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Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKI), such as Erlotinib, have demonstrated
remarkable efficacy in the treatment of non-small cell lung cancer (NSCLC) patients with mutated EGFR.
However, the efficacy of EGFR-TKIs in wild-type (wt) EGFR tumours has been shown to be marginal. Methods
that can sensitize Erlotinib to EGFR wild-type NSCLC remain rare. Herein, we developed a multifunctional
superparamagnetic nanotheranostic agent as a novel strategy to potentiate Erlotinib to EGFR-wt NSCLCs. Our
results demonstrate that the nanoparticles can co-escort Erlotinib and a vascular epithermal growth factor
(VEGF) inhibitor, Bevacizumab (Bev), to EGFR-wt tumours. The nanotheranostic agent exhibits remarkable ef-
fects as an inhibitor of EGFR-wt tumour growth. Moreover, Bev normalizes the tumour embedded vessels, further
promoting the therapeutic efficacy of Erlotinib. In addition, the tumour engagement of the nanoparticles and the
vascular normalization could be tracked by magnetic resonance imaging (MRI). Collectively, our study, for the
first time, demonstrated that elaborated nanoparticles could be employed as a robust tool to potentiate Erlotinib
to EGFR-wt NSCLC, paving the way for imaging-guided nanotheranostics for refractory NSCLCs expressing EGFR
wild-type genes.

Tumour vascular normalization

1. Introduction [3]. In 90% of the cases, mutations in the EGFR mainly include exon 19

(ex19del) deletion or leucine to arginine substitution in exon 21

Lung cancer is the leading cause of cancer-related deaths worldwide,
and non-small cell lung cancer (NSCLC) accounts for approximately 85%
of all lung cancer cases [1]. The main treatment methods for NSCLC
include surgical resection, radiofrequency ablation, radiotherapy and
chemotherapy, targeted therapy, and immunotherapy [2]. However,
despite progress in the treatment modalities, the prognosis in patients
with NSCLC has not improved significantly. A large number of patients
with NSCLC harbour mutations in the epidermal growth factor receptor
(EGFR), and approximately 40-60% of these patients are of Asian origin
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(Leu858Arg) [4].

Tyrosine kinase inhibitors (TKIs) targeting the EGFR, such as Erlo-
tinib (Erl) and Gefitinib, can inhibit tumour growth by binding to the
ATP-binding site in EGFR [5,6]. Recently, the EGFR-TKIs have been used
as first-line treatment for NSCLC among patients harbouring the
mutated and activated form of EGFR [7-9]. Although benefits have been
observed in a subset of EGFR-wt NSCLC patients receiving TKI treat-
ment, TKIs manifest much less activity in EGFR-wt NSCLCs [10-12].
Many efforts have been invested into unveiling the underlying
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molecular mechanisms of erlotinib resistance in NSCLCs expressing
EGFR wild-type genes [13-15]. However, the conclusions so far are
debated, and further in-depth investigation is warranted. Concomi-
tantly, different strategies have been investigated to overcome the
innate resistance of wild-type EGFR NSCLCs to TKIs [16,17]. Some
chemotherapies, such as the histone deacetylase (HDAC) inhibitor
Panobinostat and the autophagy inhibitor Chloroquine, have been
shown to sensitize EGFR-wt NSCLCs to Erlotinib [18-21]. Although
these results are promising, there is still a need to develop other stra-
tegies dedicated to different sensitization mechanisms, which may
improve the understanding of erlotinib resistance in EGFR-wt NSCLC
and mine the best therapeutic regimens that could maximize the ther-
apeutic efficacy of Erlotinib in EGFR-wt NSCLC.

Nanotheranostics that may combine diagnostic and therapeutic
functions in one molecule have captured enormous attention in cancer
intervention [22-26]. Nanotheranostic agents have been primarily
pursued as a drug delivery platform for targeted transport of various
drug molecules to mitigate the side effects and to elevate treatment ef-
ficacy [27-30]. Moreover, the components of the nanotheranostics
could be customized as functionalities that can be tracked by different
imaging modalities, e.g., optical imaging, MRI, photoacoustic imaging,
and radiological imaging (positron emission tomography and single
photon emission computed tomography), conferring an imaging-guided
mode for cancer therapy [31-34]. Besides the above characteristics,
recent studies have discovered that some nanotheranostic agents, such
as inorganic nanoparticles, can exert additional effects beyond their
intrinsic functions, such as being involved in modulating the tumour
microenvironment, leading to synergy with the drugs [35-37]. These
advantages of nanotheranostics inspired us to question whether an
erlotinib-based nanoagent could potentiate Erlotinib to EGFR-wt
NSCLC. Towards this goal, we started exploring how nano-engineering
affects the sensitivity of Erlotinib to EGFR-wt NSCLC. Furthermore, we
aim to convey an imaging-guided theranostic mode to combat NSCLC
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tumours expressing wild-type EGFR genes.

