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A B S T R A C T

Co-delivery of two drugs with diverse physicochemical properties and specific administration order for cancer
theranostics are vitally important for drug resistance conquering and side effects reducing. Consequently, we
explored a unique amphiphilic PCL-AuNC/Fe(OH)3-PAA Janus nanoparticle (JNP) to simultaneously preserve
the hydrophilic drug (doxorubicin) and hydrophobic drug (docetaxel) in their distinct domains. Owing to their
extraordinary heterostructure and independent pH and NIR sensitive properties, the optional sequential drug
release by a single inorganic JNP was realized for the first time, and the results presented the synchronous
release of two drugs had 5% better therapeutic effect. In addition, the excellent computed X-ray tomography/
magnetic resonance (CT/MR) imaging capabilities from AuNC and Fe(OH)3 suggested our JNPs could effectively
guide the cancer therapy. Furthermore, the mice treated with dual drug loaded PCL-AuNC/Fe(OH)3-PAA JNPs
under near infrared (NIR) laser irradiation showed better tumor inhibition than solo drug, cocktail and dual drug
treated groups, indicating the effectivity and significance of combined cancer therapy.

1. Introduction

Synergistic combination of two therapeutic agents or multimodal
treatment strategies can conquer the severe drug resistance and prevent
tumor relapse associated with traditional high dose of single drugs in
treating cancers to achieve desirable therapeutic index [1–5]. Besides,
administrating the drugs with different physicochemical properties and
diverse mechanisms of drug action will get better therapeutic effect,
especially in appropriate administrated sequence, which can induce
quite different results, synergistic or even converse effect [6–11]. Up
until recently, series of nanoplatforms, such as liposomes [12,13],
dendrimers [14–16], polymeric nanoparticles (NPs) [17–19] and silica
NPs [20–22] present the ability to co-encapsulate different drugs and
delivery them to the diseased cells, thus eliminating the adverse side
effects from cocktail administration of two free drugs. However, these
carriers are almost with symmetrical geometry and simplex storage
room, which can not meet the requirements including hosting drugs
with diverse physiochemical properties (hydrophobic/hydrophilic),
precise drug ratio and peculiarly releasing of drugs in an optimal se-
quence to reach the maximal therapeutic efficiency. Therefore, the

major challenge in the field is not only to explore an efficient multidrug
carrier with independent drug storage place and distinct polarity, but
also to further schedule the release profiles.

Owing to the heterostructure, surface properties and various func-
tionalities of inorganic Janus NP (JNP), they can host drugs with dif-
ferent solubility in their distinct domains without affect each other
[23–27], facilitating the independent release of individual drugs com-
pared to the conventional NPs normally with circumscribed drug re-
lease order. In addition, the two different segments can be designed to
cooperate stimuli-responsive release properties (pH stimuli or NIR sti-
muli responsive capability) [28–30], cancer diagnosis (computed X-ray
tomography (CT), fluorescence, magnetic resonance (MR) or photo-
acoustic (PA) imaging) [31–36], and multi-treatment (chemotherapy,
photodynamic therapy (PDT) or photothermal therapy (PTT)) [37–43]
together to enhance the treatment accuracy and efficiency. Although
the inorganic JNPs show great application prospect in dual drug de-
livery, the relevant investigations are rarely reported. As we know,
there is no report on designing a multifunctional dual drug delivery
JNP, which combined the hydrophobic and hydrophilic drug delivery,
CT/MR imaging and chemotherapy together with PTT in vivo, vitally
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important, realized the optimal sequential therapy through pH/NIR
controlled release.

Herein, we endeavor to design a novel amphiphilic poly(3-capro-
lactone)-gold nanocage/ferric hydroxide-poly(acrylic acid) (defined as
PCL-AuNC/Fe(OH)3-PAA) JNP for the first time with totally different
morphologies, functionalities and surface properties in its two distinct
sides, and further discuss their therapeutic effect of drug administrated
order coupled with imaging-guided combined therapy. As shown in
Scheme 1, the cubic-sphere like Ag/PAA JNPs were firstly prepared by
mixing Ag nanocubes (AgNCs) with PAA, and used as the precursors.
Then, the selective growth of Fe(OH)3 on the PAA side endowed the Fe
(OH)3-PAA part with pH stimuli-responsive capability, MR imaging and
hydrophilic drug loading properties. On the other side, the AgNC was
etched by HAuCl4 to form AuNC and then modified with PCL-SH, which
made this part with NIR stimuli-responsive property, CT imaging and
hydrophobic drug storage as well as PTT capability. Overall, our cage-
sphere like PCL-AuNC/Fe(OH)3-PAA JNPs with two independent parts
were designed to combine the independent hydrophilic/hydrophobic
drug delivery, NIR/pH stimuli-release property, CT/MR imaging, and
photothermal effect in one unit for imaging-guided cancer theranostics,
especially investigating the effect on sequential therapy.

2. Materials and methods

2.1. Materials

Ethylene glycol, HAuCl4·3H2O, AgNO3, doxorubicin hydrochloride
(Dox), polyacrylic acid (PAA, Mw≈ 1800), tetraethyl orthosilicate
(TEOS, ≥98%) and Poly(vinyl pyrrolidone) (PVP, Mw∼ 55,000) were
bought from Sigma (USA). 3-Caprolactone (3-CL, 99%), bis(2-hydro-
xyethyl)disulfide (HES, 98%), Stannous octoate (Sn(Oct.)2, 95%), di-
thiothreitol (DTT, 99%) and methoxy-poly(ethylene glycol)-thiol (SH-
PEG, Mw∼ 5000) were purchased from energy chemical. Poly(vinyl
pyrrolidone) (PVP, K-30) was from xilong scientific and Na2S·9H2O was
from aladdin. Docetaxel (Dtxl) was purchased from San-bang. Ferrous
chloride tetrahydrate (FeCl2·4H2O), gadolinium(III) chloride hexahy-
drate (GdCl3·6H2O), ethylene glycol (EG), ethanol, tetrahydrofuran
(THF), isopropyl alcohol (IPA) and aqueous ammonia solution were
purchased from Sinopharm Chemical Reagent Beijing Co., Ltd.
Deionized (DI) water was used in all experiments.

2.2. Characterization

Transmission electron microscopy (TEM) was performed on a JEOL-
2100F transmission electron microscope under 200 kV accelerating
voltage. Fourier transform infrared spectroscopy (FTIR) was obtained

on a Magna 560 FTIR spectrometer (Nicolet, USA). The X-ray photo-
electron spectrum was carried out with an ECSALAB 250 using non-
monochromatized Al Kα radiation. UV–Vis absorption spectroscopy
was obtained on a U-3010 spectro-photometer (Hitachi, Japan). A
CWdiode laser (LSR808H) with wavelength of 808 nm was used for the
laser irradiation experiment. Inductively coupled plasma atom-
icemission spectroscopy (ICP-AES) was measured with Leeman ICP-AES
Prodigy. 1H, 13C, and 19F NMR spectra were recorded on a 500MHz or
600MHz NMR spectrometer.

