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Background: Breast cancer treatment has been a global puzzle, and targeted strategies based on the hypoxic tumor microenvironment
(TME) have attracted extensive attention. As a signature transcription factor overexpressed in hypoxia tumor, hypoxia-inducible
factor-1 (HIF-1) contribute to cancer progression. Compound 7-(3-(2-chloro-1H-benzo[d]1midazole-1-yl) propoxy)-2-(3,4,5-trime-
thoxyphenyl)-4H-chromen-4-one, synthesized and named FB15 in our earlier research, a potential inhibitor of HIF-1a signaling
pathway, has been proved a promising drug candidate for many kinds of cancer chemotherapy. However, the poor solubility and
undesirable pharmacokinetics of FB15 leads to limited treatment efficacy of tumor, which ultimately restricts its potential clinical
applications. Carbonic anhydrase IX (CAIX), a tumor cell transmembrane protein, was overexpressed in hypoxia tumor site.
Acetazolamide (AZA), a highly selective ligand targeting CAIX, can be utilized to delivery FB15 to hypoxia tumor site.

Methods: In this study, we prepared and characterized FB15 loaded nano-mixed micelles with the AZA conjugated poloxamer 188
(AZA-P188) and D-a-Tocopherol Polyethylene 1000 Glycol Succinate (TPGS), denoted as, AZA-P188/TPGS@FBI1S5. Its delivery
efficiency in vitro and in vivo was assessed by in vitro drug release, cytotoxicity assay, cellular uptake, and in vivo pharmacokinetics
and fluorescence imaging. Finally, therapeutic effect of AZA-P188/TPGS@FBI15 was investigated using a preclinical breast cancer
subcutaneous graft model in vivo.

Results: In vitro studies revealed that AZA-P188/TPGS@FB15 could efficiently target breast cancer cells mediated by CAIX
receptor, trigger FB15 release in response to acidic condition, and enhance cellular uptake and cytotoxicity against breast cancer
cells. The pharmacokinetic studies showed that FB15-loaded AZA-functionalized micelles exhibited significantly increased AUC_;
over free FB15. In vivo imaging demonstrated that AZA-functionalized micelles significantly increased the drug distribution in the
tumor site. In vivo experiments confirmed that AZA-P188/TPGS@FB15 exhibited superior inhibition of tumor growth in nude mice
with good biosafety.

Conclusion: AZA-P188/TPGS@FB15 hold promise as a potentially effective therapeutic way for breast cancer. Its targeted delivery
system utilizing AZA as a carrier shows potential for improving the efficacy of FB15 in cancer therapy.
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Introduction
Breast cancer (BC) prevails as a major burden on global healthcare, being the most common cancer incidence among women. '
Compared to normal breast tissue, breast cancer exhibits significantly lower oxygen partial pressure as a type of solid tumors,”
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because the oxygen consumption of rapidly proliferating tumor cells exceeds the oxygen supply of tumor vasculature.
Hypoxia accelerates malignancy progression and metastasis by causing angiogenesis and the over-expression of certain
protein products essential for tumor growth.>* Reduced oxygen availability triggers the activation of hypoxia-inducible
factors-1 (HIF-1), a heterodimeric protein made up of the HIF-1a and HIF-1p subunits. As an oxygen-dependent transcrip-
tional regulator, HIF-1 upregulates glycolysis by increasing the glucose uptake and the expression of glycolytic enzymes, such
as lactate dehydrogenase A (LDHA), pyruvate dehydrogenase kinase-1 (PDK1) and hexokinase II (HK II), by raising the
expression of glucose transporter protein-1 (GLUT1) which plays a direct role in glucose metabolism via glycolysis.” The
levels of HIF-1a protein dramatically increase in hypoxic cancer cells.® Clinical evidence supports that high-level expression
of HIF-1a protein in diagnostic tumor biopsies from multiple kinds of breast cancers was positively associated with increased
risk of poor outcome in unselected breast cancer patients,”* as well as its contributions to malignant behavior and therapeutic
resistance contributions.” Notably, the application of HIF-1a inhibitor, whether directly or indirectly decreasing the levels of
HIF-10, in combination with other anti-cancer agents, has exhibited significant improvements in radiotherapy and chemother-
apy, reversing tumor drug resistance, and reducing tumor cell metastasis.'®'* As a pivotal regulator in hypoxic tumor cells,
HIF-1a presents a prospective target for the creation of innovative antitumor medications against solid tumors like breast
cancer.'” In recent decades, several targeting inhibitors HIF-1a have been identified (Apigenin,'"' YC-1'°, Honokiol,"?
Acriflavine'®). Furthermore, it has been demonstrated that some approved drugs (Panzem®, Velcade®™) directly or indirectly
inhibit of HIF-lo.'*'> Nevertheless, no selective HIF-lo inhibitor has been clinically approved by Food and Drug
Administration (FDA) for cancer treatment. Therefore, the development of effective anticancer drugs that specifically target
HIF-1a is urgently needed.

FB15  (7-(3-(2-chloro-1H-benzo[d]midazole-1-yl)propoxy)-2-(3,4,5-trime-thoxyphenyl)-4H-chromen-4-one), a
recently synthesized flavonoid-benzimidazole derivative, was designed to target HIF-1a signaling pathway, as demon-
strated in our earlier research.'® In vitro experiments have shown that FB15-induced apoptosis in tumor cells and exhibits
strong antiproliferation activity against the mouse fore-stomach carcinoma (MFC) cell lines'® and human gastric cancer
MGC-803 cell lines but minimal cytotoxicity towards normal stomach cells.'” Moreover, FB15 has demonstrated
significant antitumor activity against the transplanted tumors growth in mice, surpassing that of the clinical anticancer
medicine 5-Fluorouracil (5-Fu).'” Notably, FB15 has been found to significantly inhibit the HIF-1a signaling pathway,
such as the activity and expression of HIF-1a and glycolytic enzymes HK-II, PFKP at the transcriptional level.!” Taken
together, its great anti-tumor activity, low toxicity profile and novel target make FB15 an especially promising candidate
for cancer chemotherapy and metastasis treatment.'®!” However, its poor solubility, suboptimal bioavailability and
limited tumor permeability ultimately hamper its potential clinical applications. A smart nano-delivery system integrated
with dual-functionalities of active targeted delivery and responsive drug release can enhance therapeutic efficacy of FB15
and mitigate its side effects, thus lighting up the hope for the effective treatment of malignancies with FB15 in clinical.

