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Objective: This study aimed to deliver a polypeptide from the Bax-BH3 domain (BHP) through the synthesis of self-assembled
amphiphile nanovectors (NVs) and to assess their potential for cancer therapeutic applications and biological safety in vitro and
in vivo. These findings provide valuable options for cancer intervention and a novel approach for the rational design of therapeutics.
Methods: We studied the antitumor activity of BHP by preparing RGDfK-PHPMA-b-Poly (MMA-alt-(Rhob-MA)) (RPPMMRA) and
encapsulating it in BHP-NV. We also performed a series of characterizations and property analyses of RPPMMRA, including its size,
stability, and drug-carrying capacity. The biocompatibility of RPPMMRA was evaluated in terms of cytotoxicity and hemolytic effects.
The pro-apoptotic capacity of BHP was evaluated in vitro using mitochondrial membrane potential, flow cytometry, and apoptosis
visualization techniques. The potential therapeutic effects of BHP on tumors were explored using reverse molecular docking. We also
investigated the in vivo proapoptotic effect of BHP-NV in a nude mouse tumor model.

Results: NVs were successfully prepared with hydrated particle sizes ranging from 189.6 nm to 256.6 nm, spherical overall, and were
able to remain stable in different media for 72 h with drug loading up to 15.2%. The NVs were be successfully internalized within 6
h with good biocompatibility. Neither BHP nor NV showed significant toxicity when administered alone, however, BHP-NV
demonstrated significant side effects in vitro and in vivo. The apoptosis rate increased significantly from 14.13% to 66.34%.
Experiments in vivo showed that BHP-NV exhibited significant apoptotic and tumor-suppressive effects.

Conclusion: A targeted fluorescent NV with high drug delivery efficiency and sustained release protected the active center of BHP,
constituting BHP-NV for targeted delivery. RPPMMRA demonstrated excellent biocompatibility, stability, and drug loading ability,
whereas and BHP-NV demonstrated potent antitumor effects in vivo and in vitro.

Keywords: HPMA copolymers, BH3 domain, pro-apoptotic, polypeptide drugs, RGDfK

Introduction

Cancer is one of the leading causes of death worldwide, with no effective treatments available." Antitumor polypeptides,
including both small-molecule (molecular weight <1000) and protein drugs, are a powerful substitute for conventional
small-molecule anticancer drugs.>* Since the beginning of the century, peptides have been ideal candidates for
alternative therapeutic options due to the urgent demand and their inherently high activity, small dosage, good solubility,
excellent safety, uncomplicated synthesis, and modification.>”'" However, almost all antitumor peptides exhibit low
metabolic stability, poor specificity of tumor cells, and poor permeability of tumor tissues and cell membranes. This
hinders the application of antitumor peptides in clinical treatment. As the theory of apoptosis becomes clear, the
induction of tumor cell apoptosis specifically targeting the apoptotic pathway, can be an effective therapeutic
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Graphical Abstract
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approach.'? Peptides and their derivatives with apoptosis-inducing functions have gradually become important in the
research and development of antitumor agents. BH3 peptides are derived from the Bcl-2 family and their analogs have
demonstrated unique apoptotic activation functions.'*”'” In our previous study, we synthesized and evaluated a peptide
containing 20 amino acid sequences depending on the Bax-BH3 domain, namely BHP, which could be considered
a novel small-molecule anticancer peptide drug.'® However, BHP is hindered by inefficacious cellular internalization and
proteolytic resistance. The design of an appropriate drug carrier to deliver BHP and ensure its uptake by cells is a critical
aspect of cancer treatment efficacy.'” 2’

Currently, polymeric nanovectors (NVs) are used to reduce the overall toxicity of drugs, enhance their solubility and
biocompatibility, and are conducive to the treatment of various diseases, primarily focusing on anti-inflammatory,
antineoplastic, arthritis, and other treatments.'*~°2®* Various polymeric vectors have been applied for the delivery of anti-
arthritic treatments, among which PLGA and PEGylated vectors are more frequently used.”” Hu et al utilized a grafted
polymeric vector to deliver pMyD88, which has a certain anti-inflammatory ability, and effectively prolonged the
survival time and reduced rejection in mice after liver transplantation.®® Cui et al utilized RGD-PEG-PLys (CAA)
carrier to deliver drugs for anti-glioma studies.’’ The hydrophilic end was exposed in the outermost layer of the system
and the stability of the vector was determined. Hence, the skeletal structure of the hydrophilic end of the NV is essential.
N-(2-hydroxypropyl) methacrylamide (HPMA) copolymers (PHPMA) have been studied for their biocompatibility, non-
toxicity, non-immunogenicity, and long cycle times that allow drug delivery to target regions.** >’ Simultaneously,
PHPMA enhances the energy barrier for the adsorption of proteins or other biomacromolecules in blood circulation
owing to the hydrophilic and tightly bound water layer of their polymer skeleton.****3? Therefore, PHPMA was selected
for constructing the hydrophilic ends of the NV polymer.

Early solid tumors tend to have a higher blood vessel density than healthy tissues. This also offers favorable
conditions for applying the enhanced permeability and retention (EPR) effect, facilitating the enrichment of the drug
delivery system within the tumor area.*’ However, later solid tumors are mostly avascular and have certain coagulation
properties, limiting the EPR effect.*>*! The polymeric NV design should stably reach the target site irrespective of the
targeting.*> Cyclic RGD pentapeptide (Arg-Gly-Asp-Phe-Lys) (RGDfK) has high metabolic stability and selectively
binds with avp3 integrin that is overexpressed in angiogenic vessels and certain cancer cells with high affinity.**** Liu
et al successfully induced the conventional surface modification of liposomes using RGDfK cyclic peptide for the
targeted delivery.”'** Therefore, RGDfK was selected as the targeting group of NV, depicting active targeting
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characteristics. The stability of HPMA and the targeting ability of RGDfk were combined to ensure that NV could deliver
BHP more efficiently.

