
Saudi Pharmaceutical Journal 30 (2022) 726–734
Contents lists available at ScienceDirect

Saudi Pharmaceutical Journal

journal homepage: www.sciencedirect .com
Original article
Abemaciclib-loaded ethylcellulose based nanosponges for sustained
cytotoxicity against MCF-7 and MDA-MB-231 human breast cancer cells
lines
https://doi.org/10.1016/j.jsps.2022.03.019
1319-0164/� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding authors.
E-mail addresses: mo.ahmed@psau.edu.sa (M.M. Ahmed), amoinudeen@ksu.edu.

sa (A. Malik).

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier
Md. Khalid Anwer a, Farhat Fatima a, Mohammed Muqtader Ahmed a,⇑, Mohammed F. Aldawsari a,
Amer S. Alali a, Mohd Abul Kalam b, Aws Alshamsan b, Musaed Alkholief b, Abdul Malik b,⇑, Alanazi Az c,
Ramadan Al-shdefat d

aDepartment of Pharmaceutics, College of Pharmacy, Prince Sattam Bin Abdulaziz University, P.O. Box 173, Al-Kharj 11942, Saudi Arabia
bDepartment of Pharmaceutics, College of Pharmacy, King Saud University, P.O. Box 2457, Riyadh 11451, Saudi Arabia
cDepartment of Pharmacology and Toxicology, College of Pharmacy, King Saud University, P.O. Box 2457, Riyadh 11451, Saudi Arabia
dDepartment of Pharmaceutical Sciences, Faculty of Pharmacy, Jadara University, Irbid, Jordan

a r t i c l e i n f o a b s t r a c t
Article history:
Received 1 November 2021
Accepted 4 March 2022
Available online 6 April 2022

Keywords:
Abemaciclib
Biocompatibility
Cytotoxicity
Ethylcellulose
Nanosponges
Abemaciclib (AC) is a novel, orally available drug molecule approved for the treatment of breast cancer.
Due to its low bioavailability, its administration frequency is two to three times a day that can decrease
patient compliance. Sustained release formulation are needed for prolong the action and to reduce the
adverse effects. The aim of current study was to develop sustained release NSs of AC. Nanosponges
(NSs) was prepared by emulsion-solvent diffusion method using ethyl-cellulose (EC) and Kolliphor P-
188 (KP-188) as sustained-release polymer and surfactant, respectively. Effects of varying surfactant con-
centration and drug: polymer proportions on the particle size (PS), polydispersity index (PDI), zeta poten-
tial (fP), entrapment efficiency (%EE), and drug loading (%DL) were investigated. The results of AC loaded
NSs (ACN1-ACN5) exhibited PS (366.3–842.2 nm), PDI (0.448–0.853), fP (�8.21 to �19.7 mV), %EE
(48.45–79.36%) and %DL (7.69–19.17%), respectively. Moreover, ACN2 showed sustained release of
Abemaciclib (77.12 ± 2.54%) in 24 h Higuchi matrix as best fit kinetics model. MTT assay signified
ACN2 as potentials cytotoxic nanocarrier against MCF-7 and MDA-MB-231 human breast cancer cells.
Further, ACN2 displayed drug release property without variation in the % release after exposing the pro-
duct at 25 �C, 5 �C, and 45 �C storage conditions for six months. This investigation proved that the devel-
oped NSs would be an efficient carrier to sustain the release of AC in order to improve efficacy against
breast cancer.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Breast cancer (BC) is the one of the most frequent cancer in
women and leading cause of cancer-related-death worldwide, 2.6
million women were diagnosed with BC accounting for about
685,000 mortality cases. BC has become the primary cause of the
demise of approximately 30% of cancer people accounting for all
cancer types (Ferlay et al. 2015). Globally, 21st century’s (2021)
mammogram data reflects 30%, one of four of newly diag-
nosed cancers in women is breast cancer. Combined chemothera-
peutics approaches have significantly lowered the number of
deaths, mostly in women diagnosed at early stages compared to
mono-therapy. Still, the chances of recurrence are noticed due to
the acquired pharmacological resistance (Dieci et al. 2013; Myers
et al., 2015; Siegel et al., 2017; Aggarwal et al., 2021). Tar-
geted chemotherapeutics shows inhibitory action against target
site with minimum off-target effects differ that have gained a lot
of considerations and interest (Hanahan and Weinberg, 2011).