The unique hypoxic microenvironment of tumors provides conditions for this “smart” targeting-responsive drug
delivery. Hundreds of genes, like the carbonic anhydrase IX (CAIX) regulated by HIF-1a, were over-expressed in the
hypoxic microenvironment. CAIX is a tumor-associated transmembrane-binding enzyme for regulating intra-tumoral pH,
which facilitated to tumor proliferation'®'® Significantly increased CAIX expression has been demonstrated in many
types of malignant tumors including breast cancer, which is a marker of poor prognosis.*® > In addition, acidic pH is
also a common characteristic of solid tumors. Recently, CAIX has been unveiled to affect cellular metabolism. Inhibition
of CAIX activity significantly mediates cellular acidification,”® which contributes to accelerating drug release for pH-
sensitive delivery systems. Hence, CAIX has attracted much attention as an appealing epitope for tumor-specific
therapy.”* Nanomedicines anchored with CAIX inhibitors could accomplish active tumor-targeting delivery to the
hypoxic location as well as more effective intra-tumoral enrichment through a specific ligand-receptor interaction.?>**

Taken this into consideration, we designed and synthesized smart nano-mixed micelles consisting of Acetazolamide
(AZA) conjugated poloxamer 188 (AZA-P188) and a-tocopherol-polyethylene glycol-succinic acid (TPGS), named
AZA-P188/TPGS micelles. This smart drug delivery system aims to targeted delivery and acid-sensitive release of the
FB15 to hypoxic and acidic tumor sites with CAIX overexpressing. In our strategy, the AZA-P188 was synthesized by
introducing carboxylated P188 onto AZA through an acid-labile amide bond for targeting CAIX. The ionizable
sulfonamide bond of AZA-P188 has pH-responsive properties and allows FB15 release triggered by tumor acidity
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Scheme | Schematic illustration of smart (CAIX targetable and pH-responsive) nano-mixed micelles named AZA-P188/TPGS@FBI5 Micelles for efficient anti-breast
cancer.

microenvironment. TPGS forms self-assembled mixed micelles with AZA-P188 to improve the drug loading rate and
stability and prolong blood circulation time. Subsequently, FB15 was encapsulated into the hydrophobic inner domains of
AZA-P188/TPGS mixed micelles through the electrostatic interaction. After nanoparticle preparation, we investigated
the physicochemical characteristics and biological properties of AZA-P188/TPGS@FB15 micelles, including the mor-
phology, particle size, Zeta potentials, in vitro drug release, cellular uptake, and cytotoxicity. Additionally, its anti-tumor
effects, pharmacokinetic and tissue distributions were further investigated in vivo. By exploiting the hypoxic and acidic
microenvironment of tumor, the AZA modification nanocarrier system not only maximizes FB15 delivery to hypoxic
tumor sites for exerting the glycolysis-blocking effect but also achieves rapid drug release under tumor acidic conditions
(Scheme 1). The designed FB15-loaded targeted micelles demonstrated high efficacy in inhibiting tumor growth,
providing a viable strategy to drive forward the clinical translation of such a novel candidate for hypoxic breast cancer
and other solid tumors chemotherapy treatment.

Materials and Methods

Materials

The model drug FB-15 was obtained by employing a previously established method.'® Acetazolamide (AZA), D-a-
Tocopherol polyethylene1000 succinate (TPGS), and Poloxamer 188 (P188) were acquired from Haohong
Pharmaceutical Co., Ltd, (Shanghai, China). Synthesis-related raw materials and catalysts, including
N-hydroxysulfosuccinimide (NHS) and 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC), were
obtained from Jingchun Reagent Co., Ltd (Shanghai, China). Dulbecco’s modified eagle’s medium (DMEM) was
purchased from Gibco (USA). 4-6-diamidino-2-phenylindole (DAPI), fetal bovine serum (FBS), Methyl Thiazolyl
Tetrazolium (MTT), and trypsin were acquired from Beyotime Biotechnology Co., Ltd (Shanghai, China). Human breast
cancer cell lines MCF-7 were supplied by Shanghai Institute of Cellular Biology of Chinese Academy of Sciences.
Sprague-Dawley (SD) rats (225 + 25 g) and female BALB/c nude mice (20 £+ 2 g, 4-5 weeks old) were acquired from
Hunan Silaikejingda Experimental Animal Co., Ltd (Changsha, China).
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Synthesis of AZA-P188

The synthesis of acetazolamide-amine (AZA-NH,) from acetazolamide (AZA) by acid hydrolysis was conducted through
acid hydrolysis, following previous described method.?’>° This procedure involved adding acetazolamide (3.00 g, 13.34
mM) to a solution of hydrochloric acid (70.00 mM) in 70 mL, and stirring the liquid for 3 h under reflux condition.
Column chromatography (CHCI13/MeOH: 100/0 to 70/30) was used to purify the resultant crude material in order to
obtain the product 1,3,4-thiadiazole monohydrochloride (5-amino-2-sulfamoyl).*°

A mixture of P188 (9.00 g), succinic anhydride (SA, 0.54 g), DMAP (0.27 g) and 0.5 mL triethylamine was co-
dissolved in 30 mL of dioxane to synthesize the carboxylated P188. The solution was thoroughly mixed by magnetic
stirring and allowed to react at room temperature for 24 h. The resulting mixed liquid was transferred to a dialysis bag
with a relative molecular weight cutoff of 3500 Da, and the dialysis was performed with distilled water for 72 h. To
effectively remove the organic solvent from the mixture, the dialysis buffer was replaced every 6 h during the initial 24 h,
and the dialysis buffer was exchanged every 12 h for the following 48 h. The carboxylated P188 (CT-P188) was then
obtained as a white powder through lyophilization.