Over the last 5 years, visualization therapy has received immense attention in the international field of nanobiome-
dicine, as it allows for real-time, accurate treatment, monitoring of efficacy, and adjustment of the drug regimen at any
time during the treatment process, optimizing treatment effects while reducing toxicity and side effects.**>® Modified
Rhodamine B (Rhob-MA) has been covalently polymerized as a fluorophore on NV; covalently, Rhodamine B may
exhibit a high fluorescence signal.>***” Polymethylmethacrylate (PMMA) is the skeleton of the hydrophobic end and is
often used for osteomyelitis, bone cement, antibiotic delivery, and other associated orthopedic diseases, leading to low
toxicity.® ®' RGDfK-PHPMA-b-Poly (MMA-alt-(Rhob-MA)) (RPPMMRA) is hydrophilic at one end and hydrophobic
at the other and can self-assemble into spherical vesicles encapsulating BHP in water. This vector has potential for use in
cancer visualization therapy because of the presence of covalently linked Rhob-MA and RGDfK.

Thus, we hypothesized that RPPMMRA, incorporating the tumor cell-targeted and active apoptotic protein BHP,
namely BHP-NV, along with our experience in polymer biomaterial research and targeted drugs, would yield promising
results.®* ®* BHP-NV compensates for the limitations of BHP, such as its inefficient cellular internalization and
proteolysis resistance. BHP-NV offers a higher loading capacity and improved stability, along with protection against
unwanted interactions and recognition events with vectors and proteins in the blood. Simultaneously, RGDfK targets
tumor cells. Using a reverse docking simulation, BHP was found to have diverse therapeutic effects on tumors. This
study demonstrated that BHP-NV was effectively internalized by A549 cells and induced apoptosis in vitro. It also
demonstrated good biocompatibility and antitumor effects in vivo, indicating its potential as NV for therapeutic
applications (Figure 1).
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Figure | Schematic diagram for the preparation of the BHP-loaded polymeric nanovector BHP-NV and its application.
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Materials and Methods

Materials

Methanol, ethanol, tetrahydrofuran (THF), anhydrous diethyl ether, dichloromethane (CH,Cl,), acetonitrile, triethyla-
mine, concentrated hydrochloric acid (HCI), glacial acetic acid, petroleum ether, isopropyl alcohol, ethyl acetate,
n-hexane, and methyl methacrylate (MMA) were obtained from Beijing Chemical Plant (Beijing, China). Rhodamine
B (Rhob), sodium chloride (NaCl), elemental sulfur (S), anhydrous sodium sulfate (Na,SO,), sodium hydroxide (NaOH),
disodium hydrogen phosphate (Na,HPO,), potassium dihydrogen phosphate (KH,PO,), 2-(N-morpholine) ethanesulfonic
acid (MES), and azobisisobutyronitrile (AIBN) were purchased from Sinopharm Chemical Reagent (Beijing, China).
Sodium methoxide, methylacryloyl chloride, and potassium ferricyanide were purchased from Shanghai Aladdin Bio-
Chem Technology (Shanghai, China). Benzyl chloride, tetrahydroaluminum lithium (LiAlH4), and 4,4'-Azobis (4-
cyanovaleric acid) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The RGDfK peptide and BHP with the
DASTKKLSECLRRIGDELDS sequence were obtained from Gill Biochemical (Shanghai, China). Normal primary
human umbilical vein endothelial cell line HUVEC and the human lung cancer cell line A549 were procured from the
American Type Culture Collection (ATCC). Dulbecco’s Modified Eagle’s Medium (DMEM) was purchased from Gibco
(Life Technologies). Fetal bovine serum (FBS) was purchased from KangYuan Biology (Tianjin, China) and MTT was
obtained from Beyotime (Shanghai, China). The following detection kits were used: Annexin V-FITC/propidium iodide
(PI) apoptosis detection kit and PlI-based cell cycle detection kit from Bestbio (Shanghai, China); mitochondrial
membrane potential assay kit with JC-1 probe from Beyotime (Shanghai, China); Lyso-Tracker Green from Beyotime
(Shanghai, China); Hoechst 33342 from Beyotime (Shanghai, China); and crystal violet from Meilunbio (Dalian, China).
All chemicals were used without further purification.

Rhob is Modified to Rhob-MA

Rhodamine B (1 g) was dissolved in THF (37.5 mL), and LiAlH,4 (0.2 g) was added. The mixture was stirred overnight at
room temperature for 12 h under N, atmosphere. Water was added dropwise to quench the reaction. After filtration, the
filtrate was extracted with dichloromethane, washed with a saturated NaCl solution, and dried over Na,SO,. Then, 60 mg
of elemental sulfur (S) and reactant in the last step (100 mg) were mixed in a round-bottom flask and reacted at 160°C for
30 mins under N, protection and finally cooled to room temperature. Anhydrous ethanol (3 mL), concentrated hydro-
chloric acid (0.25 mL), and ultrapure water (6 mL) were added to the reactants. It was then extracted with dichlor-
omethane, washed with a saturated NaCl solution, and dehydrated by adding Na,SO,. The crude product was obtained by
vacuum drying. Rhob-OH was purified by column chromatography at a methylene chloride/methanol ratio of 9:1.
Methylacryloyl chloride (25 mg), triethylamine (50 mg), and Rhob-OH (75 mg) were dissolved in dichloromethane.
The reaction was performed overnight at room temperature, and the mixture was washed with distilled water and dried
over Na,SO,. Vacuum drying and purification by column chromatography were performed to obtain methyl-propenyl-
functionalized Rhodamine B (Rhob-MA). The ratio of the developing agents was methylene chloride: methanol=9:1.

