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Aim: To realize the transit and release of cancer drug exactly as well as high drug loading ratio, we reported
a biocompatible and temperature responsive controlled drug delivery system based on 3D mesoporous
structured Au networks. Materials & methods: Here, we filled the hollow interiors of Au networks with
a phase-change material so that the drug release was easily regulated by controlling the temperature
only. Results: Thanks to the high near-infrared reflectance absorbance and mesoporous structure, the
Au–PEG + lauric acid/doxorubicin system showed a strong photothermal conversion efficiency, high drug-
loading ratio (54.2% for doxorubicin) and controlled drug release. Conclusion: This system revealed great
advantages in photothermal therapy and chemotherapy, offering an obvious synergistic effect in cancer
treatment.
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Owing to the feature of uncontrolled cellular growth, cancer is becoming one of the leading causes of death all over
the world. The primary approaches of cancer therapy contain surgery, radiation therapy and chemotherapy, which
usually kill healthy cells and lead to cancer recurrence [1,2]. Recently, nanotechnology combined treatments with
phototherapy, radiotherapy and chemotherapy, as a new method for the diagnosis, monitoring and cure of disease,
has garnered much attention in the biomedical field due to its large specific surface, high surface activity and strong
antioxidant property at the molecular level [3]. To reduce the toxicity of an anticancer drug and raise the circulation
effect, different controlled drug delivery systems have been exploited, such as liposome [4,5], polymeric micelle [6],
graphene [7,8], carbon-based nanomaterials [9], magnetic nanoparticles [10], mesoporous silica nanoparticles [11,12],
metallic nanoparticles [13] and so on.

Among these materials, noble metals, especially Au nanomaterials, have been explored diffusely in the treatment of
cancer: photothermal therapy (PTT), drug delivery and cancer cell imaging [14]. In PTT, thanks to their absorption
in the near-infrared reflectance (NIR) from 700 to 900 nm, cancer cells are burnt by heat generated from optical
energy through highly efficient photothermal agents. Meanwhile, loaded with drugs in different formulations, Au
nanoparticles are able to release agents in pathological cellular without damaging normal cells [15]. Furthermore,
the metal ions can be served as contrast agents for photoacoustic imaging, adding a unique capability to resolve
and track in vivo location of a drug delivery system [16].

Nowadays, typical efforts have been made to synthesize high-quality and various-morphology Au nanomaterials
for cancer therapy, for example nanoparticles, nanowires, nanosheets and nanocages [1]. What is more, several
strategies of modifying the surface of Au nanomaterials have been investigated, including surface coating method
and ligand exchange method, so that they can be better applied in cancer therapy [17–19]. However, to our best

Nanomedicine (Lond.) (Epub ahead of print) ISSN 1743-588910.2217/nnm-2018-0242 C© 2019 Future Medicine Ltd



Research Article Zhang, Shen, Cheng et al.

Casting Etching

Loading

LA/DOX

Loading

PEG

Release

Laser

Figure 1. Photographs of synthesis Au networks and their biomedical application. (A) Schematic illustrating
synthesis of Au networks in KIT-6 hard template, DOX loading into Au networks by LA then releasing by
photothermal effect. The red networks represent the hard template and the green networks represent the resulting
gold networks after removing the hard template. (B) Schematic illustrating drug release under the laser irradiation.
(C) Photos of Au–PEG and Au–PEG + LA/DOX in water.
DOX: Doxorubicin; LA: Lauric acid; PEG: Polyethene glycol.

knowledge, there are no Au nanomaterials, apart from nanocages, that have been widely used for biological drug
delivery. Although we could deliver cancer drug to a specific target and control it release by light [20], pH [21–23],
electrochemistry [24] and phase change material [25,26], it is a not easy task to realize ideal control of drug release in
a more convenient and simple way. What is more, very few studies have reported the doxorubicin (DOX) delivery
with high-loading ratio. It is difficult for drugs to be attached at the surface or diffuse into the interior of a solid
Au nanoparticle even with a more complex structure [27], which renders a lower drug loading ratio and a waste of
the loading potential of delivery. Previous studies have provided plenty of strategies to assist drug delivery systems
in loading anticarcinogen, including pH-sensitive linkers [23], phase change materials [25]. To date, a robust carrier
delivering DOX has not been achieved more than 35% with a simple synthesis method [28]. Therefore, it is crucial
to develop a carrier that is capable of delivering drugs and releasing them in a spatial as well as high drug loading.

