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A B S T R A C T   

Unnecessary exposure to ionizing radiation (IR) often causes acute and chronic oxidative damages to normal cells 
and organs, leading to serious physiological and even life-threatening consequences. Amifostine (AMF) is a 
validated radioprotectant extensively applied in radiation and chemotherapy medicine, but the short half-life 
limits its bioavailability and clinical applications, remaining as a great challenge to be addressed. DNA- 
assembled nanostructures especially the tetrahedral framework nucleic acids (tFNAs) are promising nano-
carriers with preeminent biosafety, low biotoxicity, and high transport efficiency. The tFNAs also have a relative 
long-term maintenance for structural stability and excellent endocytosis capacity. We therefore synthesized a 
tFNA-based delivery system of AMF for multi-organ radioprotection (tFNAs@AMF, also termed nanosuit). By 
establishing the mice models of accidental total body irradiation (TBI) and radiotherapy model of Lewis lung 
cancer, we demonstrated that the nanosuit could shield normal cells from IR-induced DNA damage by regulating 
the molecular biomarkers of anti-apoptosis and anti-oxidative stress. In the accidental total body irradiation 
(TBI) mice model, the nanosuit pretreated mice exhibited satisfactory alteration of superoxide dismutase (SOD) 
activities and malondialdehyde (MDA) contents, and functional recovery of hematopoietic system, reducing IR- 
induced pathological damages of multi-organ and safeguarding mice from lethal radiation. More importantly, the 
nanosuit showed a selective radioprotection of the normal organs without interferences of tumor control in the 
radiotherapy model of Lewis lung cancer. Based on a conveniently available DNA tetrahedron-based nanocarrier, 
this work presents a high-efficiency delivery system of AMF with the prolonged half-life and enhanced radio-
protection for multi-organs. Such nanosuit pioneers a promising strategy with great clinical translation potential 
for radioactivity protection.   

1. Introduction 

The extensive application of ionizing radiation (IR) in industry, 
agriculture, and medicine increases the risk of radiation exposure, 
including accidental total body irradiation (TBI) [1,2]. Radiotherapy, 

for example, is now a mainstay treatment for malignant tumors in clinics 
and for a better tumor treatment, over half of cancer patients receive 
high-energy radiotherapy to kills cancer cells by damaging their DNA 
and inducing cellular apoptosis [3,4]. When exposed to radiation, large 
amounts of oxygen free radicals are rapidly produced, such as reactive 
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oxygen species (ROS), provoking a state of oxidative stress [5]. The 
generated oxygen free radicals can react with DNA and RNA in normal 
cells and organs, and eventually causes structural and functional 
changes. However, excessive and unexpected radiation inevitably brings 
about deleterious consequences and causes terrible diseases, such as 
acute radiation syndrome (ARS), chronic radiation syndrome (CRS), or 
even cancers, whilst radiation to the lower abdomen or pelvis is very 
likely to affect fertility [4,6–8]. 

Undesirable hazards to healthy tissues nearby could easily be caused 
by radiotherapy, and early effects include skin and mucosal diseases 
might precede to the anti-tumor effects after just few days or weeks of 
such treatment. Long-term toxicity such as chronic inflammation and 
tissue fibrosis might also emerge after long with odds for secondary 
cancers. There are also pathways where the body is functioning for self- 
repairing. Ataxia-telangiectasia mutated (ATM), Rad3-related (ATR), 
and DNA dependent protein kinase catalytic subunit (DNA PKcs) are 
significant switch molecules that initially regulate the DNA damage 
response (DDR) signaling network [9,10]. After radiation, ATM cata-
lyzes the phosphorylation of H2A histone family member X (H2A.X) on 
Ser139 to generate the phosphorylated form γ-H2A.X, and various 
substrate proteins including nuclear transcription factor p53, v-myc 
myelocytomatosis viral oncogene homolog (c-myc), checkpoint kinase 1 
(Chk1) and checkpoint kinase 2 (Chk2). These signal transduction 
pathways are bound up with cellular responses against radiation-related 
processes, including oxidative stress, DNA damage and cell apoptosis. 
However, when such self-repairing process is overwhelmed, massive 
cells in radiosensitive tissues will lose and severe cellular and tissue 
damage then will show up [11–13]. That says, while the balance be-
tween benefits and harms regarding radiotherapy should always be a 
consideration in clinical decisions, it might be better to develop effective 
radioprotection to minimize the side effects while maximize the benefit. 

While capability of previously developed radioprotections including 
taminothiol compounds, hormones, cytokines and receptor agonists to 
selectively shield healthy tissues from high-energy radiations has rarely 
been proved [14–16]. Amifostine (AMF) is a validated radioprotectant 
extensively applied in radiation medicine approved by the U.S. Food and 
Drug Administration (FDA). AMF exhibits selective radioprotection and 
chemoprotection of normal tissues but not tumors, due to that normal 
tissues possess higher activities of alkaline phosphatase (ALP) than tu-
mors, which could transfer AMF into the active form of WR-1065 and 
disulfide WR-33278. The WR-1065 is the major mediator for subsequent 
radiation protection [17–20]. However, the short half-life of AMF means 
that a high dosage is usually adopted to function against radiation, 
which may bring systemic toxicity and complications, such as hypo-
tension, nausea, and vomiting. Conversely, a safe concentration range is 
difficult to achieve satisfactory radioprotection [21,22]. Therefore, 
extending the half-life and increasing the bioavailability of AMF remains 
a challenge to be addressed before wide application for radioprotection, 
and it is precisely the scientific issue currently discussed in this paper. 

Recently, DNA-assembled nanostructures receive growing interests 
in tissue engineering and drug delivery. The size, shape, and spatial 
structure of these nucleic-acid nanomaterials can be precisely designed 
as promising nanocarriers with excellent biocompatibility, low bio-
toxicity, and high cargo transport efficiency [23,24]. Among them, 
tetrahedral framework nucleic acids (tFNAs), typical multi-arm DNA 
tiles for three-dimensional polyhedron, have exhibited overwhelming 
superiority as drug carriers in many biomedical applications [25–35]. 
The strengths of tFNAs include: (i) they are easy edited and well func-
tionalized, allowing for the attachment of oligonucleotides, peptides, 
and various small molecular weights; (ii) relatively long-term mainte-
nance of its structural stability and excellent endocytosis capacity to 
penetrate cells and tissues endows it extraordinary cellular membrane 
affinity, assuring biocompatibility, binding, and endocytosis [36]; and 
(iii) tFNAs are also reported to promote cell survival, alleviate pro-
gressive inflammation, and reduce oxidative stress response, showing 
great potentials in regenerative medicine [37–39]. Thus, to obtain 

