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Introduction: Sunitinib, a first-line therapy with a certain effect, was utilized in the early stages of renal cell carcinoma treatment.
However, its clinical toxicity, side effects, and its limited bioavailability, resulted in inadequate clinical therapeutic efficacy. Building
neoteric, simple, and safe drug delivery systems with existing drugs offers new options. Therefore, we aimed to construct a micelle to
improve the clinical efficacy of sunitinib by reusing ibuprofen.

Methods: We synthesized the sialic acid-poly (ethylene glycol)-ibuprofen (SA-PEG-IBU) amphipathic conjugate in two-step reaction.
The SA-PEG-IBU amphiphilic conjugates can form into stable SPI nanomicelles in aqueous solution, which can be further loaded
sunitinib (SU) to obtain the SPI/SU system. Following nanomicelle creation, sialic acid exposed to the nanomicelle surface can
recognize the overexpressed E-selectin receptor on the membrane of cancer cells to enhance cellular uptake. The properties of
morphology, stability, and drug release about the SPI/SU nanomicelles were investigated. Confocal microscopy and flow cytometry
were used to assess the cellular uptake efficiency of nanomicelles in vitro. Finally, a xenograft tumor model in nude mice was
constructed to investigate the body distribution and tumor suppression of SPI/SU in vivo.

Results: The result showed that SPI nanomicelles exhibited excellent tumor targeting performance and inhibited the migration and
invasion of tumor cell in vitro. The SPI nanomicelles can improve the accumulation of drugs in the tumor site that showed effective
tumor inhibition in vivo. In addition, H&E staining and immunohistochemical analysis demonstrated that the SPI/SU nanomicelles had
a superior therapeutic effect and lower biotoxicity.

Conclusion: The SPI/SU nanomicelles displayed excellent anti-tumor ability, and can suppress the metastasis of tumor cell by
decreasing the expression of Cyclooxygenase-2 due to the ibuprofen, providing an optimistic clinical application potential by
developing a simple but safe drug delivery system.
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Introduction

Renal carcinoma is the second most commonly occurring urinary system malignancy, which is classified pathologically
as clear cell carcinoma, papillary cell carcinoma, and chromophobe cell carcinoma.'” Among them, renal clear cell
carcinoma accounts for about 70% to 75% of all renal malignancies. Radiotherapy, traditional chemotherapy, immu-
notherapy, and other therapeutic ways showed poor effects in patients with postoperative recurrence or metastasis of
kidney cancer, whereas the emergence of targeted drugs has shown significant therapeutic benefits.**

Sunitinib is a multi-target tyrosine kinase inhibitor that inhibits the vascular endothelial factor receptors (VEGFR1-3), stem
cell growth factor (c-Kit), platelet-derived growth factor receptor (PDGFR), and other signaling pathways to exert anti-tumor
activity.” It is presently the standard of care for those individuals who suffer from metastatic renal cell carcinoma and have not
been treated with prior therapy.®™® Although sunitinib is the drug of choice for recurrence and metastatic renal clear cell
carcinoma by oral form, more than 60% of the dose is excreted from the body in the form of feces resulting in low

bioavailability.”'° Moreover, sunitinib causes a variety of adverse reactions in clinical practice, including stimulation of the
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gastrointestinal tract following the production of diarrhea, vomiting, and hand-foot syndrome (HFS) as well as white hair,'""'?

and more seriously, the damage to leucocytes and platelets.'* '

In order to increase the bioavailability and therapeutic effectiveness of sunitinib and reduce its unwanted side effects,
drug carriers based on polymer conjugates and nanoparticles have been widely exploited.'®!” Polymeric micelle is an
ideal carrier system for the development of anticancer nanomedicines as it is customized to encapsulate drugs at doses
used in clinical practice and tailored to achieve prolonged circulation kinetics necessary for tumor accumulation.'® 2°