Studies have shown that progression by the cell-cycle is firmly
controlled in the mammalian cells through a cluster of cyclins pro-
teins, which in order are paired with and activates the serine-
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threonine kinase (cyclin dependent kinases) (Barkat et al. 2020;
Corona and Generali, 2018).

Apart from this, it has also been noticed that multiple molecular
anomalies, particularly alterations in the overexpression of cyclin
D1, resulted in the interruption of the cellular pathways in the
breast cancer cell types, found in approximately 50–70% of patients
(Cancer Genome Atlas, 2012; Peurala et al. 2013).

The researchers have reported about the therapeutic activity of
flavopiridol (first generation CDK4 and CDK6 inhibitor), which
undertook clinical trials. Due to lack of target selectivity, it exhib-
ited unsatisfactory results, including toxicity and other adverse
effects (Gallorini et al. 2012; Jessen et al. 2007). Flavopiridol
showed less activity alone but when combined with docetaxel it
enhaces the apoptosis (Fornier et al. 2007). Afterwards, dinaciclib
(second generation of CDK inhibitor) was found to have higher
selectivity, but was restricted due to severe toxicity levels when
tested in Phase I and a Phase II clinical trials (Fornier et al. 2007;
Mita et al. 2014; Nemunaitis et al. 2013). The next generation of
CDK inhibitors had shown advantage of easy administration
through oral route and also exhibited greater selectivity, particu-
larly targeting both CDK4 and CDK6, as compared to others (Das
et al. 2020a; Finn et al. 2009; Fry et al. 2004). In 2004, palbociclib
(PD-0332991) was reported as the first CDK4/CDK6-specific inhibi-
tor (Toogood et al. 2005). In the next era, Abemaciclib (LY-
2835219) and ribociclib (LEE011) were developed as CDK4/CDK6-
specific inhibitors (Gelbert et al. 2014; Rader et al. 2013; Tate
et al. 2014), and numerous clinical trial studies have been reported
against varying cancer types such as breast cancer, non–small-cell
lung cancer and colon cancer. Further, FDA and other regulatory
agencies have significantly approved its applications in the treat-
ment of breast cancer (Asghar et al. 2015; Fernandes et al. 2018).
The major mechanism behind the anticancer properties of these
inhibitors is that they block the activity of both CDK4 and CDK6-
cyclin D, which causes inhibition of Rb phosphorylation, which
suppresses gene transcriptions related to G1/S transitions
(Dickson, 2014).

The Eli Lilly and Company Research Laboratories firstly discov-
ered and identified the potential anti-breast cancer activity of Abe-
maciclib (LY2835219), showing high selectivity towards the
inhibition of CDK4/cyclin D1 complexes and CDK6/cyclin D1
(Gelbert et al. 2014). In another study the researchers reported
the anticancer activity of AC as it promoted the cellular aging phe-
notypes in breast cancer cells, shown by the existence of noticeable
hypermethylation and accretion of endogenic b-galactosidase
(Tripathy et al. 2017). Abemaciclib (LY2835219), chemical struc-
ture depicted in Fig. 1, inhibited the ATP-binding site of CDK4
and CDK6, and was 14 times more effective against CDK4 as com-
pared to CDK6 (Lallena et al. 2015). Tablet dosage form of AC is
available as ‘‘Verzenio” in dose strength ranged from 50 to 200 mg.

