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applications in areas such as electronics,[3] 
optoelectronics,[4] water sterilization,[5] 
catalysis,[6] biomedicine,[7] and energy 
storage and conversion.[8] Despite their 
scarcity, elemental 2D nanomaterials 
are of particular interest, as they are the 
most chemically tractable for synthetic 
exploration.[9] In addition to graphene, 
other examples include borophene 
(group 13, boron group),[10] silicene 
and germanene (group 14, the carbon 
group),[11] and black phosphorus (BP, 
group 15, the nitrogen group).[12] In recent 
years, another 2D nanomaterial composed 
of a group-15 element, antimonene 
(hereinafter AM), was predicted via first-
principle calculations.[13] Theoretically, 
AM has excellent thermal conductivity,[14] 
superior carrier mobility, good stability, 
strain-induced band transition,[13] and 
extraordinary spintronic properties.[15] All 
these factors imply that AM might have 

more-promising properties and applications than graphene, 
transition-metal dichalcogenides (TMDs, e.g., MoS2, MoSe2, 
WS2, and WSe2), or BP.[13,16] Very recently, experimentally syn-
thesized AM was obtained through mechanical isolation or 
liquid-phase exfoliation.[16] Our latest study also demonstrated 

Antimonene (AM) is a recently described two-dimensional (2D) elemental 
layered material. In this study, a novel photonic drug-delivery platform based 
on 2D PEGylated AM nanosheets (NSs) is developed. The platform’s multiple 
advantages include: i) excellent photothermal properties, ii) high drug-loading 
capacity, iii) spatiotemporally controlled drug release triggered by near-infrared 
(NIR) light and moderate acidic pH, iv) superior accumulation at tumor sites, 
v) deep tumor penetration by both extrinsic stimuli (i.e., NIR light) and intrinsic 
stimuli (i.e., pH), vi) excellent multimodal-imaging properties, and vii) significant 
inhibition of tumor growth with no observable side effects and potential 
degradability, thus addressing several key limitations of cancer nanomedicines. 
The intracellular fate of the prepared NSs is also revealed for the first time, 
providing deep insights that improve cellular-level understanding of the nano–
bio interactions of AM-based NSs and other emerging 2D nanomaterials. To 
the best of knowledge, this is the first report on 2D AM-based photonic drug-
delivery platforms, possibly marking an exciting jumping-off point for research 
into the application of 2D AM nanomaterials in cancer theranostics.

Cancer Theranostics
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Owing to the extraordinary success of graphene,[1] two-
dimensional (2D) nanomaterials have now attracted extensive 
interest to become one of the most active research areas within 
the field of nanotechnology.[2] With fascinating physical and 
chemical properties, 2D nanomaterials have many promising 
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the excellent near-infrared (NIR) optical properties of AM 
quantum dots (AMQDs) and their promising application as 
photothermal agents.[17] Despite the rapid progress implied by 
the work mentioned above, the experimental study of 2D AM 
remains largely unexplored, especially in biomedicine.

Graphene, TMDs, and BP have all shown exciting poten-
tial when developed as nanomedicines for theranostic 
applications.[7,18] Considering the similarities in both mor-
phology and function between these 2D nanomaterials and 
AM,[13,16] their successful application will greatly encourage 
the exploration of AM’s usefulness in biomedicine. Different 
from our previously reported ultrasmall AMQDs, nanosheet 
(NS)-shaped AM will have a ultrahigh surface-to-volume 
ratio,[19] which will lead to extensive surface interactions with 
theranostic molecules [e.g., doxorubicin (DOX) and Cy 5.5] 
and generate a high loading capacity of these molecules. Such 
ultrathin 2D structure may also enable rapid responses to 
external stimuli that have proven utility in triggered/controlled 
release of loaded molecules (i.e., multiresponsive drug release). 
Moreover, AM-based nanomedicines might hold even greater 
promise as cancer theranostics. For example, AM-based nano-
materials have demonstrated superior physicochemical prop-
erties (e.g., mechanical stability and chemically tractability) 
compared with other 2D materials,[9,16,20] including BP and 
MoS2. Notably, antimonial drugs have been in clinical use for 
several centuries,[21] which might signal that AM-based nano-
medicines may hold more promise than the more-extensively 
studied graphene, TMDs, and BP. Therefore, the development 
of NS-shaped AM photonic drug-delivery platforms for cancer 
theranostics is especially exciting.

