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1. Introduction

The arsenical drugs have become the most 
powerful clinical drug for the treatment 
of acute promyelocytic leukemia (APL), 
which had been the most deadly blood 
cancer.[1–3] With a complete remission rate 
of 83–95% in patients receiving arsenic 
trioxide (As2O3, ATO) treatments, APL is 
now among the most curable cancers.[4] 
Encouraged by this milestone and hall-
mark success in treating APL, scientists 
and clinicians have devoted considerable 
effort to expanding the clinical applica-
tion of arsenical drugs to treat various 
types of solid tumors. However, clinical 
efficacy (phase I or even phase II trials) of 
arsenical drugs has been limited, both as a 
single therapeutic agent and in combina-
tion with other therapeutic strategies.[5]

The contradiction between therapeutic 
efficacy and high systemic toxicity of ATO/
other arsenical compounds is an impor-
tant reason for their hindered clinical 
expansion to solid tumor therapy.[6] Unlike 
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tumors has proven difficult with the contradiction between the therapeutic 
efficacy and the systemic toxicity. Here, leveraging efforts from materials 
science, biocompatible PEGylated arsenene nanodots (AsNDs@PEG) with 
high monoelemental arsenic purity that can selectively and effectively treat 
solid tumors are synthesized. The intrinsic selective killing effect of AsNDs@
PEG is closely related to high oxidative stress in tumor cells, which leads to an 
activated valence-change of arsenic (from less toxic As0 to severely toxic oxida-
tion states), followed by decreased superoxide dismutase activity and massive 
reactive oxygen species (ROS) production. These effects occur selectively 
within cancer cells, causing mitochondrial damage, cell-cycle arrest, and DNA 
damage. Moreover, AsNDs@PEG when applied in a multi-drug combination 
strategy with β-elemene, a plant-derived anticancer drug, achieves synergistic 
antitumor outcomes, and its newly discovered on-demand photothermal prop-
erties facilitate the elimination of the tumors without recurrence, potentially 
further expanding its clinical utility. In line of the practicability for a large-scale 
fabrication and negligible systemic toxicity of AsNDs@PEG (even at high 
doses and with repetitive administration), a new-concept arsenical drug with 
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blood cancers, in the treatment of solid tumors, the subop-
timal pharmacokinetics of arsenical drugs, including rapid 
renal elimination and low delivery efficiency to tumors, greatly 
impair therapeutic efficacy. Nevertheless, administering higher 
doses of arsenical drugs to treat these cancers would result in 
severe systemic toxicity, including peripheral neuropathies and 
liver failure. These limitations have motivated researchers to 
develop different delivery nanoplatforms for arsenical drugs 
to achieve better tumor accumulation.[7–9] Although improved 
therapeutic outcomes have been achieved in some preclinical 
studies, the essential systemic toxicity of arsenical drugs in 
solid tumor therapy has not been fundamentally solved. There-
fore, there is an urgent need for new-concept arsenical drugs 
capable of addressing this issue.

As a newly reported 2D material, arsenene that composed of 
monoelemental arsenic is less toxic but processes a similarly 
excellent therapeutic effect against APL cells.[10] Considering 
the higher oxidative stress (from sources such as H2O2) in solid 
tumors (vs normal tissues),[11–13] it is possible that arsenene 
may selectively transform into its oxidation states only in 
tumor tissues (i.e., yielding high therapeutic efficacy) but not 
in normal tissues (i.e., low systemic toxicity), offering an intelli-
gent selective killing strategy for solid tumor therapy. Addition-
ally, arsenene is a semiconductor with indirect bandgaps,[14–16] 
processing a potential to be discovered as near-infrared (NIR) 
light-responsive photothermal therapy (PTT) agents,[17–20] which 
has already yielded significant impacts in the preclinical and 
clinical treatments for solid tumors.[19,21–28] However, it remains 
difficult to efficiently obtain arsenene with high monoelemental 
purity and suitable size to achieve the abovementioned selective 
killing effects for solid tumor therapy. In addition, the feasi-
bility of such a strategy has not yet been explored.[17]

In this study, we developed arsenene nanodots (AsNDs) as 
a novel arsenical drug with both acceptable safety and robust 
antisolid tumor benefits. AsNDs with high monoelemental 
purity were manufactured via a smart liquid-phase exfoliation 
with Vitamin C as the oxidase sacrificial guardian. The AsNDs 
modified with DSPE-mPEG (AsNDs@PEG) could effectively 
reduce the viability of different cancer cells, but showed less 
toxicity in normal cells. The selective killing was demonstrated 
to be caused by the cancer cell-activated valence-change of 
arsenic (from less toxic As0 to severe toxic oxidation states), 
followed by decreased superoxide dismutase (SOD) activity 
and massive reactive oxygen species (ROS) production. The 
abruptly increased ROS in cancer cells further caused mito-
chondrial damage, cell-cycle arrest, and DNA damage. The in 
vivo results further confirmed that AsNDs@PEG effectively 
inhibited the growth of solid tumors, while demonstrating con-
siderable long-term biocompatibility in healthy tissues, even 
at high doses and with repetitive administration. Moreover, 
the AsNDs@PEG were demonstrated to be excellent in vivo 
photothermal agents for PTT. Benefitting from both: i) the 
intrinsic selective killing effect (by valence-change of arsenic 
and subsequently increased ROS levels within cancer cells) 
and ii) the extrinsic PTT (by NIR irradiation), AsNDs@PEG 
+ NIR treatments produced 100% remission of solid tumors 
without recurrence. In addition, a significantly lower dosage of 
AsNDs@PEG also achieved considerable therapeutic efficacy 
when combined with other clinical chemotherapy drugs (e.g., 

β-elemene), which may further expand its clinical application 
with the aid of this multi-drug combination strategy for solid 
tumor therapy.