Recently, the author has reported 3D mesoporous structured Au networks synthesized by means of a general
soft-enveloping strategy in the template limited space [29] and pioneered the application of them to cancer therapy.
In fact, owing to ultrahigh specific surface area, mesoporous and hollow interior, good biocompatibility as well
as excellent photothermal performance, 3D mesoporous Au networks represented a new class of multifunctional
drug delivery carrier for the combined photothermal-chemotherapy. Figure 1A showed a schematic diagram of
the encapsulation of anticancer drug and release mechanism. We used a KIT-6 hard template (the red networks)
to prepare mesoporous Au networks (the green networks) through a chemical reduction. Since the mesoporous
structure, the Au networks have high drug loading up to 54.2%, much higher than the previously reported Au
nanomaterials (usually below 35%). And we used lauric acid (LA) as the medium (Au–PEG + LA) to control the
drug loading and release in response to temperature increase. Exposed to laser or direct heating, the LA molecule
would melt and escape from the interior of Au networks through the small channel of Au networks, concurrently
releasing the anticancer drug delivery into the surrounding, which provided a simple way to control the drug release
(Figure 1B). Moreover, owing to the high absorption in NIR, the final system of Au–PEG + LA/DOX offered an
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apparent photothermal. Therefore, this system reported here may provide a better insight to handle drugs deliver
and synergistic effect for biological therapy.

Materials & methods
Chemicals
KIT-6 was purchased from Nanjing Material Tech. Co., Ltd. Chloroauric acid (HAuCl4.3H2O, ≥99.9%), ethanol
(C2H5OH, ≥99.5%), hexane (C6H14, ≥99.5%), lipoic acid (LA, ≥99.0%0), methoxypolyethylene glycol amine
(mPEG-NH2, ≥99.5%), dichloromethane (CH2Cl2, ≥99.8%), N,N′-dicyclohexylarbodiimide (DCC, ≥99.0%),
triethylamine (TEA, ≥99.5%), DOX (removing hydrochloride, DOX, ≥98.0%), LA (≥98.0%), methanol
(CH3OH, ≥99.9%), methyl thiazolyltetrazolium (MTT, ≥98.0%) were obtained from Sinopharm Chemical
Industry Co., Ltd. 1,1,3,3-tetramethyldisiloxane (TMDS, ≥97.0%) and hydrofluoric acid (HF, ≥40.0%) were
obtained from Shanghai Aladdin Biochemical Technology Co., Ltd. Murine breast cancer cells (4T1) were obtained
from American Type Culture Collection.

Synthesis of 3D ordered mesoporous Au networks
In a typical impregnation process, the dried KIT-6 (0.1 g) powder was mixed with HAuCl4 (3 mM, 10 ml) ethanol
solution. After the complete drying under reduced vacuum condition, the powder was dispersed in 1 ml hexane.
And then the 3D ordered mesoporous Au networks were obtained through the chemical reduction (TMDS, 100
μl), removing silica template (HF, 20%) and washing with distilled water and ethanol according to a protocol
described in our previous report [29], referred to as Au networks.

Surface modification of Au networks with lauric acid
PEG polymer was synthesized following a previous protocol [30]. For PEG coating, 20 mg Au networks dispersed
in 5 ml H2O were mixed with 50 mg PEG. After ultrasonication for 30 min and stirring overnight, excess PEG
molecules were removed by centrifugation at 14,800 rpm and repeated water washing. The final Au–PEG networks
were resuspended in H2O at the concentration of approximately 2 mg/ml for further use.

