Acta Pharmaceutica Sinica B 2020;10(8):1549—1562

Chinese Pharmaceutical Association
Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/locate/apsb
www.sciencedirect.com

ORIGINAL ARTICLE

A magnetism/laser-auxiliary cascaded drug b
delivery to pulmonary carcinoma

updates

Jialiang Lin", Qingqing Yin", Binlong Chen”, Haoran Zhang®,
Dong Mei”, Jijun Fu, Bing He”, Hua Zhang", Wenbing Dai",
Xueqing Wang®, Yiguang Wang”, Qiang Zhang™""*

4Beijing Key Laboratory of Molecular Pharmaceutics and New Drug Delivery Systems, School of Pharmaceutical
Sciences, Peking University, Beijing 100191, China

®State Key Laboratory of Natural and Biomimetic Drugs, Peking University, Beijing 100191, China

“School of Pharmaceutical Science, Guangzhou Medical University, Guangzhou 511436, China

Received 12 September 2019; received in revised form 8 November 2019; accepted 30 November 2019

KEY WORDS Abstract  Although high-efficiency targeted delivery is investigated for years, the efficiency of tumor
targeting seems still a hard core to smash. To overcome this problem, we design a three-step delivery
strategy based on streptavidin—biotin interaction with the help of c(RGDfK), magnetic fields and lasers.
Lo et The ultrasmall superparamagnetic iron oxide nanoparticles (USIONPs) modified with c(RGDfK) and
Magnetic targeting; biotin are delivered at step 1, followed by streptavidin and the doxorubicin (Dox) loaded nanosystems
Streptavidin—biotin; conjugated with biotin at steps 2 and 3, respectively. The delivery systems were proved to be efficient
Lipid nanosystem on A549 cells. The co-localization of signal for each step revealed the targeting mechanism. The external
magnetic field could further amplify the endocytosis of USPIONSs based on ¢(RGDfK), and magnify the
uptake distinctions among different test groups. Based on photoacoustic imaging, laser-heating treatment
could enhance the permeability of tumor venous blood vessels and change the insufficient blood flow in
cancer. Then, it was noticed in vivo that only three-step delivery with laser-heating and magnetic fields
realized the highest tumor distribution of nanosystem. Finally, the magnetism/laser-auxiliary cascaded
delivery exhibited the best antitumor efficacy. Generally, this study demonstrated the necessity of
combining physical, biological and chemical means of targeting.
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1. Introduction

Currently, surgery, chemotherapy, biotherapy and radiotherapy are
the most important treatments for many tumors. For decades,
because the conventional chemodrugs are extremely lack of spec-
ificity, the researchers have explored a variety of approaches, such
as drug delivery system', etc. to enhance tumor targeting. Specially,
the investigations related to nanotechnology including new nano-
materials” and lipid-based nanoparticles” are among the hot topics
of research. In despite of a great deal of literatures available,
nanomedicine targeting tumors still faces great challenges: there are
few commercial functionalized nanomedicines4, and even few
successful clinical trials related”. It seems an indisputable fact that a
targeted system often demonstrates obvious selectivity at cell level,
but fails in vivo®, which are largely attributed to the complexity of
tumors”®. It is generally believed that a simple targeting strategy
may be of great limitation in terms of efficacy and specificity, but a
fancy delivery system tends to get further from reality, which seems
a big issue in this field’.

Actually, the targeting efficiency is associated with both targeted
delivery system and the status of tumors'®'". Currently, researches
focus more on the former, but less on the latter or both aspects at the
same time. To address this issue, we propose a combination of
different delivery mechanisms effectively with simultaneous
consideration on both delivery functions and the tumor status.

Based on our observation, the blood supply to the A549 tumor
tissue was less than normal site. So, raising tumor temperature
may enhance permeability of tumor blood vessels and amplify the
enhanced permeability and retention (EPR) effect of nano-
medicine. Up to now, there are only a few reports using laser'?,
heating'*'* or microwave'>'® to warm up the tumor tissue in
order to increase tumor blood flow, but most of these do not deal
with drug delivery.

Among the active targeting strategy, RGD-integrin mediation
is a well-recognized approach, and among drug nanocarriers'”'%,
lipid vehicles are widely utilized due to their high drug loading
and biocompatibility'>*°. The magnetism is another well-
confirmed targeting strategy, and ultrasmall superparamagnetic
iron oxide nanoparticles (USIONPs) are often chosen for this aim,
although their drug loadings are not high”'. Due to the very strong
binding of avidin—biotin®>*’, it is used for pretargeting®*, cell
probe®’, biosensor detection’® and promotion of nanocarrier
penetration to tumor tissue”’.

Generally, we develop a combination drug system for
magnetism/laser-auxiliary three-step delivery based on Arg-Gly-
Asp (RGD)-integrin and avidin—biotin binding. Firstly, we irra-
diate the tumor with a laser to elevate vascular permeability. Then,
the administered USIONPs modified with RGD and biotin are
expected to target to the integrin-expressed tumor, more efficiently
under an applied magnetic field at tumor site. Next, the given
streptavidin may combine with the biotin on the surface of func-
tionalized USIONPs. Finally, a dose of doxorubicin (Dox) loaded
lipid vehicles modified with biotin may bind with streptavidin
there and exert killing by the released drug. Here, the lung car-
cinoma as the highest incidence and mortality of all cancers™ is
used as the tumor model.

2. Materials and methods
2.1.  Experimental materials

See Supporting Information Section 1.

