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ABSTRACT: In clinical practice, the incidence and mortality of non-small
cell lung cancer are increasing year by year, which is a serious threat to the
health of patients. Once the optimal surgical window is missed, the toxic side
effects of chemotherapy have to be confronted. With the rapid development
of nanotechnology in recent years, medical science and health have been
greatly impacted. Therefore, in this manuscript, we design and prepare
chemotherapeutic drug vinorelbine (VRL)-loaded polydopamine (PDA)
shell-coated Fe3O4 superparticles, and further graft the targeted ligand RGD
onto their surface. Because of the introduction of the PDA shell, the toxicity
of the prepared Fe3O4@PDA/VRL-RGD SPs is greatly reduced. At the same
time, due to the existence of Fe3O4, the Fe3O4@PDA/VRL-RGD SPs also
have MRI contrast capability. Under the dual-targeting effect of RGD peptide
and external magnetic field, Fe3O4@PDA/VRL-RGD SPs can accumulate
into tumors effectively. The accumulated superparticles in the tumor sites can not only effectively identify and mark the location and
boundary of the tumor under MRI, guideing the application of near-infrared laser, but also release the loaded VRL under the
stimulation of the acidic microenvironment of the tumor to play the role of chemotherapy. On further combination with
photothermal therapy under laser irradiation, A549 tumors are completely eliminated without recurrence. Our proposed RGD/
magnetic field dual-targeting strategy can effectively improve the bioavailability of nanomaterials and contribute to better imaging
and therapeutic effects, which has a promising application prospect in the future.

■ INTRODUCTION
Globally, there were more than 2.2 million new cases of lung
cancer in 2020 and nearly 1.8 million deaths from it.1 Lung
cancer is divided into small cell lung cancer and non-small cell
lung cancer (NSCLC). The main type of lung cancer is
NSCLC, comprising about 85%.2,3 Surgery is the most
effective treatment for NSCLC at stages I−II and some cases
at stage III.4,5 Despite its high malignancy rate, NSCLC usually
presents with mild early symptoms. When patients are first
seen by a doctor, they may have missed the window of
opportunity for surgical treatment, and the 5 year survival rate
is low.6,7 In the clinical treatment of advanced NSCLC,
chemotherapy is one of the standard options.8 However, as a
systemic treatment, chemotherapy inevitably damages normal
tissues, and the application of chemotherapeutic drugs is
severely restricted due to their toxic side effects and inadequate
targeting abilities.9−11 Consequently, reducing the toxic side
effects of chemotherapy drugs, improving the drug concen-
trations in tumor sites, and increasing drug utilization are of
great research importance.
Medical science and health have been greatly impacted by

the rapid development of nanotechnology in recent years. A
growing body of research has also been conducted on

nanomedicine and nanocarriers.12 Various diseases can be
diagnosed and treated using multifunctional nanomaterials that
take advantage of the unique characteristics of different
components of nanomaterials.13−15 Nanomaterials within a
certain size range have a longer circulation time in blood and
reach the tumor tissue through a leaky tumor vasculature. As a
result of reduced lymphatic drainage, the retention in the
tumor increases, which is known as the enhanced permeability
and retention (EPR) effect. Many researchers have been
working on ways to enhance chemotherapy drug enrichment in
solid tumors by loading chemotherapy drugs into nanocarriers
and utilizing the EPR effect of nanomaterials.16−19 However,
this method also has some limitations, mainly including three
aspects: (1) the problem of enhancing the tumor-targeting
ability of nanocarriers; (2) the problem of improving the
biological safety of nanocarriers; and (3) the problem of
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achieving controlled release of chemotherapy drugs in
tumors.20−22 Therefore, it is of great research significance to
construct nanoscaled drug carriers that can target tumor sites,
be biosafe, and have tumor microenvironment responsiveness.
Nanocarriers can be grafted with targeting ligands to

improve their targeting capabilities.23,24 It is possible to
mediate tumor-targeted therapy using the Arg-Gly-Asp
(RGD) peptide, a recognition site for specific integrins
expressed by tumor cells and their ligands. Nanocarriers can
be modified to improve their tumor-targeting ability by
modifying RGD peptides.25,26 Huang et al. and Zhou et al.
reported that, compared with unmodified nanoparticles, the
accumulation and content of nanoparticles modified with RGD
peptide in lung tumor tissues were significantly increased,
which improved the tumor targeting ability of lung cancer.27,28

Moreover, the targeting ability of nanocarriers can also be
affected by changes in the external physical environment.29,30

By applying a magnetic field to the tumor site, magnetic
nanocarriers can be guided to the tumor sites for accurate
delivery.31,32 In recent years, wearable magnetic-targeting
devices developed based on magnetic-targeting strategies
have achieved rapid development and show potential
application in humans.33 Among magnetic targeting carriers,
Fe3O4 is the most widely used magnetic building block.

34−36

Given the limited magnetic properties of Fe3O4 nanoparticles,
the method of constructing tens to hundreds of nanoparticles
into superparticles by the self-assembly method can effectively
achieve magnetic integration, which can enhance the magnetic
targeting ability and improve the MRI imaging effect.37,38

The introduction of surfactant is inevitable in the production
of Fe3O4 SPs, and reducing its toxicity has become a pressing
issue.39 Biological safety can be improved by coating inorganic

nanoparticles with polydopamine (PDA).40 PDA is formed by
the polymerization of dopamine monomer under alkaline
conditions. Considering that dopamine is a natural neuro-
transmitter in living organisms, PDA has good biocompati-
bility.41,42 In addition, PDA is a good drug carrier due to its
high viscosity, presence of catechol, amine, imine, and other
functional groups on its surface, as well as its ability to bind
with functional ligands via Michael addition and/or Schiff base
reactions. Drugs can then be loaded through physical
adsorption or chemical coupling.43 A potentially effective
way to control drug release in the tumor microenvironment
occurs when PDA disintegrates at a slightly acidic pH.44 In
addition, PDA also has strong near-infrared (NIR) light
absorption ability, so it can effectively convert light into heat
and play the role of photothermal reagent, with a photothermal
conversion efficiency of about 40%.45,46 When combined with
other methods, synergistic therapy is capable of producing
better results for the treatment of tumors and preventing the
development of drug resistance.47,48 Therefore, the methods of
coating Fe3O4 SPs with a chemotherapy drug loaded PDA shell
and grafting targeting ligands on the surface of composite
superparticles are helpful to enhance the tumor accumulation
of composite superparticles under the dual targeting of ligand
and magnetic field and to achieve a collaborative treatment of
photothermal therapy and chemotherapy for tumors under the
guidance of MRI.49,50

In this work, we use Fe3O4 SPs as the main building block,
coat their surface with a chemotherapy drug (vinorelbine
(VRL)) loaded PDA shell, graft the PDA shell with targeting
ligand RGD peptide, and finally construct the multifunctional
Fe3O4@PDA/VRL-RGD composite SPs. The loading rate of
VRL in composite superparticles is calculated as 15.3%.

