assay 

The ABTS free radical possesses characteristic absorption at 734 nm. And this 

characteristic absorption value will decrease when ABTS free radical reacts with the 

radical scavenger. On the basis of the reduced absorption value, we can calculate the 

ABTS free radical scavenging ratio. The experimental procedures are as follows: First, 

the ABTS stock solution (7 mM) was mixed with potassium persulphate (2.45 mM), 

and this mixture was placed in the dark for 16 h to generate ABTS free radical. After 

that, the as-prepared ABTS radical solution was diluted with PBS until the absorbance 

value of 734 nm was around 0.7 so as to obtain ABTS radical working solution. Then, 

GDY-BSA NPs and amifostine aqueous solutions were set as various concentrations 

with 10, 20, 30, 50 and 100 µg/mL. Afterward, the ABTS radical working solution 
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was added into GDY-BSA NPs and amifostine solutions (volume ratio = 1:1) 

respectively, and these mixtures were reacted in dark for 10 min. After that, the 

absorbance value in 734 nm of each solution was detected on UV-vis 

spectrophotometer. The ABTS free radical scavenging ratio (%) was calculated as 

follow: ABTS free radical scavenging ratio = ((Acontrol − Asample)/Acontrol) × 100. The 

Acontrol is the absorbance value of a standard sample without any radical scavengers, 

and the Asample is absorbance value of un-scavenged ABTS free radical after reacted 

with radical scavenger. 

 

2.8. Superoxide radical (O2
-•) scavenging assay 

The O2
-• generated from NADH/PMS system can react with NBT to produce 

blue chromagen formazan, where the blue chromagen formazan has a characteristic 

absorption value at 560 nm. If the O2
-• is consumed by radical scavenger, the yield of 

blue chromagen formazan will decrease, which indicates as the decrease of 

characteristic absorption value. The experimental procedures are as follows: it first 

needed to prepare 1 mM NADH, 0.25 mM NBT and 15 µM PMS. Then, 500 µg/mL 

GDY-BSA NPs and 500 µg/mL amifostine were prepared as the sample to be tested. 

Next, 200 µL of PBS, 100 µL of NADH, 100 µL of NBT and 100 µL of the sample 

was mixed in a quartz cuvette with the final concentrations of NADH (200 µM), NBT 

(50 µM) and sample (100 µg/mL). Finally, 100 µL of PMS was added into the 

mixture to initiate the reaction, and the absorbance value in 560 nm of reaction system 

was real-time monitored for 10 min on UV-vis spectrophotometer. 
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2.9. Hydroxyl radical (•OH) scavenging assay 

The •OH generated from the classical Fenton reaction (H2O2 and Fe2+) can react 

the TMB to produce oxTMB, where the oxTMB has a characteristic absorption value 

at 652 nm. If the •OH is consumed by radical scavenger, the yield of oxTMB will 

decrease, which indicates the decrease of characteristic absorption value. The 

experimental procedures are as follows: it first needed to prepare 1 mM TMB 

(solvent: DMSO), 4 mM FeSO4 (solvent: HAc-NaAc buffer, pH 4.0) and 40 mM 

H2O2 (solvent: ultrapure water). Then, 400 µg/mL GDY-BSA NPs and 400 µg/mL 

amifostine was prepared as sample to be tested. Next, 150 µL of TMB, 150 µL of 

H2O2, 150 µL of sample and 150 µL of FeSO4 were mixed in a quartz cuvette with the 

final concentrations of TMB (250 µM), H2O2 (10 mM), sample (100 µg/mL) and 

FeSO4 (1 mM). Subsequently, the mixture was placed in dark for 5 min. Finally, the 

absorbance value in 652 nm of reaction system was measured on UV-vis 

spectrophotometer. 

 

2.10. The residence time assay of GDY-BSA NPs in gastrointestinal tract after oral 

administration 

Fluorescence imaging technology was used to monitor the residence time of 

GDY-BSA NPs in gastrointestinal tract. Firstly, we modified cyanine fluorescent dye 

onto GDY-BSA NPs to obtain GDY-BSA/cyanine NPs. Briefly, 1 mg of cyanine dye 

was mixed with 5 mL GDY-BSA NPs (1 mg/mL). And this mixture was stirred on the 
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magnetic stirrer under room temperature for 24 h. Subsequently, the excess cyanine 

dye was eliminated by centrifugation. After that, the resulted GDY-BSA/cyanine NPs 

were washed with water and re-suspended for further use. Then, the mice, which 

fasted the day before the experiment, were orally injected with GDY-BSA/cyanine 

NPs (12.5 mg/kg). And at the time point of 15 min, 1.5 h, 4 h, 9 h and 24 h, mice were 

sacrificed and the corresponding organs of heart, liver, spleen, lung, kidney, stomach, 

small intestine, cecum and colon were collected for fluorescence imaging. 

 

2.11. In vivo biosafety assay of GDY-BSA NPs. 

12 healthy BALB/c male mice were divided into 2 groups (each group contains 6 

mice): (i) control, (ii) GDY-BSA NPs (oral). The GDY-BSA NPs (12.5mg/kg) were 

orally injected to the mice of (ii) groups. All the mice were sacrificed at 13th day. The 

blood samples were obtained via removing the eyeball of mice. 100 µL of blood was 

stored in vacuum anticoagulant tube (potassium EDTA) for blood routine 

examinations. The rest of blood samples were kept in 4 °C for 4 h and subsequently 

centrifuged in refrigerated centrifuge (3500 r, 15 min) to collect blood plasma 

samples for blood biochemistry assay. In addition, the important organs (including 

liver, spleen, heart, lung and kidney) were fixed in 4% of formaldehyde, processed 

into paraffins and stained by H&E, where the as-prepared tissue slices were imaged 

on fluorescence inverted microscope for pathological analysis. 

 

2.12. The maximum tolerable dose exploration 



 

15 
 

healthy BALB/c mice were divided into 4 groups (each group contains 3 mice): (i) 

control, (ii) GDY-BSA NPs (oral, 12.5 mg/kg), (iii) GDY-BSA NPs (oral, 50 mg/kg), 

(iv) GDY-BSA NPs (oral, 100 mg/kg). The GDY-BSA NPs were orally injected to 

the mice of (ii)-(iv) groups with corresponding dose. After that, the body weights 

were monitored every other day. And the survival percentages were observed during 

the experimental period. All the mice were sacrificed after 3 weeks. The blood 

samples were obtained via removing the eyeball of mice. 100 µL of blood was stored 

in vacuum anticoagulant tube (potassium EDTA) for blood routine examinations. 