2.3. Synthesis of AgNC/PAA JNPs

Firstly, 6 mL ofEG was added into each of the four flasks at 150 °C
for 2 h.Then, pipetting 70, 80, 90 and 100 μL of 3mM Na2S in EG so-
lution into flasks. Waiting for 9min, 1.5mL of PVP (K-30) EG solution
was added. Immediately thereafter, 0.5 mL of the AgNO3 EG solution
was added into each flask. The reaction was stopped when the reaction
media appears green-ochre. Rinsing the silver nanocube (AgNC) twice
with acetone and water, and finally dispersed in 10mL water.

The obtained AgNC were mixed with PAA (80 μL, 0.2 mgmL−1)
under sonication for 10min. Then, NH3·H2O (120 μL, 25–28%) was
added with stirring for 10min. After that, 40mL of IPA were dripped
into the flask to obtain the well-dispersed AgNC/PAA JNPs (water:
IPA= 1: 4).

2.4. Synthesis of AgNC/Fe(OH)3-PAA JNPs

With stirring, 600 μL of FeCl2·4H2O (10mgmL−1) was added in 3
portions into 50mL AgNC/PAA JNPs solution. After 2 h, the AgNC/Fe
(OH)3-PAA JNPs were formed. Aging overnight, and then the product
was centrifuged and washed with DI water, and re-dispersed in 4mL
water for next step.

2.5. Synthesis of AgNC/Gd(OH)3-PAA JNPs and AgNC/SiO2-PAA JNPs

The synthesis of AgNC/Gd(OH)3-PAA JNPs is the same as AgNC/Fe
(OH)3-PAA JNPs except the addition of GdCl3·6H2O (10mgmL−1,
600 μL) instead of FeCl2·4H2O.

To synthesize AgNC/SiO2-PAA JNPs, 310mL of IPA was added into
the obtained 50mL Ag/PAA JNPs. Then, 2.5mL of NH3·H2O was added.
After stirred for 30min, the TEOS solution (3mL, 20%) was added.
After another 24 h, the product was washed with IPA and water.

Scheme 1. Schematic illustration of the fabrication, modification and application of AuNC/Fe(OH)3-PAA JNPs.
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2.6. Synthesis of AuNC/Fe(OH)3-PAA, AuNC/Gd(OH)3-PAA JNPs and
AuNC/SiO2-PAA JNPs

The AuNC/Fe(OH)3-PAA JNPs was obtained though the galvanic
replacement reaction. 100mL of water and 1 g PVP (55,000) were
mixed in a two-neck flask in 100 °C oil bath for 10min. When the so-
lution was boiling, 4 mL of as-prepared AgNC/Fe(OH)3-PAA JNPs were
added for another 10min. Then, 1mM HAuCl4 solution was added
slowly. UV–Vis spectrum was used to monitor the surface plasmon re-
sonance (SPR) peak of the AuNCs, and the reaction was stopped until
the SPR peak reached to near infrared (NIR) region. After refluxing for
an additional 10 min until its color becomes stable and then cool the
system to room temperature.

The synthesis of AuNC/Gd(OH)3-PAA JNPs and AuNC/SiO2-PAA
JNPs is the same as the above protocol.

2.7. Surface modification

The PCL-SH was synthesis by ring-opening polymerization of 3-CL
using HES as an initiator followed by reduction with tributyl phosphine.
HES (154mg), Sn(oct.)2 (86mg), 3-CL (8.6 g) and toluene (20mL) was
mixed in an oil bath at 100 °C for 24 h under an argon atmosphere. The
reaction was terminated by adding excess HCl. The resulting polymer
was precipitated in cold diethylether, filtrated and dried, and then
dispersed in THF solution (20mL). After that, tributyl phosphine
(242mg) was added and stirred at 25 °C for 24 h. The resulting polymer
PCL-SH was precipitated in cold diethylether, filtrated under a N2 flow,
and dried.

The prepared PCL-SH (10mgmL−1, 500 μL) in THF was added into
the AuNC/Fe(OH)3-PAA JNPs solution. Allow the reaction to react for
4 h, the finally PCL-SH modified AuNC/Fe(OH)3-PAA JNPs was har-
vested and re-dispersed in methanol.

2.8. Dual drug loading and releasing

The drug-loaded NPs were prepared by mixing Dtxl in methanol
(10mgmL−1, 1 mL) with PCL-AuNC/Fe(OH)3-PAA JNPs (1mg) for
24 h. After centrifuged at 9000 rpm for 10min and washed with water,
1 mgmL−1 SH-PEG was added and stirred for 2 h. After that,
1 mgmL−1 of Dox aqueous solution was added and re-dispersed, and
then stirred for another 24 h. To evaluate the loading capacity of Dtxl
and Dox, the contents of original Dtxl/Dox and residual Dtxl/Dox in
supernatant were determined by UV–Vis measurements at 228 nm/
480 nm. The loading capacity (LC) was calculated by Equation (1)

LC(%)
m m

m
100%(initial) (insupernatant)

(initial)
=

−
×

(1)

To investigate the drug release property, the drug-loaded NPs were
dispersed in 5mL of PBS buffer (pH 7.4 and 5.3) with or without NIR
irradiation (0.5, 0.7 and 1W cm−2, 5 min) at 37 °C, respectively. At
selected time intervals, 200 μL of the samples was taken out and equal
amount of fresh PBS was added. The amount of released Dox was
measured by UV–Vis spectrophotometer (U-3010 spectro-photometer,
Hitachi, Japan) and Dtxl was measured by high performance liquid
chromatography (HPLC, Agilent 1200).

2.9. Photothermal heating effect

Different amount of PCL-AuNC/Fe(OH)3-PAA JNPs (60, 30, 15 and
7.5 μgmL−1, 1 mL) was suspended in centrifuge tube and exposed to an
808 nm laser (power density 1W cm−2, 5 min). The PCL-AuNC/Fe
(OH)3-PAA JNPs (15 μgmL−1, 1 mL) was exposed to an 808 nm laser
with different densities (0.5, 0.7, and 1W cm−2, 5 min). The tempera-
ture was recorded every 30 s and the images were acquired by a
T460SC, infrared camera (FLIR, Sweden). DI water was also exposed to
the NIR laser light as comparison group. Cyclic photothermal stability

test was carried on by irradiating the solution of PCL-AuNC/Fe(OH)3-
PAA JNPs (15 μgmL−1) for 5min and waiting until the temperature
recovered to room temperature, and then repeat for another 3 cycles.
The photothermal conversion efficiency (η) was calculated by Equation
(2) according to the previous reported method [44–46]

η hS T T Q
I

( )
(1 10 )

surr dis
A

max
808

=
(2)

h is the heat-transfer coefficient, S is the surface area of the container,
Tmax is the equilibrium temperature, Tsurr is the ambient temperature of
the surroundings, Qdis expresses the heat associated with the light ab-
sorbance by the solvent, I is the incident laser power (1W cm−2), and
A808 is the absorbance of the PCL-AuNC/Fe(OH)3-PAA JNPs at 808 nm.
The value of hS is derived according to Equation (3).

τ m C
hSs
D D=

(3)

Where τs is the sample system time constant, mD and CD are the mass
and heat capacity of water used as the solvent, respectively.

IR imaging of the whole H-22 bearing BALB/c mice treated with PBS
and PCL-AuNC/Fe(OH)3-PAA JNPs were carried out after exposing the
tumors to the 808 nm laser (1.0W cm−2) for 5min by using infrared
cameras.