Moreover, drug targeting to specific site limits their applica-
tions. In this respect, nanotechnology has played a significant role;
nanocarriers efficiently deliver the drug to a specific location with
higher loading capacity in a sustained manner. Current studies
have directed towards the development of nanoporous structures
such as NSs for the competent chemotherapeutic drug targeting
Fig. 1. Chemical structure of Abemaciclib.
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(Das et al. 2020b; Sivasankarapillai et al. 2021). Nanosponges
(NSs) possess a long length biodegradable polymers that promote
the release of drug after polymer degradation. Polymers and cross
linkers are the major excipients of NSs beside the drug. The nature
of polymers determines the performance of drug loaded NSs. Var-
ious polymers like b-cyclodextrin, polyvinyl alcohol, ethyl cellu-
lose, alginates, eudragit are used for the preparation of NSs. Cross
linkers namely, dichloromethane, diphenyl carbonate, carboxylic
acid dianhydride etc are used to link the polymer that results into
formation of spherical pocket structure. These pockets can accom-
modate the drug (Prabhu et al. 2020). NSs have greater potential as
safe, effective carriers for solubility enhancement of poorly soluble
drugs due to tiny size, large porous surface area and high loading
capacity (Trotta et al. 2012; Ahmed et al. 2020; Torne et al. 2013).

As per our findings, no study has been yet reported to sustained
release and loading efficacy of AC-encapsulated ethyl-cellulose
NSs. In this study, we prepared AC-loaded ethyl-cellulose NSs
and optimized by particle characterization, drug loading and fur-
ther evaluated for morphology, in-vitro release and cytotoxic study
against MCF7 and MDA-MB-231 human breast carcinogenic cells.
2. Materials and methods

2.1. Materials

Abemaciclib (AC) was purchased from ‘‘Mesochem Technology”
Beijing, China. Ethylcellulose (EC), dimethyl sulfoxide (DMSO),
dichloromethane (DCM), Dulbecco’s Modified Eagle’s Medium
(DMEM), and Fetal Bovine Serum (FBS) were obtained from ‘‘Sigma
Aldrich, St. Louis, MO, USA”. All other chemicals and solvents were
used as received.
2.2. Fabrication of AC-encapsulated NSs

AC-encapsulated NSs (ACNs) were prepared by solvent
emulsification-ultrasonication technique (Almutairy et al., 2021).
NSs (NSs) of different compositions were developed using different
proportions of ethyl cellulose (EC), and Koliphore P-188 (stabilizer;
KP-188) as presented in Table 1. Drug-AC (50 mg) was dissolved in
1 mL DMSO, and EC was dissolved in 4 mL of DCM, separately and
vortexed (IKA� VORTEX 3 vortex shaker, Staufen Germany)
together for the complete dissolution of drug and polymer. This
organic phase was then added dropwise into aqueous phase con-
taining KP-188 and emulsified using probe sonication ‘‘(probe #
423, CL-18, Fisher scientific; USA)” at 65 % W for 5 min with 10-
sec pulse on-off cycle. Drug-loaded dispersion system in a beaker
was magnetically stirred at 700 rpm until the complete evapora-
tion of organic solvent. Thereafter, the concentrated dispersion
was centrifuged at 11,000 rpm for 15 min and washed with
Milli-Q water (n = 3) to remove the adsorbed drug and free-dried
‘‘(Martin Christ Alpha-1-4LD freeze-drier, Osterode, Germany)”
(Ahmed et al. 2020).
2.3. Characterization of Abemaciclib-encapsulated NSs

2.3.1. Particle size analysis
Mean particle size (PS), zeta potential (fP), and polydispersity

index (PDI) of all the prepared ACNs were analyzed using dynamic
light scattering (Zetasizer Nano ZS instrument, Malvern Instru-
ments, Worcestershire, UK) at room temperature (25 ± 3 �C). The
samples were dispersed in Milli-Q water (1: 200) to form a
monodisperse system and assessed in triplicates (Kalam et al,
2020).
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Table 1
Formulation detail and particle characteristics of AC-loaded Nanosponges (ACNs).