Afterward, a solution of CT-P188 (1.5 g) and AZA-NH, (300 mg) in distilled water was prepared, and EDC (2.07 g)
and NHS (1.03 g) were added to the mixed solution. The reaction was carried out with stirring for 24 h at ambient
temperature. Subsequently, the resulting product was dialyzed using distilled water for 72 h, with regular water changes
every 24 h. Finally, the mixture was subjected to freeze-drying to obtain a new polymer powder, AZA-P188.

Preparation of FBI5-Loaded Micelles

FB15-loaded micelles were conducted using a filming-rehydration method. Briefly, different proportions of FB15 (2.5
mg, 5.0 mg, 10.0 mg), P188 (5.0 mg) and TPGS (145.0 mg) were dissolved in absolute ethyl alcohol in a round-bottom
flask. The ethyl alcohol was evaporated under pressure at 50°C to form a uniform transparent film. Next, 5 mL of sterile
saline (pH 7.4) was added to hydrate the lipid film at 25°C. The hydrated film was centrifuged at 4000 rpm for 10 min to
obtain the mixed micelles (P188/TPGS@ FB15 Micelles). To prepare acetazolamide-functionalized micelles (AZA-
P188/TPGS@FB15 Micelles), the same method was used with the substitution of P188 with AZA-P188.

Characterization of FBI5-Loaded Nano-Micelles

The particle diameter and {-potential of FB15-loaded micelles were characterized by dynamic light scattering (90PIus
PALS, Brookhaven Instrument, USA). The morphologic image of P188/TPGS@FB15 and AZA-P188/TPGS@FB15
micelles was captured by Transmission electron microscopy (TEM, FEI, USA). A series of feed ratios of TPGS to P188
were screened for their influence on loading capacity (LC) and encapsulation efficiency (EE) at a fixed FB15 dose of 5
mg. In brief, the AZA-P188/TPGS@FB15 micelles were ultrasound treated for 10 min dissolving in four-fold volumetric
methanol. The content of FB15 was detected by HPLC (Waters, USA) on an ultimate XB-C18 column at 30 °C. The
methanol and purified water (85:15, v/v) was used as the mobile phase in an isocratic elution. The standard curve of
FB15 was established by measuring the absorbance of pure series concentration FB15 at 364 nm. Then, the LC and EE of
FB15-loaded micelles were measured by the standard curve of FB15.

Drug Release Study In vitro

The release behavior of FBIS5 in vitro was evaluated using the dialysis method. Briefly, free FB15 and AZA-P188/
TPGS@FBI15 micelles with an equal amount of FB15 (50 pg) were dispersed in 2 mL of normal saline and then
transferred into dialysis bags with 3500 Da molecular weight cut off (MWCO). The dialysis bags were then immersed in
30 mL release medium (PBS, 10 mM, pH 5.6, 6.8 and 7.4 with Tween-80) with gentle shaking (100 rpm) at 37 °C. At
specified time intervals (0.5, 1, 2, 4, 6, 8, 10, 12, 24, 48 and 72 h), 1000 pL of release medium was collected, and 1000
pL of fresh medium was replenished. The content of FB15 was quantified by the HPLC method as described above.
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In vitro Cytotoxicity Assay

The cytotoxicity was examined using MTT colorimetric assay. In short, MCF-7 cells were inoculated into 96-well plates.
Following a 12-hour incubation, the cells were exposed to varying doses of free FB15, FB15-loaded micelles, and blank
micelles in DMEM. After incubation for 24 h or 48 h, 20 pL of MTT solution (5 mg/mL) was added for continuous
incubation for 4 h. The absorbance of each well at 490 nm was detected using the microplate reader.

In vitro Cell Uptake Study
MCEF-7 cells in exponential growth phase were seeded into 6-well plates at a density of 1x10° cells per well. After
incubation for 24 h to attach wall, the cells were incubated with gradient concentrations of Rhodamine 123 (Rh 123),
P188/TPGS@RN123 or AZA-P188/TPGS@Rh123 micelles for 2 h or 4 h incubation. For the receptor competition
experiment, MCF-7 cells were preincubated with 2 mg/mL of AZA for 2 h before adding P188/TPGS@Rh123 or AZA-
P188/TPGS@RN123 micelles. This pretreatment aimed to investigate whether the cell uptake was mediated by AZA.
To visualize intracellular localization, the treated MCF-7 cells were fixed with 4% paraformaldehyde and the cell
nuclei was stained with DAPI for 15 min. Intracellular localization was then observed with a fluorescence inversion
microscope. In addition, to quantitatively analyze intracellular uptake, the treated MCF-7 cells were trypsinized and
resuspended with PBS, and their fluorescence intensity was determined by flow cytometry.