insights into the potentials of tFNAs on the delivery of AMF is sparked. 
Herein, a tFNA-based delivery system for AMF was introduced as an 

original protectant (tFNAs@AMF), which acts as the “nanosuit” for 
securely safeguarding organisms from IR, just like wearing a nano-sized 
radiation protective suit for normal cells. The nanosuit could protect 
normal cells against IR-induced DNA damage, superior to pure AMF. The 
regulation of ATM/ATR signal pathways laid a theoretical basis for the 
potential efficacy. Both in accidental TBI model and radiotherapy model 
of Lewis lung cancer, the data indicated that the nanosuit could shield 
mice from a lethal dose of IR, and effectively accelerate hematopoietic 
recovery and prevent IR-induced multi-organ damage. Moreover, the 
pretreatment of the nanosuit won’t interfere treatment efficiency of 
radiotherapy for tumors. Inspired by equipping normal cells with 
radioprotective armor, our findings propose a DNA tetrahedron-based 
nanosuit for efficient delivery of AMF and multi-organ radioprotec-
tion, which addresses the challenge of short half-life of the in-vivo 
administration of free AMF. 

2. Results and discussion 

2.1. Synthesis, characterization, and cellular internalization of the 
nanosuit 

The schematic illustration in Fig. 1a showed the synthesis procedure 
of nanosuit by a two-step method. First, four specific single-stranded 
DNAs (ssDNAs, Table S1, Supporting Information) were assembled 
into tFNAs. Secondly, corresponding concentrations of AMF (40, 80, 
120, 160, and 320 μM) were respectively mixed with tFNAs by co- 
incubation. According to the standard curve of AMF (Fig. S1, Support-
ing Information), the encapsulation efficiency was calculated. The 
encapsulation efficiency elevated with increasing AMF concentration, 
reached its peak and then dropped (Fig. 1b). To further verify the suc-
cessful synthesis of the nanosuit, a fluorescence spectrophotometer was 
applied to determine the fluorescence spectra of Gel-Red and Hochest 
33342. When nanosuit was incubated with Gel-Red or Hochest33342, 
the fluorescence intensity became weaker with increasing AMF con-
centration (Fig. 1c), suggesting the groove binding and intercalative 
binding of AMF to the tFNAs. Fig. 1d showed the release curve in PBS. 
AMF alone was quickly released from dialysis in PBS, while the release 
of AMF from nanosuit was characterized by a gradual pattern. 
Furthermore, the release behavior of AMF and nanosuit in fetal bovine 
serum (FBS) is depicted in Fig. S2, Supporting Information. AMF from 
the nanosuit exhibited a relatively slow release. This sustained release 
pattern would be helpful for the fully utilization of AMF. The high 
performance capillary electrophoresis (HPCE) showed that the molec-
ular weight of tFNAs was nearly 180 bp, and that of nanosuit was more 
than 180 bp; the difference might suggest that the AMF was loaded to 
tFNA (Fig. 1e). Moreover, the ζ-potential of tFNA and nanosuit was 
negative, and the value of them was − 2.87 ± 0.78 mV and − 7.53 ±
0.95 mV, respectively (Fig. 1e and Fig. S3, Supporting Information). 
Additionally, the particle sizes of tFNAs and the nanosuit were observed 
by dynamic light scattering (DLS) and transmission electron microscopy 
(TEM). Outcomes (Fig. 1f and g) revealed that the size of tFNA was 
approximately 10 nm while that of nanosuit was larger than tFNAs. 
Moreover, TEM results showed that tFNA was a tetrahedral structure 
while nanosuit revealed around triangular shape. Atomic force micro-
scopy (AFM) also confirmed the dimensions (Fig. 1h). These results 
verified and characterized the synthesized nanosuit, suggesting that 
tFNAs might be a favorable carrier for small molecules. 

Prior to assess radioprotective efficacy of the nanosuit in vitro, 
confocal fluorescence microscopy and flow cytometric analysis were 
employed to monitor cellular internalization. The fluorescence of Cy5 
labeled S1 was employed to visualize the entry of materials. BALB/3T3 
clone A31 mouse fibroblasts (A31) cells were exposed to Cy5-modified 
ssDNAs, tFNAs or the nanosuit for 6 and 12 h. In Fig. 1i, the fluores-
cence intensities of Cy5 in cells exposed to tFNAs or the nanosuit were 
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both stronger than ssDNAs, and more nanosuits were internalized by 
A31 cells at 12 h than that of 6 h. The result of flow cytometry further 
verified this phenomenon of confocal images in cell internalization of 
ssDNAs, tFNAs, or nanosuit (Fig. 1j). 

2.2. Protective efficacy of nanosuit on intracellular DNA against IR- 
induced damages 

The schematic illustration in Fig. 2a showed that the nanosuit pro-
tected DNA against IR-induced damage in vitro. We first evaluated the 
effects of the nanosuit on the cell survival under different doses of IR. We 
found that the nanosuit could rescue IR-induced cell death, compared 
with AMF and tFNAs pretreated groups (Fig. 2b), indicating the 
powerful protection of the nanosuit against IR. The dose of 6 Gy was 
selected for use in subsequent experiments [40]. As a by-product of 
biological aerobic metabolism, ROS possesses strong chemical reactivity 
and affects a series of signal transduction pathways. Stimulated by ra-
diation exposure, ROS will increase sharply, triggering cellular oxidative 
stress and reaction with intracellular DNA. As shown in Fig. 2c and g, the 
nanosuit pretreatment lowered the level of IR-induced intracellular ROS 
to a certain extent, indicating that the radioprotective capacity of the 
nanosuit was related to its effective radical scavenging activity. 

One of the hallmarks of IR-induced cellular damage is uncontrolled 
DNA breakage, accompanied by cell senescence and arrest. According to 
the principle of DNA damage, the detection can be based on changes in 
physico-chemical properties of damaged DNA, such as the comet assay, 
also named as single cell gel electrophoresis (SCGE). Images showed that 
negligible DNA damages were detected in normal cells, while cell tails 
representing DNA damages were readily identified under IR (Fig. 2d). In 
contrast to the IR group, cell tails of those pretreated with the nanosuit 
presented distinct recovery. Quantitative analysis of tail DNA (Fig. 2g) 
suggested that cells pretreated with the nanosuit recovered to an 
appreciable degree (9.35 ± 3.23 %), as compared to cells pretreated 
with simplex AMF (33.27 ± 7.14 %) or tFNAs (50.16 ± 4.73 %), 
consistent with changes in tail moment and tail length (Fig. S4, Sup-
porting Information). As a product forming from DNA damage, γ-H2A.X 
can be another key biomarker of IR-damaged DNA. H2A.X participated 
in nucleosomal organization of chromatin and is rapidly phosphorylated 
in the presence of IR, producing a marked effect in reflecting the extent 
of DNA damage and repair. In this study, a stronger fluorescence signal 
of γ-H2A.X was identifiable in the IR group compared with unirradiated 
group, which indicated that the integrity of DNA was disrupted (Fig. 2e). 
The level of γ-H2A.X in the nanosuit group was lower compared with 
other groups, demonstrating that the nanosuit pretreatment alleviated 
DNA damage. In addition, as a 450-kDa kinase indispensable for DNA 
damage response, immunofluorescence on DNA PKcs was performed to 
visualize the extent of DNA damage (Fig. 2f). A weaker DNA PKcs in-
tensity was observed in the nanosuit pretreatment group than other 
groups, indicating a novel protective role of the nanosuit on DNA against 
IR. 