Superparamagnetic iron oxide (SPIO) is a clinically useable nano-
particle with a wide range of applications [38-40]. SPIO has been used
as a contrast agent for magnetic resonance imaging (MRI) as it is
superparamagnetic and its biocompatibility can be improved by surface
modification with oleic acid [41-44]. Moreover, by targeting the
mitochondrial electron transport chain, SPIO nanoparticles have been
identified as a therapeutic agent for cancer cells [45]. Considering the
theragnostic inherence of SPIO nanoparticles, we envisioned that SPIO
nanoparticles could be selected as a prototype for developing
erlotinib-based nanotheranostics. Herein, we report the development of
core-shelled, erlotinib-loaded nanoparticles, which feature a SPIO as the
core and polyethylene glycol (PEG)—phospholipids (DSPE--
PEG2000-COOH) as the shell (Scheme 1). We demonstrated that Erlo-
tinib could be comfortably and stably embedded in the nanoparticles.
Moreover, to confer the nanoparticles with active targeting ability, we
engineered Bevacizumab, an anti-VEGF antibody, to the surface of the
nanoparticles through a covalent conjugation. The active targeting
ability of the nanoparticles and the vascular normalization were tracked
by MRI. The therapeutic efficacy of the nanoformulated Erlotinib
against EGFR-wt NSCLC and the synergy between Erlotinib and Bev
were systematically profiled. Collectively, our results provide a strong
rationale for exploring nanotheranostics to potentiate Erlotinib to
EGFR-wt NSCLC.

2. Materials and methods
2.1. Preparation of Bev + Erl@MNPs

One-hundred (100) mg of DSPE-PEG-COOH (Tansh-Tech, China)
(10 mg of Erlotinib (MCE, USA)) was added to 4 mL of chloroform and

dissolved using ultrasound. Oleic Acid Coated Fe304 (Fe304@O0A, 10
mg, FE concentration) (Nanoeast, China) was added to the above

Magnetic resonance <
imaging

Scheme 1. Schematic diagram representing the use of Bev + Erl@MNPs to promote the normalization of tumour blood vessels and improve the diagnosis and

treatment of erlotinib-resistant non-small cell lung cancer.
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solution and mixed well using ultrasound. This mixture was transferred
into an eggplant-shaped bottle, followed by the addition of 4 mL of
deionized water. Further, this mixture was reversibly rotated at 70 °C
and 20 rpm to evaporate the chloroform completely and was supple-
mented with pure water to prepare MNPs (Erl@MNPs).

MNPs or Erl@MNPs (10 mg, FE concentration) were weighed and
dispersed in 2-(N-morpholino)ethanesulfonic acid (MES) solution (15
mM, pH 5.5) to make the final concentration 2 mg/mL. Further, 10 mg of
Bev (Roche, Switzerland) (25 mg/mL) was added and adsorbed at 37 °C
for 1 h. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) was
then weighed with 15 mM MES to make a 10 mg/mL solution.
Furthermore, 80 pL of EDC was added to the solution, coupled overnight
at 37 °C, and purified with pure water after centrifugal ultrafiltration to
prepare Bev@MNPs and Bev + Erl@MNPs. Finally, the nanoprobes were
stored in water for future use.

2.2. Material characterizations

The morphology and size of the MNPs were characterized by trans-
mission electron microscopy (TEM) (Tecnai G2 F20, FEIL, USA). Zetasizer
Nano ZS (Brookhaven Instruments, USA) was used to evaluate the
average hydrodynamic size and surface zeta potential of the prepared
MNPs. Bev coupling rate was measured by Uv-vis spectrophotometry
(UV-1780, Shimadzu, Japan). The rate of release of Erl in vitro was
determined by high-performance liquid chromatography (HPLC) (LC-
15C, Shimadzu, Japan). The fluorescence spectrum of MNPs was tested
using a multi-function microplate reader (Thermo Scientific, USA). The
saturation magnetization of the MNPs was detected by a vibrating
sample magnetometer (Quantum PPMS-9, Quantum Design Inc. USA).

2.3. Cells and animals

A549 cells were purchased from American Type Culture Collection
(ATCC). Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, USA) was
mixed with fetal bovine serum (FBS) (Hyclone, USA) and double anti-
biotics (streptomycin and penicillin; Hyclone, USA) according to the
optimal ratio, and cultured at 37 °C in a 5% CO; incubator. BALB/c nude
mice, weighing 14-16 g and 4-6 weeks old, were purchased from SPF
Biotechnology Inc. (Beijing, China). All animal experiments were
approved by the Animal Ethics Committee of Jinan University.