Western Blot Assay

MCEF-7 cells were seeded with 4x10° cells per well in a 6-well plate and treated with 6 uM of FBI5 in different
formulation of (Free FB15, AZA-P188/TPGS@FB15) for 48 h. Cell lysates were prepared by RIPA buffer (Servicebio,
China) and then were centrifuged at 12,000 rpm for 15 min to collect total protein. 50 pg lysates proteins were treated
with 8% sodium dodecyl-sulfate Polyacrylamide gel (SDS PAGE), transferred onto PVDF membranes (0.2 um). The
membranes were blocked with 5% skim milk in Tris-buffered saline with Tween 20 T (TBST) for 2 h at room
temperature with gentle shaking, and incubated with primary antibodies against HK-II, PDK-1, CAIX or -actin primary
antibodies were incubated overnight at 4°C. Blots were washed with TBST (3 % 10 min) and then incubated with
horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. Finally, the proteins were visualized

using an enhanced chemiluminescence system (Tanon 5200, China).

Pharmacokinetics In vivo

The pharmacokinetic properties of AZA-P188/TPGS@FB15 micelles were contrasted with those of free FB15. Twelve
male healthy SD rats were randomized into two experimental groups with 6 rats in each group. Two formulations of
FB15 were injected intravenously into rats fasted overnight at an equivalent dose of 10 mg/kg (FB15). At predetermined
time intervals (0.083, 0.167, 0.25, 0.5, 1, 2, 4, 8, 12, 24 h) from the retroorbital plexus of the rats and immediately
centrifuged to get plasma. To determine the FB15 concentration in the plasma, 50 pL of the internal standard, chrysin (25
pg/mL), was mixed with 150 pL of the plasma and 2000 pL of methanol. The mixture was then vortexed for 5 min.
Following centrifugation, the supernatant was recovered and the organic solvent was evaporated, and then residue was
redissolved with 100 pL methanol for FB15 content analysis by HPLC.

The Tumor Targeting Ability In vivo

To observe the distribution of the targeted micelles, Rh123 was selected as a model drug because of its near-infrared
fluorescent properties. Three experimental groups of female BALB/c nude mice bearing breast cancer were randomly
assigned and were injected intravenously with free Rh123, AZA-P188/TPGS@Rh123, and P188/TPGS@Rh123 micelles
at an equivalent dosage of 2 mg/kg (Rh123). In vivo fluorescence imaging was captured at 0, 1, 2 and 4 h with a Fusion
FX7 fluorescence system. At four hours of intravenous administration, the mice were euthanized to collect the tumors

tissue and the primary organs (spleen, heart, liver, kidneys, lungs) for ex vivo fluorescent imaging inspection.
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Antitumor Effects of AZA-PI88/TPGS@FBI5 In vivo

To conduct the breast cancer-bearing tumor model, MCF-7 (2 x 10°) cells in the logarithmic growth phase were injected
subcutaneously into the mammary fat pads of 6-weeks-old female BALB/c nude mice. Twenty breast cancer mice were
randomized into 4 experimental groups, 5 mice in each group. They were administered intravenously with 100 pL of
saline, free FB15 (10 mg/kg), P188/TPGS@FB15 and AZA-P188/TPGS@FB15 micelles at doses of 10 mg/kg (FB15).
Body weight and tumor volume were recorded every two days after injection. On the 12th day following administration,
all mice were euthanized and then the tumor tissue and the major organs (kidneys, heart, liver, spleen, lungs) were
detached, weighed, photographed, and stained with hematoxylin and eosin (H&E) for further analysis.

Assessment of Biochemical Parameters

Nine male healthy C57BL/J mice were randomized into three experimental groups with 3 rats in each group. They
were administered intravenously with saline, free FB15 (10 mg/kg), and AZA-P188/TPGS@FB15 micelles at doses of
10 mg/kg (FB15). The drug was administered once every other day. After 10 days of the experimental period, all the
animals were sacrificed and their blood was collected for the estimation of the liver and kidney function indexes. The
blood samples were allowed to clot and centrifuged at 4000 rpm for 10 min and the obtained serum was used for
further measurement of all the indicators. The aspartate aminotransferase (AST), alanine aminotransferase (ALT),
UREA, creatinine (CREA) and uric acid (UA) in the serum were measured using commercial enzymatic kits (Huili,
Changchun, China).

Statistical Analysis

All the data were expressed as mean + SD of separate tests unless specified noted. Unpaired two-tailed Student’s 7-test
was conducted to analyze significance of the data, and data with p < 0.05 was regarded as statistically significant (as
calculated by GraphPad Prism 9.0).

Results and Discussion
Preparation and Characterization of AZA-P188/TPGS@FBI5

This study aims to prepare acid-sensitive and CAIX-targeted nano-mixed micelles to improve the pharmacokinetics and
pharmacodynamics of FB15. The synthesis route for AZA-P188 as dual-functional drug vehicles is depicted in Figure 1A.
Firstly, carboxylated P188 was obtained through the reaction of P188 with 1,4-Dioxane catalyzed by 4-dimethylaminopyr-
idine (4-DMAP) and triethylamine (TEA). Subsequently, acetazolamide (AZA) was subjected to hydrolysis under acidic
conditions to expose amino group,”’ which was then conjugated with the carboxylated P188 through an amide bond using
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) as catalysts. The FTIR spectra of P188 and AZA-P188 are shown in
Figure 1B. Notably, AZA-P188 exhibited a visible characteristic absorption peak of C=0 of the -COOH group in AZA-P188
at 3400 cm ', 1650 cm ™!, and 1582 cm ™!, confirming the successful conjugation.

Additionally, "H NMR spectroscopy was employed to further characterize AZA-P188. The 'H NMR results in Figure 1C
revealed that the signals were at 4.8 and 3.6~3.8 ppm, respectively corresponding to the resonance of the P188 protons (-CH-
and —CH,-). The signals of "H NMR spectra of AZA-P188 at § 7.6~8.4 ppm derived from the resonance of the AZA proton. All
data showed that AZA and P188 were conjugated successfully.