2.2.  Preparation of the combination drug system

We used thermal decomposition method to fabricate the nonpolar
USIONPs, and used DSPE-PEG2K-c(RGDfK) and DSPE-
PEG2K-biotin as amphiphilic materials to package the non-polar
USPIONSs. Similarly, the USPIONs could also be modified with
biotin, control peptide c(RADfK), rhodamine, 1,1’-dioctadecyl-
3,3,3',3'-tetramethylindodicarbocyanine (Did), 1,1’-dioctadecyl-
3,3,3',3'-tetramethylindotricarbocyanine iodide (Dir). The lipid
nanosystem were prepared by film dispersion method and modi-
fied with biotin. The lipid nanosystem was also loaded with
doxorubicin, or labeled with Did and Dir, respectively. Other
specific preparation methods can be found in Supporting
Information.

2.3.  Characterizations of the combination drug systems

2.3.1. Morphology

Morphological characterization was performed using transmission
electron microscopy (TEM, JEOL Ltd., Tokyo, Japan). TEM mi-
crographs were obtained with a JEM-1200EX electron micro-
scope, operating at 120 kV. The samples were prepared by
depositing 4 pL nanoparticles dispersion in 10 pL distilled water
on a carbon-coated copper grid and letting the solvent to evapo-
rate. After the sample was dried, it was negatively stained with 2%
phosphotungstic acid, and observed by TEM.

2.3.2. MALDI-TOF MS analysis

The aqueous dispersion of USIONPs modified with ¢(RGDfK)
and biotin (2 pL) was deposited on the MALDI plate. After dried,
the sample was analyzed using MALDI-TOF MS (AB SCIEX,
5800 MALDI-TOF/TOF, Boston, MA, USA).

2.3.3.  Magnetic characterization

Magnetic characterization was performed with a Vibrating sample
magnetometer (VSM, BKT-4500, Beijing, China). The aqueous
dispersion of USIONPs modified with ¢(RGDfK) and biotin was
freeze-dried. The product was weighed about 5 mg and wrapped
in tape, placed in a VSM magnetometer and tested for M—H
curve.

2.3.4.  Particle size and potential measure

We took 100 pL dispersion of the USIONPs modified with
¢(RGDfK) and biotin, diluted it with 900 pL of pure water. We did
the same for the dispersion of doxorubicin-loaded lipid nano-
system. We measured the particle size and potential of USIONPs
and doxorubicin-loaded lipid nanosystem using a Malvern particle
size analyzer (Malvern zetasizer Nano ZS, Malvern, UK).

2.4.  Cellular uptake assay

2.4.1.  Endocytosis of combination system via three-step delivery
without external magnetic field
A549 cells were cultured in confocal dishes and cultivated at 37 °C
until they reached 70%. The experiments were divided into 6 groups,
each of which was shown in Supporting Information Table S1.
Cellular uptake of combination system via three-step strategy:
the first step was to administer USIONPs (100 pg/mL, modified
with ¢c(RGDfK) or c¢(RADfK), biotin and rhodamine) and incubate
for 9 h at 37 °C. After discarding the culture medium, the cells
were washed 2 times with complete culture medium; the second
step was to add 25 pg/mL of Andy Fluor 488 labeled streptavidin
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complete medium and incubate at 37 °C for 1 h, then discard the
medium and washed the cells 2 times with complete medium; in
the third step, after dilution with complete culture medium, lipid
nanosystem modified with biotin and marked with Did (equivalent
to 0.25 pg/mL Did) was added and incubated at 37 °C for 4 h. The
medium was discarded and the cells were washed twice with
culture medium. Finally, the cells were fixed with 4%
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Figure 1

paraformaldehyde for 10 min at room temperature. Cell nuclei
were stained with Hoechst 33,258, and the samples were observed
using a Leica TCS SP8 confocal laser-scanning microscope
(CLSM, Heidelberg, Germany). For the nucleus, the excitation
wavelength was 405 nm and the emission wavelength was
430—470 nm. For the Andy Fluor 488, the excitation wavelength
was 488 nm and the emission wavelength was 502—558 nm. For
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Characterizations of USPIONs modified with ¢c(RGDfK) and biotin, and doxorubicin loaded lipid nanosystem modified with biotin.

(A) TEM of USPIONs modified with ¢c(RGDfK) and biotin (left: x 400,000; right: x 550,000). (B) Magnetization curve (M—H curve) of
USPIONs modified with ¢(RGDfK) and biotin in 298K. (C) MALDI-TOF-MS of USPIONs modified with ¢(RGDfK) and biotin. (D) Size
distribution (left) and zeta potential (right) of USPIONs modified with ¢(RGDfK) and biotin. (E) Size distribution (left) and zeta potential (right)

of doxorubicin loaded lipid nanosystem modified with biotin.
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the rhodamine, the excitation wavelength was 561 nm and the
emission wavelength was 577—623 nm. For the Did, the excitation
wavelength was 633 nm and the emission wavelength was
650—722 nm.