 

2.13. The cytotoxicity of GDY-BSA NPs to IEC-6 cells 

The CCK-8 assay was used to detect the cytotoxicity of GDY-BSA NPs to IEC-6 

cells. In detail, the IEC-6 cells were planted into 96-well culture plates (8 × 103 per 

well) and grown in DMEM medium containing 10% of FBS (37 °C, 5% CO2). After 

24 h, the IEC-6 cells were treated with a series of concentrations of GDY-BSA NPs (0, 

5, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 µg/mL). After another 24 h, the IEC-6 

cells were carefully washed with PBS, and co-incubated with 100 µL DMEM medium 

containing 10% CCK-8 for 1 h (37 °C, 5% CO2). Eventually, the 96-well plates were 

centrifuged on the conventional centrifuge (2000 r, 10 min), and the microplate reader 

was used to measure the absorbance value of supernatants at 450 nm. 

 

2.14. Cellular uptake detection 
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The IEC-6 cells were planted into 24-well culture plates (5 × 104 per well) and grown 

in DMEM medium containing 10% of FBS (37 °C, 5% CO2). After 24 h, the IEC-6 

cells were treated with GDY-BSA NPs (0 and 50 µg/mL). After another 24 h, the 

IEC-6 cells were washed by PBS and fixed with paraformaldehyde for 20 min. Next, 

the cell nuclei were stained by Hoechst 33342. Finally, the cells were imaged under 

the fluorescence inverted microscope with dark-field accessories. 

 

2.15. The radiation protection activity of GDY-BSA NPs to IEC-6 cells 

The CCK-8 assay that detects the cell viability was used to detect the radiation 

protection activity of GDY-BSA NPs to IEC-6 cells. In detail, the IEC-6 cells were 

planted into 96-well culture plates (8 × 103 per well) and grown in DMEM medium 

containing 10% of FBS (37 °C, 5% CO2). After 24 h, the IEC-6 cells were treated 

with GDY-BSA NPs (0 and 10 µg/mL). After another 24 h, the IEC-6 cells were 

irradiated by X-ray tube (AMPTEK Inc.) for 0, 1, 2.5, 5, and 10 min (Voltage: 50 KV, 

Current: 75 µA), respectively. 24 h after treatment, the IEC-6 cells were carefully 

washed with PBS, and co-incubated with 100 µL DMEM medium containing 10% 

CCK-8 for 1 h (37 °C, 5% CO2). Eventually, the 96-well plates were centrifuged on 

the conventional centrifuge (2000 r, 10 min), and the microplate reader was used to 

measure the absorbance value of supernatants at 450 nm. 

 

2.16. Clonogenic assay 
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The clonogenic assay can reflect the survival fraction of cells. In detail, the 

IEC-6 cells were planted into 6-well culture plates (1 × 103 per well) and grown in 

DMEM medium containing 10% of FBS (37 °C, 5% CO2). After 24 h, the IEC-6 cells 

were treated with GDY-BSA NPs (0 and 10 µg/mL). After another 24 h, the IEC-6 

cells were irradiated by X-ray tube for 0 and 30 s (Voltage: 50 KV, Current: 75 µA), 

respectively. After 4 days, the IEC-6 cells were carefully washed with PBS and 

treated by Giemsa's stain kit. Finally, the clones were counted in each group and 

plotted with the survival fraction. 

 

2.17. γ-H2AX staining assay 

γ-H2AX staining assay is able to show the DNA damage of cells. In detail, the 

IEC-6 cells were planted into 24-well culture plates (3 × 104 per well) and grown in 

DMEM medium containing 10% of FBS (37 °C, 5% CO2). After 24 h, the IEC-6 cells 

were treated with GDY-BSA NPs (0 and 10 µg/mL). After another 24 h, the IEC-6 

cells were irradiated by X-ray tube for 0 and 10 min (Voltage: 50 KV, Current: 75 

µA), respectively. After 3 h, the IEC-6 cells were fixed with 4% paraformaldehyde 

(10 min). Then, the IEC-6 cells were permeated by 0.2% Triton X-100 (10 min) and 

treated with the blocking buffer (1 h). Next, the IEC-6 cells were co-incubated with 

the PhosphoHistone H2A.X (Ser139) (20E3) Rabbit mAb antibody in 4 °C overnight. 

Afterward, the IEC-6 cells were co-incubated with anti-rabbit IgG (H + L) in 37 °C (1 

h) and the cell nuclei were stained with Hoechst 33342. Eventually, the fluorescence 

imaging of the cells was conducted on the confocal laser scanning microscope. 
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2.18. The GSH level detection 

The GSH and GSSG assay kit (Beyotime Biotechnology) was adopted to 

measure the GSH level in IEC-6 cells. The IEC-6 cells were planted into 6-well 

culture plates (5 × 105 per well) and grown in DMEM medium containing 10% of 

FBS (37 °C, 5% CO2). After 24 h, the IEC-6 cells were treated with GDY-BSA NPs 

(0 and 10 µg/mL). After another 24 h, the IEC-6 cells were irradiated by X-ray tube 

for 0 and 15 min (Voltage: 50 KV, Current: 75 µA), respectively. After 6 h, the IEC-6 

cells were treated with the GSH and GSSG assay kit and detected on the microplate 

reader. 

 

2.19. Intracellular ROS assay 

The cellular ROS level was tested by the ROS assay kit. In detail, the IEC-6 cells 

were planted into 35 mm confocal dishes and grown in DMEM medium containing 

10% of FBS (37 °C, 5% CO2). After 24 h, the IEC-6 cells were treated with 

GDY-BSA NPs (0 and 10 µg/mL). After another 24 h, the IEC-6 cells were treated 

with the mixture of Hoechst 33342 fluorescent and 2’,7’-dichlorodihydrofluorescein 

diacetate (DCFH-DA) probes at 37 °C for 20 min. Then, the IEC-6 cells were washed 

with PBS and irradiated by X-ray tube for 0 and 10 min (Voltage: 50 KV, Current: 75 

µA), respectively. Eventually, the fluorescence images of the cells were conducted on 

the confocal laser scanning microscope. 
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2.20. Mitochondrial membrane potential assay 

The mitochondrial membrane potential assay kit (JC-1) was employed to detect 

the change of mitochondrial membrane potential in IEC-6 cells with deferent 

treatment. In detail, the IEC-6 cells were planted into 6-well culture plates (5 × 105 

per well) and grown in DMEM medium containing 10% of FBS (37 °C, 5% CO2). 

