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Background: As an active ingredient of Chinese herbal medicine, quercetin (QU) can
significantly induce apoptosis of tumor cells and give play to other effect such as decreasing
both fibroblast population and collagen in cancer cell nest. However, the antitumor efficacy
of quercetin was mostly evaluated at cellular level and rarely developed in vivo by intrave-
nous injection, which may be ascribed to its inferior physicochemical properties including
water insolubility, short plasma half-time, and insufficient enrichment in the tumor tissues.

Methods: The DSPE-PEG was used to construct quercetin-loaded micelles, and the integrin
ligand cRGDfK was grafted to modify the nanocarrier for enhancing its cancer-specific
homing. The MALDI-TOF-MS, DLS, TEM, and UV were orderly operated to characterize
guidance molecules and micelles by morphology, size distribution, Zeta potential, and drug
encapsulation efficiency. In addition, the surface plasmon resonance study and real-time
confocal analysis were employed to demonstrate a,B; integrin-overexpressing B16 cells-
specific binding and uptake. After further pharmacodynamics studies in vitro and in vivo, we
also evaluate systemic toxicity about cRGDfK-PM-QU.

Results: The cRGDfK was successfully stitched with DSPE-PEG and modified on the
surface of micelles. The ligand modification enhanced the negative charges of the micelles,
but it did not induce significant changes in particle size. The quercetin micelles were about
15 nm in size and negatively charged, and had spherical morphology and high drug
encapsulation efficiency. In vitro, the cRGDfK-modified micelles (cRGDfK-PM) showed
o, B integrin-overexpressing B16 cells-specific binding and uptake, and cRGDfK-PM-QU
(QU loaded in cRGDfK-PM) induced more significant cell apoptosis and cytotoxic effects
against B16 tumor cells than counterpart micelles (PM-QU). In vivo, the cRDGfK modifica-
tion enhanced enrichment in B16 tumor tissue, improved the therapeutic efficacy of the
quercetin-loaded micelles against B16 tumor, and exhibited lower systemic and pulmonary
toxicity compared with counterpart micelles in the mouse mode.

Conclusion: Quercetin as a natural product has triggered increasing interest in the antitumor
field. In this study, cRGDfK-modified DSPE-PEG micelles significantly optimized quercetin
therapeutic efficacy and pulmonary toxicity as well as lowered systemic toxicity.

Keywords: quercetin, micelles, cRGDfK, integrin

Introduction

Quercetin (3, 3', 4', 5, 7-penthydroxy flavone), an active ingredient of Chinese herbal
medicine, can typically inhibit tumor cells growth." In vitro studies have shown that
quercetin can remarkably induce cell apoptosis, restrain angiogenesis, decrease both
fibroblast population and collagen, and finally, resist several proliferating human
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carcinoma cells, including leukemia, ovarian cancer, breast

colon
1-11

adenocarcinoma, carcinoma, and  prostate
adenocarcinoma.

The characteristics of quercetin which include water
insolubility, poor bioavailability, poor permeability, and
short half-time

application.'* As far as we know, the nano-drug delivery
13-15

in vivo have hindered its clinical
system can be employed to solve the above problems.
Although quercetin nanoparticles are widely constructed,
their antitumor effects in animal models are rarely
reported. Recently, oral administration of quercetin nano-
particles was reported.'® Despite the convenience of oral
administration, the administration route faces the problem
of first-pass effect resulting in low bioavailability. In addi-
tion, generally, the oral formulations do not show tumor
tissue-specific distribution. In contrast with oral adminis-
tration, parenteral administration, which can bypass bioa-
vailability barriers of oral ingestion, is often used in
clinical cancer treatment.'” "’

