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Abstract 

Background: As we know, radiotherapy plays an irreplaceable role in the clinical management on solid tumors. How-
ever, due to the non-specific killing effects of ionizing radiation, normal tissues damages would be almost simultane-
ous inevitably. Therefore, ideal radioprotective agents with high efficiency and low toxicity are always desirable. In this 
work, atomically precise  Ag14 clusterzymes were developed, and their applications in radioprotection were studied 
in vitro and in vivo for the first time.

Methods: The ultra-small glutathione supported  Ag14 clusterzymes were synthesized by convenient sodium borohy-
dride  (NaBH4) reduction of thiolate-Ag (I) complexes and then they were purified by desalting columns. The enzyme-
like activity and antioxidant capacity of  Ag14 clusterzymes have been tested by various commercial kits, salicylic acid 
method and electron spin resonance (ESR). Next, they were incubated with L929 cells to evaluate whether they could 
increase cell viability after γ-ray irradiation. And then  Ag14 clusterzymes were intravenously injected into C57 mice 
before 7 Gy whole-body γ-ray irradiation to evaluate the radioprotection effects in vivo. At last, the in vivo toxicities of 
 Ag14 clusterzymes were evaluated through biodistribution test, hematological details, serum biochemical indexes and 
histological test in female Balb/c mice with intravenous injection of  Ag14 clusterzymes.

Results: Our studies suggested atomically precise  Ag14 clusterzymes were potential radioprotectants.  Ag14 cluster-
zymes exhibited unique superoxide dismutase (SOD)-like activity, strong anti-oxidative abilities, especially on •OH 
scavenging. The  Ag14 clusterzymes could effectively improve cell viability through eliminating ROS and prevent DNA 
damages in cells dealt with γ-ray irradiation. In vivo experiments showed that  Ag14 clusterzymes could improve the 
irradiated mice survival rate by protecting hematological systems and repairing tissue oxidative stress damage gener-
ated by γ-ray irradiation. In addition, bio-distribution and toxicological experiments demonstrated that the ultrasmall 
 Ag14 clusterzymes could be excreted quickly from the body by renal clearance and negligible toxicological responses 
were observed in mice up to 30 days.
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Background
Radiotherapy plays an irreplaceable role in the clini-
cal management on solid tumors [1–6]. However, in the 
process of radiotherapy, ionizing radiation will inevi-
tably cause some damages to normal tissues, which is 
mainly attributed to exogenous reactive oxygen species 
(ROS), such as hydroxyl radical (•OH) and superoxide 
anion  (O2

•−), generated by ionization of water molecules 
through Compton scattering, photoelectric and Auger 
effects of high energy ionizing radiation [7–12]. Exces-
sive ROS can react with cellular macromolecules, such 
as nucleic acids, proteins and lipids, resulting in DNA 
double-strand breaks (DSBs), proteins and lipids oxida-
tion, and eventually cell death or carcinogenesis [13–18]. 
Therefore, the development of radiation protective agents 
with ROS scavenging ability is a feasible solution to 
reduce radiation damages to normal tissues and improve 
the therapeutic effects in radiotherapy.

Amifostine and 3, 3-diindolylmethane (DIM) are 
widely known as radioprotectants for they can scavenge 
excessive ROS generated by irradiation. However, the 
blood elimination half-life of these small molecule agents 
(< 10 min) are too short to afford satisfactory protective 
effects at a safe dose [19–22]. Thus, it is of great signifi-
cance to develop new radioprotectants with appropri-
ate long blood elimination half-life. Nanomaterials with 
relatively large hydrodynamic size provide possibilities to 
solve this problem. In recent years, nanomaterials with 
ROS scavenging activity have shown great potential in 
radiation protection, especially those with rapid renal 
clearance showing good biocompatibility and low toxic-
ity, such as  CeO2,  WS2, and  MoS2 nanoparticles [23–29]. 
However, due to their inaccessible molecular structures 
or heterogeneous size distributions, these nanomateri-
als face great challenges in improving catalytic activ-
ity and bio-selectivity. Meanwhile, replication of these 
nanomaterials in a large-scale with the same therapeu-
tic effects is still in difficulty [30, 31]. Therefore, it is an 
urgent task to explore nanomaterials with unambigu-
ous structure–activity relationship for ROS elimination 
in  vivo. Recently, atomically precise noble metal (e.g., 
Au and Ag) nanoclusters with enzyme-mimic catalytic 
activities were investigated for catalytic application and 
treatment of injuries induced by excessive ROS. These 
nanoclusters were named as metal clusterzymes [32, 33]. 

For the atomically precise molecular structure and high 
surface atomic ratio, the clusterzymes have high catalytic 
activities, and the catalytic activity and selectivity can be 
regulated at molecular levels. Moreover, the metal clus-
terzymes are biocompatible, water-soluble and ultra-
small scale (generally 1–3  nm) to be excreted through 
urine, without long-term cumulative toxicity.

Herein, we present atomically precise glutathione 
(GSH) supported Ag clusterzymes,  Ag14(GSH)8, for the 
treatment of radiation injuries. To our knowledge, the 
application of well-defined metal clusterzymes for radi-
ation protection has not been reported yet. As the sur-
face ligand of the  Ag14 clusterzymes, the glutathione was 
not only be used to stabilize the ultra-small  Ag14 core 
(< 1.5 nm) through its zwitterionic feature, but also afford 
excellent biocompatibility and anti-oxidation capacity to 
 Ag14 clusterzymes [30, 34, 35]. The Ag clusterzymes in 
this study showed strong antioxidant capacity and ROS 
scavenging ability, which can prevent cells from viabil-
ity decrease and DNA damages induced by high-energy 
γ-ray irradiation. In  vivo experiments showed that the 
 Ag14 clusterzymes could effectively improve the survival 
rate, decrease the hematological system and bone mar-
row DNA damages of irradiated mice. Meanwhile the 
oxidative stress of major organs was observed to go back 
to normal levels by  Ag14 clusterzymes management. The 
ultra-small glutathione supported Ag clusterzymes could 
be rapidly excreted out of the body through kidneys and 
did not cause any toxicological effects in 30  days post 
injection.

