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Purpose: This study emphasized that dasatinib (DAS) and olaparib (OLA) have synergistic effects on triple negative breast cancer, by
inducing DNA damage and inhibiting DNA damage repair. However, poor water solubility, short half-life of drugs, and low drug
concentration in tumor tissue limit the clinical application.

Methods: In this research, acid-sensitive ester bonds were used to connect hydrophobic DAS and hydrophilic hyaluronic acid (HA) to
form the amphiphilic polymer prodrug HA-DAS, and then OLA was added as the core, the HA-DAS was used as the carrier to form
nanomicelles (HDO-NPs) in aqueous. The characterization and drug release of HDO-NPs were studied, and the cytotoxicity, targeting
effect, and intracellular transport behavior of HDO-NPs were evaluated in MDA-MB-231. In addition, the pharmacokinetic and
therapeutic effect of HDO-NPs were further verified in vivo.

Results: In vitro characterizations showed that HDO-NPs were spherical with uniform particle size, good stability and anti-dilution
ability, and displayed favorable pH-responsive drug release behavior. In addition, the cell experiments showed that HDO-NPs could be
effectively taken up by binding to the overexpressed CD44 proteins of MDA-MB-231 cells, resulting in increased intracellular drug
concentration. In vivo experiments showed that HDO-NPs can effectively target tumor tissues, have excellent therapeutic effects on
tumor, significantly prolong the circulation time of drugs in vivo, and effectively improved the bioavailability of drugs.
Conclusion: DAS and OLA were designed into micelles, the efficacy of HDO-NPs was higher than that of free drugs. Therefore,
HDO-NPs have good application prospects in the treatment of triple negative breast cancer.
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Introduction
Design and synthesis of efficient drug delivery systems are crucial for disease treatment and medical development. Polymeric
micelle systems have provided a promising strategy.' It is a new nano-preparation obtained by loading small molecule drugs
with amphiphilic polymers as carriers, in which the carrier surface can also modify new targeting groups according to the
characteristic functional groups to enhance the positioning and recognition function of the system.*> Meanwhile, the drug
encapsulated in the carrier can overcome the defects of short half-life, poor water solubility, poor stability and high side effects of
the original drug.°'® Prodrug referred to a class of compounds that have no activity or low activity in vitro and can be
transformed by enzyme or non-enzyme to release the active drug after entering the body. After the drug is made into a prodrug, its
physical and chemical properties can be improved in many ways, such as increasing water solubility and reducing toxicity.'"'* In
addition, by introducing stimuli-responsive chemical bonds, prodrugs can have special responses to certain tissues (eg: tumor
tissues).'” ' Therefore, combined with the advantages of polymeric micelles and prodrug strategies, polymeric prodrug
micellar-based drug delivery systems (PPM-DDS) have been widely explored to overcome the shortcomings of conventional
chemotherapy and improve antitumor efficacy.'®'”

PPM-DDS can improve the efficiency of tumor targeting by enhancing the permeability and retention effect (EPR),
thereby improving the bioavailability and therapeutic effect of anti-cancer drugs.'® Nevertheless, the efficiency of EPR is
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limited by many factors (such as the degree of tumor angiogenesis), poor uptake of tumor cells and incomplete drug
release are still problems to be solved. To improve the therapeutic effect of PPM-DDS, researchers have made great
efforts to develop drug delivery systems that actively target tumors. Due to the heterogeneity of tumor cells, the
expression of some proteins or receptors on the surface is higher than that of normal cells. The CD44 protein has
been confirmed to be overexpressed on the surface of various tumor cells, and hyaluronic acid (HA) as its specific ligand
has been widely used in targeted drug delivery systems.'®?° On the one hand, as a major component of the human
intracellular stroma and extracellular matrix, HA has good water solubility and biocompatibility. On the other hand, there
are carboxyl and hydroxyl groups in the HA polymer chain, and the chemical reactions around hyaluronic acid include
esterification, crosslinking, grafting, amidation and ring-opening reaction on the carboxyl group, which provides
a guarantee for the design of the prodrug.®’ Therefore, PPM-DDS designed and synthesized based on HA can effectively
improve the problem of poor uptake of micelles by tumor cells.*****

Owing to the hypoxia and high metabolism of tumor tissue, a large amount of lactic acid accumulation creates acidic
internal environment characteristics of tumor tissue. Consequently, PPM-DDS with pH-responsive drug release char-
acteristics are a powerful strategy to achieve selective drug release in tumor cells.”*2° At present, various pH-responsive
copolymers, including acid-sensitive groups such as ester bonds, hydrazone bonds, and vinyl ethers, have been
extensively studied to construct delivery systems for tumor therapy.?’*® Taking into account the structure of HA, the
ester bond was selected as the connection bond of PPM-DDS, which can effectively improve the problem of incomplete
drug release.

In recent years, molecular-targeting drugs for cancer have developed rapidly and a considerable number of blockbus-
ter drugs have been marketed. They can reconstruct normal molecules and inhibit the production of defective molecules,
as well as inhibit tumor growth by targeting specific phenotypes of tumor cells.?’ However, the growth rate of tumor cells
does not remain constant due to the tumour tissue progresses from an initial small number of cells to a lethal tumour load,
so a single type of drug therapy often has limited benefits. Correspondingly, combined chemotherapy is superior to
monotherapy in terms of the objective effective rate and prolonged survival of patients.°