A great deal of block polymer can self-assemble into
nanocarrier to deliver therapeutic agents. DSPE-PEG,
a widely used phospholipids-polymer approved by the
Food and Drug Administration (FDA) for medical
applications,”® shows satisfying biocompatibility and
biodegradability.>' Generally, the micelles prepared by
DSPE-PEG exhibit high transport capacity, favorable
release profile,”> and excellent stability in medium incor-
porating human serum.”® Nanocarriers in use of DSPE-
PEG can also achieve prolonged blood circulation time,
improved drug stability, and enhanced drug encapsulation
yield while significant toxicity is not found.?*® Given the
advantages of DSPE-PEG earlier, the amphiphilic polymer
was used in this study to encapsulate quercetin.

cRGDA1K, a cyclic derivative of RGD peptide, shows
improved chemical stability compared to the linear RGD
peptides.?” On the other hand, owing to structural rigidity
which constrains the peptides trapped in the active con-
formation, previous reports have indicated that cyclic pep-
%22 cRGDfK
demonstrates high affinity and binding specificity for a,

tides improve tumor targeting efficacy.

B5 integrin.>* 2 These studies have proved that the cyclic
peptides show higher o,p; integrin-binding affinity than
linear ones.>*>** Given its superiority, cRGDfK is assigned
as grafted peptide to enhance the uptake of quercetin
micelles by the a,B; integrin receptor overexpressed mel-
anoma cells and the distribution in tumor tissue.

Based on the earlier descriptions and discussions, DSPE-
PEG micelles modified by cRGDfK were prepared to

encapsulate and deliver quercetin. Surface plasmon reso-
nance (SPR) technique was used to investigate the interac-
tions between cRGDfK-PM-QU and the a,f;-integrin
receptor overexpressed melanoma B16 cells. The cell uptake
of the nanocarrier was measured by confocal microscope and
flow cytometry, and then the cytotoxicity and cell apoptosis
assays were also carried out. Furthermore, the near-infrared
fluorescence imaging was employed to evaluate the influence
of cRGDfK modification on in vivo distribution and the
therapeutic effects were assessed in tumor-bearing nu/nu
mice.

Materials And Methods

Materials

Quercetin was purchased from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). NHS- PEG2000-DSPE (Mw
2986) and DSPE-PEG2000 (Mw 2922) were purchased
from NOF Corporation (Tokyo, Japan). The Cyclic-RGDfK
(cRGDfK) peptide (Mw 604) was synthesized by China
Peptides Co., Ltd (Shanghai, China). Near-infrared fluores-
cence dye DiR was obtained from Biotium, Inc. (Hayward,
USA). Sulforhodamine B and Tris base were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Annexin V-FITC/PI kit
was obtained from Beyotime Biotech Co., Ltd (Shanghai,
China).

B16 cells were obtained from the Institute of Basic
Medical Science, Chinese Academy of Medical Science
(Beijing, China). B16 cells were cultured in RPMI
Medium-1640 (Macgeme Biotech Co., Ltd, Beijing,
China) added with 10% fetal bovine serum (FBS) and
two antibiotics (100 mg/mL streptomycin, 100 U/mL peni-
cillin) at 37°C in 5% CO, atmosphere.

Male nu/nu mice of 18-20 g were selected and pur-
chased from Peking University Health. All animal studies
were reviewed according to the Guide for Care and Use of
the Laboratory Animal and approved by the Ethics
Committee of Peking University Health Science Center.

Synthesis Of cRGDfK Peptides

Copolymer

cRGDfK peptides were prepared according to the pre-
viously reported method.>> The reaction lasted for 24 hrs
and was monitored by thin-layer chromatography (TLC).
The final reaction mixture was poured into a dialysis bag
(MW cut off, 3500 Da) to dialyze against distilled water
for 48 hrs. Eventually, the product in the dialysis bag was
lyophilized and characterized by MALD-TOF-MS.
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Preparation Of The Drug-Loaded

Polymeric Micelles

PEG-DSPE was dissolved in acetonitrile, and quercetin
was dissolved in the mixture of ethanol and methanol
(1:2). The two organic solutions were combined in a pear-
shaped flask, with different weight proportions of the drug
and PEG-DSPE. The solvents were then separated by
rotary vacuum evaporation at 30°C until a dry film formed.
The prepared film was quickly hydrated in PBS (pH 7.4)
solution at 30°C to get the micelle solution. After centri-
fugating the solution at 10,000 rpm for 3 mins to remove
the free quercetin, the final micelles were obtained. The
other micelles including carrying Dir (PM-Dir, cRGDfk-
PM-Dir) were prepared by the same method.