Results
The ultra-small glutathione supported  Ag14 clusterzymes 
were synthesized by convenient sodium borohydride 
 (NaBH4) reduction of thiolate-Ag(I) complexes and then 
they were purified by desalting columns according to a lit-
erature report [35]. The formation of  Ag14 was confirmed 
by absorption and fluorescence spectra in water solution 
(Fig.  1b). A distinct absorption band peaked at 484  nm 
was observed (Fig.  1b, purple line), manifesting struc-
ture characteristics and size focusing of the as-prepared 
 Ag14. The  Ag14 purified by desalting columns showed 
obvious red fluorescence peaked at 640  nm (Fig.  1b, 
blue line), which is in consistent with those reported in 
literatures [34, 35]. The yield of  Ag14 was determined to 

Conclusion: In summary, atomically precise, ultrasmall and water soluble  Ag14 clusterzymes with SOD-like activity 
were successfully developed and proved to be effective both in vitro and in vivo for radioprotection. Furthermore, 
with atomically precise molecular structure,  Ag14 clusterzymes, on aspect of the catalytic and optical properties, may 
be improved by structure optimization on atom-scale level for other applications in disease diagnosis and treatment.
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be ~ 80% (based on the amount of Ag in the precursor) 
by using inductively coupled plasma massspectrometry 
(ICP-MS). The monodispersity of the product was dem-
onstrated by polyacrylamide gel electrophoresis (PAGE) 
analysis, which showed only one distinct band (Addi-
tional file 1: Figure S1a). Furthermore, the composition of 
Ag nanoclusters was checked by electrospray ionization 
(ESI) mass spectrometry. As shown in Additional file 1: 
Figure S1b, the peak at ~ m/z of 1342 were assigned to 
 [Ag14(SG)8 +  3Na]3+, which is in consistent with those 
reported in literature [35]. These results indicated that 
the  Ag14(SG)8 clusters were successfully synthesized. 
The representative transmission electron microscope 
(TEM) image of the  Ag14 in Fig. 1c showed that the  Ag14 
nanoclusters was mono-dispersity in water and have an 
ultra-small molecular size of ~ 1.4 nm. Due to the strong 
coordination between Ag atoms and the thiol groups, the 
 Ag14 nanoclusters were stable in water and physiological 
solvent, such as PBS and FBS (Additional file  1: Figure 
S2).

In recent years, Ag nanomaterials with oxidation prop-
erties, such as peroxidase (POD)-like activities and •OH 
generation abilities, have been employed for antimicro-
bial applications and cancer treatments [36–39]. How-
ever, in this work we found that glutathione supported 
 Ag14 clusterzymes exhibited strong antioxidant capaci-
ties and ROS scavenging abilities, especially on •OH and 
 O2

•− scavenging. Salicylic acid (SA) assays were applied 
to tested the •OH clearance ability of  Ag14. The salicylic 
acid solution turns into dark purple rapidly when react 
with hydroxyl radical. However, the color faded to light 
purple when  Ag14 were added, suggesting the hydroxyl 
radical could be effectively eliminated by  Ag14 cluster-
zymes (Additional file 1: Figure S3). As shown in Fig. 1d, 
the •OH clearance ability of  Ag14 clusterzymes was 
concentration-dependent, where 39.4% •OH could be 
eliminated at a concentration of 1.4  mg/mL (The con-
centration of the sample shown here and below indicates 
the concentration of  Ag14(SG)8 clusters, which was calcu-
lated according to the content of Ag in a certain volume 
of solution through ICP-MS).

Fig. 1 Characterization and antioxidant properties of  Ag14 clusterzymes. a Schematic illustration of  Ag14 clusterzymes. b Optical absorption (purple 
line) and photoemission (blue line, λex = 480 nm) spectra of  Ag14 clusterzymes. Insets: photographs of  Ag14 clusterzymes and the red-emitting  Ag14 
clusterzymes taken under visible and UV light. c Typical TEM image of  Ag14 clusterzymes. Insets: size distribution of  Ag14 clusterzymes obtained from 
TEM image. d •OH clearance ability of  Ag14 clusterzymes under different concentrations characterized by SA assays. e The SOD-like activity of  Ag14 
clusterzymes at different concentrations characterized by WST-8 and the comparison with natural SOD. f Time-dependent total antioxidant capacity 
of  Ag14 clusterzymes under different concentrations characterized by ABTS assays
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The  O2
•− scavenging ability of Ag nanoclusters was 

reported for the first time. The superoxide dismutase 
SOD-like activity of  Ag14 clusterzymes was detected by a 
WST-8 colorimetric method. It was found that the inhi-
bition rate of  Ag14 clusterzymes on  O2

•− was concentra-
tion-dependent, which reached 79.7% at a concentration 
of 20 ng/μL (Fig. 1e). According to the definition of unit 
of enzyme activity, the enzyme specific activity of  Ag14 
is high up to 3160  U/mg. We further tested the inhibi-
tion rate of 0–15 U/mL natural SOD on  O2

•− and com-
pared with the SOD-like activity of  Ag14 clusterzymes. 
As shown in Fig. 1e, the inhibition rate of 20 ng/μL  Ag14 
clusterzymes is comparable to that of 8.44 U/mL natural 
SOD. The SOD-like activity of  Ag14 clusterzymes was sta-
ble in water, which almost unchanged after 7  days, and 
only decreased by 14% after 14  days (Additional file  1: 
Figure S4). We further investigated the •OH and  O2

