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ABSTRACT: A chemical inhibitor of antiapoptotic protein,
BCL2, known as Disarib, suffers poor solubility in aqueous
environments; thereby limiting its potential as a chemotherapeutic
agent. To overcome this limitation and enhance the therapeutic
efficacy of Disarib, we have employed the encapsulation of this
small molecule inhibitor within P123 copolymer matrix. Micelles
were synthesized using a thin-film hydration technique, and a
comprehensive analysis was undertaken to evaluate the resulting
micelle properties, including morphology, particle size, intermo-
lecular interactions, encapsulation efficiency, and in vitro release
characteristics. This assessment utilized various physicochemical
techniques including UV spectroscopy, FTIR spectroscopy,
dynamic light scattering (DLS), transmission electron microscopy (TEM), and small-angle X-ray scattering (SAXS). Disarib-
loaded P123 micelle formulation denoted as P123D exhibited a well-defined particle size of approximately 29.2 nm spherical core−
shell morphology. Our investigations revealed a notable encapsulation efficiency of 75%, and we observed a biphasic release pattern
for the encapsulated Disarib. Furthermore, our cytotoxicity assessment of P123D micelles against mouse breast adenocarcinoma,
mouse lymphoma, and human leukemic cell lines showed 40−45% increase in cytotoxicity compared with the administration of
Disarib alone in the breast adenocarcinoma cell line. Enhancement in the cytotoxicity of P123D was found to be higher or limited;
however, it is important to observe that the encapsulation method significantly enhanced the aqueous solubility of Disarib as it has
the best solubility in dimethyl sulfoxide (DMSO) in the unencapsulated state.

1. INTRODUCTION
Apoptosis is a highly orchestrated process that eliminates
damaged and unwanted cells.1 Cancer cells have evolved many
mechanisms to evade apoptosis. The antiapoptotic protein
BCL2 (B-cell lymphoma 2) is overexpressed in several types of
cancer cells and contributes to prolonged cell survival and
chemoresistance, lending itself as an excellent target for
chemotherapeutics.2−6 The regulation of apoptosis is critically
influenced by BCL2 family proteins. They are broadly
classified into two major categories: proapoptotic and
antiapoptotic proteins. Over the years, several extensive
investigations have been conducted on BCL2 inhibitors due
to their potential as anticancer agents, as they disrupt the
interaction between the heterodimer complex of antiapoptotic
protein BCL2 and proapoptotic protein BAK/BAX. The
prominent examples include Gossypol, AT101, Obatoclax,
ABT737, ABT263, ABT199, and AT101. However, most of
them were abolished before clinical use due to their severe side
effects.6−8

Failure of ABT263 due to its nonspecificity led to the
development of ABT199/ventoclax,9,10 which showed specific

binding toward BCL2 with no off-target effect. It disrupts the
interaction between BCL2 and BAK or BAX, leading to
homodimerization of BAK-BAK or BAX-BAX and activation of
the apoptotic cascade. ABT199 is the only FDA-approved drug
to treat acute myeloid leukemia and chronic lymphocytic
leukemia.11

Disarib, a novel BCL2 inhibitor, has been shown to target
tumor cells in a BCL2-specific manner, leading to a reduction
in tumor burden in multiple mouse models.5,12,13 Importantly,
a head-to-head comparison of Disarib to ABT199 revealed that
Disarib is more potent than ABT199.12 Acute toxicity analysis
in two rodent species revealed that even a dose as high as 2000
mg/kg of Disarib did not cause significant toxicity.14,15 There
was no significant variation in blood parameters or kidney or

Received: August 7, 2023
Revised: October 6, 2023
Accepted: October 9, 2023
Published: October 19, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

40729
https://doi.org/10.1021/acsomega.3c05802

ACS Omega 2023, 8, 40729−40740

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reshma+Joy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Humaira+Siddiqua"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shivangi+Sharma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manthra+Raveendran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Franklin+John"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Puthusserickal+Abdulrahiman+Hassan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Puthusserickal+Abdulrahiman+Hassan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Santosh+L+Gawali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sathees+C.+Raghavan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinu+George"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c05802&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05802?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05802?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05802?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05802?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/43?ref=pdf
https://pubs.acs.org/toc/acsodf/8/43?ref=pdf
https://pubs.acs.org/toc/acsodf/8/43?ref=pdf
https://pubs.acs.org/toc/acsodf/8/43?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c05802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


liver functions following the administration of Disarib.
Histological analysis of different tissues from Disarib-treated
groups revealed standard architecture with no observable
cellular damage.14,15 Further, solubility tests revealed that
besides dimethyl sulfoxide (DMSO), Disarib is soluble in
ethanol but not in water.15

Nanoencapsulation of anticancer drugs represents a
promising approach to setting aside the drawbacks encoun-
tered while working with traditional medicines. Nano-
encapsulation has been shown to be effective in increasing
the delivery efficacy with an improved solubility of potential
drug candidates. Extensive investigations established that
nanocarriers can act as drug delivery agents to provide a
high therapeutic performance by efficient targeted drug
delivery.