Loading Au networks doxorubicin
The obtained Au–PEG networks were centrifuged and redispersed in methanol. DOX (removing hydrochloride,
DOX) and LA were first mixed in methanol and then added into the above Au–PEG methanol solution and
heated at 50◦C for 6 h, followed by increasing the temperature to 70◦C to evaporate methanol. Then the above
mixture was cooled down to room temperature and stirred for half an hour after dissolved with water. The final
Au–PEG + LA/DOX networks were collected by centrifugation at 14,800 rpm and washed with methanol and
water twice, respectively, and fixed volume to 1 ml, diluted 50-times. After equilibration, the drug solution was
assayed by UV–visible spectrophotometry at a wavelength of 480 nm. The percentage of drug loading onto the
resin was calculated by the following equation:

% [( )]* Drug loading D -D /WIN EQ 100 (1)

Where, DIN and DEQ are the drug contents at the initial and after equilibration, respectively. W is the resin used
content for drug loading.

The final product was dispersed in water and stored at 4◦C for future use.

DOX release from the Au–PEG by heating
To study the release of DOX, Au–PEG + LA/DOX solution in pH 7.4 phosphate-buffered saline (PBS) was
irradiated with the 808 nm laser for 30 min with the power density at 0.8 W cm2. The temperature was monitored
by an IR thermal camera (Infrared Camera Inc.). The released DOX was removed by centrifugation. UV–vis–NIR
spectra of Au–PEG + LA/DOX before and after laser irradiation were measured to determine the amount of
released DOX. The Au–PEG + LA/DOX solution in pH 7.4 PBS without the laser irradiation was used as the
control.
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Cell culture experiment
Murine breast cancer cells (4T1) were cultured at 37◦C under 5% CO2. All cell culture related reagents were
purchased from Invitrogen. 4T1 cells were cultured in standard RPMI-1640 medium containing 10% FBS and 1%
penicillin/streptomycin. Cells were seeded into 96-well plates at a density of 1 × 104 cells per well and incubated
with different concentrations of Au–PEG + LA/DOX or Au–PEG for 24 h. Relative cell viabilities were determined
by the MTT assay.

In vitro combined therapy
For combination therapy, 4T1 cells were treated with Au–PEG + LA/DOX + laser, Au–PEG + LA/DOX,
Au–PEG + LA + laser, DOX + laser and free DOX (DOX = 25 μM), and immediately irradiated by a 808 nm
NIR laser at the power densities of 0.4 W/cm2 and 0.8 W/cm2 for 20 min, then washed with fresh cell medium
and cultured for 24 h. The relative cell viabilities were then measured by the MTT assay. In order to investigate the
cell uptake under the laser irradiation, all the cells under the same above treatment were incubated for 2 h, then
were washed with PBS before confocal imaging (LeciaSP5 laser scanning confocal microscope).

Characterization
The morphology and structure of the product were characterized using a scanning electron microscope (SEM,
JEOL, JSM-7000F) and a transmission electron microscope (TEM, JEOL, JEM-2100 with an accelerating voltage
of 200 kV). The high-magnification TEM images of the product were obtained by scanning transmission electron
microscopy (STEM, JEOL, JEM-ARM 200F). UV–vis–NIR spectra were taken by the Per-kin Elmer Lambda 750
UV–vis–NIR spectrophotometer. The IR laser for photothermal experiments is an 808 nm high power laser diode
(Hi-Tech Optoelectronic Co. Ltd, Beijing, China). Confocal fluorescence images were taken by LeciaSP5 laser
scanning confocal microscope.

Results
Materials fabrication & characterization
The 3D ordered mesoporous Au networks (Au networks in short) used in this study were prepared via a general
soft-enveloping solid–liquid solution (SLS) phase interface reaction in KIT-6 hard template. Using hexane as the
barrier layer and 1,1,3,3-tetramethyldisiloxane (TMDS) as the reduction agent to effectively prevent metal species
from migrating to the outside of mesoporous channel, we successfully obtained Au networks (details in synthesis
of 3D ordered mesoporous Au networks) [29]. Figure 2A and B showed the SEM and TEM images of typical
Au networks after the removal of the silica template. The Au networks displayed monodispersed ordered porous
structure and favorable homogeneity with average diameter of around 100 nm (Figure 2A) and the large-sized
mesopores around 14–15 nm (Figure 2C). Figure 2D revealed the SAED pattern recorded from the white-boxed
region in Figure 2B. The average diameter of Au networks exhibited a wide tunable capability by changing the
reduction time. As shown in Supplementary Figure 1, the size of Au networks was regulated from 50 to 200 nm
with the growth time from 10 min to 24 h. Owing to the novel 3D framework structure, characterized by high
specific surface area, high internal porosity, and rough surface, Au networks would demonstrate diverse outstanding
properties. In this work, we evaluated the Au networks as a multifunctional drug carrier for combination therapy
of cancer.