2.4.2.  Cellular uptake of USIONPs with external magnetic field
2.4.2.1. Prussian blue staining method. AS549 cells were
cultured in 96-well plates and cultivated at 37 °C until reached
70%. The experiments were divided into 4 groups: USIONPs
without modification; USIONPs modified with c(RADfK);
USIONPs modified with ¢(RGDfK); USIONPs modified with
¢(RGDfK) and biotin. The samples were diluted to 50 pg/mL (Fe/
mL) with culture medium. NdFeB permanent magnets (&
5 mm X 4 mm, 0.42 T) were placed under the 96-well plates.
After incubating at 37 °C for 8 h, the cells were washed three
times with PBS, and fixed with 4% paraformaldehyde for
20 min at room temperature, followed by staining with the Prus-
sian blue solution (equal volume of 2% hydrochloric acid and 2%
potassium Ferro cyanide) for 30 min. The iron staining was
observed using an optical microscopy (IX81, Olympus, Tokyo,
Japan).

2.4.2.2.  Inductively coupled plasma mass spectrometry (ICP-
MS). A549 cells were cultured in two 24-well plates at 37 °C
until reached 70%. The experimental groups were divided into a
magnetic field group and a non-magnetic field group. Each group
was divided into 3 different sub-groups: USIONPs modified with
biotin, USIONPs modified with ¢c(RADfK) and biotin, USIONPs
modified with ¢(RGDfK) and biotin, and blank control without
USIONPs. Each sub-group was repeated four times. The amount
of iron oxide nanoparticles per sample was 40 pg/well (in terms of
Fe content). NdFeB permanent magnets (® 10 mm X 10 mm,
0.55 T) were placed under the 24-well plates to provide magnetic
field. After incubating at 37 °C for 2 h, the cells were washed three
times with PBS. Each well was added with 50 pL 1% TritonX-100
and 200 pL of pure water to digest cells at 4 °C for 30 min. The
digestive solutions were transferred to 0.5 mL EP tube. The iron
contents of each sample were detected by inductively coupled
plasma mass spectrometry (ICP-Ms, Elan DRCII, PerkinElmer,
Waltham, MA, USA), and the cellular protein contents of each
sample were assayed using a Coomassie brilliant blue method at
540 nm. The results of iron content were divided by the cellular
protein contents, namely the results were the amount of iron up-
take per unit of cells.

2.4.3.  Endocytosis of combination system via cascaded delivery
with external magnetic field

A549 Cells were seeded in confocal dishes and cultivated at 37 °C
until their amount reached 70%. The experiments were divided
into 4 groups, each of which was shown in Supporting Information
Table S3.

Cellular uptake of combination system via three-step strategy:
the first step was to add aqueous dispersion of rhodamine labelled
USIONPs (Fe, 10 pg/dish). Then, 10 mm diameter, 10 mm thick
NdFeB permanent magnets were placed under the confocal dishes.
After incubating at room temperature for 15 min, the cells were
washed three times with PBS; the second step was to add 20 pL of
1 mg/mL Andy Fluor 488 labeled streptavidin solution to the
confocal center and incubate at room temperature for 15 min; then
discard the medium and wash the cells twice with complete me-
dium; in the third step, after dilution with complete culture me-
dium, lipid nanosystem modified with biotin and marked with Did
(equivalent to 0.25 pg/mL Did) was added and incubated at 37 °C
for 1.5 h. The medium was discarded and the cells were washed
twice with culture medium. Finally, the cells were fixed with 4%
paraformaldehyde for 10 min at room temperature. Cell nuclei
were stained with Hoechst 33,258 and all dishes were scanned
using Spinning disk confocal microscope (Ultra VIEW® VoX
Spinning Disk, PerkinElmer, Boston, MA, USA). The scanned
confocal micrographs were stitched together. For the cell nuclei,
the excitation wavelength was 405 nm and the emission wave-
length were 445 nm. For the Andy Fluor 488, the excitation
wavelength was 488 nm and the emission wavelength was
525 nm. For the Andy Fluor 488, the excitation wavelength was
488 nm and the emission wavelength was 525 nm. For the
rhodamine, the excitation wavelength was 561 nm and the emis-
sion wavelength was 615 nm. For the Did, the excitation wave-
length was 640 nm and the emission wavelength was 705 nm.

2.5.  Invivo assay

2.5.1.
tissue
Six nude mice bearing A549 tumor (tumor size approximately
500 mm®) were anesthetized by intraperitoneal injection with 4%
chloral hydrate (0.1 mL/10 g). After the nude mice were
completely anesthetized, the tumor sites of nude mice were
observed with an infrared camera (FOTRIC226, IRS SYSTEMS
Inc., Shanghai, China). The results are shown in Supporting In-
formation Table S5. The animal assays were approved by the
Ethics Committee of Peking University, Beijing, China.

The nude mice bearing A549 tumors were examined by
Multispectral Optoacoustic Tomography (MSOT, 256-channel
real-time imaging MSOT scanner, iThera Medical GmbH,
Munich, Germany) to observe the distribution of hemoglobin
(Hb) and oxyhemoglobin (HbO,) at the tumor site. Subsequently,
the tumor sites were heated to 42—43 °C with an 808 nm laser
(MW-GX-808/1—5000 MW, Changchun Laser Optoelectronics
Technology Co., Ltd., Changchun, China) and maintained for
10 min. The distribution of Hb and HbO, in the tumor sites were
recorded by MSOT immediately, 5 and 24 h after laser-heating,
respectively.

