
fonc-10-563932 September 25, 2020 Time: 20:3 # 1

ORIGINAL RESEARCH
published: 29 September 2020

doi: 10.3389/fonc.2020.563932

Edited by:
Marie-France Penet,

Johns Hopkins University,
United States

Reviewed by:
Jing Zhou,

Capital Normal University, China
Sudath Hapuarachchige,
Johns Hopkins Medicine,

United States

*Correspondence:
Ning Shang

shangninggdsfy@163.com
Zeyu Xiao

zeyuxiao@jnu.edu.cn
Liangping Luo

tluolp@jnu.edu.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Cancer Imaging and Image-directed
Interventions,

a section of the journal
Frontiers in Oncology

Received: 20 May 2020
Accepted: 09 September 2020
Published: 29 September 2020

Citation:
Huang C, Liang J, Ma M,

Cheng Q, Xu X, Zhang D, Shi C,
Shang N, Xiao Z and Luo L (2020)
Evaluating the Treatment Efficacy

of Nano-Drug in a Lung Cancer
Model Using Advanced Functional

Magnetic Resonance Imaging.
Front. Oncol. 10:563932.

doi: 10.3389/fonc.2020.563932

Evaluating the Treatment Efficacy of
Nano-Drug in a Lung Cancer Model
Using Advanced Functional Magnetic
Resonance Imaging
Cuiqing Huang1,2†, Jianye Liang3†, Mengjie Ma1†, Qingqing Cheng1, Xi Xu1†,
Dong Zhang1, Changzheng Shi1, Ning Shang2* , Zeyu Xiao1* and Liangping Luo1*

1 Medical Imaging Center, The First Affiliated Hospital of Jinan University, Guangzhou, China, 2 Ultrasound Department,
Guangdong Province Women and Children’s Hospital, Guangzhou, China, 3 Department of Medical Imaging, Sun Yat-sen
University Cancer Center, State Key Laboratory of Oncology in South China, Collaborative Innovation Center for Cancer
Medicine, Guangzhou, China

Objectives: Nano-drug delivery system is an interesting field in precise cancer
treatment, but few study has reported the microenvironmental changes after such
treatment. This study aimed to detect the hemodynamic and microenvironmental
changes in a lung cancer xenograft model after treated with doxorubicin (DOX)
encapsulated by a cyclic arginine-glycine-aspartic acid polypeptide modified poly-
(lactic-co-glycolic acid) nanosystem (cRGD-PLGA@DOX) using functional magnetic
resonance imaging.

Materials and Methods: Thirty-two tumor-bearing mice were randomly divided into
four groups. Group A was treated with 0.9% saline, Group B with 4 mg/kg of
doxorubicin, Group C with 2 mg/kg of cRGD-PLGA@DOX, and Group D with 4 mg/kg of
cRGD-PLGA@DOX. Intravoxel incoherent motion diffusion-weighed imaging (IVIM-DWI)
and R2∗ mapping were performed, and D∗, f, D, and R2∗ values were obtained before
and1, 2, and 3 weeks after treatment. They were sacrificed for pathological examination
after examinations.

Results: The reconstructed cRGD-PLGA@DOX was homogeneous, well-dispersed,
and spherical in shape, with an average size of 180 nm. Group D demonstrated the
smallest tumor volume and highest tumor inhibition rate in 3 weeks. D value of Group B,
C, and D manifested an upward trend in 3 weeks with the highest increase in Group D.
D∗ values shared a similar increased trends with f values in Group A, B, and C in 3 weeks,
except Group D. R2∗ value of Group A gradually increased in 3 weeks, but the trends
were reversed in the treatment groups. D value was significantly negative with Ki-67
expression (r = −0.757, P < 0.001) but positive with TUNEL (r = 0.621, P < 0.001), and
phosphate and tension homology deleted on chromosome ten (PTEN) staining (r = 0.57,
P = 0.004). R2∗ value was closely correlated with HIF-1a (r = 0.721, P < 0.001).
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Conclusion: The nano-drug demonstrated an enhanced anti-tumor effect without the
need of increased chemotherapeutic dosage. The tumor microenvironment such as
cellular and perfusion changes during treatment can be non-invasively detected by two
functional MRI including IVIM-DWI and R2∗ mapping.

Keywords: tumor microenvironment, nanomedicine, lung cancer, R2∗ mapping, intravoxel incoherent motion,
diffusion-weighed imaging