Pluronic block copolymers, also known as Poloxamers, are
widely utilized as approved pharmaceutical additives for
delivering low molecular weight drugs.16−18 They are favored
by formulators due to their easy availability in the market and
their endorsement for pharmaceutical use, which enables
seamless translation from basic research to medical applica-
tions. The existing literature provides several examples of
successful encapsulations achieved through thin-film hydration
techniques.19−22 For instance, Pluronic P123 micelles have
effectively solubilized Redaporfin, which is a photosensitizer
used in cancer photodynamic therapy.23 Moreover, xanthene
dyes with varying hydrophobicity have been successfully
incorporated into formulations containing P123 or F127
using thin-film method.24 P123 is a block copolymer composed
of oxyethylene (EO) units, represented as CH2CH2O, and
oxypropylene (PO) units, represented as CH2CH(CH3)O.
Hydrophobic drugs often reside in the inner hydrophobic PPO
core, while the hydrophilic PEO portion acts as the outer shell.
The hydrophilic PEO corona also helps to maintain the
stability of the micelles.25

There is rapidly growing trend of nanoformulations of
anticancer drugs or other less bioavailable drugs to be
employed as therapeutic candidates.26 During the past decade,
the medicinal chemistry field victimized a huge transformation
in drug delivery systems.27 Stable polymeric micelles were
formed using amphiphilic and reduction-responsive star
copolymers that exhibit a triggered release of anticancer drug
Doxorubin. Cu(I) catalyzed azide−alkyne cycloaddition was
utilized for the synthesis of hyperbranched copolymers,
improving the activity of self-assembled polymeric micelles.28

Kong et al. have employed an innovative approach to create
micelles that are both fluorescent and responsive to pH
changes by combining fluorescent dithiomaleimide groups
with pH-sensitive polymers such as poly(2-(diisopropylamino)
ethyl methacrylate) and poly(2-(dibutylamino) ethyl meth-
acrylate) through copolymerization.29 A magnetic-responsive
nanostructure based on Fe3O4 and poly(vinylpyrrolidone) was
constructed for the controlled release of Doxorubicin, which is
a versatile theranostic platform that responds to stimuli and
serves multiple functions.30

Several studies showed many naturally occurring bioactive
compounds, which are derived from natural products like
berberine and resveratrol, developed into pharmaceuti-
cals.31−34 Nanoparticle-based formulations have been devel-
oped for the enhanced absorption and optimal delivery of the
encapsulated drug to the target tissue. Such systems increase
the solubility, permeation, and retention effect in the tumor
sites, thereby increasing the effectivity of the formulated drug.

In this study, we report the encapsulation of Disarib using a
thin-film hydration method, employing the biocompatible
P123 copolymer. Our primary aim is to enhance the delivery of
the novel molecule Disarib, which specifically inhibits BCL2
and exhibits higher toxicity in cancer cell lines overexpressing
BCL2, through nanoencapsulation. Figure 1 shows the
molecular structure of Disarib.

2. MATERIALS AND METHODS
Pluronic P123 and D2O were purchased from Aldrich. All the
salts and solvents used in the study were purchased from
Merck, Sigma Chemical Co. (St. Louis, MO), Amresco (USA),
and SRL (India). All other reagents and buffer solution
components were of analytical grade preparations. Distilled
and deionized water were used in all experiments.
2.1. Cell Lines and Culture. EAC (mouse breast cancer),

Yac1 (T cell mouse lymphoma), and Nalm6 (B cell precursor
leukemia cell line) cells were used for the cytotoxicity
analysis.13,35 Cells were cultured in RPMI 1640 or DMEM
medium supplemented with 10% fetal bovine serum (FBS),
100 μg/mL penicillin, and 100 μg/mL streptomycin media and
incubated at 37 °C in a humidified atmosphere containing 5%
CO2.
2.2. Preparation of Disarib-Loaded P123 Micelles

(P123D). The preparation of P123D was carried out using the
thin-film hydration method, as described in previous
reports.36,37 In summary, 10 mg of Disarib was mixed with
150 mg of Pluronic block copolymer P123 in 10 mL of
acetonitrile. The solvent was then evaporated using a rotary
evaporator at a temperature of 50 °C for approximately 1 h,
resulting in the formation of solid Disarib-P123 matrix. Any
remaining acetonitrile in the film was removed by vacuuming
overnight at room temperature. The resulting thin film was
hydrated with water and stirred at 700 rpm for 30 min to
obtain a solution of micelles. This solution was subsequently
filtered through a 0.2 μm filter membrane to eliminate any
unincorporated drug aggregates and then subjected to
lyophilization.
2.3. In Vitro Release Studies. For conducting release