2. Results

2.1. Synthesis and Characterization of AsNDs@PEG

To date, the preparation of arsenene with high monoele-
mental purity remains a challenge, even without considering 
the requirements of ultrasmall size, because of oxide impu-
rity introduced during synthesis procedures. Previous studies 
revealed that bulk arsenic crystals produced the highest stable 
arsenene sheets in N-methyl-2-pyrrolidone (NMP) solution via 
liquid-phase exfoliation.[29] Nevertheless, the procedure should 
be performed under a nitrogen atmosphere, and the as-obtained 
size of arsenene was beyond the suitable range for biomedical 
applications. We introduced a trace amount of vitamin C 
dissolved in NMP as the first-line oxidase sacrificial guardian, 
significantly reducing the oxidization of arsenene even in 
an atmospheric environment (Figure  1A and Figure S1A,  
Supporting Information).

As seen in transmission electron microscopy (TEM) 
images, highly uniform ultrasmall nanodots (diameter of 
≈3.2  nm, Figure  1B and Figure S1B, Supporting Informa-
tion) were obtained with lattice fringes of 3.8 Å (Figure  1C) 
corresponding to the d-spacing of the interlayer separation of 
arsenic.[30] In addition, the selected-area electron diffraction pat-
tern (Figure 1C) suggested that the hexagonal lattice of as-exfo-
liated nanodots was expected for rhombohedral arsenene.[29] 
Further, atomic force microscopy (AFM) images confirmed 
that all nanodots possessed a uniform height distribution 
(≈2.4  nm) (Figure  1D and Figure S1C, Supporting Informa-
tion). Moreover, the energy-dispersive X-ray (EDX) spectrum 
revealed a high atomic fraction of arsenic with a trace amount 
of O (Figure 1E). Furthermore, XRD (X-ray diffractograms) indi-
cated the crystal structure of the nanodots with clear diffraction 
peaks (Figure  1F), matching the lattice planes in the rhombo-
hedral crystal structure and crystallographic parameters of gray 
arsenic.[10] After these analyses proved that the crystalline struc-
ture of arsenic was highly preserved during exfoliation, the ultra-
small AsNDs were fabricated. To further confirm the quality of 
the exfoliated AsNDs, XPS (X-ray photoelectron spectra) and 
Raman spectroscopy measurements were carried out. In detail, 
the AsNDs 3p spectrum showed 3p3/2 and 3p1/2 levels at the 
binding energies of 140.5 and 145.3 eV, respectively (Figure 1G), 
and the AsNDs 3d spectrum showed two peaks at the binding 
energies of 41.8 and 42.3 eV (Figure 1H), which can be assigned 
to the As–As 3d3/2 and 3d5/2 levels of the elemental arsenic, 
respectively.[30] In the case of the Raman spectrum of AsNDs, 
Eg (in-plane vibration) and A1g (out-of-plane vibration) bands 
at 197.5 and 255.9 cm−1 were observed, respectively (Figure 1I), 
consistent with previous reports.[30] Collectively, AsNDs with 
high monoelemental purity were successfully obtained through 
our facile fabricating process, implying excellent potential for 
further large-scale fabrication.

Moving forward, to enhance the colloidal stability of 
AsNDs for biomedical applications, we further applied a cell  
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membrane-mimetic engineering strategy for surface modifica-
tion of the nanodots.[18,25,31,32] After coating them with DSPE-
PEG via a facile and straightforward approach (AsNDs@PEG), 
the FT-IR (Fourier transform infrared spectroscopy) spectrum 
showed the expected bands of DSPE-PEG with C−H stretching 
(Figure S1D, Supporting Information). Further, AsNDs@
PEG showed high hemocompatibility in the presence of the 
physiological medium (Figure S1E, Supporting Information). 
Taken together, our successful formation of isolated ultrasmall 
AsNDs with high monoelemental purity by the exfoliation of 
gray arsenic crystals, and creation of the surface-functionalized 
AsNDs@PEG hold exciting potential for future biomedical 
applications.

