
Heliyon 10 (2024) e26095

Available online 8 February 2024
2405-8440/Â© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article 

Rational Formulation of targeted ABT-737 nanoparticles by 
self-assembled polypeptides and designed peptides 

Polina Aibinder a, Ifat Cohen-Erez a, Hanna Rapaport a,b,* 

a Avram and Stella Goldstein-Goren Department of Biotechnology Engineering, Ben-Gurion University of the Negev, Beer-Sheva 8410501, Israel 
b Ilse Katz Institute for Nanoscale Science and Technology (IKI), Ben-Gurion University of the Negev, Beer-Sheva 8410501, Israel   

A R T I C L E  I N F O   

Keywords: 
Apoptosis 
BCL-2 
β-sheet peptides 
Self-assembly 
Drug delivery 
Cytotoxicity 
Mitochondria 
Nanoparticles 

A B S T R A C T   

Here we present the development of nanoparticles (NPs) formulations specifically designed for 
targeting the antiapoptotic Bcl-2 proteins on the outer membrane of mitochondria with the drug 
agent ABT-737. The NPs which are self-assembled by the natural polypeptide poly gamma glu-
tamic acid (ϒPGA) and a designed cationic and amphiphilic peptide (PFK) have been shown to 
target drugs toward mitochondria. In this study we systematically developed the formulation of 
such NPs loaded with the ABT-737 and demonstrated the cytotoxic effect of the best identified 
formulation on MDA-MB-231 cells. Our findings emphasize the critical role of solutions pH and 
the charged state of the components throughout the formulation process as well as the concen-
trations of the co-components and their mixing sequence, in achieving the most stable and 
effective cytotoxic formulation. Our study highlights the potential versatility of designed peptides 
in combination with biopolymers for improving drug delivery formulations and enhance their 
targeting abilities.   

1. Introduction 

The mitochondrial pathway of apoptosis is regulated by the B-cell lymphoma 2 (Bcl-2) family of pro- and antiapoptotic proteins. 
Overexpression of the antiapoptotic Bcl-2 proteins is linked to a downregulation of apoptosis. These proteins sequester the proapo-
ptotic Bcl-2 homology 3 (BH3)-only proteins trigger apoptosis by either inactivating Bcl-2 or inducing an active conformation of Bax 
and Bak proteins that undergo oligomerization and generate the mitochondrial outer membrane permeabilization effect (MOMP) [1, 
2]. BH3-mimetic drugs that promote Bax and Bak oligomerization [3–5], and the MOMP-induced apoptosis are considered an effective 
strategy for cancer therapy [6]. One such proapoptotic drug is ABT-737 which binds with a high affinity to the antiapoptotic Bcl-2, 
Bcl-xL, and Bcl-w proteins, that are located on the outer membrane of the mitochondria [7]. ABT-737 has shown a single-agent ef-
ficacy against tumor cells of multiple myeloma, acute myeloid leukemia, lymphoma, and solid tumor cell lines [8–10]. It has also 
shown activity in combination with standard therapies in leukemia and multiple myeloma models in-vivo [9,10]. Combinations of 
ABT-737 with the chemotherapy drug docetaxel or paclitaxel elicited synergistic therapeutic effects on the breast cancer cell lines [11, 
12] MDA-MB-231 and MCF-7 and with doxorubicin or gemcitabine on thyroid carcinoma cells [13]. However, the therapeutic po-
tential of ABT-737 has been limited by its low oral bioavailability and its poor aqueous solubility which hampers the potential uti-
lization of the drug by intravenous delivery [14–16]. 
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In recent years, nanoparticles (NPs) have been used as solubilizing agents for improving drug bioavailability and targeting with 
lowering systemic toxicity [17,18]. NPs can specifically target cancer tissue by the enhanced permeability and retention (EPR) effect 
[19,20], that relies on the accumulation of NPs in the tumor tissue, due to lack of tight endothelial monolayer in tumor vessels [21–23]. 
Several NPs formulations have been reported to improve the potential therapeutic profile of ABT-737, including such that employed 
the hydrophobic polymer poly-lactic-co-glycolide acid (PLGA) which exhibited a half maximal inhibitory concentration, IC50, of 8.9 
± 1.0 μM, with reduces thrombocytopenic effects in both in-vitro and in-vivo colorectal cancer models [24]. ABT-737 which was loaded 
onto PLGA-NPs coated with Notch-1 antibodies, exhibited an even lower IC50 of 1.6 μM in cultures of MDA-MB-231 cells [25]. 