2.10. Cell culture

Human hepatocellular carcinoma (HepG-2) cells were grown as a
monolayer in a humidified incubator in dulbecco's modified eagle
medium (DMEM) supplemented with 10% fetal bovine serum at 37 °C
in a 95% air 5% CO2.

2.11. In vitro cytotoxicity study

The chemo-photothermal cytotoxicity of the samples was estimated
by Cell Counting Kit-8 (CCK-8). HepG-2 cells were seeded into 96-well
plates at a density of 5×104 cells per well and incubated for 24 h. The
cytotoxicity of PCL-AuNC/Fe(OH)3-PAA JNPs was checked by in-
cubating the cells with our JNPs at different concentration for 48 h. The
cell viability was measured by CCK-8 essay and calculated by Equation
(4).

Cell viability
Abs

Abs
100%(test cells)

(control cells)
= ×

(4)

The sequential administration effect was implemented followed by a
treatment schedule. Initially, the dual drug loaded JNPs (Dtxl/Dox/
JNPs) were incubated with HepG-2 for 30min, and then the medium
was changed to fresh one. Within a period of 48 h, the cells were ir-
radiated with NIR laser at lower density (0.5W cm−2, 5 min) at selected
time point (0, 2, 6, 12, 24, 48 h). Under same condition, the pure JNPs
were incubated with cells for 30min, and then washed and further
cultivated for another 48 h. The NIR only group is the cells treated with
culture medium for 48 h, and then irradiated with NIR laser for 5min.
Finally, the cell viability was detected by CCK-8 essay.

To test the photo-chemotherapy, serum-free medium containing
PBS, Dox loaded JNPs (Dox/JNPs), Dtxl loaded JNPs (Dtxl/JNPs),
cocktail (Dox/JNPs and Dtxl/JNPs), and Dtxl and Dox co-loaded JNPs
(Dtxl/Dox/JNPs) with various concentrations were added respectively
to HepG-2 cells for 4 h. Then, the medium was removed and changed to
fresh medium, and further cultivated for another 44 h to measure the
cell viabilities. The photothermal effect was checked by incubating the
PBS, JNPs, Dtxl/Dox/JNPs with and without NIR laser irradiation
(1W cm−2, 5 min) at different concentrations with HepG-2 cells for
24 h, and the CCK-8 was added and incubated for another 2 h. The
intensity was measured by using a plate reader (Tecan Infinite F200).

Combination index (CI) value is used to evaluate the synergistic
effect of two drugs. IC50 is the drug concentration that inhibits a cellular
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function or behavior by 50%, for each individual drug (A or B) or for
the drug given as an A-B pair. If drug A and B act synergistically, CI is
lower than 1. For drugs that act additively, CI is equal to 1. If CI is
higher than 1, it acts antagonistically.

CI
IC (A)

IC (A)
IC (B)

IC (B)
50 pair

50

50 pair

50
= +

(5)

2.12. Cell cycle and apoptotic

HepG-2 cells were treated with culture medium, JNPs, Dtxl/JNPs,
Dox/JNPs, cocktail and Dtxl/Dox/JNPs with same drug concentrations
(2 μgmL−1 Dox, 0.5 μgmL−1 Dtxl), respectively. After 48 h, the cells
were harvest, washed and stained according to the protocol of Cell
Cycle and Apoptosis Analysis Kit (Beyotime) and Annexin V-FITC
Apoptosis Detection kit (Beyotime), respectively. The flow cytometry
analysis was used to determine the cell cycle and apoptotic.

2.13. Hemolysis assay

Hemolysis test was carried out to evaluate the hematotoxicity of
PCL-AuNC/Fe(OH)3-PAA JNPs in vitro by using human red blood cells
(RBCs, 2%), which was isolated by centrifugation and washing with
0.9% saline. Then, different concentrations of PCL-AuNC/Fe(OH)3-PAA
JNPs (15.625, 31.25, 62.5, 125, 250, 500 and 1000 μgmL−1) was
mixed with equal volume of RBCs suspension. PBS and water were used
as negative and positive control. These samples were shaken and kept
steady for 2 h at 37 °C. Finally, the mixtures were centrifuged at
3000 rpm for 3min and the absorbance of the upper supernatants was
measured by UV–Vis spectroscopy. The hemolysis percentage was cal-
culated by Equation (6):

Hemolysis(%)
A A

A A
sample control( )

sample( ) control( )
=

−
−

−

+ − (6)

where A is the UV–Vis absorbance.

2.14. Fluorescence imaging

To verify the photothermal effect, HepG-2 cells were firstly seeded
in a 96-well assay plate (2.5× 104 cells per well). After 24 h, the cells
were treated with PBS, PCL-AuNC/Fe(OH)3-PAA JNPs (25 μgmL−1),
NIR only, and PCL-AuNC/Fe(OH)3-PAA JNPs with NIR laser. After in-
cubation for another 24 h, the cells were washed with PBS and exposed
to NIR laser (808 nm, 1W cm−2) for 5min. At this point, the IR thermal
imaging of the culture plate was obtained. Then, the cells were stained
with green calcein acetoxymethyl ester (calcein AM) and red propidium
iodide (PI) for 10min and imaged by a fluorescence microscope.

To test the combined chemo and photothermal effect, the seeded
cells were treated with PBS, Dtxl/JNPs, Dox/JNPs, cocktail, Dtxl/Dox/
JNPs with and without NIR laser. After 24 h, the cells were stained with
green calcein AM and red PI for 10min and imaged by a fluorescence
microscope.

2.15. Biodistribution of PCL-AuNC/Fe(OH)3-PAA JNPs in mice

The H-22 bearing BALB/c mice weighted about 15–18 g were in-
travenously injected with PCL-AuNC/Fe(OH)3-PAA JNPs (25mg kg−1).
The mice (n= 3) were then euthanized at different time points (6, 12,
and 24 h), and the heart, liver, spleen, lung, kidney, and tumor were
collected, weighed, and then treated with aqua regia at room tem-
perature for several days to obtain clear solutions. The resulting solu-
tions were diluted by DI water to 10mL and subsequently analyzed by
ICP-AES (Leeman ICP-AES Prodigy) to determine the total amount of
Au in each measured organ.

2.16. In vitro and in vivo CT/MR imaging

For in vitro X-ray computed tomography/magnetic resonance (CT/
MR) imaging, PCL-AuNC/Fe(OH)3-PAA JNPs in 1mL PBS with different
concentrations were placed in a centrifuge tube. MR images were ob-
tained by MesoMR23-060H-I. X-ray computed tomography (CT) images
were obtained by using a SIEMENS SOMATOM Sensation 64 and the
Hounsfield Unit (HU) variations were determined by using a syngo CT
2009S instrument (Siemens, Berlin).

For in vivo CT/MR imaging, 200 μL of the PCL-AuNC/Fe(OH)3-PAA
JNPs in PBS at the concentration of 5mgmL−1 was injected via tail
vein of H-22 bearing BALB/c mice. At selected time point (0 and 24 h),
CT and MR images were obtained by using CT 2009S and discovery
MR750 3.0T, respectively.