NSs Composition Particle analysis (Mean ± SD, n = 3) Encapsulation efficiency (%) Drug loading (%)

AC (mg) EC (mg) KP-188 (0.5%;mL) PS (nm) PDI ZP (mV)

ACN1 50 50 25 442.3 ± 2.34 0.770 ± 0.23 �14.64 ± 2.65 61.67 ± 2.54 2.12 ± 0.21
ACN2 50 100 25 366.3 ± 2.65 0.448 ± 0.34 �19.20 ± 4.08 79.36 ± 1.65 1.45 ± 0.32
ACN3 50 50 50 717.7 ± 3.56 0.519 ± 0.12 �13.65 ± 1.89 57.62 ± 1.32 2.83 ± 0.87
ACN4 50 100 50 547.9 ± 2.87 0.641 ± 0.23 �11.21 ± 1.12 48.45 ± 2.43 1.78 ± 0.34
ACN5 50 100 100 842.2 ± 4.65 0.853 ± 0.13 �8.21 ± 2.43 35.69 ± 2.87 1.79 ± 0.78

AC (Abemaciclib), EC (Ethyl Cellulose), KP-188 (Koliphor P-188), PS (Particle size), PDI (Polydispersity index), ZP (Zeta Potential) EE (Entrapment efficiency) and DL (Drug
loading).
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2.3.2. Entrapment efficiency and drug loading
Percent drug entrapment efficiency (%EE) and drug loading (%

DL) of all prepared NSs (ACN1-ACN5) were estimated by indirect
method (Khuroo et al., 2014; Anwer et al, 2019). The freshly pre-
pared colloidal dispersion was centrifuged at 11,000 rpm, filtered
through syringe filters of pore size 0.45 lm and analyzed by UV-
spectrophotometer (Jasco Spectrophotometer V-630, Tokyo, Japan)
at 296 nm wavelength. The %EE and %DL were estimated using the
following equations (Eq. (1) and (2)):

%EE ¼ Amount of drug added mgð Þ � Amount of drug in supern
Total amount of drug added ðmgÞ

� 100 � � �
ð1Þ

%DL ¼ Amount of drug added mgð Þ � Amount of drug in supern
Total weight of freez dried nanosponges ðmgÞ

� 100 � � �
ð2Þ
2.3.3. Fourier-transform infrared spectroscopy (FTIR)
The possible drug-polymer chemical interactions, Ethyl cellu-

lose (EC) and AC were examined by FTIR. Initially, a blank sample
of potassium bromide (KBr) was run to eliminate the background
errors. Further, pure AC and optimized (ACN2) were mixed sepa-
rately with KBr, compressed by hydraulic press to form transparent
discs. Spectra were recorded and analyzed within the wave num-
ber range of 4000–400 cm�1 using FTIR spectrophotometer (Jasco
4600 Mid-IR FTIR spectrometer, Tokyo, Japan).

2.3.4. Differential scanning calorimetry (DSC) studies
Differential Scanning Calorimetry (DSC) studies were performed

to investigate the thermal behavior, melting, crystallization, and
solid-to-solid transition of drug-excipients. Around 5 mg of pure
AC and optimized ACN2 was crimped separately in aluminum pans
and the empty aluminum pan was used as reference. Thereafter,
the sealed pans were exposed for heating at a rate of 10 �C/min
within a temperature range of 30–250 �C under inert nitrogen
environment. (DSC N-650; Scinco, Seoul, Korea).

2.3.5. X-ray powder diffraction (XRD) studies
The XRD analysis was used to study the nature of the materials

as crystalline or amorphous. Pure AC and optimized ACN2 were
evaluated to study the XRD patterns of AC and its nature in the por-
ous nanocarrier (ACN2). The XRD diffractograms were recorded
from 5 to 60� in a 2h scale using ‘‘Rigaku Ultima IV Diffractometer,
Tokyo, Japan” operating at 35 kV, 15 mA with CuKa radiation.

2.3.6. Scanning electron microscopy (SEM)
Scanning Electron Microscopy (SEM) imaging was performed to

represent the surface morphology of the drug and nanosponge. AC
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and optimized ACN2 was homogeneously spread separately over a
clean metallic attached transparent two-sided adhesive slab and
coated with conductive gold-metal in a thin film coater (Quorum
Q150R S, East Sussex, UK) dried under vacuum. Morphological fea-
tures of AC and ACN2 were scanned through SEM ‘‘(FEI QUANTA
FEF 250, Tokyo, Japan)” focused electron beam over a surface to
create an image. Image processing program was applied for surface
morphology study.