Peptides can be utilized to facilitate NPs’ targeting to certain organelles within the cells [26–29]. Specifically, peptides consisting of 
positively charged and hydrophobic amino acids, play a significant role in overcoming membranous barriers of cells and mitochondria 
[30–32]. The group of Kelley developed mitochondria-penetrating peptides composed of alternating positively charged and hydro-
phobic residues that crossed the mitochondrial membranes [33]. Our group developed a mitochondria-targeted NPs system, that is 
based on a coassembly of two components, an anionic polypeptide with an amphiphilic and an oppositely charged designed peptide, 
denoted PoP-NPs [34–38]. Poly gamma glutamic acid (ϒPGA) is a biodegradable, non-toxic, non-immunogenic, biopolymer which has 
been shown to form NPs when combined with positively charged polymers. [39,40], The PoP-NPs are generated by a sequence of 
mixing steps that combine ϒPGA with the designed amphiphilic and cationic β-sheet peptide, Pro-Lys-(Phe-Lys)5-Pro (PFK) [34]. PFK 
peptide, with its repeat of hydrophilic and hydrophobic amino acids, induces folding into β-sheet conformation and organizes into 
positively charged bilayer-fibrils under certain concentrations, pH, and electrostatic screening conditions [34–38,41]. The fibrils of 
PFK [42–45] in the NPs point their Phe side chains into the fibrils’ interior, and their Lys residues to the surrounding anionic ϒPGA. 
The formulation of drug loaded PoP-NPs requires screening of various parameters along the process in order to optimize the per-
formance of the system. We demonstrated that PoP-NPs, could be formulated with the anionic and hydrophobic small-molecule 
chemotherapeutic drug lonidamine (LND), to target the proximity of the mitochondria [26,30]. These LND-PoP-NPs led to tumor 
growth inhibition with no adverse side effects, upon intravenous administration in an MDA-MB-231 xenograft breast cancer murine 
model. The formulations of PoP-NPs were also adjusted to the IWP -2, a WNT inhibitor small molecule [37] and to the delivery of 
oligonucleotides [46]. 

Herein we demonstrate a rational formulation approach for enabling ABT-737 to be loaded onto PoP-NPs (Scheme 1) towards 
improving the drug’s solubilization and cytotoxic effect. Various ABT-PoP-NPs formulations were designed and then characterized by 
their NPs size, zeta-potential and drug loading yield. The best developed formulation was tested for its cytotoxic effect on MDA-MB- 
231 cells. 

2. Experimental section 

2.1. Materials 

PFK peptide, PK(FK)5P, (MW = 1717 gr/mol) and PK(FK)5P-FITC, PFK-FITC, were synthesized and then purified by high- 
performance liquid chromatography to 95% (GenScript, Piscataway, NJ). The polypeptide ϒPGA, 200–500 KDa, was purchased 
from Wako Chemicals (Tokyo, Japan). ABT-737 (purity >98%, MW = 813.43 gr/mol) was purchased from A2S Technologies (Yavne, 

Scheme 1. Illustration of ABT-PoP-NPs (left) and its self-assembled components (right)..  
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Israel). Unless otherwise specified, all reagents were purchased from Sigma-Aldrich (Rehovot, Israel) and were of the highest available 
purity. All solutions were prepared with deionized water (DIW) (18.2 MX cm, Direct Q-5 Merck Millipore, Billerica, MA). 

2.2. Titration 

Titration curves of ABT-737 were generated based on pH measurements performed at room temperature (CyberScan pH 510, 
Eutech Instruments, Thermo Scientific, Walthman, MA), versus added volume, V, of 0.01 M HCl. The first derivative of the titration 
curves, versus the titrant volume, dpH/dV, were utilized to determine the pKa and equivalence values of the drug’s ionizable groups. 
The titrated ABT-737 solution, 0.15 mg/mL, 0.5 mL, was prepared by diluting ABT-737 in DMSO solution (0.5 mg/mL, 0.61 mM) in 
DIW (30:70% v/v). This ABT-737 solution was supplemented with 5 μL of 0.1 M NaOH to raise the pH to 9.5. The titration was 
conducted with 10 mL aliquots of the HCl solutions, accompanied by measurement of the pH, up to a total added volume of 770 mL, at 
which leveling to pH ~2.6 was noted. This pH was considered the lower limit of the pH meter. In addition, theoretical pKa points were 
extracted from the program “Chemaxon” (https://chemaxon.com/) using the tool chemicalize.com. 

2.3. Solutions and principal steps in NPs formulations 

Each of the three components used for formulating ABT-PoP-NPs was first dissolved under specific conditions to generate the stock 
solutions that are then mixed in a certain order to facilitate the NPs’ self-assembly. Either of two types of ABT-737 0.15 mg/mL 
aqueous solutions were used in the formulations. One stock solution of the drug, containing 30 % v/v DMSO in DIW, was prepared by 
mixing 0.3 mL of ABT-737 in DMSO solution, 0.5 mg/mL (0.61 mM) with 0.7 mL of DIW. The pH of this solution was adjusted to 3 by 
adding less than 20 μL of 0.1 M HCl, followed by sonication for ensuring complete dissolution. The second ABT-737 stock solution at 
pH = 3, containing less than 1% v/v DMSO that was designated for cell-culture studies, was prepared by mixing 9 μL of a concentrated 
(50 mg/mL, 61 mM) ABT-737 in DMSO solution, with 1 mL DIW, supplemented with <18 μL of 0.5 M HCl and sonicated. PFK so-
lutions, either 0.5 or 0.35 mg/mL, were prepared by dissolving the peptide powder in DIW followed by adjusting the pH to 7 with 
aliquots of 0.1 M NaOH. ϒPGA solutions were prepared at 0.5 mg/mL concentration by first, dissolving the polypeptide powder in 
0.85 mL of 0.0023 M NaOH solution (pH ~11.5) followed by adjustment to pH ~7 and then complementing the volume to 1 mL with 
DIW. These solutions were next mixed together in different orders to identify the best performing PoP-NPs (all formulations are 
summarized in Table 1 and the main steps of the process are illustrated in Fig. 3 below). In the cases where turbidity appeared along the 
mixing steps, the solutions were clarified by centrifugation at 3000g for 20 min, followed by passing the supernatant through a syringe- 
driven 0.22 μm filter (Merck Millipore, Millex GV 0.22 μm, Billerica, Massachusetts, USA). Finally, formulated PoP-NPs solutions were 
either characterized as is or were first subjected to a concentration step using a vacuum evaporator, operated at 30 ◦C (CentriVap DNA 
Vacuum Concentrator, Labconco, Kansas City, Missouri, USA), or centrifugal filtration (Vivaspin ® 20, 100 kDa, Sartorius Stedim Lab 
Ltd. UK) that is followed by recovering the unfiltered solution. These solutions were concentrated in order to achieve drug concen-
trations that are approximately X20 compared to the previously reported IC50 values [24,25] in order to enable their effective dilution 
into the cell culture media in the cells’ viability studies. ABT-737 concentration in the various solutions was determined by OD 
measurements at 310 nm using a spectrophotometer (Multiskan Go, Thermo scientific, MA) and a calibration curve. ABT-737 yield in 
ABT-PoP-NPs solutions was calculated using the concentration of the drug applied in preparing the NPs, and its concentration in the 
finally formulated NPs solutions. 