2.17. Combination therapy in vivo

The H-22 bearing BALB/c mice were randomly divided into 12
groups (n=5 per group). Mice were injected intravenously by tail vein
with 200 μL of different medium in PBS every two days. The amount of
Dox, Dtxl and JNPs was 1.25, 0.3125 and 6.25mg kg−1 body weight,
respectively. The NIR laser irradiation was implemented for 5min at
1W cm−2 after the treatment for 24 h. The treatment groups from 1 to
12 are PBS, PBS + Laser, PCL-AuNC/Fe(OH)3-PAA (JNPs), PCL-AuNC/
Fe(OH)3-PAA JNPs + Laser (JNPs + Laser), free Dox, free Dtxl, free
Dox and free Dtxl (Dtxl/Dox), Dox loaded PCL-AuNC/Fe(OH)3-PAA
JNPs (Dox/JNPs), Dtxl loaded PCL-AuNC/Fe(OH)3-PAA JNPs (Dtxl/
JNPs), Dox loaded PCL-AuNC/Fe(OH)3-PAA JNPs + Dtxl loaded PCL-
AuNC/Fe(OH)3-PAA JNPs (cocktail), Dtxl and Dox co-loaded PCL-
AuNC/Fe(OH)3-PAA JNPs (Dtxl/Dox/JNPs), and Dtxl and Dox co-
loaded PCL-AuNC/Fe(OH)3-PAA JNPs + Laser (Dtxl/Dox/
JNPs + Laser), respectively.

The body weights of mice and tumor sizes were monitored every
two days for 11 days. The tumor volume was calculated according to
Equation (7):

Volume
length width

2

2
⎜ ⎟= ⎛
⎝

× ⎞
⎠ (7)

At day 11, mice from each group were randomly chosen and eu-
thanized to retrieve tumors and organs. Tumor growth inhibition rate
was determined using the following Equation (8):

Inhibition(%) C T
C

100%= ⎛
⎝

− ⎞
⎠

×
(8)

where C is the average tumor weight of the control group and T is the
average tumor weight of each treated group.

2.18. Histology examination and blood analysis

Ten of the healthy mice were randomly divided into two groups
(n= 5, each group), which were treated by tail vein injection of PCL-
AuNC/Fe(OH)3-PAA JNPs (0.3 mgmL−1, 200 μL) and PBS (200 μL) as
control. Approximately 0.8 mL of blood from each mouse was collected
for a blood chemistry test and complete blood panel analysis before the
mouse was euthanatized. The tissue sections of different organs were
collected after the animals were sacrificed, and stained with hematox-
ylin&eosin (H&E). The digital microscope was used to examine all the
sections.

3. Results and discussion

3.1. Synthesis and characterization of PCL-AuNC/Fe(OH)3-PAA JNPs

The cubic AgNCs with about 60 nm were synthesized by a reported
protocol (Fig. 1A) [47]. Then, we mixed the obtained AgNCs with PAA,
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aqueous ammonium hydroxide in water. After the addition of isopropyl
alcohol (IPA), the uniform cubic-sphere like AgNC/PAA JNPs pre-
cursors of ∼120 nm were easily obtained through the change of the
interfacial energy σAgNC-PAA, σAgNC-solvent, and σPAA-solvent (Fig. 1B). In
this process, the interfacial energy changed with the addition of IPA,
resulting in S= σAg-solvent – (σAg-PAA + σPAA-solvent) < 0, where S is the
spreading coefficient. Therefore, the partial engulfing of Ag was oc-
curred and AgNC/PAA JNPs were obtained [45,46]. In addition, dif-
ferent sizes of coating PAA on the AgNCs can be easily prepared by
changing the amount of PAA (Figure S1), which is in favor of further
adjusting of drug loading. As we know, Fe is an essential mineral and an
important component of proteins in the human body. Moreover, to
endow the JNPs with independent storage and imaging capacity, the
PAA part was selectively grown Fe(OH)3 with about 60 nm by adding
FeCl2·4H2O into the AgNC/PAA JNPs solution (Fig. 1C). In this reaction,
PAA reserves water molecular inside its network to act as a nanor-
eactor, hence the Fe2+ can alternatively hydrolyze in this part to get.

Fe(OH)3-PAA consisted of multiple small Fe(OH)3 NPs. The rough
surface could be observed from the magnified scanning electron mi-
croscope (SEM) imaging in the inset in Fig. 1C. The linear scan and
elemental mapping carried by scanning transmission electron micro-
scopy (STEM) imaging further confirmed their constitution and Janus
nanostructure (Figure S2). The above reaction is quite repeatable, as-
suring the future scale-up. The resulted AgNC/Fe(OH)3-PAA JNPs
possess not only hydrophilic drug loading capacity, but also T1 contrast-
enhanced capability rooted from the 5 unpaired electrons in ferric ions
(Fe3+) for MRI. Subsequently, the other AgNC part of the AgNC/Fe
(OH)3-PAA JNP was etched with addition of HAuCl4 to form the AuNC
via the galvanic replacement reaction, which simultaneously had strong
interaction with X-rays for effective CT imaging and the hollow inter-
iors for accommodation of hydrophobic drug, as well as the NIR optical
property (Fig. 2A). The finally obtained AuNC/Fe(OH)3-PAA JNPs show
obvious asymmetric Janus nanostructure with uniform size about
120 nm, consisting of a ∼60 nm hollow AuNC and ∼60 nm sphere like
Fe(OH)3-PAA (Fig. 1D). Linear scan implemented with STEM imaging
across a single AuNC/Fe(OH)3-PAA JNP displays a doughty Fe

concentration on the right side of the whole JNP, and a higher Au
concentration on the left side, as well as the hollow interior structure of
AuNC with additional evidence provided by Au intensity (Fig. 1E). In
addition, we can obviously observe from the elemental mapping on a
randomly selected AuNC/Fe(OH)3-PAA JNP that the JNP is composed
of Au (Green) and Fe (red) in distinct sections, which is very consistent
with the designed Janus nanostructure.

(Fig. 1F). Besides, the high resolution X-ray photoelectron spectro-
scopy (XPS) spectrum present the peaks at 83.8 and 87.4 eV are con-
tributed to Au 4f1/2 and Au 4f5/2, respectively (Fig. 2B), while the peaks
centered at 710.3 and 724.3 eV denote the Fe 2p3/2 and Fe 2p1/2
(Fig. 2C), further confirming the existence of Au and Fe in the AuNC/Fe
(OH)3-PAA JNPs. Furthermore, the exactly percentage of Au and Fe are
8.1 and 5.3 wt%, respectively, measured by an inductively coupled
plasma (ICP). It is worth to mention that this method can be extended to
synthesize other AgNC/X-PAA and AuNC/X-PAA (X represents silicon
dioxide (SiO2) or hydroxide gadolinium (Gd(OH)3) JNPs (Figure S3),
which may greatly expand the application of the AgNC and AuNC based
JNPs.