After 24 h, the IEC-6 cells were treated with GDY-BSA NPs (0 and 10 µg/mL). After 

another 24 h, the IEC-6 cells were irradiated by X-ray tube for 0 and 15 min (Voltage: 

50 KV, Current: 75 µA), respectively. After 3 h, the IEC-6 cells were treated with the 

mitochondrial membrane potential assay kit (JC-1). Finally, the cells were detected on 

flow cytometer. 

 

2.21. The cytochrome c release assay 

The co-location assay of mitochondria and cytochrome c can observe the release 

of cytochrome c from mitochondria. In detail, the IEC-6 cells were planted into 

24-well culture plates (3 × 104 per well) and grown in DMEM medium containing 

10% of FBS (37 °C, 5% CO2). After another 24 h, the IEC-6 cells were irradiated by 

X-ray tube for 0 and 10 min (Voltage: 50 KV, Current: 75 µA), respectively. After 3 h, 

the IEC-6 cells were stained with MitoTracker® Deep Red FM under 37 °C for 30 

min. Then, the IEC-6 cells were fixed with cold 100% methanol in the dark for 15 

min. Next, the IEC-6 cells were permeated by 0.2% Triton X-100 (10 min) and 

treated with the blocking buffer (1 h). After that, the IEC-6 cells were incubated with 

the cytochrome c mouse antibody at room temperature for 3 h. Subsequently, the 
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IEC-6 cells were incubated with Alexa Fluor 488-labeled Goat Anti-Mouse IgG 

(H+L) for 1 h, and the cell nuclei were stained with Hoechst 33342. Eventually, the 

confocal laser scanning microscope was used for co-location analysis of mitochondria 

and cytochrome c. 

 

2.22. The caspase 3 activity detection 

The caspase 3 activity assay kit was employed to measure the caspase 3 activity. 

In detail, the IEC-6 cells were planted into 6-well culture plates (5 × 105 per well) and 

grown in DMEM medium containing 10% of FBS (37 °C, 5% CO2). After 24 h, the 

IEC-6 cells were treated with GDY-BSA NPs (0 and 10 µg/mL). After another 24 h, 

the IEC-6 cells were irradiated by X-ray tube for 0 and 15 min (Voltage: 50 KV, 

Current: 75 µA), respectively. After 6 h, the IEC-6 cells were treated with the caspase 

3 activity assay kit and detected on the microplate reader. 

 

2.23. The radiation protection activity of GDY-BSA NPs to gastrointestinal tract 

under oral administration 

24 healthy BALB/c male mice were divided into 4 groups (each group contains 6 

mice): (i) control, (ii) GDY-BSA NPs (oral), (iii) X-ray, (iv) GDY-BSA NPs (oral) + 

X-ray. The GDY-BSA NPs (12.5mg/kg) were orally injected to the mice of (ii) and 

(iv) groups. After that, the mice in (iii) and (iv) group were radiated with X-ray 

irradiation (5.5 Gy) by the whole-body exposure pattern. The body weights were 

monitored daily. And the excretion behavior was observed during the experimental 
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period. All the mice were sacrificed at 13th day, and the corresponding stomach and 

intestine were collected for pathological examinations. The experimental procedures 

of pathological examinations were as follows: the stomach and intestine tissues were 

first fixed in 4% of formaldehyde. Then, these fixed tissues were processed into 

paraffins and stainning by hematoxylin and eosin (H&E). Finally, the tissue slices 

were imaged on fluorescence inverted microscope for pathological analysis. 

 

2.24. The survival data monitoring of mice 

Healthy BALB/c mice were divided into 3 groups (each group contains 10 mice): 

(i) control, (ii) X-ray, (iii) GDY-BSA NPs (oral, 12.5 mg/kg) + X-ray. The 

GDY-BSA NPs were orally injected to the mice of (iii) groups with drug dose 

12.5mg/kg. After that, the mice in (ii) and (iii) group were radiated with X-ray 

irradiation (5.5 Gy) by the whole-body exposure pattern. The survival percentages 

were monitored over 30 days.  

 

2.25. The minimum effective dose exploration 

Healthy BALB/c mice were divided into 5 groups (each group contains 6 mice): 

(i) control, (ii) X-ray, (iii) GDY-BSA NPs (oral, 0.78125 mg/kg) + X-ray, (iv) 

GDY-BSA NPs (oral, 3.125 mg/kg) + X-ray, (v) GDY-BSA NPs (oral, 12.5 mg/kg) + 

X-ray. The GDY-BSA NPs were orally injected to the mice of (iii), (iv) and (v) 

groups with corresponding drug dose. After that, the mice in (ii), (iii), (iv) and (v) 

groups were radiated with X-ray irradiation (5.5 Gy) by the whole-body exposure 
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pattern. All the mice were sacrificed at 13th day, and the corresponding stomach and 

intestine were collected for pathological examinations. 

 

2.26. The survival data monitoring of mice with different drug doses 

Healthy BALB/c mice were divided into 5 groups (each group contains 10 mice): 

(i) control, (ii) X-ray, (iii) GDY-BSA NPs (oral, 0.78125 mg/kg) + X-ray, (iv) 

GDY-BSA NPs (oral, 3.125 mg/kg) + X-ray, (v) GDY-BSA NPs (oral, 12.5 mg/kg) + 

X-ray. The GDY-BSA NPs were orally injected to the mice of (iii), (iv) and (v) 

groups with corresponding drug dose. After that, the mice in (ii), (iii), (iv) and (v) 

groups were radiated with X-ray irradiation (5.5 Gy) by the whole-body exposure 

pattern. The survival percentages were monitored over 30 days. Detailed radiation 

relevant parameters of the animal experiment: The mice were radiated in the 

afternoon. Irradiator parameters: radiation dose rate: 1.4 Gy/min; radiation dose: 5.5 

Gy; irradiation source to sample distance: 44.5 cm; filter: copper 0.3 mm. 

 

2.27. Statistical analysis 

All the data are shown as mean ± standard deviation (SD). Student’s t test were 

adopted for statistical analysis of the data between two groups, and p-value < 0.05 

was considered to be statistically significant. *: P < 0.05; **: P < 0.01; ***: P < 

0.001. 