Characterization Of The Drug-Loaded

Micelles

The particle size and zeta-potential of the micelles were mea-
sured using a Malvern Zetasizer Nano ZS (Malvern, United
Kingdom). Nanoparticle morphology was featured using
transmission electron microscope (JEOL, JEM-200CX,
Japan). The encapsulation efficiency (EE) of quercetin (QU)
in the micelles was analyzed by UV. X-ray diffractometer
(Dmax 2400, Rigaku Corporation, Japan) was used to char-
acterize the free QU powder, the lyophilized blank micelles,
the mixture of the free QU powder and the lyophilized blank
micelles, the lyophilized active drug-loaded micelles, and the
lyophilized passive drug-loaded micelles.

SPR Analysis

Simply, the CMS5 chip was pretreated with 1-ethyl-
3-[3-dimethylaminopropyl] carbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) at the beginning
of the experiment. Next, B16 cell suspension (2x10° mL™")
was injected to link the cells covalently with the sensor chip
until the response (RU) signal ran up to about 300.
Subsequently, the sensor chip was blocked with acetamide.
After the response signal was stable, the micelle solution
was injected at the flow rate of 2.5 pL/min.

Cell Uptake Of The Micelles By B16 Cells
B16 cells were seeded on a glass-bottom dish and cultured
for 24 hrs. Afterwards, PM-QU or cRDGfK-PM-QU was
added to make the final drug concentration of 10 pg/mL.
After incubation at 37°C for different periods, the medium
was discarded and the cells were washed by PBS, and then
imaged by confocal microscope (Leica TCS SP8, Germany).

Cell Uptake By Flow Cytometry

B16 cells were seeded in 12-well plates. The initial density of
cells was approximately 5x10° cells per well. PM-QU or
cRGDfK-PM-QU was added to the medium to make the
final drug concentration of 20 pg/mL with incubation for 2
hrs, and then the cells were gathered by trypsin treatment and
centrifugation. After washing the cells by PBS twice, the
fluorescence intensity of the cells was measured by FACScan
flow cytometer (FACScan, Becton Dickinson, San Jose, CA).

In Vitro Cytotoxicity Assay

B16 cells were seeded in 96-well plate with about 5000 cells
per well. After being cultured for 24 hrs, the medium was
replaced by fresh medium containing PM-QU or cRGDfK-
PM-QU, with serial concentrations of QU. Here, to follow
with incubation at 37°C for 48 hrs, SRB method was used to
analyze the viability of the cells. The absorbance was mea-
sured using Multiskan FC microplate reader (Thermo
Scientific, USA), the wavelength was 540 nm.

Cell Apoptosis Analysis

B16 cells were seeded in 12-well plates at a density of 5 x
10° cells per well and cultured overnight. Afterwards, the
cells were treated with PM-QU or cRGDfK-PM-QU and
the final concentration of QU in each well was 5 pg/mL.
The untreated cells were used as negative control. After
incubation for 24 hrs, the cells were gathered. The
Annexin V/PI apoptosis test was carried out according to
the protocol and, analyzed by FACScan flow cytometry.

Distribution Of The Micelles In

Tumor-Bearing Mice

Approximately 6 x 10° of B16 cells were subcutaneously
injected into the right flank of the mice. When the tumor
volume reached about 500 mm?>, the mice were divided
randomly into two groups (3 mice each group). PM-Dir or
cRGDfK-PM-Dir was injected into the mice via the tail
vein (2 pg Dir/mouse). At different time intervals of 1, 3,
7, 13, 26, and 48-hr post-injection, the near-infrared fluor-
escence images of the mice were obtained (Carestream, Fx
Pro, USA). Afterwards, the mice were sacrificed and the
tumor tissues and major organs were collected and imaged.

