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have shown excellent performances in 
cancer therapy. Moreover, some 2D nano-
materials (e.g., graphene, TMDs, and BP) 
with a strong near-infrared (NIR) optical 
absorption can serve as photothermal or 
photodynamic agents, which combine with 
drugs to realize synergistic treatment.[11–17] 
However, the previously reported ultrathin 
2D nanomaterials are mainly based on a 
“top-down” mechanical-exfoliation strategy, 
which show difficulties in the control over 
particle size, thickness, morphology, and 
uniformity.[18–21] Moreover, 2D nanoma-
terials normally suffer from a low drug 
loading content (LC) and encapsulation effi-
ciency (EE), if the fine structure and drug-
carrier interaction cannot be elaborately 
regulated. This would lead to some poten-
tial safety issue and the loss of valuable 
drugs. Therefore, how to develop new drug 
formulation on the basis of 2D nanomate-
rial design and synthesis exploration, so as 
to achieve controlled structure and largely 
enhanced loading capacity toward cancer 
therapy, still remains a big challenge.

As a typical class of 2D nanomaterial, layered double hydrox-
ides (LDHs) can be expressed as [M2+

1−xM3+
x(OH)2](An−)x/n × 

mH2O, where M2+ and M3+ are di- and trivalent metal cations 
distributed in edge-sharing MO6 octahedra host layer, and An− 
is an exchangeable interlayer anion.[22–26] Due to the unique 2D 
structure with the versatility in both host layer and interlayer 
anion, LDHs nanomaterials have been extensively studied in 
drug delivery systems for controlled release of genes and drugs, 
which showed advantages of biocompatibility and passive tar-
geting.[27–29] Despite of the progress of LDHs bulk materials in 
biomedicine applications,[30,31] LDHs ultrathin nanosheets as a 
multimodal theranostic delivery carrier have not been demon-
strated. This is because the “top-down” mechanical-exfoliation 
method from bulk LDHs gives a rather low efficiency and 
involves deleterious organic reagents.[32] From the viewpoint of 
practical application, exploration on a “bottom-up” strategy for 
the synthesis of LDHs ultrathin nanosheets, would endow this 
carrier with a finely controlled structure (e.g., chemical com-
position, uniform size/morphology, high specific surface area) 
and the resulting superior functionality.

Herein, we designed and prepared Gd3+-doped monolayered-
double-hydroxide (MLDH) nanosheets via a new bottom-up 
synthesis method, which were employed in dual-mode cancer 

2D nanomaterials have attracted considerable research interest in drug 
delivery systems, owing to their intriguing quantum size and surface effect. 
Herein, Gd3+-doped monolayered-double-hydroxide (MLDH) nanosheets are 
prepared via a facile bottom-up synthesis method, with a precisely controlled 
composition and uniform morphology. MLDH nanosheets as drug carrier are 
demonstrated in coloading of doxorubicin and indocyanine green (DOX&ICG), 
with an ultrahigh drug loading content (LC) of 797.36% and an encapsulation 
efficiency (EE) of 99.67%. This is, as far as it is known, the highest LC level at 
nearly 100% of EE among previously reported 2D drug delivery systems so far. 
Interestingly, the as-prepared DOX&ICG/MLDH composite material shows 
both pH-controlled and near-infrared-irradiation-induced DOX release, which 
holds a promise in stimulated drug release. An in vivo dual-mode imaging, 
including near-infrared fluorescence and magnetic resonance imaging, 
enables a noninvasive visualization of distribution profiles at the tumor site. 
In addition, in vitro and in vivo therapeutic evaluations demonstrate an 
excellent trimode synergetic anticancer activity and superior biocompatibility 
of DOX&ICG/MLDH. Therefore, MLDH nanosheets provide new perspectives 
in the design of multifunctional nanomedicine, which shows promising 
applications in controlled drug delivery and cancer theranostics.