In the present proof-of-concept study, the AuNC/Fe(OH)3-PAA JNPs
are designed to load hydrophilic and hydrophobic drugs in dis-
tinguished Fe(OH)3-PAA and AuNC domains, respectively. However,
pure AuNCs can not effectively load and preserve enough hydrophobic
drugs. Hence, we choose the US Food and Drug Administration (FDA)
approved PCL, which is hydrophobic enough to carry the hydrophobic
drugs based on the principle of “like dissolves like”, as the precursor to
synthesize the PCL-SH via ring-opening polymerization using bis(2-
hydroxyethyl)disulfide (HES) as an initiator followed by reduction with
tributyl phosphine to modify AuNC [48]. The fourier transform infrared
(FTIR) in Figs. 2D and 1H NMR measurements in Fig. 2E were used to
confirm the successful preparation and modification. 1H NMR spectrum
presents the characteristic peaks of methylene protons next to the thiol
end group (eCH2eSH) at δ 2.75 and the 1H NMR end group analysis
shows that the number of repeating units is 32, and the Mw can be
deduced as about 3600. In Fig. 2Da, the FTIR characteristic peak at
1725 cm−1 is assigned to the polyester group of the neat PCL, and the

Fig. 1. TEM images of (A) AgNCs, (B) AgNC/PAA JNPs, (C) AgNC/Fe(OH)3-PAA JNPs and (D) AuNC/Fe(OH)3-PAA JNPs. The inset in (C) is the magnified SEM image
of the surface of Fe(OH)3-PAA domain. (E) Elemental line scan and (F) elemental mapping of a single AuNC/Fe(OH)3-PAA JNP, respectively.
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vibrational band at 1557 cm−1 in Fig. 2Db is attributable to the
stretching mode of the carboxyl C]O, indicating the presence of PAA.
The coexistence of these two peaks in Fig. 2Dc demonstrates the suc-
cessful modification of PCL-SH on the AuNC/Fe(OH)3-PAA JNPs. After
modification, we tested the hydrophobic drug loading capability by
mixing docetaxel (Dtxl) with PCL-AuNC/Fe(OH)3-PAA JNPs for 24 h
and the loading capacity was about 5 wt%. To insure the stability of the
PCL-AuNC/Fe(OH)3-PAA JNPs after drug loading, methoxy-poly(ethy-
lene glycol)-thiol (SH-PEG) was employed to further modify on the
surface of AuNC. No precipitation of PEG-modified PCL-AuNC/Fe
(OH)3-PAA JNPs in water, PBS, culture medium or FBS could be ob-
served within 4 h, suggesting their good stability (Figure S4). After-
ward, the hydrophilic drug doxorubicin (Dox) was added and stored in
the Fe(OH)3-PAA part through the electrostatic attraction between the
electropositive Dox and electronegative PAA, the loading capacity
could reach to 20 wt%. As mentioned before, the negative charged PAA
networks bearing carboxylate anions on PAA Chains encapsulated into
the JNPs can bond positively charged Dox, therefore, when the more
PAA exists in our JNPs, the more Dox loading capacity can be obtained
(Table S1). As a result, the Dox loading content can be adjusted by using
the PCL-AuNC/Fe(OH)3-PAA JNPs with different sizes of Fe(OH)3-PAA,
thus regulating the ratio of the drugs (Dtxl:Dox) in each JNP. The
successful control of the drug to drug ratio is a big step forward, which
can govern the efficacy of combination treatment, especially for per-
sonalized therapy.

3.2. Photothermal performance

As displayed in Fig. 2A, the localized surface plasmon resonance
(LSPR) peak of PCL-AuNC/Fe(OH)3-PAA JNPs is around 840 nm, which
is beneficial for the next NIR stimuli-release and IR thermal imaging, as
well as photothermal ablation. With NIR irradiation at 1W cm−2 for
5min, the temperature of the solution goes up to 42.4 °C even with a
lower concentration (7.5 μgmL−1), and raises as high as 80 °C at
60 μgmL−1 (Fig. 3A). In contrast, the water just increases by 1.3 °C,
suggesting that our JNPs make the significant contribution for the
temperature increase. All the process was recorded by an infrared
camera (Fig. 3B). Meanwhile, we test the cycle performance of the
JNPs. As present in Fig. 3C, the highest temperature of the PCL-AuNC/
Fe(OH)3-PAA JNPs solution changed slightly (< 2 °C) in 4 cycle re-
peated NIR irradiation, demonstrating their better photostability and
constant photothermal conversion behavior. After irradiation, there is
no aggregation observed in solution, and there is almost no change in

the morphology of PCL-AuNC/Fe(OH)3-PAA JNPs observed from the
TEM image (Figure S6). In this system, the photothermal conversion
efficiency (η) of our JNPs is determined as 63% (Figure S5), which is the
same as pure AuNCs and superior than most of the reported Au nano-
materials (Table S2) [44,49–51]. In vitro experiments show that there is
almost no HepG-2 cell death in solo JNPs and NIR laser treated groups
(Fig. 3D), but a high thermal contrast could be visually observed in the
NIR laser irradiated PCL-AuNC/Fe(OH)3-PAA JNPs treated group
(Fig. 3E) and no cells is alive in this region (Fig. 3D), proposing their
efficient transition from optical energy to heating, thus inducing cell
ablation. From the in vivo experiments, we can also observe that the
temperature in tumor site increases obviously with the enhancement of
the time under NIR laser irradiation in the JNPs treated groups, com-
pared to the PBS treated group (Fig. 3F). These results clearly indicate
that our PCL-AuNC/Fe(OH)3-PAA JNPs have excellent photothermal
conversion capability for prospective inhibition of tumor growth.

3.3. In vitro dual drug release and defect on drug release sequence

It is well known that the two drugs preserved nanocarriers have the
ability to deliver the drugs to the desire tumor site, overcoming the
imparity of pharmacokinetics of different drugs. In addition, the sche-
dule of administrated drug order is also important to determine the
drug synergism and side effects [12,52]. As such, we design these un-
ique PCL-AuNC/Fe(OH)3-PAA JNPs, which allows for loading two
drugs in its independent domains and releasing them by different sti-
mulus respectively, benefited for us to investigate the therapeutic effect
on release orders (Fig. 4A). Initially, we studied the independent sti-
muli-responsive property. As shown in Fig. 4B, the release profiles of
Dtxl in neutral PBS and acidic PBS are almost the same, evidenced that
the release of hydrophobic drug is a normally persistent tardiness
process due to their hydrophobicity and the interaction with JNPs, and
it takes about several days to reach a relatively high releasing value at
physiological pH. While, only slight of Dox releases in neutral PBS, but
4 times higher release can be reached by changing the pH to acidity.
The pH stimuli release of Dox is because that PAA is a pH sensitive
polymer and Fe(OH)3 NPs are not stable in acidic environment, hence,
the Dox can easily escape from the broken Fe(OH)3-PAA part and a
burst release is observed. In Fig. 4C, with NIR laser irradiation at
0.5W cm−2 for 5min, the release of Dtxl in pH 7.4 and pH 5.3 in-
creased obviously, but the release profiles of Dox in pH 7.4 and pH 5.3
are almost not changed, compared with none NIR laser group in Fig. 4B.
When higher NIR laser power density (0.7W cm−2 and 1W cm−2,