Herein, we designed an NS-shaped AM-based nanomedi-
cine for multimodal-imaging-guided cancer theranostics 
(Scheme 1): i) we systematically studied the biocompatibility, 

degradability, and performance of the NSs as photonic drug-
delivery systems, both in vitro and in vivo. At our test dose, 
PEG-coated AM (AM-PEG) NSs showed an excellent photo-
thermal conversion efficacy of 41.8% and high DOX loading 
capacity of 150.0%. The prepared photonic AM-PEG/DOX 
NSs demonstrated excellent multiresponse (i.e., pH and NIR 
responsive) drug-release capabilities, as well as effective tumor 
accumulation, and deep tumor penetration of the loaded 
drugs by both extrinsic stimuli (i.e., NIR light) and intrinsic 
stimuli (i.e., pH). ii) As thoroughly discussed in several other 
significant reports,[22] understanding the cellular interac-
tions of nanomaterials is of critical importance for their safe 
and efficient biomedical application. Therefore, a cellular-level 
understanding of nano–bio interactions (i.e., intracellular 
fate) of these emerging 2D nanomaterials is urgently needed. 
Nevertheless, systematic study of the intracellular mechanisms 
(e.g., detailed molecular mechanisms and kinetic pathways) of 
these 2D nanomaterials is still in its infancy. Our study sheds 
light on the intracellular fate of these AM-based NSs, which is 
expected to provide deep insights and build a foundation for the 
emerging field of 2D nanomaterials in cancer theranostics. iii) 
With excellent multimodal-imaging properties (fluorescence/
photoacoustic (PA)/photothermal imaging), the AM-PEG/
DOX NSs achieved significant antitumor efficacy both in vitro 
and in vivo through combined photothermal chemotherapy. 
Taken together, our findings are the first demonstration of the 
promise of AM as a superior 2D delivery platform for cancer 
theranostics and also help reveal the intracellular fate of these 
AM-based NSs in cancer cells.

In the first set of experiments, we utilized a modified liquid-
exfoliation strategy to develop the 2D AM NSs from bulk 
antimony.[16a,17] Transmission electron microscopy (TEM) 
and atomic force microscopy (AFM) were used to access 
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Scheme 1. Schematic illustrations of: a) the preparation of 2D AM-PEG/DOX NSs; and b) the systemic administration of AM-PEG/DOX NSs as pho-
tonic nanomedicines for multimodal-imaging-guided cancer theranostiocs.
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the morphology of the prepared AM NSs (Figure S1a–d, 
Supporting Information). An average size of ≈140 nm of the 
liquid-exfoliated AM NSs was obtained on the basis of TEM 
and AFM analysis (thickness of the captured NS: ≈4 nm). The 
chemical composition of AM NSs was confirmed by X-ray photo-
electron spectroscopy (XPS) and scanning transmission electron 
microscopy (STEM) with energy-dispersive X-ray spectroscopy 
(EDS). Sb and O were detected in both the XPS survey spectrum 
and EDS mapping images of AM NSs, indicating the high purity 
of our final products (Figure S2a,b, Supporting Information). 
The EDS-elemental distribution showed the presence of O, 
which was anticipated considering that these NSs were air-dried, 
also consistent with recent reports.[15b] Moreover, X-ray diffrac-
tometry was used to analyze the crystal structure of the prepared 
AM NSs (Figure S2c, Supporting Information), indexing them 
as hexagonal antimony (crystal structure of β-phase antimony), 
which is also consistent with JCPDS No. 35–0732.[15b] Figure S3a 
in the Supporting Information shows the Raman spectra of bulk 
antimony and exfoliated several-layer AM NSs, which perfectly 
match the spectra of bulk antimony,[23] further confirming the 
predicted β-phase characteristic of AM (Figure S3b,c, Supporting 
Information).[14] The A1g peak at ≈146 cm−1 refers to the out-
of-plane vibrational mode, while the Eg peak at ≈108 cm−1 is 

identified as the in-plane vibrational mode, suggesting that the 
exfoliated AM NSs were structurally no different from their cor-
responding bulk counterpart. Owing to the sample thickness 
changes from bulk form to a few nanometers in thickness,[15b] 
a slight shift was observed compared to bulk antimony, which 
is quite similar to the Raman shifting seen with thin BP NSs.[24]