2.4. Invitro cell phagocytosis effect

Human NSCLC cells lines A549 were seeded in a laser confocal cell
culture dish at a density of 2 x 10* cells per well. After 24 h, the cell
nuclei were stained with Hoechst 33342 dye (Beyotime, China) for 30
min. The supernatant was replaced to remove the residual dye. Subse-
quently, 1 ml (5 pg/mL, FE concentration) Bev + Erl@MNPs was added
for 30 min. The treated cells were observed under a confocal laser
scanning microscope (CLSM) (LSM 800, Zeiss, Germany).

2.5. CCK8 experimental analysis

A549 cells were cultured in the logarithmic growth phase. The cell
density was adjusted to 2 x 10 cells/well and was added to 96-well
plates. Further, different treatment drugs—PBS (control group), MNPs,
Bev@MNPs, Erl@MNPs, and Bev + Erl@MNPs—were added at 5 pg/mL
(FE concentration). After 24 h, 48 h, 72 h, 96 h, and 120 h, 10 pL CCK8
colour developing solution (Beyotime, China) was added. Next, the cells
were incubated at 37 °C in a 5% CO3 incubator for 100 min. Finally, the
96-well culture plate was placed in a microplate reader to measure the
absorbance of each well at 450 nm.

2.6. Cell cloning experiment

A549 cells (500 cells/well) were inoculated in a 6-well plate. PBS
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(control group), MNPs, Bev@MNPs, Erl@MNPs, and Bev + Erl@MNPs
(5 pg/mL, FE concentration) were added to the wells. After co-
cultivation for 14 days, cell colonies were formed. Then, the cells
were fixed with 4% paraformaldehyde for 30 min and washed with PBS.
The remaining cells were stained with crystal violet for 20 min, washed
with PBS, and visible cell colonies were imaged and analysed by ImageJ.

2.7. Intracellular reactive oxygen species (ROS) detection

A 12-well plate was seeded with A549 cells (5 x 10* cells/well) for
24 h (37 °C, 5% COy). Subsequently, 1 ml fresh medium with PBS
(control group) or MNPs, Bev@MNPs, Erl@MNPs, and Bev + Erl@MNPs
(5 pg/mlL, FE concentration) was added and cultured at 37 °C for 12 h.
Then, the cells were incubated with DCFH-DA (Beyotime, China) solu-
tion (0.2 mM) for 0.5 h, and washed three times with PBS. Green fluo-
rescence of the cells was recorded by CLSM (excitation wavelength: 488
nm, emission wavelength: 525 nm).

2.8. Calcein-AM/PI double staining

A549 cells (1 x 10° cells/mL) were inoculated in a 6-well plate. After
overnight incubation, PBS (control group), MNPs, Bev@MNPs,
Erl@MNPs, and Bev + Erl@MNPs (5 pg/mL, FE concentration) were
added to the cell culture medium. The calcein-AM/PI (Beyotime, China)
kit was used for staining, and images were acquired using an inverted
fluorescence microscope. The excitation and emission wavelengths for
green and red fluorescence are 494/517 nm and 535/617 nm,
respectively.

2.9. Apoptosis detection

PBS (control group), MNPs, Bev@MNPs, Erl@MNPs, and Bev +
Erl@MNPs (5 pg/mL, FE concentration) were added to A549 cells and
incubated overnight. Next, the cells were trypsinized and centrifuged
and gently resuspended in PBS (1 x 10° cells/mL). Subsequently, the
cells were stained with 5 pL Annexin V-FITC/PI (Bestbio, China) and
incubated at 25 °C in the dark for 10 min. Finally, the cells were eval-
uated by a flow cytometer (CytoFLEX, Beckman Coulter, USA).

2.10. In vivo imaging

In vivo MRI imaging was performed using a 1.5T Signa HDxt super-
conducting MR system (GE Healthcare, Milwaukee, WI, USA). The mice
were injected with 200 pL (10 mg Fe/kg) of Erl@MNP and Bev +
Erl@MNP and scanned with blood oxygen level-dependent-MRI (BOLD-
MRI) at 2, 6, 12, 24, 48, and 72 h in the treatment cycle to observe the FE
maximum accumulation in the tumour. The sequence and specific pa-
rameters of BOLD-MRI were as follows: TE = 3.4, 9.3, 15.2, 21.2, 27.1,
33, 38.9, 44.8, 50.7, 56.6, 62.5, 68.5, 74.4, 80.3, 86.2, and 92.1, TR =
160 ms; FOV = 7.5 x 6.5 cmz; NEX = 2; and matrix size = 192 x 128.
The effect of Erl@MNP and Bev + Erl@MNP at different times were
expressed as the relative difference in the lateral direction (AR2*). The
quantitative analysis of MR data was performed on post-processing
workstation (AW4.5, GE Healthcare) software.