2.2. Inner Cancer Cellular Oxidative Stress Mediated the  
Selective Killing Effect of AsNDs@PEG

Given the successful fabrication of AsNDs@PEG, we next 
closely evaluated their cytotoxicity at the cellular level. First, 
five cancer cell lines (breast cancer cells—4T1, MCF-7, and 
MDA-MB-231; lung cancer cells—H1299; and cervical cancer 
cells—HeLa) and two normal human cell lines (THLE-3—liver 
epithelial cells, and HEK-293—embryonic kidney cells) were 
incubated with AsNDs@PEG at various concentrations and 
their viability was examined. Doxorubicin (Dox), one of the 
most commonly used drugs for solid tumor chemotherapy, 
was used as a therapeutic control. ATO was not chosen, as 
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Figure 1. Characterization and properties of AsNDs. A) Schematic illustration of the ultrasmall AsNDs obtained via a liquid-phased exfoliation strategy, 
and their application for selective chemotherapy and PTT of solid tumors. B) Atomic structures of arsenic and TEM image of AsNDs. C) HR-TEM image, 
Fourier transform, parameters of arsenic atomic lattice, and selected area electron diffraction of AsNDs. D) AFM topography and height distribution of 
AsNDs. E) EDS spectrum, F) XRD pattern, G) XPS survey spectrum, and H) As 3d spectrum of AsNDs. I) Raman spectra of bulk arsenic and AsNDs.
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we already knew its limitations in the clinical treatment of 
solid tumors, but because Dox can be clinically used for solid 
tumors, it would make a more meaningful therapeutic con-
trol in our in vitro and in vivo studies. The AsNDs@PEG were 
effectively taken up by cancer cells (Figure S2, Supporting 
Information), the viability of which decreased significantly with 
increasing concentrations of AsNDs@PEG (Figure  2A and 
Figure S3, Supporting Information), whereas the normal cell 
lines showed no obvious change in viability. By contrast, severe 
toxicity in normal cell lines was observed at the given dosage 
of Dox (Figure S4, Supporting Information). With this exciting 
revelation that AsNDs@PEG could selectively kill cancer cells, 
we set out to characterize its possible mechanism of action. 
Considering the facts that AsNDs@PEG were sensitive to the 
oxidizing agent (Figure S1F,G, Supporting Information) and 
that cancer cells produced elevated levels of intracellular oxi-
dants or ROS relative to noncancer cells,[33–35] we hypothesized 
that a valence change of arsenic—from less toxic As0 to severe 
toxic oxidation states—would be activated in cancer cells.

Given the evidence from studies demonstrating that ATO 
treatment of cancer cells generates intracellular ROS and 
leads to cytotoxicity, we employed DCF-DA (2′,7′-dichlorofluo-
rescin diacetate)—an ROS sensor, to evaluate ROS levels in 
cells treated with AsNDs@PEG. As expected, ROS fluores-
cence signals were significantly higher in cancer cells than in 
normal cells (Figure  2B and Figure S5, Supporting Informa-
tion). Taking into account that SOD is a critical antioxidant 
enzyme responsible for protecting cancer cells via the elimi-
nation of ROS,[36] the activity of SOD in AsNDs@PEG-treated 
cancer cells or normal cells was examined. The results showed 
that SOD activity in cancer cells was greatly decreased, while 
negligible effects were observed in normal cells (Figure  2C). 
Thereafter, we evaluated the Phospho-p38 MAP Kinase (P-p38 
MAPK, a major target of ROS-induced signaling pathway) 
expression for cells that treated with AsNDs@PEG. As revealed 
by the immunofluorescent staining and western blot (WB) anal-
ysis (Figure 2D), a significant P-p38 MAPK level was observed 
in cells treated with AsNDs@PEG, indicating an effective ROS 
production. Collectively, these findings suggest that AsNDs@
PEG are activated into toxic oxidation states via the inner oxida-
tive stress of cancer cells, leading to higher ROS production on 
the one side and a decrease of SOD activity on the other side—
contributing to a final massive production of ROS, leading to 
cell death.

2.3. Massive Production of ROS Selectively Induced by 
AsNDs@PEG Damaged Mitochondria and DNA within 
Cancer Cells

Based on the clarification of the selective killing effect of 
AsNDs@PEG, we next examined their subsequent biolog-
ical effects in cancer and normal cells. As the powerhouse 
of the cell as well as the storehouse of suicidal weapons, the 
mitochondrion processes various lethal signal transduc-
tion pathways, and stimulating mitochondrial membrane 
permeabilization can lead to the activation of the cell-death 
machinery.[32,37] Considering the massive ROS production 
in cancer cells treated with AsNDs@PEG, we first sought to 

determine its effect on mitochondrial transmembrane potential 
(ΔΨm), a distinguishing parameter reflecting the hyperpolari-
zation or depolarization of mitochondria. Here, a widely used 
membrane-permeant JC-1 dye was employed as an indicator 
of mitochondrial function; it exhibits mitochondrial potential-
dependent accumulation, indicated by a fluorescence emis-
sion shift from green (JC-1 monomer, damaged cells with low 
ΔΨm) to red (JC-1 aggregates, healthy cells with high ΔΨm). 
After treatment with AsNDs@PEG (4  µg mL−1), a significant 
increase in green fluorescence signal was seen in cancer cells, 
whereas normal cells harbored a robust ΔΨm (Figure  2E and 
Figure S6, Supporting Information). Further, a similar conclu-
sion could be drawn from the relative amounts of JC-1 aggre-
gate and JC-1 monomer in each cell line, assessed using a 
fluorescence microplate reader for a given green-to-red fluores-
cence ratio (Figure 2F), which depends only on the membrane 
potential and not other factors. In addition, bio-TEM images of 
mitochondrial morphology changes (e.g., osmotic swelling of 
the mitochondrial matrix, red arrows) provided direct evidence 
of AsNDs@PEG-induced mitochondrial outer membrane 
permeabilization that was selectively produced in cancer cells 
(Figure 2G and Figure S7, Supporting Information).