DSPE-PEG (18:0 PEG3000) was further introduced to 
functionalize these NSs via hydrophobic interactions and 
van der Waals forces to improve their dispersity/stability 
(Figure S4, Supporting Information), biocompatibility, and 
tumor targeting.[22a,25] As shown in Figure 1a–d, the average 
size of AM-PEG NSs was decreased to ≈90 nm (thickness of 
the captured NS: ≈6 nm), since bath sonication broke down 
AM NSs during PEGylation.[18a,26] After PEGylation, the den-
sity of O (red) colors was much higher than that of AM NSs, 
and two other elements, C (magenta) and N (yellow), appeared 
in EDS mapping of AM-PEG NSs (Figure S5a, Supporting 
Information), indicating the successful surface coating by 
DSPE-PEG (i.e., extra C, O, and N elements from the surface-
coated DSPE-PEG). The PEGylation of AM NSs was further 
confirmed by Fourier transform infrared (FT-IR) spectra 
(Figure S5b, Supporting Information). The developed NSs 
showed superior photothermal effects (Figure S6, Supporting 
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Figure 1. Characterization of the AM-based NSs. a) TEM image, b) size distribution, c) AFM image, and d) thickness measured from (c) of the 2D 
AM-PEG NSs. e) UV–vis–NIR absorbance of AM-PEG/DOX NSs at different DOX feeding concentrations after the removal of excess-free DOX. f) DOX 
loading capacities on AM-PEG NSs (w/w%) with increasing DOX feeding concentrations. g) Photographs of (i) AM-PEG NSs and (ii) AM-PEG/DOX 
NSs solution before and after centrifugation. h) STEM-EDC mapping images of AM-PEG/DOX NSs. i) Release profiles of DOX at different pHs with 
or without 808-nm NIR laser (0.8 W cm−2).
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Information), and photothermal conversion efficacy was cal-
culated at 41.8% using previously reported methods.[17] The 
good in vitro biocompatibility of these NSs is demonstrated and  
discussed in the Supporting Information.

After fully characterizing the developed AM-based NSs, we 
continued to explore their potential as robust drug-delivery 
platforms. 2D nanomaterials such as graphene and their deriv-
atives, with sp2-bonded carbon surfaces and high surface area, 
have been widely studied as drug-delivery platforms to interact 
with various drug molecules through π–π stacking and hydro-
phobic interactions.[19,27] Considering their similarity with these 
2D nanomaterials, there were high expectations regarding the 
potential loading capacity of AM-based NSs. An AM-PEG NS 
solution (0.2 mg mL−1) was simply impregnated with various 
concentrations of DOX (a typical commercial chemotherapy 
drug) and stirred for 24 h. After the excess free DOX molecules 
were completely removed, UV–vis–NIR spectra were investi-
gated to calculate the drug-loading capacity of AM-PEG NSs 
(Figure 1e). As the feeding concentration of DOX increased, 
the loading content of DOX molecules also increased almost 
linearly, with the highest drug-loading capacity (weight ratios) 
reached at our tested conditions being 150.0% (Figure 1f and 
Figure S7, Supporting Information), significantly higher than 
a variety of nanoparticle-based delivery platforms with a shared 
range of ≈10–30% loaded drug molecules.[28] We also found 
that AM-PEG/DOX NSs with the characteristic color of DOX 
dispersed well in water without any detectable agglomeration, 
and the red color remained on the tube wall after centrifugation 
through becoming attached to the surface of NSs (Figure 1g). 
The successful loading of DOX onto the surface of AM-PEG 
NSs was further confirmed by FT-IR spectroscopy (Figure S8a, 
Supporting Information). Moreover, the fluorescence of DOX 
molecules loaded on the surface of AM-PEG NSs could be 
partially quenched, indicating a strong interaction between the 
AM-PEG NSs and DOX molecules (Figure S8b, Supporting 
Information).[18a,26] Additionally, the densities of elemental C, 
O, and N on the surface of these NSs were much higher after 
DOX loading in the STEM–EDS mapping images (Figure 1h). 
The loading of the drug molecules onto the surface of AM-
based NSs may be attributed to hydrophobic interactions,[26] 
while the high loading capacity may be explained by the 
relatively high surface area of these NSs, similar to other typical 
2D nanomaterials.[18a,26]

Nano-delivery-platforms responsive to the tumor microenvi-
ronment (TME) enable spatiotemporal control of drug release, 
offering a promising strategy to address the issue of premature 
drug release during systemic circulation. Therefore, the in vitro 
release behavior of DOX molecules from the AM-PEG/DOX 
NSs was further analyzed under different treatments. As illus-
trated in Figure 1i, only 7.4% of DOX was released from the 
NSs at pH 7.4 over a span of 24 h, while 24.0% of DOX was 
released at pH 5.0 over the same period. This pH-responsive 
release of drugs will benefit the application of AM-PEG/DOX 
NSs for cancer therapy, given the acidic nature of the TME. 
The pH-responsive release could be caused by the protona-
tion of amino groups in DOX molecules under acidic condi-
tions (pH = 5.0), leading to an increase in hydrophilicity and 
subsequent triggered release of DOX molecules. Moreover, the 
NIR-responsive release behavior of DOX molecules was also 