Infrared image and temperature determination of tumor

Figure 2

Cellular uptake by A549 cells with three-step administration without external magnetic field. (A) Schematic illustration of three-step

administration. (B) Confocal microscope images of A549 cells with three-step administration without external magnetic field. Step 1: the
USPIONs modified with rhodamine (red) and different ligands. Step 2: the streptavidin modified with Andy Fluor 488 (green). Step 3: the lipid
nanosystem modified with Did (purple) and biotin. The nucleus were stained with Hoechst 33258 (blue). Group I: the USPIONs modified with
¢(RGDfK), biotin and rhodamine in step 1, normal steps 2 and 3. Group II: the integrin receptor monoclonal antibodies and the USPIONs
modified with c(RGDfK), biotin and rhodamine in step 1, normal steps 2 and 3. Group III: the USPIONs modified with biotin and rhodamine in
step 1, normal steps 2 and 3. Group IV: the USPIONs modified with c(RADfK), biotin and rhodamine in step 1, normal steps 2 and 3. Group V: no
step 1, normal steps 2 and 3. Group VI: no step 1 and 2, normal step 3. Scale bar: 10 pum. (C) Semi-quantitative analysis of the fluorescence
intensities of steps 1—3 in A549 cells which are calculated using gray values. The values are expressed by means £+ SD (n = 30). ***P < 0.01.
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2.5.2.  Invivo distribution of combination system during three-
step delivery

The nude mice bearing A549 tumor (tumor size approximately
500 mm?®) were randomly divided into six groups, each of which is
shown in Supporting Information Table S6.

Experiment procedure had four steps: laser-heating step: the
tumor sites were heated to 42—43 °C with 808 nm infrared laser
and maintained for 10 min, or without laser-heating; the first step
of three-step strategy: USIONPs (modified with ¢(RGDfK) and
biotin, equivalent to 100 pg Fe) labeled with Did were injected into
the tail vein, and the tumor sites were put with the external mag-
netic field (® 10 mm x 10 mm NdFeB permanent magnet, 0.55 T,
Shanghai Hu Magnetic Industry Co., Ltd., Shanghai, China) for
10 min®’, or without. The second step of three-step strategy: after
3 h, 200 pg streptavidin was injected intraperitoneally into nude
mice. The third step of three-step strategy: after 24 h, lipid nano-
system labeled with Dir (equivalent to Dir 0.5 pg) was injected into
the tail vein. Did and Dir in vivo imaging of tumor-bearing mice
was performed 24 h after the third step of administration, and
ex vivo organ imaging was also performed (CRI Maestro 2, Per-
kinElmer). For the Did, the excitation wavelength of the first step
was 616—661 nm and the emission wavelength was 670—900 nm.
For the Dir, the excitation wavelength of the third step was
684—729 nm and the emission wavelength were 740—950 nm.

2.5.3.  Invivo efficacy of magnetism/laser-auxiliary cascaded
delivery of combination system

The efficacy of three-step strategy on tumor growth was assessed
by the measurements of tumor volume with an electronic caliper
every two days and the observation of tumor weight and size.
A549 cells were injected subcutaneously in the back flank of the
mice. Forty-nine male nude mice bearing tumor were randomly
divided into 7 groups (7 animals in each group) when the tumor
reached a volume of 100 mm?. The data of each group is shown in
Supporting Information Table S9.

Experiment procedure had four steps: laser-heating step, the
tumor site was treated with 808 nm infrared laser to maintain
tumor local temperature at 42—43 °C for 10 min; the first step,
USIONPs (modified with ¢(RGDfK) and biotin, or c(RADfK),
equivalent to 100 pg Fe) were injected into the tail vein, and the
tumor site was put with the external magnetic field (@
10 mm X 10 mm NdFeB permanent magnet, 0.5 T, Shanghai
Huci-magnet Co., Ltd., Shanghai, China) for 10 min, or without.
The second step, after 3 h, 200 pg streptavidin was injected
intraperitoneally into nude mice. The third step, 24 h after the

second step, the biotinylated lipid nanosystem containing doxo-
rubicin (equivalent to Dox 4 mg/kg) was injected into the tail vein.

Each chemotherapy group (groups I—VI) received its corre-
sponding treatment on day 1, 8, and 15. The negative control
group (group VII) was treated with the same amount of saline. On
day 20, the nude mice were sacrificed, and the tumors were taken
out for photographs and weighting. During the test, the body
weight of mice in each group was also recorded.

3. Results and discussion

3.1.  Preparation of the combination drug system

Firstly, we tried various approaches including the classical co-
precipitation method®’, solvent-thermal method®'**?, microwave
method™**, polyol method® ¥’ and thermal decomposition
method**~* to synthesize USIONPs. We finally chose the thermal
decomposition method (Fe(acac); as precursor and oleic acid as
stabilizer). The TEM and magnetic curve of USIONPs are shown
in Supporting Information Fig. S1.

The USIONPs as a type of non-polar nanoparticles could only
be dispersed in non-polar solvents such as n-hexane. In order to
disperse USPIONSs into water and to modify with ¢c(RGDfK) and
biotin, we used DSPE-PEG2K-c(RGDfK) and DSPE-PEG2K-
biotin as amphiphilic materials to encapsulate the non-polar
USPIONs™ by a phase-transfer method. As a result, the hydro-
phobic and functional USIONPs could be well dispersed in water.
Similarly, the USPIONS could also be modified with biotin,
control peptide ¢c(RADfK), rhodamine, Did or Dir. The synthesis

routes of DSPE-PEG2K-c(RGDfK) and DSPE-PEG2K-
Rhodamine, and the MALDI-TOF-MS of DSPE-PEG2K-
Rhodamine, DSPE-PEG2K-c(RGDfK) and DSPE-PEG2K-

c¢(RADfK) are shown in Supporting Information Fig. S2.