INTRODUCTION

Lung cancer is the most commonly diagnosed cancer (11.6%
of the total cases) and the leading cause of cancer death
(18.4% of the total cancer deaths) in 2018 around the world
(1). The incidence and mortality of lung cancer still increased
in recent 30 years. A combined chemotherapy is the main
treatment modality of lung cancer in addition to surgery.
However, a variety of side-effects may arise due to the
low targeted characteristics and high tissue toxicity, reducing
the tolerance of receiving further therapy. Therefore, more
specific agents are needed to reduce the side effect and
improve therapeutic efficacy (2). In recent years, the rapid
development of nanotechnology has provided new opportunities
for cancer treatment with nanomedicine. The drug delivery
system is designed based on the difference between the
microenvironment and tissue structure between normal and
tumor tissues. The endothelial gaps in normal tissues are dense
and the vascular walls are structurally intact, preventing the
macromolecules or lipid particles from penetrating into the
interstitial space. In solid tumor tissue, there are abundant
immature blood vessels with incontinuous endothelial cells,
as well as blocked lymphatic reflux, causing an enhanced
permeability and retention effect for nanoparticles, which are
the most commonly used mechanisms for passively targeting the
tumors in nanomedicine (3). The nanoparticles also have other
superiorities such as good biocompatibility, biodegradability,
surface programmability for active targeting, and a superior
payload release kinetics profile (4, 5). How to effectively
monitor the tumor microenvironment is an important key to
reflect the therapeutic efficacy of nanomedicine during anti-
tumor treatment.

In recent decades, magnetic resonance imaging (MRI) has
become a valuable imaging technique for the cancer diagnosis
and treatment evaluation with high soft tissue resolution,
non-invasive and multiparametric characteristics. Intravoxel
incoherent motion diffusion-weighted imaging (IVIM-DWI)
which was first introduced by Le Bihan et al. (6), can separate
the incoherent motion of water molecules within the capillaries
from extravascular molecular diffusion. The true diffusion
coefficient (D value), pseudo-diffusion coefficient (D∗ value), and
perfusion fraction (f value) were generated using a bi-exponential

Abbreviations: D, true diffusion coefficient; D∗, pseudo-diffusion coefficient;
DOX, doxorubicin; f, perfusion fraction; ; HIF-1α, hypoxia-inducible factor
1α; IVIM-DWI, intravoxel incoherent motion diffusion-weighed imaging; MRI,
magnetic resonance imaging; PEG, polyethylene glycol; PLGA, poly-(lactic-co-
glycolic acid); RGD, arginine-glycine-aspartic acid polypeptide; R2∗, transverse
relaxation rate.

model with multiple b-value (7). It can provide the functional
information regarding the tumor cellularity and microcirculation
perfusion without the need of contrast agent, and therefore
can be repetitively performed within a short time interval
(8). R2∗ mapping was another non-invasive sequence that is
sensitive to paramagnetic substances such as deoxyhemoglobin,
reflecting the degree of tumor hypoxia (9, 10). Previous studies
had confirmed the values of these sequences in monitoring
the tumor microenvironment during anti-vascular treatment
in multiple animal models (10–12), but few studies have
established the relationships between these functional sequences
and nanoparticle targeted therapy, which should be much helpful
for nanomedicine development.

Doxorubicin (DOX) has been approved by the FDA
as an effective antitumor agent with a wide antitumor
spectrum. It also induces a various degree of cardiac, renal,
and medullary toxicities and arouses drug resistance in
the standard chemotherapy. The poly-(lactic-co-glycolic acid)
(PLGA) polymer micelles have been regarded as an ideal
functional nanocarrier, providing an active targeting effect for
the drugs to the tumor cells after conjugated with specific
ligand or antibody (13, 14). Cyclic arginine-glycine-aspartic
acid polypeptide (cRGD) is such a tripeptide ligand that
specifically binds to the integrin αvβ3, a receptor which is highly
expressed on various kinds of tumors including lung cancer
(15, 16). In this study, a cRGD modified PLGA copolymer was
constructed to encapsulate doxorubicin (cRGD-PLGA@DOX) to
improve local drug delivery and reduce systemic toxicities. We
compared the therapeutic efficacy of this nano-drug with the
unencapsulated doxorubicin and also in two different dosages.
The microenvironment changes regarding tumor cellularity,
hypoxia and microcirculation perfusion during treatments
were monitored by two functional sequences including IVIM-
DWI and R2∗ mapping. The results should help us more
comprehensively illuminate the values of nanomedicine in cancer
treatment in a molecular level.

MATERIALS AND METHODS

Synthesis and Characterization of
Nano-Drug
The cRGD-PLGA@DOX nanoparticle was constructed by
the College of Chemistry and Materials Science of Jinan
University, following methods published in a previous study
(3). Briefly, cRGD was conjugated with polyethylene glycol
(PEG)–polyetherimide–lactic acid–hydroxyacetic acid to
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establish the basic frame of the copolymer, then doxorubicin was
dissolved into the multipolymer using emulsification and solvent
evaporation techniques. Doxorubicin was obtained from the first
affiliated hospital of Jinan University. The transmission electron
microscopy (TEM) images of the nanoparticles were observed
using the JEOL Model JEM-2010 system at an accelerating
voltage of 200 kV. The nanoparticles were dropped onto porous
carbon films on copper grid, followed by air drying prior to
imaging. We measured the size distribution and zeta potential of
the nanoparticles with a Zetasizer Nano ZS 90 particle analyzer
(Malvern Instruments Ltd., Worcestershire, United Kingdom).
The dispersion of nanoparticles was diluted with ultrapure water
and subsequently analyzed. The doxorubicin concentration in
nanoparticle was measured by RP-HPLC on a JASCO HPLC
system equipped with a Vydac C18 analytical (5 µm) column.
Isocratic chromatography conditions included a mobile phase of
acetonitrile and water (55:45 v/v) with a flow rate of 1.0 mL/min.
The nanoparticle was dispersed in phosphate buffer solution
(PBS, pH 5.3, 6.0, and 7.4), lysozyme solution or cell lysate
solution with constant shaking in dark tubes at 37 ◦C. A 300 µL
aliquot was collected and replaced with fresh solution at a certain
interval. The stability of cRGD-PLGA@DOX nanoparticle was
measured under PBS (pH 7.4) and human serum within 72 h.