Antitumor Effects And Systemic Toxicity
Of The Micelles

Approximately 6 x 10° of B16 cells were subcutaneously
injected into the right flank of the mice to establish melanoma
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Figure 1 Copolymer synthesis. (A) TLC for the reaction endpoint determination. (B) MALDI-TOF-MS spectra for confirmations of reaction product of cRGDfK-PEG-DSPE.

mouse model. At the time, the tumor grew to 50-100 mm® on
the 8th day, the mice were divided randomly into 3 groups
with 3 mice in each group. The mice were consecutively
treated by PM-QU or cRGDfK-PM-QU at a QU dose of
50 mg/kg body weight for 10 days, the mice treated by
PBS were used as control. The body weights were recorded
every other day. At the end of drug administration, further
observations were carried out for another 5 days. Finally, the
mice were sacrificed and, the tumor tissues and the main
organs of heart, liver, spleen, kidney, and lung were col-
lected. The anti-tumor effects were evaluated by tumor
weight difference. The main organs were sliced and H&E
stained to evaluate the systemic toxicity.

Statistics Analysis

All experiments were performed repeatedly at least three
times and quantitative data are expressed in the form of
mean + standard deviation (SD) unless otherwise stated in
this study. The results were evaluated by Student’s #-test or

one-way analysis of variance. P values less than 0.05 or less
than 0.01were considered as significant or highly significant.

Results And Discussion
Characterization Of cRGDfK-Conjugated

PEG-DSPE

cRGDfK peptide as a ligand was successfully conjugated to
DSPE-PEG-NHS by a nucleophilic substitution reaction.
The reaction was monitored by TLC (Figure 1A). The final
product molecular weight (M. W.) was confirmed by
MALDI-TOF-MS (Figure 1B) and was accordant with
the theoretical M. W. of cRGDfK-PEG-DSPE (3575.2).
Synthesis scheme for cRGDfK-PEG-DSPE copolymer is
shown in Figure S1

Characterizations Of Quercetin Micelles
Table 1 depicts the physicochemical properties of different
micelles. The mean value of particle size of each PM was

Table | Characteristics Of Various Drug-Loaded DSPE-PEG Micelles (Meantsd, n=3)

Formulations Size(nm) PDI Zeta Potential (mV) EE*(%)
Blank-PM 12.19£0.37 0.107+0.032 —3.28+0.77 -
Blank-cRGDfK-PM 13.22+1.06 0.134+0.035 —17.13+3.52 -

PM-QU 1391+2.14 0.169+0.062 —10.31+4.81 88.4+2.16
cRGDfK-PM-QU 15.34+2.73 0.182+0.084 —29.86+5.62 86.7£2.73

Note: *Encapsulation efficiency.
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within the range of 15-25 nm, with a small polydispersity
index (PDI) less than 0.2. As a result of cRGDfK modifica-
tion, particle sizes were slightly enlarged in comparison with
unmodified micelles. TEM images confirmed that cRGDfK-
PM-QU had a spherical morphology with a diameter of about
15 nm, which was basically consistent with that measured by