Several studies have found significant correlations between tumor microenvironmental secretory factors and tumor progres-
sion, particularly related enzymes, growth factors and inflammatory factors have an impact on multiple aspects of tumor
development.?' Cyclooxygenase-2 (COX-2) is an inducible enzyme which is highly expressed in response to tissue injury and
inflammation, causing pain and other symptoms.”*>* Additionally, the increase of COX-2 has also been detected in a variety of

malignancies, such as endometrial cancer,24 colon cancer,zs’26 27

and prostate cancer,”’ showing evidence that COX-2 can
contribute to tumorigenesis and metastasis.”® *° Besides, prostaglandins (PGs) catalyzed by COX-2 have proven to promote
tumor growth and metabolism.>' In conclusion, COX-2 was considered as a potential therapeutic target for cancer treatment.*>

Ibuprofen, a nonsteroidal anti-inflammatory drug (NSAID),> is extensively used to decrease COX-2 production.**
Surprisingly, ibuprofen has been proven to show some efficacy in the treatment of cancer, which is a classic case of “old
drug new tricks”. In this research, we synthesized the sialic acid-poly (ethylene glycol)-ibuprofen (SA-PEG-IBU) amphipathic
conjugate which can self-assemble into nanomicelles and load sunitinib in aqueous solution. Sialic acid (SA) is a derivative of

d,35'36

neuraminic aci which can specifically target to E-selectin receptors. Our prior research established that overexpression of

E-selectin provides a biological basis for targeting renal cancer cells in the tumor microenvironment (Supporting Figure S1).

Under the mediating effect of tumor targeting, the sunitinib loaded SA-PEG-IBU nanomicelles (SPI/SU) were precisely
delivered to the tumor site, simultaneously releasing both sunitinib and ibuprofen. Briefly, the SPI/SU nanomicelle demon-
strated substantial antitumor activity and decreased toxicity compared with free sunitinib. This research will provide a brand-
new perspective on the existing combo therapy: new drug delivery platform incorporating conventional pharmaceuticals will
play a new role in anti-cancer, providing a possible field of exploration to construct the medication delivery platform.

Material and Methods
Synthesis of Sialic Acid-Poly (Ethylene Glycol)-lbuprofen (SA-PEG-IBU)

The SA-PEG-IBU conjugates (SPI) were synthesized via a two-step reaction. Firstly, ibuprofen was conjugated to
HOOC-PEG-NH, by amidation. In brief, in anhydrous dimethyl sulfoxide (DMSO), 21 mg ibuprofen was entirely dissolved.
The carboxyl groups on ibuprofen were activated using EDC and NHS, and the mixed solution was agitated constantly for 2
hours.*’, 200 mg PEG was thoroughly dissolved in 2 mL DMSO using an ultrasonic bath and then gently dripped into the
reaction solution described above, stirring continuously to allow the reaction to proceed overnight at room temperature.
Following the reaction, the HOOC-PEG-IBU grafts (PI) were obtained after purifying the reaction solution for 48 hours in
deionized water and freeze-drying. The PI conjugates were collected and weighed to determine the yield. Secondly, 100 mg PI
was dissolved in 10 mL DMSO, and EDC and 4-DMAP were added to accelerate the carboxyl group activation for 2 hours,
Similarly, the DMSO solution of SA was gradually added after entirely dissolved, and the reaction was carried out overnight at
room temperature.>® SPI conjugates were lyophilized and weighed to calculate the final yield. All of these reactions take place
under the protection of nitrogen. The structures of the reactants and products were verified by FT-IR spectrometer and
'H NMR, respectively.

Preparation and Characterization of Sialic Acid-Poly (Ethylene Glycol)-lbuprofen (SPI)

Nanomicelles

1 mg of the lyophilized SA-PEG-IBU conjugate was dispersed in water by ultrasonic for 10 mins to allow the SA-PEG-
IBU conjugate to fully self-assemble into nanomicelles. To prepare the SPI/SU drug loaded nanomicelles, the SPI and
sunitinib were dissolved in 1 mL DMSQO, then the DMSO solution was gradually added to 10 mL deionized water
(containing 1.25 pL triethylamine) drop by drop under stirring.>® The mixed solution was agitated overnight and then
dialyzed against deionized water for 24 h and finally freeze-dried to obtain the SPI/SU lyophilized powder.
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The size and zeta potential of the SPI nanomicelle and SPI/SU nanomicelle were measured by dynamic light
scattering (Nano-ZS90, Malvern Zetasizer, UK), and the morphology of different nanomicelles were visualized using
TEM (JSM-6490LA, JEOL, JAPAN).*® To evaluate the stability of the SPI nanomicelle, the particle size of SPI
nanomicelle in PBS and complete medium were measured for 7 days, respectively.

