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Abstract
The widespread application of ionizing radiation (IR) in medicine, while beneficial, also poses potential risks that 
necessitate effective countermeasures. Both 2-(3-aminopropylamino) ethanethiol (WR-1065) and curcumin are 
recognized as radioprotective agents; however, their clinical utility is hindered by notable shortcomings that could 
be addressed through reactive oxygen species (ROS)-responsive amphiphilic nanomaterials. We introduced a 
newly synthesized poly (ethylene glycol) (PEG)-polycaprolactone (PCL) polymer integrated with diselenide bonds 
and curcumin (HOOC-SeSe-Cur-PEG-SeSe-Cur-PCL, PEG-Cur-SeSe-PCL). The resulting spherical nanoparticles (NPs), 
which self-assembled from this polymer, were uniform with an average diameter of 118 nm. As a carrier for WR-
1065, these NPs demonstrated a loading capacity of 30.9% and an efficacy of 56.7%. Importantly, the degradation 
of WR-1065 within the NPs was minimal in gastric fluid, decreasing by only approximately 20% over a 6-hour 
period. The innovative aspect of these NPs is their design to destabilize in ROS-rich environments, facilitating 
the release of WR-1065 and curcumin. Indeed, the survival rate of mice increased to 50% when these NPs were 
orally administered prior to exposure to a lethal dose of whole-body irradiation (8 Gy). The radioprotective impact 
of WR-1065-loaded NPs was evident in the small intestine of irradiated mice, characterized by the amelioration 
of radiation-induced epithelial damage, reduction of DNA damage, and inhibition of the apoptotic pathway. 
Collectively, this oral nanocarrier system for WR-1065 and curcumin holds promise as a potential candidate for the 
prophylaxis and treatment of acute intestinal injuries induced by IR.
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Background
The progress in nuclear and radiation technologies has 
been remarkable, allowing for their integration into vari-
ous fields such as industry, agriculture, aerospace, mili-
tary, and pharmaceutical science [1, 2]. However, the 
misuse or accidents involving these technologies pose a 
significant risk of exposure to high-dose ionizing radia-
tion (IR), which can cause the acute damage to healthy 
tissues and organs particularly the small intestine and 
hematopoietic systems, potentially leading to acute 
radiation syndrome (ARS) [3, 4]. IR is known to physi-
cally destroy DNA molecules, generate excessive reactive 
oxygen species (ROS), and disrupt cell homeostasis [5, 
6]. Despite these risks, there remains a lack of effective 
countermeasure to protect individuals from the harmful 
effect of IR.

Amifostine (WR-2721), the only systemic cytoprotec-
tive agent approved by the Food and Drug Administra-
tion (FDA), is currently used to shield normal tissues in 
patients undergoing radiation or chemotherapy [7]. It 
works through its active metabolite, WR-1065, which 
is produced by the body after the prodrug amifostine is 
metabolized [8]. However, the clinical use of amifostine is 
hindered by its inability to be taken orally and short half-
life [9, 10]. Curcumin, a polyphenol derived from tur-
meric rhizomes (Curcuma longa L.), has been reported 
to offer protection against radiation-induced injuries to 
various organs and tissues [11–15]. It is valued for its 
bioactivity and low toxicity, yet its application is limited 
by properties such as poor water solubility, low bioavail-
ability, instability in physiological conditions, and rapid 
metabolism in the hepar [16].
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In recent years, the medical field has shown increas-
ing interest in stimuli-responsive nanoparticles (NPs) 
for drug delivery systems (DDS) due to their ability to 
enhance drug stability, prolong half-life, enhance drug 
accumulation at targets, and offer new methods of drug 
administration [17–19]. The surge of ROS produc-
tion in irradiated areas of the body makes it a viable 
strategy to effectively deliver WR-1065 and curcumin 
to these targeted regions using ROS-sensitive materi-
als [20]. Diselenide bonds (Se-Se bonds) with low bond 
energy of around 172  kJ/mol, are particularly notewor-
thy for their ease of oxidation or reduction in a redox 
environment and characterized as a compelling choice 
for ROS-responsive linking groups in DDS [21, 22]. The 
application of diselenide-containing nanocarriers for the 
delivery of anticancer drugs has been documented in 
existing literature, demonstrating the potential of these 
bonds to facilitate targeted drug release in response to 
specific biological triggers [23–25]. However, the study of 
DDS based on Se-Se bonds in the field of radiation pro-
tection remains largely unexplored.

In this study, a novel ROS-responsive and curcumin-
linked amphiphilic polymer (HOOC-SeSe-Cur-PEG-
Cur-SeSe-PCL, PEG-Cur-SeSe-PCL) was designed and 
fabricated via a six-step reaction. Utilizing an innova-
tive double emulsion-solvent evaporation technique, we 
successfully encapsulated WR-1065 within this poly-
mer to form spherical NPs (WR-1065-loaded NPs) that 
exhibit uniform dispersion. Subsequently, the stability 
in the simulated gastric environment and sensitivity to 
ROS of these NPs were evaluated in vitro. Furthermore, 
we conducted the investigations into the radioprotective 
capabilities of WR-1065-loaded NPs and the underlying 
mechanisms in the small intestine of mice after irradia-
tion. The findings from our research indicate that the oral 
administration of nanomaterial, loaded with WR-1065 
and curcumin, holds substantial promise as a radiopro-
tective agent, contributing to the prevention and treat-
ment strategies for acute radiation injuries (ARI).