2.4. NPs size and charge 

NPs hydrodynamic radius was measured by dynamic light scattering (DLS) (CGS-3 LSE-5003, ALV, Langen, Germany) applying the 
detector at a 90◦ angle. Zeta potential of NPs was measured by a zetasizer (Nano ZS, Malvern, Worcestershire, UK), and data were 
analyzed using the Smoluchowski model, provided as part of the instrument’s analysis computational package. 

2.5. Atomic force microscopy (AFM) 

The NPs were imaged by atomic force microscopy (MFP-3D-Bio, Asylum Research/Oxford Instruments) using AC40 probes 
(Olympus, Japan) in an AC-mode in aqueous phase, on a mica substrate. A 10 μL drop of each ABT-PoP-NP and PoP-NP solutions was 
placed on a freshly cleaved mica and the deposited drop was maintained for ~4 min (while preventing it from drying) to allow 
adsorption of the NPs onto the mica surface. Next, 100 μl DIW were added on top of the drop, after which the scan was initiated. 

2.6. Thermal gravimetric analysis (TGA) 

TGA analysis in combination with OD measurements were used to determine the weight percentage of the drug in ABT-PoP-NPs 
(formulation A5.1 described in the Results section). The thermogravimetric analysis was used to determine the total organic con-
tent in the NPs and the OD measurement was used to specifically determine the concentration of the ABT-737 in the solution subjected 
to vacuum evaporation. The two values specify the weight percentage, % w/w, of ABT-737 in the ABT-PoP-NPs. 

For the TGA measurement the ABT-PoP-NPs formulation A5.1 was prepared in an 18 mL scale. Three mL of ABT-737, 0.15 mg/mL 
(<1% DMSO) at pH = 3 was mixed with 3 mL ϒPGA 0.5 mg/mL solution. The mixture was diluted by 9 mL DIW (all other details as 
described above in NPs formulation). This 15 mL solution was titrated to pH~7.4 and stirred for 1 h by a magnetic stirrer, at room 
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temperature. The solution was mixed with 3 mL PFK for 1 h to provide the ABT-PoP-NPs solution. In addition, for a reference, the 
solutions of ϒPGA and PFK were prepared the same way as for the ABT-PoP-NPs and diluted with DIW to 18 mL, to obtain same 
concentrations as in the NPs solution. The solutions of ABT-PoP-NPs, and for a reference also the ϒPGA, PFK and ABT-737 solutions, 
were dried down to a volume of 2 mL at which OD measurements were performed. Next, these solutions were completely dried 
overnight under vacuum. Each of the obtained powders was weighted and then a certain weight was subjected to the TGA mea-
surement (TGA, TA Instruments Q500, New Castle, DE), while flushed by nitrogen, at a flow rate of 90 mL/min and heated at 10 ◦C/ 
min to 1000 ◦C. TGA provided the organic content, i.e. the total weight of ABT-PoP-NPs (including the free peptide, drug and poly-
peptide in the NPs solution). Using the drug concentration value as obtained by the OD measurements and the organic content of the 
ABT-PoP-NPs dry weight, the drug’s w/w % can be calculated using the following formula (1): 

ABT-737 in ABT-PoP-NPs(w/w%) =
(

WTGA*WABT
SpV

) / (
WSpV *Worganic

TGA
)

x 100 (1)  

WTGA - weight of the ABT-PoP-NPs dry powder subjected to the TGA 
WABT

SpV - weight of ABT-737 calculated based on ABT-737 concentration as measured by OD in the 2 mL ABT-PoP-NPs concentrated 
solution, that was obtained by drying under vacuum. 

WSpV - weight of the dry ABT-PoP-NPs powder, obtained after the vacuum drying. 
Worganic

TGA - weight of organic material determined as the weight loss during TGA at 120–600 ◦C. 
NPs concentration (excluding residual water and salts) in mg/ml, was calculated by formula (2): 

(
WSpV * Worganic

TGA
) / (

WTGA * VSpV
)
,where: (2)  