Figure 1. TEM images of Fe3O4 NPs (a), Fe3O4@PDA/VRL SPs (b), and Fe3O4@PDA/VRL-RGD SPs (c). (d) FTIR spectra of Fe3O4@PDA
SPs, Fe3O4@PDA-VRL SPs, Fe3O4@PDA/VRL-RGD SPs, and RGD. (e) UV−vis−NIR absorption spectrum of Fe3O4@PDA/VRL-RGD SPs.
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Because of the introduction of the PDA shell, the toxicity of
surfactant and chemotherapy drug is greatly reduced. Under
the dual-targeting effect of RGD peptide and external magnetic
field, Fe3O4@PDA/VRL-RGD SPs effectively accumulate into
tumors. Fe3O4@PDA/VRL-RGD SPs also have MRI imaging
ability, so the superparticles accumulated in tumor sites
effectively identify the location and boundary of tumors
under MRI and guide the application of NIR laser. The heating
of tumor tissue under laser irradiation stimulates the release of
VRL. At the same time, the VRL loaded in PDA releases in
response to a slightly acidic tumor microenvironment, which
further improves the effect of chemotherapy. Further
combined with the photothermal treatment of composite
superparticles under laser irradiation, NSCLC is completely
eliminated, and the treatment effect is excellent without
recurrence. Our proposed design of dual targeting of tumors by
targeting ligands and external magnetic field has broad
application prospects in the future.

■ RESULTS AND DISCUSSION
In this work, a classical thermal decomposition method is first
applied to synthesize Fe3O4 NPs. As shown in Figure 1a, the
size of Fe3O4 NPs is uniform, with an average diameter of 5.6
nm under transmission electron microscopy (TEM). Then,
toluene is vaporized in an oil-in-water microemulsion
containing sodium lauryl sulfate (SDS), and Fe3O4 SPs with
an average diameter of 41.2 nm are produced. Since dopamine
monomers can be adsorbed on the surfaces of negatively
charged Fe3O4 SPs and have the ability to be oxidized and
polymerize under alkaline conditions, the PDA shell is
successfully deposited on Fe3O4 SPs with an average thickness
of 4.2 nm. By introducing the chemotherapeutic drug VRL into
the reaction system during the polymerization process, the
loading of chemotherapeutic drug in PDA shell can be realized
and Fe3O4@PDA/VRL SPs are obtained (Figure 1b). In the
PDA shell, most of the VRL is inside, while a small amount is
absorbed on the surface, and the load of VRL is based on its
π−π stacking with PDA. Finally, RGD is grafted onto the

Figure 2. (a) Temperature increments of Fe3O4@PDA/VRL-RGD SPs solutions at different concentrations of 0, 100, 200, and 300 μg/mL
irradiated by 808 nm laser at 2 W/cm2. (b) Temperature increments of Fe3O4@PDA/VRL-RGD SPs solutions at 200 μg/mL irradiated by 808 nm
laser at different power densities of 0, 1, 2, and 3 W/cm2. (c) Heating−cooling cycle of Fe3O4@PDA/VRL-RGD SPs solution at 200 μg/mL under
the irradiation of an 808 nm laser at 3 W/cm2. (d) Linear time versus the negative natural logarithm of driving force temperature during the cooling
period. The time constant for heat transfer: τs = 358.9 s. The photothermal conversion efficiency is calculated to be η = 46.1%. (e) Six heating−
cooling cycles of Fe3O4@PDA/VRL-RGD SPs solution at 1000 μg/mL under the irradiation of an 808 nm laser at 3 W/cm2. (f) UV−vis−NIR
absorption spectra of Fe3O4@PDA/VRL-RGD SPs before and after the irradiation.
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surface of Fe3O4@PDA/VRL SPs to obtain Fe3O4@PDA/
VRL-RGD SPs with the diameter of 49.6 nm under TEM
(Figure 1c). The graft of RGD has little effect on the
morphology of Fe3O4@PDA/VRL SPs (Figure 1b,c), but it
significantly increases the hydrated particle size. The average
hydrated particle size of Fe3O4@PDA/VRL SPs measured by
dynamic light scattering (DLS) is 87.9 ± 0.9 nm, while it
increases to 97.5 ± 0.4 nm for Fe3O4@PDA/VRL-RGD SPs.
The Fourier-transform infrared (FTIR) spectra confirms that
the characteristic peaks of RGD (1660 cm−1), Fe3O4@PDA
SPs (590 cm−1, 1615 cm−1), and Fe3O4@PDA/VRL SPs
(1375 cm−1, 1744 cm−1) all appear in the characteristic peaks
of Fe3O4@PDA/VRL-RGD SPs (Figure 1d), indicating that
these three components do participate in the composition of
Fe3O4@PDA/VRL-RGD SPs. According to the standard curve
of peak area versus concentration in HPLC (Figure S1), the
loading rate and encapsulation rate of VRL in Fe3O4@PDA/
VRL-RGD SPs are calculated as 15.3% and 18.0%, respectively,
because VRL can only be loaded inside and on the surface of
the PDA shell, but not in the Fe3O4 core. Therefore, the drug
loading rate and encapsulation rate of VRL may not seem very
high, but in fact, the content of VRL loaded in the PDA shell is
very high.
With PDA coating, Fe3O4@PDA/VRL-RGD SPs exhibit