Methods
Materials and reagents
3-Bromopropionic acid and selenium powder were pur-
chased from J&K Scientific Technology Co. Ltd. (Bei-
jing, China). Poly (ethylene glycol) (PEG, Mn 2000) and 
polycaprolactone diol (PCL, Mn 2000) were supplied 
from Macklin Biochemical Co. Ltd. (Shanghai, China). 
Sodium borohydride (NaBH4), succinic anhydride, cur-
cumin, 1-hydroxybenzotriazole (HOBt), 4-dimethyl-
aminopyridine (DMAP), WR-1065, and ferrous sulfate 
(FeSO4) were obtained from Ouhe Technology Co. Ltd. 
(Beijing, China). 1-(3-Dimethylaminopropyl)-3-ethylcar-
bodiimide hydrochloride (EDCI) and hydrogen peroxide 
solution (H2O2, 30%) were provided by Bide Pharmatech 

Ltd. (Shanghai, China) and Kemiou Chemical Reagent 
Co. Ltd. (Tianjin, China), respectively. All the solvents 
were from Jiangtian Chemical Technology Co. Ltd. (Tian-
jin, China). All antibodies were purchased from Abcam 
(Cambridge, UK), CST (Boston, USA), or Proteintech 
(Chicago, USA).

Animals
Male C57BL/6J mice (6-8 weeks old) were supplied by 
HFK Bioscience Co. Inc. (Beijing, China) and fed at the 
SPF Laboratory Animal Center of the Institute of Radia-
tion Medicine (IRM), Chinese Academy of Medical Sci-
ences (CAMS).

Preparation of the polymer
Synthesis of HOOC-PEG-COOH (PEG-COOH)
PEG (5 g, 2.5 mmol) and succinic anhydride (0.55 g, 5.5 
mmol) were dissolved in toluene (25 mL) to form a pel-
lucid solution. Then the solution was refluxed under a 
nitrogen atmosphere at 120℃ for an hour. Once the sol-
vent was removed under a reduced pressure, the residue 
was heated to 140 ℃ under the protection of nitrogen 
overnight. After naturally cooling to room temperature, 
dichloromethane (DCM, 4 mL) was used to dissolve the 
white solid. Next, the solution was added dropwise to 
diethyl ether (100 mL) while stirring at 0 ℃ for 3 h. The 
precipitated product was filtered and dried to obtain a 
white powder (88% yield).

Synthesis of Cur-PEG-Cur (PEG-Cur)
EDCI (0.60 g, 3.15 mmol) and HOBt (0.43 g, 3.15 mmol) 
were both placed in the solution of PEG-COOH (3.31 g, 
1.5 mmol) in dimethylformamide (DMF, 25 mL). After 
stirring at room temperature for an hour, curcumin 
(1.66  g, 4.5 mmol) was introduced to the reaction mix-
ture. Stirred sequentially at the same temperature under 
a nitrogen atmosphere for 2 d, the mixture was then dia-
lyzed in DMF and deionized water using dialysis mem-
branes (a molecular weight cut-off of 2  kDa) for 12  h. 
Next, the dialysate was filtered through a microfiltration 
membrane (0.45 μm), and a dark red solid was obtained 
after freeze-drying (80% yield).

Synthesis of 3, 3’-diselane diyldipropionic acid (DSeDPA)
Referring to a previous literature [26], selenium pow-
der (1.825 g, 15 mmol) was mixed with 5 mL deionized 
water in a flask under a nitrogen atmosphere to form a 
black suspension. Then, NaBH4 (1.135  g, 30 mmol) was 
dissolved in 12.5 mL deionized water and slowly added 
to the suspension in ice water. The reaction mixture was 
stirred at 0℃ for an hour until it became colorless and 
transparent. Next, the same amount of selenium pow-
der (1.825 g, 15 mmol) was introduced and the mixture 
was continuously stirred at 105℃ for 30  min when the 
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solution turned brown. After the pH value of the brown 
solution was adjusted to 8 with sodium carbonate, a solu-
tion of 3-bromopropionic acid (4.59  g, 30 mmol) in 7.5 
mL deionized water was added. The reaction was main-
tained at room temperature for 12 h under the protection 
of nitrogen. The resulting solution was filtered and acidi-
fied with 1  mol/L HCl solution. Followed by extraction 
twice with ethyl acetate (EA), the precipitates were dried 
under vacuum. A yellow powder was obtained by recrys-
tallization twice from EA (58% yield).

Synthesis of HOOC-SeSe-Cur-PEG-Cur-SeSe-COOH (PEG-Cur-
SeSe-COOH)
A mixture of DSeDPA (2.29  g, 7.49 mmol) with acetic 
anhydride (15 mL) was stirred at 40℃ under a nitrogen 
atmosphere overnight. Toluene (10 mL) was then poured 
into the mixture, and the solvent was removed under 
vacuum. This process was repeated twice until the ace-
tic anhydride was completely removed. The residue was 
subsequently dissolved in DCM (15 mL) with PEG-Cur 
(3.62 g, 1.25 mmol) and DMAP as the catalysts. The mix-
ture was stirred at room temperature under a nitrogen 
atmosphere for a day and dialyzed in deionized water. 
The dialysate was filtered through a microfiltration mem-
brane and the filtrate was freeze-dried to produce an 
orange solid (77% yield).