2.4. In vitro diffusion study

In vitro drug diffusion study was executed to analyze the drug
release behavior and kinetic mechanism of the optimized ACN2
NSs. Diffusion of pure drug (AC) and ACN2 was determined using
dialysis membrane (MWCO: 14 kDa) method. Pure AC (10 mg)
and its equivalent entrapped amount of NSs were dispersed in
5 mL of diffusion medium (phosphate buffer, pH 7.4), separately
(Kalam et al, 2020). Then AC and ACN2 suspension were trans-
ferred into dialysis membrane tubing of regenerated cellulose
(Pore size MD-25-14), tied on both the ends and immersed into
100 mL phosphate buffer (pH 7.4). The assembly was kept on a
thermostatically controlled magnetic stirrer, maintained at physio-
logical temperature 37 ± 1 �C and stirring at 50 rpm. At predeter-
mined time intervals, 2 mL samples were withdrawn with
replacement of same amount of freshly prepared diffusion medium
to mimic the sink condition. The aliquots were analyzed at 296 nm
in triplicate by UV–Vis Spectrophotometer ‘‘(Jasco UV/Visible Spec-
trophotometer V-630 Japan)” to plot cumulative release profile.

Moreover, the release mechanism of ACN2 was interpreted by
fitting the drug release data into different mathematical models
such as Zero order, First order, Higuchi-Matrix and Korsmeyer-
Peppas kinetics using the following equations (Eq. (3)–(6)):

For Zero order; Ct ¼ C0 þ k0t ð3Þ

For First order; logCt ¼ logC0 � k1t =2:303 ð4Þ

For Higuchi�Matrix; Ct ¼ kHkt1
2

ð5Þ

For Korsmryer� Peppas; Mt=M1 ¼ Ktn ð6Þ



Fig. 2. Particle size and zeta potential of the optimized Abemaciclib-loaded Nanosponges (ACN2) (Mean ± SD, n = 3).

Fig. 3. Comparative FTIR spectra of pure AC and optimized Nanosponge (ACN2).
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Where, Ct (Concentration of drug dissolved at time t), C0 (Concen-
tration of drug initially dissolved in the diffusion medium i.e zero),
k0 (zero-order rate constant), k1 (first-order rate constant), kHt1/2

(Higuchi matrix constant). Mt and M1 are cumulative release at
time t and infinite time, respectively; k is a rate constant of ACN2
structural and geometric characteristics feature, t is the release
time, and n denotes the diffusional exponent signifying the release
mechanism. If n value is n < 0.5 (Quasi-Fickian diffusion), n = 0.5
(Fickian diffusion), 0.5 < n < 1.0 (anomalous (non-Fickian) diffusion,
n = 1 (non-Fickian case-II), whereas, n > 1.0 represents (non-Fickian
super case-II) release mechanisms.

2.5. Stability study

Stability studies of ACN2 was accomplished by transferring the
sample into screw cap borosilicate (10 mL) laboratory reagent bot-
tles making 3 sets each containing three samples. Each set was
placed at three different temperature-conditions; RT (Room tem-
perature; 25 ± 2 �C), FT (Freezing temperature; 4 ± 2 �C) and also
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AT (Accelerated thermal state; 60 ± 2 �C, 75% RH) (Saez et al.,
2000; Abdelwahed et al., 2006). At predetermined time intervals
(initially, 1st month, and 3rd month) samples were withdrawn
and subjected to size, PDI, ZP, %EE, and %DR determination.
2.6. MTT assay