high extinction ability at 808 nm with a molar extinction
coefficient of the sample is 7.91 × 108 M−1 cm−1, and can be
used for photothermal therapy (Figure 1e). To investigate the
photothermal properties of Fe3O4@PDA/VRL-RGD SPs in
aqueous solutions, an 808 nm laser is used. Temperature
increments increase with solution concentration when laser
power density is fixed at 2 W/cm2, due to the collective heating
effect (Figure 2a). Further, the temperature increments
increase with increasing laser power density at a fixed
concentration of 200 μg/mL as more doses of exposure are

applied (Figure 2b). Thermal imaging cameras are further used
to monitor the process of heating, and the experimental data
shows similar results as above (Figure S2). According to
calculations, the photothermal conversion efficiency of
Fe3O4@PDA/VRL-RGD SPs is 46.1% (Figure 2c,d). It should
be noted here that in order to avoid the heat loss of solution
caused by too long experiment time, we choose to conduct the
experiment at a higher laser power density. However, this does
not mean that low laser power density can not get higher
heating effect. After avoiding heat loss through the insulation
device (Figure S3a) as far as possible, the heating effect
achieved after irradiation at 0.33 W/cm2 for a long time is not
weaker than 1 W/cm2 (Figure S3b). NIR laser irradiation with
a power density of 3 W/cm2 is used to assess the photothermal
stability of Fe3O4@PDA/VRL-RGD SPs. Despite 6 cycles of
heating and cooling, the photothermal properties do not
degrade (Figure 2e), and the absorption spectra slightly
increased due to the evaporation of the solvent (Figure 2f).
The Fe3O4@PDA/VRL-RGD SPs are also magnetic because

of the presence of Fe3O4 in the structure. Therefore, Fe3O4@
PDA/VRL-RGD SPs dispersed in aqueous solution can be
enriched under the action of magnetic field, which has the
potential to be applied in magnetic targeted therapy (Figure
S4). A circulating magnetic field between −30000 and +30000
Oe is used to measure the magnetic curve of the Fe3O4@PDA/
VRL-RGD SPs. The saturation magnetization of Fe3O4@
PDA/VRL-RGD SPs is 25.8 emu/g without any evident
remanence or coercivity at 300 K. These results indicate that
Fe3O4@PDA/VRL-RGD SPs are superparamagnetic and
exhibit strong magnetism (Figure 3a). As a consequence,
Fe3O4@PDA/VRL-RGD SPs can use as a good contrast agent
for T2-weighted MRI. A nuclear magnetic resonance (NMR)
spectrometer is used to measure the transverse relaxation rate
(r2). As shown in Figure 3b, with the concentration of Fe3O4@

Figure 3. (a) M−H curve of Fe3O4@PDA/VRL-RGD SPs under a circulating magnetic field between −30000 and +30000 Oe. (b) Transverse
relaxation rate (r2) of Fe3O4@PDA/VRL-RGD SPs. (c) Release rate of VRL from Fe3O4@PDA/VRL-RGD SPs overtime in PBS with different pH
values of 5.5 and 7.4. (d) Changes of drug release rates after the NIR laser irradiation of 1 W/cm2.
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PDA/VRL-RGD SPs increasing, the 1/T2 increases, and r2 is
calculated as 348.7 mM−1 s−1. Additionally, as the concen-
tration of Fe3O4@PDA/VRL-RGD SPs increases an increasing
darkening effect is reflected in a 3.0 T MR clinical scanner
(Figure S5). As a T2-weighted MRI contrast agent, Fe3O4@
PDA/VRL-RGD SPs could be useful for the diagnosis of
tumors.
The zeta potential of Fe3O4@PDA/VRL-RGD SPs is −37.4

± 0.6 mV. As a result of the negatively charged surface,
Fe3O4@PDA/VRL-RGD SPs can disperse stably in aqueous
solutions. Therefore, a further investigation of the colloidal
stability of Fe3O4@PDA/VRL-RGD SPs reveals that they are
stable and well dispersed in water, normal saline, PBS, cell
culture medium, and cell culture medium containing 10% FBS
during 7 days of incubation (Figure S6). It is worth noting that
good colloidal stability is only applicable at the pH of
physiological environment, while PDA shell can undergo
structural disintegration in slightly acidic tumor microenviron-
ment and release drugs to play the role of chemotherapy. The
disintegration of PDA shell is also reflected in the weakening of
extinction ability in the NIR region (Figure S7).

Under different conditions, HPLC is used to study the
release behavior of VRL in Fe3O4@PDA/VRL-RGD SPs. As
illustrated in Figure 3c, within 24 h, only 25.4% of VRL is
released at pH 7.4 (physiological environment), whereas 47.3%
of VRL is released from the Fe3O4@PDA/VRL-RGD SPs at
pH 5.5 (tumor microenvironment). Then, NIR laser-triggered
drug release is further studied. Also, in order to avoid heat loss
affecting the experimental results, 1 W/cm2 laser power density
is selected. Prominently, due to the expansion of the PDA shell
with heat, a rapid release of VRL from Fe3O4@PDA/VRL-
RGD SPs is observed (Figure 3d). According to these results,
both an acidic tumor microenvironment and a NIR laser play a
role in the drug release process. In combination with the
external application of the NIR laser, the acidic tumor
microenvironment can stimulate the release of VRL when
Fe3O4@PDA/VRL-RGD SPs are accumulated at the tumor
site, minimizing the adverse reactions of VRL and achieving a
good chemotherapy effect. Considering all the experiments
above, it is evident that Fe3O4@PDA/VRL-RGD SPs possess
excellent photothermal therapy, magnetic targeting, MRI
imaging, and chemotherapy abilities.