Of note, significantly condensed chromatin, karorrhexis 
(fragmentation) and karyolysis (dissolution) of the nucleus 
were also observed in cancer cells treated with AsNDs@PEG 
(Figure 2G). Related to the nucleus damage, the AsNDs@PEG-
induced irreparable DNA damage specifically to cancer cells 
was confirmed by an immunofluorescent staining assay with 
γH2AX as a highly specific and sensitive molecular marker 
of DNA double-strand breaks (DSBs).[36] As a result, remark-
ably high levels of γH2AX foci—prospective biomarkers of 
the accumulation of DSBs—were found in the nucleus of 
AsNDs@PEG-treated cancer cells (Figure 3A,B and Figure S8, 
Supporting Information). Furthermore, the levels of 8-OHdG 
(8-hydroxy-2′-deoxyguanosine), a noninvasive biomarker of oxi-
dative damage to nucleoside DNA, were detected in cells after 
the incubation of AsNDs@PEG (Figure 3C and Figure S8, Sup-
porting Information). Consistent with the bio-TEM results, 
significantly increased formation of 8-OHdG occurred only in 
cancer cells. Based on these observations, the ROS induced by 
AsNDs@PEG would lead to irreparable damage to mitochon-
dria and DNA selectively in cancer cells.

2.4. AsNDs@PEG also Inhibited the Metabolism and Growth 
of Cancer Cells

Considering that ROS can lead to cell defenses including cell-
cycle delay,[36] and there are at least two checkpoints moni-
toring DNA damage (one at the G1/S transition and the other 
at the G2/M transition), we further investigated the cell cycle in 
AsNDs@PEG-treated cells. Obviously, the increases of the G2- 
or S-phase were observed in cancer cells (Figure 3D), indicating 
that AsNDs@PEG effectively induced cell-cycle arrest. Further-
more, the dramatically upregulated expression of p21 protein 
that linking DNA damage to cell-cycle arrest was also observed 
in cancer cell lines, which could promote the apoptosis induc-
tion of Bax protein (Figure  3E). Given ample evidence of cell-
cycle arrest, the survival and proliferation of cancer cells and 
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Figure 2. Inner cellular oxidative-stress-mediated selective killing effect of AsNDs@PEG. A) Relative cell viabilities of normal cell lines (THLE-3 
and HEK-293) and cancer cell lines (4T1, H1299, and HeLa) after incubation with AsNDs@PEG. B) ROS generation and C) SOD activity of 
cells treated with AsNDs@PEG (4  µg mL−1). D) Confocal microscopy images of immunofluorescent staining (Phospho-p38 MAPK, red) and 
the corresponding WB analysis. E,F) Mitochondrial transmembrane potential (ΔΨm) change of AsNDs@PEG (4 µg mL−1)-treated cells revealed 
by florescence imaging (E) and quantitative analysis (F). G) Bio-TEM images of the mitochondrial morphology changes (red arrow: damaged 
mitochondria).
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normal cells after treatment with AsNDs@PEG were next 
investigated. To assess cell reproductive death after treatment 
with AsNDs@PEG, a colony formation assay was next per-
formed. As a consequence, a great mass of the harvested cancer 
cells would lose the clonogenic capacity to grow into a colony 
(Figure  3F). Moreover, we further investigated the cell migra-
tion ability toward AsNDs@PEG-treated cells. As indicated by 
the Wound Healing Assay (also called Scratch Assay), cancer 
cells received AsNDs@PEG treatment presented a significant 
inhibited wound confluence % (Figure S9, Supporting Informa-

tion). Collectively, these results suggest that the AsNDs@PEG 
contributed to considerable inhibition of migration and also a 
significant reduction in the clonogenic survival of cancer cells, 
which together account for the effective therapeutic outcomes 
seen.

Motivated by the inhibition of cancer cell growth regula-
tion and metabolism, the same number of 4T1 cancer cells 
with and without AsNDs@PEG treatment were harvested 
and implanted into the right and left flanks of mice, respec-
tively, and tumor development was monitored. Consistent 
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Figure 3. ROS-induced DNA damage and inhibition of cancer cell metabolism and growth. A) Confocal microscopy images of immunofluorescent 
staining (γH2AX foci, red), B) the corresponding florescence distribution, and C) quantified DNA damage measured by 8-OHdG assay of AsNDs@
PEG (4 µg mL−1)-treated cells. D) Cell cycle distribution analyzed by FCM (AsNDs@PEG, 4 µg mL−1). E) Colony formation of cells after incubation with 
AsNDs@PEG (1 µg mL−1). F) WB analysis of cell cycle-related protein (p21), and mitochondrial apoptotic process (Bax). G) Subcutaneous tumor for-
mation ability of 4T1 cells that received saline or AsNDs@PEG (4 µg mL−1) pre-treatment. H) Schematic illustration of transformative valence-activated 
selective therapy. Significance was determined using a Student’s two-tailed t test, where ***p < 0.001, **p < 0.01, and *p < 0.05.
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with the in vitro cellular results, AsNDs@PEG-treated 4T1 
cancer cells showed a dramatic delay in solid tumor forma-
tion (Figure  3G and Figure S10, Supporting Information). 
More encouragingly, 50% mice received implant of AsNDs@
PEG-treated 4T1 cancer cells showed nondetectable tumor 
production, indicating that a significantly inhibited cancer 
cell metabolism could be effectively achieved both in vitro 
and in vivo.

With all the above observations, we may conclude several 
things about the mechanism of action for the selective thera-
peutic efficacy of AsNDs@PEG (Figure  3H). First, AsNDs@
PEG made from highly pure monoelemental arsenic were bio-
compatible; however, the high inner oxidative stress present 
in cancer cells triggered the valence change of monoelemental 
arsenic to severe toxic oxidation states. Next, with accumula-
tion of ROS production and decreased SOD activity, mitochon-
drial damage and DNA damage occurred specifically in cancer 
cells, leading to cell cycle arrest and apoptosis, leading to the 
loss of survival and proliferation abilities of cancer cells. Thus, 
AsNDs@PEG are effective and bioactive chemotherapeutic 
agents against cancer cells.