Preparation of drug delivery system
As illustrated in Figure 1A, after removal the template, the Au networks were applied in photothermally enhanced
chemotherapy of cancer. A convenient and effective strategy, which utilized one of the representative cancer
chemotherapy agents [31,32], was adopted to load DOX into the mesoporous Au networks. In particular, the Au
networks were first modified with PEG, and then the phase-change material LA (melting point, 43◦C) was mixed
well with DOX. After that, Au–PEG was mixed with LA/DOX, and the structure of Au–PEG + LA/DOX
conjugate networks was well defined. As long as the drug was miscible with the LA phase, it could be conveniently
transferred into the hollow interiors of networks. The LA would begin to melt when the temperature of Au networks
raised beyond the melting point of it, and then the drug was released from the melted LA by diffusion (Figure 1B).
Thus, this phase-change material seemed to be ‘gatekeeper’ to help load the drug and control the release of drug
with temperature increasing.
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Figure 2. The typical morphology, structure and composition of Au networks. (A & B) The typical scanning electron
microscopy and transmission electron microscopy images of Au networked structures. (C) The high-resolution
transmission electron microscopy image of Au networks. The white arrow shows the size of one period at around
14–15 nm. (D) The selected area (electron) diffraction pattern recorded from the white-boxed region in Figure 2B.

For drug nanocarriers, the stability and size are important properties that influence their in vivo performance.
These two factors will affect the biodistribution and circulation time of the carriers directly [33]. Stable and smaller
particle sizes (<200 nm) can reduce the uptake of the reticulo endothelial system and provide efficient passive
tumor-targeting ability via the enhanced permeability and retention effects [34]. Modified by PEG and loaded by
LA/DOX, the final system of Au–PEG + LA/DOX could confine drug straightly, and exhibited excellent stability
in physiological solutions (Figure 1C), providing the possibility for the in vivo application. Supplementary Figure
2 showed the dynamic light scattering size distribution of Au–PEG and Au–PEG + LA/DOX networks. After
modified with PEG, the size of Au–PEG networks was around 150 nm and that of Au–PEG + LA/DOX networks
around 165 nm. The increased size of micelles formed from Au–PEG might be due to the presence of DOX thick
in the interior of LA.

Discussion
Photothermal effect
Thanks to the high NIR absorbance of Au networks [35,36], the obtained Au–PEG showed strong photothermal
conversion efficiency and could be effectively heated up under exposure to an 808 nm NIR laser irradiation. We
measured the photothermal effect of Au–PEG + LA/DOX networks in different concentrations as well as DI
water. Figure 3A demonstrated, pure DI water did not show any significant response to the 808 nm irradiation at
1.0 W/cm2, while the temperature of the Au–PEG + LA/DOX networks with the concentration of 0.1 mg/ml
increased with the extension of irradiation time, reaching 43◦C (the melting point of LA) in 2.5 min. This revealed
excellent photothermal conversion characteristics at a shorter time, providing the possibility for clinical application.
Besides, it could be easily seen that the heating rate and the final temperature were increased with the particle
concentration. Under the same irradiation conditions, the temperatures of solution at 0.1, 0.2, 0.4 and 1.0 mg/ml
can reach to 47.2, 52, 59 and 63◦C in 5 min, respectively. Moreover, the photothermal conversion efficiency of
Au networks has good advantages in comparison with many other PTT agents under the same condition, like
carbon–silica inorganic nano-capsule with gold nanoparticle (Au@CSN) [27], monodisperse mesoporous Fe3O4

nanoparticles [25].
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Figure 3. Biomedical application of Au networks and photothermal effect. (A) Photothermal heating curves of pure
water and Au–PEG + LA/DOX solution with different concentrations (0.1, 0.2, 0.4 and 1.0 mg/ml) under 808 nm laser
irradiation at the power density of 1 W/cm2 for 5 min. (B) Temperature variations of Au–PEG + LA/DOX (0.1 mg/ml)
under irradiation by 808 nm laser at the power density of 1 W/cm2 for four cycles (6 min irradiation for each cycle).
(C) Microscopic images of Trypan blue stained 4T1 cells with and without Au–PEG networks after being exposed to
the 808 nm laser with the power density of 1 W/cm2 for 5 min.