•− 
scavenging of the Ag14 clusterzymes by directly assess-
ing •OH and  O2

•− concentrations using electron spin 
resonance (ESR). As shown in Additional file  1: Figure 
S5, with increasement of Ag14 clusterzymes concentra-
tions, the ESR signals of the spin adducts, BMPO/•OH 
and BMPO/•OOH, significantly decrease, which demon-
strated increasing scavenging efficiency toward •OH and 
 O2

•−, respectively.
Lastly, the total antioxidant capacity of  Ag14 cluster-

zymes was evaluated by 2, 2ʹ-azino-bis (3-ethylben-
zthiazoline-6-sulfonic acid (ABTS) assays. Oxidative 
 ABTS+• could be reversibly reduced by antioxidants fea-
tured with absorbance decrease at 414 nm. As shown in 
Fig.  1f, the antioxidant ability of  Ag14 clusterzymes was 
time and concentration dependent. And the elimination 
of  Ag14 clusterzymes to ROS was rapid, only 17.8% ROS 
remained after 6  min of incubation at a concentration 
of 1.4 mg/mL. It is known that the protective ligand glu-
tathione (GSH) is an antioxidant. The antioxidant capac-
ity of  Ag14 clusterzymes may stem from GSH. In order 
to study the mechanism of antioxidant activity of  Ag14, 
cysteamine (Cys) stabilized Ag nanoclusters were syn-
thesized by the same method. As shown in Additional 
file 1: Figure S6, the  ABTS+• clearance kinetic of  Ag14 is 
comparable with GSH at same concentration, but signifi-
cantly higher than that of the Ag-Cys nanoclusters. Fur-
thermore, GSH stabilized  Ag16(GSH)9 nanoclusters were 
reported to possess superior antimicrobial properties via 
generating a high concentration of intracellular ROS [40, 
41]. These results indicated that the antioxidant capacity 
of Ag nanoclusters could not simply attributed to protec-
tive ligands with antioxidant capacity, which probably 
related to the unique molecular structure and coordi-
nation interactions between Ag atoms and thiol groups 
[30, 42–44]. These results demonstrated excellent ROS 

elimination ability of the  Ag14 clusterzymes in vitro and it 
could be used for radiation protection.

The in vitro radiation protection performance of  Ag14 
clusterzymes was then studied by a band of cell experi-
ments. Cellular uptake of  Ag14 clusterzymes in mouse 
fibroblast L929 cells after 1  h incubation demonstrated 
efficient cellular uptake of  Ag14 clusterzymes (Addi-
tional file  1: Figure S7). As shown in Fig.  2a,  Ag14 clus-
terzymes exhibited negligible cytotoxicity to L929 cells at 
a high concentration of 280 μg/mL, according to CCK-8 
(Cell Counting Kit-8) testing data. And the results of 
colony assays formation also demonstrated that  Ag14 
clusterzymes did not decrease cell reproductive capacity 
(Fig. 2d). The survival rate of L929 cells treated with  Ag14 
clusterzymes at a concentration of 280  μg/mL before 
4  Gy γ-ray irradiation showed significant enhancement 
compared with those received radiation alone (Fig.  2b). 
In addition, Colony assays were further performed to 
assess the cell reproductive capacity of L929 cells treated 
with or without  Ag14 clusterzymes followed by 2 Gy γ-ray 
irradiation. As shown in Fig.  2c, d, compared with the 
control group, there are only 58.1% colony formations 
when treated with radiation alone, while 86.9% colony 
formations are achieved with  Ag14 clusterzymes incu-
bation before radiation. These results suggested promi-
nent in  vitro protection capability of  Ag14 clusterzymes 
against γ-ray irradiation. To elucidate the radiation pro-
tective mechanism of  Ag14 clusterzymes, the radiation-
induced cellular DNA damage levels with and without 
 Ag14 clusterzymes treatment were evaluated by single 
cell gel electrophoresis (or comet assay). As shown in 
Fig. 2e, the 4 Gy γ-ray irradiated cells showed long tails 
in relation to severe cellular DNA damages, while cells 
treated with  Ag14 clusterzymes before irradiation showed 
fewer cell tails and DNA damages. Quantitative analysis 
of tail moments suggested effective prevention of radia-
tion-induced DNA damages or significant DNA repairs 
(Fig. 2f ).

The oxidative stress modulation of  Ag14 clusterzymes 
in  vitro was also investigated. Intracellular ROS lev-
els after 4  Gy γ-ray irradiation with or without  Ag14 
clusterzymes treatment were analyzed qualitatively 
and quantitatively in L929 cells with a ROS probe 2, 
7-dichlordihydrofluorescein diacetate (DCFH-DA) 
(Fig. 3). After reacting with ROS in cell, DCFH molecules 
were oxidized, and then they emitted bright green fluo-
rescence. Fluorescent images revealed the presence of 
excessive ROS in cells after γ-ray irradiation. And the 
treatment of  Ag14 clusterzymes decreased the fluores-
cence signals, demonstrating the scavenging ability of 
 Ag14 clusterzymes toward ROS in cells (Fig.  3a). Quan-
titative investigation by flow cytometry showed similar 
results that the ROS levels induced by γ-ray irradiation 
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in L929 cells were decreased with the concentrations of 
 Ag14 clusterzymes increased (Fig. 3b, c).