 

3. Results and discussion 
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3.1. Synthesis and characterization of GDY-BSA NPs 

The GDY was synthesized according to the previous report.[22] Raman and IR 

spectroscopy of the as-prepared GDY were used to analyze its chemical structure. As 

seen in Fig. S1, four peaks at 1385, 1576, 1927, and 2183 cm−1 in the Raman 

spectrum were detected, where the peaks at 1385 and 1576 cm−1 symbolized the D 

and G bands, respectively, and the peaks at 1927 and 2183 cm−1 represented the 

acetylenic linkages. This result agreed well with the previously reported data.[22, 36] 

Fig. S2 indicated the IR spectrum of the as-prepared GDY, where the peaks located at 

1492 cm-1 and 1658 cm-1 were assigned to the skeletal vibrations of aromatic ring. 

And the peaks at 2102 cm-1 and 2190 cm-1 were attributed to the typical C≡C 

stretching vibration.[16] The GDY NPs were obtained by ultrasonication methods, 

and then BSA was modified onto GDY NPs through stirring method to get GDY-BSA 

NPs. These GDY-BSA NPs are designed to be around 30-40 nm in size by regulating 

the experimental parameters, which not only enable them well disperse in 

physiological environment but also are beneficial of then staying in gastrointestinal 

tract for a relatively long time. As shown in Fig. 1A and B, according to the 

transmission electron microscope (TEM) image and dynamic light scattering (DLS) 

measurement, the mean size of GDY NPs was around 20 nm (TEM), and the 

hydrodynamic size of GDY NPs was around 26.06 nm (DLS). Moreover, after BSA 

modification, the hydrodynamic size of GDY-BSA NPs raised to ̚ 39.03 nm (Fig. 

1C). 
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3.2. Chemical stability of GDY NPs in gastric acid environment 

For gastrointestinal tract bioapplication, oral administration of drug is the most 

convenient way to reach the gastrointestinal tract. Thus, the chemical stability of drug 

in gastric acid environment plays a key role for their performance. However, many of 

the molecular drugs cannot be used by oral way because their chemical structures will 

be damaged under the strong acid condition of gastric juice (the pH of gastric juice is 

about 0.9～1.8), resulting in the loss of their drug activity. Therefore, we investigated 

the chemical stability of GDY NPs under various conditions to judge the feasibility of 

using GDY-BSA NPs as the gastrointestinal tract radioprotector. As illustrated in Fig. 

1D, the ultraviolet absorption spectrum of GDY NPs under pH=1 and pH=7 were 

almost completely overlapped, which suggested that there was no chemical change of 

the GDY NPs under strong acid environment. Meanwhile, we monitored the 

ultraviolet absorption change of GDY NPs with time at pH=1 and pH=7, it also could 

be seen that the spectrum had no obvious change with the time increases (Fig. 1E and 

Fig. S3), which further indicated that the GDY NPs could maintain stabilization both 

in strong acid and neutral environment. Therefore, these results imply that the GDY 

NPs possess good chemical stability and thus are able to be employed via oral 

administration route. 

 

3.3. The comparison of radical scavenging activity between GDY-BSA NPs and 

amifostine 

Radical scavenging process is the commonest radioprotective approach. As a 
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representative example, amifostine is the most widely used radioprotector in clinic 

that achieves radioprotection via eliminating the radiation-induced toxic free 

radical.[37, 38] Therefore, we compared the radical scavenging activity of GDY-BSA 

NPs with amifostine to preliminarily evaluate the potential of GDY-BSA 

nanoradioprotector in substituting traditional molecular radioprotector. First, we 

measured the radical scavenging ratios of GDY-BSA NPs and amifostine to two 

model stable free radicals (DPPH and ABTS). As seen in Fig. 1F and G, under the 

same mass concentration, both the DPPH and ABTS scavenging ratios of GDY-BSA 

NPs were much greater than that of amifostine, which indicated the higher radical 

scavenging ability of GDY-BSA NPs. Then, we compared the radical inhibition action 

of GDY-BSA NPs and amifostine to the O2
-• and •OH generation, where the O2

-• and 

•OH are two kinds of most important physiologically relevant toxic radicals during 

radiotherapy. Fig. 1H presented the effects of GDY-BSA NPs on O2
-• scavenging. 

This assay monitored the characteristic absorbance of blue chromagen formazan that 

generated by the reaction of O2
-• with NBT, where the lower absorbance represented 

the stronger O2
-• scavenging ability. Hence, the GDY-BSA NPs showed much higher 

O2
-• scavenging activity than amifostine under the same mass concentration. Fig. 1I 

reflected the •OH scavenging results of GDY-BSA NPs by 

3,3',5,5'-tetramethylbenzidine (TMB) chromogenic route, which detected the 

characteristic absorbance of oxTMB that produced by the reaction of •OH with TMB. 

Similar to the O2
-• scavenging results, the GDY-BSA NPs exhibited stronger 

scavenging activity toward •OH in comparison to amifostine. As a result, all these free 
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radical scavenging assays indicated that the GDY-BSA nanoradioprotector might have 

the potential to substitute traditional molecular radioprotector. 

 

3.4. The residence time of the GDY-BSA NPs in gastrointestinal tract under Oral 

Administration 

It is well known that the relatively longer residence time of radioprotector plays 

a key role in fully fulfilling its drug efficacy in gastrointestinal tract. We thus 

investigated the residence time of GDY-BSA NPs in gastrointestinal tract after oral 

administration. As shown in Fig. 2A and Fig. S4, fluorescence imaging technology 

was used to monitor the biodistribution of GDY-BSA NPs in gastrointestinal tract 

with time. Cyanine fluorescent dye was modified onto GDY-BSA NPs to obtain 

GDY-BSA/cyanine NPs. Before orally taking GDY-BSA/cyanine NPs (control), no 

fluorescence signals were monitored in all the tested organs, while the fluorescence 

signals obviously increased in stomach and small intestine after GDY-BSA/cyanine 

NPs administration at 15 min, representing the gradual accumulation of GDY-BSA 

NPs in gastrointestinal tissue. After GDY-BSA/cyanine NPs administration at 1.5 h, 

the signals also remained strong in stomach and small intestine. At 4th hour, the 

signals began to be monitored in caecum and colon. And at 9th hour, the signals in 

stomach and small intestine were sharply reduced but still could be detected, while the 

signals still remained strong in caecum. It was not until 24th hour that the 

fluorescence signals in the whole gastrointestinal tract were sharply decreased. This 

result indicated that the GDY-BSA NPs not only could stay in gastrointestinal tract for 
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a relatively long time for the full utilization of drug, but also were able to gradually 

excrete from gastrointestinal tract so as not to cause long-term drug accumulation in 

the body. More interestingly, during the whole detection time period, we did not 

observe fluorescence signals in the important organs of heart, liver, spleen, lung and 

kidney. This phenomenon illuminated that the metabolism of GDY-BSA NPs under 

oral administration is almost carried out in gastrointestinal tract and it hardly spreads 

to the other important tissues of the body. Therefore, we can preliminarily estimate 

that the GDY-BSA NPs do not long-termly accumulate in body to cause toxicity and 

thus possesses a good biosafety under oral administration. Consequently, the 

GDY-BSA NPs have a relatively long residence time in gastrointestinal tract, which 

gives GDY-BSA NPs enough time to exert its radioprotective function for 

gastrointestinal tissue. 

