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SUMMARY

Letrozole (LTZ) is a first-line aromatase inhibitor for hormone-
sensitive breast cancer in postmenopausal women, but its poor
aqueous solubility and limited tissue selectivity reduce therapeutic
efficacy. This study aimed to develop liposome and chitosan-
coated liposome (chitosome) formulations as lipid-chitosan-based
nanocarriers to enhance LTZ delivery, enable sustained release,
and minimize side effects. LTZ-loaded liposomes were prepared
by the thin-film hydration method, and the optimal formulation
was selected for chitosan coating. The impact of chitosan on
physicochemical properties was assessed through particle size, zeta
potential, encapsulation efficiency, and stability studies. In vitro drug
release was evaluated via dialysis ar 37°C, and cytotoxicity was tested
on MCF-7 breast cancer cells. Optimized liposomes and chitosomes
exhibited mean particle sizes of 112 nm and 155 nm, respectively,
with high encapsulation efficiency (>90%). Chitosan coating led
to a slight reduction in the net negative zeta potential, decreasing
it from —48.9 mV to —40.0 mV. Both formulations demonstrated
sustained LTZ release and maintained their particle size stability
after one month of storage at 2-8°C (p>0.05). Cytotoxicity assays
indicated that both formulations exhibited similar effects to free LTZ
on MCF-7 cells. In conclusion, LTZ-loaded liposome and chitosome
Jormulations were successfully developed, offering a  favorable
particle size, high encapsulation efficiency, and sustained drug
release. Chitosan coating modified surface properties and influenced
Jormulation stability. These findings suggest that lipid-chitosan
nanocarriers are promising platforms for LTZ delivery. Further in
vivo studies are warranted to confirm their potential in breast cancer

therapy.
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Letrozol Iletimi i¢in Lipozom ve Kitosan Kapl Lipozomlar
(Kitozomlar): Karsilagtirmal: Calisma

0z

Letrozol (LTZ), postmenopozal kadinlarda hormon duyarle meme
kanserinin tedavisinde birinci basamak aromataz inbibitiriidiir; ancak
diigiik suda ¢oziiniirligii ve sinirly doku segiciligi terapitik etkinligini
azaltmaktadir. Bu caliymada, LTZ iletimini artirmak, kontrollii
salim saglamak ve yan etkileri en aza indirmek amacryla lipit-kitosan
bazls nanotagyicilar olan lipozom ve kitosan kapls lipozom (kitazom)
Jformiilasyonlarinin gelistirilmesi hedeflenmigtir. LTZ yiiklii lipozomlar
ince film hidrasyon yontemi ile hazirlanmug ve en uygun formiilasyon
kitosan ile kaplanmgtr. Kitosan kaplamanin fizikokimyasal ozelliklere
etkisi; partikiil boyutu, zeta potansiyeli, enkapsiilasyon etkinligi ve
stabilite caligmalars ile degerlendirilmigtir. In vitro ilag salims, 37°Cde
diyaliz yontemi ile; sitotoksisite ise MCF-7 meme kanseri hiicrelerinde
test edilmistir. Optimum lipozom ve kitazom formiilasyonlarinin
ortalama partikiil boyutlar: sirastyla 112 nm ve 155 nm olup, her iki
Jformiilasyon da yiiksek enkapsiilasyon etkinligi gstermistir (>%90).
Kitosan kaplamasi, net negatif zeta potansiyelinde hafif bir azalmaya
neden olmus ve bu deger —48,9 mV den —40,0 mV e diigmiistiir. Her
iki formiilasyon da siirekli LTZ salimz sergilemistir ve 2-8°C'de bir ay
siireyle depolama sonrasinda parcacik boyutunda anlamlr bir degisim
gostermemistir (p>0,05). Sitoroksisite testleri, her iki formiilasyonun
da serbest LTZ ile benzer etki gosterdigini ortaya koymugstur. Sonu¢
olarak, LTZ yiiklii lipozom ve kitozom formiilasyonlar: basartyla
gelistirilmis olup; bu formiilasyonlar wygun bir parcacik boyutu, yiiksek
enkapsiilasyon verimi ve siirekli ilag saltmi sunmugstur. Kitosan kaplama,
yiizey ozelliklerini degistirmis ve formiilasyon stabilitesini etkilemigtir.
Bulgular, lipit-kitosan bazl nanotagwyscilarin LTZ tasimmasinda umut
verici oldugunu ve potansiyellerinin dogrulanmas: i¢in ileri in vivo
calismalar gerektigini gostermektedir.
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INTRODUCTION

Breast cancer is the most common type of can-
cer among women worldwide and accounts for the
majority of cancer-related deaths in this population
(Maajani et al., 2019). Estrogens have been shown
to play a critical role in the development and pro-
gression of breast cancer (Samavat & Kurzer, 2015).
Consequently, reducing circulating estrogen levels is
a well-established therapeutic strategy aimed at lim-
iting the growth of estrogen-dependent tumors (Si-
mon et al., 2002). Several pharmacologically active
compounds are used for this purpose, among which

letrozole (LTZ) is a widely utilized agent.