confirmed. The accumulated release of DOX was drastically 
increased to 45.1% and 69.8% at pH 7.4 and 5.0, respectively, 
under laser irradiation for 5 min at certain time intervals. These 
results indicate that NIR-induced local hyperthermia could also 
act as an on/off stimulus for controlled release of DOX mole-
cules from AM-PEG/DOX NSs. It is particularly worth mention 
that, although numerous studies have focused on developing 
stimuli-responsive delivery platforms with a diverse library 
of responsive materials and a wide range of stimuli, because 
clinical translation is fraught with serious problems, very few 
have reached clinical trials.[22a,29] The major reason for this 
dilemma is the sophisticated chemistry involved in the design 
of most of the platforms, which complicates their pharmaceu-
tical development and scalability. Thus, simpler design and the 
use of off-the-shelf biomaterials without major chemical modi-
fications will significantly help their scale-up and translational 
potential. Moreover, more-precise control could be achieved 
through the use of extrinsic stimuli such as light, heat, ultra-
sound, electric fields, and magnetic field; that is, extrinsic 
stimuli may increase the potential for clinical translation, 
which helps explain why stimuli-responsive nanoplatforms that 
have reached clinical trials or approval were based on extrinsic 
stimuli (e.g., NanoTherm, MTC-DOX, and ThermoDox).[30] 
Therefore, encouraged by these exciting results, we have good 
reason to believe that these AM-PEG/DOX NSs may be a better 
option for 2D nanomedicines for cancer theranostics, for the 
following reasons: i) all the components of AM-PEG/DOX NSs 
are already clinically approved or possess potential for clinical 
transformation (i.e., antimonials have been utilized in medi-
cine for several centuries,[21a] and both DSPE-PEG and DOX 
have already been approved by U.S. FDA). ii) They respond 
to both extrinsic stimuli (i.e., NIR light) and intrinsic stimuli 
(i.e., pH). iii) Multiresponsive drug release is achieved via a 
platform of relatively simple design compared with many other 
nanoplatforms.

In the next set of experiments, we moved on to provide a 
cellular-level understanding of nano–bio interactions (i.e., intra-
cellular fate) of the developed NSs. After the AM-PEG NSs 
arrive in the external milieu of tumor cells via the blood circula-
tion, they interact with the plasma membrane surface of cancer 
cells and become internalized via endocytosis pathways.[22b–d,31] 
Clathrin-dependent and -independent endocytosis are two major 
such endocytic pathways. Moreover, clathrin-independent endo-
cytosis encompasses macropinocytosis, caveolin-dependent, 
and caveolin-independent (RhoA, Cdc42, Arf-6, and Flotillin-
dependent) pathways.[32] Since the intracellular fate of AM-PEG 
NSs is critical to their success, they were labeled with Cy5.5 by 
conjugating Cy5.5-NHS to DSPE-PEG-NH2 before being coated 
onto the surface of these NSs (Figure S9, Supporting Informa-
tion) and employed to screen all possible endocytosis pathways. 
MCF-7 were used as model cells. The cellular uptake mechanism 
of AM-PEG NSs is indeed via an energy-dependent endocytosis, 
rather than simple passive diffusion (Figure S10, Supporting 
Information). After 4 h incubation, MCF-7 cells were treated 
with antibodies and subjected to immunofluorescence assays. 
Antibodies included Caveolin, Arf-6, Clathrin, Flotillin, RhoA, 
and Cdc42 (a biomarker of macropinocytosis). The results of this 
experiment on colocalization and endocytosis pathway inhibi-
tors demonstrated that AM-PEG NSs probably enter MCF-7 

Adv. Mater. 2018, 30, 1802061
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cells through macropinocytosis and caveolin-dependent path-
ways rather than pathways dependent on clathrin, Flotillin, Arf6, 
RhoA, or Cdc42 (Figure 2a–d and Figures S11–S15, Supporting 
Information). As reported for the classic endocytosis pathways, 
after being internalized into the cells, nanomaterials are trans-
ported to early endosomes, late endosomes, and lysosomes 
(in order). Rab5 is widely used as a marker of early endosomes 
and Rab7 as a marker of late endosomes, whereas lysosomal-
associated membrane protein 1 (LAMP-1) is used to mark lys-
osomes. We then sought to verify whether these AM-PEG NSs 
are transported through this pathway by detecting colocalization. 
As illustrated in Figure 2e–g, red fluorescent AM-PEG NSs colo-
calized perfectly with early and late endosomes (EGFP-labeled 
Rab5 and Rab7) and LAMP-1-marked lysosomes. In addition, 
semiquantiative statistical analysis of Pearson’s correlation coef-
ficient was used to further examine colocalization by extracting 
the intensity of each color in these images (Figure S16, 
Supporting Information). The Rr ranged from 0.744 to 0.884, 

indicating good linear relationships between pairs of colors and 
good colocalization between different markers. The Pearson’s 
correlation coefficient is consistent with our confocal images. It 
can be concluded from the results that AM-PEG NSs were taken 
up by MCF-7 cells through macropinocytosis and caveolin-
dependent endocytosis pathways, then transported via “early 
endosomes”–“late endosomes”–“lysosomes” through the classic 
endocytosis pathways, as summarized in Figure 2h. We expect 
these clarifications regarding the detailed molecular mecha-
nisms and kinetic pathways to help pave the way for their safe 
and efficient biomedical application, such as novel therapeutic 
strategies related to these pathways.[22b–d] In addition, some 
overlooked factors at the nano–bio interface (e.g., cell sex, cell 
passage number, cell source, etc.) that may accelerate clinical 
translation of such nanotechnologies should also be noted.[33]