Synthesis of HOOC-SeSe-Cur-PEG-Cur-SeSe-PCL (PEG-Cur-
SeSe-PCL)
Similarly, PEG-Cur-SeSe-COOH (4.03  g, 1.16 mmol) 
was dissolved in DMF (15 mL) followed by adding EDCI 
(0.67 g, 3.48 mmol), HOBt (0.47 g, 3.48 mmol), and PCL 
(2.32  g, 1.16 mmol). Under a nitrogen atmosphere, the 
reaction solution was stirred at room temperature for 
24 h and dialyzed in DMF and deionized water for 12 h. 
A yellow product was finally obtained by the filtration 
through a microfiltration membrane and freeze-drying 
(68% yield).

Characterization of the polymer and its intermediates
The amphiphilic polymer PEG-Cur-SeSe-PCL and the 
intermediates during the synthesis were characterized by 
nuclear magnetic resonance (1H-NMR, 400 MHz, Bruker, 
Germany) and fourier-transform infrared spectroscopy 
(FTIR, Nicolet IS50, Thermo Fisher Scientific, Massa-
chusetts, USA). 1H-NMR spectra were collected after the 
samples were dissolved in CDCl3. FTIR measurement 
(500-4000  cm-1) was performed at room temperature 
using KBr pellet. Differential scanning calorimetry (DSC 
6000, PerkinElmer, USA) was employed to determine the 
thermomechanical properties of various polymers in the 
temperature range of 25-200 ℃ under a nitrogen atmo-
sphere for 17.5 min.

Preparation of WR-1065-loaded NPs
WR-1065-loaded NPs were fabricated using an improved 
double emulsion-solvent evaporation technique 
(W/O/W) [27, 28]. First, the internal water phase (W1 
phase) was prepared by dissolving WR-1065 (120  mg) 
in 0.2 mL deionized water using ultrasound. The organic 
phase containing the polymer PEG-Cur-SeSe-PCL 
(100  mg) in DCM (2 mL) was emulsified with the W1 
phase by ultrasound (150  W) for one minute in an ice-
water bath to form the primary emulsion (W1/O). 7 
mL deionized water as the external water phase (W2 
phase) was added to the above emulsion and emulsified 
by ultrasound (150  W) for a minute to form the mul-
tiple emulsions (W1/O/W2). Next, the organic solvent 
in the multiple emulsion was removed under vacuum, 
and the obtained residue was filtered through a micro-
filtration membrane to generate a colloidal solution of 
WR-1065-loaded NPs. Finally, these fresh NPs were dia-
lyzed in deionized water for 24 h before being sealed and 
stored at 4 ℃ for future usage.

Characterization of NPs
The standard curve of WR-1065 was confirmed using 
high-performance liquid chromatography (HPLC, 1260 
Infinity Agilent Technologies, USA). WR-1065 (100 mg) 
was dissolved in deionized water (10 mL) and then 
diluted into solutions of different concentrations (2 mg/
mL, 4  mg/mL, 5  mg/mL, 6  mg/mL, and 8  mg/ml). The 
individual solution (5 µL) was pumped into an Inert-
sil ODS-SP C18 column (250  mm × 4.6  mm, 5  μm) at 
a flow rate of 0.7 mL/min at 30℃. Mobile phase A was 
methanol and mobile phase B was an aqueous solution 
of sodium 1-heptanesulfonate (3.5 mmol/L, adjusted 
to pH 7 with phosphoric acid). Phases A and B were 
both maintained at a concentration of 50% for 7  min. 
UV absorption intensity of WR-1065 was recorded at 
220 nm. According to correlation between the peak area 
and corresponding concentration, the standard curve of 
WR-1065 was plotted.

The NPs (0.5 mL) loaded with WR-1065 were diluted 
with deionized water (0.5 mL), and the obtained solu-
tion (0.5 µL) was pumped into the uniform column at a 
flow rate of 0.7 mL/min at 30℃. Phase A was gradually 
increased from 10 to 50% within 5 min, while phase B was 
decreased from 90 to 50% at the same time; subsequently, 
phases A and B were maintained at a concentration of 
50% for 10 min. With the assistance of the standard curve 
of WR-1065, the drug loading capacity (DLC) and drug 
loading efficiency (DLE) were calculated according to the 
following formula:

	
DLC (%) = weight of WR?1065 in NPs

weight of NPs
× 100%� (1)
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DLE (%) = weight of WR?1065 in NPs

weight of WR?1065 added to NPs
× 100%� (2)

WR-1065-loaded NPs were dispersed in deionized water. 
Then, a laser particle size analyzer (LPSA, BI-200SM, 
Brookhaven Instruments, USA) was used to measure 
the average diameter and size distribution at room tem-
perature. At least three measurements were conducted 
to obtain an average value. The morphology of the NPs 
was observed using high-resolution field-emission trans-
mission electron microscopy (TEM, FEI-Tecnai G2 Spirit 
TWIN, USA). A few drops of the NPs were air-dried on 
a copper grid at room temperature before TEM analysis 
was performed on a chosen area of the sample.