Furthermore, four cycles in every irradiation of 6 min by laser on/off were tested as shown in Figure 3B. The
temperature of Au–PEG + LA/DOX networks was above 45◦C at any cycle of laser, even at 0.1 mg/ml no
significant tendency of the temperature decrease was observed until 24 min. Such photothermal system based on
Au networks showed excellent photothermal stability after NIR laser radiation for multiple cycles. Importantly,
the increase or decrease of temperature was consistent with laser presence or absence, illustrating that the change
of temperature was simply controlled by the laser irradiation. This excellent photostability further allowed the
synthesized Au networks to absorb light and convert it into heat during the laser irradiation.

Then, we used the Au–PEG networks as the photothermal agent for in vitro cancer cell ablation under laser
irradiation (Figure 3C). The 4T1 cells were incubated in Au–PEG networks (0.1 mg/ml) for 24 h and then were
exposed under 808 nm laser at 1 W/cm2 for 5 min. After NIR laser exposure, dead cells were stained blue by
treatment with Trypan blue. The microscope images showed no change for the control groups (without laser). At
the same time, the majority of cells were destroyed after being incubated with 0.1 mg/ml of Au–PEG networks. The
concentration of the photothermal agent (0.1 mg/ml), irradiation time (5 min), especially the lower laser power
density (1 W/cm2) are much lower than many previous reported in vitro cell ablation experiments using other
photothermal agents, such as Au nanoflowers [37], Au–Pd bimetallic nanoflowers [38] and Au@carbon/calcium

10.2217/nnm-2018-0242 Nanomedicine (Lond.) (Epub ahead of print) future science group



Mesoporous gold nanoparticles for photothermal controlled anticancer drug delivery Research Article

0.4

0.6

0.8

Wavelength (nm)

DOX

A
b

s
o

rb
a
n

c
e

200 1000400 600 800

0

10

Time (min)

D
O

X
 s

u
rp

lu
s
 (

%
)

0

60

20

30

40

50

5 10 15 20 25 30

***

***

**

Au–PEG + LA/DOX without laser
Au–PEG + LA/DOX with laser

Au–PEG
Au–PEG + LA/DOX
Au–PEG + LA/DOX + laser

Figure 4. Drug controlled release. (A)
Ultraviolet–visible–near-infrared reflectance spectra of
Au–PEG, Au–PEG + LA/DOX, and Au–PEG + LA/DOX
after 808 nm laser irradiation for 10 min. (B) DOX surplus
of the Au–PEG + LA/DOX with or without 808 nm laser
irradiation for different periods of time (1 W/cm2).
Statistical analysis was performed using the student’s
two-tailed t test: **p < 0.01; ***p < 0.001.
DOX: Doxorubicin; LA: Lauric acid; NIR: Near-infrared
reflectance; PEG: Polyethene glycol.

phosphate nanoparticles [39]. The result further proved that under the laser irradiation, the Au–PEG networks
would heat up through photothermal effect to kill the cancer cell.

Drug loading & release
Next, UV–vis–NIR spectra were used to check the loading efficiency of 3D mesoporous Au networks. Figure 4A
showed absorption spectra of aqueous Au–PEG, Au–PEG + LA/DOX and Au–PEG + LA/DOX networks under
laser irradiation. It was worth pointing out that the Au–PEG networks loaded with LA/DOX mixture also exhibited
the characteristic absorption peak of the DOX at 480 nm, confirming successful encapsulation of the DOX inside
the Au–PEG networks. The highest drug loading ratio was determined to be 54.2%, which was much higher than
of many conventional Au or nonmetal nanoparticle-based drug delivery systems, for example, gold nanoparticles
(17% for DOX) [33], angiopep-2 decorated gold nanoparticles (9.7% for DOX) [40], the mesoporous Fe3O4 NPs
(22.6% for DOX) [25], protein-gold clusters-capped mesoporous silica nanoparticles silica nanoparticles (32% for
DOX, 40% for gemcitabin) [28]. This distinction was attributed to the hollow internal structure and rough surface
of the Au networks, which guaranteed the Au–PEG + LA/DOX system as a new kind of high-efficiency drug
carrier.