As has been well recognized, the design of nanomedi-
cines for cancer therapy must take into account a series of 
biological processes[22a,34] that includes blood circulation, vessel 
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Figure 2. Intracellular fate of AM-PEG NSs. The Cy5.5-labeled AM-PEG NSs enter MCF-7 cells through: a) Macropinocytosis and b) Caveolin-dependent 
endocytosis. Cytoplasmic fluorescence measured by FCM of cells pretreated with: c) micropinocytosis pathway inhibitor (Rot) and Caveolin-dependent 
pathway inhibitor (Nys), and d) Clathrin-dependent pathway inhibitors (Cho and Suc) for 2 h. After endocytosis, the AM-PEG NSs are transported by: 
e) early endosomes, f) late endosomes, and finally into: g) lysosome. h) Schematic representation of how FITC-labeled AM-PEG NSs enter and travel 
in the MCF-7 cells (scale bars: 10 µm).
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extravasation, and tumor site accumulation, as well as deep pen-
etration into tumor and tumor cell uptake before therapeutics 
are released. Although nanoplatforms around 100 nm in size 
have the advantages of superior pharmacokinetics and vascular 
extravasation,[35] they are ill-suited to deep tumor penetration 
because of the barrier formed by the interstitial tumor matrix 
and huge diffusional hindrance. Conversely, smaller nanoplat-
forms are preferred for tumor penetration[36] but are rapidly 
cleared during blood circulation, leading to insufficient tumor 
accumulation.[37] For these reasons more attention has been paid 
to “intelligent” size shrinkable (or multistage) nanoplatforms.[38] 
However, compared with size-shrinkable nanoplatforms whose 
design is complicated, the simply designed AM-PEG/DOX NSs 
might offer an promising alternative strategy for conquering the 
penetration problem: after these NSs arrive at the tumor site, 
release of the loaded drugs will be triggered by the NIR laser 
and pH, and the released small molecules will be perfectly fit 
for high tumor penetration compared with nanoplatforms. 
To verify these assumptions, we evaluated the photo-induced  
penetrating ability of AM-PEG/DOX NSs in MCF-7 tumor 
spheroids. As illustrated in Figure 3a–c, after only 5 min of 
irradiation (0.8 W cm−2) and 3 h of further incubation, strong  
fluorescence signals could be detected from the periphery to 
the center of the tumor spheroids via confocal laser scanning 

microscopy (CLSM) images. In contrast, only the outer ring of 
the tumor spheroid showed fluorescence signals, and much 
less signal was detected within the spheroids (especially the 
central part) in the group without (W/O)-laser irradiation com-
pared with the irradiation group. Quantitative analysis of the 
fluorescence intensity within the four middle slices of the tumor 
spheroids in both groups further confirmed the superiority of 
this photo-induced, enhanced tumor-penetration strategy for 
AM-PEG/DOX NSs (Figure S17, Supporting Information).