Stability of NPs in the imitative gastric environment
Imitative gastric juice was prepared as follows. Hydro-
chloric acid (3.64 mL) was diluted in deionized water (10 
mL). Deionized water (80 mL) and pepsin were sequen-
tially added to a flask containing the diluted hydrochloric 
acid solution (1.64 mL). Water was then added to make 
the total volume to 100 mL. After transitory oscillation, 
artificial gastric juice was obtained (pH 1.2).

The drug-loaded NPs and free WR-1065 powder were 
transferred into the gastric juice placing on a shaker 
at 37℃, which mimicked the gastric environment of 
humans. At specified time intervals (0, 1, 2, 3, 4, and 6 h), 
a definite volume of the mixture (1 mL) was taken to 
determine the remaining concentration of WR-1065 by 
HPLC.

ROS-sensitive degradation of NPs in vitro
Fenton’s reagent was prepared as follows. An aqueous 
solution of hydrogen peroxide (30% H2O2, 2 mL) was 
diluted to 20 mL by deionized water. Then, ferrous sul-
fate powder was added to the above solution in batches, 
and the obtained suspension was stirred for more than 
10  min, resulting in the production of Fenton’s reagent 
(3% H2O2/FeSO4 = 4:1).

The NPs (2 mL) were added to freshly-prepared Fen-
ton’s reagent (10 mL) and the mixture was stirred at room 
temperature. The suspension (2 mL) was collected at pre-
set intervals (1 and 2 h) and then extracted with DCM. 
The organic phase was dried over anhydrous sodium 
sulfate and subsequently removed under a reduced pres-
sure. The obtained residue was characterized by 1H-
NMR spectroscopy. After the remnant suspension was 
left standing for 30  min, the supernatant was taken to 
observe the size and morphology of NPs under ROS con-
ditions using LPSA and TEM.

30-day survival rate
Forty male C57BL/6J mice (23-24 g) were divided into the 
following five groups (n = 8) at random: (i) control, (ii) IR, 

(iii) IR + WR-1065 (150 mg/kg), (iv) IR + WR-1065-loaded 
NPs (350  mg/kg, containing 150  mg/kg WR-1065 and 
15 mg/kg curcumin), and (v) IR + blank NPs (350 mg/kg). 
Mice in group iii-v were orally administered the corre-
sponding drugs an hour prior to irradiation. Total body 
irradiation (8 Gy) was applied to mice at a rate of 0.99 Gy/
min using a 137Cs γ-ray irradiator (Atomic Energy of Can-
ada Ltd., Ontario, Canada). The survival of the mice was 
recorded for 30 days to determine the initial radioprotec-
tive effect of the NPs.

Histological analysis
Twenty male C57BL/6J mice were randomly assigned to 
four groups (n = 5): (i) control, (ii) IR, (iii) IR + WR-1065 
(150 mg/kg), and (iv) IR + WR-1065-loaded NPs (350 mg/
kg). After the oral administration of drugs for 1  h, 
the abdomen of mice received 15 Gy γ rays at a rate of 
0.99 Gy/min and the other parts were shielded by a lead 
block. On the 7th day after irradiation, each mouse was 
sacrificed, and their small intestines were collected. One 
part of the intestinal tissue was fixed in a 10% neutral 
buffered formalin solution, dehydrated, and embed-
ded into paraffin blocks, while another part was stored 
at -80℃ for subsequent experiments. These blocks were 
evenly cut into 3 μm-thick sections, then deparaffinized, 
rehydrated, and stained with hematoxylin and eosin 
(H&E). Histological images were acquired using a micro-
scope (Olympus, Tokyo, Japan) to observe acute damage 
and restoration of the small intestines.

Immunohistochemical analysis
The deparaffinized and rehydrated intestinal sections 
were incubated in 3% H2O2 solution for 15 min at 37℃ 
to remove the endogenous peroxidases, boiled in the 
citrate buffer solution, and then blocked with normal 
goat serum. The washed sections were incubated with 
the following primary antibodies: anti-Olfactomedin 4 
(Olfm4) (1:200 dilution, CST), anti-Lysozyme (1:1000 
dilution, Abcam), anti-Ki67 (1:200 dilution, CST), anti-γ-
H2AX (1:5000 dilution, Abcam), anti-Caspase-3 (1:1000 
dilution, Abcam), and anti-Caspase-9 antibody (1:300 
dilution, Abcam) overnight at 4℃. Next, the sections 
were incubated with appropriate secondary antibodies 
for an hour at 37℃. Eventually, the sections were stained 
with hematoxylin after adding the DAB kit. Immuno-
histochemical images were acquired using a microscope 
and the stained areas were analyzed by ImageJ software 
(USA).

Statistical analysis
The Kaplan-Meier method and log-rank test were 
adopted to analyze the 30-day survival rate in different 
groups, and an unpaired t-test (two-tailed) was applied 
to evaluate the discrepancy between groups. The data 
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are presented as the mean ± SEM and the significant 
differences were set at p < 0.05. All experimental data 
were analyzed using Origin 8 (Massachusetts, USA) and 
GraphPad Prism 9.0 (California, USA).