To evaluate the radioprotection effects in  vivo,  Ag14 
clusterzymes (1.4 mg/mL, 0.2 mL) was tail intravenously 
injected into C57 mice 30  min before total body γ-ray 
irradiation at a dose of 7.0  Gy. The survival fraction of 
mice was monitored within 30 days, meanwhile the body 
weight of mice was recorded every 2 days. As shown in 
Fig.  4a, the survival fraction of irradiated mice without 
treatment rapidly dropped to 14.3% after 19 days, indicat-
ing severe radiation damages caused by γ-ray exposure. 
However, the survival fraction of  Ag14 clusterzymes-
treated group maintained 50% after 19 days, then 42.9% 
after 30  days, showing apparent radioprotection effects. 
Moreover, the body weight of  Ag14 clusterzymes-treated 
group recovered better than the untreated group 8 days 
after radiation (Fig. 4b). These results demonstrated that 
 Ag14 clusterzymes could provide efficient protection 
against in vivo radiotoxicity.

The mechanism study was then conducted to elucidate 
the radioprotection effect of  Ag14 clusterzymes in  vivo. 
Amifostine was chosen as positive control. High-energy 
ionizing radiation can affect the function of the hemat-
opoietic system and inhibit the proliferation and differ-
entiation of bone marrow hematopoietic stem cells. Bone 
marrow total DNA contents and bone marrow nucle-
ated cells (BMNCs) were used as biomarkers of radiation 
damage to hematopoietic system. Bone marrow DNA 
contents of each group were assessed by optical absorp-
tion at 268 nm. On the 7th day after radiation, the opti-
cal density (OD) value of the Radiation group was 0.275, 
which was only 17.6% of the control group, while the 
OD value of  Ag14 clusterzymes-treated group increased 
to 0.334 (Fig.  4c). This indicated that γ-ray irradiation 
caused severe DNA damage, but the damage was allevi-
ated by  Ag14 clusterzymes treatment. The same trend was 
found in BMNCs, which sharply decreased to 16.2% of 
the control group on the 7th day after radiation. BMNCs 
of the  Ag14 clusterzymes-treated group displayed mild 

Fig. 2 Cytotoxicity and radiation protection of  Ag14 clusterzymes in vitro. a Viability of L929 cells after incubation with  Ag14 clusterzymes at doses 
from 0 to 280 μg/mL for 24 h. b Viability of L929 cells treated with or without  Ag14 clusterzymes (280 μg/mL) after radiation at the dose of 0 and 
4 Gy gamma ray. c, d Colony assay of L929 cells treated with or without  Ag14 clusterzymes (280 μg/mL) upon radiation at a dose of 2 Gy. e, f Comet 
images of L929 cells treated with or without  Ag14 clusterzymes (280 μg/mL) after radiation at a dose of 4 Gy, the tail length positively correlated to 
DNA damages in cells. Scale bars are all 50 μm. p values: ***p < 0.001, **p < 0.01, or *p < 0.05, ANOVA
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recovery ability compared with the radiation group 
(Fig. 4d). The radioprotection effect of  Ag14 clusterzymes 
on DNA became more significant with increasing obser-
vation time. Both bone marrow total DNA contents and 
BMNCs showed stronger recovery on 10th day after 
radiation, and there was a significant difference com-
pared with the radiation group (Additional file  1: Fig-
ure S9). When the administration dose was 1.4 mg/mL, 
amifostine did not show the comparative radioprotective 
effect as  Ag14 clusterzymes (Additional file 1: Figure S9). 
These results demonstrated that  Ag14 clusterzymes could 
exert radioprotection effects at a low administration 
dose by reducing and repairing the radiation damages on 
hematopoietic systems.

In addition, the tissue oxidative stress level was 
studied to further confirm the radiation protection 
mechanisms of  Ag14 clusterzymes. High-energy ion-
izing radiation can induce severe tissue oxidative 
stress through ROS generated from water ionization 
and oxygen participation. Therefore, the endogenous 

antioxidant enzymes in tissues, such as superoxide 
dismutase (SOD) and catalase (CAT), were consumed 
to eliminate excessive ROS. Meanwhile, the lipid per-
oxidation products increased, such as 3, 4-methyl-
enedioxyamphetamine (MDA). On the 7th day after 
radiation, the SOD activity of the liver and lung tis-
sues of mice in the radiation group was significantly 
decreased than that of the control group, while those 
with  Ag14 clusterzymes treatment distinctly recovered 
(Fig.  5a, b). Compared to the control group, the liver 
and lung SOD activity increased from 34.1 to 75.1% 
and 63.2% to 97.5%, respectively. Similar results were 
observed on liver CAT activities in each group. The 
activity values decreased from 13.8 to 7.7  U/mg after 
radiation, but recovered to 10.7  U/mg with the treat-
ment of  Ag14 clusterzymes (Fig. 5c). However, there was 
no significant difference in CAT activity in the lung tis-
sue of each group on the 7th day after radiation, which 
may be due to the inaccurate detection time selected 
(Fig.  5d). As shown in Fig.  5e, f the liver and lung 

Fig. 3 Intracellular ROS levels. a Laser confocal fluorescence microscopic images of intracellular ROS levels in L929 cells treated with or without 
 Ag14 clusterzymes (280 μg/mL) after 4 Gy radiation. b, c Quantitative analysis of intracellular ROS levels in L929 cells treated with or without  Ag14 
clusterzymes at various concentrations after 4 Gy radiation using flow cytometry. Scale bars are all 20 μm. p values: ***p < 0.001, **p < 0.01, or 
*p < 0.05, ANOVA
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Fig. 4 Radioprotection of  Ag14 clusterzymes in vivo. a Survival curves of mice with or without pre-injection of  Ag14 clusterzymes (1.4 mg/mL, 
0.2 mL) after 7 Gy radiation (14 mice per group). b Body weight of mice in different groups during 30 days. c Bone marrow total DNA content of 
mice in control group, radiation only group and radiation with pre-injection of  Ag14 clusterzymes at 7 days, as measured by UV–vis absorption at 
268 nm. d Counts of bone marrow nucleated cells in the three groups at 7 days