2.3. Mechanism and signal pathway underlying the protective effects of 
nanosuit 

In radiosensitive tissues, ATM/ATR signaling pathway plays a vital 
role in the process of DNA damage, oxidative stress and cell apoptosis. 
We hypothesized that nanosuit exerted a protective effect by blocking 
the ATM/ATR pathway and regulating downstream pathways, as shown 

in Fig. 3a. The outcomes of Western blot revealed that the expression of 
ATM, ATR, C-myc, Chk1, Chk2, and p53 was evidently decreased with 
pretreatment of the nanosuit, while at a high expression in IR group, 
indicating the nanosuit could suppress the abnormal activation of ATM/ 
ATR signaling pathway (Fig. 3d–e). And the downstream pathways were 
also examined. The fluorescence intensity analysis of Caspase-3, Bcl-2, 
Bax, and Cytochrome c revealed that the nanosuit pretreatment signif-
icantly decreased the fluorescence intensities of Caspase-3, Bax, and 
Cytochrome c while evidently strengthened expression of Bcl-2 (Fig. 3b, 
Figs. S5 and S6, Supporting Information). The result was further 
confirmed by TUNEL assay. Nanosuit pretreatment remarkably reduced 
the IR-induced TUNEL positive cells as compared to only AMF or tFNAs 
pretreated group (Fig. 3c and Fig. S7, Supporting Information). In 
addition, the representative Western blot images and semi-quantitative 
analysis in Fig. 3f–g were consistent with the fluorescence results as 
described above. 

Herein, we could find out that the ability of regulating the ATM/ATR 
signaling pathway made the nanosuit an effective radioprotectant for 
protecting cells against IR exposure. Blockade of ATM/ATR pathway 
occurred first and the downstream pathways of anti-apoptosis and anti- 
oxidative stress were then activated. Thus, the separation of Bcl-xl and 
Bcl-2 from Bad enabled dissociative Bcl-2 to function, along with low 
expression of Bax and decline in mitochondrial membrane permeability, 
ultimately suppressing release of Cytochrome c and excessive activation 
of Caspase-3 [41]. The oxidative stress was also suppressed, thus 
altering the SOD activities and MDA contents and mitigating IR-induced 
ROS. 

2.4. Prolonged mice survival and promoted hematopoietic recovery in 
accidental TBI model 

To investigate the systemic radioprotective effects of the nanosuit, 
BALB/c mice exposed to TBI were introduced in subsequent experi-
ments. The animal experimental design for the radioprotection assay 
was shown in Fig. 4a. Theoretically, IR-induced injuries aggravate 
within 7–10 days and plenty of mice even tend to die. Then, the tissue 
damages were mitigated gradually over 30 days. Therefore, we moni-
tored the effects of the nanosuit pretreatment on survival after lethal TBI 
(6.5 Gy) within 30 days [41]. The results (Fig. 4b and Fig. S8, Supporting 
Information) demonstrated that the 30-day survival percentage was 0 % 
in the tFNAs + IR group with the survival time of 9.8 ± 1.9 days, and 20 
% in the AMF + IR group with the survival time of 15.4 ± 7.3 days, and 
70 % in the nanosuit + IR group with the survival time of 25.1 ± 7.2 
days, compared with 100 % mortality in mice receiving IR alone. Taken 
together, the nanosuit efficaciously enhanced survival of mice suffering 
from a lethal dose of TBI, and thereby reduced radiation toxicity and 
safeguarded mice from lethal ARS. 

The Cy5 was labeled to track the distribution of materials in ex vivo 
imaging system at different times post injection of tFNAs or the nanosuit 
(15, 30, 60, and 120 min). The image (Fig. 4c) indicated that materials 
were distributed in the major organs and progressively accumulated and 
cleared in kidney and liver. Moreover, the administration of nanosuit 
showed delayed renal clearance and prolonged distribution in major 
organs, which indicated that the AMF loading could alter the accumu-
lation time of tFNAs and AMF (Fig. S9, Supporting Information). The 
optimized pharmacokinetic profiles of the nanosuit would act more 
efficient IR protection for normal organs than AMF, which present great 
potential in clinical applications. In order to detect the distribution of 

Fig. 1. Synthesis and characterization of nanosuit. (a) Schematic illustration showing the synthesis procedures of nanosuit. (b) The encapsulation efficiency of AMF 
in the tFNAs was examined using HPLC (n = 3). (c) The fluorescence intensity ratios of Gel-Red and Hocheset 33342 of nanosuit with the presence of different 
concentrations of AMF (n = 3). (d) In vitro release assay of AMF and nanosuit in PBS (pH 7.4, 37 ◦C). (e) The molecular weights of tFNAs and nanosuit analyzed by 
HPCE. (f) TEM images of tFNAs and nanosuit (Scale bars are 25 nm; scale bars in magnification images are 5 nm). (g) The particle size and ζ-potential value of tFNA 
and nanosuit (n = 3). (h) AFM image illustrates size and morphology of tFNAs and nanosuit. (i) Representative fluorescence images of Cy5 showing the cellular 
internalization of ssDNAs, tFNAs and nanosuit at 6 h and 12 h (Scale bars are 50 μm). (j) Cellular internalization of ssDNAs, tFNAs and nanosuit at 6 h and 12 h via 
flow cytometry and its quantitative analysis (n = 3). Error bars denote mean ± SEM. Statistical analysis: **P < 0.01, ****P < 0.0001; ns, not statistically significant. 
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nanosuit for a longer period, the ex vivo images of major organs after 3 
times adiministration (qd) and a single dose from 15 min to 24 h are 
presented in Figs. S10 and S11, Supporting Information. The data indi-
cated that the group with the most abundant material distribution is the 
mice received 3 times adiministration (qd) and detected after 15 min at 
the end of administration on day 3. And organ distribution gradually 
decreased as the administration time increased from 15 min to 24 h. 
Moreover, plasma pharmacokinetics of tFNAs, nanosuit, and free AMF 
were added to detect the metabolism in blood (Fig. S12, Supporting 
Information). The data showed that AMF was half cleared at approxi-
mately 0.5 h and completely degraded after 6 h, while the half-life of 
nanosuit was around 7 h. The clearance rate of nanosuit was slower than 
that of AMF, which suggested that tFNAs effectively suppressed the 
clearance rate of AMF. From the above, we concluded that nanosuit 
displayed good bioavailability in vivo. 