Drug Delivery

Recently, a number of 2D nanomaterials have attracted consider-
able research interest in biomedicine, owing to their fascinating 
quantum size and surface effect.[1–6] For instance, graphene,[7] 
transition-metal dichalcogenides (TMDs),[8] hexagonal boron 
nitride (h-BN),[9] and black phosphorus (BP)[10] with an ultrathin 
structure, have been explored as carriers for drug loading, which 

Adv. Mater. 2018, 1707389



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1707389 (2 of 10)

www.advmat.dewww.advancedsciencenews.com

imaging and synergistic therapy. X-ray diffraction (XRD), atomic 
force microscopy (AFM), and high-resolution transmission 
electron microscopy (HRTEM) show that MLDH nanosheets 
possess a uniform lateral size of ≈70 nm and a thickness of  
≈1.2 nm. Most interestingly, MLDH nanosheets as drug carrier 
can achieve the coloading of doxorubicin hydrochloride (DOX, 
chemotherapeutics drug) and indocyanine green (ICG, photo-
thermal and photodynamic agent), with an ultrahigh drug LC 
of 797.36% and an EE of 99.67%. This is, to the best of our 
knowledge, the highest LC level at nearly 100% of EE among 
reported 2D drug delivery systems so far.[33–38] The as-prepared 
DOX&ICG/MLDH nanocomposite material shows both pH-
controlled and NIR-irradiation-induced DOX release, as well 
as significantly large reactive oxygen species (ROS) produc-
tion. This drug formulation demonstrates a trimode combina-
tion therapy including chemo, photothermal therapy (PTT), 
and photodynamic therapy (PDT) based on in vitro tests, which 
exhibits an excellent synergetic anticancer activity and superior 
biocompatibility. In addition, in vivo near infrared fluorescence 
(NIRF) and magnetic resonance (MR) imaging studies reveal 
an enhanced uptake of DOX&ICG/MLDH at tumor site; in vivo 
therapy investigations exhibit dramatically strong ability toward 
tumor elimination.

Figure 1a illustrates the schematic procedure for the fabri-
cation of MLDH-based drug delivery system toward efficient 
loading and precisely controlled delivery of theranostic agents. 
Gd-containing MLDH nanosheets were prepared through a 
new “bottom-up” method, in which Gd3+ was introduced in 
MLDH host layers (mass content: 5%) so as to realize mag-
netic resonance imaging (MRI). HRTEM imaging of MLDH 
nanosheets shows a monodispersed sheet structure with a lat-
eral size of ≈70 nm (Figure 1b). Moreover, the elemental distri-
bution of MLDH nanosheets was studied by energy-dispersive 
X-ray (EDX) spectroscopy. Both the elemental-mapping anal-
ysis (Figure S1a, Supporting Information) and EDX line pro-
file (Figure S1b, Supporting Information) reveal that Mg, Al, 
and Gd atoms are homogeneously distributed throughout the 
MLDH nanosheet, indicating that Gd is successfully doped into 
MLDH host layers. The thickness of MLDH nanosheets is deter-
mined to be ≈1.2 nm by AFM (Figure 1c,d), close to the value 
reported from mechanical delamination method.[39] The equiva-
lent hydrodynamic diameter of MLDH nanosheets is measured 
to be 70 ± 9.5 nm in water, phosphate buffer saline (PBS) and 
culture medium (Figure 1e), according to dynamic light scat-
tering technique. The zeta potential of MLDH nanosheets is 
positive (43.2 ± 0.5 mV) in the three media, indicating a good 
stability (Figure S2, Supporting Information). We further inves-
tigate the structural information of MLDH nanosheets through 
XRD analysis. The bulk LDHs sample shows a typical (003) 
reflection of LDHs phase at 2θ = 12.19° (Figure 1f; green line). 
However, this is not observed for the MLDHs colloid sample 
(Figure 1f; red line), indicating the lack of long-range-ordered 
layered structure.[40–42] As the colloid MLDH sample is dried, 
a restacking of monolayer nanosheets to bulk material would 
occur so as to decrease the total system energy, which is dem-
onstrated by the appearance of 2θ reflection at 12.15° (Figure 1f; 
violet line). The X-ray photoelectron spectroscopy (XPS) shows 
the characteristic peak of Gd 4d at 143.8 eV (4d5/2) and 149.0 eV 
(4d3/2) (Figure 1g), indicating a successful doping of Gd3+ into 

MLDH laminate. For a MRI contrast agent, T1-weighted relax-
ivity (r1) is a key parameter in MRI properties evaluation.[43–45] 
The r1 value of DOX&ICG/MLDH was determined to be  
7.93 × 10−3 m−1 s−1 (Figure S3, Supporting Information) based 
on a pharmscan Magnetom Trio system with a 0.5 T mag-
netic field, which is ≈2.27 fold larger than that of commercial 
gadolinium-diethylenetriaminepentaacetic acid contrast agent  
(≈3.5 × 10−3 m−1 s−1).