Fig. 5 Radioprotection mechanism of  Ag14 clusterzymes in vivo. Superoxide dismutase (SOD) levels in a liver and b lung 7 days after 7 Gy radiation. 
Catalase (CAT) levels in c liver and d lung. Lipid peroxidation malondialdehyde (MDA) levels in e liver and f lung. p values: ***p < 0.001, **p < 0.01, or 
*p < 0.05, ANOVA
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tissues MDA contents of the radiation group increased 
significantly compared with the control group, indicat-
ing severe lipid peroxidation of major organs induced 
by γ-ray irradiation. However, injection of  Ag14 cluster-
zymes before radiation could recover the MDA content 
in liver and lung tissues back to the normal levels on the 
7th day after radiation. These results demonstrated that 
 Ag14 clusterzymes could exert radioprotection effect by 
reducing the consumption of endogenous antioxidant 
enzymes and repairing tissue oxidative stress in  vivo 
induced by irradiation exposure.

We also explored the effect of  Ag14 clusterzymes on 
in  vivo tumor radiotherapy using mice bearing 4T1 
tumors. As shown in Additional file 1: Figure S10,  Ag14 
clusterzymes did not increase radioresistance in the 
tumors. There was no significant difference in tumor 
size (volume and weight) between the  Ag14 cluster-
zymes-treated group and the γ-ray irradiation group. 
We present a hypothesis on how  Ag14 clusterzymes can 
protect normal tissues from radiation damage without 
causing tumor radiation resistance. First, during tumor 
radiotherapy, the tumor region was locally irradiated by 
γ-ray irradiation. Thus, the radiation dose received by 
tumor tissue is much greater than that of the normal 
tissues. The direct killing effects of •OH on tumor cells 
are dominant. Furthermore, tumor tissues proliferate 
rapidly and tumor cells have a more relaxed chroma-
tin structure compared with normal tissues. Therefore, 
they are more susceptible to radiation damage than 
normal tissues [1, 23, 29].

Furthermore, the pharmacokinetics, biodistribution, 
and in  vivo toxicity were investigated. The half-life of 
 Ag14 clusterzymes in blood was about 46 min (Additional 
file 1: Figure S11). The kidney showed the highest uptake 
at 1  day post injection and urine excretion test showed 
that 64.3% of  Ag14 clusterzymes were excreted through 
renal clearance within 24  h after intravenous injection 
(Fig.  6a, b).  Ag14 clusterzymes were rarely accumulated 
in the main organs at 7  day post injection, indicating 
that  Ag14 clusterzymes could be excreted out of the body 
through urine without causing long-term toxic effect 
(Fig.  6a). During the 30  days observation period,  Ag14 
clusterzymes did not cause any abnormal effect on body 
weight and behavior of mice included (Fig. 6c). Hemato-
logical indicators, such as white blood cell (WBC), red 
blood cell (RBC), hemoglobin (HGB) and platelets (PLT), 
and serum biochemical indexes, such as alanine transam-
inase (ALT), aspartate aminotransferase (AST), blood 
urine nitrogen (BUN) and serum creatinine (CERA), 
were examined and no statistical difference was observed 
compared with the control group, suggesting negligible 
hemotoxic, hepatotoxicity and nephrotoxicity (Fig.  6d, 
e). Main organs including heart, liver, spleen, lung, 

kidney and bladder were collected for pathological analy-
sis by hematoxylin and eosin (H&E) staining. As shown 
in Fig. 6f, no apparent damage was observed in all organs, 
especially the spleen and kidney. These results demon-
strated that the water soluble  Ag14 clusterzymes with 
ultrasmall size could be excreted out of the body quickly 
without causing long-term toxicity in vivo.

Discussion
In this study, we investigated the potential of atomically 
accurate  Ag14 clusterzymes as a new type of radiopro-
tectants for the first time. Different from other Ag nano-
materials, which have been employed for antimicrobial 
applications and cancer treatment, the as-prepared  Ag14 
clusterzymes showed superoxide dismutase (SOD)-like 
activity, antioxidant capacity, especially strong •OH scav-
enging ability. In vitro cell experiments showed that  Ag14 
clusterzymes could improve cell viability, eliminate ROS 
and prevent DNA damages in cells after γ-ray irradiation. 
In vivo experiments showed that  Ag14 clusterzymes could 
improve the overall survival rate of the irradiated mice, 
protect hematological system and bone marrow DNA 
against γ-ray irradiation. In addition,  Ag14 clusterzymes 
could relieve the oxidative stress in vivo through regain-
ing endogenous reductive enzymes, including SOD and 
CAT, and removing excessive lipid peroxidation products 
induced by γ-ray irradiation, such as MDA. In addition, 
 Ag14 clusterzymes did not increase radioresistance of 4T1 
tumors. Compared with small molecule radioprotect-
ants, the as-prepared  Ag14 clusterzymes have appropri-
ate blood elimination half-life. And due to the ultrasmall 
size and water soluble,  Ag14 clusterzymes could be rap-
idly excreted out of the body through kidneys and did not 
cause any toxicological responses. Importantly, for atom-
ically precise molecular structure, the catalytic activity 
and selectivity of the  Ag14 clusterzymes can be regulated 
at molecular levels.