In vitro cytotoxicity of pure AC suspension and ACN2 against
MCF-7 and MDA-MB-231 (human breast cancer cells) were per-
formed using MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-diphenylte
trazolium bromide) assay. Initially, MCF7 and MDA-MB-231 car-
cinogenic cell lines were passaged in culture media composed of
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
the 10% Fetal Bovine Serum (FBS) incubated at 37 ± 1 �C in 5%
CO₂ environment. Thereafter, 1 mL of cultured cell suspension
(�5 � 104 cells/mL) was seeded into a 24-well plate and kept
undisturbed in incubation for overnight. Samples under investiga-
tion was added separately into the pre-treated 96 well plates. Sub-
sequently, 100 lL of MTT solution (5%, w/v) was added to the
respective wells and again incubated at 37 �C for 4 h (Md et al,
2020). Further, the absorbance of each sample was measured at
490 nm using a ELISA microplate reader (Thermo Fisher Scientific,
USA) and the % cell viability of was calculated by the following
expression (Eq. (7)):
%Cell Viability ¼ Mean absorbance of test sample
Mean absorbance of control

� 100 ð7Þ
2.7. Statistical analysis

‘‘The significance of difference between the means was deter-
mined by one-way analysis of variance (ANOVA) with post-hoc
test. The p-value (p < 0.05) was considered as significant”.



Fig. 5. The X-ray Diffractograms of pure AC (a) and the optimized Nanosponge (ACN2) (b).
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3. Results and discussion

3.1. Evaluation of Abemaciclib-loaded NSs

In order to assess the effect of formulation composition on
properties of five NSs with different content of EC, KP-188 were
prepared (Table 1). The prepared NSs were evaluated for particle
size, PDI, ZP, and percent drug encapsulation. The optimized for-
mulae was further evaluated for morphology, in vitro release stud-
ies and in vitro MTT assay against breast cell lines.
3.2. Particle analysis

The prepared NSs exhibited particle size distribution within
nano range (Table 1). It was observed that the NSs (ACN1-ACN5)
showed particle size, PDI, and zeta potential in the range of
366.3–842.2 nm, 0.448–0.853, and �8.21 to �19.7 mV, respec-
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tively. The polymer (ethylcellulose) used in the formulation has a
negative charge that assists in particle-particle repulsion, thus
restricts particle agglomeration. The particle size increased from
442.3 to 717.7 nm with increase in volume of KP-188 (25–
50 mL) in ACN1 and ACN3 formulae at AC: EC (1:1) ratio, respec-
tively. Same trend also observed in formulae ACN2, ACN4 and
ACN5 at AC: EC (1:2) ratio. ACN2 showed particle size
(366.3 nm), PDI (0.448), in and zeta potential (�19.7 ± 0.157 mV)
(Fig. 2), considered as optimized formulation. Large sized nanopar-
ticles (>200 nm) usually reacts with interact with antigen present-
ing cells abundant on the tissues (Oh and Park, 2014).
3.3. Entrapment efficiency and drug loading calculations

The results of drug entrapment efficiency (%EE) and drug load-
ing (%DL) of all the formulations have been illustrated in Table 1
and was found to be between 48.45–79.36% and 7.69 7–19.17%,



Fig. 6. SEM images for pure AC and the optimized Nanosponge (ACN2).

Fig. 7. Comparative in vitro release profile of pure AC and optimized ACN2
(Mean ± SD, n = 3).
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respectively. Amongst all the ACNs, ACN2 exhibited most appropri-
ate results of EE (79.36 ± 2.12%) and DL (19.17 ± 0.153%). The %EE
increases from 61.67 to 79.36% with increase in content of EC (50–
100 mg) at KP-188 (25 mL) in ACN1 and ACN2 formulae, respec-
tively. But in the formula ACN3-ACN5, %EE decreased with increase
in EC content and volume of KP-188. The highest %EE was detected.
High encapsulation in ACN2 formula, probably due to presence of
large amount of EC polymer and less amount KP-188 that prevents
the leakage of drug from NSs (Sharma et al., 2016).
Table 2
Stability data of optimized Nanosponges (ACN2) (Mean ± SD, n = 3).