After the loading of DOX and ICG, the uniform plate-like 
morphology of DOX&ICG/MLDH is well maintained with a 
lateral size of ≈80 nm, as revealed by HRTEM (Figure S4, Sup-
porting Information). However, the thickness increases from 
≈1.2 to ≈2.0 nm compared with pristine MLDH, as a result 
of the conjunction of DOX and ICG (Figure S5, Supporting 
Information). The drug loading is further confirmed by Fourier 
transform infrared spectroscopy (Figure S6, Supporting Infor-
mation). Bands at 1582 cm−1 (stretching vibration of CO) of 
DOX and 1427 cm−1 (stretching vibration of CC) of ICG are 
observed, accompanied with the characteristic band of MLDH 
at 1354 cm−1 (vibration absorption peak of CO), which indi-
cates the drugs of DOX and ICG are successfully loaded onto 
MLDH nanosheets. In addition, the DOX&ICG/MLDH nano-
composite sample is highly stable in deionized water, PBS, 
and culture medium with nearly unaltered size distribution 
(Figure S7, Supporting Information). The hydrodynamic size of 
DOX&ICG/MLDH in these three media was monitored for one 
week, and no obvious change was found (Figure S8, Supporting 
Information), demonstrating a satisfactory storage stability. The 
Tyndall effect (Figure S9, Supporting Information) also verifies 
a high aqueous stability and dispersibility of both MLDH and 
DOX&ICG/MLDH samples.

By virtue of the ultrahigh specific surface area of MLDH 
nanosheets (with a theoretical value of 1534 m2 g−1), its 
loading performance toward DOX and ICG was studied. 
The specific surface area of MLDH powdered sample is 
488.65 m2 g−1 (Figure S10, Supporting Information), which 
is lower than the theoretical value (calculated based on col-
loidal monolayer sample). This is owing to the accumulation 
of MLDH nanosheets during the drying process. For sepa-
rate loading of DOX or ICG at adsorption balance, the LC of 
DOX and ICG are 344.56% and 227.88% while the EE of DOX 
and ICG are 85.41% and 55.82% with a mass ratio of drug: 
MLDH = 1:0.25 (Figure 2a,b). Subsequently, we investigated 
the coloading of DOX and ICG (mass ratio of 1:1) onto the 
MLDH nanosheets. It is surprising that the coloading efficiency 
is obviously enhanced compared with individual loading: the 
LC and EE value increase to as high as 797.36% and 99.67%, 
respectively, with a mass ratio of (DOX&ICG): MLDH = 1:0.125 
(Figure 2c). This is the highest LC level at nearly 100% of 
EE among previously reported 2D drug delivery systems so 
far.[33–38] The coloading performance with various mass ratios 
of DOX: ICG is also investigated, and the results show that the 
optimal LC value (797.36%) can be obtained with DOX:ICG = 
1:1 (Figure 2d: 455.28% and 490.42% for DOX:ICG = 1:2 and 
2:1, respectively). Moreover, the EE value also follows a sim-
ilar change tendency (Figure S11, Supporting Information). 
The results above indicate that a coupling of DOX molecule 
and ICG molecule occurs during the immobilization process, 
which may originate from the electrostatic interaction between 
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primary amine group in DOX and sulfonate group in ICG.[46,47] 
The adsorption curves of MLDH toward DOX, ICG, and 
DOX&ICG were further studied (Figure 2e; Figure S12, Sup-
porting Information). An ultrafast adsorption behavior is found 
within the first 1 min, with the increase of LC value to 244.89% 
(DOX), 214.76% (ICG), and 715.68% (DOX&ICG), respectively, 
followed by a gentle increment until the adsorption balance 
at 30 min. To reveal the interaction between DOX–ICG and 
drug–MLDH, isothermal titration calorimetry measurements 
were performed. The thermodynamic parameter shows that 