Fig. 2. (A) UV–Vis absorption spectrum of AuNC/Fe(OH)3-PAA JNPs solution. (B) and (C) High resolution XPS spectra of AuNC/Fe(OH)3-PAA JNPs. (D) FTIR spectra
of PCL-SH, AuNC/Fe(OH)3-PAA JNPs and PCL-AuNC/Fe(OH)3-PAA JNPs. (E) 1H NMR spectrum of PCL-SH.
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5min) was implement, the total release amount of Dtxl increase slightly
in pH 7.4 and pH 5.3, and the NIR laser effect on release of Dox ap-
peared (Fig. 4D and E). We further exam the temperature change of the
JNPs at different NIR laser power density (Fig. 4F), the stronger NIR
laser power density was used, the higher temperature could be reached.
Hence we guess the interesting phenomenon on the drug release is
because that weak NIR laser irradiation (0.5W cm−2) induces higher
heating inner AuNCs than Fe(OH)3-PAA domain [53], which decreases
the viscosity and increases the solubility of Dtxl inside AuNCs, as well as
detachment of thio-PCL from JNPs [54,55], leading to the accelerated
release of Dtxl but with less affect the release of Dox in Fe(OH)3-PAA
domain. The stronger NIR laser irradiation induce much higher heat in
both AuNCs and Fe(OH)3-PAA domains, hence the release of both drugs
can be observed. Consequently, thanks to the flexibility of the extra-
ordinary JNPs, the release of Dox and Dtxl can be controlled by pH and
NIR laser irradiation with lower power density, respectively, which
makes the optional sequential release possible. Therefore, we further
explore their effect on cancer treatment. The CCK-8 results show that
the blank JNPs with different concentrations are almost nontoxic
(Figure S7). As shown in the assessment schedule in Fig. 4G, the HepG-
2 cells were treated with Dtxl and Dox co-loaded PCL-AuNC/Fe(OH)3-
PAA JNPs (defined as Dtxl/Dox/JNPs) for 30min and subsequently
implemented NIR laser irradiation at different time points (0, 2, 6, 12,
24 and 48 h) over a period of 48 h, the cell cytotoxicity was then de-
tected. JNPs and NIR laser only groups were also determined. No cy-
totoxicity was found in pure JNPs and NIR laser only groups. But, the
cell viability is obviously different among all the Dtxl/Dox/JNPs under
NIR laser irradiation groups, and the lowest cell viability is observed at
2 h compared to other NIR irradiation points. When the Dox loaded NPs
were uptake by the lysosome or endosome in cytoplasm, which possess
lower pH value, the Dox will release very quickly, but the Dtxl can not
come out from the JNPs sufficiently. When the NIR laser irradiation was

carried out at this point, it promoted the release of Dtxl, inducing the
synchronous release of two drugs. If the irradiation was implement after
6 h, the Dox might release completed, which makes the programmed
sequential release (Dox and Dtxl). From the cell viability results, the
NIR laser irradiate at 2 h induces about 5% better therapeutic effect
than other irradiation point. We speculate that this synchronous release
may unify the pharmacokinetics of different drugs by simultaneously
delivering and releasing dual drugs at the target site, thus enhance the
curative effect and possibility of bench-to-bedside translation. Conse-
quently, as a dual drug delivery system, the controlled release of each
drug is a crucial important evaluation index, because the change of the
drug release sequence will provide better cancer treatment, which holds
great promise to overcome cancer drug resistance and bring new hope
to cancer patients.

3.4. Biocompatibility and in vitro combined cancer therapy

Next, we evaluated the combination effect of dual drug loaded PCL-
AuNC/Fe(OH)3-PAA JNPs plus NIR laser to inhibit the proliferation of
HepG-2 liver cancer cells. In Fig. 5A, the Dtxl/Dox/JNPs treated group
shows more significant inhibition effect as compared to the solo drug
loaded JNPs (Dox/JNPs or Dtxl/JNPs) groups. While, even compared
with the cocktail (Dox loaded JNPs/Dtxl loaded JNPs) group, the dual
drug loaded system still presents higher cytotoxicity. This is might
because of the different release behavior of Dox/HCPT/JNPs and
cocktail administration groups, indicating the superiority of synchro-
nous release of drugs in dual drug co-loaded group. To exactly quantify
the synergistic effect, the combination index (CI) is introduced, where
the CI value is higher, equal or lower than 1 denoted the synergism,
additivity, or antagonism, respectively. Firstly, the half maximal in-
hibitory concentrations (IC50) of Dox/JNPs, Dtxl/JNPs, Dtxl/Dox/JNPs
and cocktail groups are calculated as 2.67, 2.43, 0.54 and

Fig. 3. (A) The temperature curves of water and PCL-AuNC/Fe(OH)3-PAA JNPs with different concentrations, (B) and the corresponding IR thermal images. (C)
Photostability of PCL-AuNC/Fe(OH)3-PAA JNPs solution irradiated by NIR laser for 4 ON/OFF cycles. (D) Fluorescence microscopy investigation of calcein AM/PI
stained HepG-2 cells treated with PBS, NIR laser, PCL-AuNC/Fe(OH)3-PAA JNPs, and PCL-AuNC/Fe(OH)3-PAA JNPs plus NIR laser. The scale bars represent 100 μm.
(E) IR thermal images of the cell-culture plate containing PCL-AuNC/Fe(OH)3-PAA JNPs treated cells (well no.1), cell only (well no.2), and PCL-AuNC/Fe(OH)3-PAA
JNPs treated cells under NIR laser (well no.3), where the irradiated region is marked by the circle. (F) IR thermal images of H-22-tumor-bearing BALB/c mice exposed
to PBS and PCL-AuNC/Fe(OH)3-PAA JNPs with NIR laser irradiation. The 808 nm NIR laser was irradiated for 5 min at 1W cm−2.
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0.91 μgmL−1, respectively. According to the data, CI of dual drug
loaded group and cocktail group was determined as 0.42 and 0.71,
respectively, indicating the synergistic effect in these two groups. Ob-
viously, co-delivery of dual drugs in one nanosystem induces better
therapeutic effect than cocktail group, which may be because that dual
drug loaded JNPs can deliver more consistent combination drug pay-
loads compared to cocktail JNP system, therefore maximizing their
combinatorial effect. To investigate the inhibitory mechanism, we ex-
plore the effect of JNPs, solo drug loaded JNPs, cocktail and Dtxl/Dox/
JNPs on cell cycles (Fig. 5D and E). Compared with culture medium
treated HepG-2 cells, the cell cycles keep steady when treated with pure
JNPs, which means our JNPs do not affect the cell cycles. It can be
observed that the Dtxl/JNPs treated HepG-2 cells presents increased
G2/M phase compared with that of the control group, indicating that
the Dtxl is successfully disturbed the microtubule function in the G2/M
phase [56]. Meanwhile, the HepG-2 cells treated with Dox, which has a
mechanism of action against DNA, is blocked in G2/M phase in this case
[57,58]. In these two solo drug loaded groups, the percentage of
apoptotic HepG-2 cells treated with Dtxl/JNPs and Dox/JNPs are

determined to be 29.7% and 34.1%, respectively, which are higher than
control (11.7%) and solo JNPs (15%) groups (Fig. 5F). When treated
with Dtxl/Dox/JNPs, the G2/M phase obviously enhances and the
apoptosis (47.3%) significantly raises up, compared to the remarkable
G2/M phase arrest but less apoptosis in cocktail group (42.4%), which
means dual drug loaded JNPs can induce synergistic therapeutic effect
to strengthen the cytotoxicity. To further exam the photothermal effect
combined with chemotherapy, the HepG-2 cells were treated with cul-
ture medium, JNPs and Dtxl/Dox/JNPs with and without NIR laser
irradiation, followed by the detection of the cell viability (Fig. 5B). As
expect, almost no cell death was observed in the pure JNPs with dif-
ferent concentration groups and pure NIR laser group. But higher cy-
totoxicity could be found in the Dtxl/Dox/JNPs treated groups, in-
dicating the chemotherapeutic effect. Meanwhile, the JNPs with NIR
laser irradiation at different concentrations groups also presented
higher cytotoxicity compared with corresponding JNPs without NIR
laser groups. Moreover, the JNPs with NIR laser irradiation at different
densities were examed (Figure S8). We observed that the cell viability
decreased when the NIR laser density increased. The results indicate