Figure 4. Ealy926 cells (a) and A549 cells (b) are incubated with Fe3O4@PDA/VRL-RGD SPs at different concentrations of 0, 25, 50, 100, 150,
and 200 μg/mL for 24 h, and then, the relative cell viabilities are estimated through CCK-8 assay. (c) A549 cells were incubated with Fe3O4@PDA-
RGD SPs at different concentrations of 0, 50, 100, and 200 μg/mL for 24 h, and then, the cell apoptosis are estimated through flow cytometry. (d)
A549 cells were incubated with Fe3O4@PDA/VRL-RGD SPs at different concentrations of 0, 50, 100, and 200 μg/mL for 24 h, and then, the cell
apoptosis are estimated through flow cytometry. A549 cells are incubated under normal conditions (e), with Fe3O4@PDA-RGD SPs at the
concentration of 200 μg/mL for 2 h (f) and with Fe3O4@PDA/VRL-RGD SPs at the concentration of 200 μg/mL for 2 h (g), and then irradiated
without (left) or with (right) 808 nm laser at 1 W/cm2 for 10 min. The ability of colony formation is revealed by crystal violet staining.
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In order to test the safety of Fe3O4@PDA/VRL-RGD SPs
for biological applications in vitro, we first evaluate the
cytotoxicity by using a cell counting kit-8 (CCK-8) assay.
Ealy926 (human mesenteric artery vascular endothelial) cells
are incubated with Fe3O4@PDA/VRL-RGD SPs at different
concentrations (0−200 μg/mL) for 24 h. As shown in Figure
4a, the relative cell viability of Ealy926 cells is still ∼100%
despite concentrations as high as 200 μg/mL, indicating that
Fe3O4@PDA/VRL-RGD SPs do not have significant cytotox-
icity to normal cells among the tested concentrations. This is
because VRL works by stopping cell division in mitosis
metaphase, the proliferation of normal cells is slow and the
proportion of cells in the process of mitosis is low. Then, A549
cells are selected as the tumor cell model for the therapeutic
experiments in vitro. The relative cell viability gradually
decreases with the increased concentration of Fe3O4@PDA/
VRL-RGD SPs. At a Fe3O4@PDA/VRL-RGD SPs concen-
tration of 200 μg/mL, the relative cell viability is lower than
74% (Figure 4b). The toxicity of Fe3O4@PDA/VRL-RGD SPs
to A549 cells is derived from the released VRL in tumor cells.
And the increase of Fe3O4@PDA/VRL-RGD SPs concen-
tration also increases the concentration of VRL cocultured
A549 cells.
To verify this conclusion, the killing effect of Fe3O4@PDA-

RGD SPs and Fe3O4@PDA/VRL-RGD SPs on A549 is
compared by flow cytometry. A549 cells are cultured with
Fe3O4@PDA-RGD SPs or Fe3O4@PDA/VRL-RGD SPs at
different concentrations of 0, 50, 100, and 200 μg/mL for 24 h,
then these cells are stained with annexin V-FITC and
propidium iodide (PI) to investigate the apoptosis. As shown
in Figure 4c, the percentages of viable cells decrease slightly
attribute to the low toxicity and high biosafety of Fe3O4@
PDA-RGD SPs without VRL. The cell viabilities are 96.87%,
95.99%, 93.82%, and 91.78%, respectively. As shown in Figure

4d, because of an increased release of chemotherapy drugs, the
percentages of viable cells decrease gradually with increased
concentrations of Fe3O4@PDA/VRL-RGD SPs. Significant
differences exist among the viabilities of cells, which are
94.28%, 90.07%, 82.66%, and 75.64%, respectively. The results
above demonstrate that chemotherapy of Fe3O4@PDA/VRL-
RGD SPs is effective in killing A549 cells. However, single
chemotherapy is not enough to kill tumor cells in large
numbers, and NIR laser based photothermal therapy is further
employed. At this moment, the heat production of nano-
particles dispersed in cell culture medium also faces the
influence of heat loss under irradiation, so the laser power
density is also set as 1 W/cm2 in related tests. Photothermal
therapy can not only directly improve the killing effect of
tumor cells but also promote the release of chemotherapy
drugs to achieve collaborative therapy. Though some cells are
still alive after the chemotherapy and photothermal therapy
combined, their proliferation ability is greatly diminished
(Figure 4e−g). As compared to the control group, the Fe3O4@
PDA/VRL-RGD SPs + laser group has a significantly lower
clone formation rate of A549 cells (Figure 4e,g). The results of
colony formation assay are further summarized into a statistical
chart for intuitive observation (Figure S8). In summary,
photothermal/chemotherapy is effective for ablating A549
cells. Even if some A549 cells can survive after collaborative
treatment, their ability to proliferate is basically lost.
In animal experiments in vivo, first, the biosafety of Fe3O4@

PDA/VRL-RGD SPs is systematically investigated. The
relevant experiments are divided into three time points, and
three evaluation methods are employed, respectively: Day 1:
blood routine examination; Day 10: liver and renal function
test; Day 20: histopathological analysis. One day after the
Fe3O4@PDA/VRL-RGD SPs are injected into the mice
through the tail vein, there is no obvious difference in the

Figure 5. (a) Blood circulation of Fe3O4@PDA/VRL SPs and Fe3O4@PDA/VRL-RGD SPs in vivo. (b) Biodistribution of Fe3O4@PDA/VRL SPs
and Fe3O4@PDA/VRL-RGD SPs in primary organs and tumors 24 h after the injection. Coronal and axial T2-weighted MRI image of A549 tumor-
bearing nude mice without treatment (c), 24 h after the injection of Fe3O4@PDA/VRL SPs (d), and 24 h after the injection of Fe3O4@PDA/VRL-
RGD SPs (e).
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major blood routine examination between the experimental
group and the control group of healthy mice with the same age
(Figure S9), including white blood cell (WBC), red blood cell
(RBC), mean corpuscular hemoglobin (MCH), hematokrit
(HCT), lymphocyte (Lym), hemoglobin (HGB), mean
platelet volume (MPV), and platelet (PLT). Ten days after
the injection, the major liver function indexes, such as albumin
(ALB), alkaline phosphatase (ALP), aspartate transaminase
(AST), alanine aminotransferase (ALT), total protein (TP),
and the major renal function indexes, such as UREA, uric acid
(UA), and creatinine (CREA), between the control group and

experimental group also show no significant difference (Figure
S10). As shown in Figure S11, the H&E stained slices of vital
organs from the experimental group on Day 20 do not show
any significant pathological changes in comparison with those
of the control group. These all confirm that Fe3O4@PDA/
VRL-RGD SPs have good biosafety in vivo.
Then, the pharmacokinetic behavior is systematically

studied. The content of Fe(III) in tumors, organs and blood
samples is determined by ICP-AES. The half-life time of
Fe3O4@PDA/VRL-RGD SPs and Fe3O4@PDA/VRL SPs in
the blood is calculated as 4.84 ± 0.74 h and 3.32 ± 0.31 h