Cell Culture
The A549 cell lines of human non-small cell lung cancer were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA) and cultured in a 90% RPMI-1640 medium
supplemented with 10∼20% FBS and 1% penicillin/streptomycin,
and maintained at 37◦C in a 5% CO2 atmosphere.

MTT Assays
The MTT assay was applied to determine the cytotoxicity of
cRGD-PLGA@DOX. A549 and HeLa cells were seeded at 2 × 103

cells/well into a 96-well plate and maintained for 24 h. Free
DOX and cRGD-PLGA@DOX at DOX doses of 0.125–8 µM
were added to the wells. After incubation for 72 h, 20 µL/well
of MTT solution was added and incubated for 6 h at 37◦C. And
the microplate spectrophotometer (SpectroA maxTM250) was
utilized to measure the cytotoxicity (the absorbance at 570 nm).

Tumor Model and Grouping
The Institutional Animal Ethics and Use Committee of Jinan
University approved the animal experiments. We strictly
followed the Institutional Laboratory Animal Care and Use
Manual. A total of 40 male BALB/c nude mice (aged 6–7 weeks
and weighed about 20 g), were purchased from Vital River
Laboratory Animal Technology Corporation (Beijing, China)
and raised in a specific pathogen-free environment. The mice
were subcutaneously injected with 1 × 106/ml A549 cells in 0.2 ml
of serum-free media mixed with high concentration matrigel
into the right flank near the hindlimbs to develop the lung
cancer model. Experiments were initiated after 15 days when
the tumor reached a transverse diameter of approximately 8–
10 mm as the tumors maintained a rapid growth stage with
relatively high vascularization and without obvious necrosis,
tending to be the best opportunity to observe the treatment

effect arising from the drugs. Thirty-two tumor-bearing mice
were selected and randomly divided four groups for eight in each
group. They were treated with normal saline (Group A), 4 mg/kg
of doxorubicin (Group B), 2 mg/kg (Group C), and 4 mg/kg
of cRGD-PLGA@DOX (Group D) via the tail vein once every
2 days. The tumor volume was calculated using the following
formula: (a2

× b × 0.5) mm3, where a refers to the smaller
diameter and b is the diameter perpendicular to a, measured with
a slide caliper (17). The tumor inhibition rate refers to (tumor
size of untreated mice−tumor size of treated mice)/tumor size of
untreated mice × 100%.

MRI Examinations
The mice were anesthetized through intraperitoneal injection
with 0.2% pentobarbital sodium before scanning. They were
imaged in the supine position before and in 1, 2, and 3 weeks
after treatment using a 1.5 T Signa HDxt superconductor clinical
MR system (GE Medical System, Milwaukee, WI) equipped
with a four-channel animal coil. Fast spin-echo sequence was
used to perform T1-weighted imaging (T1WI) with following
parameters: repetition time/echo time (TR/TE) of 540/14.7 ms,
slice thickness of 2 mm, slice gap of 0.2 mm, field of view
(FOV) of 5 cm× 5 cm, matrix size of 192 × 160, number of
excitations (NEX) of 2. The parameters of T2WI were as follows:
TR/TE of 2280/77.6 ms, slice thickness of 2 mm, slice gap of
0.2 mm, FOV of 5 cm × 5 cm, matrix size of 192 × 160
and NEX of 2. The IVIM-DW MR images were obtained
using a single-shot, echo-planar imaging pulse sequence with
chemical shift-selective saturation technique for fat suppression.
Three orthogonal directions were set as the diffusion gradients
including thirteen b-values: 0, 25, 50, 75, 100, 150, 200, 400, 600,
800, 1000, 1200, 1500 s/mm2), and TR/TE of 4200/101.7 ms,
matrix size of 96 × 128 and FOV of 7.0 × 5.6 cm2. The parameters
of R2∗ mapping were as follows: sixteen TEs (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,
92.1), TR of 160 ms, FOV of 8.0 cm × 6.4 cm, matrix size of
192 × 128 and NEX of 2.