2.5. Selective Killing Effect of AsNDs@PEG in Mice Bearing 4T1 
Solid Tumors: Effective Inhibition of Tumor Growth, but Without 
Toxicity Issues

Encouraged by the previously identified selective killing 
ability and favorable biocompatibility in vitro, the perfor-
mance of AsNDs@PEG was further explored in vivo. We 
employed DSPE-PEG-Cy5.5 for the modification of AsNDs 
(AsNDs@PEG-Cy5.5), and performed its in vivo biodistri-
bution on 4T1-tumor-bearing mice via fluorescence imaging 
(Figure  4A). The obvious fluorescence signals occurred in 
the tumor region of the mice were observed. With prolonged 
time, AsNDs@PEG-Cy5.5 gradually accumulated in the 
tumor and reached its maximum at 6 h after intravenous (i.v.) 
injection, and the fluorescence still remained detachable at 
24 h post injection. To further clarify the body distribution of 
AsNDs@PEG-Cy5.5, the main organs as well as the tumor 
tissue were harvested and imaged ex vivo at 24 h post injec-
tion. An obvious fluorescence intensity was observed in the 
tumor tissue that received AsNDs@PEG-Cy5.5 injection com-
pared with that of free Cy5.5, indicating that the AsNDs@
PEG-Cy5.5 efficiently accumulated in the tumor (Figure S11A, 
Supporting Information). For the treatment groups, BALB/c 
mice bearing 4T1 solid tumors received 4 i.v. injections of 
AsNDs@PEG or Dox on days 0, 2, 5, and 9 at one of two pos-
sible doses (2.5 or 5.0 mg kg−1). During treatment, moderate 
therapeutic efficacy was observed in mice administered with 
2.5  mg kg−1 AsNDs@PEG (tumor inhibition ratio ≈33.4%) 
or Dox (tumor inhibition ratio ≈20.0%); whereas 5.0 mg kg−1 
treatment significantly inhibited tumor progression with 
an inhibition ratio of 67.9% and ≈74.6% for mice received 
AsNDs@PEG or Dox, respectively (Figure 4B and Figure S11B,  
Supporting Information). Of note, complete remission (CR) 
was achieved in 25% of mice that received 5.0 mg kg−1 treat-
ment of AsNDs@PEG; by contrast, 25% of mice that received 
Dox at the same doses died.

To better understand the mechanisms underlying the 
in vivo antitumor effect of AsNDs@PEG, a set of immu-
nofluorescent staining assays was performed on tumor 
sections (Figure  4C). In line with the in vitro ROS produc-
tion, AsNDs@PEG contributed to massive ROS in vivo 
as well (Figure  4C and Figure S11C, Supporting Informa-
tion). AsNDs@PEG-treated tumors showed significant DNA 
damage (γH2AX) as well as expression of Caspase-3 (a critical 
executioner of apoptosis), indicating the apoptosis pathway 
was effectively activated in vivo. Moreover, the degree of tumor 
angiogenesis, as revealed by CD31 expression, was reduced 
after AsNDs@PEG treatment, inhibiting tumor growth. Fur-
thermore, the expression of Ki67, which is strongly associated 
with tumor cell proliferation and growth,[38] was significantly 
lower in AsNDs@PEG-treated mice as compared with saline-
treated ones. As a consequence, apoptosis (revealed by ter-
minal deoxynucleotidyl transferase dUTP nick-end labeling 
(TUNEL) assay) was observed. Taken together, these findings 
provide ample evidence of AsNDs@PEG producing consider-
able in vivo anti-solid tumor effects.

Considering the significantly greater body weight loss in 
Dox-treated mice (−4.5  g) compared to mice administered 
with AsNDs@PEG (+ 2.0 g) at the same dose of 5.0 mg kg−1 
(Figure  4D), we next sought to assess biosafety in those two 
groups. To start with, the mice receiving Dox treatment suffered 
a severe loss in overall weight and weight of the main organs 
compared with mice in the saline group; by contrast, AsNDs@
PEG-treated mice showed no obvious changes (Figure  4E). 
Next, high levels of aspartate transaminase (AST) and ala-
nine transaminase (ALT), two major indicators of liver func-
tion, further indicated liver disease or damage in Dox-treated 
mice but not in AsNDs@PEG-treated mice (Figure S12A,  
Supporting Information). Additionally, severe toxicity for 
normal tissues (e.g., liver and hear) was observed only in 
Dox-treated mice (Figure S12B–D, Supporting Informa-
tion). The spleens (reservoirs for leukocytes and phagocytes) 
from the Dox-treated group showed expanded red pulp with 
identifiable regions, compared with those in the saline- or 
AsNDs@PEG-treated group with precise splenic organizations 
(Figure  4F). Further, a significant increase in the percentage 
of cardiac fibrosis was observed in mice receiving Dox treat-
ment but not in AsNDs@PEG-treated mice, as suggested by 
Masson’s trichrome staining (Figure 4G and Figure S12D, Sup-
porting Information). With a severe reduction in spleen weight 
(84.07%), Dox-induced splenocardiac toxicity would lead to 
a lack of immune response in injury,[39] followed by causing 
severe toxic effects in the heart,[40] including fibrosis and heart 
failure (Figure  4H). In summary, AsNDs@PEG processed a 
remarkable therapeutic efficacy for solid tumor treatment with 
good biosafety. At the levels we tested, AsNDs@PEG showed 
more promising outcomes than the clinically used Dox, in 
both therapeutic efficacy and safety.