Figure 6. In vivo chemo-photothermal therapy. (a) Relative tumor volume curves for each group. (b) Average body weight curves for each group.
Photographs of typical mice bearing A549 tumor before the treatment (c, f, i, l, o, r, u, x), after the treatment (d, g, j, m, p, s, v, y), and photographs
of tumors after the treatment (e, h, k, n, q, t, w, z). The mice are divided into eight groups: (c−e) Control group, (f−h) Laser control group, (i−k)
Fe3O4@PDA/VRL SPs group, (l−n) Fe3O4@PDA/VRL SPs + laser group, (o−q) Fe3O4@PDA/VRL-RGD SPs group, (r−t) Fe3O4@PDA/VRL-
RGD SPs + laser group, (u−w) Fe3O4@PDA/VRL-RGD SPs + magnet group, and (x−z) Fe3O4@PDA/VRL-RGD SPs + magnet + laser group.
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(Figure 5a). The prolonged blood circulation half-life is mainly
attributed to the RGD targeting effect, which is beneficial for
enhancing nanomaterials utilization and tumor enrichment. 24
h following injection, Fe3O4@PDA/VRL-RGD SPs attain a
higher accumulation rate of 8.22 ± 0.51%ID/g at the tumor
site under the action of EPR effect, as opposed to Fe3O4@
PDA/VRL SPs which demonstrate a lower accumulation rate
of 6.91 ± 0.50%ID/g (Figure 5b). In comparison with
unmodified Fe3O4@PDA/VRL SPs, RGD-modified Fe3O4@
PDA/VRL-RGD SPs exhibit enhanced targeting capabilities.
The enhanced tumor accumulation rate helps improve the

diagnostic and therapeutic performance of Fe3O4@PDA/VRL-
RGD SPs. An investigation of the diagnostic capability is
conducted by T2-weighted MRI. As shown in Figure 5c−e,
mice injected with Fe3O4@PDA/VRL-RGD SPs have a higher
accumulation rate, darker tumor sites, and clearer boundaries
between tumors and surrounding normal tissues than mice
injected with Fe3O4@PDA/VRL SPs, which is a reflection of
RGD targeting capability. Consequently, Fe3O4@PDA/VRL-
RGD SPs have an excellent ability to diagnose tumors. The
tumor site in the control group shows bright gray, indicating a
low signal on MRI. In these two experimental groups, the
major organs are respectively dissected and dissolved with aqua
regia in order to evaluate the biodistribution of nanomaterials.
According to the calculation, the retention rate of Fe3O4@
PDA/VRL SPs is 5.48 ± 0.03, 32.67 ± 2.00, 28.96 ± 0.19,
13.89 ± 0.33, and 7.73 ± 0.05%ID/g in the heart, liver, spleen,
lung, and kidney, respectively. As compared to Fe3O4@PDA/
VRL SPs, the retention rate of Fe3O4@PDA/VRL-RGD SPs
reveals slightly decreased values, which is 6.21 ± 0.01, 29.82 ±
0.52, 17.34 ± 0.44, 10.21 ± 0.12, and 7.17 ± 0.07%ID/g,
respectively, in these organs except heart (Figure 5b). There is
no significant difference between the heart in these two
experimental groups, which is considered to be caused by the
residual amount of blood in the heart cavity. There is a
significant enrichment of nanomaterials in the liver as a result
of the phagocytosis of the reticuloendothelial system (RES),
however, modification of the RGD produces a significant
reduction in the number of enriched nanomaterials. The

nonspecific retention of Fe3O4@PDA/VRL-RGD SPs in these
major organs is minimized by RGD modification, which leads
to low side effects in vivo.
Besides imaging diagnostics, photothermal therapy and

chemotherapy are also possible with Fe3O4@PDA/VRL-
RGD SPs. BALB/c nude mice are used as models of A549
tumors in the in vivo therapeutic studies. A control group of
mice are injected only with normal saline, the tumors grow
rapidly and the average volume reached 165.9 mm3 20 days
later (Figure 6a,c−e). The laser control group also shows
similar results, with the average volume reaching 143.2 mm3

after 20 days (Figure 6a,f−h). Accordingly, the laser alone is
not effective in inhibiting tumor growth.
In the group of mice injected with Fe3O4@PDA/VRL SPs,

there is a slight reduction in tumor growth rate and the average
volume is 98.9 mm3 (Figure 6a,i−k). The tumor micro-
environment stimulates the release of VRL from nanomaterials,
thereby inhibiting tumor growth. The average volume of
tumors injected with Fe3O4@PDA/VRL-RGD SPs is 90.1
mm3 and the tumor growth is also depressed (Figure 6a,o−q).
In contrast to Fe3O4@PDA-VRL SPs, Fe3O4@PDA/VRL-
RGD SPs are more concentrated in the tumor sites because of
their specific binding between RGD and receptors on tumor
cells. However, tumor growth is significantly inhibited by
injection of Fe3O4@PDA/VRL-RGD SPs and attaching a
magnetic targeting device (Figure S12), with an average
volume of only 37.3 mm3 (Figure 6a,u−w). It is due to the
magnetic targeting ability of Fe3O4@PDA/VRL-RGD SPs
under the action of the magnetic field, which further enhances
the accumulation of nanomaterials in tumors. The tumor
growth inhibition rates of groups (3), (5), and (7) are
calculated as 45.5%, 58.3%, and 81.3%, respectively, on day 20
after injection.
However, tumor growth cannot be completely suppressed by

chemotherapy alone. Thus, an 808 nm laser with the laser
power density 0.33 W/cm2, an FDA-approved biosafe power, is
used to perform photothermal therapy to eliminate tumors. As
shown in Figure 7, the temperature of the tumor site increases
slowly in the laser control group, reaching 36.1 °C only after