As a promising anti-tumor drug candidate, FB15 was obtained according to our previous report.”’ In the present study,
FB15 was successfully loaded into AZA-P188/TPGS or P188/TPGS mixed micelles (P188/TPGS@FB15 or AZA-P188/
TPGS@FBI15) using a filming-rehydration method. TEM imaging verified the formation of homogeneous sphere-shaped
nanoparticles, with average diameters of around 30 nm for AZA-P188/TPGS@FB15 micelles (Figure 1F). The hydrodynamic
particle size measured by DLS was slightly larger due to the hydrated layer around the nanoparticles with a narrow particle size
distribution (PDI < 0.3). The drug loading and encapsulation efficiency of AZA-P188/TPGS@FB15 were found to be 3.16% +
0.73% and 94.57% + 2.46%, respectively, as determined by HPLC analysis.

The zeta potential of P188/TPGS@FB15 and AZA-P188/TPGS@FB15 micelles was —16.47+0.21 mVand —18.51 £ 0.34
mV respectively, facilitating the micellar solutions of stability and high biocompatibility (Figure 1D and E). Interestingly,

10252 "= International Journal of Nanomedicine 2024:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Liu et al

A B Cc
0,
Q NN 0
o. o. g
/@ \/%o B \/i\on + o? “2""?:%/]&” ;_l “
H M
P188 b AZA § | | P188 ) | -
DAMP/TEA g |
I,A-Dioxanel 1MHCI,reﬂuxl § | | ‘H
£ | i
o 0 9 Nen £ | AzA-P188 JLN
0. 0. v = W
OH —S \ D RERTTIEE L o
HOW \/rtéoﬁm\ﬁ \/?:0*/\([)( + N 6‘<S)\NH2 E : |
c
Zolamide © I |
lEDCINHS = A IH | Aza )
———AZA-PL188 I
Q NN o o
s 3500 3000 2500 2000 1500 1000 500
nan-y LI WO\/H\" °\/\>\0)WM“\.N 10.0 90 80 7.0 60 50 40 30 20 1.0 00
° H i ™ m n 3 s/KS//O Wavenumber (cm-) 1 (ppm)
AZA-P188 o N
D E F
20 0
— P188/TPGS@FB15
— AZA-P188/TPGS@FB15 _ 5
_ 15 k]
X s
= 2 10
2 2
2 10] :
§ g 1
c
51 -20 = P188/TPGS@FB15
25 W AZA-P188/TPGS@FB15
0 v : ) '
1 10 100 1000
Size (nm)
G Hy Biank micelles - Free F15 -+ P188/TPGS@FB15 @ AZA-P188/TPGS@FB15 —~ AZA + AZA-P188/TPGS@FB15
9 120 120
Q
= 100 100-
g S S
I < 4 < i
E > 80 > 80
@ = =
; .‘-3 604 E 60+
2 s s
5 3 o S w0
g [3) [3)
3 204 204
< n 0
0T — T — 77— 1 10 100 1 10 100
o 8 16 24 32 40 48 56 64 72 Concentration of FB15 (uM) Concentration of FB15 (uM)

Time ( hours)
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when the pH of release buffer solution was dropped from 7.4 to 5.6, the particle size of AZA-P188/TPGS@FBI15 significantly
increased from 35.77 + 2.14 nm to 454.11 + 107.73 nm (Table 1), the Zeta potential of AZA-P188/TPGS@FBI15 also
significantly increased from —18.51 = 0.34 mV to —2.08 £ 1.25 mV (Table 1). This may be ascribed to the more amino-
protonation of both AZA-P188 and FB15 in Low-pH medium, resulting in enhanced hydrophilicity and/or electrostatic
repulsion, leading to an increase in micelle particle size and Zeta potential. Another possible reason for the size increase might
be the solubilization of FB15 under acidic conditions, weakening the electrostatic interactions between FB15 and the
hydrophobic structural domains inside the AZA-P188/TPGS micelles.>'-**

Release Behavior In vitro
The release properties of various FB 15 formulations were investigated in PBS with different acidity conditions added
1% SDS. As depicted in Figure 1G, the release of FB15 alone exhibited a rapid and complete release within the initial 3

Table | Characterization of AZA-PI88/TPGS@FBI5 Micelles in PBS at
Different pH Condition (Means % SD, n = 3)

pH value Particle diameter (nm) PDI {-potential (mV)
74 3577 £ 2.14 0.12 £ 0.01 —-18.51 + 0.34
6.8 300.13 + 60.14 0.49 £ 0.07 -350 % .17
5.6 454.11 £ 107.73 0.54 £ 0.09 -2.08 £ 1.25
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hours at pH 7.4, while FB15-loaded micelles demonstrated a significantly slower release rate, displaying two-phase
release patterns of an incipient rapid release followed by a constant release. For AZA-P188/TPGS@FB15 micelles, the
incipient rapid release of FB15 may be ascribed to its physical absorption on the surface of FB15-loaded micelles, while
the constant release could be attributed to encapsulation of the FB15 in the AZA-P188/TPGS micelles core.