Furthermore, although we have studied the fluores-
cence properties of  Ag14 clusterzymes in this work, these 
properties in biomedicine have not been explored. Yang 
et  al. [34], explored the application of  Ag14 clusters in 
cancer cell imaging, but they did not conduct in-depth 
research in vivo, so the application of  Ag14 clusterzymes 
in bio-imaging is still worthy of further exploration. We 
could adjust the catalytic and optical properties of  Ag14 
clusterzymes at the molecular level by changing the com-
position and the ratio of metal atoms and ligand mol-
ecules, so that could further expand the applications of 
 Ag14 clusterzymes in disease diagnosis and treatment.
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Conclusions
In summary, atomically precise, ultrasmall and water 
soluble  Ag14 clusterzymes with SOD-like activity were 
successfully developed and proved to be effective both 
in  vitro and in  vivo for radioprotection. Furthermore, 
with atomically precise molecular structure,  Ag14 cluster-
zymes, on aspect of the catalytic and optical properties, 
may be improved by structure optimization on atom-
scale level for other applications in disease diagnosis and 
treatment.

Methods
Materials
Silver nitrate  (AgNO3) was purchased from Beijing 
TanMo Quality Testing Technology (China); l-glu-
tathione reduced (GSH, ≥ 97%), sodium borohydride 
 (NaBH4, ≥ 97%), and sodium hydroxide (NaOH, ≥ 97%) 
were purchased from Tianjin heowns Biochemical Tech-
nology (China); Salicylic acid  (C7H6O3, ≥ 99.5%) and 
ferrous sulfate  (FeSO4, ≥ 98%) were purchased from 
Shanghai Macklin Biochemical (China); Ultrapure Milli-
pore water  (H2O, 18.2 MΩ) was used in the whole study.

Fig. 6 Biodistribution and in vivo toxicities. a Biodistribution of  Ag14 clusterzymes in major organs at 1 and 7 days post intravenously injection 
of  Ag14 clusterzymes. b Cumulative urine excretion of  Ag14 clusterzymes at different time points. c Body weight of mice untreated mice and 
mice treated with  Ag14 clusterzymes 30 days post-injection. d Hematological indicators and e serum biochemical indexes of control group and 
experimental group treated with  Ag14 clusterzymes 30 days post-injection. f Pathological evaluation of control group and experimental group 
treated with  Ag14 clusterzymes 30 days post-injection. Scale bars are all 50 μm
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Preparation of  Ag14 clusterzymes
Ag14 clusterzymes were synthesized and purified 
according to a literature report [35]. In a typical syn-
thesis, aqueous solution of GSH (150  μL, 50  mM) 
and  AgNO3 solution (125  μL, 20  mM) were added to 
ultrapure water (4.85 mL) under vigorous stirring con-
dition to form a white flocculent precipitation. Then 
freshly prepared  NaBH4 solution (50  μL, prepared by 
adding 43 mg  NaBH4 to 10 mL 0.2 M NaOH solution) 
was introduced into the mixture to obtain a deep-red 
solution in 5  min. After incubated at room tempera-
ture for 3  h, another 50  μL freshly prepared  NaBH4 
solution was added and the mixture changed to brown 
15  min later. For further purification, the raw solu-
tion was traveled through a desalting column (PD-10, 
GE Healthcare) to get rid of small categories (e.g., free 
ligands and salts). The as-purified  Ag14 clusterzymes 
aqueous solution was collected for characterization and 
further application.

Characterization
UV–vis absorption spectra was tested on a Shi-
madzu UV-1800 spectrometer. Fluorescence spectra 
was recorded on a Fluorescence spectrophotometer 
(HITACHI F-4600 (Japan)), the excitation wavelength 
was 480  nm. ESI–MS were acquired on Bruker 
microTOF-Q system. Transmission electron microscopy 
(TEM) was performed on a JEOL JEM 2100F microscope 
operating at 200  kV. ICP-MS was tested with Agilent 
7500 CE (Agilent Technologies, Waldbronn, Germany). 
Native PAGE was carried out on a Bio-Rad Mini-PRO-
TEAN® Tetra Cell or  PROTEAN® II xi Cell system. 
Stacking and resolving gels were prepared from 4 and 
15  wt% acrylamide monomers, respectively. Negative 
electrophoretic buffer containing Tricine. PD-10 desalt-
ing columns (GE Healthcare UK Ltd) containing 8.3 mL 
of SephadexTM G-25 medium with a molecular weight 
exclusion limit of 5000 Da.

Hydroxyl radical scavenging ability test
Salicylic acid (SA) could be hydroxylated by •OH gen-
erated from ordinary Fenton reaction to produce pur-
ple product, which has distinct absorbance at 510  nm. 
In a typical •OH clearance test, 200  μL  H2O2 (50  mM) 
was added to a solution mixed with 200 μL SA solution 
(10  mM, water:ethanol = 9:1), 200  μL  FeSO4 (10  mM), 
100 μL  Ag14 clusterzymes (1.4 mg/mL), 200 μL ultrapure 
water and 100  μL PBS (0.01  M). After incubation for 
30  min at room temperature, the UV–vis absorption 
spectra was recorded on a Shimadzu UV-1800 spectrom-
eter, the absorbance at 510 nm was recorded on a micro-
plate reader.

SOD‑like activity test
The SOD-like activity of  Ag14 clusterzymes was meas-
ured in accordance with the manufacturer’s instructions 
in SOD assay kit (Beyotime, S0101M), and the SOD-like 
activity of a series concentrations of  Ag14 clusterzymes 
was expressed as the percentage inhibition of WST-8 
reaction with superoxide anion.

ESR test
ESR spectra of the BMPO spin-adducts were meas-
ured on a Bruker EMX spectrometer (Germany), 
X-band ~ 9.8  GHz, 3510 G central field, 200 scan range, 
20  mW microwave power, 1  G modulation amplitude, 
20.48 ms time constant and 20.48 ms conversion time.

•OH scavenging test
1 mM  H2O2 solution was prepared with phosphate buffer 
(pH = 7.4, 0.01 M) and BMPO (25 mM) was used as spin 
trap for •OH. Then, •OH was generated by UV-laser irra-
diation for 5 min. After irradiation, the sample was trans-
ferred to a standard cavity ESR flat cell. The scavenging 
process of •OH was determined by testing the signal 
intensity change of peaks before and after the addition of 
 Ag14 clusterzymes.