Hematopoietic system is a highly sensitive tissue to IR, and bone 
marrow (BM) suppression is the major manifestation of IR-induced he-
matopoietic injury, a crucial factor of death for victims of radiation 
exposure, inducing the depletion of peripheral blood cell lineages [42, 
43]. Thus, peripheral blood cell counts were used to estimate the 
radioprotective effects of the nanosuit. At the sub-lethal dose (5 Gy) of 
TBI, all three types of hemocytes showed an accentuated decrease in cell 
counts. White blood cell (WBC) counts significantly dropped in irradi-
ated mice and this phenomenon was most pronounced at 7 days post-TBI 
(Fig. 4d). By contrast, pre-treatment with the nanosuit markedly 
elevated the WBC counts at 1 or 7 days post-TBI, which were nearly 2–3 
folds higher than those in IR group. Furthermore, the nanosuit accel-
erated the renewal of WBC at 30 days post-TBI, almost to a normal state. 
As hypothesized, the change trends of red blood cell (RBC) and platelet 
(PLT) were the same as WBC, but more moderate (Fig. S13, Supporting 
Information). As Fig. 4e shown, at 1 and 7 days post-TBI, the relative 
amount of total DNA in marrow cells was drastically decreased to 0.461 
± 0.103 and 0.446 ± 0.071 compared with healthy mice. Instead, the 
relative content of total DNA in the nanosuit + IR group decreased to a 
higher value of 0.742 ± 0.066 at 1 day and rose to 0.905 ± 0.103 at 7 
days, almost recovered to the healthy value. In addition, as shown in 
Fig. 4f, bone marrow cells in medullary cavity almost disappeared but 
RBCs were saturated at 7 days post-TBI. The nanosuit pretreatment 
largely mitigated the IR-induced BM suppression and hemorrhage, the 
same as bone marrow mononuclear cells (BM-MNCs) counts (Fig. S14, 
Supporting Information). Up until 30 days, BM cell composition was 
almost restored to a healthy level nearly that in control group. 
Furthermore, the nanosuit markedly decreased the TUNEL positive cells 
in femur, compared with pure AMF or tFNAs pretreated group (Fig. 4g 
and h). The apoptosis markers in bone marrow were evaluated and re-
sults were consistent with the in vitro experiments (Fig. S15, Supporting 
Information). These data illustrated that the pretreatment of the nano-
suit could protect hematopoietic system and accelerate recovery of he-
matopoietic function by alleviating DNA damages induced by 
high-energy radiations. 

2.5. Nanosuit prevented IR-induced multi-organ damage by restoring SOD 
activities and suppressing MDA contents 

The radioprotective efficacy of the nanosuit in various organs 
(thymus gland, spleen, liver, testis, small intestine, lung, kidney, and 
oarium) was also examined (Fig. 5a). As optical micrographs of the 

thymus and spleen showed (Fig. 5b and c), apparent atrophy and 
structural damage were observed after IR exposure. However, the spleen 
atrophy and thymus atrophy in mice could be significantly abated by the 
nanosuit, as well as the improvement of thymus index and spleen index 
(Fig. 5i). Additionally, the liver in IR group exhibited hepatocytes 
degeneration and necrosis, with nuclear enrichment and fragmentation, 
while the nanosuit pretreatment improved hepatocyte morphology 
(Fig. 5d). The liver-function tests with alanine transaminase (ALT) and 
aspartate transaminase (AST) were consistent with pathological findings 
(Fig. S16, Supporting Information). Given that testis is one of the most 
highly sensitive tissues to radiation, pathohistological examination of it 
was performed (Fig. 5e). The irradiated mice exhibited evident degen-
eration and decline in number of spermatogenic cells in the seminiferous 
tubule. The morphology of testes almost returned to normal with the 
nanosuit pretreatment. The small intestine is also one of the most sen-
sitive organs to IR [44]. Small intestine of irradiated mice showed 
obvious pathohistological injuries involving extensive villous atrophy, 
loose arrangement and damaged intestinal mucosa with a decrease in 
number of intestinal crypt cells (Fig. 5f). But there were no evident 
retarded regeneration and crypt abnormalities in the nanosuit + IR 
group, with villi remaining long and intact. Other organs including lung, 
kidney and oarium also presented moderate lesions under radiation 
while changes in the nanosuit pre-treated mice could be observed 
(Fig. S17, Supporting Information). The curves of body weight changes 
were consistent with these pathological results (Fig. S18, Supporting 
Information). These data demonstrated that the nanosuit preserved 
survival of major organs and promoted recovery from exposure to IR. 
For further detect whether the nansuit could act the protection after the 
occurrence of IR, more experiments were conducted (Fig. S19, Sup-
porting Information). The experimental data demonstrated that 
post-radiation administration of nanosuit was far less effective than 
pretreatment, both in terms of mortality and the protection of vital or-
gans (Figs. S20 and S21, Supporting Information). Thus, prophylactic 
application of nanosuit is more recommended. 

To understand the underlying protection mechanism of nanosuit in 
vivo, superoxide dismutase (SOD) and malondialdehyde (MDA), which 
mediated oxidative stress response, were examined in plasma, hemato-
poietic tissue, spleen, liver, testis, and small intestine at 7 days post-sub- 
lethal TBI. SOD constitutes the first line of defense against abiotic stress- 
induced ROS as well as its reaction products [45]. In contrast, MDA is an 
end-product of membrane lipid peroxidation, and its contents indicates 
the severity of damages caused by radiation [46]. The result of Fig. 5g–h 
showed SOD activities and MDA contents of plasma and BM-MNCs at 7 
days post-TBI. Upon exposure to IR, SOD activities notably decreased, 
whereas the nanosuit pretreatment exhibited robust recoveries, eluci-
dating the ability to promote ROS clearance. Meanwhile, the MDA 
contents in the nanosuit + IR group was significant below the threshold 
value of non-pretreated mice. Similarly, as shown in Fig. 5j–m, exposure 
to IR also caused reduced SOD activities and elevated MDA contents in 
spleen, liver, testis, and small intestine. On the contrary, the nanosuit 
pretreatment significantly decelerated this trend in these organs, with 
some almost comparable to those of unirradiated mice. Collectively, the 
nanosuit could help to remove undesirable hazardous ROS in the body, 
and thereby avoid consumption of substantial SOD and producing excess 
MDA. As such, as the nanosuit with potencies against oxidative stress 
circulated into blood, they functioned by restoring SOD activities and 
suppressing MDA contents as free radical scavengers. 