 

3.5. The biosafety of GDY-BSA NPs in vivo under oral administration 

Acceptable biosafety of GDY-BSA NPs is the prerequisite for its gastrointestinal 

tract radioprotection application. Herein, we evaluated the safety of GDY-BSA NPs to 

mice under oral administration (oral, 12.5 mg/kg). The histopathology examinations, 

blood routine and blood biochemistry were adopted to serve as the evaluating 

indicators. As seen in Fig. 2B-D and Fig. S5, there were no significant difference of 

the tissue slices, blood routine indicators and blood biochemistry indicators of the 

mice treated with or without GDY-BSA NPs (oral) in the tested period, which 

indicated the good biosafety of GDY-BSA NPs in oral administration and thus 
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satisfies the prerequisite for radioprotection applications. Then, we explored the 

maximum tolerable dose. As mentioned above, 12.5 mg/kg of GDY-BSA NPs was a 

safe dose and exhibited good gastrointestinal tract radioprotection efficacy. We further 

increased the orally dose of GDY-BSA NPs to mice with 50 mg/kg and 100 mg/kg, 

and compared the safety data of them. And the data is presented in Fig. S6. It could be 

seen that the survival percentage of mice in all group keep 100% after 3 weeks, and 

there are no significant differences of mice body weights among all group, which 

indicated the maximum tolerable dose might be greater than 100 mg/kg from such a 

macro view. In spite of this, we further tested the blood markers, which revealed that 

when the drug dose up to 50 mg/kg and 100 mg/kg, the blood markers present tiny 

discrepancy between the healthy mice group (Control) and the group of mice treated 

with GDY-BSA NPs. Therefore, the maximum tolerable dose of GDY-BSA NPs 

should be more than 100 mg/kg. 

 

3.6. In vitro radioprotection efficacy of GDY-BSA NPs 

Encouraged by the suitability of GDY-BSA NPs in gastrointestinal tract 

radioprotection application, we next systematically studied its gastrointestinal tract 

radioprotection ability in vitro and in vivo. It is known that small intestine is 

particularly sensitive to radiation among all gastrointestinal tract components.[4] Thus, 

IEC-6 cell, a typical normal small intestinal cell, was used as the cell model to 

evaluate the radioprotective potential of GDY-BSA NPs to gastrointestinal tract in 

vitro. Initially, the cytotoxicity of GDY-BSA NPs to IEC-6 cells was measured by the 
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standard CCK-8 assay so as to determine its safe concentration to use. According to 

the experimental result in Fig. 3A, after 24h incubation of GDY-BSA NPs with IEC-6 

cells, no obvious toxic effect was detected at all the tested concentrations, even at the 

GDY-BSA NPs dosage up to 100 µg mL−1. Then, the uptake of GDY-BSA NPs by 

IEC-6 cells was tested (Fig. S7), The result indicated that GDY-BSA NPs could be 

effective uptake by IEC-6 cells, which is the guarantee for GDY-BSA NPs to exert 

drug function in intracellular. Next, the ability of GDY-BSA NPs for IEC-6 cell 

radioprotection was evaluated by performing CCK-8 assay, clonogenic assay, 

γ-H2AX staining assay and GSH level evaluation. As seen in Fig. 3B, CCK-8 assay 

was employed to test the cell viabilities of IEC-6 cells treated with or without 

GDY-BSA NPs under X-ray radiation exposure. The cell viabilities decrease in 

GDY-BSA NPs + X-ray group was remarkably less than the X-ray group treated by 

X-ray alone, which indicated that the GDY-BSA NPs could effectively relieve the 

X-ray radiation-induced cytotoxicity. Then, clonogenic assay, which assesses the 

colony-forming ability of cells, was performed. As depicted in Fig. S8 and Fig. 3C, 

the clones were counted in each group and following plotted with the survival fraction. 

It could be seen that X-ray treatment drastically decreased the cell survival fraction to 

49.18±1.54%. However, when treating the irradiated cells with GDY-BSA NPs, the 

survival fraction of GDY-BSA NPs + X-ray group was 61.93±1.59%, which is 

obviously more than that of X-ray group. This result demonstrated that GDY-BSA 

NPs were able to powerfully defend the X-ray caused cell proliferation inhibition. 

Furthermore, γ-H2AX staining assay was used to determine the double-stranded DNA 
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breaks (DSBs). From Fig. 3D, to the group of X-ray, significant DSBs were detected 

in the nuclei of IEC-6 cells. However, the DSBs in the group of GDY-BSA NPs + 

X-ray were sharply decreased compared to the group of X-ray, which indicated that 

the GDY-BSA NPs could availably shield DNA from X-ray-induced damage. In 

addition, intracellular GSH level is also an important radio-protective indicator that 

reflects cellular redox balance. We thus evaluated the cellular GSH level. As seen in 

Fig. S9, the experimental result indicated that the GDY-BSA NPs could protect the 

GSH descent in IEC-6 cells after X-ray exposure, which is beneficial to maintain 

intracellular redox balance. Consequently, GDY-BSA NPs exhibit strong 

radioprotection effect to IEC-6 cells and thus are promising to act as the 

gastrointestinal tract radioprotector. 

 

3.7. In vitro radioprotective mechanism study of GDY-BSA NPs 

The good radioprotection effect of GDY-BSA NPs to gastrointestinal cell 

promotes us to deeply study its radioprotective mechanism. It is known that the 

interaction of high energy ionizing radiation with H2O or molecules in cell can 

generate ROS to cause cell damage. As human body contain 80% H2O, the radiation 

damage mainly originates from the ROS-induced damage.[39, 40] Meanwhile, the 

apoptosis and necrosis of cells is programmed, which possesses corresponding signal 

pathway. We thus investigated the relation of GDY-BSA NP with ROS-induced 

apoptosis signal pathway in IEC-6 cells to deeply understand its gastrointestinal tract 

radioprotective mechanism. According to the report, the ROS can cause mitochondrial 
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dysfunction, and then the cytochrome c will be released from mitochondria to help to 

activate caspase 3 (an apoptosis related factor), and finally trigger cell apoptosis.[41] 

If the GDY-BSA NPs are able to inhibit this process, the cell death will be reduced. 