The UV–vis–NIR spectra were also used to check the drug release of Au networks. As shown in Figure 4A,
the characteristic peak of the DOX in Au–PEG + LA/DOX networks almost disappeared after laser irradiation,
that is, under laser irradiation the drug diffused from Au–PEG + LA/DOX networks in virtue of the temperature
increase. Moreover, the drug release behavior of Au–PEG + LA/DOX networks was investigated under 808 nm
laser irradiation condition (Figure 4B). Here, only 10.16% of the DOX was released from Au–PEG + LA/DOX
networks (initial DOX loading ratio: 52.4%) without laser irradiation in 30 min, implying that it was feasible for
this system with phase-change material to be used as the carrier for controlled drug release due to the lower release
rate (without laser irradiation). Compared with the sample without laser irradiation, 41.85% of loading drug was
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released from the Au–PEG + LA/DOX networks within half an hour under laser irradiation. The release rate
of DOX under laser irradiation was much higher than that without laser irradiation. The underlying mechanism
might be that the laser caused the temperature of the drug system of Au–PEG + LA/DOX increased above the
melting point of LA, leading to drug release; on the other hand, once the laser was switched off, the system
temperature dropped down below the melting point of LA, resulting in LA changed from liquid phase to solid
phase to end up the drug release [26]. Moreover, due to the absorption in NIR, the temperature of this system
with Au networks could be simply regulated by adjusting the duration of exposure rather than a more complex
pH-controlled system [23,41] that needs extra handing and lower pH, accordingly providing a valid approach for
drug release-accurate control of cancer drugs release with the temperature increasing of photothermal conversion.

The in vitro behavior of the controlled release-system based on Au–PEG + LA/DOX networks was then studied.
The potential toxicity of this system on 4T1 murine breast cancer cells was first tested, and the standard MTT
was used to determine the relative viabilities of the sample [42,43]. After incubation with different concentrations
of Au–PEG for 24 h, no obvious toxicity of the cells was found at concentration of 100 μg/ml (Supplementary
Figure 3), and the relative cell viability in every sample was close to 100%, presenting the good biocompatibility
of this system, which is very important for cancer drugs to be used in living cells [44]. Loading with LA/DOX,
the Au–PEG + LA/DOX networks were able to kill cancer cells by a concentration-dependent manner similar
to the free DOX, shown in Supplementary Figure 4. After incubation for 24 h, the relative cell viability of Au–
PEG + LA/DOX was below 20% with 50 μM of DOX, as well as the free DOX. At the same time, the toxicity of
Au–PEG + LA/DOX networks with different concentration of DOX was below but close to free DOX, making
it possible to apply in cancer treatment.

Combination treatment of photothermal therapy & chemotherapy
The combination of photothermal with chemotherapy delivered by the system of Au–PEG + LA/DOX net-
works was then studied. According to recent study, mild hyperthermia can also increase cell permeability and
further promote the effect of cancer therapy [45–48]. To test whether the heat generated by Au–PEG networks
and Au–PEG + LA/DOX networks could be utilized to promote the efficiency of chemotherapy. Au–PEG, Au–
PEG + LA/DOX and free DOX (DOX = 25 μM) were cultured with 4T1 cells for 20 min with or without
808 nm laser irradiation at a power density of 0.4 and 0.8 W/cm2, which could generate moderate heat and
raise the temperature of the medium to around 43◦C, and then Au–PEG, Au–PEG + LA/DOX, and DOX were
washed with fresh cell medium and cultured for 24 h. As it shown in Figure 5A, the cell viability of DOX with
or without laser was little difference, showing the effect of laser was almost negligible for free DOX. At the same
time, with increasing the power density from 0.4 to 0.8 W/cm2, the cell viability of Au–PEG + LA decreased from
86.9 to 70.7% in 20 min, indicating that the photothermal conversion of Au–PEG + LA was increased with the
power density in short time. Moreover, the drug was released as temperature rise, which motivated the combination
of photothermal with chemotherapy. Extraordinarily, according to the operation data, the Au–PEG + LA/DOX
networks showed a great improvement of anticancer effect when heightening the power density, and the cell viability
from 44.2% at 0.4 W/cm2 fell to 13.2% at 0.8 W/cm2, while the cell viability of the control group did not decrease
significantly. The Au–PEG + LA/DOX networks at lower power density (under 1.0 W/cm2) within 20 min used
in our experiment showed almost the same effect for chemo-photothermal cancer therapy instead of several hours in
most reported nanostructures [27,49]. This demonstrated that the Au networks showed a much better performance
with the present of DOX for photothermally enhanced chemotherapy of cancer.