3.2.  Characterizations of the combination system

As shown in Fig. 1A, the morphology of USIONPs modified with
¢(RGDfK) and biotin as well as their “core—shell” structure could
be clearly observed under TEM*'. The diameter of their FeO core
evaluated by TEM was approximately 14 nm. The mean Z-
average size of the functional USIONPs determined by dynamic
laser light scattering (DLS) was 42.20 nm with a PDI of 0.285,
while their zeta potential was —20.8 mV (Fig. 1D). Additionally,
the magnetization curve showed that the saturation magnetization
of the modified USIONPs was 55 em/g at room temperature,
exhibiting superparamagnetic properties (Fig. 1B). Finally,

Figure 3

Cellular uptake by A549 cells with external magnetic field. (A) Distribution of USPIONSs in confocal dishes under external magnetic

field conditions. White arrows indicate USPIONS aggregation. (B) Prussian blue-stained A549 cells incubated with USPIONs modified without
¢(RGDfK) and biotin as the blank control, USPIONs modified with ¢c(RADfK) and without biotin, USPIONs modified with ¢(RGDfK) and
without biotin, as well as USPIONs modified with c(RGDfK) and biotin. The USPIONs was detected with the Prussian blue histological staining
(blue). Scale bar: 20 pm. (C) Quantitative analysis of USPIONSs cellular uptake in A549 cells is calculated using iron absorption and protein ratio
by ICP-MS. Values expressed are means+S.D. (n=4). ***P <(.01 vs. control. (D) Schematic illustration of three-step administration. (E)
Confocal microscope images of A549 cells with three-step administration and external magnetic field. Step 1: the USPIONs modified with the
rhodamine (red) and different ligand. Step 2: the streptavidin modified with Andy Fluor488 (green). Step 3: the lipid nanosystems modified with
Did (purple) and biotin. The nucleus was stained with Hoechst33258 (blue). Group I: the USPIONs modified with biotin and rhodamine in step 1,
normal steps 2 and 3, with external magnetic field. Group II: the USPIONs modified with ¢(RADfK), biotin and rhodamine in step 1, normal steps
2 and 3, with external magnetic field. Group III: the USPIONs modified with c(RGDfK), biotin and rhodamine in step 1, normal steps 2 and 3,
with external magnetic field. Group IV: the USPIONs modified with c(RGDfK), biotin and rhodamine in step 1, normal steps 2 and 3, but without
external magnetic field. Scale bar: 1 mm. (F) Semi-quantitative analysis of the fluorescence intensities of steps 1—3 in different areas which are
calculated using gray values. The values are expressed by means+S.D. (n=9). ***P<0.01.
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MALDI-TOF of the functional USPIONs confirmed the conju-
gation of both c(RGDfK) and biotin (Fig. 1C).

The thin film dispersion method** was utilized to prepare lipid
nanosystem modified with biotin by adding DSPE-PEG2K-biotin
during the fabrication. The modified nanosystems were loaded
with doxorubicin by ammonium sulfate gradient method. The
particle size of final nanosystems determined by DLS was 94.7 nm
with a PDI of 0.180, and their zeta potential was —10.6 mV
(Fig. 1E).

3.3.  Cellular uptake assay

3.3.1.  Endocytosis of combination system via three-step delivery
without external magnetic field

In the absence of a magnetic field, cellular uptake of combination
system via three-step strategy was then investigated (Table S1 and
Fig. 2). The procedure of three-step administration is illustrated in
Fig. 2A, the confocal images of A549 cells with three-step
administration are shown in Fig. 2B, and the fluorescence in-
tensities of each step are summarized in Fig. 2C and Supporting
Information Table S2. Generally, the strongest signals were found
in each step of group I, followed by groups IV, III and II. Groups
V and VI showed almost no signals.

As seen in group I, the modifications with both ¢(RGDfK)
and biotin had the strongest effect in terms of enhancing cell
uptake of USPIONS in step 1, leading to the strongest binding of
streptavidin in step 2 as well as that of biotin-modified lipid
nanosystem in step 3. The obvious intracellular distribution of
signals was likely owing to the integrin-c(RGDfK) mediated
endocytosis. The three kinds of fluorescence well co-localized
with each other, indicating the exact delivery process step by step
as we designed.

After blocking the integrin with monoantibody as shown in
group II, the fluorescence in first step attenuated obviously, so
there might be little USPIONSs on the cells. Since little biotin was
available due to the lack of nanoparticles on the cells, the second
signal by labeled streptavidin was also weak.

The use of USPIONs with biotin but without ¢(RGDfK) in the
step 1 of group III led to weaker fluorescence mainly on the cell
surface in all three steps, compared to group I. The obvious signals
specially in step 2 revealed some degree of interaction between
biotin and cell surface in step 1, which caused weaker but obvious
association at the following steps 2 and 3. In addition, the dif-
ference between groups I and III reflected the key role of RGD in
term of more cell internalization.

In the first step of group IV, the normal peptide was replaced
by a disorder peptide, which triggered an obvious fluorescence in
steps 1 to 3, slightly stronger than group III but weaker than group
I, with partial intracellular signals. The difference between groups
IV and I confirmed the stronger effect of RGD peptide than
random peptide. The comparison between groups IV and III
demonstrated the effect of disorder peptide, which resulted in
more cell internalization and explained the stronger fluorescence
than that in group III in all steps.