Dasatinib (DAS) is a molecular targeted drug targeting tyrosine kinases that has antitumor effects by specifically
targeting Src, BCR-ABL and C-kit cytokines.***' Furthermore, the structure contains a primary alcohol group that can be
used for further chemical reactions (such as esterification reactions). Olaparib (OLA) is a poly ADP-ribose polymerase
(PARP) inhibitor, which can prevent PARP release from damaged DNA, thereby inhibiting DNA damage repair and
causing tumor cell apoptosis.®*>* In a previous study, the combined use of Src inhibitors (DAS) and PARP inhibitors
(OLA) increased the sensitivity of prostate cancer to OLA, and the inhibition of Src signaling by DAS increased DNA
damage in prostate cancer cells, showing favorable therapeutic effects.>* Moreover, in another study, DAS inhibited cell
cycle detection point kinase 1 (Chkl) and induced DNA damage, while OLA inhibited damaged DNA repair.>®
Therefore, the combination of DAS and OLA appears to be a promising treatment for triple negative breast cancer.
However, there are many problems in practical applications, such as poor solubility, short half-life, low bioavailability
and high risk of adverse reactions, which seriously limit their clinical application.*®

To address the above problems, we report a PPM-DDS with active targeting capability. The system takes HA as
hydrophilic shell and gives it the characteristics of targeting the CD44 protein. HA was connected with DAS through pH-
sensitive ester bonds to form the polymer prodrug HA-DAS (Scheme 1A). Subsequently, HA-DAS was used as the
carrier, and OLA was used as the core to self-assemble into polymeric prodrug micelles. The micelles have the following
advantages: (i) The hydrophilic HA shell and negative surface charge of micelles prolong their cycle time and reduce
non-specific clearance of reticuloendothelial system (RES), (ii) When micelles reach the tumor site, HA specifically
binds to the overexpressed CD44 protein on the surface of tumor cells and increases uptake by tumor cells, (iii)
Meanwhile, the slightly acidic environment of tumor can destroy the ester bond between HA-DAS, leading to the
decomposition of micelles and drug release, (iv) The released DAS and OLA can produce the above synergistic effect,
promoting DNA damage and aggravating tumor cell apoptosis (Scheme 1B).
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Scheme | (A) Synthesis route of the pH-responsive prodrug copolymer HA-DAS. (B) lllustration of the HDO-NPs system for tumor therapy in vivo.

Materials and Methods
Materials

HA was purchased from Huaxi Biotechnology Co. Ltd. (Jinan, China, MW: 8814 Da), DAS and OLA were provided by
Macklin Co. Ltd. (Shanghai, China), EDCI and DMAP were purchased from Aladdin Co. Ltd. (Shanghai, China).
Dimethyl sulfoxide (DMSO), glacial acetic acid and ammonium acetate were obtained from Macklin Co. Ltd. (Shanghai,
China), Lyso-tracker Red was purchased from Beyotime Biotechnology Co. Ltd. (Shanghai, China). HA-DAS polymer
was prepared by our research group. Reagents such as methanol and acetonitrile were chromatographic grade and

supplied by TEDIA (Ohio, USA).
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Animals and Cell Culture

The human breast cancer cell line MDA-MB-231 was cultured in RPMI-1640 complete medium containing 10% fetal bovine
serum and 1% penicillin-streptomycin. All cells were cultured in a 37°C cell incubator maintained at 5% CO, concentration
and 95% relative humidity. The cells could be used for subsequent experiments after entering the logarithmic growth phase.
In this study, animals were raised according to animal ethical standards. The 4-5-week-old female BALB/c nude mice were
purchased from Hunan Sja Laboratory Animal Co. Ltd. The animal experimental procedure was approved by The Animal
Health Committee of Bengbu Medical College on June 25, 2021 (Licence No. 2021143), which met the requirements of the
Animal Ethical Standards and Use Committee of Bengbu Medical College.

Acid Dissociation of HA-DAS Polymer

HA-DAS polymer was synthesized by our research group and the structure was confirmed by "H-NMR.>’ In short, EDCI
and DMAP were used to activate the carboxyl group of HA in deionized water, and then DAS was added to form the HA-
DAS polymer by ester bond.

Subsequently, the dissociation of DAS from the HA-DAS polymer was investigated under acidic conditions. A certain
amount of HA-DAS polymer was dissolved in the release solution (pH 6.0, methanol/water = 1:1, v/v), and 500 pL of the
release solution was taken at the preset time (0, 4, 8, 12, 24, 48 h). Then, 500 uL of methanol was added, mixed evenly
and centrifuged (5000 rpm, 10 min). The supernatant was taken for HPLC detection.

Preparation and Characterization of HA-DAS/OLA (HDO-NPs)

HDO-NPs were prepared by film dispersion method. In brief, 20 mg HA-DAS polymer was dissolved in § mL methanol/
water (1:1, v/v) mixed solvent, and then 1 mL OLA (2 mg/mL) solution was added. The mixed solution was obtained by
ultrasonic dispersion for 0.5 h in an ice bath. The solvent was removed by a rotary evaporator and the film was dissolved
with an appropriate amount of water. The free OLA was filtered through 0.22 um membrane to obtain HDO-NPs
solution. The particle size, PDI and zeta potential of HDO-NPs were measured by Malvern particle size analyzer, and the
morphology of HDO-NPs were observed by the transmission electron microscopy (TEM).

Evaluation of Drug Loading and Encapsulation Efficiency

HDO-NPs were hydrolyzed by strong alkaline hydrolysis to determine the drug loading and encapsulation efficiency of
DAS and OLA.*”"® In short, 4 mg HDO-NPs were dissolved in 1 mL deionized water, 100 pL NaOH (1 mol/L) was
added for 0.5 h, and then 100 uL HCI (1 mol/L) was added for neutralization. Subsequently, 3 mL methanol was added to
dissolve the cracked DAS and OLA, which were mixed evenly and centrifuged (5000 rpm, 10 min). The supernatant was
taken for HPLC detection. The drug loading (DL) and encapsulation efficiency (EE) were calculated according to
Formulas 1 and 2.

pL% = " x100% (1)
W

W,
EE% = —- X100% (2)
W,

Wo: Weight of micelles

Wi: Weight of drug in micelles
W,: Weight of added drug.