studies of Disarib from the P123 micelle, the dialysis method
was adopted. The release experiments were carried out in
phosphate-buffered saline (PBS) solution at pH 7.4 containing
0.2% Tween 80. Specifically, 1 mL of either free Disarib
solution or P123D with pH 7.4 was placed within a dialysis bag
with a molecular weight cutoff (MWCO) of 12,000 Da.
Subsequently, the dialysis bag was fully immersed in 40 mL of
PBS (pH 7.4) containing 0.2% Tween-80 and maintained at a
temperature of 37 °C. At predefined time intervals (0, 1, 4, 8,
12, 24, 48, and 72 h), 0.5 mL aliquots were withdrawn from
the medium and replaced with an equivalent volume of fresh
medium. The release percentage was calculated by determining
the concentration of Disarib from release media by recording

Figure 1. Disarib.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05802
ACS Omega 2023, 8, 40729−40740

40730

https://pubs.acs.org/doi/10.1021/acsomega.3c05802?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05802?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05802?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05802?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the absorbance at 385 nm by the UV−visible spectroscopy
method (UV 1800, Shimadzu).
2.4. Encapsulation Efficiency. The encapsulation effi-

ciency (EE) is determined through the utilization of eq 1.38

The encapsulation of Disarib within the P123 micelles was
evaluated using a UV−vis spectrophotometer (UV 1800,
Shimadzu). Subsequently, the supernatant, obtained by
centrifuging the nanoparticles at 10,000 rpm, was subjected
to UV−vis spectroscopic analysis to determine the Disarib
content. Absorbance was measured at 385 nm, representing
the absorption maximum of Disarib. By establishing a standard
calibration curve correlating the concentration with absorb-
ance, the encapsulation efficiency was calculated using the
specified equation.

×W w W(( )/ ) 100 (1)

where W is the amount of Disarib initially added, and w is the
amount of Disarib present in the supernatant.
2.5. Fourier Transform Infrared Spectroscopy (FTIR).

Potential chemical interactions between Disarib and the host
P123 copolymer were studied by Fourier transform infrared
spectroscopy (FTIR). The infrared (IR) spectra of free
powdered Disarib and Disarib-loaded P123 micelles were
measured on a Shimadzu 8400 FTIR spectrometer.
2.6. 1H NMR Spectroscopy. NMR spectra were recorded

with a JEOL JNM-ECZ400S/L1 instrument operating at 400
MHz for 1H NMR in deuterated solvent (DMSO-d6) at 295 K,
unless otherwise noted. Chemical shifts (δ) are listed in parts
per million (ppm) and are reported relative to solvent residual
signals.
2.7. Measurement of the Particle Size and Zeta

Potential. The particle size and zeta potential were
determined using the dynamic light scattering (DLS) method.
To perform the experiment, lyophilized P123D was dispersed
in water and then subjected to sonication. The particle size
analysis was conducted using a HORIBA SZ-100 nanoparticle
analyzer instrument, utilizing a DPSS LASER operating at 532
nm and a scattering angle of 90°.
2.8. Small-Angle X-ray Scattering (SAXS). Small-angle

X-ray scattering (SAXS) analysis was carried out using the
Anton Paar SAX Space instrument.39 A sealed tube X-ray
source (Cu−Kα) with line collimation, operating at 40 kV and
50 mA and with a 2D CCD with a pixel size of 24 μm, was
employed. The analysis spanned a momentum transfer range
(Q) from 0.01 to 0.65 Å−1. The samples were placed in a 1 mm
quartz capillary and temperature-controlled using a Peltier-
controlled sample holder. The distance between the sample
and the detector was set to 305 mm. Quantitative information
about the structure of the micelle was obtained by model-
fitting the data using polydisperse core−shell sphere micelles.
2.9. Transmission Electron Microscopy (TEM). TEM

images were obtained on an Igor 1200EX electron microscope,
operating at 80 kV of accelerating voltage. Freshly prepared
samples were prepared by dropping 5 mL aliquots of Pluronic
micelle solution (H2O) onto a TEM grid (400-mesh copper
grid coated with carbon). After a few minutes, the remaining
solution was blotted off with a filter paper, and images were
collected.
2.10. Solubilization Efficiency of P123D. The solubility

of Disarib alone and P123D in aqueous medium was studied.40

A certain quantity of Disarib and P123D was suspended in
water (2 mL), and vials were placed on a mechanical shaker for
24 h at room temperature. Later, the suspension was

centrifuged at 6000 rpm for 15 min, and the supernatant was
collected. All the samples were filtered using a 0.45 μm syringe
filter and analyzed on a UV−visible spectrometer.
2.11. Stability Study of P123D. The in vitro stability of

P123D in PBS solution was evaluated.41 All of the samples
were incubated at 4 °C for a period of 1 week. The average
diameter and zeta potential of P123D were studied at different
time intervals by using DLS.
2.12. Evaluation of Cytotoxicity in Cancer Cells.