both the DOX–ICG and DOX&ICG–MLDH system are auton-
omous (∆G < 0). In these two cases, the entropy change (∆S) 
and enthalpy change (∆H) are both negative, indicating the 
existence of Van der Waals’ force, electrostatic interaction, 
or hydrogen bonding[48–50] between DOX and ICG as well as 
between DOX&ICG and MLDH (Figure 2f; Figure S13, Sup-
porting Information). The MLDH formulation reported here 
possesses two unique properties that account for the ultrahigh 
drug loading: (1) monolayer structure with an ultrahigh specific 
surface area; (2) a combined electrostatic interaction between 
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Figure 1. a) A schematic illustration for MLDH-based drug delivery system toward efficient loading and precisely controlled delivery of theranostic 
agents. b) HRTEM image of MLDH nanosheets. c) AFM image and d) measured thickness of MLDH nanosheets. e) Size distribution of MLDH 
nanosheets in water, PBS, and culture medium (high glucose Dulbecco’s modified Eagle medium (DMEM)). f) XRD patterns of: (1) bulk LDH colloid, 
(2) MLDH nanosheets colloid, and (3) the restacking sample of MLDH nanosheets. The peak at 26.2° is ascribed to the PET film substrate. g) XPS 
spectra of MLDH nanosheets sample.
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drug and MLDH nanosheets. The electrostatic interaction 
between DOX and ICG induces an integration with decreased 
system enthalpy and entropy (negative values of ∆H and ∆S, as 
shown in Figure 2f), accounting for the spontaneous adsorp-
tion of DOX&ICG onto the surface of MLDH nanosheets. 
Thus, a double-interaction mechanism is proposed in this 
drug loading system: DOX–ICG interaction and DOX&ICG–
MLDH interaction provide additional decrease in system Gibbs 
free energy, resulting in an extremely high LC and EE. The 
zeta potential of MLDH nanosheets decreases from +43.3 to 
−12.2 mV after the drug loading (Figure 2g), which is ascribed 
to the immobilization of negatively charged DOX&ICG 
(−28.7 mV) onto positively charged MLDH nanosheets  
(+43.3 mV, Figure S14, Supporting Information). The UV–vis– 
NIR spectrum of DOX&ICG/MLDH sample displays a red-
shift of both DOX and ICG relative to pristine DOX and ICG 
(Figure 2h), resulting in an obvious absorption enhancement 
at 808 nm. This facilitates the photothermal conversion prop-
erty of DOX&ICG/MLDH in comparison with pristine ICG. 
In addition, the fluorescence intensity of DOX&ICG/LDH  
is obviously weaker than that of pristine DOX at the same DOX 

concentration (Figure 2i), which is ascribed to the interaction 
among DOX, ICG, and MLDH nanosheets.

Since ICG possesses a strong NIR optical absorption and 
can realize an efficient photothermal conversion, the photo-
thermal performance of DOX&ICG/MLDH was studied. The 
DOX&ICG/MLDH sample and control samples were irradi-
ated by 808 nm laser with a power density of 1.5 W cm−2. As 
shown in Figure 3a, the temperature of the DOX&ICG/MLDH 
suspension (concentration: 10 µg mL−1) increases by 33.68 °C 
within 3 min irradiation. In comparison, the control samples 
including PBS, culture medium, DOX suspension, and MLDH 
suspension only give a temperature increment of less than 
3 °C; while the ICG suspension shows an enhancement of 
27.49 °C. The thermal imaging photographs also reveal a clear 
visual observation for the temperature change (Figures S15a 
and S16, Supporting Information). The photostability tests 
over DOX&ICG/MLDH and pristine ICG were performed: 
pristine ICG shows a significant temperature decrease after 
five cycles; while DOX&ICG/MLDH maintains an enhanced 
photothermal performance compared with pristine ICG 
(Figure 3b). Subsequently, the photothermal effect as a function 
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Figure 2. LC and EE of: a) DOX, b) ICG, and c) DOX&ICG onto MLDH nanosheets with various mass ratios. d) LC of DOX&ICG onto MLDH nanosheets  
with various mass ratios of DOX:ICG. e) Adsorption curves of DOX, ICG, and DOX&ICG onto MLDH nanosheets. f) Thermodynamic parameters 
∆H, −T∆S, and ∆G for the DOX-ICG and DOX&ICG–MLDH system, respectively. g) Surface zeta potential of DOX&ICG/MLDH with various mass 
ratios of DOX&ICG:MLDH. h) UV–vis–NIR spectra of DOX, ICG, DOX&ICG, and DOX&ICG/MLDH, respectively. i) Fluorescence spectra of DOX and 
DOX&ICG/MLDH.
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of drug concentration (5, 10, and 20 µg mL−1) was investigated 
(Figure S17a, Supporting Information). The final temperature 
of DOX&ICG/MLDH suspension increases by 24.82, 33.68, and 
42.07 °C (thermal imaging photographs in Figure S15 in the 
Supporting Information), respectively, superior to pristine ICG 
with the same concentration. The control over power density of 
1.0 W cm−2 also gives a similar result (Figure S17b, Supporting 
Information). In addition, the photodynamic performance of 