To investigate the drug loading efficiency, 1 mg SPI/SU nanomicelle was weighed and dissolved in DMSO. The
absorbance at wavelength 444.4 nm was measured by UV spectrophotometer (UV-2600, SHIMADZU, JAPAN) and
substituted into the standard curve of sunitinib to calculate the loading capacity (LC) and encapsulation efficiency (EE),

respectively.*! The loading capacity and encapsulation efficiency were calculated as follows:

Weight of sunitinib in nanoparticles

LC(%)=
(%) Weight of nanoparticles

x 100%

Weight of sunitinib in nanoparticles
Weight of sunitinib added

EE(%)= x100%

Evaluation of Drug Release Using an Ultraviolet-Visible Spectrophotometer

1 mg of SPI/SU nanomicelles suspended, respectively, 1 mL of PBS were sealed in dialysis bag (MWCO 3.5 kDa) and
then immersed in 30 mL PBS with pH at 7.4, 6.8 and 5.5 containing 0.5% Tween-80 to evaluate the sunitinib release.**
At the designed time interval (0.5, 1, 2, 4, 8, 12, 24 and 48 h), 3 mL of the release solution including 5 units of esterase
was taken out and the corresponding volume of new PBS was added. All the above drug release behaviors were carried
out at 100 rpm on a shaker at 37°C, which was shielded from light. The released sunitinib was quantified by UV
spectrophotometer at the wavelength of 444.4 nm. The drug release of ibuprofen was also carried out under the same

conditions as above, and the content of ibuprofen was detected at the wavelength of 265.0 nm.*?

Detection of Cytotoxicity on 293T, 786-O and ACHN Cell Lines

The cytotoxicity of SPI nanomicelles to 293T, 786-O, and ACHN cells were assessed by MTT assay. The 293T, 786-0,
and ACHN cells were seeded into 96-well plates at a density of 5x10° cells per well and then cultured for 24 h. The
nanomicelles were distributed in serum-free media at gradient concentrations (0.01-2 mg/mL) and cultured with the cells
for 24 hours. 5 mg/mL MTT solution was immediately added each well and incubated at 37°C for another 4 hours.**
After removing the medium from each well, 200 uL DMSO was added and agitated for 15 minutes. Absorption at 490
nm was measured using microplate reader (Infinite F200 PRO, TECAN, AUSTRIA).

Measurement of Cellular Uptake on 786-O and ACHN Cell Lines

786-O, ACHN cells were seeded in glass bottom cell culture dishes (1x10* cells/dish), respectively.*> After overnight
incubation, the culture medium was replaced by fresh serum-free medium containing SPI/5-FAM, PI/5-FAM nanomi-
celles at a concentration of 1 mg/mL. Herein, 5-FAM (Ex/Em: 490 nm/520 nm) was used as a mimic of sunitinib and the
loading method is same as sunitinib. After incubation for 2 h, 4 h at 37°C, cells were washed with PBS and fixed with 4%
paraformaldehyde for 30 min. The cytoskeleton was stained with Actin-Tracker Red-Rhodamine (Ex/Em: 544 nm/576
nm) for 45 min after being washed with PBS containing 0.1% Triton X-100, and nuclei were then stained by DAPI (Ex/
Em: 340 nm/488 nm) for 5 min. Cells were washed with PBS for three times, and the cellular uptake were observed via
confocal laser scanning microscopy (STELLARIS 5, Leica, GERMANY).