Characterization of the Stability of HDO-NPs

HDO-NPs were dissolved in PBS solutions (pH 6.0, 7.4) and sampled at different time points. The particle size and PDI
were determined by Malvern particle size analyzer to investigate the stability of nanoparticles under physiological
conditions and tumor microenvironment. Meanwhile, to verify the anti-dilution ability of nanoparticles, HDO-NPs
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solution was diluted to different concentrations (2000, 1000, 500, 250, 125, 62.5, 31.25, 15.62, 7.81, 3.91 pg/mL) and the
particle size and PDI were measured to reflect the dilution stability.

In vitro Drug Release

In vitro drug release performance was determined by the dialysis method. In brief, 4 mL HDO-NPs solution (1 mg/mL)
was added into the dialysis bag (MWCO 3500 Da), and then placed in PBS with different pH (7.4, 6.0, 4.0) containing
1% (w/v) Tween-80. At different time intervals (0, 0.5, 1, 2, 4, 8, 12, 24, 36, 48 h), 1 mL dialysis medium was taken, and
equal volume of release medium was added. The release solution was filtered through 0.22 um microporous membrane.
HPLC was used to determine the concentration of DAS and OLA and calculate the release degree.

The Cell Uptake of HDO-NPs

The fluorescent dye coumarin 6 (C6) was loaded into HA-DAS to prepare HA-DAS/C6 solution by the film dispersion
method. MDA-MB-231 cells were inoculated overnight in 24-well plates at a density of 1x10* cells/well and divided into
three groups, which were supplemented with fresh medium containing C6 and HA-DAS/C6. Additionally, the other
group was preincubated with HA (10 mg/mL) for 0.5 h and then added to medium containing HA-DAS/C6. The cells
were cultured at 37°C for 1 h and 4 h, respectively, and washed with PBS solution three times. The samples were fixed
with paraformaldehyde for 10 min, stained with DAPI at room temperature for 10 min, and then observed under

a fluorescence microscope.

DAS and OLA Accumulation Assay

MDA-MB-231 cells were seeded in 24-well plates (2 x 10* cells/well), then incubated with DAS + OLA, and HDO-NPs
(the concentration of DAS was 10 uM) at 37°C for 1, 2 and 4 h. Meantime, the HA preincubation treatment group was
set up. After incubation, the supernatant was discarded by centrifugation (2500 rpm, 10 min), and 10 pL cell lysate was
added to ice bath for 0.5 h. Next, 2 pL supernatant was centrifuged at 4°C (5000 rpm, 0.5 h) to determine the protein
content. Finally, 100 pL methanol was used for ultrasonic extraction of drugs. DAS and OLA concentrations were
determined by HPLC, and the drug concentration per unit protein was calculated.

The Intracellular Transport Behavior of HDO-NPs

MDA-MB-231 cells were seeded in a 6-well plate at a density of 5x10* cells/well, and cultured in 2 mL fresh medium
containing HA-DAS/C6 for 1 and 4 h, respectively. After incubation, 2 mL Lyso-Tracker Red (diluted with 1640 medium)
lysosomal staining solution was added to each well, stained at 37°C for 45 min and washed with PBS solution to remove the
residual dye. Subsequently, the cells were fixed with paraformaldehyde in the dark for 15 min. Finally, | mL DAPI was
added to each well for staining at room temperature for 10 min and observed under the fluorescence microscope.

In vitro Cytotoxicity

The toxicity of HDO-NPs to MDA-MB-231 cells was investigated by MTT assay. In brief, MDA-MB-231 cells were
seeded in 96-well plates (1 x 10* cells/well) for 24 h. The medium solutions of DAS, OLA, DAS + OLA, and HDO-NPs
with a series of concentrations (5, 10, 20, 50, 75, and 100 uM) were prepared, and the old medium was replaced. After
incubation for 24 and 48 h, 20 uLL. MTT solution was added to each well and cultured for 4 h. The absorbance at 490 nm
was measured, and the cell survival rate was calculated according to Equation 3.

OD1 — OD0
Il viabili =— X1
Cell viability(%) D3 —0D0 00% 3)
ODO: Absorbance at 490 nm in blank group
OD1: Absorbance at 490 nm in the drug groups
OD2: Absorbance at 490 nm in the control group.
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Calcein-AM/PI Staining

MDA-MB-231 cells were inoculated in 96-well plates at a density of 1x10* cells/well for overnight culture, then the
medium containing DAS, OLA, DAS + OLA and HDO-NPs (DAS concentration 10 uM) was added, respectively, and
incubated for 24 h. After incubation, calcein-AM/PI double dyeing solution was added and dyed at 37°C for 30 min.
Subsequently, the cells were observed under the fluorescence microscope.

Hemolysis Test

Because the administration method of HDO-NPs was intravenous injection, the effect on erythrocytes was investigated.
In short, the blood was centrifuged at 2000 rpm at 4°C for 10 min to collect red blood cell suspensions and diluted with
PBS solution to 2% (v/v). Subsequently, 100 pL erythrocyte suspension was mixed with 100 pL HDO-NPs (5, 10, 20, 50,
75, and 100 pg/mL). After incubation at 37°C for 2 h, the supernatant was centrifuged (5000 rpm) for 5 min. The
absorbance of the supernatant was determined at 570 nm. Deionized water was used as the positive control and PBS
solution as the negative control, and the relative hemolysis rate (RHR%) was calculated according to Formula 4.