Cytotoxicity of P123D was assayed in various BCL2 high
cancer cell lines, EAC, YAC1, and Nalm6.12,36 A total of
25,000 cells/mL were seeded in a 24-well plate (Thermo
Scientific Nunc Cell-Culture Treated multiwell plates with the
Nunclon Delta surface treatment). Cells were treated with
increasing concentrations of P123D. The cytotoxicity of an
equivalent concentration of P123 and Disarib alone was used
as a control. For P123D and Disarib alone, 0.05, 0.1, 0.2, 0.5, 1,
and 2 μg/mL concentrations were used and, for polymer P123
alone, 0.74, 1.5, 3, 7.4, 14.9, and 29.7 μg/mL concentrations
were used. After 48 h, the number of viable cells was
ascertained by mixing cells with an equal volume of 0.4%
trypan blue stain (Sigma Chemical Co., St. Louis, MO,
USA).42 The cells were counted using a hemocytometer, the
cell number was plotted against a time period of cell growth
using GraphPad Prism version 5, and error bars are indicated.
Each experiment was repeated a minimum of three
independent times (*p < 0.05, **p < 0.005, ***p < 0.001,
and ****p < 0.0001).
2.13. Microscopy. To evaluate cytotoxicity caused by

P123D, EAC cells were seeded and treated with P123D,
Disarib alone, and P123 alone as described before after 48 h
prior to trypan blue exclusion assay. For imaging, a bright-field
microscope (Carl Zeiss AxioVision, Oberkochen, Germany)
was used.43−45

2.14. Statistical Analysis. For each experiment, Student’s
t test (two-tailed), using GraphPad Prism (Version 6.01), was
employed to calculate the statistical significance of the results
reported. Values with a p value less than 0.05 were considered
significant. Values are presented as the mean ± SEM.

3. RESULTS AND DISCUSSION
The thin film hydration technique is a commonly used method
for the production of self-assembled structures, such as
micelles and liposomes. This can also be employed for
polymer/micelle encapsulation of various hydrophobic mole-
cules. In this study, the encapsulation of the hydrophobic
BCL2 inhibitor molecule Disarib was done within a P123
matrix using the reported technique.36 Initially, a thin and
uniform liquid crystalline film was created by dissolving Disarib
and P123 in acetonitrile and evaporating the resulting film in a
rotavapor. To obtain the Disarib-loaded P123 micelle
(P123D), the dried film was reconstituted in an aqueous
buffer. Along with the ratio of ethylene oxide (EO) units to
propylene oxide (PO) units (EO/PO ratio) of Pluronic,
numerous environmental factors such as the concentration,
compatibility, ionic strength, and temperature affect the
formation of the micellar structure. The P123D solution was
lyophilized for 72 h, resulting in the formation of a powdered
micellar system. Lyophilization is a significant technique in
drug encapsulation because it enhances the stability of colloidal
drug delivery systems by preventing leaching.46,47

The potential of P123 as a drug carrier has been evaluated in
many studies for both in vitro and in vivo applications.
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Similarly, in 2006, Han et al. investigated the effectiveness of
Pluronic P123 loaded with paclitaxel (PTX) in terms of in vitro
release, in vivo pharmacokinetics, and tissue distribution. The
results indicated that P123 can effectively solubilize PTX,
improve its blood circulation time and biodistribution, and
protect and retain it in a biological environment.48 Docetaxel
(DTX) is an antineoplastic drug whose clinical efficacy is
limited due to poor solubility, low selective distribution, etc.
Liu et al. developed micelles loaded with DTX and P123,
which could be administered intravenously. DTX encapsulated
in P123 micelles via the thin-film hydration method enhances
the bioavailability, and they investigated the release and
cytotoxicity behavior. Furthermore, the in vivo tumor growth
inhibition of the system was evaluated in Kunming mice
bearing B16 tumor. The results demonstrated that the DTX-
micelles have a superior in vivo antitumor effect than the
commercially available DTX injection.49 Later in 2013, a novel
P123-DTX conjugate in which DTX is covalently conjugated
to the block copolymer P123 via an ester bond was developed.
The P123-DTX conjugate exhibits improved solubility of DTX
and in vivo therapeutic efficiency.50 Pellosi et al. reported the
potential of the Pluronic mixed micelles (PMMs) as a
pulmonary delivery agent for poorly water-soluble drugs.
They have developed Pluronic P123/F127 mixed micelles for

the delivery of the corticosteroid budesonide (BUD), and the
experiments in the mice model showed promising results. The
observations confirmed that the BUD-loaded micelles were
more effective than conventional BUD suspension and the
inhalable PMM can be a potential platform for the delivery of
lipophilic drugs to the lungs.51