Having confirmed the benefit of high tumor penetra-
tion, we moved on to explore the possibility of enhanced cell 
uptake of AM-PEG/DOX NSs via the mild photothermal effect 
produced by irradiation. As shown in Figure 3d, flow cytom-
etry (FCM) profiles revealed that mild photothermal heating 
enhanced the intracellular uptake of AM-PEG/DOX NSs, as 
the fluorescence was stronger in the laser irradiation group 
(0.5 W cm−2, 10 min) than in the control group (without laser 
irradiation). The final temperature stage in the laser irradia-
tion group was 43.3–43.7 °C for 5 min (Figure 3e), while the 
temperature in the control group remained 37 °C for the 
whole period. The enhanced cell uptake could be attributed to 
the photo-induced local heating of cytomembrane associated 
with AM-PEG/DOX NSs, which greatly increases the perme-
ability of the membrane.[39] We then investigated the in vitro 
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Figure 3. Photo-induced benefits and in vitro combined cancer therapy. a) CLSM images of MCF-7 3D multicellular tumor spheroids after incubation 
with AM-PEG/DOX NSs for 3 h without (W/O) or with pre-treatment of 808-nm laser irradiation. Z-stack images were obtained from the top toward 
the tumor spheroid equatorial plane at 10-µm intervals. b) Fluorescence intensity measured from the equatorial plane of tumor spheroid in the W/O 
laser group. c) Fluorescence intensity measured from the equatorial plane of tumor spheroid in the with laser group. d) FCM histogram profiles of 
cellular DOX fluorescence intensity in MCF-7 cells W/O or with laser irradiation. e) Thermal images of 96-well plate during laser irradiation at final 
stage. f) Cell viability of MCF-7 cells with different treatments.
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combined therapeutic effects of these NSs. MCF-7 cells were 
incubated with free DOX, AM-PEG NSs, or AM-PEG/DOX 
NSs with or without NIR irradiation (808 nm, 0.8 W cm−2, 
5 min). As shown in Figure 3f, no toxicity was observed in 
the groups treated with NIR alone or AM-PEG NSs alone. 
Among MCF-7 cells treated with AM-PEG/DOX NSs, 37.4% 
were killed, fewer than by free DOX (43.7%). The cytotoxicity 
among MCF-7 cells treated with both AM-PEG NSs and NIR 
irradiation (PTT group) was slightly higher than the chemo-
therapy groups (i.e., DOX and AM-PEG/DOX NSs) at the 
tested conditions. When the AM-PEG NSs were combined 
with both DOX loading and NIR laser irradiation, almost all 
of the MCF-7 cells were killed (91.5%), indicating a dramatic 
therapeutic effect. Similar results were obtained with PC3 
cells (Figure S18, Supporting Information), demonstrating 
the high efficacy of combined chemophotothermal therapy 
strategy based on AM-PEG/DOX NSs.

Spurred on by these exciting in vitro results, we designed 
a final set of experiments including in vivo animal assays 
to explore the potential of AM-PEG/DOX NSs as effective 
photo nic nanomedicines for cancer theranostics. The biodis-
tribution and tumor accumulation of the developed AM-based 
delivery platform were assessed by in vivo fluorescence imaging 
using Cy5.5-labeled AM-PEG NSs. As shown in Figure 4a, con-
siderable fluorescence signals were detected in the tumor sites 
2 h after intravenous (i.v.) injection: the subcutaneous tumor 
could be clearly distinguished from other tissues. In addition, 
the fluorescence signals of the tumor sites gradually increased 
with time, indicating that these NSs continued to accumulate. 
Meanwhile, at 24 h post-injection, the fluorescence signals at 
the tumor sites remained very strong, suggesting good accumu-
lation and retention of the NSs via blood circulation and the 
enhanced permeability and retention (EPR) effect. We further 
demonstrated the superior tumor accumulation and retention 
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Figure 4. In vivo multimodal imaging and penetration results of AM-based NSs. a) In vivo fluorescence images of nude mice at different time points 
after i.v. injection with Cy5.5-labeled AM-PEG NSs. b) Ex vivo fluorescence images of the tumor and major organs at 24 h post-injection. Li: Liver; 
S: Spleen; T: Tumor; Lu: Lung; H: Heart; and K: Kidney. c) Semiquantitative biodistribution of Cy5.5-labeled AM-PEG NSs in nude mice detected by the 
average fluorescence intensity of tumors and major organs per gram. d) In vivo ultrasound and PA images of tumors after i.v. injection with AM-PEG 
NSs at wavelengths of 780 and 808 nm. BP-PEG NSs at the same dose (3 mg kg−1) were chosen as references. e) Quantitative analysis of each ROI 
signal in (d). Fluorescence images of the tumor sections of the MCF-7-tumor-bearing mouse sacrificed at 4 h post-injection of Cy5.5-loaded AM-PEG 
NSs: f) without, or g) with the irradiation of an 808 nm NIR laser (0.8 W cm−2, 10 min).
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of Cy5.5-labeled AM-PEG NSs through ex vivo study of excised 
tumor and organs 24 h after injection (Figure 4b). Strong flu-
orescence signals were detected mainly in the tumor and in 
organs such as liver, lung, and kidney. Accumulation of NSs 
in the liver could be attributed to absorption by the reticuloen-
dothelial system, which in the kidney may be caused by pos-
sible renal excretion, and which in the lung may be related to 
mechanical retention of large-sized NSs. Nevertheless, dense 
accumulation of NSs in the tumor (Figure 4c) was due to the 
EPR effect, indicating promise for systematic delivery in cancer 
treatment. In addition, the extended circulation time veri-
fied through pharmacokinetic studies was also in good agree-
ment with the biodistribution results (Figure S19, Supporting 
Information).