Cellular uptake efficiency of nanomicelles was also quantified by flow cytometry (FCM). 786-O, ACHN cells were
treated in 6-well plates (3x10°/well) with SPI/5-FAM, PI/5-FAM nanomicelles as described above the concentration of
nanomicelles for 2 and 4 h, cells were collected and resuspended in 500 uL cold PBS for flow cytometry analysis with
CytoFLEX S (Beckman Coulter, USA).
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Detection of Migration and Invasion by Wound Healing Assay and Transwell Assay
786-0, ACHN cells were, respectively, cultured in 6-well plates for 24 hours until the cell density of more than 80% per
well. Serum-free cell culture medium is selected to restrict excessive proliferation of cell. Each well was striated by
a sterile pipette tip, and the floating cells were then washed away with PBS. The cells were incubated in different
experimental groups for 24 h at 37°C in a humidified 5% CO, atmosphere. The width of wound was observed using
Olympus IX53 microscope (Olympus, JAPAN). The cell migration rate was calculated by Image J software.

The cells invasion inhibition was assessed with transwell assay.*® In brief, the cultured 786-O and ACHN cells were
harvested and resuspended at a density of 5x10°/mL in serum-free medium. 600 pL serum-supplied medium was added
to the 24-well plate containing the transwell chamber, 100 pL cell suspension and 100 pL medium containing various
drug formulations were put into the transwell chamber for 24 h. Afterwards, the cells were fixed with 4% paraformalde-
hyde and stained with 0.1% crystal violet (w/v, diluted with PBS). The cells on the upper chamber were removed gently
with cotton swab. The migrant cells on the bottom of chamber were observed and counted via microscope.

Western Blot Analysis of Cyclooxygenase-2 Protein

786-0 cells and ACHN were, respectively, cultured in 6-well plates to a density of 1x10° cells/well. The cells were
collected after treating with SPI/SU, PI/SU, and SPI nanomicelles, SU, IBU, and PBS for 24 h. Protease inhibitor-
containing cell lysates were added to cell-culture dish for lysing on ice. Centrifugation at 12,000 RPM for 15 minutes at
4°C, followed by absorption of the supernatant for protein measurement using a BCA protein assay kit. The proteins
were heated at 95 °C in the metal bath for 10 minutes before being stored at —80°C.

Each group was sampled with 10 pg protein, separated on a 10% sodium dodecyl sulfate-polyacrylamide (SDS-PAGE)
gel, then transferred to a polyvinylidene difluoride (PVDF) membrane. At room temperature, the PVDF bands were incubated
with blocking reagent for 2 hours and washed three times with TBST for 5 minutes each. Then, the PVDF bands were treated
overnight with primary antibodies against COX-2 and GAPDH at 4°C, respectively. The membrane strip and secondary
antibody labeled with HRP were incubated for 1 hour at room temperature. Immunoreactivity were detected with ECL
substrates and viewed through a WB imaging equipment (BIO-RAD ChemiDoc™ XRS+, USA), and the gray value was
evaluated using Image J software.

Observation of Biodistribution by Infrared Imaging System

To observe the biodistribution of the SPI nanomicelles, tumor-bearing mice were intravenously injected with DiR-
loading SPI nanomicelles and free DiR (Ex/Em: 750 nm/780 nm). The biodistribution of nanomicelles in vivo was
observed via an infrared imaging technique at determined time points (3, 6, 12, 24 h) after administration. Then, mice
were sacrificed to isolate the major organs and tumors. The fluorescence intensity photographs of isolated organs were
taken using an infrared imaging system (IVIS Spectrum, USA).

Detection of Antitumor Efficacy Study on Subcutaneous Tumor Model

BLAB/c nude mice (5-6 weeks old) bearing tumors were used to evaluate the antitumor efficacy about various drug
groups. 786-O cell suspension (2x10° cells/0.1mL) was subcutaneously injected into the right posterior groin of the mice.
The mice were randomly divided into six groups (n=4 for each group) when the tumors reached 100 mm®. The six groups
were injected with (1) SPI/SU, (2) SU, (3) PI/SU, (4) IBU, (5) SPI, (6) Saline via tail vein for once three days, seven
times in total. Body weight and tumor volumes were recorded every three days throughout the experiment, and tumor
volume was computed using the formula: tumor volume (mm®) = (lengthxwidth?)/2.47 22 days later, the tumor tissues
and major organs were collected and fixed for subsequent histochemistry analysis.