VSpV - volume, 2 mL, of concentrated ABT-PoP-NPs used in this measurement 

2.7. Cell viability studies 

The effect of ABT-PoP-NPs on cell viability was tested with the same formulation that was described above in the TGA analysis but 
with all solutions undergoing 2 min sonication (Sonics Vibra-cell VCX-130 sonicator, Newtown, CT, USA) at 45 % amplitude, and with 
the final NPs solution concentrated by centrifugal filtration (denoted formulation A5.2). This concentrated solution was sterilized by 
UV light for 30 min prior to its application. The cytotoxicity of the ABT-PoP-NPs was assessed with MDA-MB-231 cells (ATCC) in 96- 
well plates, 5 × 103 cells/well, seeded in 150 μL DMEM complete medium and cultured overnight. The cells were supplemented with 
50 μL of different concentrations of ABT-PoP-NPs or control PoP-NPs (prepared as formulation A5.2 but with 3 mL DIW, deprived of 
the drug), while the final concentrations of ABT-737 were: 5, 10, 20, 30, 40, 50 μM and NPs concentrations: 0.03, 0.05, 0.11, 0.16, 
0.22, 0.27 mg/mL. The cell were cultured over three days. Cell viability was determined by XTT assay following the manufacturer’s 
instructions (Biological Industries Israel Beit-Haemek). The medium was replaced and XTT solution was added to the cultured cells and 
incubated for 2 h after which the OD at 490 nm was measured by a microplate-reader (BioTek instruments, Winoosky, VT). Cell 
viability is reported as a percentage compared to untreated cultured cells. 

Caspase 3 activity in the MDA-MB-231 cells was determined using the caspase 3 assay kit (ab39383, Abcam, Cambridge, UK) 
according to the manufacturer’s protocol. Briefly, cells were seeded in 6-well plate, 3 × 105 cells/well in 3 mL DMEM complete 
medium and cultured overnight. Each well was supplemented with 1 mL PoP-NPs, ABT-PoP-NPs to obtain a final concentration of 30 
μM of the drug (close to IC50 measured herein, see Results Section) or saline, and cultured overnight. After the incubation, the cells 
were rinsed with PBS, lifted of the plate with trypsin and resuspended in chilled PBS to yield a cell suspension that was centrifuged at 4 
◦C. The cells were counted, and 200,000 cells were lysed by lysis buffer, added to the fluorogenic substrate DEVD-AFC (AFC: 7-amino- 
4-trifluoromethyl coumarin) and incubated at 37 ◦C for 2 h. The fluorescence (excitation/emission = 400/505 nm) was measured by 
plate reader (Biotek, Winooski, VT, USA) in duplicates. Caspase activity levels were represented as a normalized ratio compared to the 
untreated saline supplemented cells. 

The visualization of cellular uptake was performed with ABT-PoP-NPs that were prepared as described above, but with 30 % weight 
of the peptide replaced by PFK-FITC. MDA-MB-231 cells (3 × 105 cells/well) were cultured overnight in a confocal dish (μ-Dish 35 mm, 
high, ibidi, Germany) with DMEM complete medium. Then the medium was replaced with a fresh medium containing MitoTracker Red 
(MitoTracker Red CMXRox, Thermo Fisher) at a final concentration of 100 nM, and the cells were incubated for 40 min to allow the 
mitochondria to be stained. Cells were then washed with PBS, and the medium was replaced with fresh phenol red free medium and 
observed by a confocal microscope with super resolution (140 nm) and a spectral imaging (Zeiss LSM880 Airyscan, Germany). 

3. Results and disscussion 

3.1. Titration curve of ABT-737 

The PoP-NPs formulation is strongly influenced by the charged state of its co-assembled components. The two main components of 
PoP-NPs are oppositely charged at neutral pH according to the pK values of their charged groups; the caroboxyls of ϒPGA and the Lys 
groups of PFK that are characterized by pKa = 4.25 and 10.53 respectively [47]. To identify the pKa values of ABT-737, we first utilized 
a molecular modeling calculator (Chemaxon’s tools, chemicalize.com). The program identified four charged groups for ABT-737 with 
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the pKa values: 4.27, 8.31, 9.40, and 12.53, attributed to the sulfonamide, piperazine-amine, the tertiary amine, and the secondary 
amine respectively (Fig. 1a). Next, we attempted to monitor the pKa values of ABT-737 using a titration curve (Fig. 1b). A solution of 
ABT-737, 0.15 mg/mL, was prepared by diluting the drug in DMSO stock solution into DIW, generating a 1 mL drug suspended in 30 % 
v/v DMSO in DIW. This solution was adjusted by aliquoted of 0.1 M NaOH to pH = 9.5 and the titration was performed by 0.01 M HCl. 
A first order derivative of the titration curve (dpH/dV, Fig. 1b) was generated to assist in identifying deflection points in the titration 
curve. These were attributed to pKa points, each followed by an equivalence state. In this manner three pKa values were identified, at 
pH = 7.2, 6.3 and ~5.0. These pKa values may correspond to the theoretically calculated values of 9.4, 8.31 and 4.27, respectively but 
with a large deviation from the theoretically calculated values, possibly due to the DMSO’s effect on the drug’s protonation states [48, 
49]. Nonetheless, based on the experimentally detected pKa values and backed by those calculated, the different charged states of the 
ABT-737 solution, as a function of pH, could be delineated (Fig. 1b). At pH higher than the theoretically assigned pKa = 12.5 point, the 
overall charge of ABT-737 is expected to be − 2. Then upon crossing this pH and down to pH < 7.2 the secondary and tertiary amines 
should become protonated, turning the ABT-737 into a neutrally charged molecule. At the pH values of 6.3 and then below ~5 the 
piperazine and the sulfoamide groups, may become protonated [50] turning the charge of ABT-737 to +1 or +2, respectively. Zeta 
potential measurements for the 0.15 mg/mL ABT-737 in 30 %v/v DMSO solution corroborated a net positive charge, +31 mV, at pH =
3.0 and a net negative charge, − 25.6 and − 52.4, at pH = 7 and 11, respectively. Of note, based on naked eye observation, the net 
negative charge at pH > 7.2 is found to be less effective than the net positive charge at pH ~3, in dissolving the drug. Hence the 
formulations of the NPs were conducted with the ABT-737 stock solutions at pH = 3. 