DOX&ICG/MLDH was studied based on the intrinsic property 
of ICG, by using 1,3-diphenylisobenzofuran (DPBF) as a probe 
to measure the ROS production[51] (Figure 3c; Figure S18, Sup-
porting Information). The DOX&ICG/MLDH sample gives 
an ROS production of 0.55 in the standard absorbance within 
6 min NIR irradiation, much larger than pristine ICG (0.21). 
This would endow DOX&ICG/MLDH with a trimodal combi-
nation therapy including chemo, PTT, and PDT. Finally, the 
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Figure 3. a) Photothermal effect of DOX&ICG/MLDH under 808 nm irradiation (1.5 W cm−2), with ICG, DOX, DMEM, MLDH, and PBS used as control 
samples. b) Photostability tests of DOX&ICG/MLDH and ICG for five cycles. c) Normalized absorbance of the DPBF in the presence of ICG, DOX&ICG/
MLDH, and blank sample under 808 nm laser irradiation (1.5 W cm−2). d) DOX release from DOX&ICG/MLDH in PBS at pH 5.0, 6.5, and 7.4 with or 
without 808 nm irradiation (1.5 W cm−2); the arrow indicates the time point of laser irradiation. e) Fluorescence intensity of free DOX solution (10 µg mL−1)  
and the supernatant of DOX&ICG/MLDH after laser irradiation for 30 s, 1 min, 2 min, and 3 min; the inset shows the release percentage versus time. 
f) Photographs of the DOX&ICG/MLDH suspension before and after NIR laser irradiation.
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storage stability tests reveal that the UV–vis–NIR absorption of 
DOX&ICG/MLDH only displays a slight decrease (less than 5%)  
while pristine ICG shows an obvious photobleaching after a 4 d  
storage at room temperature under daylight (Figure S19, Sup-
porting Information), indicating a greatly improved stability of 
ICG upon loading onto MLDH nanosheets.

It has been recognized that an effective chemotherapy of 
DOX is dependent on its controlled release;[47,52] thus, the 
release behavior of DOX from DOX&ICG/MLDH was studied 
with external stimuli (e.g., pH and NIR laser irradiation), by 
recording the UV absorbance at ≈480 nm of the supernatant. 
The release amount of DOX at pH 7.4 in PBS is less than 5% 
after 24 h incubation (Figure S20a, Supporting Information); 
while only 3% of DOX and almost no Gd3+ ions are released 
from DOX&ICG/MLDH during the simulated blood circulation 
(Figure S20b and Table S1, Supporting Information), indicating 
a high stability of DOX&ICG/MLDH both in normal physiolog-
ical environment and in blood circulation. However, 9.05% and 
21.01% of DOX is released from DOX&ICG/MLDH at pH 6.5 
and 5.0 over 8 h, respectively. We further investigated the release 
performance triggered by NIR laser irradiation. A pulse NIR irra-
diation of 1 min (808 nm, 1.5 W cm−2) was performed during the 
release process (at time point 5, 20, 60 min), and a significantly 
increased drug release was obtained: 52.01% at pH = 7.4, 61.62% 
at pH = 6.5, and 82.37% at pH = 5.0 (Figure 3d). It should be 
noted that the release amount difference between pH = 7.4 and 
6.5 is much less than that between pH = 6.5 and 5.0, owing to 
the partial dissolution of MLDH carrier at pH = 5.0.[25] The fluo-
rescence intensity of supernatant shows a gradual enhancement 
along with the prolongation of NIR irradiation time (Figure 3e), 
and the photograph of supernatant clearly illustrates the accu-
mulated DOX release (Figure S21, Supporting Information). 
Moreover, the irradiation-controlled release of DOX is confirmed 
by the color change (from green to brown) of the DOX&ICG/
MLDH suspension (Figure 3f; Video S1 in the Supporting Infor-
mation). The results above verify that the photothermal effect of 
ICG can disrupt the interaction between DOX and ICG and thus 
induce the release of DOX.