Results
Preparation and characterization of the polymers
The fabrication of a ROS-responsive amphiphilic poly-
mer linked by curcumin, PEG-Cur-SeSe-PCL, was suc-
cessfully completed through a series of four esterification 
reactions (Fig.  1). First, the raw material PEG-2000 was 
subjected to a condensation reaction with succinic 
anhydride, resulting in the formation of PEG-COOH. 

Curcumin, known for its two symmetric phenolic 
hydroxyl groups, was then utilized as a bridging molecule 
and engaged in two condensations with PEG-COOH and 
DSeDPA, respectively. Following the above reactions, the 
final step involved the conjugation of the the carboxyl 
group in DSeDPA with the hydroxyl group in PCL-2000, 
resulting in the formation of the desired amphiphilic 
polymer, PEG-Cur-SeSe-PCL.

 The 1H-NMR spectroscopy was employed to charac-
terize the polymer PEG-Cur-SeSe-PCL and its inter-
mediates, with the results illustrated in Fig.  2A. The 
peak at 3.6 ppm (a) was identified as the methylene unit 
of PEG, while the peak at 2.7 ppm (b) corresponded to 

Fig. 1  Synthetic route of the polymer PEG-Cur-SeSe-PCL (Hydrogen atoms located in different positions of the polymer and curcumin are labeled with 
different letters)
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the methylene of succinic anhydride. The peaks rang-
ing from 7.6 to 5.8 ppm (c-h) were attributed to various 
hydrogen atoms on the unsaturated carbon in curcumin 
and the hydrogens on the methoxy moiety was found 
at 3.9 ppm (i). The spectrum also demonstrated that 
the peaks at approximately 3.1 ppm (j) and 2.7 ppm (k) 
were associated with the two distinct methylene groups 
from DSeDPA, accompanied by several peaks (l-o) cor-
responding to the methylene protons in PCL. By com-
paring the integrated peak areas assigned to the phenyl 
hydrogens of curcumin (approximately 6.9 ppm, h) and 
methylene protons (3.6 ppm, a) of PEG, the content of 
conjugated curcumin in PEG-Cur-SeSe-PCL was calcu-
lated as 10.1 weight% (wt%). This calculation suggests a 
molar ratio of PEG to curcumin of approximately 1:1.5. 
Similarly, the molar ratio of PEG to PCL in the polymer 
was deduced to be about 1:1. 

As depicted in Fig. 2B, the chemical structure of PEG-
Cur-SeSe-PCL was verified using FTIR spectroscopy. 
Compared with PEG-COOH and PCL, two distinc-
tive absorption peaks at 1510  cm-1 and 1620  cm-1 were 
assigned to the C = C stretching of benzene, confirming 
the conjugation of curcumin to the polymer backbone. 
Moreover, the combination of PEG-Cur-SeSe-COOH 
and PCL was evidenced by changes in the absorption 
peaks at 2870-2950  cm-1 (C-H stretching vibrations of 
alkane groups) and the sharp peak at 1720 cm-1 (carbonyl 
group stretching). Fig. 2C illustrates the variation in the 
melting temperature of the polymers at each synthetic 
step, which provides further support for the successful 
synthesis of PEG-Cur-SeSe-PCL.

Fig. 2  Characterization of PEG-Cur-SeSe-PCL and its intermediates. (A) 1H-NMR spectrum (400 MHz, CDCl3). (B) FTIR spectra (500-4000 cm-1). (C) DSC 
curves showing the melting temperature (0-200℃)
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Preparation and characterization of NPs
WR-1065-loaded NPs were prepared using the double 
emulsion-solvent evaporation technique. As observed 
in Fig.  3A, free curcumin (a) showed poor solubility in 
water, while both the polymer PEG-Cur-SeSe-PCL (b) 
and the NPs produced from the polymer (c) demon-
strated excellent water solubility, suggesting that these 
particles have the potential to enhance the bioavailability 
of curcumin in vivo.

Utilizing the standard curve of WR-1065, the DLC and 
DLE of the NPs were determined to be 30.9% and 56.7%, 
respectively (Supplementary Table 1-2). The values indi-
cate that this nanocarrier addressed the common issue 
of low drug loading in traditional formulations. Fig.  3B 
presents data showing that the mean diameter of the 
NPs was 118.63  nm, with a polydispersity index (PDI) 
of 0.085. Moreover, the TEM image in Fig.  3C revealed 
that the particles were spherical in shape and dispersed 
uniformly. This observation is consistent with the results 

from the LPSA, confirming the successful fabrication of 
well-defined NPs.

Stability of NPs in the imitative gastric environment
The stability of free WR-1065 and the NPs loaded with 
WR-1065 in a simulated human gastric environment was 
evaluated (Fig.  3D; Supplementary Table 3). In the imi-
tative gastric environment, the content of free WR-1065 
experienced a significant reduction, with almost 81% 
degradation observed over a period of 6 h. In stark con-
trast, WR-1065 encapsulated in NPs demonstrated sig-
nificantly enhanced stability. Over the same 6-hour 
period, there was only a 20% decrease in the content of 
WR-1065 when it was loaded onto the NPs. This result 
suggests that the NPs provide a protective environment 
for WR-1065, significantly reducing its metabolic rate in 
the gastric juice.