Observation of Antitumor Efficacy and Safety by Histochemistry Analysis

Major organs and tumor were dissected to further evaluate the antitumor efficiency. H&E staining was used to study and
compare the cell states of tumor tissues, while terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) staining was used to analyze and compare the apoptosis of tumor tissues. Immunohistochemistry with Ki-67
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indicated the proliferative state of the tumor cells. The expression of COX-2 was observed by immunofluorescence
labeling (primary antibody: COX-2 Mouse Monoclonal antibody, secondary antibody: FITC-labeled Goat Anti-Mouse
IgG), which revealed the inhibition effect of ibuprofen. All of sections were observed with an upright fluorescent
microscope (Nikon Ni-U, JAPAN).

Statistical Analysis

All experimental data were presented as mean + standard deviation (SD). Statistical analysis was performed with
GraphPad Prism software package Version 8.0 (GraphPad, Inc., USA). Statistical significance was tested using
a Student’s t-test. A p-value < 0.05 was considered to represent statistical significance.

Results and Discussion

Synthesis of Sialic Acid-Poly (Ethylene Glycol)-Ibuprofen (SA-PEG-IBU)

The synthesis routes of PEG-IBU (PI) conjugate and SA-PEG-IBU (SPI) conjugate were shown in Figure S2. Briefly,
ibuprofen and PEG were amidated in the first step of the reaction, and the final SPI conjugate was a product of the
esterification of sialic acid with the first reaction product. The structures of the products were verified by '"H NMR and
FT-IR. "H NMR spectrum (Figure 1A) of the conjugate of SA-PEG-IBU was referred to the "H NMR spectra (Supporting
Figure S3) of HOOC-PEG-NH, and HOOC-PEG-IBU, the characteristic peaks corresponding to SA-PEG-IBU conjugate
were as below: 0.85 ppm (CH3;CHCHj;, 6H), 7.09-7.19 ppm (Benzene ring, 4H), 8.06-8.08 ppm (-NH-CO-, 1H).
Furthermore, Figure 1B presents the FT-IR spectra of PEG, PEG-IBU and SA-PEG-IBU conjugates. The PEG-IBU
presented characteristic absorption bands at 1549 cm™ ' belonging to CO-NH-, in agreement with the successful coupling
of PEG and IBU. Consequently, combining the "H NMR with the infrared spectrum led to the conclusion that it had been
demonstrated that the SA-PEG-IBU conjugates were successfully synthesized.

Characterization of Sialic Acid-Poly (Ethylene Glycol)-Ibuprofen (SPI) Nanomicelles
SPI conjugates can self-assemble into nanosized micelles in aqueous solution, and the critical micelle concentration
(CMC) was measured at 0.021 mg/mL (Supporting Figure S4). The particle size and zeta potential of nanomicelles were

determined by DLS, and the morphology was observed by TEM. As shown in Figure 1C, the diameter of SPI, PI and
SPI/SU nanomicelles were 18.53 £ 0.12 nm, 13.17 £ 0.14 nm, 21.42 + 0.25 nm, respectively. It can be seen that the
particle size of SPI/SU nanomicelles rose slightly after loading sunitinib, but remained within a narrow particle size
distribution. Furthermore, these nanomicelles showed excellent stability after lyophilization. PI can also form nanomi-
celles with approximate particle size, we utilized PI as a negative control with no targeting property. Meanwhile, TEM
revealed a consistent sphere in the particle size shape as shown in Figure 1D and E.

The particle size and zeta potential of nanomicelles did not change significantly in PBS and 10% serum, nor did the
value of the particle distribution index (PDI), as shown in Figure 1F-H. Drug loading capacity (LC) and encapsulation
efficiency (EE) of SPI/SU nanomicelles with different SPI/sunitinib ratios were evaluated to obtain a satisfactory SPI/
sunitinib ratio of 10:1. Under this circumstance, the LC and EE of the SPI/SU nanomicelles were 8.3% and 91.3%,
respectively (Table 1).