o

dynamic light scattering (Figure 2C and D). In the study, all
the micelle systems were negatively charged. Specifically,
the zeta potential of cRGDfK-PM-QU was about =30 mV,
much higher than that of PM-QU (Figure 2E and F). It means
that cRGDfK modification greatly enhanced the surface
charges of the micelles. Recent researches have indicated
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Figure 2 The characteristics of different micelles. (A) Transmission electron microscopy (TEM) image of PM-QU. (B) TEM image of cRGDfK-PM-QU. (C) Particle size distribution of
PM-QU surveyed by dynamic light scattering analysis. (D) Particle size distribution of cRGDfK-PM-QU surveyed by dynamic light scattering analysis. (E) Zeta potential of PM-QU. (F)
Zeta potential of cRGDfK-PM-QU. (G) The fluorescence spectra of quercetin micelles motivated by 405 nm. (H) Schematic graph of cRGDfK-modified micelles loaded with quercetin
(cRGDfK-PM-QU)). (I) Powder X-ray diffraction patterns of QU powder, blank micelles of PEG-DSPE, physical mixture of QU with blank micelles, and lyophilized QU-encapsulated

micelles, separately.
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that slight negative charges on nanoparticles can contribute
to avoiding the non-specific organ uptake and enhancing
tumor-specific accumulation.*® Figure 2G shows the fluores-
cence spectra of quercetin micelles and Figure 2H depicts the
schematic graph of cRGDfK-modified polymeric micelles.
Finally, free QU powder, blank PEG-DSPE micelles, the
mixture of free QU and blank micelles, and QU-loaded
micelles were scanned by the X-ray diffraction (XRD) in
Figure 21. As is shown in Figure 2I, QU power obviously
exhibited sharp diffraction peaks at 10.7° and 13.4°. Similar
crystal diffraction peaks of QU were also observed in the
physical mixture of QU and blank micelles. Nevertheless,
QU-loaded micelles exhibited identical spectra to that of the
blank micelles; the diffraction peaks of QU were absent. The
phenomenon indicated that QU might exist in amorphous or
molecular state in the polymeric micelles.

The physicochemical properties of different micelles
are summarized in Table 1. The encapsulation efficiency
(EE) of QU in both micelle formulations was over 86%,
and its drug concentration could be as high as 1 mg/mL.

Studies On The Interactions Between
The Micelles And The o,p3-Integrin
Receptor Overexpressing Bl16 Cells

As a promising technology, SPR can be used to measure
the molecular interactions in real time. In this study, SPR
was employed to investigate the influence of cRGDfK
modification on the interactions between the micelles and
the a,Bs-integrin receptor overexpressing B16 cells.®” As
is demonstrated in Figure 3A, B16 cells were attached on
chip surface via covalent binding. Subsequently, with the

A B
o)
Blbcell @ ©)0° cRGDFK-PM or
immobilized .
i PM nanocarriers
on chip
Q
— — T — [72]
© o 0 09 o 0 ° 0 0o ©° g
o o,
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.('o-('o-.?o;!'o—i ?o 0
§ N § s
» T >
o © o0 ©0 5 00
. | . . ! .

flow of phosphate buffer containing active or passive
micelles, the response signals which indicated the binding
ability of the micelles with B16 cells were recorded. For
B16 cells,
responses than PM (Figure 3B), indicating that the active-

cRGDfK-PM triggered much more strong

targeting micelles displayed improved binding to the cells.
Therefore, via SPR technology, it was observed that
cRGDfK modification enhanced the adhesion between
the nanocarriers and a,f3-overexpressing B16 cells.

Uptake Of The Micelles By B16 Cells

As shown in Figure 4A and B, the B16 cells took up
cRGDfK-PM-QU much faster than PM-QU, with the
fluorescence intensity in the former group being much
stronger than that of the latter group before 800 s. Up to
20 mins, the fluorescence intensities in both groups were
comparable. Afterward, further comparison by longer
time uptake, the flow cytometry results shown in
Figure 4C and D demonstrated that cRGDfK-PM-QU
was took up more than PM-QU by B16 cells when the
cells were exposed to the micelles for up to 2 hrs.

In a word, the earlier results indicated that the cRGDfK
modification enhanced the uptake of the micelles by the a,
Bs-integrin receptor overexpressing B16 cells as the pep-
tides were natural ligands of the receptor.

In addition, it was observed that quercetin distributed
not only in the cytoplasm but also in the nucleus
(Figure S2). The result was in accordance with other
reports®® that quercetin could specifically bind to DNA
and then induce cell apoptosis.