2.11. Evaluation of antitumor effect in vivo

A 100 pL suspension of A549 cells (5 x 10° cells) in PBS was mixed
with 100 pL of Matrigel (BD Biosciences) and injected subcutaneously
into the root of the right thigh of mice. When the mice developed tu-
mours with an average volume of approximately 50-100 mm?®, they
were randomly divided into five groups (n = 4), and 200 pL of PBS,
MNPs, Bev@MNPs, Erl@MNPs, or Bev + Erl@MNPs was injected into
the tail vein every 7 days (Days 0, 7, 14, and 21). The solute concen-
tration per injection was 10 mg Fe/kg based on the body weight of the
mice. Further, body weight, temperature, and tumour size were
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measured every 4 days, and tumour volume (V) was calculated as V =
(long diameter x short diameter?)/2. On the 28th day of treatment, the
mice were sacrificed and their tumour tissues and main organs were
harvested for further testing.

2.12. T2-weighted imaging (T2WI) and intra-voxel incoherent motion
diffusion weighted imaging (IVIM-DWI)

A 1.5T Signa HDxt superconducting MR system (GE Healthcare,
Milwaukee, WI, USA) was used to perform MR imaging of tumours at the
end of the treatment cycle. The T2WI sequence was: TE = 60 ms, TR =
4500 ms, NEX = 4, matrix =96 x 128 and FOV=7 x 5 cm?. IVIM-DWI
used single excitation, echo planar imaging pulse sequence and chemical
shift selective saturation fat suppression technology. TE, TR, NEX, ma-
trix and FOV parameters of IVIM-DWI were consistent with T2WI. Three
orthogonal directions were set to 13 b-value diffusion gradients: 0, 25,
50, 75, 100, 150, 200, 400, 600, 800, 1,000, 1200 and 1500 s/mm>2.
Functool-MADC software (AW4.5, GE Health Care, USA) was used for
MRI post-processing. The D value (true diffusion coefficient) reflected
the pure diffusion of water molecules. The D* value (pseudo-diffusion
coefficient) was used to indicate the amount of microcirculation perfu-
sion. The f value (perfusion fraction) represented the percentage of
microcirculation perfusion in the signal attenuation caused by the total
diffusion effect. Three regions of interest of the tumour largest section
were drawn with reference to the T2WI image and their average was
taken as the final value.

2.13. Immunofluorescence staining analysis

Apoptosis of tumour cells was detected by Terminal deoxy-
nucleotidyl transferase dUTP nick end labelling (TUNEL, Servicebio,
China) staining. CD31 (Servicebio, China) immunofluorescence staining
was performed to observe the tumour microvessel density. The hypoxia-
inducible factor HIF-1a (Servicebio, China) immunofluorescence stain-
ing was performed to assess the degree of tumour hypoxia. The hypoxia-
inducible factor HIF-1a (Servicebio, China) immunofluorescence stain-
ing was performed to assess the degree of tumour hypoxia. Fibronectin
(Servicebio, China) immunofluorescence staining was performed to
determine the amount of fibronectin inside the tumour. Ki-67 (Serv-
icebio, China) immunofluorescence staining was performed to evaluate
the degree of tumour proliferation in vivo. Smooth muscle a-actin
(a-SMA, Servicebio, China) and CD31 (Servicebio, China) were stained
to assess vascular maturity index(VMI%). The VMI% calculation is based
on the ratio of the overlapping area of a-SMA and CD31 to the area of
CD31. Finally, ImageJ software was used to quantitatively analyse the
above staining.

2.14. Western blot

The total protein lysate of tumour samples was generated by ho-
mogenizing with a RIPA Lysis Buffer (Qiagen, Venlo, Netherlands) at
4 °C. After centrifugation, the supernatant of lysate was used to quantify
the protein concentration by the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific) and 10 pg of protein was separated on 10% SDS-PAGE
(Bio-Rad, Hercules, CA) and transferred to nitrocellulose filter (NC)
membrane (Bio-Rad, Hercules, CA). NC membrane was blocked with 5%
bovine serum albumin (BSA) in triethanolamine buffered saline (TBS)
for 1 h and then incubated with primary antibodies for MMP9, MMP2,
P53, Caspase-3, Bcl-2, Bax and p-actin (1: 1000, Abcam, USA) overnight.
Next, the membranes were incubated with HRP-coupled secondary
antibody in a shaker for 1 h and was then visualized by chem-
iluminescence. Finally, the protein band intensity was quantified by
ImagelJ.