Subsequently, we tested the intracellular drug release 
behavior. HepG2 cancer cells were incubated with DOX&ICG/
MLDH for 6 h, and the weak red fluorescent signal in cytoplasm 
indicates the endocytosis of DOX&ICG/MLDH (Figure 4a).  
After the NIR light irradiation (808 nm, 3 min), an obviously 
increased fluorescence signal was observed in nuclei, dem-
onstrating the release of DOX from DOX&ICG/MLDH and 
a delivery from cytoplasm into nuclei (Figure 4b). Previous 
studies reported that DOX needs to enter into the nuclei and 
bind with DNA to induce prominent cytotoxicity;[53] the results 
prove that the MLDH nanosheets serve as a desirable nano-
carrier for delivering chemotherapeutic drug with a stimu-
lated release. Moreover, flow cytometer results also show an 
increased intracellular fluorescence intensity of DOX upon irra-
diation (Figure 4c), confirming the phototriggered intracellular 
release of DOX. Moreover, in view of the intrinsic photodynamic 
activity of ICG, the photodynamic capability of DOX&ICG/
MLDH was examined by investigating the production of ROS 
in cancer cells, with 2,7-dichlorodihydrofluorescein diacetate 
as the probe.[54] The results show DOX&ICG/MLDH induces 
a significantly enhanced ROS production in comparison with 

control samples (DMEM, MLDH, DOX, DOX&ICG, and ICG) 
after NIR irradiation (Figure 4d,e).

Owing to the superior properties of the DOX&ICG/MLDH, 
we further investigated its cellular uptake pathway and in vitro 
therapeutic effect. It has been reported that the drug endocy-
tosis process is mainly through the following three types of 
passway: a) macropinocytosis, b) caveolae-mediated endocy-
tosis, and c) clathrinmediated endocytosis.[55] Figure 4f displays 
that the internalization was almost inhibited when the cells 
were cultured at 4 °C, indicating an energy-dependent-endocy-
tosis process.[56] Evaluations on cellular uptake of DOX&ICG/
MLDH verify the passway of caveolae-mediated endocytosis. 
Subsequently, the anticancer performance of DOX&ICG/
MLDH was investigated by in vitro tests. HepG2 cells were 
cultured with saline, MLDH, DOX, DOX/MLDH, ICG, ICG/
MLDH, DOX&ICG, and DOX&ICG/MLDH, respectively with 
equivalent drug concentration ranging from 0.5 to 10 µg mL−1 
for 24 h, washed thoroughly with PBS, and then irradiated with 
or without NIR light (808 nm, 1.5 W cm−2, 3 min). The thera-
peutic efficacy in vitro was evaluated by the standard methyl thi-
azolyl tetrazolium assay. As shown in Figure 4g, in all cases, the 
anticancer effect enhances gradually with the dosage increment 
from 0.5 to 10 µg mL−1. The half maximal inhibitory concen-
tration (IC50) of DOX&ICG/MLDH is 0.55 µg mL−1, extremely 
smaller than that of DOX (9.07 µg mL−1), DOX/MLDH  
(13.12 µg mL−1), ICG (1.20 µg mL−1), ICG/MLDH (0.96 µg mL−1),  
and DOX&ICG (1.74 µg mL−1), indicating a superior synergistic 
effect (between DOX and ICG) and ICG gives a predominant 
contribution. However, it is rather difficult to determine indi-
vidual contribution of PDT or PTT (both originating from ICG) 
in DOX&ICG/MLDH, since the coexisting contribution of DOX 
cannot be excluded. The biocompatibility of MLDH nanosheets 
was also investigated. It is interesting that MLDH nanosheets 
display almost no cytotoxicity to four kinds of common cancer 
cells (U87mg, KB, Hela, and HepG2 cells), even with a con-
centration as high as 500 µg mL−1 (Figures S22 and S23, Sup-
porting Information). Moreover, DOX&ICG/MLDH, DOX/
MLDH, and ICG/MLDH samples exhibit a less cytotoxicity to 
HepG2 cells compared with corresponding samples without 
MLDH (Figure S24, Supporting Information), indicating an 
enhanced biocompatibility with the presence of MLDH as drug 
carrier. For the purpose of visualizing the anticancer efficacy, 
HepG2 cells treated with 5 µg mL−1 of saline, MLDH, DOX, 
DOX/MLDH, ICG, ICG/MLDH, DOX&ICG, and DOX&ICG/
MLDH upon NIR irradiation were stained with Calceinacetoxy-
methyl ester (Calcein-AM) and propidium iodide (Calcein-AM/
PI) (Figure 4h). The results indicate the optimal anticancer 
capability of DOX&ICG/MLDH, which is consistent with the 
results of in vitro tests (Figure 4g).