Fig. 3  Characterization of NPs. (A) The image showing the solubility of curcumin (a), polymer (b), and NPs (c) in deionized water. The equivalent weight 
of curcumin was 10 mg/ml. (B) LPSA results with an average diameter and PDI. (C) Particle morphology of NPs by TEM (Scale bar: 1 μm). (D) The com-
parison in the stability of WR-1065 and WR-1065-loaded NPs in gastric juice (pH 1.2) for 6 h. The data were shown as mean ± SEM (n = 3). WR-1065 vs. 
WR-1065-loaded NPs, **p < 0.01 and ***p < 0.001
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ROS-sensitive degradation of NPs in vitro
The degradation behavior of the NPs in response to 
ROS was assessed using a Fenton’s reagent (3% H2O2/
FeSO4 = 4:1). As evidenced by LPSA results shown in 
Fig.  4A, the size of these particles increased upon the 
addition of Fenton’s reagent. The TEM image provided 
in Fig.  4B, taken after the degradation process, shows a 
contrast to the initial state depicted in Fig. 3C. The NPs, 
which were initially spherical and uniformly dispersed, 
aggregated to form large and irregularly shaped struc-
tures. Additionally, a significant increase in the ratio 
of methylene groups of PCL (l-o) to PEG (a) in the 1H-
NMR spectra was observed after the NPs were exposed 
to the Fenton’s reagent for 2  h (Fig.  4C). The observed 

degradation behavior of NPs suggests that they were able 
to be exploited to trigger the release of drugs including 
WR-1065 in the presence of ROS.

NPs improved the survival rate of irradiated mice
To evaluate the preliminary radioprotective effect of 
WR-1065-loaded NPs, a 30-day survival study on mice 
subjected to different treatment was conducted. The 
results in Fig.  5 show that all mice receiving not treat-
ment (group i) remained alive throughout the one-month 
observation period, while the survival rate of mice only 
receiving irradiation of 8  Gy (group ii) dropped to 50% 
by day 16. By day 24, none of mice in group ii survived. 
When mice were given WR-1065 orally before irradiation 

Fig. 4  ROS-sensitive property of NPs. (A) The alteration in the size of NPs before and after degradation with the Fenton’s reagent. (B) The TEM image of 
NPs with Fenton’s reagent (Scale bar: 2 μm). (C) 1H-NMR spectra showing the radio of PCL (l-o) to PEG (a) before and after degradation with the Fenton’s 
reagent in 1 and 2 h
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(group iii), there was an initial improvement in the sur-
vival rate compared to group ii, with a higher percent-
age of mice surviving up to day 24 or 25. However, the 
survival rate eventually in group iii dropped to 0%. Mice 
pre-treated with WR-1065-loaded NPs (group iv) dem-
onstrated a statistically significant improvement in sur-
vival rate, with 50% of the mice surviving up to the 30th 
day (p = 0.0062). Even the blank NPs without WR-1065 
showed a slight improvement in the survival rate (up to 
12.5%), which attributed to the ROS scavenging capacity 
of curcumin and Se-Se bonds present in the NPs.

NPs alleviated radiation-induced damage to the small 
intestine
The 30-day survival rate results demonstrated that WR-
1065-loaded NPs had a radioprotective effect on the irra-
diated mice. To delve deeper into this protective effect, 
especially on the small intestine which is highly sensitive 
to IR, a histological analysis was carried out. As shown 
in Fig. 6A, the structure of crypt cells was severely com-
promised and intestinal villi were shortened after irra-
diation in the mice receiving only irradiation (group ii), 
underscoring the destructive impact of IR on the intes-
tine of mice. In contrast, mice that were administered 
WR-1065-loaded NPs (group iv) before irradiation 
showed a marked improvement in intestinal structure. 
The destruction of crypt cells and villi was considerably 
mitigated compared to group ii, suggesting that the integ-
rity of the epithelial structure in the small intestine was 
maintained. Comparatively, mice that were given pure 
WR-1065 orally (group iii) did not show the same degree 
of intestinal recovery and protection as those treated 
with the NPs.

NPs improved the proliferative and regenerative ability of 
irradiated intestine stem cells (ISCs)
This study aimed to assess the impact of NPs on the ISCs 
capacity for proliferation and regeneration by examining 

the expression of Ki67, Olfm4 and Lysozyme using 
immunohistochemical methods. Fig.  6B-C shows that 
there is an evident reduction in the expression of Olfm4 
and Ki67 after irradiation in comparison with the control 
group. The quantity of these two markers were increased 
markedly when pre-treated with WR-1065-loaded NPs 
(Fig. 6E-F; Olfm4, p < 0.001; Ki67, p < 0.05). This increase 
was not observed in mice treated with WR-1065 alone, 
highlighting the enhanced effectiveness of NPs in pro-
moting ISCs regeneration. As depicted in Fig.  6D and 
G, the expression of Lysozyme was adversely affected 
by irradiation. However, NPs prominently improved the 
positive expression of Lysozyme (p < 0.01) while there was 
no obvious change with the administration of WR-1065 
alone, indicating that NPs reversed the impairment of 
Paneth cells with the increased secretion of Lysozyme.