The Property of Drug Release in vitro
The release properties of sunitinib in vitro were investigated at different pH (7.4, 6.8 and 5.5) to mimic the condition of
physiological pH and tumor sites, respectively. Sunitinib released rate gradually slowed down within 8 h under various pH
circumstances (as shown in Figure 2A). At pH 7.4, the total cumulative release of sunitinib was slightly lower than in the other
two conditions, implying that SPI/SU nanomicelles could more efficiently release sunitinib in the tumor microenvironment.
The SPI/SU nanomicelles exhibited faster release at pH 6.8 and 5.5. Roughly 35.7% of ibuprofen was released at
pH7.4 within 8 h, whereas ibuprofen release was around 77.1% and 64.8% at pH 6.8 and 5.5, respectively (As shown in
Figure 2B). The release of ibuprofen was ineffective in the physiological pH environment of 7.4, but it was relatively
efficient in the simulated tumor microenvironment and the internal endosome and lysosome. The release rate of ibuprofen
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Figure | Physicochemical characterization and stability of SPI nanomicelles. (A) 'H NMR spectra of SA-PEG-IBU in d6-DMSO. (B) IR spectra of PEG (HOOC-PEG-NH,),
PEG-IBU, SA-PEG-IBU. (C) Size distribution of blank Pl nanomicelles, SPI nanomicelles and SPI/SU nanomicelles. (D) TEM image of SPI nanomicelles (scale bar = 25 nm). (E)
TEM image of SPI/SU nanomicelles (scale bar = 25 nm). (F) Particle size distribution and PDI of SPI nanomicelles in PBS at 7 days, n=3. (G) Particle size distribution and PDI
of SPI nanomicelles in 10% serum for 7 days, n=3. (H) Zeta potential distribution of SPI nanomicelles in PBS and 10% serum within 7 days, n=3. All data are means * SD.

declined after 12 hours, which we thought might be connected to the progressive esterase inactivation. Ibuprofen can be

delivered efficiently at the tumor site and perform a therapeutic role attributed to the mediating of pH and enzyme
activity.

Cytotoxicity of Sunitinib-Loaded Nanomicelles to 293T, 786-O and ACHN Cell Lines
MTT assay was used to evaluate the toxicity of the SPI nanomicelles on HEK 293T, 786-O, and ACHN cell lines. The
cellular toxicity of the SPI nanomicelles exhibited concentration-dependent behavior in all three cell lines (Figure 2C). It
is worth noting that higher cytotoxicity in 786-O and ACHN cells were observed. This could be due to increased
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Table | The Loading Capacity and Encapsulation Efficiency Rates of SPI/SU
Nanomicelles and Sunitinib Drugs at Different Mass Ratios

Sunitinib Mass (mg) SPI Mass (mg) LC (%) EE (%)
0.5mg 10mg 4.6% 97.2%
1.0mg 10mg 8.3% 91.3%
1.5mg 10mg 8.2% 62.8%
2.0mg 10mg 7.2% 43.2%

expression of E-selectin receptors on the surface of 786-O and ACHN cells, which facilitated and mediated the uptake of
SPI nanomicelle, resulting in increased cytotoxicity.

As depicted in Figure 2D, SPI/SU nanomicelles showed efficient cytotoxicity to tumor cells at a particular concen-
tration and similar therapeutic tendencies in different tumor cells. The hemolysis of the SPI material was also tested. As

expected, there was no obvious hemolysis reaction while it was at high concentrations (Supporting Figure S5). These

results showed that the SPI material has good biocompatibility.