3800-
— CcRGDfK-PM  — PM
3600
34004
3200 T T T T 1
0 100 200 300 400 500
Time(s)

Figure 3 Studies of the micelle—cell interactions by SPR. (A) Schematic graph of a sensor chip bound with Bl6 cells in flowing buffer containing the micelles. (B) SPR
responses of unmodified micelles and cRGDfK peptides modified micelles with B16 cells during a 450-s infusion.
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at 37°C. The green color indicates quercetin. (B) Plot of confocal quantitative analysis. Each data on the curve indicate the mean fluorescence intensity derived from 12
randomly selected RIOs. (C) Plot of flow cytometry analysis of BI16 cells incubated with PM-QU or cRGDfK-PM-QU at 37°C for 2 hrs. (D) Quantitative results of
fluorescence intensity. Data are expressed as mean + SD (n=3). * means statistically different (p < 0.05), ** means highly different (p < 0.01).

Ex Vivo Antitumor Effects

B16 cells viability values of QU-loaded micelles are illustrated
in Figure 5A. The result showed that B16 cells proliferation
could be increasingly suppressed by PM-QU and cRGDfK-
PM-QU in a dose-dependent manner. Apparently, cRGDfK-
PM-QU performed much more sensitive cytotoxicity towards
B16 cells than PM-QU. Annexin V-FITC/PI double staining
test was used to evaluate the apoptosis-inducing effects of the
micelles on B16 cells (Figure 5B). After being exposed to PM-
QU or cRGDfK-PM-QU for 24 hrs, the apoptosis ratio of the

cells was 22.27% and 34.98%, respectively. At the same time,
PBS-treated cells show a minimal apoptosis ratio of only
7.47%. In accordance with the flow cytometry results, the
confocal images also show most positive-stained cells in the
cRGDfK-PM-QU group and least positive-stained cells in
the control group. The apoptosis ratios between these two
micelle-treated cells were statistically different (Figure 5C).
To some extent, the greater cell uptake of cRGDfK-PM-QU
contributed to the stronger apoptosis-inducing effects on the
malignant cells.
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column represents mean * SD (n =3). * means statistically different (p < 0.05), ** means highly different (p < 0.01).

Distribution In The a,B3-Overexpressing
B16 Tumor-Bearing Nu/Nu Mice

In this study, near-infrared fluorescence dye DiR was used to
label the micelles to image its distribution in subcutaneous
B16 tumor-bearing male nu/nu mice. As shown in Figure 6A,
cRGDfK-PM-DiR performed more pronounced fluorescence
accumulation in the tumor tissue compared with PM-DIiR at
different time intervals from 3 hrs to 48 hrs. After whole-
body optical imaging was finished at 48 hrs, the mice were
sacrificed, and the tumor tissues and other organs were dis-
sected and imaged immediately (Figure 6B and D). The
tumor tissue from the cRGDfK-PM-DiR-treated mice exhib-
ited stronger fluorescence signal than that of the PM-DiR-
treated mice. The fluorescence intensity was statistically
different (Figure 6C). The above results clearly show that
the cRGDfK modification improved the enrichment of the
micelles in the malignant tissues due to the well-known

active targeting effects. However, the micelles were partially
cleared in blood circulation system by reticuloendothelial
systems (RES), including liver and spleen (Figure 6E).