NPs alleviated radiation-induced damage to the small 
intestine via reducing DNA damage and apoptosis
To assess the impact of NPs on DNA damage within the 
intestine of irradiated mice, we conducted an immuno-
histochemical analysis focusing on the expression of 
γ-H2AX, a well-established marker of double-strand 
breaks (DSBs) [29]. Our results, depicted in Fig. 7A and 
D, reveal an increase in γ-H2AX expression in irradiated 
mice compared to the control group, indicative of height-
ened DNA damage. Notably, the oral administration of 
WR-1065-loaded NPs significantly lowered the expres-
sion of γ-H2AX (p < 0.05), suggesting a protective effect 
against radiation-induced DNA impairment.

Further investigation into the protective mechanism of 
NPs on the small intestine involved examining apopto-
sis, a process triggered by DNA damage [30]. Caspase-9 
and -3 were chosen as the key markers to explore this 
aspect. As illustrated in Fig.  7B-C and E-F, the expres-
sion of both Caspase-9 and -3 was elevated in mice fol-
lowing partial irradiation. However, pre-treatment with 
WR-1065-loaded NPs in advance reduced the levels of 

Fig. 5  The 30-day survival rate of mice after whole-body irradiation of 8 Gy (n = 8). **p < 0.01
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Fig. 6  NPs improved the intestine injury of mice after abdomen irradiation of 15 Gy (n = 6). (A) H&E-stained sections of the small intestine in mice on 
the 7th day after irradiation (Scale bar: 100 μm). (B-D) Immunohistochemistry images on the expression of Olfm4 (B), Ki67 (C), and Lysozyme (D) in the 
sections of mice on the 7th day after irradiation (Scale bar: 50 μm). (E-G) Quantitative analysis of these three markers including Olfm4 (E), Ki67 (F), and 
Lysozyme (G). The data were shown as mean ± SEM (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001
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Caspase-9 (p < 0.01) and -3 (p < 0.001). These findings 
indicate that NPs may exert their radioprotective effect, 
in part, by inhibiting the apoptotic pathway triggered by 
IR.

Discussion
In recent advancements, a variety of DDS including 
nanomaterials [31, 32], hydrogels [33], microalga [34], 
and microspheres [35], have been crafted to facilitate the 
oral administration of amifostine or WR-1065, offering 
patients a more convenient therapeutic approach. The 

Fig. 7  NPs reduced DNA damage and inhibited apoptosis of the small intestine (n = 6). (A-C) Immunohistochemistry images on the expression of γ-H2AX 
(A), Caspase-9 (B) and -3 (C) in the sections of mice on the 7th day after irradiation (Scale bar: 50 μm). (D-F) Statistical results of markers including γ-H2AX 
(D), Caspase-9 (E) and -3 (F). The data were shown as mean ± SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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swift progression of nanotechnology has given rise to 
nanomaterials-based delivery platforms using poly (lac-
tide-co-glycolide) (PLGA) [31], PEG/PCL [33, 36], and 
metal-organic frameworks (MOFs) [37], which address 
the inherent shortcoming of drugs, bolster the radio-
protective efficacy, and alleviate acute radiation-induced 
damage. In this paper, we successfully synthesized a novel 
curcumin-containing amphiphilic polymer embedded 
with Se-Se bonds as ROS-sensitive groups (PEG-Cur-
SeSe-PCL, Fig. 1). The polymer was assembled to spheri-
cal NPs loaded with WR-1065 (WR-1065-loaded NPs) 
via the double emulsion-solvent evaporation, showcasing 
high loading capacity and efficacy. According to the prep-
aration procedure, WR-1065 was encapsulated in the 
hydrophilic core of the amphiphilic NPs while curcumin 
was situated in the hydrophobic layer.

As a thiol compound, WR-1065 is susceptible to oxi-
dation reactions under the acidic conditions, leading to 
the formation of disulfides (WR-33278) [38, 39]. Our 
findings indicated that WR-1065 exhibited poor stabil-
ity in simulated gastric juice (Fig.  3D). Previous studies 
have established that the radioprotective effect of ami-
fostine on normal cells is primarily correlated with its 
thiol form (WR-1065), rather than WR-33278 [40]. As 
previously reported [41], the PEG/PCL-based NPs were 
effective in maintaining the stability of WR-1065 in the 
same environment (Fig.  3D), suggesting that NPs pro-
tected WR-1065 from fast metabolization in the gastric 
environment.

The low oral bioavailability of curcumin is primar-
ily attributed to its poor intestinal absorption, related 
to both low water solubility and chemical instability, as 
well as hepatic reduction and conjugation metabolism 
[42]. The therapeutic potential of curcumin remains con-
troversial, even when administered at high dosage (12 g/
day) [43]. To address this pharmacological challenge, 
advanced DDS such as amphiphilic polymer-based NPs, 
have emerged as effective solutions [44, 45]. For instance, 
PEG/PCL-based NPs loaded with curcumin showed a 
3.18-fold increase in the area under the concentration-
time curve (AUC, an index for evaluating bioavailabil-
ity) with the mean residence time (MRT) extending from 
0.169 to 40.148  h [46]. Similarly, linolenic acid (LNA)-
modified PEG/PCL micelles increased curcumin’s solu-
bility to 2.05 mg/mL in water, which was approximately 
1.87 × 105 times higher than that of free curcumin. Fur-
thermore, the AUC and MRT of micelles in the plasma 
were 2.75- and 3.49-fold higher than that of control 
solution, respectively [47]. In our study, both the poly-
mer PEG-Cur-SeSe-PCL (b) and the NPs produced from 
the polymer (c) demonstrated improved water solubil-
ity (Fig.  3A), further validating the potential of WR-
1065-loaded NPs to improve curcumin’s bioavailability.