In order to investigate the cell uptake under the laser irradiation, all the cells under the same above treatment
were incubated for 2 h, then were washed with PBS before confocal imaging. Once the drug was released, the
DOX molecules in the cytosol would be rapidly transported to the nucleus and avidly bound to the chromosomal
DNA [50]. From the confocal fluorescence imaging (Figure 5B & C), the remarkably enhanced DOX fluorescence
was observed in the cells incubated with Au–PEG + LA/DOX post laser exposure compared with no laser
irradiation, suggesting the high cell uptake of DOX from the nano-carriers facilitated by a LA-receptor-mediated.
Interestingly, obvious DOX fluorescence was noted inside cell nuclei than the cytoplasm for Au–PEG + LA/DOX
networks incubated cells after laser irradiation as a result of drug release, but not for those without light exposure.
These results clearly indicated that the Au–PEG + LA/DOX networks were transported into cells through a
nonspecific endocytosis mechanism and the drug release were greatly controlled through laser irradiation.
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medium and cultured for 24 h before the MTT assay. (B) Confocal fluorescence images of 4T1 cells incubated with
Au–PEG + LA/DOX, (DOX = 25 μM) and (C) immediately irradiated by a 808 nm NIR laser at the power density
0.8 W/cm2 for 20 min, then washed with fresh cell medium and cultured for 2 h.
Statistical analysis was performed using the student’s two-tailed t-test: ***p < 0.001.
DOX: Doxorubicin; LA: Lauric acid; PEG: Polyethene glycol.

Therefore, it can be concluded that NIR-light triggered intracellular drug release of Au–PEG + LA/DOX
networks system in such combined photothermal and chemotherapy could offer an apparent synergistic effect to
destruct cancer cells [51].

Conclusion
In this work, we reported a new class of multifunctional drug delivery based on the 3D mesoporous structured Au
networks to apply in photothermally enhance chemotherapy of cancer. The Au networks were decorated by PEG
and filled with LA/DOX, exhibiting excellent photothermal conversion efficiency with high drug loading efficiency
(DOX, 54.2%). Under 808 nm laser irradiation, the temperature of the Au–PEG + LA/DOX networks system
could raise to around 45◦C (above the melting point of LA) in 2.5 min, leading to controlled drug release. Thus,
the novel system of Au–PEG + LA/DOX networks shows outstanding biological performance in controllable
drug delivery capability and combination of photothermal and chemotherapy [52,53], offering references for cancer
therapy.

Future perspective
Cancer therapy holds great potential because of the high mortality rate all the time. Though many methods were
presented, the drug delivery was still a hardship in cancer therapy due to the lower drug loading ratio and difficulty
to realize ideal control of drug release in a simple way. The authors of this manuscript reported a biocompatible and
temperature responsive controlled drug delivery system based on 3D mesoporous structured Au networks, which
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represents a new class of drug-loading agents. Modified with PEG, mixed with LA/DOX and the final system
showed a high drug loading and could release the drug with the temperature increase.

The cancer treatment will be improved in the future by the use of nanomaterial with advanced properties. Further
study would pay more attention on drug release and combining with the photothermal and chemotherapy.

Summary points

• A well-defined biocompatible and temperature responsive controlled drug delivery system was synthesized with
tunable size, near-infrared reflectance absorbance and mesoporous structured Au networks.

• Excellent photothermal conversion efficiency and high drug loading were achieved by the drug synthesis with
the help of the phase-change material.

• The drug delivery system may play an important role in controllable drug delivery capability and combination of
photothermal and chemotherapy.
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