3.2. Formulation of ABT-PoP-NPs 

The formulation of ABT-PoP-NPs was first based on the protocol we previously developed, for LND-loaded PoP-NPs [35]. The 
co-assembly process pf LND-PoP-NPs uses stock solutions of the drug, PFK and the ϒPGA, each dissolved in aqueous solutions, at 
concentrations 0.15, 0.5 and 0.5 mg/mL respectively, that are mixed in a certain order [35]. For the ABT-737 formulation a solution of 
the drug at 0.15 mg/mL, was prepared as described above, in 30 %v/v DMSO in DIW solution adjusted to pH = 3. Next, one mL of this 
ABT-737 solution was mixed with an equal volume of 0.5 mg/mL PFK dissolved in DIW (pH ~ 5). Although the two compounds are 
positively charged at this range of pH values, and therefore were not expected to interact, a mild opacity in the mixed solution was 
observed (Fig. 2a) indicative of the drug precipitation. Next, this 2 mL ABT-737:PFK suspension, was supplemented with 1 mL of the 
0.5 mg/mL ϒPGA and the mixture was adjusted to pH = 7.4, to allow the three components to possibly reorganize into NPs over this 
time course. Nonetheless, the turbidity of the three components mixture (Fig. 2b) appeared enhanced compared to the ABT-737:PFK 
mixture, and it remained so after the one day stirring. Of note, this mixture is characterized by an excess of anions according to the 
concentrations of the three components: 0.05, 0.17 and 0.17 mg/mL of ABT-737, PFK and ϒPGA, respectively and their corresponding 
net charges: 0.12, 0.58 mmol/mL of cations (considering +2 and + 6 charges per ABT-737 and PFK molecules, respectively) and 1.13 
mmol/mL anions (assuming each monomer of ϒPGA carries a − 1 charge) and apparently this factor was not sufficient in turning the 
system into NPs. This suspension was next centrifuged to remove aggregates (clusters of material that are visible to naked eye)and then 
the supernatant was passed through a 0.22 μm syringe filter to yield an apparently clear solution, which was further characterized to 
detect the presence of NPs (Fig. 2c). This formulation, denoted A1, was analyzed by DLS, zetasizer and by OD (310 nm) measurements, 
to determine hydrodynamic diameter, surface charge and ABT-737 concentration of potentially present NPs. These measurements 
indicated the presence of NPs with a radius = 11.2 ± 5.17 nm and a zeta potential equal to − 35.1 ± 2.52 mV, but with a low 

Fig. 1. The charge states of ABT-737 as a function of pH. (a) The theoretical pKa values of ABT-737 attributed to the charged groups that are 
highlighted in color in the molecular structure (top) and the pKa values, identified by Chemicalize tool on www.chemaxon.com, presented sche-
matically along an arrow with the net charge of the molecule (bottom). (b) Titration curve of ABT-737 0.15 mg/mL in 30 % v/v DMSO:DIW solution 
(black line), first derivative (dpH/dV, blue line) used for identifying pKa and equivalence points marked by vertical lines and red arrows, 
respectively. For a reference a titration curve of NaOH aqueous solution (grey dotted line) is presented. 
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concentration of the drug 0.0028 ± 0.0019 mg/mL that corresponds to a low yield of only 5 ± 3.75 % of the formulation. This low drug 
yield of A1 formulation, prompted us to explore different assembly routes. 

The formulation of ABT-PoP-NPs was next modified, so to first create favorable electrostatic interactions between the cationic ABT- 
737 drug and the anionic ϒPGA, in the same mole excess of the anionic groups as indicated above. This was followed by the addition of 
the cationic PFK solution to the mixture. Specifically, one mL of ABT-737, 0.15 mg/mL dissolved in DMSO = 30 %v/v, pH = 3, was 
added dropwise under a continuous stirring, to a one mL ϒPGA 0.5 mg/mL, and the mixture was adjusted to pH 7.4 using aliquots of 
0.1 M NaOH. This ABT-737:ϒPGA solution, containing 0.18 and 1.7 mmol/mL of cations and anions respectively, was clear to the 
naked eye (Fig. 3, step a). Next, in order to reduce potential aggregation that may occur upon the subsequent addition of the peptide, 
this 2 mL ABT-737:ϒPGA solution was first diluted by 1 mL DIW (Fig. 3, step b) and then supplemented by a one mL of either 0.5 or 
0.35 mg/mL PFK, to yield the ABT-PoP-NPs formulations denoted A2 and A3, respectively. The mildly turbid solutions of A2 and A3 
that were centrifuged and passed through a filter as described above, exhibited a drug yield of 12.3 ± 3.4 % and 37.6 ± 5.5 % both 
higher than that of A1 formulation. Interestingly, the lower concentration (0.35 mg/mL) PFK solution used in formulation A3 
(Table 1), resulted in a higher drug yield compared to A2, possibly due to reducing the chances for aggregation. Hence the 0.35 mg/mL 
PFK solution was further applied in the formulations described below. 