The cumulative release rates of FB15 from the targeted nano-mixed micelles within the 72 h were 75.16% + 0.89%, 40.11% =+
1.43%, and 25.30% =+ 3.21% in the release medium at pH 5.6, 6.8, and 7.4, respectively. Notably, in comparison to pH 7.4 media
(simulating physiological environment), AZA-P188/TPGS@FB15 micelles exhibited an enhanced release rate in the media with
pH 5.6 and 6.8 (simulating acidic tumor microenvironment). It is possible that the protonation of the tertiary amine moiety of
FBI15 under acidic conditions led to increase the solubilization of FB15 and weaken the electrostatic interaction between
hydrophobic FB15 and the hydrophobic core of AZA-P188/TPGS micelles, causing the acidic-sensitive release characteristics of
AZA-P188/TPGS@FB15 micelles, with an increasing FB15 release rate with decreasing pH. Hence, FB15 release rate was
higher at pH 5.4 than at pH 7.4 and at pH 6.8. The acidic-sensitive release characteristics of AZA-P188/TPGS@FB15 micelles,
with an increasing FB15 release rate with decreasing pH, may be induced by the protonation of the tertiary amine moiety of FB15
under acidic conditions, which increased the solubilization of FB15 and weakened the electrostatic interaction between
hydrophobic FB15 and hydrophobic core of AZA-P188/TPGS nano micelles.>*** Moreover, this behavior may be also caused
by the breakage of the acid-sensitive ionizable sulfonamide bond of AZA-P188 under acidic conditions,*>~*® which triggers the
higher release of FB15. The reduction of negative charge on AZA-P188/TPGS@FB15 micelles at acidic pH (Table 1) may

facilitate cellular uptake and efficient intracellular drug release, potentially enhancing therapeutic efficacy.®’®

Effects of AZA-P188/TPGS@FBI5 on Cell Viability

MTT assays were performed with CAIX-positive cell-line MCF-7 to assess the cytotoxicity of FB15-loaded micelles in
culture medium. As depicted in Figure 1H, the cell viabilities both exceeded 95% for the vehicles, which demonstrated
that the vehicles possessed enhanced biocompatibility. Free FB15 and FB15-loaded micelles showed concentration-
dependent cytotoxicity towards MCF-7 cells for 24 hours and 48 hours. It was worth noting that AZA-P188/
TPGS@FB15 micelles (IC50 = 11.2 + 1.9 pM) demonstrated higher cytotoxicity than P188/TPGS@FB15 micelles
(IC50 = 131.3 £ 8.5 uM) and free FB15 (IC50 = 165.9 = 15.4 uM) in MCF cells after 48h of treatment (Figure 1H and
Table 2). This substantially enhanced cytotoxicity suggests that the AZA-P188/TPGS@FB15 nanoparticles effectively
delivered FB15 to the target cells, potentially improving the therapeutic outcome.

Cell Targeting Ability of Rh-123 Labeled AZA-P188/TPGS
One merit for AZA modification in AZA-P188/TPGS@FBI5 is its ability to target CAIX overexpressed cancer cells. To verify
the ability of AZA-P188/TPGS micelles for CAIX-mediated targeted of FB15, we prepared the Rh123 labeled P188/TPGS or
AZA-P188/TPGS micelles and investigated the cellular uptake using MCF-7 cell with CAIX overexpressing as an example.
The Rh123 with green fluorescence was applied for the localization of nano micelles, and the DAPI with blue fluorescence
was applied for the localization of nuclei. Intracellular localization was then observed with a fluorescence inversion microscope.
After co-incubation with free Rh123, Rh123-labeled micelles for 2 h, only weak green fluorescence was detected in the free
Rh123 group, while strong cytoplasmic green fluorescence could be observed in the Rh123-labeled micelles group, indicating
effective uptake of Rh123-labeled P188/TPGS or AZA-P188/TPGS micelles by MCF-7 cells (Figure 2A and B). The

Table 2 The IC50 Values on MCF-7 Cells Incubated with Free FBI5
and FBI5 Loaded Micelles After 24 h and 48 h (Means + SD, = 3)

Sample 1C50

24 h 48 h
P188/TPGS@FBI5 5295+ 212 puM | 1659 154 uM
P188/TPGS@FBI5 1126 £ 156 yM | 131.3 £85uM
AZA-PI88/TPGS@FBI5 29.7 £ 43 uM 112+ 1.9 uM
AZA + AZA-PI88/TPGS@FBI5 68.8 + 6.9 UM 612 +73uM
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Figure 2 (A) Fluorescence images of MCF-7 cells following 4 h and 12 h with free Rh123, and P188/TPGS@Rh 123 or AZA-P188/TPGS@Rh 123 micelles (Blue: DAPI; Green:
Rh123); (B) Fluorescence quantitative images of MCF-7 cells subjected to free Rh123, and P188/TPGS@Rh123 or AZA-PI188/TPGS@Rh|23 micelles by flow cytometry.
(C) Statistical analysis of fluorescence intensity (n = 3); The data were analyzed using unpaired two-tailed Student’s t-test. Data were expressed as mean * SD (n = 3), probability

value of ¥*¥p < 0.0001 was considered significant.
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fluorescence of Rh123 labeled AZA-P188/TPGS micelles group was slightly stronger than that of Rh123 labeled P188/TPGS
group, and this difference became more pronounced at 4 hours (Figure 2A and B). These findings suggested that AZA facilitates
the entry of P188/TPGS into the cells and enhances the micelles uptake. To further investigate whether AZA-P188/TPGS
micelles entry into cells through receptor-mediated endocytosis, we performed receptor competition experiments using flow
cytometry. We used free AZA to pre-saturate the CAIX receptor on the cell surface to evaluate the uptake of the micelles in the
presence or absence of competitive inhibitor.>>*° After pretreating the MCF-7 cells with an excess amount of AZA (2 mg/mL),
the fluorescence intensity of AZA-P188/TPGS@ Rh123 was only 6.1% of that pretreated without AZA (co-incubation for 4 h,
Figure 2C). This result indicates that the CAIX receptor on the cell membrane was mostly bound to free AZA,*® leading to
significant inhibition of AZA-P188/TPGS micelles uptake. Overall, these findings demonstrate that Rh123-labeled AZA-P188/
TPGS were endocytosed into the cells through a CAIX-mediated manner.