In vivo distribution and tumor accumulation of DOX&ICG/
MLDH in mice were investigated by using both in vivo NIRF 
and MR imaging. As the tumor volume reached 100 mm3, 
the mice were administered with an intravenous (i.v.) injec-
tion of DOX&ICG/MLDH and DOX&ICG respectively at the 
same dose (1 mg mL−1, 200 µL) and then subjected to NIRF 
imaging. As shown in Figure 5a, in both cases, the ICG flu-
orescence was observed throughout the whole body after  
2 h. For the mice treated with DOX&ICG/MLDH, a strong 
fluorescence signal in the tumor area increased gradually, 
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reached the highest level at 8 h, and maintained a significant 
intensity at 12 and 24 h. In contrast, for the mice treated with 
DOX&ICG, a rather weak ICG fluorescence was detected at 
8 h, then decreased quickly and disappeared completely at 
24 h. At 24 h post administration, the nude mice were sac-
rificed to obtain the tumor and normal organs for the ex 
vivo fluorescence imaging. The strongest fluorescence signal 
was observed at the tumor site compared with other normal 
organs (Figure S25a, Supporting Information), which was 
in agreement with the semiquantitative region-of-interest 
analysis (Figure S25b, Supporting Information). Thus, the 
results above indicate that the existence of MLDH nanosheets 
is responsible for the excellent passive targeted property and 
prolonged tumor retention time of DOX&ICG/MLDH. In 
vivo MRI was further employed to investigate the distribution 
of DOX&ICG/MLDH by virtue of a deep penetration and a 
high spatial resolution (Figure S26, Supporting Information). 

After the intravenous injection of DOX&ICG/MLDH, the T1-
weighted MR signal at tumor increased gradually and reached 
the strongest intensity at 8 h, in accordance with the results 
of in vivo NIRF imaging. The above results demonstrate 
that DOX&ICG/MLDH can serve as an effective dual-mode 
imaging agent for both in vivo NIRF and MR imaging, which 
gives clear-cut information for tumor accumulation after sys-
temic administration.

Based on the selective accumulation of DOX&ICG/MLDH 
within tumor site, we further carried out an in vivo antitumor 
study to demonstrate the combination therapy of DOX&ICG/
MLDH on mice bearing HepG2 tumor. The mice were 
divided into eight groups: (1) saline, (2) MLDH nanosheets, 
(3) DOX&ICG, (4) DOX&ICG/MLDH, (5) DOX/MLDH with 
irradiation, (6) DOX&ICG with irradiation, (7) ICG/MLDH with 
irradiation, and (8) DOX&ICG/MLDH with irradiation. The 
treated mice were i.v. injected with a total drug dose of 2.5 mg kg−1  
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Figure 4. Confocal images of HepG2 cells incubated with DOX&ICG/MLDH: a) before and b) after NIR laser irradiation (808 nm, 1.5 W cm−2).  
c) Intracellular fluorescence with and without NIR irradiation recorded by flow cytometer. d) Fluorescence images of ROS production in cancer cells 
treated with various drugs, and e) corresponding normalized fluorescence intensity: (1) DMEM, (2) MLDH, (3) DOX, (4) DOX&ICG, (5) ICG, and (6) 
DOX&ICG/MLDH. f) Inhibition of endocytosis treated with different inhibitors or at a low temperature (4 °C). g) Viability of HepG2 cells in the pres-
ence of various drugs with different concentrations upon NIR irradiation (*p < 0.05, **p < 0.01) and h) corresponding Calcein-AM/PI staining images.
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followed by an exposure to 808 nm laser (1.0 W cm−2) for 3 min 
or no irradiation at 8 h post injection. The tumor volume was 
monitored within two weeks (Figure 5b). The saline and MLDH 
nanosheets show negligible tumor inhibition. The DOX&ICG 
and DOX&ICG/MLDH without irradiation as well as DOX/
MLDH with irradiation partially inhibit the tumor growth due 
to the chemotherapy effectiveness; a significant therapeutic 
effect is obtained in the cases of DOX&ICG and ICG/MLDH 
with irradiation. Notably, the combination treatment with 
DOX&ICG/MLDH upon irradiation results in the most effi-
cient inhibition of tumor growth compared with other control 
groups, indicating a remarkably enhanced in vivo synergistic 
therapeutic effect. The digital photos of the mice and corre-
sponding excised tumors (Figure 5c,d) visually illuminate that 
the tumor size treated with DOX&ICG/MLDH plus irradiation 
is significantly smaller than the other groups. Hematoxylin 
and eosin (H&E) staining reveals that the tumor tissue treated 
with DOX&ICG/MLDH plus irradiation gives obvious necrosis; 