Synthesis of RGDfK-PHPMA-b-Poly (MMA-AIlt-(Rhob-MA)

Synthesis of 4-Cyanopentanoic Acid Dithiobenzoate (CPADB)

The synthesis of CPADB in this study was based on a previous work by Yoshiro et al®® Typically, sodium methoxide (4.5
g), S (0.8 g), anhydrous methanol (6.25 g), and benzyl chloride (1.575 g), were used in the reaction, which was
performed at 67 °C for 10 h. After the reaction, the mixture was cooled to 4°C in the ice bath and filtered before vacuum
drying to remove the residual solvent. The reactants were dissolved in ultrapure water (12.5 mL), acidified using 1.0 mol/
L HCI (12.5 mL), extracted thrice with ether (5 mL), and mixed with ultrapure water (7.5 mL). Then, a 1.0 mol/L NaOH
solution (15 mL) was added to transfer the sodium dithiobenzoate to the aqueous phase. The resulting solution (8.75 mL)
was mixed with aqueous solution (15 mL) of aqueous potassium ferricyanide (0.823 g, 2.5 mmol). The resulting red
precipitate was filtered and cleaned with ultrapure water until the solution became colorless. The solids were dried

overnight under a vacuum to obtain the crude products, which were then recrystallized and purified using ethanol.
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Finally, CPADB was obtained by dissolving 4,4'-Azobis (4-cyanovaleric acid) (219 mg), and the product obtained in the
previous step (160 mg) was dissolved in ethyl acetate (3 mL). The reaction solution was heated at reflux condensation for 18
h. The crude products were separated via column chromatography with ethyl acetate: n-hexane (2:3) as the eluent and
vacuum-dried overnight. The product was purified by column chromatography at an ethyl acetate: n-hexane ratio of 2:3.

Synthesis of PMMRA

MMA (5 mL), CPADB (25 mg), AIBN (3 mg), and Rhob-MA (12 mg) were dissolved in 1,4 dioxane. Nitrogen protection
was performed after three rounds of freeze-thaw degassing, and the reaction was carried out at 70°C for 6 h. Based on the
study by Barsbay M and Anzlovar et al, CPADB was chosen as the chain transfer reagent for this reaction.®®” After
completion of the reaction, the product was precipitated with petroleum ether. Purified PMMRA was obtained by vacuum
drying overnight. In some experiments, red fluorescence interfered with the experimental results. Thus, a batch of non-
fluorescent vectors was prepared using a similar method but without the addition of Rhob-MA.

Synthesis of PHPMA-b-Poly (MMA-Alt-(Rhob-MA)) (PPMMRA)

HPMA (50 mg), AIBN (3 mg), and PMMRA (36 mg) were obtained in the previous step. Nitrogen protection was
completed after freeze-thaw degassing three times, and the reaction stayed overnight at 70°C in 1,4 dioxane. After
completion of the reaction, the product was precipitated with diethyl ether. The purified product PPMMRA was obtained
by vacuum drying. Based on Utama et al, it is feasible to use HPMA as the hydrophilic end and CPADB for the RAFT
polymerization reaction.®®

Synthesis of RPPMMRA

NHS (0.5 mg), EDC (0.8 mg), and PPMMRA (26 mg) were dissolved in the MES buffer for 24 h at room temperature.
NHS-PHPMA-b-Poly (MMA-alt-(Rhob-MA)) (N-PPMMRA) was synthesized. RGDfK (8 mg) was allowed to react in
MES buffer at room temperature for 24 h. Purified RPPMMRA was obtained by freeze-drying the product solution for 48
h after purification via dialysis.

The Self-Assembled BHP-NV

The preparation of BHP-NV can be explained using the self-assembly of RPPMMRA@BHP as an example. The dried
RPPMMRA block copolymer (4 mg) was dissolved in THF (1 mL). In addition, BHP (5 mg) was dissolved in pure water
(10 mg). The polymer solution was then added dropwise onto the BHP solution and ultrasonicated for 15 min. The drug
loaded vector RPPMMRA@BHP was obtained via vacuum rotary evaporation at 50°C until the solvent was free.

BHP-NV Morphological Observation and Stability Test

The prepared BHP-NVs and the NVs were then tested. First, the hydration particle size and dispersion of the product
were measured using a Malvern particle size analyzer. Moreover, the morphology of the BHP-NVs was observed using
transmission electron microscopy. The aqueous solution was freeze-dried to obtain a powdered product, which was then
weighed and dissolved under different conditions for stability testing. The stability in different solution states was tested
for 72 h at 25°C. Samples were analyzed at specific time points using a Malvern particle size analyzer.