A, -4
RHR%zAl 0

X100% 4)
2 — Ao
Ay: Absorbance of the PBS treatment group at 570 nm

Ay: Absorbance of sample group at 570 nm

Aj: Absorbance of the deionized water treatment group at 570 nm

In vivo Distribution

After the tumor-bearing mice model was successfully established, the Cy5 was encapsulated into HA-DAS by the film
dispersion method. Free Cy5 and HA-DAS/Cy5 nanomicelles (Cy5 dose of 10 pg/mouse) were injected into BALB/c tumor-
bearing mice by tail intravenous injection. Subsequently, the mice were anesthetized with isoflurane at 1, 4, 8, 12 and 24 h,
respectively. The mice were placed in the small animal living imager for fluorescence scanning and photographing.

In vivo Antitumor Efficacy

MDA-MB-231 tumor-bearing mice were established, and all mice were randomly divided into 5 groups (PBS group,
DAS group, OLA group, DAS + OLA group, and HDO-NPs group, n = 6) when the subcutaneous tumor was
approximately 100 mm’. On day 0, the drug was injected into the tumor-bearing mice, once every 3 days at
a concentration of 5 mg/kg. The tumor length and width were measured by vernier caliper before each administration,
and tumor volume (V) was calculated according to Equation 5.

_asz
)

v 5

a: Tumor length b: Tumor width
After 6 times of administration, the subcutaneous tumors were stripped and photographed. Then, the tumor tissues
were stained with HE, Ki67 and y-H2AX immunofluorescence.

In vivo Safety of HDO-NPs

After treatment, the main organs (heart, liver, spleen, lung and kidney) of mice were taken for HE staining to evaluate the
acute toxicity. At the same time, blood was collected for the detection of aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alkaline phosphatase (AKP), creatinine (CRE) and other indicators to reflect the in vivo safety
of nanoparticles.

Pharmacokinetics
Healthy female SD rats were randomly divided into two groups (n = 6) and were injected with (i) free DAS + OLA and
(i)) HDO-NPs at a 5 mg/kg DAS-equivalent dose by tail vein injection. Then, 0.5 mL blood sample was removed at
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a predetermined time interval and centrifuged at 5000 rpm for 10 min to obtain drug-containing plasma. Afterwards,
methanol (300 pL) was used as the protein precipitator, and diclofenac sodium as internal standard (10 puL) was added to
90 pL plasma. The sample was centrifuged at 5000 rpm for 10 min. The plasma concentrations of the two drugs were
determined by HPLC, and pharmacokinetic parameters were analyzed by WinNonlin 8.2 software.

Statistical Analysis
All experimental values were expressed as the mean £ SD, n = 3 or 6. Statistical significance (*p < 0.05, **p < 0.01,
***p < 0.001) was performed by one-way analysis of variance (ANOVA) and nonparametric tests using SPSS.

Results and Discussion

pH-Responsive Hydrolysis of HA-DAS

The amphiphilic polymer HA-DAS was prepared and confirmed by our research group. We aimed to connect HA with
DAS by pH-sensitive ester bonds, and the pH-responsive mechanism is shown in Figure 1A. Under the attack of
hydrogen ions, the ester bond of HA-DAS breaks to release DAS.* To verify this mechanism, HPLC was used for
detection. As shown in Figure 1B, the retention time of DAS was 4.6 min and that of HA-DAS was 7.2 min. The increase
of retention time was caused by the introduction of HA with higher polarity. Moreover, with prolonged incubation time,
the peak DAS increased, while the peak HA-DAS decreased and the dissociation rate was approximately 70% at 48 h,
indicating that DAS gradually dissociated from HA-DAS. Hence, HA-DAS has good pH responsiveness.

H,0 Proton transfer reaction
issociate + Nj]/\rNX YN
NTN N H ¢l
2.0x107
1.5x10’
Oh
z VAN ———4h
£ 1.0x107 ——8h
= N\ ——12h
——24h
5.0x10° DaN ——48h
4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
Time (min)
Figure | (A) Acid hydrolysis mechanism of HA-DAS. (B) Acid-triggered dissociation of DAS from HA-DAS was detected by HPLC.
Abbreviations: HA, hyaluronic acid; DAS: dasatinib.
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Preparation and Characterization of HDO-NPs

HDO-NPs were successfully prepared by the film dispersion method. The particle size, PDI, zeta potential, drug loading
and encapsulation efficiency of HDO-NPs were determined. The DL of DAS was 1.68% + 0.29%, and the DL and EE of
OLA were 7.38% =+ 0.17% and 84.95% =+ 1.17%, respectively (Table 1), with good reproducibility. Furthermore,
Figure 2A and Table 1 show that HDO-NPs had a good hydrodynamic diameter,*® the particle size of micelles was
(56.18 + 1.29) nm, and the PDI was 0.23 £ 0.02. The zeta potential of HDO-NPs was (=7.42 + 1.22) mV (Table 1). The
morphology and dispersion of drug-loaded micelles HDO-NPs were characterized by TEM. The results are shown in
Figure 2B, HDO-NPs were spherical, with uniform internal distribution and good dispersion.

Characterization of the Stability of HDO-NPs
The stability of nanoparticles is an important basis for measuring their efficacy. When the nanoparticles are dissolved, the
drugs contained in them may be released slowly. Therefore, the stability was evaluated by measuring the particle size and
PDI of HDO-NPs. We stored HDO-NPs in PBS solutions (pH 7.4, 6.0) for one week to simulate their stability in normal
physiological and tumor microenvironments. As shown in Figure 3A and B, the particle size and PDI of HDO-NPs did
not change significantly at pH 7.4, particle size was stabilized at about 55 nm and PDI 0.2, respectively. The results
indicated that HDO-NPs have strong stability under physiological conditions, which provided a good basis for their
efficacy at the cellular level and in vivo. In contrast, the particle size of HDO-NPs gradually decreased in the slightly
acidic environment (pH 6.0), indicating that HDO-NPs were unstable under this condition and gradually disintegrated.
The change of PDI also proved this phenomenon, due to the disintegration of nanoparticles, the dispersion of PDI
increased.*!