In an attempt to further reduce aggregation, that was evident by the mild turbidity that appeared following the addition of the 
peptide to the ABT-737:ϒPGA solution, a larger dilution of DIW, of 2 or 3 mL, was utilized (Fig. 3, step b) generating formulations 
denoted A4 and A5 respectively (Table 1). Following the centrifugation and filtration steps, A4 and A5 solutions showed NPs of 13.8 ±
4.2 and 10.3 ± 1.6 nm in radius, both with a negative zeta potential and with an improved drug yield of 45 ± 3.9 and 49.2 ± 4.2 %, 
respectively (Table 1) corresponding to 12–14 μM of the drug. These results indicated that the dilution step (Fig. 3, step b) helped in 
lowering non-specific aggregation. In an analysis of formulation A5.2 described in supplementary it was found that 1.4 w/w% of all the 
organic matter remained free in the solution, hence the drug yield values represent well the encapsulation efficiency of the drug. To 
corroborate the presence of ABT-PoP-NPs in formulation A5, a 10 μL of this solution was placed on a mica surface and scanned by 
atomic force microscopy (AFM). The scanned image showed mostly well separated NPs, with a near spherical shape, 2–3 nm in height 
and ~6 nm in diameter (Fig. 4a). The superiority of ABT-PoP-NPs in maintaining the drug soluble at physiological pH compared to the 

Fig. 3. Schematic description of ABT-PoP-NPs, A2-A5, formulations. (a) An aqueous solution of the negatively charged ϒPGA is mixed under 
stirring with ABT-737 which is positively charged at pH = 3. (b) DIW is added to the two components solution according to the specific formulation 
detailed in Table 1. (c) PFK solution at pH = 7.4 is added. Each of the steps is followed by adjustment of the obtained solution to pH = 7.4. The three 
components co-assemble into (d) the ABT-PoP-NPs and free components (e) ABT-PoP-NPs solution after the centrifugation and filtration was found 
to contain 1.4 %w/w of free components (Supplementary, Table S2). 

Fig. 2. Representative images of stages along the A1 formulation. Glass vials are positioned in front of paper with a black line to demonstrate the 
turbidity or clarity of the mixtures. (a) The two-component ABT-737 and PFK mixture showing turbidity despite the mixing by a magnetic stirrer. 
The drug provides the yellow color. (b) The three-components mixture of ABT-737, PFK and γ-PGA, after adjusting the solution to pH = 7.4. (c) This 
three components solution following centrifugation and filtration through a 0.22 μm filter, appearing clear but also absent of the yellowish color that 
characterizes the drug. 
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free drug stock solution was demonstrated with the 0.15 mg/mL, pH = 3 in 30 %v/v DMSO:DIW solution that was adjusted to pH = 7.4 
by aliquots of NaOH. The free drug solution turned immediately opaque and a mild aggregation could be noted by naked eye. 
Following centrifugation and filtration the solution turned clear but with no evidence to the yellowish color of the drug (Fig. 4c). OD 
measurements indicated that only 0.31 μM of the drug remined in this tested solution whereas the rest 98.6 % of the drug aggregated. 
This test demonstrates that the ABT-PoP-NPs formulation, for example that of A5, improves by a factor of almost x40 (12.1/0.31) the 
potential availability of ABT-737 drug under a physiological pH. 

Two formulations denoted A5.1 and A5.2 were prepared towards cell culture experiments, using the same procedure as that of A5 
but with the more concentrated solution of the drug in DMSO (50 mg/mL, see Experimental), that provides <1% v/v DMSO in the final 
ABT-PoP-NPs solution. A5.1 formulation was concentrated by a vacuum concentrator operated for 12 h that was found to not alter the 
hydrodynamic radius of the ABT-PoP-NPs, 10.9 ± 4.2 nm, compared to the A5 solution (Table 1). This concentrated solution contained 
80.1 ± 7.8 mM of ABT-737, according to OD measurements. Next, formulation A5.2 was prepared with all the three stock solutions 
sonicated prior to their mixing with the other components, and the resultant NPs solution concentrated by a centrifugal filtration. 

Fig. 4. (a) AFM of ABT-PoP-NPs, formulation A5 (see Supplementary for formulations A4 and A6); (b–c) ABT-737 free drug in 30% v/v DMSO:DIW 
solution adjusted to pH = 7.4, before (b) and after (c) filtration. The images demonstrate that upon pH adjustment the drug formed aggregates, that 
did not pass the 200 μm filter, as evident by the loss of the drug’s yellowish color in the filtered solution. 

Table 1 
Characteristic properties of ABT-PoP-NPs A3-A7 formulations.  

Formulation pH Dilution [ml]a Radius [nm]b ZP [mV] ABT-737 [μM] Yield% of ABT-737 

A3 7.4 1 8.2 ± 1.9 − 40.8 ± 0.9 13.8 ± 2.0 37.6 ± 5.5 
A4 7.4 2 13.8 ± 4.2 − 34.3 ± 3.4 13.3 ± 2.0 45.3 ± 3.9 
A5 7.4 3 10.3 ± 1.6 − 35.7 ± 1.2 12.1 ± 1.0 49.2 ± 4.2 
A5.1 c 7.4 3 10.9 ± 4.2 − 46.1 ± 1.5 80.1 ± 7.8 – 
A5.2 7.4 3 9.3 ± 1.8 − 61.6 ± 0.3 200d – 
A6 8 2 15.2 ± 6.3 − 36.2 ± 0.2 13.1 ± 1.0 52.6 ± 4.0 