2.6. AsNDs@PEG also Worked Effectively in Mice Bearing 4T1 
Metastatic Tumors

It is common for patients with solid tumors to eventu-
ally develop metastases. Bearing this in mind, we further  
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Figure 4. AsNDs@PEG as an effective in vivo chemo drug for solid tumor therapy with satisfactory biosafety. A) In vivo fluorescence imaging of 4T1-tumor-
bearing mice received i.v. injection of free Cy5.5 or AsNDs@PEG-Cy5.5. B) Comparisons between therapeutic outcomes achieved by i.v. administration of 
AsNDs@PEG or Dox in 4T1-tumor-bearing mice. C) In vivo ROS production and immunofluorescent staining assays performed on tumor sections after 
AsNDs@PEG treatment (5 mg kg−1). D) Body weight change during the course of study, and E) organ weight changes in mice at 14 days post treatment. F) Patho-
logical analysis of spleen and G) Masson’s trichrome staining of heart after treatment. H) Schematic illustration of splenocardiac cachexia-induced cardiac failure.
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established a metastasis model by i.v. injection of the lucif-
erase-expressing cancer cell line (4T1-Luc) into mice, and the 
therapeutic efficacy of AsNDs@PEG was monitored via biolu-
minescence imaging (Figure 5A). In contrast to saline-treated 
mice, which developed severe lung and distant metastases, 
AsNDs@PEG-treated mice showed significantly inhibited 

metastasis (Figure 5B and Figure S13, Supporting Information).  
Therefore, in line with the inhibited cancer cell metabolism 
and growth results in vitro, AsNDs@PEG also effectively sup-
press the development of metastasis in vivo, benefiting poten-
tial future applications in patients with metastasis from solid 
tumors.

Adv. Mater. 2021, 33, 2102054

Figure 5. A) AsNDs@PEG (5 mg kg−1) for metastatic tumor treatment, and B) the corresponding photos and pathological analysis of lungs. Long-term 
toxic profiles of i.v. administration of AsNDs@PEG in ICR mice. C) The therapeutic outcomes achieved by drug combination strategy (i.v. administra-
tion of AsNDs@PEG and β-elemene) on H1299-tumor-bearing nude mice. The detailed combination index calculation is presented in Figure S16 in the 
Supporting Information. D) Body weight change and organ coefficient, and E) blood hematological and F) biochemical analysis of mice that received 
repetitive i.v. administration of AsNDs@PEG (four times) at different dosages (form left to right: liver, spleen, and kidney).
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2.7. Drug Combination Strategy of AsNDs@PEG with Other 
Chemotherapeutic Drugs in Solid Tumor Therapy

Chemotherapeutic drug combinations are commonly used in 
the clinic to improve therapeutic efficacy, reduce side effects, 
and minimize the possibility of drug resistance.[41] To expand 
the potential application of the developed arsenical drug, we 
further explored its application in a drug combination strategy. 
β-elemene, a plant-derived anticancer drug commonly used 
in the clinic,[42,43] was chosen as an example drug for com-
bination therapy for solid tumors. β-elemene, with dosage-
dependent inhibition of cancer cell metabolism and growth 
(Figure S15A, Supporting Information), showed a synergistic 
chemotherapeutic performance with a lower dose of AsNDs@
PEG (1  µg mL−1) toward cancer cells (Figures S15B and S16, 
Supporting Information). Thereafter, we further evaluated the 
in vivo therapeutic efficacy of AsNDs@PEG combined with 
β-elemene on H1299-tumor-bearing nude mice (Figure  5C). 
The mice were separated into four groups: saline, AsNDs@
PEG 2.5  mg kg−1, β-elemene 5  mg kg−1, and AsNDs@PEG 
2.5  mg kg−1  + β-elemene 5  mg kg−1, and the drugs were i.v.  
administrated on Days 0, 2, 5, and 9. The tumor sizes in each 
group were closely monitored for 14 days after the initial drug 
exposure. During treatment, moderate therapeutic efficacy was 
observed in mice administered with 2.5 mg kg−1 AsNDs@PEG 
(tumor volume inhibition ratio ≈36.23% and tumor weight 
inhibition ratio ≈41.19%) or 5  mg kg−1 β-elemene (tumor 
volume inhibition ratio ≈41.47% and tumor weight inhibi-
tion ratio ≈44.19%); whereas 5.0 mg kg−1 AsNDs@PEG treat-
ment significantly inhibited tumor progression with a tumor 
volume inhibition ratio ≈78.63% and tumor weight inhibition 
ratio ≈72.66%. Encouragingly, the drug combination strategy 
(AsNDs@PEG 2.5  mg kg−1  + β-elemene 5  mg kg−1) achieved 
a tumor volume inhibition ratio ≈84.10% and tumor weight 
inhibition ratio ≈78.51%, which showed a synergistic thera-
peutic outcome with a combination index >  1.15. Therefore, 
a significantly reduced amount of AsNDs@PEG could also 
achieve considerable therapeutic efficacy in combination with 
appropriate chemotherapeutic drugs, which may expand its 
future clinical utility.