3.1. Characterization of the Disarib-Loaded P123
Micelle System. 3.1.1. UV−Visible Spectroscopy. The
effectiveness of a drug as a therapeutic agent can be improved
by enhancing its solubility in an aqueous medium. As per
Raghavan et al.,14 Disarib, the BCL2 small molecule inhibitor,
has limited solubility and can only dissolve in DMSO and
alcoholic systems. To determine its solubility and analyze its
encapsulation in the P123 micelle, the absorption spectra were
provided. Figure 2A displays the UV−visible absorption
spectra of P123, Disarib, and P123D in an aqueous medium.
Free P123 does not exhibit any UV absorption signal, whereas
Disarib and P123D show a signal at 355 nm. The absence of a
signal for P123 is due to the aliphatic saturated structure of the
polymer, resulting in the negligible absorption of UV−visible
light. Due to its low solubility in water, Disarib molecules only
show a less intense peak in the UV−vis spectra. The intense
peak obtained for P123D compared to the Disarib molecule
indicates that the drug molecule shifted from the bulk phase to

Figure 2. (A) UV−visible spectra of P123, Disarib, and P123D in water. (B) Solubility of P123D and Disarib in water.

Figure 3. (A) FTIR plots of (a) P123, (b) Disarib, and (c) P123D and (B) 1H NMR spectrum of P123D. Labels (a), (b), and (c) are the signals of
P123 in DMSO-d6. The 1H NMR spectrum of Disarib alone in DMSO-d6 is shown in the inset.
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the micellar phase, and it provides evidence for the fact that the
incorporation of the hydrophobic drug was better in P123. The
results were in agreement with previous reports.52,53

To evaluate the solubility of Disarib in aqueous medium, a
certain amount of Disarib and P123D was dissolved in water,
and the increase in the intensity of P123D’s absorption peak in
comparison to Disarib in water indicated an enhanced
solubility of Disarib (Figure 2B). As per the similar works
reported, Pluronic micelles are capable of solubilizing and
encapsulating poorly soluble drugs due to the hydrophobic
forces present in them. The interaction between the drug and
Pluronic is mainly determined by the anhydrous methyl
groups, even though the methyl groups contribute to both
hydrophobic and hydrophilic microenvironments. The Plur-
onic micelle’s solubilizing capacity is regulated by the number
of anhydrous PO−CH3 groups, as evidenced by the high
Disarib loading in the P123 micelles.54 P123 has 69 propylene
oxide units in a total mass of molecules, and it results in the
high hydrophobicity of the Pluronic micelles. Furthermore,
P123 has high surface activity and low CMC (critical micelle
concentration), which makes it an excellent solubilizer of
hydrophobic drugs.53

3.1.2. FTIR and NMR Studies. FTIR analysis was carried out
to characterize the lyophilized nanoparticulate system and to
confirm proper encapsulation of the Disarib molecule onto the
P123 copolymer. The FTIR spectra of P123 copolymer,
Disarib, and P123D are shown in Figure 3A. In the FTIR of
the lyophilized P123D, an intense band at 1114 cm−1

corresponds to C−O bonds from the PEO−PPO obtained.
In P123, the C−H stretching vibrations are observed in the
range of 2850 to 3000 cm−1, and the C−H bending vibrations
appear at 1462 cm−1. Peaks at 1375 cm−1 correspond to C−
O−C stretching vibrations in P123. Additionally, the O−H
stretching vibrations occur at 3516 cm−1 and O−H bending at
1642 cm−1.55,56 These spectral features provide valuable
information about the chemical composition and structural
characteristics of P123 copolymer. Disarib shows peaks at
3452, 1706, and 1614 cm−1 corresponding to N−H stretching,
C�O stretching, and C�C stretching, respectively. When
comparing the peaks of Disarib alone with those of P123D, a
notable shift in signals is observed. Most of the vibrational
peaks of Disarib in the range of 1500−2000 cm−1 are shown to
be disappeared in the case of P123D. These findings strongly
indicate that Disarib was effectively encapsulated within the
P123 matrix, confirming the successful encapsulation process.
The minimal shifts in peak positions support the stability and

compatibility of Disarib within the P123 matrix, signifying the
successful integration of the drug into the micelle.

1H NMR spectroscopy showed the successful encapsulation
of Disarib in P123. The 1H NMR spectrum of P123D, in
DMSO-d6 as the solvent, exhibited characteristic aromatic
signals from Disarib at 6.5−8 ppm. The signal intensity for
Disarib was much lower compared to the signal intensity for
the Pluronic counterpart, as observed in Figure 3B.
3.1.3. Size and Morphological Analysis of P123D.