Fig. 2. The protective effects of nanosuit on DNA against IR-induced damage in vitro. (a) Schematic illustration of nanosuit protecting DNA against IR-induced 
damage. (b) Cell viabilities of A31 cells under different doses of IR (0, 2, 4, 6, 8, and 10 Gy) with pretreatment of tFNAs, AMF, or nanosuit (n = 5). (c) Repre-
sentative fluorescence images of ROS in cells exposed to 6 Gy with pretreatment of tFNAs, AMF, or nanosuit (Scale bars are 50 μm). (d) Representative comet images 
of A31 cells exposed to 6 Gy with pretreatment of tFNAs, AMF, or nanosuit (Scale bars are 100 μm). (e) Representative immunofluorescence images of γ-H2A.X in 
cells exposed to 6 Gy with pretreatment of tFNAs, AMF, or nanosuit (Scale bars are 20 μm, and scale bars in magnification images are 5 μm). (f) Representative 
immunofluorescence images of DNA PKcs in cells exposed to 6 Gy with pretreatment of tFNAs, AMF, or nanosuit (Scale bars are 20 μm). (g) Semi-quantitative 
analysis of (c–f) (n = 3). Error bars denote mean ± SEM. Statistical analysis: *P < 0.05, **P < 0.01, and ****P < 0.0001; ns, not statistically significant. 1, Con-
trol; 2, IR; 3, tFNAs + IR; 4, AMF + IR; 5, nanosuit + IR. 
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Fig. 3. The mechanism and signal pathway for the protective effects of nanosuit. (a) Schematic illustration of regulation mechanism and signal pathway of radiation 
protection in vitro. (b) Representative fluorescence images of Caspase-3, Bcl-2, and Bax in cells exposed to 6 Gy with pretreatment of tFNAs, AMF, or nanosuit (Scale 
bars are 20 μm). (c) Representative TUNEL staining images of A31 cells exposed to 6 Gy with pretreatment of tFNAs, AMF, or nanosuit (Scale bars are 50 μm). (d) 
Representative Western blot images showing the expression levels of ATM, ATR, C-myc, Chk1, Chk2, and p53. (e) Semi-quantitative analysis of the expression of 
ATM, ATR, C-myc, Chk1, Chk2, and p53 (n = 3). (f) Representative Western blot images showing the expression levels of Caspase-3, Bcl-2, Bax, Cytochrome c, γ-H2A. 
X, and DNA PKcs. (g) Semi-quantitative analysis of the expression of Caspase-3, Bcl-2, Bax, Cytochrome c, γ-H2A.X, and DNA PKcs (n = 3). Error bars denote mean ±
SEM. Statistical analysis: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, not statistically significant. 1, Control; 2, IR; 3, tFNAs + IR; 4, AMF + IR; 5, 
nanosuit + IR. 
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2.6. No interferences of the nanosuit in tumor suppression and 
radiotherapeutic efficacy in Lewis lung cancer model 

To explore whether the nanosuit could selectively protect the normal 
organs in radiotherapy, the Lewis lung cancer model, a kind of non-small 
cell lung cancer sensitive to radiotherapy, was introduced in the 
following experimental design (Fig. 6a). Besides the four irradiated 
groups pretreated with corresponding formulations, the saline, tFNAs, 
AMF, and nanosuit groups without irradiation were also included as 
comparisons. As the ex vivo tumor images (Fig. 6b) and statistics of 
tumor weights (Fig. 6c) shown, the tumor growths of irradiated groups 
were all remarkably suppressed. Importantly, no significant difference 
in tumor sizes between the four irradiated groups was detected, sug-
gesting that nanosuit did not influence the efficacy of radiotherapy. The 
pathological appearances of tumors confirmed this conclusion (Fig. 6e). 
Notably, the survival analysis indicated that the 60-day survival per-
centage of mice in the nanosuit + IR group was the best (Fig. 6d). The 
high mortality in IR and tFNAs + IR group may be due to multiple organ 
failure during the process of ARS. The hematopoietic system and mul-
tiple organs in the nanosuit + IR group were selectively protected from 
IR-induced injury while the other three irradiated groups were subjected 
to varying degree of injuries (Fig. 6f and g). The curves in body weight 
changes were also consistent with above results (Fig. S22, Supporting 
Information). Thus, the radioprotective effect of nanosuit on normal 
tissues was evidently superior to AMF, in accordance with results of 
previous experiments performed in non-tumor-bearing mice. 

Finally, the in vivo biosafety evaluation of nanosuit was studied. Mice 
were received two consecutive weeks of daily drug administration, and 
samples were collected. The haematological results indicated that 
nanosuit had no adverse effects on the main indicators (Fig. S23a, 
Supporting Information). There was no significant difference in body 
weight change between each group (Fig. S23b, Supporting Information). 
Therefore, the nanosuit is expected to be applied safely in future 
medicine. 

3. Conclusion 

In summary, the nanosuit was synthesized to construct a high- 
efficiency delivery system of AMF with the extended half-life and 
enhanced radioprotection capability (Fig. 7). The nanosuit was found 
with capability to protect DNA integrity and rescue normal cells from IR- 
induced death by suppressing the aberrant activation of ATM/ATR 
signal pathways, while not affect the efficacy of radiotherapy in cancer 
suppression. Pretreatment with the nanosuit reduced radiation toxicity 
and protected mice from lethal ARS, the nanosuit could also reverse the 
damages to the hematopoietic system and multi-organs in sub-lethal 
irradiated mice by restoring SOD activities and suppressing MDA con-
tents. Overall, our study used nucleic acid nanomaterials to optimize the 
construction of competitive radioprotective strategies with high appli-
cation potentials in clinics. 