Figure 7. IR thermal images of A549 tumor bearing mice treated with saline + laser (a), Fe3O4@PDA/VRL-RGD SPs + laser (b), and Fe3O4@
PDA/VRL-RGD SPs + magnet + laser (c), recorded by an IR camera. The laser power density is 0.33 W/cm2, and the irradiation times are 0, 1, 2,
4, 8, 12, 18, and 24 min.
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24 min of irradiation. (Figure 7a). A significant improvement
in heating performance is observed in mice treated with
Fe3O4@PDA/VRL-RGD SPs and Fe3O4@PDA/VRL-RGD
SPs + magnet in comparison to the control group. Infrared
pictures reflect that the tumor site temperatures are 51.2 and
58.6 °C in these two groups after laser irradiation for 24 min
(Figure 7b,c). Therefore, Fe3O4@PDA/VRL-RGD SPs with a
magnetic field have a better photothermal therapy effect than
those without, since more Fe3O4@PDA/VRL-RGD SPs are
deposited in the tumor sites.
Following laser treatment, all groups of Fe3O4@PDA/VRL

SPs + laser, Fe3O4@PDA/VRL-RGD SPs + laser, and Fe3O4@
PDA/VRL-RGD SPs + magnet + laser show tumor ablation
(Figure 6a,m,s,y). In the Fe3O4@PDA/VRL-RGD SPs +
magnet + laser group, the tumors are completely ablated
without recurrence (Figure 6a,x−z), but in the other two
groups, tumor recurrences occur after 10 days (Figure 6a,l−
n,r−t). Therefore, Fe3O4@PDA/VRL-RGD SPs can be
accumulated efficiently in tumors under magnetic field
conditions, allowing them to attain better therapeutic results
with fewer nanomaterials, which has excellent future
application potential. Additionally, in each group on day 20,
average volumes and images of tumors show the effectiveness
of the treatment. It is also important to note here that the 3
mice selected for photography have the largest, middle, and
smallest tumor volume in each group, which we believe can
more objectively and truly reflect the growth of tumors (Figure
6e,h,k,n,q,t,w,z). Across all groups, the weight of mice increases
steadily, indicating that our treatment does not affect
metabolism and is both safe and effective (Figure 6b).
H&E stained tumor slices show that the responsive release

of superparticles-loaded chemotherapy drugs in the tumor
microenvironment indeed kill tumor cells, even if the effect is
limited. Photothermal therapy under NIR laser can kill tumor
cells greatly and achieve tumor resection. The combination of
chemotherapy and photothermal therapy shows a better
treatment effect. Meanwhile, the higher the content of
nanomaterials in the tumor, the better treatment effect,
which is manifested by the increase of dead cells in H&E
staining (Figure 8). TUNEL staining shows similar results:
RGD/magnetic dual-targeting capability of superparticles
significantly promotes apoptosis in tumor tissues (Figure 8),
improves the synergistic therapeutic effect of photothermal/
chemotherapy, and prevents tumor recurrence. Fe3O4@PDA/
VRL-RGD SPs exhibits good performance in the theranostics
of NSCLC.

■ CONCLUSIONS
In conclusion, we have successfully prepared Fe3O4@PDA/
VRL-RGD SPs with the functions of MRI, photothermal
therapy, and chemotherapy on NSCLC. The Fe3O4@PDA/
VRL-RGD SPs have excellent therapeutic properties. As well as
enhancing photothermal therapy abilities, the PDA shell
reduces nanomaterials toxicity and enhances biocompatibility.
Combined with the targeting effect of RGD, nanomaterials
have a greater bioavailability. The half-life in the blood and
tumor retention rate of the Fe3O4@PDA/VRL-RGD SPs are
4.84 ± 0.74 h and 8.22 ± 0.51%ID/g, respectively. Fe3O4@
PDA/VRL-RGD SPs can be used in T2-weighted MRI due to
its super-paramagnetism. Applying a magnetic field to
superparticles with magnetic targeting capabilities can further
improve the diagnosis and therapeutic effects on tumors.
Under the stimulation of the near-infrared laser and acidic
tumor microenvironment, chemotherapeutic drugs can be
released from the PDA shell for chemotherapy. On further
combination with laser-induced photothermal therapy,
NSCLC tumors can be effectively eliminated with no
recurrence. Histopathology analysis of major organs and
blood tests have confirmed the good biosafety profile of
Fe3O4@PDA/VRL-RGD SPs. Our work provides a kind of
nanomaterials with RGD/magnetic dual-targeting capability
for MRI imaging and synergistic treatment of tumors through
photothermal and chemotherapy, which has excellent
application prospects in the future.

■ EXPERIMENTAL SECTION
Materials. Iron(III) acetylacetonate (Fe(acac)3, 99.9+%),

dopamine hydrochloride (DA), 1,2-hexadecanediol (90%), 1-
octadecene (ODE, 90%), oleylamine (OLA, 70%), oleic acid
(OA, 90%) were purchased from Sigma-Aldrich. Tris-
(hydroxymethyl)aminomethane (Tris, 99.9+%), and vinor-
elbine ditartrate salt hydrate (VRL, 98+%) were purchased
from Aladdin. Cyclo(Arg-Gly-Asp-D-Phe-Lys) RGD was
purchased from Xi’an Ruixi Biomaterial Technology Co.,
Ltd. Sodium dodecyl sulfate (SDS) was purchased from
Sinopharm Chemical Reagent Co., Ltd. Normal hexane,
absolute ethanol, and toluene were of analytical grade. Cell
culture medium (DMEM), trypsin digestion solution, cell
counting kit-8 (CCK-8), and annexin V-FITC/PI apoptosis
detection kit were bought from Solarbio. Fetal bovine serum
(FBS) was bought from Biological Industries. Phosphate
buffered solution (PBS), saline, and deionized water were used

Figure 8. H&E and TUNEL stained tumor slices of each group (magnification: 200×).
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as received. All reagents were used directly after the
procurement and without any purification.