2.8. Long-Term Toxic Profiles of AsNDs@PEG in Mice

Immediate and long-term risk of toxicity after drug exposure 
is of great importance to oncologists and cancer survivors. 
Although the AsNDs@PEG demonstrated good biosafety over 
14 days treatment of solid tumor, their long-term potential 
cumulative toxicity from repetitive injections should be fur-
ther evaluated. We therefore repetitively i.v. administered with 
2.5, 5, or 10 mg kg−1 of AsNDs@PEG to healthy ICR mice on 
days 0, 2, 5, 9, and closely monitored them for 30 days after 
the initial drug exposure. Unlike the mice receiving saline 
treatment, there was no weight loss, behavioral abnormality, 
or death in any of the three AsNDs@PEG-treated groups 
(Figure  5D). Additionally, the organ coefficient % (weight of 
mice/wet weight of organ)—another key parameter related to 
the biosafety profiles of the drug—further suggested no signif-
icant side effects to the main organs was caused by AsNDs@

PEG (Figure  5D), which was also confirmed by pathological 
analysis (Figure 5F and Figure S16, Supporting Information). 
Moreover, the hematological results indicated no obvious 
infection or inflammation in mice-administrated AsNDs@
PEG, and biochemical analysis revealed no hepatic or kidney 
toxicity (Figure  5E). To investigate the clearance characteris-
tics of the injected AsNDs@PEG, we i.v. injected AsNDs@
PEG into the healthy ICR mice at a given dosage of 5 mg kg−1, 
and the main organs were collected at different time inter-
vals. The amount of element As distributed in the organs was 
measured by inductively coupled plasma mass spectrometry. 
As indicated by the clearance studies (Figure S17, Supporting 
Information), the AsNDs@PEG were effectively cleared out 
of the animal via the hepatobiliary excretion. At 7 days post 
injection, 85% of the injected AsNDs@PEG were cleared out. 
Combing the long-term toxic profiles of AsNDs@PEG in mice, 
we therefore believe that the AsNDs@PEG processed an ideal 
balance between the clearance characteristics and the thera-
peutic efficacy. Taken together, while Dox (i.e., one of the most 
commonly used chemotherapy drugs in solid tumor therapy) 
induced irreversible damage in mice (≈25% death in a short 
period of 14 days), AsNDs@PEG elicited a comparable thera-
peutic outcome with significantly better biosafety, as con-
firmed by long-term toxic profiles.

2.9. PTT via AsNDs@PEG in a Combination Treatment Strategy 
for Solid Tumors

Over recent years, it has been extremely gratifying to wit-
ness the progress of PTT from the lab to the clinic.[19,20,44,45] 
Arsenene has been reported as a semiconductor with indirect 
band gaps, which may endow AsNDs@PEG with potential 
as PTT agents. We explored that possibility in NIR-mediated 
PTT (Figure  6A and Figure S18A–C, Supporting Informa-
tion). In detail, owing to their strong NIR absorption ability, 
AsNDs@PEG in aqueous solution (240  µg mL−1) elicited a 
dramatic temperature increase of 37 °C upon 808 nm laser 
irradiation at 1.0 W cm−2 for 5 min; whereas the water alone 
barely showed a response to the laser. Additionally, AsNDs@
PEG demonstrated sufficient photothermal stability over five  
on/off cycles of 808 nm laser irradiation (1.0 W cm−2). The 
photothermal conversion efficiency (η) of AsNDs@PEG was 
calculated as 37.85%, which is higher than a majority of PTT 
agents, including black phosphorous quantum dots, MoS2 
nanosheets, Bi2S3 nanorods, etc.[26,27,32]

With excellent photothermal stability and photothermal con-
version ability, the AsNDs@PEG were next investigated for in 
vivo PTT of solid tumors. After local injection with AsNDs@
PEG (1 mg mL−1, 40 µL), the tumor showed a rapid temperature 
rise to 49 °C when exposed to the laser (1.0 W cm−2) for only 
30 s, and could reach and maintain 54–59 °C for the following 
9 min; while no significant temperature change was observed 
in phosphate-buffered saline-injected mice (Figure 6B). It has 
been well-established that when the temperature increases to 
46–52 °C, irreversible and rapid death of cells will be observed 
owing to microvascular thrombosis and ischemia. At a tem-
perature over 60 °C, instantaneous cell death will occur owing 
to protein denaturation and plasma membrane destruction.[23] 
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As a consequence, successful elimination of all the tumors 
with no recurrence was achieved in mice receiving “AsNDs@
PEG + NIR” treatment (Figure  6C and Figure S18D, Sup-
porting Information), through a dual selective killing strategy 
by the combination of i) PTT and ii) therapeutic effect of the 
AsNDs@PEG themselves. As expected, mice that underwent a 
single injection of AsNDs@PEG also showed effective thera-
peutic efficacy with tumor growth inhibition ratios of 77.49%. 
Additionally, TUNEL staining assays performed on tumor sec-
tions further confirmed the effectiveness of the dual selective 
killing strategy based on AsNDs@PEG, leading to significant 
cell apoptosis (Figure  6D). With such dual selective killing 
effects in a combination treatment strategy, solid tumors could 
be treated with ultrahigh efficacy with this new-concept arsen-
ical drug.