Following this rationale, we conducted the related experiments. We first detected the 

ROS scavenging ability of GDY-BSA NPs in IEC-6 cells. DCFH-DA fluorescent 

probe was adopted to monitor ROS generation. As shown in Fig. 4A, when treated the 

IEC-6 cells with X-ray alone, obvious DCF green fluorescence signal was observed, 

indicating high levels of ROS generation. However, when treating the irradiated cells 

with GDY-BSA NPs, the fluorescence signal was sharply reduced. In addition, 

ignorable signal was observed in the group of control or GDY-BSA NPs-treated alone. 

These results indicated that GDY-BSA NPs have powerful ROS scavenging ability. 

Then, we measured the mitochondrial membrane potential (MMP) of the IEC-6 cells 

with different treatment. In a typical respiration, the energy is produced and stored in 

the inner membrane of mitochondria. This process will cause the asymmetric 

distribution of protons and other ions on both sides of the mitochondrial inner 

membrane, and thus result in the form of MMP.[42] It has been verified that ROS can 

cause mitochondrial membrane damage to initiate the cell apoptosis, which presents 

as the depolarization of MMP.[43, 44] As seen in Fig. 4B, the decrease of red/green 

ratio represents the decrease of MMP. After treating the IEC-6 cells with X-ray alone, 

the red/green ratio was sharply reduced to 29.07±5.43% compared to that of control 

group (53.64±10.44%), symbolizing the X-ray-caused mitochondrial dysfunction. 

Whereas the red/green ratio in GDY-BSA NPs + X-ray group (49.29±3.31%) was 
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comparable to that of control group. This result indicated that the GDY-BSA NPs 

could effectively relieve radiation-induced mitochondrial dysfunction. We infer that it 

may attribute to the powerful ROS scavenging ability of GDY-BSA NPs, which 

consumes the radiation-induced ROS and thus reduces the damage of ROS to 

mitochondria. Next, according to previous researches, the attack of ROS to 

mitochondria will increase the mitochondrial membrane permeability and lead to the 

cytochrome c release from mitochondria into the cytosol.[43] Thus the co-localization 

analysis between mitochondria and cytochrome c was conducted by confocal laser 

scanning microscope to monitor the cytochrome c release. As illustrated in Fig. 4C 

and Fig. S10-11, the group of control and GDY-BSA NPs alone, displayed the high 

degree of overlap between mitochondria (red fluorescence) and cytochrome c (green 

fluorescence) with the Pearson's correlations of 0.872729 and 0.886407, respectively. 

In contrast, the X-ray alone group presented an obvious separation of red and green 

fluorescence signal with the Pearson's correlations 0.670679, representing the release 

of cytochrome c from mitochondria into cytosol. However, it could still maintain a 

high overlap between mitochondria and cytochrome c in the group of GDY-BSA NPs 

+ X-ray with the Pearson's correlations 0.84863, which demonstrated that the 

GDY-BSA NPs effectively inhibited the cytochrome c release. Finally, it has been 

verified that the cytochrome c released into cytosol from mitochondria can interact 

with cytoplasmic apoptosis activating factor-1 and form a complex, which will help to 

activate caspase 3 to induce cell apoptosis.[41] Hence, we further measured the 

caspase 3 activity of the IEC-6 cells with different treatment. From Fig. 4D, 
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X-ray-treated cells exhibited remarkable up-regulation of caspase 3 activity into 1.44

±0.08-fold in comparison to control group. However, when treating the irradiated 

cells with GDY-BSA NPs, despite the caspase 3 activity of GDY-BSA NPs + X-ray 

group showed up-regulation into 1.16±0.05-fold compared to control group, it was 

still obviously lower than that of X-ray group. This result suggests that the GDY-BSA 

NPs can inhibit the activation of caspase 3 and thus are beneficial to reduce cell 

apoptosis. Taken together, the above results indicated that GDY-BSA NPs achieve 

radioprotection to gastrointestinal cells via inhibiting radiation-related apoptosis 

signal pathway (Fig. 4E). 

 

3.8. In vivo radioprotection efficacy of GDY-BSA NPs to gastrointestinal tract under 

oral administration 

Inspired by satisfying radioprotective effect of the GDY-BSA NPs to 

gastrointestinal cells in vitro, and its unique superiorities for gastrointestinal tract 

radioprotection application, we further studied its effectiveness in vivo under oral 

administration. It is well known that the patients with radiation enteritis usually show 

symptoms of weight loss, diarrhea, abdominal pain, malabsorption and so on.[9, 45] 

We thus monitored the body weights, excretion behavior as well as physical 

appearance of the irradiated mice with GDY-BSA NPs (oral) treatment and analyzed 

the gastrointestinal tissues pathological changes of the mice to evaluate GDY-BSA 

NPs’ gastrointestinal tract radioprotection ability. The healthy BALB/c male mice 

were used as research models. 24 mice were divided into 4 groups (6 mice for each 
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group): (i) control, (ii) GDY-BSA NPs (oral, 12.5 mg/kg), (iii) X-ray, (iv) GDY-BSA 

NPs (oral, 12.5 mg/kg) + X-ray. All the mice were sacrificed at 13th day when there 

was a significant difference of body weights between group of X-ray and GDY-BSA 

NPs (oral) + X-ray, and the corresponding stomach and intestine were collected for 

pathological analysis. As depicted in Fig. 5A, the weight of mice in the X-ray group 

presented a persistently decreasing trend. However, when treating the irradiated mice 

with GDY-BSA NPs, despite the weight of mice exhibited down-regulation in the first 

4 days, it began to recover on the 5th day and showed a persistently increasing trend 

in the next days. In the 13th day, the average body weight presented significant 

difference between X-ray group (15.86±1.95 g) and GDY-BSA NPs (oral) + X-ray 

group (19.47± 1.51 g). This result preliminarily suggested the effective 

gastrointestinal tract radioprotective activities of GDY-BSA NPs. Fig. 5B visually 

exhibited the physiology changes of mice after different treatment. There was a 

serious diarrhea phenomenon of the mice treated by X-ray alone, which presented as 

loose stools. This phenomenon might be ascribed to the X-ray-induced 

gastrointestinal dysfunction, which led to the severe diarrhea of the mice. In contrast, 

no obvious diarrhea phenomenon was observed to the mice in GDY-BSA NPs (oral) + 

X-ray group. This result indirectly verified that the GDY-BSA NPs have the ability for 

gastrointestinal tract radioprotection, which could effectively relieve X-ray-induced 

gastrointestinal dysfunction so as to reduce the diarrhea. Then, in order to directly 

prove the radioprotective effect of GDY-BSA NPs to gastrointestinal tract, we 

collected the stomach and intestine tissues for pathological analysis. As shown in Fig. 
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5C, for the stomach tissue in the group of control and GDY-BSA NPs (oral), the 

structure of adenogastric tissue was clear and well arranged. Meanwhile, the gastric 

gland of gastric mucosa is neatly arranged, and the gastric pits could be seen clearly. 