4. Material and methods 

4.1. Synthesis and Identification of nanosuit 

Four ssDNAs (Sangon Biotechnology, China) were added to TM 
buffer (50 mM MgCl2 and 10 mM Tris-HCl, pH 8.0) in equal proportions. 
The mixtures were heated to 95 ◦C for 10 min and then 4 ◦C for 20 min to 
complete the preparation of tFNAs. Subsequently, different concentra-
tions (40, 80, 120, 160, and 320 μM) of AMF (HY–B0639, MCE, 
Shanghai, China) were interfused with tFNAs (250 nM) and stirred for 6 
h at room temperature. The free AMF was separated using a 30 kDa 
ultrafiltration tube. Encapsulation efficiency of AMF in the tFNAs was 
examined by high performance liquid chromatography (HPLC, Waters, 
China) analysis and calculated to the following formula: 

Encapsulationefficiency(%)=
initialmassof AMF－residualmassof AMF

initialmassof AMF
×100% 

To verify the successful preparation of nanosuit, the fluorescence of 
Gel-Red (D0139, Beyotime, China) and Hoechst 33342 (C1025, Beyo-
time, China) was detected via a microplate reader (Thermo Scientific, 
Varioskan Lux, USA). The he molecular weights of tFNA and nanosuit 
were measured by high performance capillary electrophoresis (HPCE, 
BiOptic, China). The particle sizes of tFNA and nanosuit molecule were 
observed by DLS (Zetasizer Nano ZS90; Malvern Instrument Ltd., UK) 
and TEM (Tecnai G2 F20 S-TWIN, USA) and AFM (Cypher VRS, Oxford 
Instruments, UK). The ζ-potential distributions of tFNA and nanosuit 
were analyzed by Zetasizer Nano ZS90 (Malvern Instrument Ltd., UK). 

For the release assay, PBS (0.01 M, pH 7.4) or FBS (10 %, pH 7.4) was 
applied as release mediums. The dialysis membrane (30 kDa, Solarbio, 
Beijing, China) was used to divide the release medium into two com-
partments: the inner liquid (3 mL) and the outer fluid (30 mL). The 
nanosuit was dissolved in the inner liquid, and the system was incubated 
at 37 ◦C. Then quantity of AMF released into the outer fluid at different 
time points was measured. 

4.2. Cell culture and endocytosis 

BALB/3T3 clone A31 cells (ATCC, USA) were incubated in high- 
glucose DMEM medium (11965092, Gibco, USA) containing 10 % FBS 
and 1 % penicillin/streptomycin. Cells were incubated with Cy5- 
modified ssDNAs, tFNAs or nanosuit for 6 h and 12 h. At time points, 
samples were digested and centrifugated, finally detected by flow cy-
tometer (Attune NxT, Thermo Fisher Scientific, USA) and confocal laser 
scanning microscope (Nikon, Japan). 

4.3. Cell viability assay 

To examine the effects of nanosuit on IR-induced cytotoxicity, Cell 
Counting Kit-8 (C0037, Beyotime, China) was applied to determine the 
cell viability. A31 cells were seeded into 96-well plates at 1 × 104 per 
well and cultured overnight. After adherent growth, A31 cells were 
divided into the following four groups: (i) control group; (ii) cells pre-
treated with tFNAs (250 nM); (iii) cells pretreated with AMF (54 μg/ 

Fig. 4. Nanosuit enhanced mice survival and promoted hematopoietic recovery in accidental TBI model. (a) A schematic drawing of the experimental design for 
accidental TBI protection assays. (b) Survival analysis using Kaplan-Meier methods indicated the 30-day survival percentage of BALB/C mice exposed to 6.5 Gy TBI 
with pretreatment of tFNAs, AMF, or nanosuit. (n = 10). (c) Representative ex vivo images of major organs derived from mice at different times post injection of tFNAs 
or nanosuit (15, 30, 60, and 120 min). (d) Hematological parameter of WBC from mice at 1, 7, and 30 days post 5 Gy TBI with pretreatment of tFNAs, AMF, or 
nanosuit (n = 5). The blood test index falling between the black and the red dashed lines was considered normal. (e) DNA damages of mice at 1, 7, and 30 days post 5 
Gy TBI with pretreatment of tFNAs, AMF, or nanosuit, as measured by UV–vis absorption at 260 nm (n = 5). (f) Representative H&E images of the bone marrow 
derived from mice at 1, 7, and 30 days post 5 Gy TBI with pretreatment of tFNAs, AMF, or nanosuit (Scale bars are 50 μm). (g) Representative TUNEL staining images 
of the bone marrow derived from mice at 7 days post 5 Gy TBI with pretreatment of tFNAs, AMF, or nanosuit (Scale bars are 20 μm). (h) Quantitative analysis of 
TUNEL assay indicating the percentage of TUNEL-labeled cells versus DAPI-labeled cells (n = 3). Error bars denote mean ± SEM. Statistical analysis: *P < 0.05, **P 
< 0.01, and ****P < 0.0001; ns, not statistically significant. 1, Control; 2, IR; 3, tFNAs + IR; 4, AMF + IR; 5, nanosuit + IR. 
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Fig. 5. Nanosuit prevented IR-induced multi-organ damage in vivo. (a) Schematic illustration of nanosuit preventing IR-induced multiorgan damage in vivo via anti- 
oxidative stress. (b–e) Representative H&E images of thymus (b), spleen (c), liver (d), and testis (e) derived from mice at 7 and 30 days post 5 Gy TBI with pre-
treatment of tFNAs, AMF, or nanosuit (Scale bars are 50 μm). (f) Representative H&E images of small intestine derived from mice at 7 and 30 days post 5 Gy TBI with 
pretreatment of tFNAs, AMF, or nanosuit (Scale bars are 100 μm in longitudinal section images, and scale bars are 300 μm in transverse section image). (g–h) SODs 
activities and MDA contents of plasma (g) and BM-MNCs (h) from mice at 7 days post 5 Gy TBI with pretreatment of tFNAs, AMF, or nanosuit (n = 5). (i) Thymus and 
spleen index of mice at 7 days post 5 Gy TBI with pretreatment of tFNAs, AMF, or nanosuit (n = 5). (j–m) SODs activities and MDA contents of spleen (j), liver (k) and 
testis (l) and small intestine (m) from mice at 7 days post 5 Gy TBI with pretreatment of tFNAs, AMF, or nanosuit (n = 5). Error bars denote mean ± SEM. Statistical 
analysis: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, not statistically significant. 1, Control; 2, IR; 3, tFNAs + IR; 4, AMF + IR; 5, nanosuit + IR. 
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Fig. 6. Nanosuit showed no interferences of tumor suppression with radiotherapeutic efficacy in Lewis lung cancer model. (a) Schematic illustration of the 
experiment procedure. Photographs (b) and tumor weights (c) of tumors excised from tumor-bearing mice at 30 days after 5Gy (n = 5). (d) Survival analysis using 
Kaplan-Meier methods indicated the 60-day survival percentage of tumor-bearing mice after 6.5Gy. (n = 10). (e) Representative H&E images of tumors at 30 days 
after 5Gy (Scale bars are 50 μm). (f) Representative H&E images of the bone marrow derived from tumor-bearing mice at 30 days after 5Gy (Scale bars are 50 μm). (g) 
Representative H&E images of thymus, spleen, liver, testis, and small intestine derived from tumor-bearing mice at 30 days after 5Gy (Scale bars are 100 μm in 
longitudinal section images and 50 μm in other images). Error bars denote mean ± SEM. Statistical analysis: *P < 0.05 and ****P < 0.0001; ns, not statistically 
significant. 1, Control; 2, IR; 3, tFNAs + IR; 4, AMF + IR; 5, nanosuit + IR. 
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mL); and (iv) cells pretreated with nanosuit (250 nM) for 12 h. At time 
point, the four groups were exposed to 0, 2, 4, 8, or 10 Gy radiations 
(RS2000Prox, Rad Source, USA), respectively. After 12 h, the absor-
bance of samples was measured at 450 nm via a microplate reader 
(Thermo Scientific, Varioskan Lux, USA). The dose of 6 Gy was selected. 
The mouse Lewis lung cancer cells (ATCC, USA) were cultured and 
measured in the same way. 