while the control groups retain their normal morphology or 
show partial necrosis (Figure 5e). The largely improved thera-
peutic efficacy of DOX&ICG/MLDH in vivo can be attributed to 
a synergistic effect of chemo/PTT/PDT. Furthermore, to inves-
tigate the metabolism and degradation of DOX&ICG/MLDH 
in vivo, Mg concentrations in the major organs of mice were 
tested using inductively coupled plasma mass spectrometry 
(Figure S27a, Supporting Information). The results showed that 
high levels of Mg element were found in the tumor, as well as 
liver, spleen, and lung within the first 8 h, which indicated that 
MLDH was accumulated via reticuloendothelial systems (RES) 
absorption. Subsequently, Mg level decreased gradually with the 
extension of time in all organs. Moreover, Mg concentration 
in both feces and urine reached maximum at 8 h post admin-
istration and then decreased with time (Figure S27b, Sup-
porting Information). Therefore, the above results confirm that 
DOX&ICG/MLDH is accumulated via RES and further metab-
olized by the way of feces and urine, indicating its potential 

Adv. Mater. 2018, 1707389

Figure 5. a) In vivo fluorescence imaging and biodistribution of nude mice bearing HepG2 tumors at different time points after intravenous injection 
of saline, DOX&ICG/MLDH, and DOX&ICG (the blank arrows point out the tumor location in mice). b) HepG2 tumor growth curves with various 
treatments (*p < 0.05, **p < 0.01). c) Digital photographs of the mice on day 14 after various treatments shown in (b), and d) corresponding excised 
tumors. e) Representative histological images of the tumors collected on day 14. f) Histological images of the major organs collected on day 14 treated 
with saline and DOX&ICG/MLDH, respectively.
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clinical application. Moreover, no significant decrease in mice 
weight for each group was found during the treatment, dem-
onstrating no obvious side effect (Figure S28, Supporting Infor-
mation). In addition, we evaluated the in vivo toxicity of MLDH 
nanosheets with i.v. injection of MLDH (200 µL, 10 mg kg−1): 
the blood biochemistry as well as the liver and kidney function 
markers was all within their normal ranges relative to healthy 
mice (Figure S29, Supporting Information). Moreover, the 
H&E analysis of major organs (heart, liver, spleen, lung, and 
kidney) (Figure 5f) shows no significant damage in DOX&ICG/
MLDH and saline group, indicating a satisfactory safety of 
MLDH nanosheets used in cancer theranostics. Compared with 
other 2D nanomaterials, the abundant surface hydroxyl groups 
and electropositivity of MLDH nanosheets provide favorable 
binding sites, accounting for the ultrahigh drug loading (as 
high as 797.36% in this work). In addition, LDHs has been 
commercially used as the main component for antacid or anti-
pepsin agent with a high security,[57] which would guarantee its 
potential application in cancer theranostics.

In summary, DOX&ICG/MLDH has been demonstrated 
as a smart and versatile “all-in-one” platform with inherent 
NIRF/MR imaging as well as synergistic chemo/PTT/PDT 
therapy. MLDH nanosheets as drug carrier show an unprec-
edented high loading of DOX&ICG (797.36%), which is the 
highest LC level at nearly 100% of EE compared with previ-
ously reported 2D drug carriers. The intrinsic NIRF/MR 
imaging ability of DOX&ICG/MLDH enables a noninvasive 
real-time visualization of the distribution profiles at the tumor 
sites, which favors a precise diagnosis and efficient treatment. 
In addition, in vivo therapeutic evaluations in HepG2 tumor-
bearing mice demonstrate a complete ablation of tumor by 
virtue of the synergistic chemo/PTT/PDT effect while the 
toxicity studies with a large dose of MLDH nanosheets give 
scarcely any in vivo toxicity. Therefore, the theranostic system 
based on MLDH nanosheets will open new perspectives in 
the design of multifunctional nanomedicine materials for the 
future clinical cancer diagnosis and treatment.
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