Transmission electron microscopy (TEM) and small-angle
X-ray scattering (SAXS) confirmed the spherical morphology
of P123D micelles, which is shown in Figure 4A. The
distribution of particle sizes plays a crucial role in the delivery
of drugs. Particles smaller than 300 nm can be effectively
transported through the biological system, although the P123
micelles were estimated to have a size of approximately 20
nm.57 However, upon encapsulation of Disarib, a significant
increase in the micellar size was observed. This enlargement
can be attributed to the expulsion of water from the micelles
and the hydrophobic nature of the Disarib-loaded particles.
The expulsion of water from the system generally leads to an
increase in particle size, as the hydrophobic core components
tend to aggregate together, seeking to minimize their exposure
to the surrounding aqueous environment.58

The hydrophobicity displayed by Disarib is presumed to
induce strong folding of the PEO−PPO chains around the
drug complexes through hydrophobic interactions. As a
consequence of these interactions, water is concomitantly
expelled from the core, thus contributing to the observed
behavior of the size enlargement. The analysis of the Disarib-
loaded P123 micelle reveals a spherical shape. From TEM
images, several spherical micelle-like particles are visible,
displaying a typical size in the range below 50 nm. However,
a considerable number of clumps are also evident, which
exhibit the presence of aggregates of some particles that
formed during the solvent evaporation process.

To confirm the observations from the TEM analysis, we
performed SAXS measurements to gain more insight into the
system. SAXS has become a useful tool for the analysis of
macromolecules, biological molecules, and nanostructures.
SAXS can be used for the structural and morphological
analyses of nanoparticles, particularly for particle sizes less than
100 nm. In our study, we performed the SAXS analysis of
Disarib-encapsulated P123 micelles to obtain the morphology
and structural dimension. Figure 4B shows the SAXS pattern of
the Disarib-encapsulated P123 micelles. From the obtained
SAXS pattern, it is evident that the micelles have a core−shell

Figure 4. (A) TEM image of P123D and (B) background-subtracted SAXS pattern of P123D (magenta solid line represents the model fit).
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Table 1. Structural Parameters of P123D Micelles As Obtained from the SAXS Analysis

model RC (Å) TShell (Å) core SLD (10−6 Å−2) shell SLD (10−6 Å−2) ϕHS χ2

core−shell sphere 51.4 ± 0.5 32.6 ± 0.4 9.39 ± 0.1 9.87 ± 0.1 0.04 ± 0.01 1.4

Figure 5. (A) In vitro stability of P123D determined by hydrodynamic size measurement obtained from DLS and (B) zeta potential.

Figure 6. (A) Release profile of Disarib from P123 in 0.2% Tween 80 solution (pH 7.4), (B) Higuchi model plot of Disarib from P123D, and (C)
Korsmeyer−Peppas model plot of Disarib from P123D.
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spherical morphology as revealed by the shoulder peak at an
intermediate scattering vector ∼0.057 Å−1, and the data were
best fitted in the core−shell spherical model with a reduced
chi-squared (χ2) value of 1.4. A constant polydispersity of 0.1
with a Schulz distribution of sizes was applied to the core
radius. The magenta-colored solid line shows the simulated
scattering pattern, and the resultant radii of the core and shell
thickness are 5.14 and 3.26 nm, respectively. The detailed
structural parameters obtained from the model fit are listed in
Table 1.

The core−shell micelle structure is highly advantageous for
various applications, including drug delivery systems, as it
allows hydrophobic drugs to be encapsulated within the core
and shielded from the surrounding aqueous environment. This
structure also offers stability and solubilization benefits for
certain hydrophobic compounds in aqueous solutions.

Smaller size nanoparticles are more efficient as compared to
larger-sized ones due to their enhanced efficiency in
permeating biological barriers, transport through capillaries,
and higher stability in the bloodstream.59−61 From dynamic
light scattering, the average particle size of P123D is found to
be 29.2 nm. The zeta potential value of −28.1 mV for P123D
indicates that the micelles have a relatively highly negative
surface charge. This negative charge can be attributed to the
presence of charged functional groups on the P123 surfactant
or the encapsulated Disarib molecules. The electrostatic
repulsion between negatively charged surfaces can prevent
aggregation and improve the colloidal stability of micelles in
solution. The prominent rise in scattering intensity observed at
lower q values in the SAXS plot, compared to the model line,
clearly suggests that aggregation occurs within the sample. This
could plausibly account for the larger size obtained through the
DLS analysis.

During a week-long evaluation of P123D, its stability at 4 °C
was assessed. The particle size and zeta potential were studied,
and the results are presented in Figure 5A,B, respectively. The
data indicated a small increase in the hydrodynamic size of
P123D micelles from 29.2 to 53.7 nm. However, the zeta
potential showed no significant changes and remained within
the desired range (Figure 5B). Stability is crucial for the
successful delivery of hydrophobic molecules such as Disarib,
as it ensures that the micelles remain dispersed and active
during their journey through the body, enhancing their drug
delivery efficiency.
3.2. Encapsulation Efficiency (EE). The encapsulation

efficiency (EE) of the micellar formulation is significantly
influenced by factors like the concentration and characteristics
of Disarib, the properties of the copolymer, nature of the
solvent used, and the method of encapsulation. Different drugs
may show varying degrees of EE due to the difference in the
characteristics of the drug, its affinity toward the copolymer,
and the solvent used in the synthesis. These factors affect the
overall performance of the micellar system.