Fig. 4. (A) Schematic presentation for independent pH and NIR controlled release of Dtxl and Dox, respectively, by using PCL-AuNC/Fe(OH)3-PAA JNPs. (B–E)
Release profiles of Dox and Dtxl in PBS (pH=5.3), or in PBS (pH=7.4) with and without NIR laser irradiation (0.5, 0.7, and 1W cm−2, 5 min) at different time
points. (F) The temperature changes of PCL-AuNC/Fe(OH)3-PAA JNPs with NIR laser irradiation at different densities. (G) Treatment schedule (top) and viability
(bottom) of HepG-2 cells incubated with Dtxl/Dox/JNPs for 30min, followed by NIR irradiation (0.5W cm−2, 5 min) at 0, 2, 6, 12, 24 or 48 h, for 48 h, respectively.
Cell treated with JNPs only and NIR laser only groups were under same condition. Mean ± SD are shown. Statistical significance (*p < 0.05, **p < 0.01 and
***p < 0.001) was attained when compared with cell treated with Dtxl/Dox/JNPs for 30 min and NIR irradiation at 48 h.
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that the higher density of the NIR laser is irradiated, the more heat can
be produced, thus inducing higher cytotoxicity, proved the effective-
ness of the PPT by our PCL-AuNC/Fe(OH)3-PAA JNPs. Notably, when
the Dtxl/Dox/JNPs treated cancer cells were subject to NIR laser for
5min at 1W cm−2, the viability is remarkably decreased to 17% at
concentration of 6.25mgmL−1, suggesting that the chemotherapy
combined with photothermal therapy could cause more significant cy-
totoxicity. In addition, the HepG-2 cells with different treatments were
stained by the calcein AM/PI and detected using fluorescence micro-
scopy (Fig. 5G). It is evident that there are more red spots in the dual
drug loaded JNPs treated group than the solo drug loaded JNPs groups
and cocktail group, and almost no green spots can be observed in NIR
laser irradiated group, which is coincide with the CCK-8 results. Hence,
the enhancement in therapeutic behavior is not only due to the com-
bination of two different drugs, but also because of the hyperthermia
induced cancer cell ablation, which can effectively conquer the lim-
itations of drug resistance and bio-toxicity. As mentioned, there is al-
most no cytotoxicity in blank JNPs treated cells. Likewise, the hemo-
lysis experiment was carried out to further consider the
biocompatibility of our JNPs. As shown in Fig. 5C, the calculated

hemolysis ratio is less than 3% at the highest concentration
(1000 μgmL−1), manifesting that our JNPs are hemocompatible and
can be administered intravenously for in vivo cancer treatment.

3.5. CT/MR bimodal imaging

To further increase the therapeutic accuracy and effect, the two
separate segments of the PCL-AuNC/Fe(OH)3-PAA JNPs are designed
for CT and MR imaging, respectively. Owing to the high X-ray at-
tenuation of Au element, our PCL-AuNC/Fe(OH)3-PAA JNPs with dif-
ferent concentrations were implemented using a clinical CT scanner to
acquire the CT images. As shown in Fig. 6A, the CT image contrast
become significantly brighter and the HU values increase linearly as the
JNPs concentration enhanced. After intravenous (i.v.) injection of our
JNPs into BALB/c mouse bearing H-22 tumors for 24 h, the CT signal
intensity in the tumor site recommends two-fold positive enhancement
compared to the CT image before injection (Fig. 6B and C), indicating
that these JNPs could act as a potential CT contrast agent for accurate
location of the tumor in vivo. Although CT technique has already pro-
vided high resolution images, its lower sensitivity to the soft tissues is

Fig. 5. (A) Viability of HepG-2 cells treated with Dtxl/JNPs, Dox/JNPs, cocktail and Dtxl/Dox/JNPs for 4 h and washed with fresh culture medium, then further
incubated for another 44 h. (B) Cell viability of culture medium, JNPs and Dtxl/Dox/JNPs treated HepG-2 cells with and without NIR laser irradiation (1W cm−2,
5 min) for 24 h, respectively. (C) Hemolysis of PCL-AuNC/Fe(OH)3-PAA JNPs, PBS (negative control) and deionized water (positive control) treated with red blood
cells at various concentrations (0–1000 μgmL−1) for 2 h, respectively. Inset is the hemolysis photo after centrifugation. (D) The relative changes in the percentage in
each cell cycle phase and (E) the cell cycle distribution of HepG-2 cells induced by culture medium, JNPs, Dtxl/JNPs, Dox/JNPs, cocktail and Dtxl/Dox/JNPs with
same drug concentrations, respectively. (F) Flow cytometry analysis for apoptosis of HepG-2 cells treated with culture medium, JNPs, Dtxl/JNPs, Dox/JNPs, cocktail
and Dtxl/Dox/JNPs with same drug concentrations, respectively. Q1: necrotic cells, Q2: later apoptotic cells, Q3: living cells, Q4: early apoptotic cells. (G)
Fluorescence microscopy investigation of calcein AM/PI stained HepG-2 cells treated with Dtxl/JNPs, Dox/JNPs, cocktail, Dtxl/Dox/JNPs and Dtxl/Dox/JNPs with
NIR laser (1W cm−2, 5 min). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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still a big restriction for further clinical application. Fortunately, the
emergence of MRI has solved this problem, because it has lower re-
solution but higher sensitivity to soft tissues for non-ionizing radiation.
As we know, T1 contrast effect is induced by the interactions between
protons of water molecules and electron spins of the contrast agent,
since there are 5 unpaired electrons in ferric ions (Fe3+), which is de-
sirable as T1 contrast agent. Therefore, a plenty of Fe(OH)3 NPs in the
other side of PCL-AuNC/Fe(OH)3-PAA JNPs possess the potential ca-
pacity as T1 weighted MR contrast. As expected, the T1 weighted
phantom images demonstrates that PCL-AuNC/Fe(OH)3-PAA JNPs have
much stronger positive contrast effect, and the relaxation rate is linearly
with enhanced Fe concentration (Fig. 6D). The brightness observed at
the tumor site also proves the higher tumor uptake of these JNPs at 24 h
post injection (Fig. 6C and E). To further evaluate the tissue distribution
of our JNPs at different times, the major organs (heart, liver, lung,
spleen and kidney) and tumor were harvested and measured by ICP
(Fig. 6F). The results manifest that the highest accumulation of PCL-
AuNC/Fe(OH)3-PAA JNPs in tumor site is after 24 h post injection due
to the enhanced permeability and retention effect (EPR) effect com-
pared to 6 and 12 h, which is in accordance with the CT and MR results.
Thus, both CT and MR imaging results confirm the efficient tumor lo-
cation of the PCL-AuNC/Fe(OH)3-PAA JNPs, and further guide the in
vivo experiment.