Cellular Uptake in 786-O and ACHN Cell Lines
The cellular uptake of SPI and PI nanomicelles in 786-O (Figure 3A) and ACHN cells (Figure 3D) were observed
by confocal microscopy. As expected, a stronger 5-FAM fluorescence signal was detected in the SPI group compared
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with SPI nanomicelles and Pl nanomicelles for 2 h and 4 h, respectively. The scale bar is 25 pm. (E) Flow cytometric determination of SPl nanomicelles and Pl nanomicelles uptake in
ACHN cell lines. (F) The fluorescence intensity of ACHN cell micellar uptake was quantified by flow cytometry. All data are means + SD, n=3. **p < 0.001.
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with the PI group in both cell lines, indicating that the SA group can promote the endocytosis mediated by the
E-selectin receptor, which is consistent with the experimental results of cytotoxicity assay.

To quantify micelle accumulation, the intracellular fluorescence intensity of the SPI (Figure 3B and C) and PI
groups (Figure 3D and F) was detected by flow cytometry, which was consistent with that of confocal microscopy
analysis. In the PI group, the fluorescence intensity decreased compared with the SPI group within 2 hours. By
contrast, higher amounts of the fluorescence signal were detected within 4 hours, which showed that SA-modified
micelles increased the drug uptake in a time-dependent manner. Moreover, the f-actins were labeled by Rhodamine
to evaluate the reorganization of the cellular cytoskeleton in both cell lines because abnormal damage to the
cytoskeleton can influence some cell functions, including proliferation, apoptosis, adhesion and migration.**>! As
a vital structural support for cell migration, the amount of pseudopodia dropped and contracted significantly
following ingestion of the SPI nanomicelles, which may be a significant factor in the suppression of tumor cell
metastasis (Supporting Figure S6).

Migration and Invasion in 786-O and ACHN Cell Lines

To evaluate tumor cell migration after medication treatment, wound healing assays were performed. Following the
scratches, the 786-O and ACHN cells were imaged at 0 h and 24 h following drug incubation. The cell migration rates
were calculated using Image J software. In comparison with the control group, other experimental groups showed
inhibition of cell migration at varying degrees (as shown in Figure 4A). Particularly, the SPI/SU group and the sunitinib
group inhibited 786-O cells more effectively at the approximate level (Figure 4C). Similarly, the SPI/SU group and the
sunitinib group also showed the best inhibition of cell migration among all experimental groups in ACHN cells, although
the inhibition level was lower than that of 786-O cells (Figure 4D). Additionally, the ibuprofen-free drug group
demonstrated slight suppression of migration, which was also found with blank nanomicelles. This result showed that
it may be related to the inhibition of COX-2 by ibuprofen.>?

Transwell migration experiments could be used to evaluate the longitudinal motility of cells, reflecting the invasion
ability of tumor cells to a certain extent. The migrant cells on the bottom of chamber were imaged and counted 24 hours
after seeding. The result of the transwell assay indicated that it had a similar inhibitory effect as the above-mentioned
result. In comparison to the control group, tumor cell metastasis was milder in the treatment group (Figure 4B). More
notably, SPI/SU had a considerable inhibitory effect on 786-O cells (Figure 4E) and ACHN cells (Figure 4F), even
stronger than the sunitinib group.

Interaction of COX-2 with its specific EP receptors on the surface of cancer cells has been proved to induce cancer
migration and invasion.” To verify whether inhibition of COX-2 by ibuprofen in SPI nanomicelles affected the migration
and invasion ability of tumor cells, the expression of COX-2 was measured in each experimental group of 786-O
(Figure 5A) and ACHN cell lines (Figure 5B) by Western Blot assays. The results showed that the SPI/SU and ibuprofen
groups exhibited lower expression than the other groups, which was consistent with the experimental results above
(Figure 5C and D). However, it is noteworthy that the significant inhibition of cell migration was observed with sunitinib
but at a high level of COX-2 expression, which revealed the inhibition of cell migration of sunitinib might exert through
other mechanisms. The results demonstrated that the SPI/SU nanomicelles may suppress the migration and invasion
abilities of tumor cells by down-regulating COX-2 with ibuprofen; meanwhile, the targeted delivery of sunitinib
enhanced its therapeutic effect.