3. Discussion

The re-branding of arsenical compounds—from historical 
accounts of “high-profile poisonings” to the frontline thera-
peutic agents for defense against the blood cancer of APL, is one 
of the most triumphant stories of “fighting poison with poison” 
in the library of clinical oncology and drug rediscovery.[46] 
Given typical long testing periods for a decade or more, high 
clinical attrition rates, and substantial costs of bringing a new 
medicine from a candidate to a marketable product, repur-
posing approved drugs for the treatment of cancer is a faster 
and cheaper alternative.[47–49] Disappointingly, as an FDA-
recommended front-line drug for the treatment of APL, ATO, 
with its well-established pharmacokinetics and history in 
medicinal applications, failed in attempts to create fruitful new  

Figure 6. The newly disclosed PTT ability of AsNDs@PEG. A) In vitro photothermal performance of AsNDs@PEG. B) In vivo NIR light (808 nm laser, 
1.0 W cm−2)-triggered photothermal conversion ability of AsNDs@PEG. C) Photothermal therapeutic outcomes of AsNDs@PEG on 4T1-tumor-bearing 
mice during treatment, and the tumor weight at 14 days post treatment. D) TUNEL staining assays performed on tumor sections.
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therapies for solid tumors.[5,50] Specifically, the clinical expan-
sion of ATO to treat solid tumors has been limited by severe 
toxicity at higher doses. Improving the therapeutic index of 
arsenical antitumor agents while reducing inherent systemic 
toxicity had remained a critical bottleneck.

By revisiting the material science of arsenic, we have blazed 
a trail in proposing monoelemental AsNDs@PEG as can-
didate anticancer therapeutics with clinical translation pos-
sibilities, expanding the spectrum of arsenical drugs to solid 
tumor therapy with both acceptable safety and robust clinical 
benefits. According to the previous reports,[51–53] PEGylation 
via lipid-PEG coating strategy could prolong the in vivo sys-
temic circulation of these nanodots, and the further gradual 
de-PEGylation effect during the blood circulation process 
would benefit the uptake of nanodots when they reach the 
tumor sites. In this study, AsNDs@PEG with high monoele-
mental purity can selectively kill cancer cells by serving as i) 
intrinsic transformative valence-activated chemo drugs and 
ii) extrinsic controlled, on-demand PTT agents. In detail, the 
intrinsic selective killing ability of AsNDs@PEG is closely 
related to hallmarks of cancer cells—high inner oxidative 
stress and sensitivity to ROS-induced damage, which actively 
transform the AsNDs@PEG from the less-toxic As0 to severely 
toxic oxidation states with massive ROS production. Such 
transformative valence-activated toxic effects enable AsNDs@
PEG to elicit a satisfying therapeutic result of mitochondrial 
and DNA damage, cell-cycle arrest, inhibited metabolism and 
growth, and cell death, especially in cancer cells. Addition-
ally, the newly disclosed PTT ability of AsNDs@PEG restores 
the vitality of the arsenical family, which has been clinically 
employed for thousands of years. Considering that AuroShells 
(gold shell) have undergone clinical trials in treatment of 
various solid tumors,[28] and several phototherapeutic devices 
featuring advances in biomedical optics technologies have suc-
cessfully entered the market,[23] the AsNDs@PEG with a fixed 
chemical formulation presents an opportunity for re-branding 
arsenical compounds with newly disclosed in vivo therapeutic 
modality.

More importantly, after extensive pharmacological and 
clinical analysis of elemental arsenic, and on the basis of the 
inherent excellent long-term biocompatibility of AsNDs@
PEG toward normal tissues even at high and repetitive doses 
(10 mg kg−1, four times i.v. injection), AsNDs@PEG can rea-
sonably be considered a novel and safe anti-solid tumor can-
didate with the promise of clinical translation. Additionally, 
given the fact that chemo drugs are usually administered at 
the maximum tolerated dose (MTD) for the best possible ther-
apeutic outcome, and higher dosages would be accompanied 
by an increase in toxicity, studies of strategies that increase 
therapeutic efficacy even when using drugs below-MTD have 
great significance.[41] By means of a multi-drug combina-
tion strategy, we revealed a significantly reduced dosage of 
AsNDs@PEG could achieve considerable therapeutic efficacy 
on several cancer lines and H1299-tumor-bearing mice when 
combined with appropriate drugs, further expanding their 
future clinical utility.

Collectively, given the improved therapeutic outcomes of 
AsNDs@PEG (by selective killing effects of intrinsic trans-
formative valence-activated chemo therapy and extrinsic on-

demand PTT) and lower systemic toxicity (via inherent high 
biocompatibility and multi-drug combination strategy at 
lower dosages), our work fundamentally addresses critical 
bottlenecks in the application of arsenical drugs in solid 
tumor therapy by balancing the contradiction between their 
therapeutic efficacy and systemic toxicity. As a consequence, 
with advances in clinically suitable formulations, practica-
bility for a large-scale fabrication, and evidence of consider-
able tolerability and biocompatibility, AsNDs@PEG, with 
their remarkable and selective therapeutic efficacy, hold 
excellent promise for clinical translation to the treatment of 
solid tumors. Therefore, this study not only provides proof-
of-concept application of a new-concept arsenical drug in 
multi-strategy solid tumor therapies, but also explores its 
related therapeutic mechanisms. Considering the success of 
ATO in treating APL, our strategy to expand the application 
of arsenical drugs to solid tumors holds great promising in 
translational medicine.

Materials used in the paper, detailed preparation and char-
acterization procedures, additional figures including TEM 
images, FT-IR, EDS spectra, cell viabilities, cell migration 
ability, photographs, immunofluorescent staining, confocal 
microscopy images, Bio-TEM images, H&E staining, biodistri-
bution, the in vivo clearance studies, and quantitative analyses 
are provided in the Supporting Information Appendix.
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