Image Post-processing
All IVIM-DWI data were transferred to a dedicated post-
processing workstation (AW4.5, GE Health Care, United States)
using the Functool-MADC software. The equation of the bi-
exponential model was expressed as SI/SI0 = (1−f) · exp(−bD) + f
· exp(−bD∗). SI0 refers to the mean signal intensity of the region
of interest (ROI) for a b-value of 0 s/mm2 while SI refers to the
signal intensity for higher b-values. b-value means the diffusion
sensitivity coefficient. D values represent the pure diffusion of
water molecule, also known as true diffusion coefficient, D∗

values refer to pseudo-diffusion, which calculate the amount
of microcirculation perfusion. F value is the perfusion fraction,
standing for the percentage of microcirculation perfusion among
the signal decay from total diffusion effect. A segmented
method was used to fit the bi-exponential IVIM model. First,
as b-value less than 200 mm2/s was referred to low b-value
where mainly reflected the pseudo-diffusion, and the data
in this ranges were fitted to the bi-exponential model for
acquiring D∗ and f values. Then the data of b-values higher
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than 200 mm2/s were used to obtain D value using a mono-
exponential model, because the pseudo-diffusions from blood
flows were negligible in this region (18). The Functool-R2Star
software was applied to process the BOLD-MRI data for
generating the transverse relaxation rate (R2∗). Theoretically,
R2∗ maps were generated by linearly fitting a single exponential
model of the ln(signal intensity) to TE curve. The slope of
ln(signal intensity) vs TE determines the R2∗ (l/T2∗) values
(19). T2WI was referenced to delineate the tumor areas at the
largest cross section as the ROI but avoiding encompassing the
skins and muscles.

Histological Analysis
After the last examinations, all the mice were sacrificed and
their tumor samples were removed for pathologic examinations.
The tumor sample was fixed in 4% paraformaldehyde for
24 h. They were embedded in paraffin and sectioned at
5 µm thickness for subsequent staining. Haematoxylin and
eosin (HE) staining, hypoxia-inducible factor 1α (HIF-1α),
Ki-67, TUNEL, and PTEN immunofluorescent staining were
performed to analyze the pathological changes. The antibodies
were all purchased from Servicebio Technology CO., LTD.
(Wuhan, China). The expression of HIF is activated by
hypoxia condition, which can be detected by monoclonal
anti-HIF-1α antibodies, and is generally used to assess the
tumor hypoxia. The procedures of HIF-1α staining were
referenced to the study of Li et al. (20). Ki-67 is a
proliferation marker reflecting the degree of proliferation
activity of tumor cells. The cell apoptosis was evaluated
by terminal-deoxynucleoitidyl transferase mediated nick end
labeling (TUNEL) staining using an in situ Cell Death
Detection Kit following the manufacturer’s instruction. PTEN
is an important tumor suppressor gene that inhibits the
tumor growth by antagonizing the activity of phosphorylase.
An Olympus BX 53 microscope was used to observe the
staining slices. Three high magnification (×200) fields were
selected to measure the positive staining rates of the cells by
different antibodies using Image-Pro Plus 6.0 software (Media
Cybernetics, MD, United States).

Statistical Analysis
We used SPSS 13.0 software (IBM Corporation, Chicago,
IL, United States) to calculate statistical results. The data
distribution type was confirmed using Kolmogorov–Smirnov
test. The numeric result with normal distribution was shown
as the mean value with standard deviation (SD). The difference
within and between groups were compared by one-way
analysis of variance (ANOVA) with Student–Newman–Keuls
q test as a post hoc test. The correlation strengths between
imaging and pathological results were calculated using Pearson
correlation analysis. P-value < 0.05 was regarded a statistical
difference. The Pearson coefficient larger than 0.8 was considered
highly correlated, while the coefficient between 0.5 and 0.8
was considered moderately correlated. GraphPad Prism 5.01
(GraphPad Software Inc., San Diego, CA) was used to plot the
line charts and scatter charts.

RESULTS

Characterization of Nano-Drug and MMT
Assay
The composition included 5.0% of cRGD, 60% of polymers,
and 33.3% of DOX per nanoparticle. TEM images showed
the aminated PLGA-PEI-mPEG and cRGD-PLGA@DOX was
homogeneous, well-dispersed, and spherical in shape, with an
average size of 120 and 180 nm, respectively (Figures 1A,B,D).
Then, the zeta potentials of the PLGA and its derivatives
were measured. PEI modification reversed the surface potential
of PLGA from −10.0 mV to +40.5 mV. After mPEG and
cRGD modification, the positive surface charge of PLGA-
PEI was slightly neutralized. After entrapping doxorubicin,
the zeta potential slightly decreased to 28.0 mV (Figure 1E).
The stability examination of the nanoparticles was shown in
Figure 1C, the nanoparticle system remain stable in PBS solution
and human serum within 3 days. Furthermore, the DOX-
release behavior of cRGD-PLGA@DOX was compared at pH
7.4, 6.0, and 5.3 to mimic the blood circulation environment,
tumor microenvironment and acidic environment of lysosomes,
respectively. Drug release occurred gradually in a time-dependent
pattern without any burst effect (Figure 1F). As shown in
Figure 1F, approximately 40 and 60% doxorubicin were released
in total after 3 h under conditions mimicking the tumor
microenvironment (pH 6.0) and acidic environment of lysosomes
(pH 5.3), respectively. By contrast, less than 20% of doxorubicin
was released at pH 7.4, indicating a pH-dependent mechanism
of release of cRGD-PLGA@DOX. Due to its ability to release
doxorubicin·HCl in cancer cells while limiting its release in
blood circulation, the pH-responsive released behavior of cRGD-
PLGA@DOX indicated great potential in drug delivery for anti-
proliferative effects. The cytotoxicity of free DOX and cRGD-
PLGA@DOX in A549 and HeLa cancer cells were assessed by
MTT assays. The DOX concentration of nanosystem needed to
kill 50% of the cells (IC50) was 0.25 ± 0.06 vs 0.85 ± 0.10 µM
(free DOX group) for A549 cells, and 0.35 ± 0.05 vs
0.65 ± 9.3 µM (free DOX group) for HeLa cells. Taken together,
these results indicate that cRGD-PLGA@DOX nanoparticles
satisfied the conditions for sustainably and effectively delivering
drugs into tumor tissues, which would reduce its toxic side effects
against the normal tissues.