In addition, nanoparticles will be diluted after entering the blood, so HDO-NPs should have anti-dilution ability. In
Figure 3C and D, when HDO-NPs were diluted to 3.91 pg/mL, the particle size and PDI changed little, certifying that
HDO-NPs have good anti-dilution ability and can be used for intravenous administration.’

In vitro Drug Release

The release behavior of HDO-NPs within 48 h at pH 7.4, pH 6.0 and pH 4.0 was measured by the dialysis method, and
the cumulative release percentage was calculated. The pH 7.4, pH 6.0 and pH 4.0 conditions were used to simulate the
normal physiological environment, slightly acidic tumor environment and intracellular lysosome environment, respec-
tively. As shown in Figure 4A and B, the cumulative release rates of DAS and OLA at pH 7.4 were about 30% and 41%,
respectively. In contrast, when the pH values decreased to 6.0 and 4.0, the release rates of DAS and OLA increased
significantly. The release of DAS after 48 h of incubation was approximately 56.38% (pH 6.0) and 66.69% (pH 4.0), and
that of OLA after 48 h of incubation was about 63.78% (pH 6.0) and 76.58% (pH 4.0). The results showed that HDO-
NPs could release more DAS and OLA under slightly acidic conditions. Additionally, the cumulative release rate of DAS
was lower than that of OLA, which may be due to the need for acid dissociation of DAS. In conclusion, the in vitro
release results showed that HDO-NPs were pH-sensitive, which was conducive to realize the responsive release of DAS
and OLA in the tumor microenvironment.

Cell Uptake and Drug Accumulation
To research the targeting effect of HDO-NPs on tumor cells, HA-DAS nanomicelles labeled with coumarin 6 (C6) were co-
cultured with MDA-MB-231 cells for 1 h and 4 h, and the uptake of nanomicelles by cells was observed under the

Table | Size, PDI, Zeta Potentia, DL and EE of the HDO-NPs

Size (nm) PDI Zeta Potential (mV) DL/DAS (%) DL/OLA (%) EE/OLA (%)

56.18 + 1.30 0.23 + 0.02 —742 + 122 1.68 + 0.29 7.38 +0.17 8495 + 1.17

Notes: The results are expressed as the mean + SD, n = 3.
Abbreviations: PDI, polydispersity index; DL, drug loading; EE, encapsulation efficiency; DAS, dasatinib; OLA, olaparib; HDO-NPs, HA-DAS micelle system loaded with
OLA.
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Figure 2 (A) Size distribution of HDO-NPs by DLS. (B) TEM images of HDO-NPs. Scale bar: 50 nm.
Abbreviations: HDO-NPs, HA-DAS micelle system loaded with OLA; DLS, dynamic light scattering; TEM, transmission electron microscopy.
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Figure 3 The in vitro stability of HDO-NPs was reflected by (A) size and (B) PDI at pH 6.0 and pH 7.4. The (C) size and (D) PDI at different concentrations were selected
to determine the dilution stability of HDO-NPs.

Notes: The results are expressed as the mean + SD, n = 3.

Abbreviations: HDO-NPs, HA-DAS micelle system loaded with OLA; PDI, polydispersity index.

fluorescence microscope. As shown in Figure 5A and B, owing to the lack of targeting of free C6, weak green fluorescence
existed in the cytoplasm. In contrast, a large amount of green fluorescence was observed in the HA-DAS/C6 treatment
group, demonstrating that nanomicelles can be effectively absorbed by MDA-MB-231 cells. In addition, blocking the CD44
receptor on the surface of MDA-MB-231 cells with free HA significantly reduced the intracellular fluorescence intensity,
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Figure 4 In vitro (A) DAS and (B) OLA release profiles of HDO-NPs at pH 7.4, pH 6.0 and pH 4.0.
Notes: The results are expressed as the mean + SD, n = 3.
Abbreviations: DAS, dasatinib; OLA, olaparib; HDO-NPs, HA-DAS micelle system loaded with OLA.

due to blockade of the active targeting pathway of nanoparticles.*? Therefore, the nanomicelles with HA-DAS as the carrier
have better cell targeting. It is worth noting that with the extension of the incubation time, the fluorescence intensity in
MDA-MB-231 cells also increased, indicating that the uptake of nanoparticles by cells was time-dependent within 4 h.

The cell uptake experiments showed that HDO-NPs had good cell targeting; however, the effective accumulation of
drugs in cells was the key to the efficacy. The accumulative amounts of DAS and OLA in cells at 1, 2 and 4 h were
investigated, respectively. As shown in Figure 6A and B, the accumulation of DAS and OLA in the HDO-NPs group was
higher than that in the free DAS + OLA group at each time point, owing to the introduction of hyaluronic acid, which
could be better taken up by tumor cells and increase drug endocytosis.*® Meanwhile, the drug accumulations in the HA
blocking group were lower than that in the HDO-NPs group, which also reflected the above conjecture, further showing
that the targeting of HA can enhance the accumulation of drugs in cells.

Intracellular Transport Behavior of HDO-NPs

Micelles enter the cell by endocytosis and then enter the cytoplasm by the intron-lysosome pathway. In this study, the
intracellular transport process of micelles was investigated by co-localization of micelles and lysosomes. As shown in
Figure 7, the green fluorescence of C6 overlapped with the red fluorescence of lysosomes at 1 h, showing the yellow
fluorescence signal, indicating that HDO-NPs were uptaken by tumor cells and transported through the intron-lysosomal
pathway.*® After incubation for 4 h, part of the green fluorescence signal was separated from the red signal of lysosomes,
illustrating that after micelles entered lysosomes, they dissociated and released C6 in the acidic environment of
lysosomes, and then C6 escaped from lysosome and entered the cytoplasm.