Also, gastric mucosal epithelial cells were columnar without obvious shedding. 

Therefore, the stomach tissue in these two groups is healthy without structure 

abnormality or obvious lesion. Conversely, for the stomach tissue of X-ray group, the 

obvious attenuation and necrosis of gastric wall was found. Meanwhile, there is 

vacuolization in epidermal cells and hyaline degeneration in lamina propria as well as 

muscular layer of mucous membrane. And only a few fibroblasts remained. However, 

for the stomach tissue of GDY-BSA NPs (oral) + X-ray group, although the gastric 

epithelial cells partially lost, the gastric mucinous gland is normal, the cells in lamina 

propria of mucosa were arranged orderly and the muscle fiber cells of muscle layer 

were arranged regularly. Hence, the GDY-BSA NPs could powerfully decrease the 

radiation-induced stomach damage. Similarly, for the intestinal tissue, the structure of 

intestinal tissue in control and GDY-BSA NPs (oral) group was clear and well 

arranged. In detail, their intestinal mucosae were covered by simple ciliated columnar 

epithelium, and the epithelial cells mixed with a few goblet cells. The mucosa and 

submucosa protruded to the intestinal cavity and form many policae circulane, where 

there were irregular leafy or columnar villi on the surface of the policae. Also, 

Panoth's cells distributed in crypts, whose cytoplasm contained large and round 

eosinophilic particles. In contrast, the intestinal tissue in X-ray group presented severe 

total intestinal necrosis, whose intestinal epithelial was necrotic and lost on a large 
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scale, even the nucleus were dissolved and disappeared. However, when treated the 

irradiated mice with GDY-BSA NPs, the radiation-induced intestinal damage was 

greatly reduced compared to the X-ray group. In addition, we counted the crypt 

number, villi number and villi height of the intestine in various treated groups. As 

seen in Fig. 5D-F, the crypt and villi in X-ray treated group could not be counted 

because the intestinal tissue in X-ray group showed severe total necrosis, which was 

regarded as 0. However, the crypt number, villi number and villi height of the 

intestine in GDY-BSA NPs (oral) + X-ray group are 19±2.18/mm, 17.17±1.26/mm 

and 430±45.82 µm, which are comparable to that of control group with 19±1/mm, 

19±1/mm and 500±24.33 µm. Therefore, the GDY-BSA NPs effectively relieved 

the radiation-induced intestine damage. Next, it is known that the 30-day survival data 

is basic and very important in evaluation of radioprotective potential. Thus, we also 

monitored the survival percentage of mice for about a month. From Fig. S12, under 

the whole-body irradiation exposure, it could be seen that when the survival 

percentage of mice in X-ray group lowered to 30%, the survival percentage of mice in 

GDY-BSA NPs + X-ray group could still maintain in 90%. And when the mice in 

X-ray group died all, the survival percentage of mice in GDY-BSA NPs + X-ray 

group could remain 40%, and it maintains 40% after 30 days. This result indirectly 

reflected the gastrointestinal tract radioprotection ability of GDY-BSA NPs, where the 

GDY-BSA NPs effectively reduced the damage of gastrointestinal tract and thus 

prolonged the lifetime of irradiated mice and even improve the 30-day survival 

percentage of irradiated mice. As a result, the GDY-BSA NP manifests the ability for 
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gastrointestinal tract radioprotection and thus has the potential to be developed as the 

gastrointestinal tract radioprotector. 

In addition, in order to find the relationship between drug dose and drug efficacy, 

we roughly explored the minimum effective dose GDY-BSA NPs for gastrointestinal 

tract radioprotection. First, we investigated the minimum effective dose. We 

compared the radioprotective effect of GDY-BSA NPs to stomach and intestinal tissue 

of mice with different drug concentrations including 0.78125 mg/kg, 3.125 mg/kg, 

and 12.5 mg/kg (Fig. S13). It could be seen that the mice in 12.5 mg/kg GDY-BSA 

NPs + X-ray group present minimal damage of stomach and intestinal tissue among 

all irradiated group. The tissue of mice in 3.125 mg/kg GDY-BSA NPs + X-ray group 

showed moderate injury, whose gastric epithelial cells and intestinal villi lost partially. 

And the tissue of mice in 0.78125 mg/kg GDY-BSA NPs +X-ray group show serious 

damage, whose gastric epithelial cells and intestinal villi lost on a large scale, but its 

injury degree is still less than the group of X-ray alone. Therefore, we roughly 

estimate the minimum effective dose of GDY-BSA NPs is below 0.78125 mg/kg. 

Meanwhile, we monitored the 30-day survival data under different drug doses (Fig. 

S14). It showed that when the survival percentage of mice in X-ray group lowered to 

10%, the survival percentage of mice in 0.78125 mg/kg GDY-BSA NPs+ X-ray, 3.125 

mg/kg GDY-BSA NPs + X-ray and 12.5 mg/kg GDY-BSA NPs+ X-ray group could 

still maintain in 30%, 40% and 70%, respectively. And the survival percentage of 

mice in 12.5 mg/kg GDY-BSA NPs + X-ray group remained 40% after 30-day. 

Although the mice in 0.78125 mg/kg GDY-BSA NPs + X-ray and 3.125 mg/kg 
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GDY-BSA NPs + X-ray group finally died all, they survival time is still longer than 

the mice in X-ray group. The data further support the results that the minimum 

effective dose of GDY-BSA NPs should below 0.78125 mg/kg. 