Treatments on Tumor Growth
No mice were died or showed obvious abnormal reaction during
the treatment. The results suggested an obvious inhibitory effect
on tumor growth in the mice treated with 4 mg/kg of cRGD-
PLGA@DOX as Group D demonstrated the smallest tumor
volume and the highest tumor inhibition rate in 3 weeks, followed
by Group C and B, compared to the control group (Table 1 and
Figure 2). The overall tumor inhibition rates in 3 weeks were 23.8,
27.1, and 47.4% in Groups B, C, and D, respectively.

MRI Results
Conventional T1WI, T2WI, and pseudo-color maps of D, D∗,
f, and R2∗ values in Groups A, B, C, D were manifested in
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FIGURE 1 | Characterization of cRGD-PLGA@DOX nanoparticles. Transmission electron micrographs of PLGA-PEI-mPEG nanoparticles (A) and cRGD-PLGA@DOX
nanoparticles (B). The stability examination of the nanoparticle system in PBS and human serum with 3 days (C). The average sizes of PLGA, PLGA-PEI-mPEG, and
cRGD-PLGA@DOX copolymers, respectively (D). The zeta potentials of PLGA, PLGA-PEI-mPEG, PLGA-cRGD, and cRGD-PLGA@DOX, respectively (E). The
DOX-release behavior of cRGD-PLGA@DOX at pH 7.4, 6.0, and 5.3 in different time points (F). IC50 values of A549 and HeLa cancer cells at a DOX concentration
ranging from 0.125 to 8 µM (G). *P < 0.05 and ***P < 0.001.

TABLE 1 | The tumor volume at different time points from the four groups.

Volume (mm3) Base 1 week 2 weeks 3 weeks F P

Group A 217.5 ± 60.1 436.3 ± 59.6 702.5 ± 42.9 1039.8 ± 93.9 225.693 0.001

Group B 226.4 ± 38.9 360.6 ± 45.6 522.0 ± 69.2 792.4 ± 72.8 138.571 0.001

Group C 226.0 ± 45.3 380.5 ± 45.1 588.1 ± 53.4 757.6 ± 60.6 163.686 0.001

Group D 226.9 ± 48.3 311.1 ± 41.9 377.5 ± 56.9 547.4 ± 68.0 49.422 0.001

Repeated measures analysis of variance was used generate the P-value.

Figures 3–6. Their mean values and line charts were manifested
in Table 2 and Figure 7. On conventional images, the tumor
size in group D was almost unchanged within 3 weeks but with
increased patchy of high-signal on T2WI, indicating liquefactive
necrosis due to treatment. In contrast, the tumor size of Group
A was significantly increased in 3 weeks and already twice larger
than that in 1 week, with less high-signal observed on T1WI
or T2WI. Obvious high signals were also observed on T2WI in

Group B and C, especially at the last two time points, suggesting
a moderate efficacy.

For D value, Group A manifested a slowly decreased trend
within 3 weeks, but the results between different time points were
insignificant (F = 2.112, P = 0.121). Group B and C exhibited
a similar moderate upward trend within 3 weeks (P < 0.001),
indicating that the restricted diffusion of water molecules were
mildly relieved due to treatments. D value rapidly increased in
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FIGURE 2 | The tumor growth within 3 weeks in Group A, B, C and D. Eight
rats were measured and averaged in each group. Group D demonstrated the
smallest tumor volume and the highest tumor inhibition rate in 3 weeks,
followed by Group C, B, and A. ***P < 0.001.

FIGURE 3 | Axial T1WI, T2WI, and pseudocolor maps of D, D*, f, and R2
values at different time points for the control group. D value is the pure
diffusion of water molecule. D* value refers to perfusion-related diffusion. F
value is the perfusion fraction. R2* value reflects the tumor hypoxia. The white
circles plot the tumor area.

FIGURE 4 | Axial T1WI, T2WI, and pseudocolor maps of D, D*, f, and R2
values at different time points treated with 4 mg/kg of doxorubicin (Group B).
D value is the pure diffusion of water molecule. D* value refers to
perfusion-related diffusion. F value is the perfusion fraction. R2* value reflects
the tumor hypoxia. The white circles plot the tumor area.