Preparation of Fe3O4 SPs. The thermal decomposition
method was used to prepare Fe3O4 NPs with minor
modifications from the previous method.51 First, 2 mmol of
Fe(acac)3, 5 mmol of 1,2-hexadecanediol, 6 mmol of OA, and
6 mmol of OLA were mixed in 10 mL of ODE. After 15 min of
stirring under a nitrogen atmosphere, the mixture was heated
to 200 °C and maintained for 30 min. After the solution had
been heated to 265 °C at a heating rate of 3 °C/min, it was
refluxed for another 30 min at 265 °C. After the reaction, the
solution was cooled to room temperature. The Fe3O4 NPs
were dissolved in toluene after being extracted from the
reaction solution and rinsed three times with absolute ethanol
and normal hexane. An emulsification method was used to
prepare Fe3O4 SPs. Under mechanical stirring at 400 rpm, 4
mL of methylbenzene solution of Fe3O4 NPs (7 mg/mL) was
injected into SDS aqueous solution (4 mg/mL, 12.5 mL).
After ultrasonication for 10 min, the emulsion was further
heated in the water bath to 55 °C to evaporate toluene for 1.5
h to obtain Fe3O4 SPs.

Preparation of Fe3O4@PDA SPs and Fe3O4@PDA/VRL
SPs. Fe3O4@PDA SPs were prepared based on our previous
research.52 First, 5 mL of 3 mg/mL Fe3O4 SPs aqueous
solution was dispersed in 20 mL of Tris-buffer solution (10
mM, pH 8.5), then 1 mL of 5.6 mg/mL DA solution was
added, and the mixture were stirred in the dark for 4.5 h at
room temperature. After centrifuging at 8000 rpm for 15 min,
Fe3O4@PDA SPs were gathered and finally washed three times
with deionized water. As for the preparation of Fe3O4@PDA/
VRL SPs, original DA solution was replaced with a mixture of
DA and VRL (1 mL of 5.6 mg/mL DA and 1 mL of 10 mg/mL
VRL).

Preparation of Fe3O4@PDA/VRL-RGD SPs. The as-
perpared Fe3O4@PDA/VRL SPs were dispersed in 20 mL of
Tris-buffer solution (10 mM, pH 8.5), and 1 mL of 5 mg/mL
RGD aqueous solution was added. After stirring overnight in
the dark at room temperature, deionized water was used to
wash Fe3O4@PDA/VRL-RGD SPs three times after they were
concentrated at 8000 rpm for 15 min. For further character-
ization, Fe3O4@PDA/VRL-RGD SPs were stored at 4 °C.

Photothermal, MRI, and Drug Release Functions In
Vitro. In the exploration of photothermal property, 1.5 mL of
Fe3O4@PDA/VRL-RGD SPs aqueous solution was added to a
quartz pool. To prevent the vaporization of water, the quartz
pool was covered with a tinfoil cap. A digital thermometer
hanging above the light path was used to record the
temperature of the solutions at an interval of 15 s. At the
same time, an infrared thermal camera was also used to obtain
infrared thermal images of the solutions. First, the Fe3O4@
PDA/VRL-RGD SPs solutions at the concentrations of 0, 100,
200, and 300 μg/mL were irradiated by an 808 nm laser with a
power density of 2 W/cm2 until the temperature got stable.
Second, the concentration of Fe3O4@PDA/VRL-RGD SPs
solution was adjusted to 200 μg/mL, and the solution was
irradiated by 808 nm laser with different power densities of 0,
1, 2, and 3 W/cm2, respectively. Third, the Fe3O4@PDA/VRL-
RGD SPs solution of 200 μg/mL was used for testing the
photothermal conversion efficiency at 3 W/cm2. Finally, the
photothermal stability of Fe3O4@PDA/VRL-RGD SPs was
observed by heating and cooling the solution for six cycles. The
concentration of the solution was 1000 μg/mL, while the laser
power density was 3 W/cm2. In MRI tests in vitro, solutions of

concentration-gradient Fe3O4@PDA/VRL-RGD SPs were
prepared and their transverse relaxation time (T2) were
determined by NMR. Following this, T2 was used to calculate
the transverse relaxation rate (r2) of Fe3O4@PDA/VRL-RGD
SPs. To assess the MRI performance, Fe3O4@PDA/VRL-RGD
SPs with different concentrations were determined by medical
MRI instrument. The drug loading rate and encapsulation
efficiency of VRL were investigated by HPLC. Drug Loading
(%) = (WT − WF)/WNP × 100%. Encapsulation efficiency
(%) = (WT − WF)/WT × 100%. WT is total weight of VRL
fed. WF is the weight of nonencapsulated free VRL. WNP is
the weight of nanoparticles. To investigate the drug release in
vitro, PBS with a pH of 7.4 and 5.5 was used to dissolve
Fe3O4@PDA/VRL-RGD SPs, respectively. Under different pH
conditions, the release rates of chemotherapy drugs were
compared, mainly including the contents of released VRL at 0,
0.5, 1, 2, 4, 8, and 24 h. Based on the above experiments, the
solutions in each group were irradiated with near-infrared laser
at 1 W/cm2 for 5 min at minutes 5 and 15 to determine the
effect of heat generated by Fe3O4@PDA/VRL-RGD SPs under
near-infrared laser irradiation on drug release.