Determination of Drug Loading, Encapsulation Rate, and Drug Release Curve of

Polymeric Nanovector

Drug release assays were performed by placing 10 mg/mL BHP-NV into a dialysis bag with a molecular weight cut of
(MWCO) = 2000 Da at 37°C. PBS (pH 7.4, 2000 mL) was used as the release medium. Samples of 20 mL were collected
at 0, 6, 12, 24, 48, and 72 h and replenished with the same volume of PBS. The drug loading and encapsulation efficiency
of the BHP-NV was determined using high performance liquid chromatography (HPLC) on the C18 column (5 p
250%4.6 mm) at 35°C. The mobile phase was A: 0.1% trifluoroacetic in 100% water, B: 0.1% trifluoroacetic in 100%
acetonitrile, the flow rate was 1.0 mL/min, the detection wavelength was 220 nm, and the sample volume was 10 pL.
BHP solutions was prepared at concentrations of 1175, 1000, 500, 250, and 100 pg/mL. The HPLC experiments were
performed using the chromatographic column conditions described above.
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Determination of Hemolytic Activity of Nanovectors and Peptides
Fresh blood samples (1-2 mL) from healthy participants were collected in EDTA anticoagulant tubes, rinsed with an
equal volume of PBS, centrifuged at 1000 rpm for 5 min, and the supernatant was discarded. This procedure was
repeated four times to obtain colorless supernatants. Next, | mL of centrifuged human red blood cells (RBCs) was
collected and 20 times the volume of PBS was added for resuspension, counting, and adjusting the suspension
concentration to 2x10%/mL RBCs. The samples were dissolved with PBS prepared using different concentration
gradients, and then successfully added to the 96-well U-shaped plate using 70 pL per well with three parallel settings
for each concentration. Approximately 70 pL red blood cell suspension was added to each well of a 96-well U-shaped
plate with a round bottom. The negative and positive control groups were set and incubated at 37°C for 2 h with 90 rpm
shock. The 96-well plates were centrifuged at 3000 rpm at 4°C for 5 min, 90 pL supernatant was removed from the 96-
well plate into the flat bottom, and the absorbance was tested at 578 nm.

Drug hemolysis and hemolysis rates were determined. Hemolytic toxicity occurs when the hemolysis rate exceeds
10%. The minimum drug concentration that leads to RBC hemolysis is known as the minimum hemolysis concentration.

A—Apps

Hemolysis ratio (%)ZA y
water —“1PBS

x 100% (D

Carrier Cell Internalization Experiment

A549 cells were evenly spread onto six-well plates at a density of 2x10° cells per well. After 24 h culture in DMEM
complete medium at 37°C with 5% CO,, DMEM medium with 100 ug/mL PPMMRA was incubated at different times.
Hoechst 33342 blue dye was used to stain the nuclei. Fluorescence microscopy was used to confirm these observations.

Drug Toxicity Test by 3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium Bromide
(MTT) Method
After the digestion of A549 cells with 0.25% trypsin, complete DMEM was added to terminate the digestion. The cells

were then resuspended in a single-cell suspension. The culture medium of 1x10* cells per well was inoculated in a 96-
well plate at 37°C under 5% CO, for 24 h.

Ao—A
Cell viability = IfAZ x100% )

BHP-NV Induced Apoptosis Experiment

A549 cells were re-inoculated into six-well plates at a density of 2x10* cells per well and incubated under different
conditions. After 24 h, the cells were digested with 0.25% (w/v) trypsin and centrifuged. The Annexin V-FITC/PI kit dye
was used for 30 mins at 4°C in the dark. The stained cells were collected by centrifugation, and the excess staining fluid
was removed. The cells were suspended in PBS and the fluorescence of each cell was analyzed using flow cytometry.
Finally, apoptosis of apoptotic cells was analyzed using BD CellQuest Pro software. The experiments were repeated
thrice for each group.

Analysis and Detection of Apoptosis Morphology

A549 cells were re-inoculated into a laser confocal culture dish at a cell density of 1x10° cells and cultured in a CO,
incubator at 37°C and relative humidity of 5%. Cells were treated with different drugs for 24 h at a density of 80%. Then,
5 pg/mL of Hoechst 33342 dye was added to each plate. The cells were incubated at 37°C for 20 min without light and
washed thrice using PBS.

Detection of Intracellular Mitochondrial Transmembrane Potential (MMP)
A549 cells were inoculated in six-well plates at a density of 2x10° cells per well. When the cell density reached 80%-—
90%, BHP, NV, and BHP-NV were administered for 24 h. JC-1 staining solution of 10 pM was added to each well and
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treated for 20 min at 37°C under dark conditions. The PBS solution was washed thrice to remove the remaining dyes.
A fluorescence microscope was used to observe the changes in the fluorescence intensity of each group of cells. ImageJ
software was used to quantitatively analyze changes in the red and green fluorescence intensities of the cells. This
experiment was repeated thrice.

Cell Colony Formation Experiment

After the A549 cells were digested using 0.25% trypsin, they were re-inoculated into each well of a six-well plate at
2x10° cells per well and treated with different drugs for 24 h for 7-d culture. Then, the waste medium was abandoned,
and 1 mL of precooled 70% (v/v) ethanol was added to each well and fixed at 4°C for 20 min. Ethanol was absorbed and
stained with a 0.2% crystal violet solution at room temperature for 15 min. The cells were then flushed with crystal violet
and washed three times with PBS. Finally, the colony formation was observed and photographed under a fluorescence
microscope. The Imagel software was used to quantify the experimental results.

Lysosomal Escape Assay

A549 cells were re-inoculated into a laser confocal petri dish at 1x10° cells density and cultured at 37°C, inside a 5%
CO, incubator. The culture medium was removed when the cells reached 80% confluence. The cell culture medium
containing the fluorescent carriers was removed after the addition of PPMMRA, and the cells were incubated for different
periods. The cells were washed thrice using PBS and replaced with 100 pum Lyso-Tracker Green staining solution. It was
preincubated at 37°C, and the cells were co-incubated at 37°C for 30 min under dark conditions. Lyso-Tracker Green
staining solution was removed, cleansed using PBS thrice, incubated with Hoechst 33342 dye at 37°C for 20 min without
light, washed using PBS thrice, and observed under a confocal laser microscope.