315

Bioactive Materials 13 (2022) 312-323

2.15. Biosafety assessment of MNPs in vivo

Briefly, MNPs were injected into mice via the tail vein (30 mg FE/kg)
to obtain blood samples at 0, 7, 15, and 30 days. Then, alanine amino-
transferase, aspartate aminotransferase, albumin, total protein, serum
cystatin C, creatinine clearance test, urea, and urinalysis were assessed
to evaluate liver and kidney function.

2.16. Statistics analyses

Statistical analyses were performed and graphs were generated using
SPSS software (version 22.0; IBM Corporation, USA) and GraphPad
Prism 8.0 (GraphPad Software Inc., San Diego, CA). The numerical re-
sults were expressed as mean =+ standard deviations. Statistical signifi-
cance between the groups was determined by t-test or one-way analysis
of variance (ANOVA). Statistical significance was set at a P-value < 0.05.
A * indicates P < 0.05, ** indicates P < 0.01, and *** indicates P <
0.001.

3. Results and discussion
3.1. Synthesis and characterization of Bev + Erl@MNPs

In this study, the reverse evaporation method [46] was used to
prepare ultra-small magnetic particle micelles (Fig. 1A). TEM analysis
showed that the synthesized MNPs had a magnetic core structure sur-
rounded by a white lipid layer (Fig. 1B), suggesting that DSPE-PEG2000
was successfully modified on the surface of Fe3O4. Erlotinib was suc-
cessfully loaded into the MNPs, as evidenced by an increase in the
average hydrodynamic size from 18.2 nm (MNPs) to 24.4 nm
(Erl@MNPs, Fig. 1C). As per the calibration curve (Fig. S1), the final
drug loading efficiency and encapsulation rate for Erl were approxi-
mately 4.33% and 97.8%, respectively. Additionally, HPLC showed that
under conditions resembling the tumour microenvironment (TME), the
drug release rate was significantly increased (Fig. S2). After surface
modification, the average Zeta potential of the nanoparticles changed
from —43.8 mV to —16.9 mV (Fig. 1D), and the average hydrodynamic
size increased to 28.3 nm correspondingly (Fig. 1C). This indicated
successful modification of Bev (0.85 mg/mg FE) to the surface of the
MNPs. There was no significant change in the average hydrodynamic
size of the Bev 4+ Erl@MNPs after 7 days of incubation in PBS and mouse
serum, indicating that Bev + Erl@MNPs had good water solubility and
stability (Fig. 1E). The saturation magnetization of the Bev + Erl@MNPs
was 42 emu/g. The hysteresis curve validated that the Bev + Erl@MNPs
exhibited good superparamagnetism (Figs. 1F and S3). The concentra-
tion of nanoparticles positively correlated with the MR relaxation signal,
indicating that the nanoparticles had good T2WI performance (Fig. 1F).
Notably, Bev + Erl@MNPs induced negligible haemolysis at concen-
trations below 200 pg/mL (Fig. 1G).

3.2. Invitro toxicity of Bev + Erl@MNPs

A549 cells, an EGFR-wt NSCLC-derived cell line known to be resis-
tant to Erlotinib, were used to evaluate cell phagocytosis and the in vitro
toxicity of Bev + Erl@MNP [16]. To enable the optical tracking of Bev +
Erl@MNP, we used an indocyanine green (ICG) dye to label Bev +
Erl@MNP. The fluorescence spectrum showed that the characteristic
infrared absorption peak of Bev + Erl@MNPs@ICG appeared at
approximately 820 nm (Fig. S4), indicating that ICG was successfully
labelled to the nanoparticles. Fluorescent imaging showed that Bev +
Erl@MNPs@ICG has good phagocytosis in A549 cells (Fig. 2A). Next, we
evaluated the cell effects of the nanoparticles. MNPs exhibited good
safety at concentrations below 10 pg/mL, whereas obvious cell death
was observed at higher concentrations (25 and 50 pg/mL) (Fig. 2B). The
ICso of Erl@MNPs in A549 cells was significantly lower than that of
Erlotinib. These results indicate that nanoengineering can enhance the
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Fig. 1. Preparation and characterization of Bev + Erl@MNPs. (A) Bev + Erl@MNPs were prepared by the reverse evaporation method. (B) Transmission electron
microscope (TEM) image of MNPs. (C) Size distribution of MNPs, Erl@MNPs, Bev@MNPs and Bev + Erl@MNPs. (D) Zeta potentials of MNPs, Erl@MNPs, Bev@MNPs
and Bev + Erl@MNPs. (E) The changes in hydrodynamic size of Bev + Erl@MNPs in PBS and mouse serum. (F) The in vitro T2-weighted MR images of different
concentrations of Bev + Erl@MNPs and the corresponding relaxation rate r2. (G) The blood compatibility of Bev + Erl@MNPs was evaluated by calculating the rate

of haemolysis in red blood cell suspension.