3.6. In vivo synergistic chemo-photothermal therapy

Finally, we applied the PCL-AuNC/Fe(OH)3-PAA JNPs for in vivo
combined chemo-photothermal therapy against BALB/c mice bearing
H-22 liver cancer. The mice were divided into 12 groups (n = 7 per
group) with different treatments: PBS, pure JNPs, free Dox, free Dtxl,
free Dtxl and Dox (Dtxl/Dox), Dox/JNPs, Dtxl/JNPs, cocktail,
PBS + laser, JNPs + laser, Dtxl/Dox/JNPs and Dtxl/Dox/JNPs + laser.
The NIR laser was implemented 24 h post intravenous injection, be-
cause the ICP, CT and MRI results indicated that the higher accumu-
lation of our JNPs was reached the at this point. Among all the groups,

the body weight changes of the mice keep steady except the control
group, which may be because of the growth of the tumors (Fig. 7A).
Moreover, significant difference in the tumor volume is observed in 11
days (Fig. 7B), reflecting the therapeutic effect. To exactly acquire the
results, all the tumors in the mice were collected and weighted to
evaluate the inhibition rate (Fig. 7C and D). As shown in Fig. 7C, the
mean tumor weight of the hydrophobic drug loaded group (Dtxl/JNPs)
is obviously smaller than free drug group (free Dtxl). The weak restrain
in free Dtxl treated group is due to the hydrophobic nature of the Dtxl,
and the higher inhibition appeared in Dtxl/JNPs treated group is be-
cause of their accumulation in the desire tumor site by EPR effect once
intravenously administered. For dual drug administration groups, the
inhibition rates of Dtxl/Dox/JNPs, cocktail and free drug combination
groups are all better than the single drug loaded JNPs groups, in-
dicating the multi-drug combination is extremely effective. It is worth
to mention that the cocktail administration of Dtxl/JNPs and Dox/JNPs
group do not exhibit obvious tumor inhibition compared to dual drug
administrated groups, probably because the improper sequential drug
release lead to unintended cell cycle arrest and diminished response to
the subsequent drug. Therefore, the above results manifest that the
release of the Dtxl and Dox from the JNPs in a proper manner can
obtain the synergistic therapeutic effect, but not in simply blending.
Apart from the chemotherapy, we also applied PTT on the mice. As
expected, the Dtxl/Dox/JNPs plus NIR laser induces fantastic tumor
depression, and some of the tumors even disappeared, proving that our
PCL-AuNC/Fe(OH)3-PAA JNPs have brilliant ability to synergistically
restrain tumor growth by integrating the chemo-photothermal therapy.
We tested the biochemical indexes (Fig. 7E), including alanine transa-
minase (ALT), aspartate transaminase (AST), albumin (ALB), total
protein (TP), total bilirubin (TBIL), blood urea nitrogen (BUN), creati-
nine (CRE) and uric acid (UA), which are related function indicators for
the liver and kidney. No physiologically significant difference
(P > 0.05) was observed between the two groups, indicating that the
administration of the JNPs caused no obvious renal and hepatic dys-
function in mice. Furthermore, histological examination of hematoxylin

Fig. 6. (A) CT images and attenuation (HU) plot of PCL-AuNC/Fe(OH)3-PAA JNPs with different concentrations in vitro. (B) Cross-sectional CT images of mouse
collected pre- and 24 h post- intravenous (i.v.) injection. Inset is the corresponding 3D CT images. (C) CT values and MR signal intensity of mouse pre- and 24 h post-
i.v. injection of PCL-AuNC/Fe(OH)3-PAA JNPs. (D) MR images and plot of 1/T1 over Fe concentration of our PCL-AuNC/Fe(OH)3-PAA JNPs. The slope means the
specific relaxivity (r1). (E) T1 weighted MR images of mouse pre- and 24 h post- i.v. injection. (F) Quantitative measurement of Au concentrations in each organ of the
mice after i.v. injection of PCL-AuNC/Fe(OH)3-PAA JNPs for different times.
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and eosin stained tissue sections of the major organs of PCL-AuNC/Fe
(OH)3-PAA JNPs and dual drug loaded PCL-AuNC/Fe(OH)3-PAA JNPs
treated groups show well-organized cell structure as that of the saline
treated group (Fig. 7F). These results demonstrate that our unique JNPs
are promising for precise cancer theranostics.

4. Conclusion

In summary, we designed and synthesized a unique cage-sphere like
AuNC/Fe(OH)3-PAA JNP for the first time with totally different
morphologies, functionalities and surface properties in its two distinct
sides, and further discuss their therapeutic effect of drug administrated
order coupled with imaging-guided combined therapy. Firstly, we
fabricated a novel cubic-sphere structural AgNC/PAA JNP as pre-
cursors, which was further used to selectively grow Fe(OH)3 on the PAA

domain, and subsequently etch to form AuNC on the AgNC side, finally
obtained a unique cage-sphere like AuNC/Fe(OH)3-PAA JNP with both
NIR/pH stimuli-responsive properties and CT/MR imaging capacities,
respectively. After modification with PCL-SH, the totally different hy-
drophobic and hydrophilic drugs (5% Dtxl and 20% Dox) were sepa-
rately loaded into one PCL-AuNC/Fe(OH)3-PAA JNP but two in-
dependent PCL-AuNC and Fe(OH)3-PAA domains. Benefit from the
extraordinary heterostructure and independent pH and NIR sensitive
properties, the optional sequential drug release by an inorganic JNP
was realized for the first time, and the results presented the synchro-
nous release of two drugs had 5% better therapeutic effect. Moreover,
the dual drug loaded PCL-AuNC/Fe(OH)3-PAA JNPs with NIR laser ir-
radiation induced the highest tumor inhibition, thanks to the sy-
nergistic chemo and photothermal therapy. Furthermore, the cubic-
sphere like AgNC/PAA JNPs could be very interesting precursors for the

Fig. 7. Changes in (A) body weight and (B) relative tumor volume of H-22 bearing BALB/c mice with different treatments in 11 days. (C) Mean tumor weight and
relative tumor inhibition rate of H-22 tumor bearing BALB/c mice with different treatments. (D) Representative photographs of mice and tumors with different
treatments for chemo and photothermal therapy. The treatments from 1 to 12 represent PBS, PBS + Laser, pure JNPs, free Dtxl, JNPs + laser, free Dox, Dox/JNPs,
Dtxl/JNPs, cocktail, free Dtxl and Dox (Dtxl/Dox), Dtxl/Dox/JNPs and Dtxl/Dox/JNPs + laser. (E) Blood biochemical indexes for the mice treated with PBS (control)
and PCL-AuNC/Fe(OH)3-PAA JNPs. (F) Histological section of major organ tissues stained with hematoxylin and eosin after post i.v. injection of PBS (control), PCL-
AuNC/Fe(OH)3-PAA JNPs and Dtxl and Dox co-loaded PCL-AuNC/Fe(OH)3-PAA JNPs. Statistical significance:**p < 0.01, ***p < 0.001.
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preparation of other new types of nanomaterials for various applica-
tions. Overall, the extraordinary cage-sphere structural PCL-AuNC/Fe
(OH)3-PAA JNP consist of two distinct segments with different func-
tionalities provide a new concept and approach in the progress of
cancer therapy.
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