4.4. ROS detection 

Based on cell viability assay, A31 cells were pretreated with tFNAs, 
AMF or nanosuit for 12 h and then exposed to 6 Gy radiation. After 12 h 
incubation, the ROS Assay Kit (S0033S, Beyotime, China) was used to 
measure ROS levels intracellularly. Cells were loaded with the probe of 
DCFH-DA (1:1000) and incubated for 20 min at 37 ◦C. Finally, images 
were captured performing a confocal laser scanning microscope (Nikon, 
Japan). 

4.5. Apoptosis detection 

Apoptosis-related proteins were detected by immunofluorescence 
staining. The samples were fixed by 4 % paraformaldehyde solution 
(FB002, Gibco, USA) for 15–20 min, 0.3 % Triton X-100 (HFH10, Gibco, 
USA) for 10 min and 5 % goat serum (35-076-CV, Corning, USA) for 1 h. 
Then samples were immersed in the corresponding diluted antibodies 
overnight at 4 ◦C. Primary antibodies against Caspase-3 (ab13847, 
1:200) and Bcl-2 (ab196495, 1:200) were acquired from Abcam (Cam-
bridge, U.K.). Primary antibodies against Bax (#2772, 1:350) and 

Cytochrome c (#12963, 1:300) were acquired from Cell Signaling 
Technology (Danvers, USA). Next, samples were rewarmed and incu-
bated in secondary antibodies (A0468 and A0473, Beyotime, China) for 
1 h at 37 ◦C. Phalloidin-FITC and DAPI (P5282 and 10236276001, 
Sigma, USA) were stained to delineate the cytoskeleton and nucleus. For 
the TUNEL assay, One Step TUNEL Apoptosis Assay Kit (C1086, Beyo-
time, China) was applied to measure cell apoptosis. At last, immuno-
fluorescence images were visualized by a confocal laser scanning 
microscope. 

4.6. Detection of DNA damage 

Comet assay was performed to evaluate DNA damages. 180 μL of 
normal melting point agarose (Hispanagar S.A., Spain) at 1 % was paved 
homogeneously on preheated glass slides. After cooled down and so-
lidified, 100 μL of cell suspension was interfused with 150 μL of low- 
melting-point agarose (0.8 %). Subsequently, the mixture was dropped 
onto the first layer of agarose gel completely. After solidification again, 
100 μL of low-melting-point agarose (0.5 %) was rapidly dropped to the 
second layer of agarose gel. Then the solidified slides were immersed in 
freshly-prepared lysis buffer (4 ◦C) for 2 h, followed by immersing them 
in electrophoresis buffer for 30 min. Electrophoresis was performed at 
25 V and 300 mA for 15 min. Finally, the slides were neutralized with 
neutralization buffer for 30 min and stained with ethidium bromide 
(E7637, Sigma, USA) for 10 min. The DNA damage degree was analyzed 
by Comet Assay Software Pect (CASP 1.2.3 beta 1) at last. The foci 
expression of γ-H2A.X was observed by DNA Damage Assay Kit by 
γ-H2A.X Immunofluorescence (C2035S, Beyotime, China). The 

Fig. 7. The four specific ssDNAs are assembled into three-dimensional polyhedron tFNAs, and then nanosuit (tFNAs@AMF) is formed by co-incubation of tFNAs and 
AMF, to construct a high-efficiency delivery system of AMF with the extended half-life and enhanced radioprotection capability. Upon IR exposure, the nanosuit can 
suppress the aberrant activation of ATM/ATR signaling pathway, thereby regulating the molecular markers of anti-apoptosis, anti-oxidative stress, and eventually 
blocking DNA breakage in normal cells. Finally, the enhanced prevention of IR-induced multi-organ damage is achieved. 
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expression of DNA-PKcs was observed by immunofluorescence staining. 
Antibodies against DNA-PKcs (ab44815, 1:100) were acquired from 
Abcam (Cambridge, U.K.). 

4.7. Western blot 

Total cell protein samples were obtained via a Total Protein 
Extraction Kit (KGB5303, Keygen Biotech, China). Samples were mixed 
with 5 × loading buffer at a ratio of 4:1 before boiled at 100 ◦C for 5–10 
min. The separation of target markers into corresponding molecular 
weight albumens was performed by SDS-PAGE gels (8–12 %). After 
transferred onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad, 
USA), they were exposed to QuickBlock™ Western (P0242, Beyotime, 
China) for 15 min, followed by incubated in primary antibodies over-
night at 4 ◦C. Antibodies against GAPDH (ab8245, 1:1000), Caspase-3 
(ab13847, 1:500), Bcl-2 (ab196495, 1:1000), γ-H2A.X (ab81299, 
1:5000), DNA-PKcs (ab44815, 1:1000), ATM (ab199726, 1:1000), ATR 
(ab2905, 1:1000), C-myc (ab78318, 1:1000), p53 (ab90363, 1:1000) 
were purchased from Abcam. Antibodies against Bax (#2772, 1:1000), 
Cytochrome c (#12963, 1:1000), Chk1 (#2360, 1:1000), Chk2 (#2662, 
1:1000) were acquired from Cell Signaling Technology. Next day, the 
membranes were immersed in secondary antibodies (A0208 and A0216, 
Beyotime, China) solution for 1 h after rewarmed. At last, the bands of 
target markers were visualized by the enhanced chemiluminescence 
(ECL) detection system (Bio-Rad, USA) and analyzed by Image J 1.53c. 