As illustrated in group V, without the first step delivery of
nanoparticles, there was basically no invisible fluorescence at
steps 2 and 3, indicating the importance of the first delivery,
namely streptavidin could not interact directly with the cells. In
group VI, the lack of first and second step delivery caused no any
fluorescence in the third step, suggesting that the interaction be-
tween lipid nanosystems and cells in step 3 was weak. Generally,

this study demonstrated here that such a three-step approach might
be a potential delivery strategy, at least in vitro.

3.3.2.  Cellular uptake of USIONPs with external magnetic field
We tried to use an NdFeB permanent magnet as external magnetic
fields to further enhance the uptake of USPIONs by A549 cells. As
shown in Fig. 3, when the magnetic field was placed under the
confocal dish, the USPIONs accumulated at the edge of magnetic
field to form a circle (Fig. 3A), indicating the efficient impact of
external magnetic field to USPIONS in the test condition. By using
the Prussian blue method*’ (Fig. 3B), we found that the USPIONs
modified with ¢c(RGDfK) and biotin exhibited the highest uptake
in A549 in the external magnetic field. While, the cell uptake of
USPIONs modified only with c¢(RGDfK) or c(RADfK) was
obvious. The USPIONs modified only with biotin had the least
uptake.

Besides the qualitative study, we used the ICP-MS method™* to
further quantify the amount of USPIONSs inside of cells. As seen
in Fig. 3C, the difference in cell uptake between test groups with
and without magnetic field was extremely significant
(P = 1.94 x 1077). Namely, the external magnetic field could
enhance the A549 cellular uptake for all types of USPIONS. In the
presence of external magnetic field, the order of cellular uptake
level of USPIONs was: USPIONs modified with ¢(RGDfK) and
biotin > USPIONs modified with c¢(RADfK) and biotin>
USPIONs only modified with biotin. On the other hand, in the
absence of magnetic field there was no significant difference in
terms of uptake amount of USPIONs among all test groups
(P = 0.0995). Generally, the external magnetic field could further
promote the cellular uptake of USPIONs based on peptide and
biotin conjugation, and especially magnify the distinctions among
different test groups.

3.3.3.  Endocytosis of combination system via cascaded delivery
with external magnetic field

The operation schematic illustration of such an endocytosis study
is shown in Fig. 3D, the observations are summarized in Fig. 3E,
and fluorescence intensities are recorded in Fig. 3F. Via the
comparison between group IV and other groups (Table S3), it was
clear that the cellular uptake of combination system via three-step
strategy with magnetic fields was significantly higher than that
without magnetic fields. The fluorescence intensity values of step
1 from groups I to IV are shown in Supporting Information Table
S4. Generally, the signals in steps 1, 2 and 3 for groups I-III were
significant different (P < 0.01). The strongest fluorescence was
found in each step of group III, the signals between groups I and 11
in each step seemed similar in intensity, and group IV only had
almost no fluorescence. Finally, the fluorescence in each step was
well co-localized with each other in groups I, II or III, as seen
from the merging images.

This study demonstrated directly that the magnetic fields
enhanced significantly the cell uptake of USPIONs. The well co-
localization of fluorescence signals in each step indicated the same
targeting site for each delivery. Significant difference among
groups L, IT and III suggested that the combination of ¢(RGDfK)
and external magnetic fields could enhance the cellular uptake of
A549 in vitro.

3.4. Invivo assay

It will be more complicated in vivo, where magnetic field intensity
is compromised by distance, tissue, blood flow, and so forth. In
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Figure 4  The blood supply in nu/nu mice bearing A549 tumors before and after laser-heating treatment. (A) Infrared images of six tumor-bearing nude
mice (form I to VI). The arrow refers to the tumor. The brighter the part, the higher the temperature. (B) Photoacoustic images of tumor site before and after
laser-heating, including photoacoustic images of tumor site before laser-heating (top left), photoacoustic images immediately after laser-heating (top
right), photoacoustic images 5 h after laser-heating (down left), and photoacoustic images 24 h after laser-heating (down right). The condition of laser-
heating is to irradiate the tumor site with a laser having a wavelength of 808 nm, and maintain the temperature of the tumor site at 42—43 °C for 10 min.
Each photoacoustic image is divided into three different directions: a merge image of the body parts with tumors from front to back (upper left image),
from right to left (upper right image), from bottom to top (lower left image). The arrow points to the tumor site. Red is signal of oxyhemoglobin (HbO,),
which indicates the supply of arterial blood flow. Blue is signal of deoxyhemoglobin (Hb), which indicates venous flow. Scale bar: 3 mm. (C) Semi-
quantitative analysis of the signal intensities of Hb and HbO, in different stages of laser-heating which are calculated using gray values.
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Figure 6  In vivo therapeutic efficacy. Group I: with the laser-heating process, without magnetic field, three-step treatment (USPIONs modified
with ¢(RGDfK) and biotin); group II: with the laser-heating process, with magnetic field, three-step treatment (USPIONs modified with c(RGDfK)
and biotin); group III: with the laser-heating process, with magnetic field, three-step treatment (USPIONs modified with c(RADfK) and biotin);
group IV: without the laser-heating process, with magnetic field, three-step treatment (USPIONs modified with ¢((RGDfK) and biotin); group V:
without the laser-heating process, without magnetic field, three-step treatment (USPIONs modified with ¢c(RGDfK) and biotin); group VI: only
lipid nanosystems loaded Dox (positive control); group VII: only saline (negative control). Laser-heating process: the tumor site with 808 nm
infrared laser irradiation, to maintain tumor local temperature 42—43 °C 10 min; with magnetic field: the tumor sites with the external magnetic
field (¢ 10 mm x 10 mm NdFeB permanent magnet) for 10 min; three-step treatment: the first step: USPIONs (modified with ¢c(RGDfK) and
biotin, or ¢(RADfK), equivalent to 100 pg Fe) were injected into the tail vein; the second step: after 3 h, 200 pg streptavidin was injected
intraperitoneally into nude mice; the third step: 24 h after the second step, to inject biotinylated lipid nanosystems containing doxorubicin
(equivalent to Dox 4 mg/kg) (A) The tumor growth curve of tumor-bearing mice after treatment for 20 days (B) Photographs of tumors removed
from mice 20 days (C) average tumor weight (D) changes in body weight of mice during the 20 days of dosing. Values expressed are means £ SD
(n = 7). **P <0.05 vs. negative control. ***P < (.01 vs. negative control. The arrows indicate the time of dosing.