therapeutic efficacy of Erlotinib in Erlotinib-resistant A549 cells
(Fig. 2C). Furthermore, a CCK8 analysis was conducted to study the cell
proliferation in A549 cells treated with different groups of nanoparticles
(Fig. 2D). Both Erl@MNPs and Bev + Erl@MNPs had apparent inhibi-
tory effects on cell proliferation, and Bev + Erl@MNPs had a better ef-
fect than the other treatment groups. Finally, the results of a cloning
experiment confirmed the cell-killing effects of Bev + Erl@MNPs
(Fig. 2E-F).

3.3. Cell apoptosis analysis

Intracellular reactive oxygen species (ROS) were analysed. Both
Erl@MNPs and Bev + Erl@MNPs elicited the generation of massive
intracellular ROS, whereas MNP and Bev@MNP treatment caused no
observable changes in the ROS levels in A549 cells (Fig. 3A-B). We next
performed Calcein-AM/PI double staining (Fig. 3C-D) and flow cyto-
metric analysis to detect the apoptosis rate of cells (Fig. 3E-F). The
apoptosis rate of cells treated with Bev + Erl@MNPs was the highest
among the five groups. Moreover, the Bev + Erl@MNP treatment
resulted in a higher cell apoptosis rate than the Erl@MNPs group
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(40.27% vs. 31.62%, respectively). Notably, the apoptosis rate of cells
treated with Bev@MNPs differs significantly from that of the control
group (Fig. 3F). Overall, these results indicate that Erlotinib-loaded
MNPs can exhibit a good apoptosis-inducing effect and Bev can
enhance the in vitro therapeutic effect of Erlotinib. Considering the co-
regulatory relationship between the EGFR and VEGF pathways, dual
inhibition of VEGF and EGFR pathways is a promising strategy to
enhance cell apoptosis of NSCLC cells in vivo [47,48].

3.4. MRI imaging and in vivo antitumor study

To profile the tumour targetability of the nanoparticles, we per-
formed MRI in A549 xenograft mice, which were intravenously
administered with Bev + Erl@MNPs or Erl@MNPs. MRI was performed
at different time points post-injection (p.i.). From 2 h to 72 h p.i., we
observed significant differences in the cellular magnetic signals (AR2*)
between the two groups, and the maximal difference appeared at 12 h p.
i. (Fig. 4A-B). These results indicate that Bev modification elevated the
tumour uptake of the nanoparticles, which could lead to a higher Erlo-
tinib concentration in the TME.
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Fig. 2. Analyses of phagocytosis and cytotoxicity of cells treated with magnetic nanoparticles (MNPs). (A) In vitro phagocytosis of Bev + Erl@MNPs in A549 cells,
scale bar = 20 pm. (B) Cell viability of A549 cells treated with different concentrations of MNPs. (C) ICsq values of Erlotinib, Erl@MNPs, and Bev + Erl@MNPs. (D)
CCK8 analysis of A549 cells at different days after treating with PBS, MNPs, Bev@MNPs, Erl@MNPs or Bev + Erl@MNPs. (E) Cell cloning analysis in A549 cells
treated with PBS (G1), MNPs (G2), Bev@MNPs (G3), Erl@MNPs (G4) or Bev + Erl@MNPs (G5). (F) Statistical analysis of colon numbers of different from Fig. E. Data
are expressed as mean + SD (n = 3), and all statistical analysis was performed by t-test or one-way ANOVA.