Storage condition Months Particle size (nm ± SD) Zeta-p

– 0 366 ± 2.6 �19.2
RT (25 ± 2 �C) 1 364 ± 1.4 �19.3

3 367 ± 6.3 �17.6
FT (4 ± 2 �C) 1 363 ± 7.6 �18.8

3 374 ± 8.1 �16.7
AT (60 ± 2 �C, 75% RH) 1 384 ± 9.6 �14.4

3 391 ± 7.5 �9.6 ±

RT = Room temperature; FT = Freezing temperature and AT = Accelerated temperature.
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3.4. Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra of pure drug and ACN2 are shown in Fig. 3. The few
intense peak in the wavelength range of 1400–1600 cm�1 is attrib-
uted due to finger print region peaks. Results showed that the
spectrum of ACN2 exhibited shifting of identical peaks of AC with
the reduction in intensity in the fingerprint region of the drug
(Monteiro & Airoldi, 1999; Padhi et al., 2016). This indicates that
the drug was encapsulated within the polymer matrix.

3.5. Differential scanning calorimetry (DSC)

DSC is a useful tool for thermal behavior study, to assess
whether drug particles have been entrapped in polymeric matrices
(Anwer et al 2016). The DSC thermograms of pure AC and ACN2 are
represented in Fig. 4. The thermogram of the pure AC has shown a
two sharp endothermic peaks at 129.53 �C and 184.32 �C, and one
exothermic peak at 140.61 �C, which was found closer to that
reported in US patent (Albrecht and Rabe, 2017). However, ther-
mogram of ACN2 does not exhibit any specific thermal peak of
pure AC. This comparison clearly indicated that AC was completely
encapsulated inside the spongy cavities of EC polymer matrix.

3.6. X-ray powder diffraction (XRD)

A comparative XRD spectra of pure drug AC and optimized
Nanosponge (ACN2) are presented in Fig. 5. XRD diffractogram of
pure drug exhibited various characteristic sharp and intense peaks
at 6.00� (2h), 6.80� (2h), 12.00� (2h), 15.40� (2h), 18.60� (2h), 21.00�
(2h), 26.2� (2h), 38.10� (2h)and 44.30� (2h) as reported in literature,
while, the number of peaks in ACN2 was found to be reduced. Thus,
it indicated that the drug was adequately encapsulated within the
otential (mV ± SD) Encapsulation efficiency (%) %DR (at 24 h)

± 2.5 79.3 ± 1.6 77.1 ± 2.6
± 1.9 77.5 ± 2.1 77.4 ± 2.3
± 3.1 76.1 ± 3.7 75.9 ± 2.9
± 4.9 73.2 ± 1.9 72.5 ± 1.7
± 5.0 70.3 ± 1.5 71.2 ± 1.5
± 2.3 66.7 ± 1.1 68.4 ± 2.0
1.7 61.4 ± 2.1 64.2 ± 1.2



Fig. 8. MTT assay (cell viability) values of pure AC and optimized Nanosponge (ACN2).
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polymer matrix in the Nanosponge. The crystallinity of pure drug
was found to be reduced (as represented in Fig. 5), probably
enhancing the amorphous behavior in ACN2. This clearly indicated
transformation of crystalline to amorphous form due to the disper-
sion of drug AC into EC polymer sponge. The polymeric EC sponge
covered drug, which prevent to come out at solid-air interface
(Almutairy et al., 2021).
3.7. Scanning electron microscopy (SEM)

SEMmicrographs of pure drug (AC) and the Nanosponge (ACN2)
representing the crystallinity (Fig. 6), and spherical shape and
smooth surface of Nanosponge with porous structure (Fig. 6),
respectively. It could be advocated that the porous structure of
ACN2 would be due to the in-ward diffusion of DCM on the EC
(Almutairy et al., 2021). Due to the hydrophilicity, Kolliphore P-
188 may leach out during the fabrication process, creating adher-
ent over surface of porous nanosponge.
3.8. In-vitro diffusion study

This study assisted in determining the drug release behavior
and the mechanism of drug release from the optimized Nanos-
ponge (ACN2). As shown in Fig. 7, the drug release behavior
showed an initial burst release within 4 h, followed by
sustained-release up to 24 h (Al-nemrawi et al., 2022; Al-
nemrawi et al., 2019). The optimized formulation (ACN2) and pure
AC suspension showed a maximum drug release of around 77.12%
and 49.33%, respectively, at 24 h. Furthermore, the results demon-
strated that the release property of the drug from the NSs (ACN2)
was enhanced as compared to pure drug suspension. The prolonga-
tion of drug release from the ACNs is possibly due to the slower
dispersal of aqueous media within the hydrophobic polymer
matrix. Presence of EC as a polymer exerted a significant role in
regulating the release of AC from the matrix.