Cytotoxicity of HDO-NPs

MTT assays were used to examine the toxicity of OLA, DAS, OLA + DAS and HDO-NPs to MDA-MB-231 cells. The
results showed that in Figure 8A and B and Table 2, the OLA group had low toxicity to MDA-MB-231 cells, because
free OLA could only act on tumor cells with certain gene deletions. In contrast, the toxicity of other groups was
significantly concentration-dependent and time-dependent. It is worth noting that the survival rate of the DAS + OLA
group was significantly lower than that of DAS group and OLA group, demonstrating that the two have synergistic
effects. In addition, with increasing drug dose and incubation time, the cell survival rate of the HDO-NPs group was
markedly lower than that of the DAS + OLA group. The reason was that micelles increased the water solubility and
targeting of drugs, increased the concentration of drugs in cells, and showed a stronger inhibitory effect on cells. The
ICs( value reflected the same results (Table 3).

To further intuitively respond to the anti-tumor effect of HDO-NPs, the calcein-AM/PI double staining fluorescence
method was used to study the anti-tumor activity of nanomicelles. The living cells and dead cells were stained and labeled, to
visually analyze the anti-tumor activity of the nanomicelles. As shown in Figure 8C, there was no obvious red appearance in
the OLA group, substantiating that free OLA had little toxicity to cells. Moreover, red fluorescence appeared in the other
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Figure 7 The transport of HDO-NPs in MDA-MB-231 cells. Scale bar = 20 um.
Abbreviations: HDO-NPs, HA-DAS micelle system loaded with OLA; C6, coumarin.

drug administration groups, and almost no green fluorescence appeared in the HDO-NPs group, showing that it had the
strongest toxicity and good anti-tumor effect, which was consistent with the results of MTT quantitative analysis.

Distribution of HDO-NPs in Mice

Because the in vivo treatment was intravenously administered, the effects of HDO-NPs on red blood cells were studied.
Even when the concentration of HDO-NPs was 100 pg/mL, the hemolysis rate was still less than 5%, demonstrating that
the prepared polymer micelles had good biocompatibility (Figure 9A and B). Subsequently, the accumulation of HDO-
NPs in tumor tissues and their distribution in other organs were detected by MDA-MA-231 tumor-bearing mice model to
evaluate the targeting of HA-loaded nanomicelles. Because the free Cy5 was not targeted, it was easily eliminated by the
circulatory system, resulting in weak fluorescence intensity in mouse tumor tissues. But the HA-DAS/Cy5 group
maintained high fluorescence intensity within 24 h (Figure 9C). After administration for 24 h, the biodistribution of
free cyS and HA-DAS/cy5 in major organs and tumors showed that free Cy5 accumulated less in tumors, while HA-DAS
/Cy5 was mainly enriched in tumors (Figure 9D), suggesting that HDO-NPs could effectively accumulate in tumor sites

and be used for tumor treatment in vivo.

In vivo Anticancer Effects of HDO-NPs

The above experimental results showed that HDO-NPs can be uptaked well by tumor cells, and drug release increases in
the microenvironment, which can effectively aggregate in the tumor site. Next, the therapeutic effect of nanoparticles on
tumor-bearing mice was investigated, and the treatment process is shown in Figure 10A. We subcutaneously injected
tumor cells to establish MDA-MB-231 tumor-bearing mice model. The nude mice were randomly divided into 5 groups

1448 https: International Journal of Nanomedicine 2022:17
Dove!


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

Dove Zeng et al
24h 48h
1001 1001

OLA OLA
3 807 Il DAS & 807 Il DAS
°;: B DAS+OLA =~ B DAS+OLA

> "
= HDO-NPs = HDO-NPs
2 2
g g
S S
LI NS S R R R I I
Concentration (pM) Concentration (pM)

Control DAS+OLA HDO-NPs

Figure 8 In vitro cytotoxicity analysis of MDA-MB-231 cells after (A) 24 h and (B) 48 h of treatment with free DAS, OLA, DAS + OLA and HDO-NPs. The cell viabilities
were determined by MTT cytotoxicity assay. (C) Fluorescent micrographs depicting the cytotoxicity of different drugs. Green represents living cells, and red represents dead
cells.

Notes: The results are expressed as the mean * SD, n = 3.¥ p < 0.05, ** p < 0.0l and ***p < 0.001. Scale bar = 200 um.

Abbreviations: DAS, dasatinib; OLA, olaparib; HDO-NPs, HA-DAS micelle system loaded with OLA.

(n = 6). The mice were administered once every 3 days 6 times. The body weight and tumor volume were recorded
before each administration, and the treatment was completed on the 18th day. As shown in Figure 10B—E, the PBS group
had no therapeutic effect, so the tumor grew fastest. In addition, the inhibition of tumor growth in the DAS + OLA
treatment group was stronger than that in the free DAS and free OLA treatment groups, suggesting that the two drugs can

Table 2 The Statistical Analysis of Cell Viabilities of MDA-MB-231 Cells Treated with Free DAS, OLA, DAS + OLA and HDO-NPs for
24 hand 48 h