The physicochemical characters of the copolymer, including
its hydrophilicity/hydrophobicity and molecular weight,
dictate its ability to form stable micelles. Furthermore, the
choice of solvent utilized during micelle formation significantly
affects the micelle formation and stability. Diverse solvents
may yield different encapsulation efficiencies, influencing the
overall drug loading capacity of the micellar formulation.

Last, the adopted synthetic method plays a crucial role in
determining the micelle’s characteristics, including size,
structure, and drug-loading capabilities. Consequently, select-

ing an appropriate encapsulation method is crucial to optimize
the encapsulation efficiency of micellar formulations and
enhance their potential as effective drug delivery systems
with improved therapeutic potential. Encapsulation efficiency
was determined by using UV−visible spectroscopy, where a
calibration curve was created to quantify the Disarib content in
the supernatant. The data revealed an encapsulation efficiency
of 75% for Disarib in the P123 micelle. The Pluronic
copolymer demonstrated a favorable encapsulation capacity
for Disarib, which consists of aromatic and heterocyclic
systems.
3.3. In Vitro Release Studies. The drug release kinetics of

encapsulated Disarib from P123 micelles were studied at
biological pH of 7.4 over a time period of 72h to mimic the
bloodstream, and the release was quantified. The release profile
exhibited a biphasic pattern (Figure 6A). Initially, around
32.2% of Disarib was released within the first 4 h, possibly due
to surface adsorption or diffusion from the P123 matrix. The
initial burst release of the drug facilitated the rapid achieve-
ment of therapeutically effective drug concentrations in the
bloodstream. Subsequently, a sustained release phase ensued,
with approximately 78.2% of Disarib released over 72h. During
this phase, Disarib was gradually released from the micellar
matrix. This sustained release mechanism may be advanta-
geous, as it can help to maintain consistent and effective drug
concentration in the bloodstream. In accordance with previous
reports, the quick release is occurring since micelles exhibit
dynamic equilibrium with the bulk solvent and at extensive
dilution equilibrium shifts toward dissociation. This explains
the initial quick release of Disarib.54

3.4. Drug Delivery and Kinetics. The cumulative drug
release data were analyzed using various kinetic release models
such as Higuchi and Korsmeyer−Peppas to elucidate the
mechanism of drug release. Initially, the data were fitted into
the Higuchi square root model, which involves plotting the %
cumulative release against the square root of time (Figure 6B).
The equation is

= ×Q k t 0.5 (2)

In the Higuchi square root model, where Q represents the
cumulative amount of drug released at time t and k is the
Higuchi dissolution constant. A linear relationship was
observed with a high regression value of 0.823. This indicates
that drug release occurs via a diffusion mechanism.

Apart from the Higuchi model, the data were fitted into the
Korsmeyer−Peppas model (Figure 6C). In this case, the data
were plotted as log cumulative release versus log time in hours.
The equation is

= ×Q k t n
2 (3)

In this context, Q represents the cumulative amount of drug
released at time t, k2 denotes the rate constant, and n signifies
the diffusional exponent. We obtained the value of n, which is
0.5, confirming the diffusion mechanism as Fickian diffusion.

When the release exponent (n) in the Korsmeyer−Peppas
model is 0.5, this indicates that the drug release mechanism
from P123D follows Fickian diffusion, which is also referred to
as Case I transport.

In the Korsmeyer−Peppas model:

= ×Q k t n
2

When n = 0.5, the equation becomes
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= ×Q k t 0.5

This equation illustrates that the cumulative amount of drug
released (Q) is directly proportional to the square root of the
time (t0.5). The square root time dependency suggests that the
drug release primarily occurs through diffusion within the
matrix of the dosage form. Fickian diffusion is a common
mechanism observed in many drug delivery systems, especially
in matrix-type systems, where the drug is dispersed throughout
the matrix and subsequently releases as it diffuses through the

matrix material. It is essential to recognize that when the value
of n is precisely 0.5 in the Korsmeyer−Peppas model, it
represents an ideal Fickian release behavior. However, in
practical applications, slight deviations from this ideal behavior
may occur due to various factors, such as excipient interactions
and solubility effects.
3.5. In Vitro Cytotoxicity Studies. trypan blue exclusion

assay was performed to determine the viability in two different
BCL2 high cancer cell lines (Nalm6 and Yac1) following
treatment with an encapsulated version of Disarib, P123D. An

Figure 7. Evaluation of the cytotoxicity of P123D in Nalm6 cell lines. Evaluation of cytotoxicity following 48 h treatment with Disarib, P123, and
P123D in Nalm6. Concentrations of 0, 0.05, 0.1, 0.2, 0.5, 1, and 2 μg/mL of P123D and Disarib alone were used, whereas equivalent
concentrations of 0, 0.74, 1.5, 3, 7.4, 14.9, and 29.7 μg/mL of P123 were used. Each experiment was performed a minimum of three times, and the
graph shows the mean + SEM. Each experiment was repeated a minimum of three independent times (*p < 0.05, **p < 0.005, ***p < 0.001, and
****p < 0.0001).