Based on the excellent in vitro antitumor effect and remarkable
tumour uptake of Bev + Erl@MNPs, we next conducted an in vivo
antitumor experiment. A549 tumour-bearing xenograft mice were
randomly divided into five groups and were separately administered
PBS, MNPs, Bev@MNPs, Erl@MNPs, or Bev + Erl@MNPs according to
the treating schedule illustrated in Fig. 4C. As shown in Fig. 4D, MNPs
showed no inhibition of tumour growth. In comparison, the Bev@MNPs,
Erl@MNPs, and Bev + Erl@MNPs groups all showed significant tumour
inhibition effects, with an order of Bev + Erl@MNPs > Erl@MNPs >
Bev@MNPs. Tumour weight at the end of the therapy further confirmed
that Bev + Erl@MNPs achieved the best therapeutic effects (Fig. 4E).
Notably, a significant difference in tumour weight exists between the
Bev + Erl@MNPs and Erl@MNPs groups, indicating that Bev modifi-
cation synergizes with Erlotinib to inhibit tumour growth in vivo. The
body weight and temperature of mice were monitored during the
treating process (Figs. 4F and S5). No pronounced difference was
observed among the groups, suggesting no acute toxicity induced by the
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nanoparticles.

Functional MRI was performed to profile the vessel conditions after
treatment. Representative mice from five groups at the end of the
therapy (day 28) were subjected to MRI. Major indicators reflecting the
tumour size and vessel normalization, including T2WI, D, D*, and f,
were analysed (Fig. 4G). First, T2WI slices perfectly annotated the
tumour size, in good agreement with the ex vivo tumour weight data.
Additionally, the pseudo-colour image of D showed the highest red
signals in the Bev + Erl@MNP treated group, indicating the highest
degree of diffusion of water molecules (Fig. 4D and H). Similarly, the D*
and f showed the highest values in the Bev + Erl@MNP groups, indi-
cating the best tumour blood perfusion (Fig. 4G and H-I). Collectively,
these results suggest that the Bev + Erl@MNPs showed the best effects to
induce vascular normalization during the antitumor treatment [49,50].
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Fig. 3. Intracellular ROS and cell apoptosis analysis. (A) Apoptosis analyses in A549 cells treated with PBS (G1), MNPs (G2), Bev@MNPs (G3), Erl@MNPs (G4) or
Bev + Erl@MNPs (G5), scale bar = 50 pm. (B) Normalized intracellular ROS intensity in A549 cells from Fig. 3A. (C) Calcein-AM/propidium iodide (PI) double
staining of A549 cells treated with PBS (G1), MNPs (G2), Bev@MNPs (G3), Erl@MNPs (G4) or Bev + Erl@MNPs (G5), scale bar = 50 pm. (D) Normalized PI intensity
in A549 cells from Fig. 3C. (E) Flow cytometrical analysis of apoptosis of A549 cells treated with PBS (G1), MNPs (G2), Bev@MNPs (G3), Erl@MNPs (G4) or Bev +
Erl@MNPs (G5). (F) Apoptosis rate of A549 cells from Fig. 3E. Data are expressed as mean + SD (n = 3), and all statistics are analysed by one-way ANOVA.

3.5. Histological analysis and Western blot

Histological analysis was performed on mice tumour tissues to verify
the therapeutic effect of Bev + Erl@MNPs. Ki67 staining showed that
MNP treated tumours have a similar cell proliferation index as PBS
treated tumours. In contrast, the three groups treated with MNP-based
nanoparticles showed decreased Ki67 staining intensity. Specifically,
the Ki67 positive area in Bev + Erl@MNP treated tumours was signifi-
cantly lower than that in Erl@MNP treated tumours (Fig. 5A-B). This
trend was further verified by terminal deoxynucleotidyl transferase
dUTP nick end labelling (TUNEL) staining, which suggested signifi-
cantly increased cell apoptosis in the Bev + Erl@MNP treated tumours
compared with that in other groups (Fig. 5A and C). Fibronectin is a
lateral evaluation index of tumour stability [51,52]. Fibronectin staining
in the tumour tissues showed significantly increased fibronectin pro-
duction in the Bev + Erl@MNP group compared with that in other
groups (Fig. 5A and D), confirming the effectivity of the nanoagent in
reducing the migration of tumour cells. Additionally, CD31 staining
indicated a significant reduction in the microvessel density in the
Bev@MNP and Bev + Erl@MNP groups compared with that in other
groups (Fig. 5A and E), suggesting the ability of Bev to inhibit tumour
angiogenesis [48,53,54]. The reduction in tumour microvessels is usu-
ally accompanied by hypoxia inside the tumour. However, in our study,
the HIF-1a intensity, an index reflecting the degree of hypoxia, was
reduced in both the Bev@MNP and Bev + Erl@MNP groups (Fig. 5A and
F), indicating the improvement of the hypoxia conditions induced by
Bev-modified nanoparticles. This phenomenon is consistent with pre-
vious reports that low-dose of Bev can inhibit tumour angiogenesis and
suppress the hypoxic TME. Collectively, these results indicate that the
administration of multiple small doses of Bev + Erl@MNPs may lead to
normalization of tumour blood vessels, improve the hypoxic TME, and
achieve a balance between vascular suppression and hypoxia improve-
ment during treatment.