3 14.8 ± 5.1 − 35.4 ± 1.6 11.7 ± 1.1 62.8 ± 5.7 
A7 9 2 10.4 ± 1.8 − 43.8 ± 1.8 1.3 ± 0.2 5.04 ± 0.66 

3 13.2 ± 2.6 − 39.5 ± 0.9 1.8 ± 0.4 9.8 ± 1.9  

a The indicated dilution refers to formulation prepared using one mL of the drug solution with one mL g-PGA, which is further supplemented with 
one mL of 0.35 mg/mL PFK solution. 

b The radii, zeta potentials, drug yields and final drug concentrations as measured following centrifugation and filtration. A6-7 formulations were 
adjusted to the detailed final pH values. 

c Formulations A5.1 and A5.2 were prepared the same way as A5 but with the drug stock solution that provides <1% v/v DMSO in the final 
formulation. A5.1 was concentrated by vacuum evaporation and A5.2 was concentrated by centrifugal filtration. The stability of A5.1 formulation at 
4 ◦C was examined for 10 days (Supplementary Table S3). N = 3. 

d Solution concentrated was adjusted according to OD measurements to 200 μM. 
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Interestingly this A5.2 showed ABT-PoP-NPs with a radii, 9.3 ± 1.8 nm and a more negatively charged zeta potential of − 61.6 ± 0.3 
mV. The concentration of A5.2 by centrifugal filtration was faster compared to the vacuum evaporation, and provided the ABT-PoP- 
NPs with the highest achieved drug concentration of 200 μM. Of note, the filtrate of A5.2 solution was found to contain <1.4 % w/w of 
organic matter (Supplementary, Table S2) indicating that the centrifugation and filtration steps are efficiently removing free organic 
matter that is not self-assembled within the PoP-NPs. Following UV sterilization A5.2 was utilized in the cell culture studies described 
below. 

Additional formulations based on that of A5 were tested in which the final pH was adjusted to values higher than physiological, 
aiming to improve the NPs stability and solubility. These formulations were prepared with the ABT-737:ϒPGA mixtures diluted by 
either 2 or 3 mL DIW, followed by the addition of one mL PFK, 0.35 mg/mL, and then adjusted with aliquots of 0.5 M NaOH to either 
pH 8 or 9 (denoted formulations A6 and A7, respectively; see Table 1). There were no large differences observed between the 2 and the 
3 mL dilutions with respect to the NPs size and their zeta potentials. Formulation A6 showed size and zeta potential similar to those 
obtained for formulations A4 and A5 but with a higher drug yield, 52.6 and 62.8 % for the 2 and the 3 mL dilutions, respectively. 
However, formulation A7 (pH = 9) that was evidently more turbid than the previously tested A3-A6 formulations showed low values of 
drug yield. Hence, it may be concluded that at pH = 9 the favorable electrostatic interactions between the ABT-PoP-NPs components 
are lost, possibly due to the negative charge ABT-737 may acquire at this pH and the tendency of PFK to lose its charge at around this 
pH value. Despite the improved drug yield of formulation A6, due to fact that it entails a pH higher than that of physiological, NPs’ 
characterizations and cell culture assays were performed with the A5 formulations. 

3.3. TGA characterization of ABT-PoP-NPs 

TGA thermograms of the ABT-PoP-NPs A5.1 formulation, and the pure components for a reference were measured to determine the 
w/w % of ABT-737 relative to ABT-PoP-NPs’ organic matter. To obtain enough of the ABT-PoP-NPs for the TGA measurements the 
formulation of A5.1 (Table 1) was performed on an 18 mL scale, that was subsequently concentrated by evaporation under vacuum. 
The four TGA thermograms (Fig. 5) started with a weight loss in the 25–120 ◦C range, that is associated with water evaporation. This 
was followed by the 120–~600 ◦C range in which organic matter decomposes, and that above 600 ◦C which is related to inorganic 
salts’ evaporation. Applying a first derivative calculation to the TGA thermogram, peaks that represent shift in the evaporating phase 
could be identified. The free ABT-737 showed peaks at 281 and 330 ◦C possibly related to different aggregation forms. Similarly 
different aggregation forms of PFK resulted in first derivative peaks at 226, 299 and 343 ◦C and that of ϒPGA showed peaks at 263 and 
349 ◦C. ABT-PoP-NPs exhibited two unique first derivative peaks, at 253 and 318 ◦C suggesting that the specific formulation steps that 
are relying on electrostatic interactions between its organic components is reflected in the NPs’ unique TGA pattern. Based on these 
measurements the total organic concentration in the 18 mL ABT-PoP-NPs solution was found to be 0.052 ± 0.007 mg/mL. This value 
matches well the total organic concentration, 0.048 mg/mL, as expected based on the starting solutions used for the NPs formulation 
while excluding the salt content of each of the components and accounting for the yield following centrifugation and filtration (see 
Table S1). Next, the ABT-737 content in the ABT-737 powder applied for the TGA analysis was extracted from the OD measurements of 
the original ABT-PoP-NPs solution. Furthermore, the ABT-737 wt relative to the total organic weight comprising the ABT-PoP-NPs 
(extracted from the TGA see Supplementary) was calculated to be 14.1 ± 1.8 % w/w. This value corresponds well with the theoret-
ical ratio between the ABT-737 concentration 0.15 mg/mL and the total organic concentration, 1 mg/mL, used in the formulations. 