other words, the impact of magnetic field on the behave of 3.4.1.  Infrared image and temperature determination of tumor

USPIONS in deep tissue might be very different, so it is essential tissue
to conduct animal test to demonstrate the in vivo targeting effect of Using the infrared camera, we found that the color of tumor area
double modified USPIONS. was obviously darker (Fig. 4A), and the temperature in the tumor

Figure 5  The fluorescence images of nu/nu mice bearing A549 tumors after the three step treatments in different conditions. (A) In vivo
fluorescence images of tumor-bearing nude mice after the three step treatments in different conditions. Laser-heating: the tumor site is irradiated
by 808 nm laser, maintaining 42—43 °C for 10 min. Magnetic field: place NdFeB permanent magnets on the tumor site for 10 min. Group I: after
laser-heating, intravenous injection of Did labelled USPIONs modified with ¢(RGDfK) and biotin (equivalent to 100 pg Fe) was conducted,
followed by placing in a magnetic field at the tumor site for 10 min. Three hours after injection of USPIONSs, 200 ng streptavidin was given by
intraperitoneal injection. Twenty-four hours after injection of streptavidin, in vivo Did fluorescence imaging of mice was recorded, as shown in the
first row of Fig. 5A, and then intravenous injection of Dir labelled lipid nanosystems was given. Twenty-four hours after injection of lipid
nanosystems, the in vivo Dir fluorescence imaging of mice was recorded, as shown in the second row of Fig. SA. Group II: no magnetic field,
others are the same as the group 1. Group III: no laser-heating, others are the same as the group 1. Group IV: no magnetic field and laser-heating,
others are the same as the group I. Group V: only intravenous injection of Dir labeled lipid nanosystems modified with biotin. Group VI:
intravenous injection of saline as the control. (B) Semi-quantitative analysis of the fluorescence intensities of Did and. (C) Dir in vivo. (D) Ex vivo
bright field images of major organs and tumors 24 h after the last injection of three steps (the first row). Ex vivo Did fluorescence images of major
organs and tumors 24 h after the second injection of three steps (the second row). Ex vivo Did fluorescence images of major organs and tumors
24 h after the last injection of three steps (the third row). From the top to the bottom, the isolated organs are lung, heart, liver, spleen and kidney.
The arrow refers to the tumor. (E) Semi-quantitative analysis of the fluorescence intensities of Did and (F) Dir in the isolated organ tissues.
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site was 1—3 °C lower than normal tissue (Table S5), suggesting
that the blood supply to the A549 tumor tissue might be less than
normal site.

Photoacoustic imaging was recorded to further study the
blood supply to the A549 tumor tissue. As shown in Fig. 4B, red
was the signal of oxyhemoglobin (HbO,), which indicated the
supply of arterial blood flow. While, blue was the signal of he-
moglobin (Hb), which indicated the venous flow. The signal
intensities of Hb and HbO, in different stages of laser-heating
was then calculated (Fig. 4C). Briefly, the blue signal of Hb
was always higher than the red one of HbO, in all test time
points. The signal of HbO; kept unchanged before and after laser
treatment, while that of Hb showed obvious alteration after laser-
heating. From O to 24 h post treatment, basically there were no
signal changes for both Hb and HbO,. The results clearly
revealed that the laser-heating process was efficient in terms of
promoting the permeability of tumor venous blood vessels and
enhancing the venous flow, which could maintain up to 24 h. The
increase in permeability of tumor venous blood vessels might
mean the improvement of EPR effect.

3.4.2.  In vivo distribution of combination system during three-
step delivery

In order to further evaluate the targeting efficiency for the three-
step delivery of the combination system, we performed near-
infrared fluorescence imaging in A549 bearing nude mice (Figs.
S3 and 5A, Table S6), and the fluorescence intensity of the
tumor site was also recorded (Fig. 5B and C).

As shown in Fig. 5A—C, the signal of Did indicating USPIONs
and Dir indicating lipid nanosystems in all groups with three-step
delivery was obviously stronger than that of saline control.
Especially, the cascaded delivery together with laser-heating and
magnetic fields (group I) achieved the highest distribution in
tumor, as seen by the strongest signals of both Did and Dir.
Additionally, the fluorescence intensity of Did was very low and
that of Dir was relatively high in group V because no functional
USPIONSs but only lipid nanosystems were given in this group. For
other groups, the signals were basically consistent in tendency
between Did and Dir groups, revealing the connection between the
steps 1 and 3. It was worthwhile to mention however, that the
image analysis of living animal had limitations, and it only pro-
vided general or rough information, due to the complicated in vivo
situation. For instance, we did not find the clear evidence that
laser-heating improved the targeting effects of modified
USPIONS, but external magnetic field somehow enhanced the Did
signals of nanoparticles in tumor.