In addition, we performed a Western blot assay to probe the
expression of apoptosis-related proteins. Matrix metalloproteinase 2
(MMP2) and MMP9, responsible for cancer cell migration and
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metastasis, are essential indicators reflecting the invasiveness of the
tumours. The MNP treatment showed remarkable effects to down-
regulate MMP2 and MMP9 in tumour cells (Fig. 5G-H). Among the five
groups, Bev + Erl@MNP-treated tumours expressed the least MMP2 and
MMP9 proteins. Moreover, the analysis showed that the highest level of
proapoptotic protein Bax was expressed in Bev + Erl@MNP treated tu-
mours, consistent with the lowest Bcl-2 protein expression (Fig. 5G and
I). Consistent with these results, the tumour suppressor P53 and an
apoptosis executioner, caspase-3, showed the highest expression in the
Bev 4 Erl@MNP treated tumours (Fig. 5G and I).

3.6. Tumour vessel normalization

To dissect the details regarding the vessel normalization dynamics
after drug administration, we sampled the tumours at 0, 1, 3, 5, and 7
days post-injection of Bev + Erl@MNPs (PBS) and stained them for
CD31 and a-SMA (Figs. 6A and S6). Fig. 6B-C showed that the formation
of perivascular cells increased on the third day after administering Bev
-+ Erl@MNPs. Interestingly, this phenomenon was further strengthened
on day 5 and weakened on day 7. These results clearly indicate the
normalization of tumour blood vessels induced by the nanoagents. The
process of blood vessel normalization also brings about the improve-
ment of hypoxic microenvironment(Fig. S7). Moreover, it suggested that
the normalization effects are dynamically changed. In the future, a study
that investigates the correlation between drug administration frequency
and therapeutic effects is worthy as an effective strategy to maximize the
therapeutic potentials of Bev + Erl@MNPs. Collectively, the above re-
sults further confirm that Bev + Erl@MNPs can assist in the normali-
zation of tumour blood vessels, achieve antitumor angiogenesis, prevent
the side effects of tumour hypoxia, and delay resistance to Erl.

3.7. Biosafety study
First, we treated the mouse liver parenchymal cells (AML-12) and

mouse fibroblast cells (L929) with MNPs. Even at a high concentration
(100 pg/ml), the nanoagents caused negligible cell death (Fig. S8).
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Moreover, we performed blood biochemical and histological analyses of
major organs of healthy mice intravenously injected with MNPs. The
blood biochemical analysis showed no significant variations before and
after drug administration (Fig. S9). H&E staining of the heart, liver,
spleen, lung, and kidney of the mice at the end of the treatment showed
no obvious abnormalities and lesions (Fig. S10). At the same time, the
different groups did not show organ toxicity and blood routine changes
in a short period of time after administration (Fig. S11). These results
suggest that the nanoagent has good in vivo safety and does not cause
serious side effects in the major organs.

4. Conclusion

TKIs, such as Erlotinib, have garnered great success in the treatment
of NSCLC harbouring mutated EGFR genes. However, their efficacy in
EGFR-wt NSCLC remains moderate. Moreover, methods that can sensi-
tize EGFR-wt NSCLC to Erlotinib are rare, partially due to the reason that
the underlying molecular mechanism leading to erlotinib resistance in
NSCLC expressing wild-type EGFR is unclear. Despite this, some
combinatorial chemotherapies have been reported to be capable of
overcoming the innate erlotinib resistance. However, none of these
strategies have been validated in clinical trials. Nowadays, there is still
an unmet need for other combinatorial strategies that can potentiate
Erlotinib to EGFR-wt NSCLC, that can particularly address the different
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sensitization mechanisms. In this study, we demonstrated that an
erlotinib-based nanotheranostic agent successfully reverses the resis-
tance of EGFR-wt NSCLC to Erlotinib. Furthermore, our results indicated
that anti-VEGF, in combination with Erlotinib, could be a potential
combinatorial regimen to enhance the therapeutic effects of Erlotinib. In
addition, the superparamagnetic inherence of the SPIO enables in vivo
tracking to assess the target engagement of the nanotheranostic agent
and vascular normalization after therapy. Overall, these results, for the
first time, indicate that an elaborated nanoagent could be used to
potentiate Erlotinib to EFGR-wt NSCLC. Given that several chemodrug-
based nanoagents have been approved for use in the clinic, we can
expect the clinical translation of this erlotinib-based nanotheranostic
agent in the future to combat NSCLC among patients expressing wild-
type EGFR genes.
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