24h
Groups p values
5uM 10pM 20pM 50uM 75pM 1o0pM
OLA vs (DAS+OLA) p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001
DAS vs (DAS+OLA) ns p < 0.05 p < 0.05 ns p < 0.0l p < 0.0l
(DAS+OLA) vs HDO-NPs ns p < 0.0l p < 0.001 p < 0.001 p < 0.001 p < 0.0l
48h
Groups p values
5uM 10pM 20pM 50uM 75pM 1oopM
OLA vs (DAS+OLA) p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001
DAS vs (DAS+OLA) p <0.05 ns p <0.05 p < 0.05 ns p <0.05
(DAS+OLA) vs HDO-NPs p < 0.05 p <0.0l p <0.0lI p < 0.0l p < 0.0l p <0.05
Notes: “ns” to indicate no significance (p > 0.05). “p < 0.05, p < 0.01, and p < 0.001” means statistical significance.
Abbreviations: DAS, dasatinib; OLA, olaparib; HDO-NPs, HA-DAS micelle system loaded with OLA.
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Table 3 In vitro Cytotoxicity of MDA-MB-231 Cells After 24
h and 48 h Incubation with Different Drug Formulations as
Determined by MTT Assay

Groups 1Cs5o (nM)

24 h 48 h
HDO-NPs 12.93 + 4.68 757 £ 1.79
DAS+OLA 20.05 + 2.14* 15.39 + 4.83*
DAS 25.04 *+ 6.99 19.44 + 251
OLA NA 246 * 25.65

Notes: The results are expressed as the mean + SD, n = 3. *p < 0.05 (HDO-NPs
vs DAS + ROZ).

Abbreviations: NA, not available; DAS, dasatinib; OLA, olaparib; HDO-NPs,
HA-DAS micelle system loaded with OLA.

also exert synergistic effects in vivo. Compared with the DAS + OLA group, the HDO-NPs group showed significant
tumor inhibition, which was related to the improved water-solubility and targeting of the two drugs by micelles.
Meanwhile, the tumor growth inhibition rate (TGI) of each group was calculated (Figure 10F). The TGI of HDO-NPs
was about 72.31%, which was significantly higher than that of DAS + OLA (56.53%) and DAS (49.83%). On the

18th day of treatment, the weight of mice in each group increased slightly, showing that micelle nanoparticles had good
safety (Figure 10G).
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Figure 9 (A) Photographs of the red blood cell hemolysis assay of HDO-NPs with different concentrations, using normal PBS and water as the negative and positive
controls. (B) Hemolysis rates of HDO-NPs with different concentrations. In vivo fluorescence imaging of MDA-MB-231 tumors at different time points after intravenous
injection (C) and (D) fluorescence imaging of isolated organs and tumor tissues 24 h after intravenous injection (the upper panel shows free Cy5, and the lower panel shows
HA-DAS/Cy5).

Notes: The results are expressed as the mean + SD, n = 3.

Abbreviations: HDO-NPs, HA-DAS micelle system loaded with OLA; Cy5, cyanine 5; HA-DAS/Cy5, HA-DAS micelle system loaded with Cy5.
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Figure 10 Therapeutic effects in vivo. (A) Schematic illustration of the in vivo therapeutic process. Images of isolated tumors (B) and tumor volume changes (C) of mice in
each group during the treatment period. Tumor volume (D), tumor weight (E) and TGI (F) in each group after the end of treatment. (G) The average body weight of mice
was used to evaluate the toxicity of the different treatments.

Notes: The results are expressed as the mean * SD, n = 6.* p < 0.05 (DAS + OLA vs HDO-NPs).

Abbreviations: DAS, dasatinib; OLA, olaparib; HDO-NPs, HA-DAS micelle system loaded with OLA; TGlI, tumor growth inhibition.

We further studied the potential anti-tumor mechanism of HDO-NPs and analyzed the tumor tissue by HE
staining. In the HDO-NPs treatment group, as shown in the red circle in Figure 11A, there was a large area of
apoptosis in the tumor tissue. Ki67 was a cell proliferation antigen, indicating the proliferation of cells. The
measurement results are shown in Figure 11B. Compared with other groups, the expression signal of Ki67 in the
HDO-NPs treatment group was the weakest, suggesting that the proliferation of tumor cells was significantly
reduced and that apoptotic cells were increased after treatment. To further explore the underlying mechanism of
this synergistic effect, we performed immunofluorescence staining of histone phosphorylation products (y-H2AX) to
evaluate DNA double strand breaks in tumors. As shown in Figure 11C, the expression of y-H2AX in tumor tissues
treated with HDO-NPs was significantly higher than that in other treatment groups, indicating that the treatment
group exacerbated the double-strand break of tumor DNA.

In summary, the therapeutic effect of the HDO-NPs treatment group was significantly better than that of the DAS +
OLA treatment group of tumors. The result was attributed to the active targeting effect generated by the specific binding
of HA and CD44 protein and the passive targeting effect generated by nanoparticles through the EPR effect, to achieve
targeted drug delivery and improve drug efficacy.
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Figure |1 HE staining, Ki-67 staining, and y-H,AX staining of tumors after different treatments. Scale bar = 50 um. The red circles indicate apoptotic tumor sites.
Abbreviations: DAS, dasatinib; OLA, olaparib; HDO-NPs, HA-DAS micelle system loaded with OLA; HE, hematoxylin eosin.

Biosafety Assessment of HDO-NPs

After treatment, the safety of HDO-NPs was further evaluated. Aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) were used to evaluate liver function (Figure 12A and B). Blood urea nitrogen (BUN) and creatinine
(CRE) were used to assess renal function (Figure 12C and D). Compared with normal mice, several indicators of the
OLA group and DAS + OLA group were significantly increased, suggesting that two free drugs can cause liver and
kidney damage. Surprisingly, there was no significant difference between the HDO-NPs group and the normal group,
which further confirmed that the nanocarriers we prepared can reduce adverse drug reactions and improve drug safety.
Furthermore, the HE staining results of the heart, liver, spleen, lung and kidney in each group (Figure 13) were consistent
with the above indicators, and nanoparticles significantly reduced the toxicity of drugs. These results showed that the
drug-loaded micelles had good biocompatibility and almost no toxicity to other normal tissues.