4.8. Animal model 

All animal experimental procedures were in compliance with ethical 
criterion of Sichuan University. BALB/C mice (6–8 weeks, 18–22 g) were 
obtained from Ensiweier (Chengdu, China) and kept on a 12:12 h light- 
dark cycle for one full week to adapt to new environment. Mice were 
randomly divided into two large groups: receiving sub-lethal radiation 
(5 Gy) and lethal radiation (6.5 Gy). RS2000 (Rad Source, Atlanta, USA) 
was applied for radiation. Each large group was further divided into five 
small groups: (i) control group; (ii) IR group; (iii) tFNAs pre-treatment +
IR group; (iv) AMF pre-treatment + IR group; (v) nanosuit pre-treat-
ment + IR group. At the beginning, mice received 200 μL intravenous (i. 
v.) injection of corresponding drugs every day. The pretreatment lasted 
for 3 days before IR. All the 6.5 Gy TBI mice were monitored for survival 
amount within 30 days. 

4.9. Biodistribution 

For organ biodistribution, mice were euthanized at different times 
post injection of tFNAs or nanosuit (15, 30, 60, and 120 min), and major 
organs (heart, liver, spleen, lung, and kidney) were derived and 
analyzed by whole-body fluorescent system (IVIS Lumina III Series, 
PerkinElmer, USA). In the same way, tumors and major organs derived 
from tumor-bearing mice at different times (3 times administration (qd), 
15 min, 45 min, 1.5 h, 3 h, 6 h, 12 h, and 24 h) were detected. 

4.10. Pharmacokinetics experiment 

Pharmacokinetics experiment was performed to investigate the 
blood metabolism of tFNAs, AMF or nanosuit. TFNAs, AMF or nanosuit 
was labeled by Cy5, separately. The blood samples were collected via the 
tail tip of the mice after injection from 15 min to 12 h. Finally, the blood 
samples were detected using the channel of Cy5 fluorescence of Gel & 
Blot Imaging system (ChemiDoc MP, Bio-Rad, USA). Pharmacokinetics 
was analyzed via the mean fluorescence intensity of the blood samples. 

4.11. Hematology and histological examination 

At the time points of 1 day, 7 days, and 30 days post 5 Gy TBI, mice 
were anesthetized and the blood samples were extracted via orbital vein. 

The hematological parameters including WBC, RBC, PLT, ALT, and AST 
were analyzed by a blood cell analyzer (BC-2800Vet, Mindray, China). 
The plasma SOD activities (A001, Institute of Biological Engineering of 
Nanjing Jianchen, China) and MDA contents (A003, Institute of Bio-
logical Engineering of Nanjing Jianchen, China) were analyzed ac-
cording to the kit instructions. Thymus index and spleen index were 
measured by weighing. For histological examination, major organs 
(heart, liver, spleen, lung, kidney, bone marrow, thymus, testis, and 
small intestine) were separated, fixed in paraformaldehyde solution (4 
%), and then dehydrated, paraffin-embedded and sliced into 4 μm thick 
sections. Hematoxylin-eosin (H&E) staining was performed on the tissue 
slides, which was imaged by Vectra Polaris quantitative slide scanner 
(PerkinElmer, USA) and VS200 slide scanner (Olympus, USA). For the 
TUNEL assay, the bone tissues were fixed and incubated in a per-
meabilization solution. Subsequently, TUNEL Cell Apoptosis Detection 
Kit (CF488, Servicebio, China) was applied to evaluate apoptosis in bone 
tissues. Images were captured via a laser confocal microscope (Nikon, 
Japan). Bone marrow cells were flushed and isolated into BM-MNCs 
using a BM-MNCs extraction kit (P9600, Solarbio, China). In addition, 
major organs were harvested and centrifugated, in order that the su-
pernatant could be collected for detecting SOD activities and MDA 
contents. 

4.12. Exploration of therapeutic potential 

To confirm whether the nanosuit could exhibit therapeutic potential 
in irradiated lesions, mice were randomly divided into two large groups 
as before: receiving sub-lethal radiation (5 Gy) and lethal radiation (6.5 
Gy). Each large group was further divided into five small treatment 
groups: (i) control group; (ii) IR group; (iii) IR + tFNAs treatment group; 
(iv) IR + AMF treatment group; (v) IR + nanosuit treatment group. At 
the beginning, mice were irradiated at the corresponding doses, and 
then received 200 μL intravenous (i.v.) injection of different drugs for 
three consecutive days. All the 6.5 Gy TBI mice were monitored for 
survival amount within 30 days. At time point, all the 5 Gy TBI mice 
were euthanized, the blood samples were extracted via orbital vein, and 
major organs (bone marrow, spleen, thymus, testis, and small intestine) 
were collected for further analysis. 

4.13. The Lewis lung cancer model 

Mouse Lewis lung cancer cells were suspended in 100 μL growth 
medium (at the concentration of 1 × 107 cells in 1 mL) and subcuta-
neously injected into the underarm of 4-week-old male BALB/C mice. 
After 14 days, the length of tumors reached about 3–5 mm, and the mice 
were randomly divided into two large groups as before: receiving sub- 
lethal radiation (5 Gy) and lethal radiation (6.5 Gy). Each large group 
was further divided into eight small treatment groups: (i) control group; 
(ii) tFNAs group; (iii) AMF group; (iv) nanosuit group; (v) IR group; (vi) 
tFNAs pre-treatment + IR group; (vii) AMF pre-treatment + IR group; 
(viii) nanosuit pre-treatment + IR group. Corresponding drugs were 
given via the tail vein for three consecutive days as above. And then the 
four groups of them received radiation (5 Gy or 6.5 Gy). The tumor 
volume and body weight of 5 Gy mice were monitored for 30 days. At 
time point, all mice were euthanized, tumors were collected and 
weighted, and major organs (bone marrow, spleen, thymus, testis, and 
small intestine) were collected for further analysis. All the 6.5 Gy mice 
were monitored for survival amount within 60 days. 

4.14. Safety assessment 

To assess the drug safety, 6-week-old male BALB/C mice were given 
two consecutive weeks of daily drug administration. The body weight of 
mice was recorded. Finally, the mice were euthanized, and the blood 
was collected for the hematological examinations. 
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4.15. Statistical analysis 

Error bars denote means of at least three independent experiments ±
standard error of the mean (SEM). Multiple group comparisons of data 
were calculated by a one-way analysis of variance (ANOVA) or two-way 
ANOVA with GraphPad Prism v8.2.1 software. The statistical signifi-
cance was indicated as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P 
< 0.0001; ns, not statistically significant. 

Ethics approval and consent to participate 

All animal experiments were approved by the Ethics Committee of 
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