3.4. The cytotoxic effect of ABT-PoP-NPs 

The cytotoxic effect of ABT-PoP-NPs, formulation A5.2, on MDA-MB-231 cell line was evaluated by the XTT viability assay, in 
cultures incubated for three days with different concentrations of the NPs treatment. A significant decrease in cell viability was 
observed in cells treated with the ABT-PoP-NPs compared to non-treated cells (Fig. 6a) with an IC50 = 27.5 ± 0.8 μM. Cells that were 

Fig. 5. TGA curves showing the weight % loss during the heating (continuous lines) and the Derivative of weight versus temperature [mg/◦C] 
(dotted lines) of ABT-737 (blue), PFK (grey), ϒPGA (purple) and ABT-PoP-NPs (black). 
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treated for a reference with the PoP-NPs version (drug deprived formulation) showed a small increase in viability compared to the non- 
treated cell culture (see Fig. 6 legend), indicating that the ABT-PoP-NPs cytotoxic effect is induced by the drug. This IC50 value of the 
ABT-PoP-NPs is only one order of magnitude larger compared to previously reported ABT-737 NPs, which were based on enhanced 
PLGA formulations containing either an additional cytotoxic drug [24] or a targeting antibody [25]. Also, the group treated with the 
ABT-PoP-NPs showed a smaller confluency compared to cells without treatment (see Supplementary Fig. S2). Due to the tendency of 
the free drug solution to quickly precipitate under physiological pH the cytotoxic effect of the free drug could not be reliably deter-
mined (see Supplementary Fig. S3). 

In order to assess the effect of ABT-737 on cellular apoptosis, caspase 3 activity was measured in MDA-MB-231 cells (Fig. 6b). The 
increase in caspase 3 activities was significant after the treatment with ABT-PoP-NPs as compared to the drug-free PoP-NPs that had no 
effect compared to untreated cells. These results indicate that ABT-PoP-NPs induce cell apoptosis. 

The cellular uptake of ABT-PoP-NPs and their colocalization within the proximity of mitochondria were evaluated by confocal 
microscopy (Fig.7). MDA-MB-231 cells were incubated overnight with fluorescently labeled ABT-PoP-NPs (see Experimental) and 
mitochondria were then stained with Mito Tracker Red. The ABT-PoP-NPs (green stained, Fig. 7b) colocalized with stained mito-
chondria (Fig. 7a) appear as yellow clusters in the merged image (Fig. 7c). Based on image analysis, the average co-localization percent 
of NPs and mitochondria versus total NPs was found to be 21.2 ± 6.1 %. This analysis provides visual confirmation for the inter-
nalization of ABT-PoP-NPs into the cells and to their ability to co-localize with mitochondria. 

Fig. 6. (a) Viability of MDA-MB-231 cell line following a three days incubation in the presence of ABT-PoP-NPs and control of PoP-NPs at different 
concentrations. The drug concentration in ABT-PoP-NPs is provided in the upper axis. Cells’ viability was normalized to untreated group; for the 
effect of a free drug solution, appearing aggregated on the cells’ viability, see Fig. S3 N = 3. Of note, viability of the PoP-NPs treated cells reaches 
more than 100% viability possibly due to enrichment of the medium by the NPs components. (b) Caspase 3 activity measured in MDA-MB-231 cells 
following treatment with ABT-PoP-NPs and compared to PoP-NPs, all normalized to cells supplemented with saline and compared by independent 
sample t tests *P < 0.05, **P < 0.01, and ***P < 0.001. N = 3. 

Fig. 7. Intracellular confocal images of ABT-PoP-NP incubated with MDA-MB-231 cells (bar = 10 μm). Mitochondria were stained with MitoTracker 
Red (red color), shown in (a). ABT- PoP-NPs were labeled with PFK-FITC (green color), shown in (b) and ABT-PoP-NPs colocalized with mito-
chondria are detected as yellow color spots in the merged image (c). 
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4. Conclusions 

This study demonstrates that the PoP-NPs co-assembly platform, with its oppositely charged components, the anionic polypeptide, 
ϒPGA, and the cationic and amphiphilic peptide PFK, can be an efficiently formulated to carry the antiapoptotic ABT-737 drug. The 
PoP-NPs platform features significant advantages, primarily characterized by its precise control over the formulation process, that 
exclusively employs aqueous solutions, and straightforward stirring techniques. In our previous research, we successfully demon-
strated the encapsulation of an anionic drug (LND) within PoP-NPs. In this current study, we present a comprehensive guide for the 
encapsulating of cationic drugs such as ABT-737, onto this platform. The ABT-PoP-NPs can be efficiently formulated within a few hours 
and readily employed in the investigation of its impact on various in-vitro cell models. Our findings emphasize the critical role of 
solutions pH and the charged state of the components throughout the formulation process, the concentrations of the components and 
their mixing sequence, in achieving the most stable and effective cytotoxic formulation. Based on the various formulations explored 
herein, it can be concluded that the first assembly step by electrostatic interactions, between ϒPGA and the oppositely charged ABT- 
737, plays a significant role in stabilizing the final formulation of the ABT-PoP-NPs. The formulation showed an optimal drug yield at 
near neutral pH that is preferable for cell culture studies and future applications of this NPs platform. The stable solution of ABT-PoP- 
NPs A5.2 formulation showed cytotoxicity towards MDA-MB-231 breast cancer cell line at drug concentrations in the micromolar 
range pointing to the effective release of the drug within the cells. Indeed, the ABT-PoP-NPs could be tracked by for colocalization with 
mitochondria by confocal microscopy. This study demonstrates the systematic development of NPs formulations based on intermo-
lecular interactions that could be useful for future development of similar self-assembly systems for drug delivery. 
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