In vivo Pharmacokinetic Study

We investigated the pharmacokinetics of nanoparticles via tail vein injection. As shown in Figure 14, free DAS and OLA
were quickly cleared from plasma. In contrast, the protective amphiphilic shell greatly extended the circulation time of
the two drugs in the blood and increased the half-lives by 1.44-fold (DAS) and 2.46-fold (OLA), respectively. Table 4
shows the pharmacokinetic parameters of the two drugs. As shown in Table 3, the CL value of DAS in HDO-NPs was
0.23-fold that of free DAS, certifying that the clearance rate of DAS in the blood was significantly reduced, which
prolonged the circulation time of DAS in vivo and improved the retention efficiency of DAS. Meanwhile, the parameters
of MRT, Vss, AUCg.,4 and AUCy_,, in the HDO-NPs group were 2.71-, 0.643-, 3.75- and 3.22-fold of those in the DAS
group, respectively, showing that the drug content in plasma was significantly increased, which improved the bioavail-
ability of DAS. In addition, the changes of OLA pharmacokinetic parameters in the two groups (Table 3) indicated that
the inclusion of OLA into nanoparticles could significantly reduce the plasma clearance rate, increase the circulation time
in the blood, and improve its bioavailability. It showed that DAS and OLA loaded in HDO-NPs can make the drug be
absorbed at a higher concentration and have a stronger systemic effect.
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Figure 12 In vivo toxicology examination of mice treated with HDO-NPs. Serum biochemistry data of liver function markers, including (A) alanine aminotransferase (ALT)
and (B) aspartate aminotransferase (AST). (C) Blood urea nitrogen (BUN) and (D) creatinine (CRE) of the hematology assay.

Notes: The results are expressed as the mean * SD, n = 3.¥ p < 0.05, ** p < 0.01.
Abbreviations: HDO-NPs, HA-DAS micelle system loaded with OLA; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CRE,

creatinine.

Conclusion
In this study, we successfully designed polymer prodrug micelles with active HA targeting and pH-sensitive targeting to

treat triple negative breast cancer by synergistic DAS and OLA. The hydroxyl group of DAS was linked to the carboxyl
group of HA to form an amphiphilic carrier, and the micellar system HDO-NPs with dual targeting nanoparticles was
constructed with OLA as the core. On the one hand, HDO-NPs had good stability in vitro and could be effectively
released in simulated tumor microenvironment, which can improve the water solubility of DAS and OLA and increase
the uptake of nanoparticles by tumor cells. On the other hand, in vitro and in vivo efficacy experiments had proven that
micellar particles can effectively increase the therapeutic effect and reduce the adverse reactions of drugs. This study
provides an effective strategy for the design of nanomedicines with high selectivity and enhanced antitumor effects for

triple negative breast cancer.

International Journal of Nanomedicine 2022:17 hetps: 1453
Dove:


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

Zeng et al Dovepress

PBS OLA DAS DAS+OLA HDO-NPs

Figure 13 HE staining of various organs in BALB/c nude mice harboring MDA-MB-23| tumor xenografts after different treatments. Scale bar = 200um. The red circles
indicate the sites of organ damage.

Abbreviation: HE, hematoxylin eosin.
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Figure 14 (A) Pharmacokinetics of DAS in free DAS and HDO-NPs. (B) Pharmacokinetics of OLA in free OLA and HDO-NPs.
Notes: The results are expressed as the mean + SD, n = 6.

Abbreviations: DAS, dasatinib; OLA, olaparib; HDO-NPs, HA-DAS micelle system loaded with OLA.
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Table 4 The Pharmacokinetic Parameters of DAS a) and OLA b) After
Injection of HDO-NPs and DAS + OLA

a
PK Parameters Groups

Free DAS HDO-NPs
tin (h) 3.469 + 1.758 5.009 + 0.685*
CL (L/h) 1.260 + 0.493 0.296 + 0.069**
MRT (h) 3.780 + 0.498 10.252 + 2.426*
Vss (L) 4.604 + 1.335 2.962 + 0.587*
AUC 54 [pg/(mL h)] 2.068 + 0.751 7.758 £ 1.590%*
AUC,_.. [ug/(mL h)] 2.745 £ 2235 8.834 £ 2.166%*
b
PK Parameters Groups

Free OLA HDO-NPs
ti (h) 1.791 + 0.594 4415 + 1.8307
CL (L/h) 0.133 £ 0.010 0.047 £ 0.0127
MRT (h) 1.517 £ 0.143 6.183 + 1.8137
Vss (L) 0.201 + 0.022 0.287 + 0.083
AUCq 24 [pg/(mL h)] 18.647 + 1.433 48.144 = [4.7187A
AUC,._.. [ug/(mL h)] 18.909 + 1.326 55.353 + 13.976M

Notes: The results are expressed as the mean * SD, n = 6. *p < 0.05, **p < 0.0l (DAS in HDO-
NPs vs free DAS), *p < 0.05, Ap < 0.01 (OLA in HDO-NPs vs free OLA).

Abbreviations: t,;, elimination half-life; CL, clearance rate; MRT, mean residence time; Vss,
volume of distribution at steady state; AUCy ,4, area under the plasma concentration-time curve
from time 0 h to 24 h of quantifiable concentration; AUC,..., area under the plasma concentration-
time curve from time 0 extrapolated to infinite time; DAS, dasatinib; OLA, olaparib; HDO-NPs,
HA-DAS micelle system loaded with OLA.
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