Antitumor Effects In Vivo

In view of enhanced delivery of cRGDfK-PM-QU to a,f3-
integrin receptor overexpressing B16 tumors in vitro and
in vivo, we moved on and conducted the studies on the
therapeutic efficiency in nu/nu mice bearing B16 melanoma.
As shown in Figure 7A, during the intravenous administration
period up to 10 days, compared to the saline group, both the
QU groups suppressed the tumor growth, especially,
cRGDfK-PM-QU which had stronger inhibition effects on
tumor growth than PM-QU. The results could be explained
by the improved accumulation of the micelles in the tumors
after cRGDfK modification in the previous survey. Finally, the
tumor mass from different groups was weighed to validate that

submit your manuscript

9180

Dove

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dove Xu et al

>
w

750.00

'5 _8
| ©
>
a g
4 [P
b <
)
g | 8
.
2 200~ ™9 CcRGDfK-PM-DIR *
— g PM-DiR g
D, £ 150- r—ﬁvi
E g 1004 (
§ 50+ I
D Active Passive E
8
g 2 s00- ~
Heart = S B cRGDfK-PM-DIR
. = = PM-DiR
Liver 5 g ]
2
o S 4004
Spleen 3 2
° 2
Lung ol &
~ c
Kindey = 8 ol
S & & N
% & & & F ‘}é‘o

Figure 6 Distribution of the micelles in Bl6-tumor-bearing male nu/nu mice (A) Near-infrared fluorescence images of the tumor-bearing mice after being i.v. treated by
cRGD-PM-DiR or PM-DiR. Red circles designate the mice tumor region. (B) Near-infrared fluorescence images of the collected tumor tissues at 48 hrs after being i.v.
treated by cRGD-PM-DiR or PM-DiR. (C) The semi-quantitative analysis of tumor fluorescence signal at 48 hrs after administration of cRGDfK-PM-DiR or PM-DiR. Data
represent mean = SD (n=3) and * indicates statistic difference (p < 0.05). (D) Near-infrared fluorescence images of the main organs excised from Bl6 tumor-bearing mice 48
hrs after the micelles treatment. (E) The semi-quantitative analysis of fluorescence signal in the organs excised from Bl6 tumor-bearing mice 48 hrs after administration of
cRGDfK-PM-DiR or PM-DiR. Data represent mean + SD (n=3).

cRGDfK-PM-QU demonstrated superior antitumor activity =~ weight loss was absent during the whole treatment period.
than PM-QU in B16 tumor-bearing mouse model (Figure 7B).  The H&E staining of the main organs confirmed that both

formulations did not induce obvious systemic toxicity
In Vivo TOXiCity Studies (Figure 8B). In detail, PM-QU caused slight pulmonary
Finally, the safety of both QU formulations was evaluated ~ damage, characterized as enlarged alveoli, cell reduction
in B16 tumor-bearing mice. Figure 8A shows that obvious  on the alveolar wall, and a narrowed pulmonary alveoli
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Figure 8 Toxicity studies of the micelles in Bl6 tumor-bearing mice. (A) Body weight profiles of the mice. Arrows point out the injection time. (B) H&E staining of the main

organs.

compartment. Meanwhile, cRGDfK-PM-QU did not
induce detectable damage to the lung tissue, indicating

the superior compatibility of cRGDfK-PM-QU.

Conclusion

Quercetin as a natural product has triggered increasing
interest in the antitumor field. In our study, quercetin was
successfully encapsulated inside the cRGDfK-modified
micelles by thin-film hydration method and its aqueous
solubility increased up to 1.0 mg/mL. In vitro study sug-
gested a uniform small-size particle for PM-QU and
cRGDfK-PM-QU. The surface cRGDfK modification had
little influence on physicochemical property of the
micelles. SPR assay revealed that cRGDfK-modified
micelles could bind to B16 cells via cRGDfK-a, 3 integrin
receptor interactions, which induced higher intracellular

uptake by B16 cells and enhanced apoptosis. We also
confirmed that cRGDfK modification could improve the
enrichment of the micelles in the malignant tissues, thus
resulting in better therapeutic effects on B16 tumor-
bearing mice and less systemic toxicity compared with
PM-QU. In particular, carrier materials of quercetin-
loaded micelles are approved by FDA, making our formu-
lation have high clinical potential. Further studies are
needed to investigate the dosing strategy in order to yield
optimal therapeutic efficacy of cRGDfK-PM-QU micelles.
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