Reverse Molecular Docking
The potential target proteins of BHP were predicted by reverse docking with PharmMapper (http://www.lilab-ecust.cn/

pharmmapper/index.html) server, Version 2017. Cancer-related genes were identified and screened using the OMIM (https://

omim.org), DRUGBANK (https://www.drugbank.com) and GeneCards (https://www.genecards.org) databases. Duplicate

genes were removed by integrating the data from both databases to create a dataset containing diseases target information.
Furthermore, relevant target genes were processed using the Uniprot database (https:/legacy.uniprot.org/).®” "' The PPI

network was constructed using Cytoscape 3.9.1 software to visualize the targets obtained from the above steps. GO biological
functions and KEGG pathway enrichment analysis of core targets were performed using the Metascape database (https://
metascape.org/) and subsequently mapped using bioinformatics (http://www.bioinformatics.com.cn/).”> All data were

accessed on website in March-April 2023.

Antitumor Effect in A549-Bearing Nude Mice

All animal experimental protocols were performed in accordance with Guidelines for ethical review of animal welfare.
This study was approved by the Institutional Animal Ethics Committee of Jilin University, Jilin, China (Approval
No. 20220802). Rodents were free to eat sterilized food and drink distilled water and were housed in stainless steel cages
containing hardwood chips, with all of the above in a barrier environment. For the mouse subcutaneous tumor model, 5-6
weeks old BALB/c female nude mice (both from Charles River, Beijing, China) were injected with 1x10° A549 cells per
mouse within the right axilla (suspended in 100 pL sterile normal saline). The sizes of the subcutaneous tumors were
determined using calipers. Twenty-five mice (18 + 1 g) were randomly assigned into five groups (n = 5) and
intravenously treated with: normal saline (100 puL), BHP (100 pL, 1 mg/mL in saline), RPPMMRA (100 uL, 1 mg/
mL in saline), BHP-NV L (100 pL, 10 mg/mL BHP-NV in saline), BHP-NV H (100 pL, 20 mg/mL BHP-NV in saline)
per mouse when the average tumor volume reached 50-100 mm?. Saline-treated mice were used as the controls. When
saline and samples were injected, the tumor sizes and mouse weights were periodically monitored. The tumors, hearts,
livers, spleens, lungs, and kidneys of mice in all groups were harvested after 21 days of treatment, fixed in 4%
paraformaldehyde solution, embedded in paraffin, and dissected into slices. Apoptosis in the tumor areas was estimated
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using a TUNEL assay. Histological slices were stained with hematoxylin and eosin (H&E) and observed under a light
microscope.

Results and Discussion

Synthesis and Characterization of Polymeric Nanovector RPPMMRA
NVs were prepared via Reversible Addition-Fragmentation Chain Transfer Polymerization (RAFT). The preparation
process is described in the Materials and Methods. A general structural equation is shown in Figure 2. Amphiphilic NVs
with one fluorescent hydrophobic end and another RGD-targeted hydrophilic end were prepared, as shown in Figure 2.
In this study, Rhodamine B modified with a methyl acryloyl group, Rhob-MA, was used to synthesize Rhodamine
B polymerized onto nanoparticles in a controlled manner (Figures S1 and S2), and the content of Rhodamine B in
PPMMRA vector was shown in Table S1. Modification of the carboxyl group in the structure of rhodamine B may
influence the properties of the dye. The influence of the fluorescence intensity of the dyes at different pH values was
analyzed, and the results are shown in Figure 3A (Rhodamine B) and Figure 3B (Rhob-MA); a standard curve of
Rhodamine B fluorescence intensity and fluorescence emission spectrum of RPPMMRA are shown in Figure S3. As
shown in Figure 3A, the fluorescence intensity in the emission spectrum of Rhodamine B increased as the pH increased
from 5 to 8. However, the fluorescence intensity of Rhob-MA remained unaffected by pH because the replacement of
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Rhodamine B with carboxyl methyl allyl weakened the influence of pH on the fluorescence intensity of Rhodamine
B. This indicated that the polymeric fluorescence intensity of the drug-loaded nanoparticles could be stabilized in
a variable pH environment, facilitating further observed intake (Figure 3B). The excitation and emission wavelengths of
the dyes were measured at pH 7.4, and the results are shown in Figure 3C and D. The excitation and emission
wavelengths of the two dyes were similar, and functionalization of the methyl acrylate group had no significant effect
on the wavelength of the dye. The results indicated that the replacement of the hydroxyl group had no noticeable effect
on its optical properties but decreased its sensitivity to the pH value. The fluorescence emission spectra of RPPMMRA
and Rhob-MA mass spectral are shown in the Supporting Information.

Hydrophilic HPMA was polymerized into the product of the previous step to obtain the amphiphilic chain polymer
PPMMRA after successful preparation of the hydrophobic end. The hydroxyl groups on the HPMA monomer product
were characterized using infrared spectroscopy (Figure 3E).

The polymer contains carboxyl groups at its hydrophobic ends (Figure 3E). Thus, the FTIR spectrum of PMMRA has
a peak at 3375.17 cm ™' with a wide and scattered characteristic peak at 2700-3000 cm™ . This can also be referred to as
the O-H in the carboxyl group of the polymer. After the polymerization of HPMA, the characteristic peak at

International Journal of Nanomedicine 2023:18 hetps: 5351
Dove:


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

Zhang et al Dove

3375.17 cm™ ! revealed a wide peak owing to the coexistence of the hydroxyl group on the HPMA monomer and the
carboxyl group inside the polymer. This confirmed the successful preparation of PPMMRA. We characterized the
prepared NVs using "HNMR. The experimental results are shown in Figures S4-S6.