In the absence of ROS, the polymer degradation was 
slow, releasing curcumin primarily through the hydroly-
sis of ester bonds in the polymer [48]. When exposed to 
ROS, the redox-sensitive Se-Se bonds in the amphiphilic 
polymer underwent oxidation and cleavage [23], acceler-
ating the release of WR-1065 and curcumin. Miao et al. 
proposed that NPs degraded in the presence of ROS con-
tributed to the aggregation of hydrophobic segments in 
the polymer with the increased methylene ratio of PCL to 
PEG [36], which was consistent with our results (Fig. 4C). 
Additionally, PEG/PCL-based NPs have been reported 
to rapidly accumulate in the intestinal tract within 0.5 h 
post-administration and persist for up to 4  h [41]. It 
hinted that more WR-1065 and curcumin were delivered 
by these ROS-sensitive NPs to the small intestine where 
excessive ROS was available, thereby jointly exerting the 
radiation protection effect.

The 30-day survival rate of mice subjected to a lethal 
exposure dose (8 Gy), serves as a crucial index to evalu-
ate the efficacy of radioprotective agents [49]. As shown 
in Fig. 5, the death time of mice in group iii postponed, 
implying that WR-1065 provided some protection on the 
irradiated mice but the protective effect was suppressed 
over time due to the instability and poor oral bioavail-
ability of WR-1065 in vivo. Oral administration of WR-
1065-loaded NPs (group iv) prominently improved the 
survival rate, which suggested NPs enhanced the radio-
protective effect of WR-1065 on the irradiated mice. The 
small intestine, being highly sensitive to radiation [36], 
experiences acute injury exposed to a high dose of IR 
characterized by apoptosis-induced destruction of crypt 
cells, reduction in the length and number of villi, and 
compromise of the epithelial barrier, contributing to the 
subsequent inflammatory infiltration [50, 51]. Our his-
tological results in Fig.  6A demonstrated that the local 
abdominal irradiation caused less morphological damage 
in the intestine of mice in group iv compared with group 
ii, suggesting that NPs amplified the potential synergistic 
radiation protection of WR-1065 and curcumin.

ISCs are pivotal in maintaining the intestinal homeo-
stasis and instrumental in the epithelial regeneration 
following radiation [52]. The protein Olfm4 is one of the 
identified markers for active ISCs (aISCs), which are sen-
sitive to IR owing to their rapid multiplication rate [53]. 
Ki67 is also a vital index for gauging the proliferation and 
regeneration of ISCs [54]. Exposure to high doses of IR 
depletes the population of ISCs and obstructs epithelial 
renewal, which consequently impairs mucosal integrity 
and creates a vulnerability to bacterial pathogens [55]. 
Specialized intestinal epithelial cells, Paneth cells, play 
a defensive role to counteract these pathogens through 
secreting antimicrobial substances such as Lysozyme 
[51]. As presented in Fig. 6B-G, the improved integrity of 
the epithelial structure in group iv was probably due to 



Page 14 of 16Huang et al. Journal of Nanobiotechnology          (2025) 23:236 

the reduction in the great loss of ISCs caused by IR and 
the enhancement in the proliferative function of ISCs, 
suggesting that WR-1065-loaded NPs increased the sur-
vival of aISCs and supported the maintenance of epithe-
lial renewal.

Systemic or partial exposure to a high-dose IR can 
directly or indirectly damage the most important tar-
get DNA molecules through base damage, single-strand 
breaks (SSBs), and DSBs [56]. DSBs are especially detri-
mental as they can severely disrupt cell viability, poten-
tially initiating cell death through apoptosis or inducing 
cellular senescence [8]. The rupture of mitochondrial 
permeability can be triggered by DNA damage, resulting 
in the release of apoptotic factor cytochrome c [57]. The 
combination of the apoptotic peptidase activating factor 
1 (Apaf-1) complex and dissociative cytochrome c, acti-
vating Caspase-9, -3 and -7, forms apoptosome and leads 
to intrinsic apoptosis [58]. Our immunohistochemical 
results indicated that NPs loaded with WR-1065 pref-
erably alleviated DNA damage induced by γ-ray and 
inhibited apoptotic signaling pathway to protect the 
small intestine of mice (Fig. 7). In addition to this, more 
radioprotective mechanisms of WR-1065 have been 
reported, including the introduction of temporary cellu-
lar hypoxia through the Warburg-type effect [59], activa-
tion of nuclear transcription factor kappaB (NF-κB) [54], 
and enhanced expression of manganese superoxide dis-
mutase (SOD2) [60]. Therefore, the radioprotective role 
of WR-1065 appears to be taken synergistically by mul-
tiple direct and indirect mechanisms.

Conclusion
In summary, these ROS-responsive NPs have dem-
onstrated the ability to stabilize the metabolism of 
WR-1065, overcome the limitations of WR-1065’s oral 
ineffectiveness, and enhance the radioprotective prop-
erties of WR-1065 particularly in the small intestine. 
The development of WR-1065-loaded NPs presents 
innovative strategies for the protection and treatment 
of ARI, offering promising potential in the field of 
radioprotection.
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