Group D due to an increase of water diffusion arising from tumor
necrosis (P < 0.001).

For D∗ value, Group A showed a moderate upward trend
within 3 weeks (P < 0.001), which may result from angiogenesis
during the rapid growth period. Both Group B and C showed
a slow increased trend within 3 weeks, but a lower D∗ value
was observed in Group C at the last time point. D∗ value
obviously decreased in the initial week, but it gradually recovered
afterward, indicating an initial tumor necrosis and vascular
collapse, followed by tumor regrowth and revascularization. F
value, the fraction of pseudo-diffusion, demonstrated similar
trends with D∗ values among the four groups within 3 weeks with
the lowest perfusion level in Group D after treatments, further
confirming the superior therapeutic efficacy of this nano-drug
compared to the unencapsulated one.

For R2∗ value, Group A demonstrated a significant upward
trend within 3 weeks (P < 0.001), which suggested the tumor
was experiencing a hypoxia microenvironment due to the rapid
growth period. However, three treatment groups manifested
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FIGURE 5 | Axial T1WI, T2WI, and pseudocolur maps of D, D*, f, and R2
values at different time points treated with 2 mg/kg of cRGD-PLGA@DOX
(Group C). D value is the pure diffusion of water molecule. D* value refers to
perfusion-related diffusion. F value is the perfusion fraction. R2* value reflects
the tumor hypoxia. The white circles plot the tumor area.

decreased trends with different speeds within 3 weeks (P = 0.005,
P < 0.001, and P < 0.001 for Group B, C, and D), and Group D
was the most significant with the lowest value.

Histological Results
The mean values of pathological indictors in Groups A, B,
C, and D at each time point are shown in the Table 3. The
representative HE, HIF-1α, Ki-67, TUNEL, and PTEN staining
in Group A, B, C, and D at the last time point was shown in
Figure 8. Their column charts were manifested in Figure 9. For
HE staining, the tumor cells were dense with few of necrosis
areas in Group A. In group B and C, a moderate necrotic areas
and patches of hemorrhage occurred in the tumor cores. More
karyopyknosis and nuclear fragmentation with homogeneous
red-stained areas were observed in Group D. All the treatment
groups demonstrated a reduced HIF-1α expression compared to
the control group, with the lowest value in Group D (F = 37.969,
P < 0.001), which may result from the relief of tumor hypoxia

FIGURE 6 | Axial T1WI, T2WI, and pseudocolor maps of D, D*, f, and R2
values at different time points treated with 4 mg/kg of cRGD-PLGA@DOX
(Group D). D value is the pure diffusion of water molecule. D* value refers to
perfusion-related diffusion. F value is the perfusion fraction. R2* value reflects
the tumor hypoxia. The white circles plot the tumor area.

due to necrosis. Ki-67 staining also suggested a decreased Ki-
67 expression in the treatment groups due to inhibition by
doxorubicin, and the nanoparticle may enhance the drug delivery
and inhibited effect (F = 47.414, P < 0.001). TUNEL staining
demonstrated a moderate area of apoptotic cells in Group B and
C and a larger area of apoptosis in Group D, compared to the
control group (F = 55.906, P < 0.001). Group D showed the
highest PTEN expression among the four groups, followed by
Group C, B, and A (F = 77.738, P< 0.001), suggesting a recovered
expression of tumor suppressor gene that inhibits tumor growth.

Correlation Results
The correlation coefficients between imaging and pathological
indicators were listed in Table 4. The scatter charts were plotted
in Figure 10. In reflecting tumor hypoxia, HIF-1α was positively
correlated with R2∗ value (r = 0.721, P < 0.001) but inversely
correlated with D∗ (r = −0.582, P = 0.003) and f values
(r = −0.609, P = 0.002). In assessing cell proliferation activity, Ki-
67 was positively correlated with R2∗ value (r = 0.416, P = 0.043)
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TABLE 2 | The quantitative MRI parameters at different time points from the four groups.

Index Groups Base 1 week 2 weeks 3 weeks F P

D (10−3mm2/s) Group A 0.556 ± 0.024 0.564 ± 0.017 0.546 ± 0.029 0.536 ± 0.022 2.112 0.121

Group B 0.562 ± 0.030 0.628 ± 0.023 0.699 ± 0.028 0.800 ± 0.039 88.564 0.001

Group C 0.555 ± 0.019 0.608 ± 0.031 0.695 ± 0.032 0.778 ± 0.050 64.248 0.001

Group D 0.566 ± 0.026 0.762 ± 0.026 0.868 ± 0.021 0.930 ± 0.043 227.398 0.001

D* (10−3mm2/s) Group A 8.53 ± 0.57 8.87 ± 0.82 9.81 ± 0.61 10.25 ± 0.52 12.594 0.001