The Anti-Tumor Mechanism of AZA-PI88/TPGS@FBI5 Micelles

In our previous studies, FB15 significantly inhibited the glycolytic enzymes HK-II, PFKP and PDK-1 at the molecular level in
MGC-803 cells.'” To further validate the targeting mechanism of AZA-P188/TPGS@FB15 micelles, the effect of AZA-P188/
TPGS@FB15 on CAIX, HK-II and PDK-1 expression was explored through Western blotting. As shown in Figure 3, the
expression level of CAIX in the AZA-P188/TPGS@FB15 group was significantly lower than that in the blank control group
and FB15 group, which demonstrated AZA-P188/TPGS@FB15 have a significant inhibitory effect on CAIX at the molecular
level. Furthermore, AZA-P188/TPGS@FB15 downregulated the expression of PDK-1 and HK-II significantly, compare with
free FB15. These findings suggested that AZA modification nanocarrier system enhances FB15 delivery to hypoxic tumor
sites by targeting CAIX, thereby promoting the glycolysis-blocking effect of FB15 in MCF-7 tumor cells.
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Figure 3 The expression of HK-II, PDK-1 and CAIX in MCF-7 tumor cells (n = 3; *p < 0.05 and ***p< 0.001 or ****p< 0.000| compared with the control group; ##p < 0.0l
and ####p < 0.0001 compared with the free FBI5 group).
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Table 3 Plasma Pharmacokinetics Parameters of FBI5 (10 Mg/Kg) After
Intravenous Administration of Free FBI5 and AZA-PI88/TPGS@FBI5
Micelles to Rats (Means + SD, n = 6)

Pharmacokinetic parameter Free FBI15 AZA-P188/
TPGS@FBI5
AUC_. (ug/L h) 174.11 £ 13.06 1514.15 + 54.| 2%k
AUC,... (ug /L) 192.09 + 16.20 1535.28 + 65.| 7
MRTo. (h) 2.76 = 0.53 6.45 * | .04%FF*
MRTy..(h) 3.70 £ 0.76 8.59 & |.53kF*
ti22(h) 2.98 + 0.03 4.00 + 0.]3%¥k*
CLr(L/h/kg) 44.97 + 551 5.99 * |.76%*
Crnax(mg/L) 0.22 £ 0.02 0.38 + 0.06™*

Notes: Significant differences from free FBI5 were denoted as ***p < 0.001.

Pharmacokinetics Studies of AZA-PI188/TPGS@FBI5 Micelles

We evaluated the main pharmacokinetic properties of AZA-P188/TPGS@FB15 micelles in comparison to free FB15. As
shown in Table 3 and Figure 4, the area under the curve (AUCy._,,) of FB15 after intravenous administration in AZA-P188/
TPGS@FB15 micelles (1535.28 + 65.17 h-mg/mL, ~8-fold) was profoundly higher than that of free FB15 (192.09 + 16.20
h-mg/mL), indicating a substantially enhanced absolute bioavailability with this micellar formulation. The mean residue time
(MRT.,) of FB15 in the AZA-P188/TPGS@FB15 micelles (8.59 = 1.53 h, ~2.3-fold) was profoundly longer than that of
FB15 alone (3.70 = 0.76 h). Furthermore, the clearance rates (CL) of FB15 in the AZA-P188/TPGS@FB15 micelles (5.99 +
1.76 L/h/kg) were lower than those of the free FB15 (44.97 + 5.51 L/h/kg). These results demonstrated that the encapsulation
of FB15 in the targeted nano micelles remarkably enhanced its pharmacokinetic profile, consistent with the reports that nano-
mixed micelles would significantly change the blood circulation time and bioavailability.

In vivo Biodistribution Analysis

After characterizing the intracellular targeting performance, we used Rh123 was loaded into P188/TPGS or AZA-P188/TPGS
micelles to visualize the performance of biodistribution in vivo. Both free Rh123 and Rh123-loaded micelles were administrated
intravenously into the MCF-7 tumor-bearing BALB/c nude mice, and the fluorescent images of these mice were captured at
different time intervals with a Fusion FX7 fluorescence system. Both Rh123 alone and Rh123-loaded nano-micelles were rapidly
distributed throughout the body of tumor-bearing mice at 1 h post-injection. Encouragingly, at four hours post-injection, the
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Figure 4 The FBI5 mean plasma concentration-time profiles of the free FBI5, the AZA-P188/TPGS@FBI15 micelles at a dose of 10 mg/kg FBI5 in rats. Data were presented mean *
SD (n =6).
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fluorescence distribution in mice injected with AZA-PL188/TPGS@Rh123 micelles was almost all concentrated at the tumor
site, while free Rh123 and non-targeted P188/TPGS@Rh123 showed intense fluorescence distribution throughout the body
(Figure 5A).
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Figure 5 (A) In vivo biodistribution of free Rh123 and Rh123-loaded micelles for O h, | h, 2 h and 4 h. (B) Ex vivo tissue distribution of free Rh123 and Rh123-loaded micelles for 4 h. (C)
Fluorescence intensity analysis of ex vivo tissue (n = 3); The data were analyzed using unpaired two-tailed Student’s t-test. Data were expressed as mean * SD (n = 3). A probability value
of *p <0.05, **p <0.01, ***p <0.001 or ***p <0.0001 was considered significant.
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To further substantiate this observation, the tumor tissue and major organ were excised from tumor-bearing mice, and
fluorescence intensity was analyzed ex vivo for free Rh123, P188/TPGS@Rh123, and AZA-P188/TPGS@Rh123
micelles (Figure 5B and C). In contrast to the free-Rh123 formulation, both nano-mixed micelles manifested the
increased fluorescence intensities accumulation in tumor tissues, presumably resulting from the enhancement of permea-
tion and the retention effect of nano-sized micelles in the tumor sites.*” Remarkably, the fluorescence of AZA-P188/
TPGS@Rh123 was significantly stronger in the tumor site than that of the P188/TPGS@Rh123 micelles. These results
indicate that the AZA-P188/TPGS@Rh123 micelles achieved superior tumor-targeting efficiency compared to the P188/
TPGS@Rh123, which may be primarily ascribed to more endocytosis mediated by the receptor-ligand interaction.*>*
The excellent tumor-targeting capability of AZA-P188/TPGS@Rh123 micelles holds great promise for targeted drug

delivery to CAIX-overexpressed cancer cells.