The release data of optimized NSs (ACN2) was fitted with differ-
ent kinetic models to know the release mechanism. All the models
showed varied regression coefficient (R2) values, noted for zero-
order (R2 = 0.7421), first-order (R2 = 0.7626) and Higuchi model
(R2 = 0.8675). The Higuchi model showed the highest R2 value
and thus was considered the best fit model for ACN2, implying sus-
tained release behavior of AC from EC bilayer occurred as a result
of AC diffusion through porous and swellable matrix diffusion from
ACN2. Moreover, the Korsmeyer-Peppas model with diffusion-
exponent (0.45 < n < 0.89) signified the non–Fickian release
mechanism.
732
3.9. Stability study

No changes in physical appearance of the optimized Nanos-
ponge (ACN2) was observed in all storage conditions throughout
the study. After 3 months storage, optimized Nanosponge (ACN2)
was found to be stable without any major changes in size, ZP, %
EE and %DR (Table 2).

3.10. MTT assay

The MTT assay exhibited concentration dependent reduction in
cell viability for pure drug and the optimized Nanosponge ACN2
against MCF-7 and MDA-MB-231 cell lines (Fig. 8). The IC50 values
for pure drug AC and ACN2 were found 7.29 ± 0.25 and 6.00 ± 0.
34 lg/mL for MCF-7 cells and 18.58 ± 1.07 and 18.61 ± 0.36 lg/
mL for MDA-MB-231, respectively. The ACN2 showed significant
reduction in cell viability (48.14, 35.38, 28.59 and 26.03% at 6.25,
12.25. 25 and 50 lg/mL) in comparison to pure drug AC (52.85,
36.90, 29.32 and 25.76% at 6.25, 12.25. 25 and 50 lg/mL), respec-
tively, against MCF-7 cells, however, ACN2 showed (69.32, 58.16,
42.10 and 23.85% at 6.25, 12.25. 25 and 50 lg/mL) in comparison
to pure drug AC (73.92, 58.23, 41.36 and 27.92% at 6.25, 12.25.
25 and 50 lg/mL), respectively, against MDA-MB-231 cells. Based
on the results of MTT assay, it was observed that ACN2 exhibited
potential anticancer activity against breast cancer cell lines, prob-
ably due to enhance the release of drug from ACN2 in comparison
to pure drug. AC loaded NSs could be used as potent carrier for the
treatment of breast cancer.
4. Conclusion

In the current investigation, EC based nanosponges loaded with
AC were developed and evaluated for particle characteristics. Sol-
vent emulsification-ultrasonication technique was found suitable
to prepare the NSs. By varying the proportions of EC (as sustained
release polymer) and Kolliphor P-188 (as stabilizer), formulation
was optimized. The optimized formulation (ACN2) exhibited an
acceptable particle size, PDI, zeta potential, %EE and %DL values
for its intended application. FTIR, DSC, XRD, and SEM studies
revealed ACN2 was compatible with polymer without significant
chemical interactions, the encapsulated drug was in amorphous
state with spongy-smooth surface. Diffusion data of ACN2 showed
that, after an initial burst effect of the drug release, the rate fol-
lowed a sustained release phase. After 24 h of release studies, pure
AC suspension and ACN2 exhibited around 49.33% and 77.12% of
drug release respectively, where ACN2 followed Higuchi-Matrix
model of release kinetics with asymmetrical non-Fickian release
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mechanism. Conclusively, the NSs (ACN2) exhibited enhanced sus-
tained release of AC and exerted a potential anticancer activity
against both MCF-7 and MDA-MB-231 breast cancer cell lines.
Thus, the developed formulation could be an excellent potential
carrier for anti-cancer agent (AC) for the treatment of breast
cancer.
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