 

4. Conclusion 

Overall, in view of the difficult problem that gastrointestinal tract is easy to be 

destroyed in radiotherapy, we designed and prepared the GDY-BSA NPs for 

gastrointestinal radiation protection. The as-prepared GDY-BSA NPs possess strong 

free radical scavenging ability, good biosafety, good chemical stability in gastric acid 

environment, and relatively long retention time in gastrointestinal tract under oral 

administration. The cell experimental results showed that GDY-BSA NPs could 

effectively reduce the radiation-induced DNA damage of IEC-6 cells, relieve the 

radiation-caused cell growth inhibition and improve the viability of irradiated cells. 

The animal experimental results showed that GDY-BSA NPs remarkably alleviate the 

diarrhea, weight loss as well as gastrointestinal tissue pathological damage of 

irradiated mice. Moreover, we demonstrated that the gastrointestinal radioprotective 

mechanism of GDY-BSA NPs is to inhibit the ROS-induced apoptosis signal pathway, 

which consumes the intracellular ROS generated by radiolysis, reduces the 

ROS-induced mitochondrial membrane damage, inhibits the release of cytochrome c 

from mitochondria to cytoplasm, decreases the activation of caspase 3, and eventually 

decreases the cell apoptosis. Therefore, GDY-BSA NPs have a great potential to be 

developed as the gastrointestinal radioprotector. Our work not only provides a new 
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nanoplatform for the gastrointestinal radioprotection application, but also inspires the 

development of nano-drug for treatment of gastrointestinal diseases, which is 

significant to improve life quality of patients. 
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Scheme 1. Schemes of the GDY-BSA NPs for gastrointestinal radioprotection. 
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Fig. 1. (A) The TEM image of as-prepared GDY NPs. (B) The hydrodynamic size of 

GDY NPs. (C) The hydrodynamic size of GDY-BSA NPs. (D) UV−vis−NIR 

absorption spectra of GDY NPs under pH=1 and pH=7, respectively. (E) 

UV−vis−NIR absorption spectra of GDY NPs at different time points under pH=1. (F) 

The comparison of DPPH radical scavenging ratios between amifostine and 

GDY-BSA NPs, respectively. (G) The comparison of ABTS radical scavenging ratios 

between amifostine and GDY-BSA NPs, respectively. (H) The comparison of O2
-• 

scavenging ability between amifostine and GDY-BSA NPs, respectively. (I) The 

comparison of •OH scavenging ability between amifostine and GDY-BSA NPs, 

respectively. (*: P < 0.05; **: P < 0.01; ***: P < 0.001.) 
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Fig. 2. (A) In vivo fluorescence imaging of various organs in mice after oral 

administration of GDY-BSA/cyanine NPs at different time points. (B) The 

histopathology analysis of mice after different treatments. (C) The blood routine 

examination of mice after different treatments. (D) The blood biochemistry data of 

mice after different treatments. 
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Fig. 3. (A) The cell viability of IEC-6 cells treated by different concentrations of 

GDY-BSA NPs. (B) Radiation protection of IEC-6 cells by GDY-BSA NPs under 

different radiation doses. (C) Survival fraction of IEC-6 cells after different treatments 

in clone assay. (D) DNA double-strand damage in IEC-6 cells after different 

treatments by γ-H2AX immufluorescence assay. (*: P < 0.05; **: P < 0.01; ***: P < 

0.001.) 
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Fig. 4. (A) Fluorescence images about the intracellular ROS generation in IEC-6 cells 

after different treatments. (B) JC-1 red/green ratio of IEC-6 cells after different 

treatments. (C) The co-location of cytochrome c and mitochondria in IEC-6 cells after 

different treatments. (D) Caspase 3 activity of IEC-6 cells after different treatments. 

(E) The radioprotective mechanism of GDY-BSA NPs in IEC-6 cells. (*: P < 0.05; 

**: P < 0.01; ***: P < 0.001.) 
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Fig. 5. (A) The body weights change of mice with time after different treatments. (B) 

The physiology changes of mice after different treatments. (C) Histopathology 

analysis of mice after different treatments (including stomach and intestine), and the 

scale bar represent 50 µm. (D, E, F) The crypt number, villi number and villi height 

analysis in intestine of mice after different treatments, respectively. (*: P < 0.05; **: P 

< 0.01; ***: P < 0.001.) The oral drug dose of GDY-BSA NPs is 12.5 mg/kg. 
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Fig. S1. Raman absorption spectra of GDY. 
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Fig. S2. IR absorption spectra of GDY. 

 

 

Fig. S3. UV−vis−NIR absorption spectra of GDY NPs at different time points under 

pH=7. 
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Fig. S4 The fluorescence intensity analysis in mice after oral administration of 

GDY-BSA/cyanine NPs at different time points. 
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Fig. S5. (A) The blood routine examination of mice after different treatments. (B) The 

blood biochemistry data of mice after different treatments. 
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Fig. S6 The maximum tolerable dose exploration. (A) The survival percentage of 

mice with time after different treatments. (B) The body weights of mice with time 

after different treatments. (C) The blood markers data of mice after different 

treatments (*: P < 0.05; **: P < 0.01; ***: P < 0.001.). 
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Fig. S7. The uptake of GDY-BSA NPs by IEC-6 cells. This result indicated that our 

GDY-BSA NPs could be effective uptake by IEC-6 cells. 
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Fig. S8. Colony of IEC-6 cells after different treatments. 
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Fig. S9. The evaluation of cellular glutathione (GSH) level in IEC-6 cells after 

different treatments. GSH level is important for cellular redox balance. This result 

indicated that the GDY-BSA NPs could protect the GSH descent in IEC-6 cells after 

X-ray exposure (*: P < 0.05; **: P < 0.01; ***: P < 0.001.). 
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Fig. S10. The co-location imaging of cytochrome c and mitochondria in IEC-6 cells 

after different treatments. 

 

 



 

59 
 

 

Fig. S11. The co-location of cytochrome c and mitochondria in IEC-6 cells after 

different treatments, which indicate the location of red arrow 
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Fig. S12 The survival percentage of mice with time after different treatments. The 

oral drug dose of GDY-BSA NPs is 12.5 mg/kg. 

 

 

Fig. S13 The minimum effective dose exploration. Histopathology analysis of mice 

after different treatments. 
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Fig. S14 The survival percentage of mice with different drug doses. 

 

 

Fig. S15 The radioprotective effect of GDY-BSA NPs to esophagus. Esophagus is 

also a very important component in digestive tract, which possesses close 

relationships with gastrointestinal tract, we also observed the radioprotective effect of 

GDY-BSA NPs to esophagus. 
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