The balance between the use of a chemical substance for medical purposes is so fragile that it can shift unpredictably
between therapeutic efficacy and a range of toxicity.”> Subsequently, two types of cells were selected to verify the
targeting of RGDfK, cancer cell A549 (avB3-high expression) with high expression of avp3 integrin and normal HUVEC
(avB3-low expression) with low expression of avp3 integrin. As demonstrated in Figure 3F, the fluorescence intensity and
speed of NV were stronger in A549 cells than those in HUVECs. Moreover, the uptake of A549 cells was fast, with
evident fluorescence within 0.5 h and stable fluorescence intensity. Thus, RPPMMRA containing RGDfK was success-
fully prepared with a selectivity of RGDfK against cancer cells.

Therefore, we have successfully prepared the NVs with stable fluorescence and high affinity for avp3 highly
expressed in various tumor cells. Additionally, it can be widely used in the treatment of various cancers. These properties
make the prospect of NVs application worthwhile.

Characteristics of Different Polymeric Nanovectors and BHP-NV

RGDfK may have a specific influence on the self-assembly of NVs. Two NVs, PPMMRA (without RGDfK) and
RPPMMRA (with RGDfK), were selected for property evaluation. Two types of BHP-NVs were prepared:
PPMMRA@BHP and RPPMMRA@BHP. The morphological characterization of the NVs is shown in Figures 4A-D.
The TEM results are shown in Figures 4A (PPMMRA) and Figure 4C (RPPMMRA), illustrating that the NVs exhibited
a spherical shape with a rough surface and had a particle size of approximately 100—150 nm. BHP can be loaded in large
quantities at the interstices of NVs to effectively control drug release. We also analyzed the hydration particle size
distributions of the two types of NVs and BHP-NVs (Figures 4B and D). The Z-average particle sizes of PPMMRA
(Figure 4B) and RPPMMRA (Figure 4D) were 224.8 nm and 189.6 nm, respectively. The polydispersity index of the
NVs was <0.24, indicating good dispersion. The particle size of the NVs increased after BHP loading owing to their
presence in the NV interstices, thereby increasing the final particle size of BHP-NV. After linking with RGDfK, the NV
particle size decreased because of increased hydrophilicity at the hydrophilic end of the molecule.

Nonspecific interactions with proteins and other molecules in the blood can affect the circulation time of BHP-NV
owing to its practical application. Thus, it is also one of the factors that determines whether BHP can be effectively
released in targeted cells and even in vivo. Therefore, it is important to investigate the stability of BHP-NV by simulating
proteins in plasma and serum. We designed and synthesized another NV using hydrophilic PEG (PEGMMRA) as the
shell instead of PHPMA to evaluate the stability of PHPMA in the outer part of the NV (Figure S7). After 72 h of
incubation under different conditions, the PEGMMRA particle size was approximately 300% of the initial size. In
contrast, the particle size of PPMMRA did not change significantly (Figure 4E and F). These results demonstrate that
PPMMRA does not easily bind to serum and avoids increasing the particle size. Therefore, it can stably and effectively
transport drugs, making it an ideal nanodrug vector.

Drug Delivery and Release Capacity

Mass spectrometry of BHP revealed a molecular weight of 2331 Da, which was consistent with theoretical calculations
(Figure 5A). The sequence of BHP was DASTKKLSECLRRIGDELDS. The HPLC results for BHP at different
concentrations are shown in Figure 5B. The peak time (19.6 minutes) and peak area were positively associated with
concentration. Figure 5C shows a standard curve to determine the encapsulation rate and drug loading capacity of the two
BHP-NV samples.

As shown in Figures 4B and D, the particle size of the BHP-NVs increased after BHP loading. The particle sizes of
the NVs increased to 114.1% (PPMMRA) and 129.3% (RPPMMRA). Two BHP-NV samples were used to measure drug
loading and explore whether particle size enlargement was related to drug loading. The BHP release curves and loads are
shown in Figure 5D. The encapsulation rates of RPPMMRA@BHP and PPMMRA@BHP were 14.0% and 11.0%,
respectively. Moreover, the drug-loading amounts were 15.2% and 9.1%, respectively. RPPMMRA@BHP showed better
drug loading, and the increase in size after BHP loading was prominent. This indicates that there may be a specific
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correlation between the drug loading amount and the size increase. The release rate of BHP-NV was approximately
80.0% at 48 h and was almost completely released at 72 h, as observed in the drug release curve. This release property
protects BHP from premature release into the circulation during vector delivery. Premature drug release often leads to
off-target toxicity in the delivery system, which has always been avoided. Owing to the properties of the vector, the
release effect lasts longer and has specific application potential. RPPMMRA has better drug delivery capacity and active
targeting of RGD than PPMMRA, which can load and release BHP in cells more effectively. Therefore, RPPMMMRA is
referred to as NV. NVs are powerful alternatives for future clinical therapies owing to their ability to prevent drug
degradation, better guide to target locations, and diverse and flexible properties through different functional groups.”