Due to benefits such as reducing unnecessary biopsies and 
facilitating imaging-guided cancer theranostics, noninvasive 
imaging has attracted considerable research interest.[40] PA 
imaging is among the most promising biophotonic diagnostic 
modalities, in multiple ways superior to many other traditional 
optical imaging techniques.[41] Advantages of PA imaging 
include deep penetration (up to several centimeters), depth-
resolved 3D imaging, superior sensitivity, high spatial resolu-
tion, and molecule-specific image contrast. To evaluate the in 
vivo PA performance of the developed AM-based delivery plat-
forms, we compared them to BP-based nanomaterials, which 
are now among the most-popular 2D materials and have been 
extensively studied as promising drug-delivery platforms and PA  
agents for cancer theranostics.[18a,42] BP-PEG NSs (with similar 
size, thickness, and shape) were developed according to our pre-
vious report.[18a] As shown in Figure 4d, much stronger PA sig-
nals were observed at the tumor sites 12 h after i.v. injection of 
AM-PEG NSs through in vivo ultrasound and PA images at both 
780 and 808 nm wavelengths, compared to BP-PEG NSs at the 
same dose and condition. In addition, the quantitative analysis 
of each ROI signal by ImageJ further demonstrated that the PA 
performance of the developed AM-based delivery platforms were 
superior to those of BP platforms (Figure 4e). After confirming 
the potential PA application of the AM-based delivery platforms, 
we continued to demonstrate their enhanced penetration ability 
under NIR irradiation using Cy5.5-loaded AM-PEG NSs. As can 
be seen in the ex vivo tumor slices (Figure 4f and g), nearly all 
the fluorescent molecules loaded on the NSs were in the tumor 
vessels, and very few were detected in the extravascular tumor 
parenchyma in tumors without NIR irradiation. However, a 
large amount of fluorescence signal spread from tumor ves-
sels and highly concentrated within the tumor sections taken 
from the NIR irradiation group, clearly demonstrating the deep 
tumor penetration of the loaded molecules produced by the 
combination of NIR laser treatment and the acid TME. This 
photo-induced, pH-enhanced tumor-penetration strategy could 
further enhance the in vivo antitumor efficacy of the developed 
AM-based delivery platforms.

To validate the potential antitumor efficacy of AM-PEG/DOX 
NSs in vivo, MCF-7 breast tumor models were established and 
antitumor studies were carried out in Balb/c nude mice. The 
mice were treated as follows. Group 1: saline, Group 2: DOX, 
Group 3: AM-PEG/DOX NSs, Group 4: AM-PEG NSs + NIR, 
and Group 5: AM-PEG/DOX NSs. The i.v.-injected doses of DOX 
and AM-PEG NSs were both 6 mg kg−1 in all relevant groups. 

Groups 4 and 5 were irradiated with NIR laser (0.8 W cm−2, 
808 nm) for 10 min 12 h post-injection. An IR thermal camera 
was used to record the temperature changes in different groups 
via photothermal imaging (Figure 5a,b). Under 10 min of NIR 
irradiation, the tumor temperatures of mice i.v. injected with 
AM-PEG or AM-PEG/DOX NSs significantly increased to 
≈52 °C, while the temperatures in Groups 1–3 without NIR 
irradiation treatment remained stable (≈33–34 °C). After dif-
ferent treatments, the volumes of tumors were calculated on 
the basis of their length and width measured by a digital cal-
iper every 2 d (Figure 5c). As expected, Groups 2–5 all showed 
different levels of tumor growth inhibition (TGI) compared 
to the control group injected with saline (Figure S20, Sup-
porting Information). Better therapeutic effects were found in 
Groups 3 (TGI rate of 55.4%) and 4 (TGI rate of 73.1%) than 
in Group 2 (free commercial chemotherapy drugs, TGI rate of 
43.6%). Notably, Group 5 showed extremely high inhibition of 
tumor growth (TGI rate of 98.1%), indicating the remarkably 
enhanced therapeutic effect of chemophotothermal combined 
treatment compared with single chemotherapy or single PTT. 
In addition, the antitumor effect in Group 5 is calculated to 
be an efficient synergistic effect of chemotherapy and PTT 
according to well-demonstrated methods, rather than a simple 
additive effect (see Supporting Information). Digital photos of 
tumors excised from representative mice also reflect the excel-
lent therapeutic effect of the AM-PEG/DOX NSs (Figure 5d). 
The very positive therapeutic effect in Group 5 was achieved by 
only a single treatment on Day 0, rather than the continuous 
treatment in Groups 1–3 (Figure S21, Supporting Information). 
None of the treatment groups demonstrated any obvious side 
effects, such as abnormal weight loss (Figure S22, Supporting 
Information), pathological changes (Figure 5e), neurological 
issues, or perturbations in eating, drinking, or activity. In 
addition, we further provided the results based on intratumor-
ally (i.t.) injection of the therapeutics to further explore the 
therapeutic efficacy. As shown in Figure S23 in the Supporting 
Information, even using a half-dose of the AM nanomaterials 
(1 mg kg−1) and a lower power density (0.8 W cm−2) compared 
to our previous report,[17] the chemophotothermal combined 
therapy group (Group 5) still displayed complete elimination of 
tumors, indicating more significant potential of applying such 
NSs to cancer treatment.