In vivo Anticancer Activity

Since AZA-P188/TPGS@FB15 micelles exhibited superior cytotoxicity against MCF-7 cells, improved pharmaco-
kinetic properties in rats, and encouraging targeting ability to tumors in comparison to free FBI15, the anti-tumor
ability in vivo of the FB15-loaded micelles was assessed by MCF-7 bearing tumor model. Tumor weight in the free
FB15 group was not obviously different from the saline control group, while both non-targeted or targeted FB15
nanomedicine inhibited tumor growth significantly in contrast to the saline control and free FB15, which may be
ascribed to the enhanced FB15 pharmacokinetic properties and permeability and retention (EPR) effect of nano-size
micelles (Figure 1G and Table 3). Notably, the targeted FB15-loaded micelles exerted the highest the inhibitory
effects on the tumor in comparison to the non-targeted FB15-loaded micelles and free FB15 group (p < 0.001),
which was evident from the slowest tumor growth rate and the smallest tumor volume observed in the AZA-P188/
TPGS@FB15 group (Figure 6B and C). Among three FB15 formulations, the tumor cells in AZA-P188/
TPGS@FB15 group had most serious apoptosis and necrosis, according to H&E staining of tumor tissues
(Figure 6D). These results may be attributed to the active targeting of CAIX receptors by AZA ligands and the
pH-sensitive rapid release of FB15 from these micelles under tumor acidic conditions. In addition, glomerular
atrophy was observed in the free FB15 group, while both FB15 nano-formulation did not cause significant pathology
in the major organs and not observe a significant drop in body weight of the tumor-bearing mice during the
therapeutic period over the saline group (Figure 6A—D). This suggests that FB15 may cause some pathological
damage to the kidneys of mice. Moreover, we evaluated the effects of FB15 and AZA-P188/TPGS@FB15 on liver
and kidney function indexes in healthy C57BL/J mice. As shown in Table 4, the mice of FB15 group exhibited
significantly (p < 0.05) higher AST, UREA, CREA and UA compared with the normal control group, which
validated the nephrotoxicity of FBI15. It is worth noting that there was no significant difference between the
AZA-P188/TPGS@FB15 group and the normal control group for these biochemical parameters of liver and kidney
function. These results preliminarily indicated that the encapsulation of AZA-P188/TPGS improves FB15 biocom-
patibility in mice. Overall, these findings suggested that the AZA-P188/TPGS@FB15 micelles exert a better anti-
breast cancer efficacy in vivo accompanying lower systemic toxicity.

Conclusions

In this study, the authors successfully constructed a CAIX-targeted nano-delivery system loaded with the promising
HIF-1 inhibitor FB15 (AZA-P188/TPGS@FB15) for targeted therapy of breast cancer and other solid tumors. The
AZA-P188/TPGS@FB15 micelles exhibited responsive drug release in an acidic environment and accumulated
preferentially in tumor tissues. The results showed that AZA-P188/TPGS@FB15 micelles exhibited higher cellular
uptake and better inhibitory effects in vitro, in contrast to free FB15 and the non-targeted P188/TPGS@FB15
micelles. The AZA-P188/TPGS micelles could achieve superior drug accumulation in tumor tissues compared with
the non-targeted micelles. AZA modification nanocarrier system enhances FB15 delivery to hypoxic tumor sites by
targeting CAIX, thereby promoting the glycolysis-blocking effect of FB15 in tumor cells. Encapsulation of FB15 in
AZA-P188/TPGS has also improved the pharmacokinetics of FB15. In an MCF-7 tumor model, AZA-P188/
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Figure 6 In vivo experiments. (A) The body weight change curve of nude mice over a period of 12 day; (B) Photographs showing tumor inhibition after different treatments;
(C) Tumor growth curves after treatment with saline, free FBI5, PI88/TPGS@FBI5 and AZA-PI88/TPGS@FBI5 micelles; (D) Histopathological analysis of the tumor
tissues, heart, liver, kidney stained with hematoxylin after treatment with saline, free FBI5, PI88/TPGS@FBI15, and AZA-PI88/TPGS@FBI5 micelles.

TPGS@FB15 inhibited tumor glycolysis and exerted the best tumor suppressive effect, which may be ascribed to the
preferential accumulation and acid-responsive release of FB15 in the tumor environment via CAIX-targeting
delivery system. Overall, AZA-P188/TPGS@FB15 micelles exhibit excellent tumor-targeting capabilities and super-
ior antitumor efficacy, providing a viable candidate for targeted therapy to hypoxic breast cancer and other solid

tumors.
Table 4 Effects of Free FBI5 and FBI5-Loaded Micelles on ALT, AST, UREA, CREA and UA in C57BL/6)
Mice (Means * SD, n = 3)
Group ALT (U/L) AST (U/L) UREA (mM) | CREA (mM) UA (mM)
Normal control 47.25 £ 1.02 120.61 * 20.24 2431 +£54 14.85 + 0.31 14.85 £ 0.31
Free FBI5 55.11 £ 11.86 | 202.98 + 44.16*% | 35.15 = I.11* | 20.99 + 1.82*% | 20.99 = 1.82*
AZA-PI88/TPGS@FBI5 | 44.59 + 835 12111 £ 16.77 25.07 + 1.85 1541 £2.14 1541 £ 2.14
Notes: Significant differences from normal control were denoted as *p < 0.05, **p < 0.01.
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