Biocompatibility, Toxicity, and Cellular Uptake Experiments

Good biocompatibility is an essential factor in nanomaterial therapy, and hemolysis tests can establish the biological
safety of a material. As described in Figures S8 and 6A, both PMMA and NVs had negligible destructiveness to RBCs.
Our peptide drug, BHP, also caused insignificant RBC damage at concentrations up to 200 pg/mL (Figure 6B). This
demonstrated the good biocompatibility of NVs and their promising applications in drug delivery and controlled release.
In our previous study, Au-NPs were used for the delivery of anticancer drugs, and demonstrated good cellular non-
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toxicity. Green nanotechnology, which can extract Au-NPs from onions, making their preparation much less expensive, is
a promising alternative.”

Highly cytotoxic vectors can destroy healthy cells and cause severe toxic side effects during intracellular delivery.
Therefore, low vector toxicity is crucial for safe and effective drug delivery. A MTT assay was used to detect the effects
of BHP, NV, and BHP-NV on cell viability. As shown in Figure 6C, high cell viability was observed after incubation with
BHP and NV up to 1000 pg/mL and 400 pg/mL, respectively, for 24 h. This indicates that the biocompatibility of NV is
relatively safe, with little effect on the cells. Subsequently, cell viability significantly decreased in the BHP-NV treatment
group compared to that in the NV treatment group (Figure 6D). Thus, with an increase in BHP-NV concentration, the cell
apoptosis rate increased progressively, because of the sustained drug release effect of BHP-NV. Significantly, the BHP-
NV treatment group had superior cell-killing ability, which was attributed to BHP with 20 amino acids that could inhibit
the survival and growth of A549 cells with pro-apoptotic activity.

The fluorescence intensity of the NVs in A549 cells was recorded to visually observe the NVs of the multifunctional
supramolecular nanomaterials. Red fluorescence of Rhodamine B was observed in A549 cells after incubation with NV
for 0.5 h and increased with increasing incubation time (Figure 6E and S13), indicating that NV was internalized into the
cells. Red fluorescence of the NV and blue fluorescence of the cell nuclei demonstrated that RPPMMRA entered the
cells. No apparent damage was observed in the nuclei, after continuous incubation for 6 h, as indicated by blue
fluorescence. This indicates that we successfully synthesized a new, nearly non-toxic nanodrug carrier. Simultaneously,

NVs were successfully released from the lysosomes after entering the cell (Figure S10).

In vitro Antitumor Efficacy
Numerous studies have shown that mitochondria are closely associated with apoptosis, and a decrease in the MMP is an
early event in the apoptosis cascade. This occurred before the appearance of nuclear apoptosis (chromatin concentration
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and DNA fragmentation). Once the MMP collapses, apoptosis becomes irreversible. Figures 7A and D show that the
cells were in good condition, with weak cell membrane permeability in the Control, BHP, and NV groups (without Rhob-
MA). The MMP was normal, and the fluorescent probe JC-1 entered the mitochondria via mitochondrial membrane
polarity. In the BHP-NV group, pro-apoptotic BHP was loaded into the cells, resulting in cell damage, structural
destruction, and apoptotic mitochondria.

Flow cytometry was used to detect cell apoptosis after administration to investigate the effect of the BHP-NV
complex on cell apoptosis. The cell apoptosis experiments indicated that the BHP-loaded complex had a higher
apoptosis-inducing ability than the empty NV and BHP groups (Figures 7C and E). Apoptosis could be significantly
increased from 14.1% to 66.3% with the increase in drug concentration from 25 pg to 75 pg. This was similar to the
results obtained from the MTT assay, indicating that the BHP-NV nanodrug could induce tumor cell apoptosis. NVs can
successfully load BHP, which has a pro-apoptotic effect on cells, thereby inhibiting cell proliferation.
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Similarly, the impact of BHP-NV on cancer cell apoptosis can be estimated by staining the nucleus and observing the
cell morphology in a bright field. Morphological changes due to apoptosis were observed in each group using laser
confocal microscopy. When apoptosis occurs, the cell morphology is anomalous. Apoptotic cells were round, the cell
volume was decreased, the nucleus was deeply stained, the cytoplasm was concentrated, and cell surface buds appeared.
The nucleus was cleaved into several fragments, and several apoptotic bodies with intact membrane structures were
formed in the cytoplasm, as shown in Figures 7B and S9, which is consistent with previous data.

Colony formation is an effective procedure to detect the proliferative ability of cultured cells. As shown in Figures 7F
and S11, BHP-NV significantly reduced the cell colony formation ability. In contrast, neither the NV nor BHP inhibited
cell proliferation. The results indicated that our vector had no significant effect on the inhibition of cell proliferation
compared with the other groups. The BHP-NV group inhibited the proliferation of A549 cells in the cell clone formation
experiment, indicating that BHP loaded with NVs significantly reduced cell clone formation.

Reverse Molecular Docking to Explore the Potential Therapeutic Effect of BHP
Reverse molecular docking technology is a computer-aided drug design technology that supports reverse pharmacophore
matching and is economical and convenient for locating new targets of medicine, explaining the molecular mechanism of
medication and drug repositioning to seek out alternative indications of drugs, as well as detecting adverse drug reactions
and drug toxicity. First, the BHP structure was imported into the Superpred and PharmMapper servers for reverse protein
target prediction analysis, 450 targets with Norm Fit > 0.2348 and Superpred Probability > 50% were screened out, and
then based on the DRUGBANK, OMIM, and GeneCards correlation scores of > 20%, a total of 915 disease targets were
screened out. Finally, 76 targets retained intact after duplicate targets were removed, as shown in Figure 8A and Table S2.
Protein targets often function through protein-protein interactions; therefore, it is necessary to construct PPI networks.
The obtained intersecting targets were used to build a PPI network for BHP anticancer activity using Cytoscape software
(Figure S12). In this network, the size of the node and shade of color represent the magnitude of the degree value;
a larger node and darker color indicating the higher node degree value. Epidermal growth factor receptor (EGFR), HRAS
(GTPase HRas), and AKT1 (RAC-alpha serine/threonine-protein kinase) among others, occupied an important position
in the network, indicating that these target proteins play important roles in the treatment of tumors by BHP.