Ex vivo images of dissected tumors and main organ tissues are
illustrated in Fig. 5D, and the fluorescence intensities of the iso-
lated tumors are shown in Fig. S5E and F (Supporting Information
Tables S7 and S8). The fluorescence signals of Did and Dir in
tumors were basically similar with above observations. Interest-
ingly, the ex vivo study provided more clearer images in terms of
fluorescence distribution in tissues, which was favorable for the
comparison between cancer and tissues. Based on the Did signal,
the double modified USPIONs accumulated more in liver, but less
in other organs. Besides, the functional USPIONs in tumor was
obviously higher in group I than those in groups II—IV.

Based on the Dir signal, it was found that lipid nanosystem
distributed more in liver and spleen, but less in lung and kidney,
with group V as the typical example. Again, in group I, the lipid
nanosystems in tumor was clearly higher than those in groups
II-IV. Additionally, in groups II—V, the lipid nanosystem

distribution in tumor was obvious less than those in liver and
spleen. However, only in group I, the lipid nanosystem accumu-
lation in tumor site was evidently more than that in liver.

Based on the observation on group IV, it seemed that the
double modified USPIONs themselves demonstrated limited tar-
geting in vivo, which led to limited tumor accumulation of lipid
nanosystem, as Did and Dir signals indicated. It was different
from the fact of cell test, in which nanoparticles could readily
contact with cells. So, the complicated situation in vivo compro-
mised the targeting efficacy and it is necessary to use other means
to promote the delivery. With only laser-heating or external
magnetic field, the targeting effects of double modified USPIONs
improved, but still with more accumulation in liver or kidney
compared to tumor. Only the combination of three-step delivery
with laser-heating and magnetic fields realized high tumor dis-
tribution than all other tissues. Finally, the first step of three step
strategy was fatal in guaranteeing the efficient delivery. Generally,
this study demonstrated the necessity of combining physical,
biological and chemical means of targeting, although it did not
provide evidence for intracellular drug storage which might more
closely relate to antitumor efficacy.

3.4.3.  Invivo efficacy of magnetism/laser-auxiliary cascaded
delivery of combination system

Fig. 6A illustrates the tumor growth curve of tumor-bearing mice
after different treatments (Table S9). It was found that in the
presence of laser and magnetic field, the USPIONs modified with
¢(RGDfK) and biotin showed the best antitumor efficacy among
all treatments. The weight of isolated tumor as shown in Fig. 6B
and C confirmed the same conclusion. The body weight loss of
nude mice in groups II and VI was different from that in negative
control (Fig. 6D). The comparison between groups II and IV
revealed the significance of laser treatment, because the three-step
delivery without laser (group IV) was no difference from the
negative control. Similarly, the comparison between groups II and
I demonstrated the importance of magnetic field further, since the
multiple deliveries with magnetic field resulted in less tumor
volume and weight. Based on the comparison between groups 1I
and III, it seemed that c((RGDfK) conjugation was also essential,
as the targeted delivery with c(RADfK) made no difference from
the negative control. Finally, the comparison between groups I and
IV indicated the stronger impact of laser-heating than magnetic
fields, but without significance. In short, the combination of all
these approaches achieved the most inhibition on tumor. By the
way, there might be further room for improvement in terms of
increasing magnetic field strength, optimizing the intensity of
laser-heating and screening better regimen of three-step strategy.

4. Conclusions

In summary, there are a huge numbers of investigations on tar-
geted drug delivery** ', but their clinic translational process
seems not very smooth,*®*, which should cause our high atten-
tion. Given the complexity of the human body and tumors, a single
delivery strategy is generally inefficient’’, while a fancy delivery
system seems very impractical’® >, Based on some well-
confirmed delivery approaches, it might be possible to greatly
improve the targeting efficiency by making use of different tar-
geting principles and their coordination to the best of our ability.

Here, we design and investigate the tumor therapy via a
magnetism/laser-auxiliary three-step delivery of a combination
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system for the proof-of-concept. It is expected that the blood
supply in the tumor site will be improved firstly by the irradiation
with a laser treatment. In the presence of a magnetic field, the
USPIONs modified with ¢(RGDfK) and biotin could target to the
tumor site by both magnetism and chemical association of RGD-
integrin. Subsequently, the injected streptavidin will specifically
deliver to USPIONs by avidin—biotin binding. Finally, Dox
nanosystems modified with biotin will transport to streptavidin
already there by the biological effect.

Fortunately, the in vitro and in vivo study demonstrated a
positive conclusion here. In vitro, the specificity of c(RGDfK), the
merit of cascaded strategy and the impact of external magnetic
field, were demonstrated in A549 cells. In vivo, it was found that
the magnetism/laser-auxiliary cascaded delivery of such a com-
bination system showed the strongest targeting delivery to tumor
tissue, as well as the best antitumor efficacy. This study demon-
strates the necessity of such a combination of physical, chemical
and biological targeting and provides a new insight into the
nanotechnology-based targeted anticancer therapy.
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