Group B 8.49 ± 0.50 8.43 ± 0.60 8.79 ± 0.68 9.45 ± 0.91 3.643 0.025

Group C 8.59 ± 0.44 8.47 ± 0.58 8.91 ± 0.52 9.07 ± 0.27 2.792 0.059

Group D 8.53 ± 0.45 7.54 ± 0.48 7.87 ± 0.60 8.04 ± 0.50 5.307 0.005

f (%) Group A 16.75 ± 0.95 17.71 ± 0.83 18.60 ± 0.74 19.15 ± 0.50 14.785 0.001

Group B 16.69 ± 0.69 17.45 ± 0.71 17.51 ± 0.73 18.60 ± 0.86 8.778 0.001

Group C 16.74 ± 0.79 17.11 ± 0.55 18.01 ± 0.83 18.25 ± 0.94 6.66 0.002

Group D 16.70 ± 0.51 16.59 ± 0.65 16.81 ± 0.88 16.96 ± 0.51 0.479 0.699

R2* (/s) Group A 24.74 ± 0.61 25.44 ± 0.75 26.41 ± 0.65 26.98 ± 0.85 15.297 0.001

Group B 24.79 ± 0.64 23.46 ± 1.14 22.86 ± 1.50 22.58 ± 1.33 5.421 0.005

Group C 24.60 ± 1.08 23.00 ± 1.87 22.04 ± 1.18 21.11 ± 0.55 11.17 0.001

Group D 24.74 ± 0.65 21.41 ± 0.81 19.64 ± 0.72 17.30 ± 0.84 136.315 0.001

Repeated measures analysis of variance was used generate the P-value.

FIGURE 7 | Longitudinal monitoring of IVIM-DWI and R2* mapping in the four groups. The data point indicated mean and standard deviation. *P < 0.05, **P < 0.01,
and ***P < 0.001 were generated from comparisons between the four groups at each time point using one-way analysis of variance.

but inversely correlated with D value (r = −0.757, P < 0.001).
In assessing cell apoptosis, TUNEL staining was only positively
correlated with D value (r = 0.621, P < 0.001). PTEN staining
was positively correlated with both D (r = 0.57, P = 0.004) and f
values (r = 0.428, P = 0.037), but their associated strengths were
weak to moderate.

DISCUSSION

Monitoring the tumor microenvironment is an important
direction of current anti-tumor therapy, including the degree
of tumor hypoxia, cellularity and microcirculation perfusion,
which have close relationships with each other and determine
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TABLE 3 | The pathological indictors at the last time point from the four groups.

Indictor Group A Group B Group C Group D F P

HIF-1a (%) 83.1 ± 10.8 68.6 ± 7.9 60.5 ± 8.3 39.3 ± 5.7 37.969 0.001

Ki-67 (%) 68.5 ± 6.0 54.6 ± 5.7 47.9 ± 5.1 35.1 ± 5.9 47.414 0.001

TUNEL (%) 25.6 ± 5.9 50.8 ± 7.6 56.9 ± 9.1 75.1 ± 8.1 55.906 0.001

PTEN (%) 26.1 ± 5.4 44.1 ± 5.7 51.8 ± 6.7 79.0 ± 9.6 77.738 0.001

One-way analysis of variance was used generate the P-value. HIF-1α, hypoxia-
inducible factor 1α; TUNEL, terminal-deoxynucleoitidyl transferase mediated nick
end labeling; PTEN, phosphate and tension homology deleted on chromosome ten.

the efficacy of nanomedicine. In this study, we functionalized
the nanocarrier by coating the surface with PEG. On the
one hand, the polymer PEG as a hydrophilic surface
coating at the nanocarrier, can increase the carrier’s escape
ability from macrophages and reticuloendothelial system,
and improve the circulation time of the carriers in the
body. On the other hand, a functional modification with
cRGD on the surface can further increase the active
recognition ability of the nanocarriers. In other to confirm
the therapeutic efficacy of this nano-drug, we monitored
the microenvironmental changes using two non-invasive

MR sequences and compared with several pathological
staining. The results provided a more reliable basis for MRI
to further evaluate the efficacy of nanomedicine in vivo in
cancer treatment.

In this study, we found that Group D showed the smallest
tumor volume with the tumor inhibition rate of 47.4%,
suggesting a significant inhibition on the tumor growth when
treated with 4 mg/kg of cRGD-PLGA@DOX, which may
result from the selective delivery induced by RGD-mediated
active targeting property, and enhanced permeability and
retention effects of the tumor vessels. Whereas the mice
treated with the same dose of doxorubicin only manifested
an inhibition rate of 23.8%, even lower than the ones treated
with 2 mg/kg of cRGD-PLGA@DOX (27.1%), suggesting
the low effectiveness of unencapsulated doxorubicin. The
higher Ki-67 expression had been reported to be related
with a high risk of metastasis and recurrence, poor clinical
and pathological response, and worse survival (21). It has
been widely used in clinical practice as an ideal predictive
and prognostic marker for cancer treatment. Therefore, a
decreased Ki-67 expression in the treatment groups indicated
an improved therapeutic outcome. Besides, a larger area

FIGURE 8 | The representative HE, HIF-1α, Ki-67, TUNEL, and PTEN staining in Group A, B, C, and D at the last time point.