Biodistribution and Antitumor Efficacy on Subcutaneous Tumor Model

DiR was loaded into SPI nanomicelles as a mimic of sunitinib to track the biodistribution. As shown in Figure 6A, SPI
nanomicelles showed enhanced accumulation in the tumor from 3 to 24 h. The tumor tissues and main other organs were
harvested and imaged ex vivo. As shown in Figure 6B, the fluorescence signal of SPI/DiR nanomicelles in tumor tissues
was much stronger than that of free DiR, indicating an ideal tumor-targeting capacity of SPI nanomicelles. It can also be
seen that strong signal were detected in spleen, which may be attribute to the increased expression of E-selectin in the
spleen to respond to the inflammatory in the tumor.>*
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The tumor treatment efficacy was investigated in the tumor-bearing nude mice models. As shown in Figure 6C-E, each
group of SPI/SU, PI/SU, free sunitinib and free ibuprofen showed a tumor inhibition rate of more than 50%. Strikingly, SP1/
SU nanomicelles inhibited tumor growth the most effectively, with an average tumor inhibition rate at 84%. Although the
free sunitinib group also showed positive tumor inhibition, the body weight loss could not be ignored (Figure 6F),
suggesting a systemic side effect or cachexia caused by free sunitinib might occur. Meanwhile, during the 21-day treatment
period, no body weight loss was observed in SPI/SU group, demonstrating minimum side effects. Weight loss may be due to
gastrointestinal irritation and blood toxicity of sunitinib itself, or cachexia caused by tumor progression. In brief, the SPI
micellar delivery system increases drug enrichment at the tumor site to enhance the anti-tumor activity but reducing side

effects.”!>>5¢

Histochemistry Analysis of Antitumor Efficiency and Biosafety
Histochemistry analysis of tumor tissues was further performed. As shown in Figure 7A and B, SPI/SU treatment group
exhibit the fewest tumor cells and the most severe tumor necrosis in H&E stained sections. Meanwhile, SPI/SU treatment
group also exhibit the lowest cell proliferation (stained by Ki67°7) and the highest cell apoptosis (TUNEL assay®).
Moreover, to check the expression of COX-2 for anti-metastasis, the tumor sections were stained by immunofluores-
cence. Consistent with the results of cell experiments, SPI/SU showed the strongest COX-2 down-regulation, indicating
that SPI/SU can also inhibit tumor metastasis and invasion in vivo (Figure 7C). However, the ibuprofen treatment group
did not show the same COX-2 down-regulation effect as the cell experiment. This may be because ibuprofen was difficult
to be effectively enriched in the tumor site after tail vein injection, resulting in low drug concentration in the tumor tissue.
Main organs of all the tested nude mice were collected for H&E histopathology analysis to investigate the organ
toxicity in vivo, which is important for the clinical application of drug delivery system.’® The histopathology analysis
revealed that the SPI/SU nanomicelles did not cause visible damage to main organs, including the heart, lung, liver,
spleen, and kidney as shown in Figure 8A. Moreover, blood routine examinations were performed for each group. In
comparison with free sunitinib, the SPI/SU nanomicelles showed significant alleviation of leukopenia and
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immunofluorescence measured by Image] software. All data are mean * SD, n=3. *p < 0.05, **p < 0.0, ***p < 0.001.

thrombocytopenia, which was attributed to the targeted delivery and release ability of SPI/SU nanomicelles at the tumor
site (Figure 8B and C). Combined with former experimental results, it can be concluded that SPI/SU nanomicelles exhibit

enhanced tumor treatment ability and weakened side effects in vivo.

Conclusion

In summary, we successfully designed and synthesized sialic acid-poly (ethylene glycol)-ibuprofen (SPI) nanomicelles
that can effectively improve the efficiency of tumor inhibition attributed to E-selectin targeting. Moreover, the
inhibition of COX-2 by ibuprofen affects the invasion and metastatic capabilities of tumor cells. As an “old drug”
widely used in clinics, ibuprofen is endowed with the “new trick” of forming nanomicelles through conjugation. As
a consequence, the SPI/SU nanomicelles exhibit enhanced tumor therapeutic effects. This research provides a new
prospective to dig out traditional, efficient, and safe drugs in the treatment of cancer on innovative applications.
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