O2
•− scavenging test

KO2/DMSO (20 mM) solution and 18-crown-6 (3.5 mM) 
were used as the generation source and stabilizer of  O2

•−. 
BMPO (25  mM) was used as spin trap for  O2

•– and its 
spin adduct (BMPO/OOH•) presented six peaks under 
ESR spectrometer. The BMPO/KO2 sample was mixed 
for 10 s and transferred to a standard cavity ESR flat cell. 
The scavenging process of  O2

•− was determined by moni-
toring the signal intensity change of peaks before and 
after the addition of  Ag14 clusterzymes.

Antioxidation capacity test
The anti-oxidation capacity test of  Ag14 clusterzymes 
was carried out at room temperature by employing a 
commercial colorimetric Total Antioxidation Capacity 
Assay Kit (Beyotime, S0121). The assay was conducted 
in accordance with the manufacturer’s instructions. The 
time-dependent anti-oxidation activity of series concen-
trations of  Ag14 clusterzymes were represented by the 
absorbance at 414 nm.

Cytotoxicity
L929 mouse fibroblast cells were cultured in DMEM cell 
culture medium containing 10% fetal bovine serum (FBS) 
at 37  °C, 5%  CO2. For cytotoxicity test, L929 cells were 
cultured in 96-well plates (4 ×  103/well) in 100 μL DMEM 
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with 10% FBS for 24 h and incubated with a series con-
centrations of  Ag14 clusterzymes (from 0 to 280 μg/mL) 
for another 24 h. Then CCK-8 (Cell Counting Kit-8) assay 
was employed to investigate the relative cell cytotoxic-
ity following the manufacturer’s instructions (Beyotime, 
C0037).

Cellular uptake
L929 cells were seeded on a 6-well plate at 1 ×  106 cells 
per well and cultured in DMEM cell culture medium 
containing 10% fetal bovine serum (FBS) at 37  °C, 5% 
 CO2 for 24  h. Then the treated groups were incubated 
with  Ag14 clusterzymes (280 μg/mL) for 1 h. After that, 
cell media were discarded and the cells were washed with 
PBS for three times, then it was trypsinized and resus-
pended. The cells were counted before sent for testing 
Ag contents using inductively coupled plasma mass spec-
trometry (ICP-MS).

Cell survival
L929 cells were seeded in two 96-well plates (4 ×  103/
well) in DMEM with 10% FBS for 24  h and then incu-
bated with  Ag14 clusterzymes (280  μg/mL) for 1  h fol-
lowed by γ-ray irradiation at a dose of 0  Gy and 4  Gy. 
After irradiation, the cells were incubated at 37  °C, 5% 
 CO2 for another 24 h and then CCK-8 assay was carried 
out to investigate the relative cell viabilities following the 
manufacturer’s instructions (Beyotime, C0037).

Colony assay
L929 cells were cultured in two 6-well plates in DMEM 
with 10% FBS for 24 h and incubated with  Ag14 cluster-
zymes (280 μg/mL) for 1 h followed by γ-ray irradiation 
at a dose of 0 Gy and 2 Gy. Cells were incubated at 37 °C, 
5%  CO2 for further 5 h. Then the medium was replaced 
by fresh DMEM with 10% FBS and the cells were incu-
bated for 9–12  days. Once colony formations observed 
were greater than 50, the culture medium was discarded, 
and the plates were rinsed twice with PBS. After that, 4% 
paraformaldehyde solution (500 μL/well) was added to fix 
the cells for 10 min, and then the cells were stained with 
crystal violet for 10 min after immobilization. At last, the 
crystal violet was discarded and the colony formations 
were counted manually after rinsed with PBS.

Comet assay
Comet assay was carried out by employing a commercial 
DNA damge detection kit (SCGE) from KeyGEN Bio-
TECH (China). The cells were prepared as follows before 
gel electrophoresis: L929 cells were cultured in two 
6-well plates (3 ×  105/well) in DMEM with 10% FBS for 
24 h and incubated with  Ag14 clusterzymes (280 μg/mL) 
for 1 h followed by γ-ray irradiation at a dose of 0 Gy and 

4 Gy. Cells were incubated at 37 °C, 5%  CO2 for further 
1  h. The medium was then removed and the cells were 
washed, trypsinized, centrifuged and resuspended in PBS 
to get a cell density of 1 ×  106/mL. Then the assay was 
performed according to the manufacturer’s instructions. 
DNA damages were analyzed by fluorescent microscope 
(ZEISSVert.A1), and the tail moments were assessed with 
Comet Assay Software.

Intracellular ROS measurements
L929 cells were cultured in 6-well plates (1 ×  105/well) 
in DMEM with 10% FBS for 24  h and incubated with 
 Ag14 clusterzymes (280 μg/mL) for 1 h followed by γ-ray 
irradiation at a dose of 4  Gy. After irradiation, the cells 
were incubated at 37 °C for another 24 h and then incu-
bated with 1  mL 2,7-dichlorodihydrofluorescein diac-
etate (DCFH-DA, 5  μM) for 20  min after removing the 
medium. Laser confocal fluorescence microscope was 
applied to observe the fluorescence intensity of each 
group. The cells were trypsinized and resuspended in 
PBS for quantitative investigation of the fluorescence 
intensity by flow cytometry.