Cell Experiments In Vitro. As for cytotoxicity studies,
Ealy926 and A549 cells were cultured with Fe3O4@PDA/VRL-
RGD SPs at different concentrations. The relative viability of
the cells was determined by CCK-8 assay after 24 h using the
optical density at 450 nm. In order to investigate the killing
effect of chemotherapy released by the responsive disintegra-
tion of PDA shell on tumor cells, flow cytometry was used to
study the toxicity of Fe3O4@PDA-RGD SPs and Fe3O4@
PDA/VRL-RGD SPs to A549 cells, respectively. A549 cells
were cultured with Fe3O4@PDA-RGD SPs or Fe3O4@PDA/
VRL-RGD SPs at different concentrations of 0, 50, 100, and
200 μg/mL, respectively. After 24 h, the cells were double-
stained with PI and annexin-V-FITC and tested by flow
cytometer to analyze cell apoptosis. In clonogenic assay,
different conditions (Control, Fe3O4@PDA-RGD SPs at 200
μg/mL, and Fe3O4@PDA/VRL-RGD SPs at 200 μg/mL) were
used to incubate A549 cells for 2 h and then irradiated with or
without 808 nm laser at 1 W/cm2 for 10 min. From the group
above, 500 living cells were obtained, subsequently plated in 6-
well plates, and cultured for several days. Meanwhile, cells were
also observed every day to determine their growth status. In
most single clones, a PBS wash was performed if the cell
quantity exceeded 50, followed by paraformaldehyde fixation at
4%. Crystal violet was used to stain cells for 10 min after they
had been washed twice with PBS. Finally, deionized water was
used to wash the cells. A scanner was used to capture the
photographs.

Safety In Vivo. Fifteen healthy BALB/c mice were
intravenously (i.v.) injected with 50 μL of Fe3O4@PDA/
VRL-RGD SPs (5 mg/mL). Then, 24 h after injection, the
blood samples of five mice were collected for blood routine
examination. Five mice were tested for liver and renal function
10 days after injection. Finally, 20 days after injection, the
major organs of the other five mice were dissected, fixed with
10% formalin, and stained by H&E dye for further pathological
examination. There were also another 15 healthy mice in the
control group, and at each point, five of which were given the
treatment as same as the experimental group.

Pharmacokinetic Performance and MRI Study In Vivo.
The A549 tumor-bearing mice were i.v. injected with 50 μL of
Fe3O4@PDA/VRL and Fe3O4@PDA/VRL-RGD SPs (5 mg/
mL), respectively. Then, 6 μL of blood was collected from the
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tail vein at 0, 0.5, 1, 2, 3, 4, 6, 8, and 24 h and dissolved in aqua
regia for the ICP-AES test of Fe(III). After 24 h, the mice were
anesthetized and imaged under a 3.0 T magnetic field to study
their metabolism, especially in tumors. Again, after 24 h, the
mice were euthanized and dissected. The major organs and
tissues (liver, spleen, kidney, heart, lung, and tumor) were
weighted and dissolved in aqua regia for the ICP-AES test of
Fe(III).

Animal Experiments. All of the animal experiments
related to this work were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Jilin
University and approved by the Animal Ethics Committee of
the First Hospital of Jilin University. From Beijing Vital River
Laboratory Animal Technology Co., Ltd., 40 BALB/c nude
mice (4-week-old, male) were purchased. To construct the
NSCLC model, 150 μL of cell suspension containing 1.0 × 106
A549 cells was subcutaneously injected into the right buttocks
of the mice. A549 tumor-bearing mice were randomly assigned
to eight groups when the average tumor volume reached 50
mm3: (1) Control group; (2) Laser control group; (3)
Fe3O4@PDA/VRL SPs group; (4) Fe3O4@PDA/VRL SPs +
laser group; (5) Fe3O4@PDA/VRL-RGD SPs group; (6)
Fe3O4@PDA/VRL-RGD SPs + laser group; (7) Fe3O4@PDA/
VRL-RGD SPs + magnet group; (8) Fe3O4@PDA/VRL-RGD
SPs + magnet + laser group. In groups (1) and (2), 50 μL of
normal saline was injected into mice. In groups (3) and (4),
mice were i.v. injected with 50 μL of Fe3O4@PDA/VRL SPs
(5 mg/mL). In groups (5)−(8), mice were i.v. injected with 50
μL of Fe3O4@PDA/VRL-RGD SPs (5 mg/mL). Meanwhile,
the magnets were attached to the tumors of the mice of groups
(7) and (8) for 24 h. The mice in groups (2), (4), (6), and (8)
were treated with 0.33 W/cm2 laser for 24 min. On a separate
day, the tumor volumes (V = 1/2LS2 mm3, L represents the
length of long axis and S represents the length of short axis)
and weights (g) of the mice were recorded. The mice were
photographed, euthanized, and dissected on day 20. After
complete excision, tumors from each group were photographed
and stained with H&E and TUNEL. Importantly, the three
representative mice selected for photography have the largest,
middle, and smallest tumor volumes in each group, which can
more objectively and truly reflect the growth of tumors. As for
groups (2), (4), (6), and (8), one tumor was excised
immediately for histopathological examination after laser
irradiation.

Characterization. TEM images were obtained by using an
HT7800 transmission electron microscope (Hitachi, accel-
eration voltage: 120 kV). Fourier-transform infrared (FTIR)
spectra were recorded using a VERTEX 80 V infrared
spectrometer (Bruker). UV−vis−NIR absorption spectra
were obtained by a UV3600 UV−vis−NIR spectrophotometer
(Shimadzu). The zeta potential and hydrate particle size were
determined using a Zetasizer NanoZS (Malvern). Flow
cytometry analysis was performed by using a CytoFLEX
(Beckman Coulter). The Fe concentrations was recorded by
ICP-AES (Agilent 725). An investigation of magnetic property
characterization was conducted by cycling a magnetic field
between −30 and +30 kOe at 300 K using a SQUID
magnetometer (QD MPMS). T2 relaxation time was measured
by an AVANCE III 500 MHz NMR spectroscope (Bruker).
T2-weighted MRI images were obtained by a 3.0T clinical MRI
unit (uMR780, Shanghai United Imaging Healthcare Co.,
Ltd.). A TiR24 infrared thermal camera (Fluke) was used to
acquire the thermal images. In the investigation of the

photothermal effect, an 808 nm diode laser (LEO) was
employed. High-pressure liquid chromatography (HPLC,
Waters, Diamonsil C18 column (250 mm × 4.6 mm, 5 μm);
mobile phase: methanol/5 mmol/L ammonium acetate =
65:35; detection speed: 0.2 mL/min; detection wavelength:
267 nm; column temperature: 20 °C; injection volume: 20 μL)
was used to detect the drug loading rate, encapsulation rate,
and drug release curve.
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