Having confirmed the excellent in vivo performance of 
these multimodal-imaging-guided cancer theranostics, we 
finally examined preliminary biosafety and metabolic degrada-
tion of these NSs. As shown in Figure S24 in the Supporting 
Information, results of complete blood parameter analysis after 
i.v. injection of AM-based NSs were within normal ranges, 
suggesting likely biosafety. Moreover, a series of experiments 
preliminarily accessed the metabolic degradation of AM-
based NSs using previously reported methods.[18d] As shown 
in Figure S25a–c in the Supporting Information, the photo-
thermal effects and UV/vis–NIR absorbance spectra gradually 
receded during the three heating–cooling cycles in water under 
the irradiation of an 808 nm NIR laser. In the meantime, the 
black color of both AM NSs faded until becoming nearly trans-
parent during the irradiation cycles, indicating the possible 
degradation of AM NSs in water. However, the photothermal 
effects and UV/vis–NIR absorbance remained constant in the 
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exfoliation solution (ethanol) as seen in Figure S25d–f in the 
Supporting Information, suggesting that water may be neces-
sary for the degradation of AM NSs. We further incubated the 
developed AM NSs in water for different numbers of days in 
an oxygen atmosphere (Figure S25g–i) or in an oxygen-free 
environment (Figure S25j–l), and the photothermal effects 
and UV/vis–NIR absorbance spectra were tested using similar 
methods. The presence of oxygen strongly accelerated degrada-
tion in water, indicating that the underlying mechanism might 
be oxidative degradation of AM NSs. In order to confirm the 
metabolism of AM-based NSs in vivo (i.e., retention versus 
clearance/degradation), we further performed a long-term bio-
distribution study using inductively coupled plasma mass spec-
trometric analysis of antimony in different organs. As displayed 

in Figure S26 in the Supporting Information, antimony levels 
in the major organs showed a distinct trend of persistent 
decrease, and AM-based NSs were barely detectable 30 d after 
i.v. injection, indicating the clearance of these NSs from the 
mouse body, which might represent fully metabolic degrada-
tion. The potential degradability of these AM-based NSs makes 
them quite promising for applications in cancer theranostics. 
However, more systematic in vivo studies are still needed 
before clinical studies of these PEGylated AM-based NSs. 
Further discussion is provided in the Supporting Information.

In conclusion, we present the first report of the prom-
ising application of AM-PEG NSs as photonic drug-delivery 
platforms for cancer theranostics. Using DOX as a model 
drug, AM-PEG NSs showed high drug loading capacity and 

Adv. Mater. 2018, 30, 1802061

Figure 5. In vivo combined cancer therapeutic effect of AM-based NSs. Group 1: saline; Group 2: DOX; Group 3: AM-PEG/DOX NSs; Group 4: 
AM-PEG NSs + NIR; and Group 5: AM-PEG/DOX NSs + NIR. NIR laser irradiation was performed in Groups 4 and 5 for 10 min (0.8 W cm−2, 808 nm) 
after 12 h of i.v. injection ([AM] = 6 mg kg−1,[DOX] = 6 mg kg−1). a) Infrared thermographic maps and b) time-dependent temperature changes in the 
MCF-7-tumor-bearing nude mice after different treatments. c) Growth curves of MCF-7-tumor-bearing nude mice after different treatments (*P < 0.05, 
***P < 0.001). d) Digital photo of representative tumors in different groups after 14 d treatment. e) H&E-stained histological images of tissue sections 
from major organs (heart, liver, spleen, lung, and kidney) at 1, 7, and 14 d post-injection with different treatments.
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multiresponsive (i.e., pH-/photoresponsive) release proper-
ties after either extrinsic or intrinsic stimuli, and were much 
simpler in design. The nanobio interactions of AM-PEG NSs 
within MCF-7 cells were revealed for the first time, providing 
an essential understanding and useful references for AM or 
other extensively studied 2D nanomaterials for cancer theranos-
tics. Additional photo-induced benefits of AM-PEG/DOX NSs 
such as high cellular uptake and deep tumor penetration were 
also confirmed. Significant positive outcomes were obtained 
after antitumor therapy guided by multimodal imaging (fluo-
rescence/PA/photothermal imaging) both in vitro and in vivo 
with AM-PEG/DOX NSs. With excellent biocompatibility, 
potential degradability, and clinical applications of antimonial 
drugs, the developed AM-based delivery platforms hold great 
promise for cancer theranostics. More comprehensive studies 
of this novel 2D nanomaterial may be inspired by this work, 
similar to those carried out with graphene, MoS2, and BP.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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