Frontiers in Oncology | www.frontiersin.org 9 September 2020 | Volume 10 | Article 563932

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


fonc-10-563932 September 25, 2020 Time: 20:3 # 10

Huang et al. Lung Cancer With Targeted Nanomedicine

FIGURE 9 | The column charts of pathological indicators in the four groups.

TABLE 4 | Pearson correlation coefficients between imaging and pathological parameters.

Pearson coefficient D D* f R2*

r P r P r P r P

HIF-1a 0.322 0.125 −0.582 0.003 −0.609 0.002 0.721 0.001

Ki-67 −0.757 0.001 −0.348 0.096 −0.209 0.328 0.416 0.043

TUNEL 0.621 0.001 0.208 0.329 0.248 0.243 0.228 0.285

PTEN 0.57 0.004 0.405 0.05 0.428 0.037 0.39 0.059

HIF-1α, hypoxia-inducible factor 1α; TUNEL, terminal-deoxynucleoitidyl transferase mediated nick end labeling; PTEN, phosphate and tension homology deleted on
chromosome ten. The values in bold indicate statistically significant.

of necrosis indicated by HE staining and conventional
MRI, an increased percentage of apoptotic cells and a
recovery of PTEN expression across the tumor sections
further confirmed that nanomedicine can significantly
improve the therapeutic effect or reduce the tissue toxicity
using a lower dosage.

Only evaluating the tumor volumes was not enough to
fully reflect the treatment efficacy of the functional particle as
changes in tumor volume often lag behind functional changes
such as tumor perfusion, hypoxia, and cell activity. In this
study, we used IVIM-DWI and R2∗ mapping to dynamically
monitor the microenvironment changes and found that D value
significantly increased over time in Group D, followed by Groups
B and C. D value reflects the diffusion rate of water molecule,
which may be limited in the crowded tumor cellularity with
high proliferative activity but relieved in the necrotic tumor
due to treatments. Increased Ki-67 expression suggested higher

cellularity and active vascular hyperplasia. In this study, D
value exhibited negative and moderate correlation with Ki-67
(r = −0.757), positive correlations with TUNEL (r = 0.621) and
PTEN (r = 0.570), indicating D value can be used to predict the
treatment efficacy.

Furthermore, both D∗ and f values shared a similar
increased trend but with an inhibited speed in Group B
and C, compared with control group. D∗ and f values are
perfusion-related parameters that reflect the microcirculation
perfusion within the tumor microvasculature (8). Although
doxorubicin cannot directly destroy the existing tumor
microvasculature and block the blood supply, it can inhibit
the expression of several transcription factors in addition
to killing the tumor cells with high tissue penetrability
(22, 23). The expressions of vascular endothelial growth
factors and other pro-angiogenic factors were subsequently
down-regulated, reducing the microvessel density by
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FIGURE 10 | The scatter chars plotted the highest correlations between MRI parameters and each pathological indicator.

indirect inhibition of the tumor angiogenesis (24, 25). The
perfusion parameters even decreased in the initial week
but slightly recovered afterward in Group D, suggesting the
nanoparticle performed a much strong inhibited effect on
the tumor angiogenesis in a short time, but the perfusion
was slightly recovered thereafter due to the revascularization
in the tumor edge.

R2∗ mapping is an advanced sequence that sensitive
to deoxyhemoglobin, and commonly used to reflect the
tumor hypoxia (26). An increased R2∗ value signifies the
presence of hypoxia due to tumor growth. In our study,
all the treatment groups demonstrated a decreased R2∗

value compared to the control group. Although the tumor
angiogenesis was inhibited by doxorubicin and the blood
supply decreased to a certain extent, the subsequent tumor
necrosis and apoptosis will reduce the demand for oxygen
supply and relieve the degree of hypoxia. Therefore a lower
R2∗ value indicated more effective anti-cancer treatment in
Group D. What’s more, R2∗ value revealed the highest
correlation with HIF-1α (r = 0.721), a pathological indicator for
evaluating tumor hypoxia.

There are some limitations in this study. First, the pathological
changes at other time points were unknown due to lack
of enough tumor samples. Second, we only delineated the

regions of interest at the largest tumor sections for calculation
while the whole tumor lesions should be considered to
ensure the stability and reliability of the measurement. Last,
we have not performed dynamic contrast-enhanced MRI
which is the gold standard method for perfusion imaging,
and compared the diagnostic performance with IVIM-
DWI. The combination imaging should be considered in
the future study.

CONCLUSION

We encapsulated the doxorubicin with the polymer PEG-
PLGA which was conjugated with a targeted ligand
cRGD. The nanocarriers demonstrated a higher utilization
efficiency and therapeutic efficacy for doxorubicin in
treating lung cancer due to the active targeting property
and enhanced permeability and retention effect. IVIM-
DWI and R2∗ mapping are two valuable sequences that
can dynamically monitor the tumor hypoxia, cellularity,
and microcirculation perfusion during treatment; the
returned information may help to further understand the
anti-cancer mechanisms of nanomedicine and adjust the
treatment in time.
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