In vivo radiation protection
All animal-related experiments protocols were reviewed 
and permitted by the Institutional Animal Care and Use 
Committee (IACUC). All animals were purchased, raised 
and dealt with according to procedures approved by the 
Institute of Radiology Medicine of the Chinese Academy 
of Medical Sciences. 38 male C57 mice aged 6–8 weeks, 
weighing 18–22  g were randomly divided into three 
groups: 1, control group (10 mice, with 0.2 mL PBS injec-
tion only); 2, radiation group (14 mice, 0.2 mL PBS plus 
7.0 Gy γ-ray irradiation); 3,  Ag14 clusterzymes + radiation 
group (14 mice,  Ag14 clusterzymes (0.2 mL, 1.4 mg/mL) 
plus 7.0  Gy γ-ray irradiation). 30  min after tail intrave-
nous injection of PBS or Ag clusterzymes, mice in group 
2 and 3 received total body γ-ray exposure at a dose of 
7 Gy. All mice were observed for 30 days and the weight 
was recorded every two days at the same time. Mice 
that were still alive after 30 days were killed by cervical 
dislocation.

Bone marrow DNA and BMNC evaluations
To analyze bone marrow DNA contents and bone mar-
row nucleated cells (BMNCs) of mice under γ-ray 
irradiation, 3 mice of three experiment groups were 
sacrificed at 7 days and bilateral femurs of all mice were 
extracted(major organs were also collected for tissues 
oxidative stress analysis). To estimate the total DNA con-
tents in bone marrow, the femurs were washed repeatedly 
by quantified calcium chloride solution (10 mL, 5 mM), 
then the suspensions were placed for 30 min at 4 °C and 
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centrifuged for 15 min at 2500 rpm. After discarding the 
supernatants, the precipitates were mixed with perchlo-
rate (5 mL, 0.2 M) and then dealt with water bath at 90 °C 
for 15 min. The suspensions were filtrated with 0.22 μm 
Millex-GP membrane filters after cooled to room tem-
perature and the absorbance of the filtrates was measured 
at 268  nm with UV–vis spectrophotometer. The other 
femur of the mouse was obtained similarly and washed 
with 1 mL PBS until the femur turned white. The suspen-
sions were then filtrated with a 300-mesh gauze and the 
BMNCs in the filtrate were counted by hemocytometer.

Oxidative stress
The livers and lungs for superoxide dismutase (SOD), 
Malondialdehyde (MDA) and catalase (CAT) analyses 
were also from the 7 days sacrificed mice. The tips of liver 
acquired about 0.2 g and lung respectively immersed in 
saline solution (2 mL) and ground to 10% tissue homoge-
nates. Then the homogenates were kept on ice for 2  h 
and centrifuged at 4 °C, 2500 rpm for 10 min. The super-
natants were collected and further diluted as needed, 
respectively. The protein content, SOD, MDA and CAT 
levels in the tissues were quantified by employing BCA 
Protein Assay Kit (P0011), Total Superoxide Dismutase 
Assay Kits with NBT (S0109), Lipid Peroxidation MDA 
Assay Kits (S0131S) and Catalase Assay Kit (S0051) from 
Beyotime Biotechnology (China) following manufactur-
er’s instructions, respectively.

Effect on in vivo tumor radiotherapy
To prepare the tumor model, murine breast cancer 4T1 
cells (1.8 ×  106) suspended in 200 μL PBS were subcuta-
neously injected into the back of each Balb/c mouse. Mice 
bearing 4T1 tumors were randomly divided into four 
groups (five mice per group): 1, control group with PBS 
injection; 2,  Ag14 clusterzymes injection group; 3, PBS 
injection + RT group; 4,  Ag14 clusterzymes injection + RT 
group. The dose for intravenous injection was 0.2 mL per 
mouse, and the concentration of  Ag14 clusterzymes was 
1.4 mg/mL. When the tumor volume reached ~ 60  mm3, 
mice in group 3 and 4 received a 8 Gy γ-ray local radia-
tion for tumor on Day 0 after 30  min post-injection of 
PBS or  Ag14 clusterzymes. The lengths and widths of 
tumors were measured by a vernier caliper every 2 days. 
The tumor volume was calculated by an equation of vol-
ume =  width2 × length/2. The mice from all groups were 
sacrificed and tumors were excised for weighting and 
photograph at 12th day after various treatment.

Pharmacokinetics, biodistribution, and in vivo toxicity
C57 mice were injected intravenously with  Ag14 cluster-
zymes (1.4 mg/mL, 0.2 mL) to evaluate pharmacokinetics 
and biodistribution by testing Ag contents using ICP-MS. 

Blood from three mice was drawn at time points of 5 min, 
15 min, 0.5, 1, 6, 12, 24, and 48 h. The main organs were 
collected at 1 and 7 day after administration. 10 Female 
Balb/c mice weighing 18–22  g were randomly divided 
into two groups: control and  Ag14 clusterzymes treated 
groups (n = 5) for in vivo toxicity and excretion analyses. 
The treated group was tail intravenously injected with 
 Ag14 clusterzymes (1.4 mg/mL, 0.2 mL) while the control 
group was with 0.2 mL PBS. All mice were observed for 
30 days and precisely weighted every 2 days at the same 
time. The mice were sacrificed at 30 days and the blood 
samples by eyeball extirpating were obtained for hema-
tology and biochemistry studies. 20 μL of the blood sam-
ple was dripped into potassium EDTA collection tube 
for hematology analysis. The rest of the blood (about 
500 μL) were kept at 4 °C overnight and then centrifuged 
at 6000 rpm 4 °C for 5 min to collect the serum for bio-
chemistry evaluation. Main organs of two mice including 
heart, liver, spleen, lung, kidney and bladder were col-
lected and stained by hematoxylin and eosin (H&E) for 
pathological analyses.

Statistical analysis
All data were presented as average ± standard deviations 
(SD). Analysis of variance (ANOVA) statistics were car-
ried out, and p-values less than 0.05 were regarded as sta-
tistically significant.
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