Figure 8. Evaluation of the cytotoxicity of P123D in Yac1 cell lines. Evaluation of cytotoxicity following 48 h treatment with Disarib, P123, and
P123D in Yac1. Concentrations of 0, 0.05, 0.1, 0.2, 0.5, 1, and 2 μg/mL of P123D and Disarib alone were used, whereas equivalent concentrations
of 0, 0.74, 1.5, 3, 7.4, 14.9, and 29.7 μg/mL of P123 were used. Each experiment was performed a minimum of three times, and the graph shows the
mean + SEM. Each experiment was repeated a minimum of three independent times (*p < 0.05, **p < 0.005, ***p < 0.001, and ****p < 0.0001).
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equivalent concentration of P123 was used as a control to
evaluate the effect of Disarib alone in encapsulated form. Our
results reveal that Disarib alone and P123D showed similar
efficiency in terms of cytotoxic effect in the Nalm6 cell line,
and no increase in cytotoxicity was observed when treated with
P123D compared to the purified form alone (Figure 7 and
Figure 8). Although the impact on improving the cytotoxicity
was minimal, it is important to note that encapsulation
improved the solubility of Disarib in water as the
unencapsulated form of Disarib was soluble only in DMSO.

To evaluate the cytotoxicity of P123D, in the breast
adenocarcinoma cell line, the EAC cells were treated with
the encapsulated version. While P123 alone was used as the
negative control, cells treated with Disarib alone (dissolved in
DMSO) served as the positive control. After 48 h of treatment,
a 40−45% increase in the cytotoxicity was observed compared
to Disarib alone (Figure 9). Thus, our results reveal that when
encapsulated Disarib was used for the treatment of EAC cells,
improved efficacy as well as solubility in water was observed. In
addition, microscopic evaluation of cells after treatment with

Figure 9. Evaluation of the cytotoxicity of encapsulated Disarib in the breast adenocarcinoma (EAC) cancer cell line: 0, 0.05, 0.1, 0.2, 0.5, 1, and 2
μg/mL concentrations of P123D and Disarib alone were used, whereas equivalent concentrations of 0, 0.74, 1.5, 3, 7.4, 14.9, and 29.7 μg/mL of
P123 were used. Each experiment was performed a minimum of three times, and the graph shows the mean + SEM. Each experiment was repeated
a minimum of three independent times (*p < 0.05, **p < 0.005, ***p < 0.001, and ****p < 0.0001).

Figure 10. Evaluation of cell proliferation of breast adenocarcinoma cancer cells post 48 h treatment of encapsulated Disarib. After 48 h of
treatment with Disarib alone, P123, and P123D, images of cells were captured from each concentration using a bright-field microscope. Images
shown are with a magnification of 10×. (A) Representative image depicting the control and 0.05, 0.1, 0.2, 0.5, 1, and 2 μg/mL Disarib alone. (B)
Representative image depicting the control and 0.74, 1.5, 3, 7.4, 14.9, and 29.7 μg/mL P123. (C) Representative image depicting the control and
0.05, 0.1, 0.2, 0.5, 1, and 2 μg/mL P123D. Scale bar, 100 μm.
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P123D confirmed the improved cell death induced by P123D
compared to Disarib alone (Figure 10).

Therefore, this work focuses on introducing an encapsulated
version of a novel BCL2 inhibitor, Disarib, which specifically
works against the BH1 domain of the antiapoptotic protein
BCL2 to improve its efficacy and solubility in vivo.

4. CONCLUSIONS
A nanosystem based on Pluronic P123 has been successfully
developed for the efficient delivery of the BCL2 small molecule
inhibitor Disarib. The solubility and stability of Disarib were
significantly improved by creating a nanomicelle formulation
using a thin-film hydration technique. The resulting nano-
particle size was 29.2 nm with a spherical core−shell
morphology and demonstrated a high encapsulation efficiency
of 75%.
In vitro release studies showed a biphasic release pattern with

an initial burst release followed by sustained and controlled
release of Disarib. Moreover, cytotoxicity assays indicated that
the nanoparticles effectively inhibited the growth of the breast
adenocarcinoma cell line EAC, leading to cell death.
Microscopic imaging confirmed that the Disarib-loaded P123
(P123D) system showed 40−45% enhancement in cell death
as compared to free Disarib.

This study highlights the promising delivery and controlled
release of Disarib, a novel BCL2 inhibitor, which specifically
works against the BH1 domain of the antiapoptotic protein
BCL2, thereby improving its efficacy and solubility in vivo.
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