Subsequently, GO and KEGG enrichment analyses were performed using the 76 anticancer targets of BHP (Figure 8B and C).
According to GO classification, three domains were covered: cellular components (CC), biological processes (BP), and molecular
functions (MF). In the BP domain, the enriched regions included the transmembrane receptor protein tyrosine kinase, cell
population proliferation, programmed cell death, and regulation of apoptosis. Among the MF domains, protein kinase binding,
protein tyrosine kinase, and protein homodimerization activities were affected. KEGG bubble plots showed only 20 enriched
pathways based on core targets with p-value<0.01 and count>10, where the larger the enrichment factor, the greater the degree of
enrichment. BHP treatment affects diverse pathways, primarily those related to cancer and immune-related signaling pathways,
such as the p53 and IL-17 signaling pathways. It is speculated that BHP plays an important role in tumor therapy by regulating
these pathways.

To visualize the relationship between the BHP peptide, targets, and diseases in a simple and direct manner, a peptide-
target-disease network diagram (Figure 8D) was constructed using Cytoscape, where red represents the BHP peptide,
green represents potential gene targets associated with BHP and diseases, and blue represents cancer-related diseases.
This illustrates that BHP has potential therapeutic effects on a variety of cancers such as gastrointestinal neoplasms,
adenocarcinoma, breast neoplasms, and prostatic neoplasms, furture demonstrating the feasibility of BHP nanodrug.

In vivo Tumor Inhibition Performance

We conducted in vivo inhibition of BHP-NV in mice bearing A549 tumors after stimulation with BHP-NV, owing
to its excellent antitumor capacity in vitro. In this study, tail vein injection was used to evaluate tumor retention of
the polyplex. Two doses of BHP-NV were used in this study: BHP-NV L and BHP-NV H. The specific
concentrations are described in the Methods section. After the BHP-NV injection, we monitored the body weight
and tumor volume of the mice. The tumor tissues separated from the different treatment groups after 20 days are
shown in Figures 9A and S14. Figure 9B indicates that each administration group showed no significant effect on
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the body weight of the mice. Thus, the administrated group showed good biocompatibility and no evident toxicity
in mice. Tumors treated with control saline and BHP proliferated and exhibited typical growth behaviors. In
contrast, tumor growth was significantly inhibited after the injection of NV and BHP-NV (Figure 9C). Tumor
growth was significantly inhibited when the isolated tumor tissue was weighed after treatment (Figure 9D). As
expected, all results indicated that the BHP-NV group performed better than the other groups over three weeks.

Hematoxylin and eosin (H&E) staining was performed to observe the morphology of the tumor cells and assess
antitumor efficiency (Figure 9E). Most tumor cells in the saline and free BHP groups exhibited normal morphol-
ogy. In contrast, tumor cells in the BHP-NV group showed evident apoptotic morphology, including nuclear
shrinkage. This finding was consistent with the results of TUNEL staining (Figure 9E). The highest intensity of
green fluorescence was observed in the BHP-NV group. This indicates that significant cell apoptosis occurred after
administration. These results illustrate that, owing to RPPMMRA, BHP is delivered by NVs into tumor cells to
induce cell apoptosis and inhibit tumor growth. H&E staining was performed on major organs, including the heart,
liver, spleen, lungs, and kidneys (Figure 10). Neither histopathological abnormalities nor damage was evident after

intravenous injection, suggesting that BHP-NV is a safe drug delivery system in vivo.
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the study. (B) Real-time observation of body weight in vivo after treatment with samples. (C) Real-time observation of tumor sizes in vivo after treatment with samples. (D)
Weight of tumor tissue after treatment. (E) TUNEL and H&E staining of tumor tissue after treatment. Significant differences are presented as *, **, and ***, indicating
p <0.05, p < 0.01, and p < 0.001, respectively.
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Figure 10 H&E staining of major organs (heart, liver, spleen, lungs, and kidneys) after treatment.
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Conclusion

A short peptide, BHP, with 20 amino acids, based on the Bax-BH3 domain, was constructed and modified using
a fluorescent drug vector. The results indicated that NV had good biocompatibility and low toxicity and could be used
to deliver anticancer drugs. BHP-NV was efficiently internalized into A549 cells in 6 h with a drug loading capacity of
15.2% and was of appropriate size, resulting in a cell survival rate lower than 50.0% at 75 pg/mL. Flow cytometry and
other experiments established that BHP significantly promotes apoptosis. Colony experiments demonstrated that BHP
inhibited the proliferation of cancer cells. BHP-NV showed a significant pro-apoptotic effect, which may provide a novel
approach for understanding the structure and function of BH3 and for the selection of pro-apoptotic peptides. The
potential therapeutic effects of BHP were evaluated by reverse molecular docking. BHP peptides can regulate apoptosis,
indicating their pleiotropic cancer treatment prospects. Furthermore, in vivo experiments established that BHP-NV has
excellent tumor targeting and inhibition functions in tumor-bearing mice. Drug tracing and imaging can be performed
simultaneously in the future diagnosis and treatment of diseases by synthesizing the fluorescence properties of the
nanovector, thereby realizing the integration of disease diagnosis and disease detection visualization.
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