LTZ is a third-generation non-steroidal aromatase
inhibitor and has been approved for both primary and
secondary treatment of breast cancer (Fenton et al.,
2004). Clinical studies have demonstrated that LTZ
significantly reduces circulating estrogen levels (Bhat-
nagar, 2007). However, LTZ is associated with a range
of adverse effects, including hot flashes, headaches,
dizziness, agitation, anxiety, insomnia, dry skin, and
hypertension (Igbal et al., 2019). Its limited thera-
peutic efficacy is primarily attributed to its excessive
partitioning into red blood cells and insufficient accu-
mulation within tumor tissues following intravenous
administration (Iljaz et al., 2024). Moreover, LTZ’s
clinical utility is further constrained by dose-depen-
dent toxicities, including neurotoxicity. The systemic
delivery of LTZ and other chemotherapeutic agents
often results in off-target effects, as these drugs im-
pact both malignant and healthy cells. Considering
these limitations, there is a clear need for an alterna-
tive drug delivery strategy that enhances antitumor
efficacy while minimizing toxicity to normal tissues.
One promising approach to overcome these challeng-
es involves the use of nanocarriers for the targeted de-

livery of chemotherapeutic agents.

Various strategies have been developed to reduce

the side effects of LTZ and improve its targeted de-
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livery to tumor tissues. One such approach involves
encapsulating LTZ within liposomes. Liposomes are
spherical vesicles composed of a phospholipid bilay-
er surrounding an aqueous core. They exhibit several
advantageous properties, such as small particle size
(PS), high encapsulation efficiency (EE%) of hydro-
phobic drugs, and biocompatibility with human cells
(Liu et al., 2016; Maja et al., 2020). Despite these fa-
vorable characteristics, liposomes are associated with
certain stability issues (Sogut et al., 2021). To address
this limitation, surface modification with different
polymers has been explored to improve their physi-

cochemical stability.

Chitosan is a natural aminopolysaccharide de-
rived from the deacetylation of chitin (Motiei et al.,
2017). Owing to its positive charge and bioadhesive
properties, chitosan readily interacts with negative-
ly charged drug delivery systems (Yuan et al., 2006).
Chitosomes, a hybrid system formed by coating lipo-
some surfaces with chitosan, can enhance the phys-
icochemical stability of liposomes and promote im-
proved drug retention and tumor-targeting efficiency
(Esposto et al., 2021; Zhou et al., 2018).

In this study, LTZ-loaded liposomes were pre-
pared using soy phosphatidylcholine (SPC) in com-
bination with two different excipients: cholesterol
(CHOL) and cholesteryl hemisuccinate (CHEMS).
Based on PS and zeta potential (ZP) measurements,
the most suitable liposome formulation was selected
and subsequently coated with chitosan. The EE%, in
vitro release profiles, and physicochemical stability of
the prepared formulations were systematically eval-
uated. The cytotoxicity of the optimized liposome
and chitosome formulations was further evaluated in
MCE-7 cells via the 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyl tetrazolium bromide (MTT) assay. In this
context, LTZ-loaded chitosome formulations were
developed and characterized for the first time, con-

tributing novel findings to the literature.
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MATERIAL AND METHODS
Materials

LTZ, the active pharmaceutical ingredient, was
kindly provided by Deva Holding (Istanbul, Tiirkiye).
CHOL, CHEMS, low molecular weight (MW) chitosan,
and dialysis tubing cellulose membranes were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). L-a-
soy phosphatidylcholine (95%) (SPC) was obtained
from Avanti Polar Lipids Inc. (Alabaster, AL, USA).
Polysorbate 80 and sucrose were procured from Mer-
ck (Darmstadt, Germany). All other chemicals were of
analytical grade, and all solvents were of high-perfor-

mance liquid chromatography (HPLC) grade.

The MCF-7 human breast cancer cell line (ATCC
CCL-222) was obtained from the American Type Cul-
ture Collection (Manassas, VA, USA) for cytotoxicity
studies. Cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 1%
penicillin-streptomycin and 10% fetal bovine serum
(FBS) (Gibco-Invitrogen, Grand Island, NY, USA).

Preparation of liposomes

LTZ-loaded liposomes were prepared using the
thin-film hydration method. Briefly, LTZ (10 mg),
SPC, and either CHOL or CHEMS were dissolved
in a chloroform: methanol mixture (2:1, v/v) (Vu et

al., 2020). The organic solvents were subsequently

removed under reduced pressure at 60°C using a ro-
tary evaporator (Rotavapor’ R-3, Biichi, Switzerland),
and a thin lipid film was formed. This film was hy-
drated with phosphate buffer solution (PBS, pH 7.4)
and subjected to probe sonication (Sonics VCX 130
FSJ, Newtown, CT, USA) for 15 minutes with a 2-sec-
ond /3-second on/off pulse cycle to reduce PS. The
resulting liposomal dispersions were then extruded
through polycarbonate membranes with a pore size
of 200 nm using an extruder (Avanti Polar Lipids Inc.,

Alabaster, AL, USA) to obtain uniform vesicle sizes.
Preparation of chitosomes

Different concentrations of low molecular weight
chitosan were dissolved in a 1% v/v aqueous solution
of glacial acetic acid. The liposome suspension was
then added dropwise into an equal volume of the chi-
tosan solution under continuous magnetic stirring at
500 rpm for 1 hour (Lee et al., 2019). Subsequently,
both liposomes and chitosomes were transferred into
dialysis bags (molecular weight cut-off: 14,000 Da) to
remove unencapsulated LTZ prior to lyophilization.
The dialysis bags were immersed in 400 mL of PBS
(pH 7.4) and stirred at 100 rpm for 2 hours at room
temperature. Following dialysis, the formulations were
collected from the bags and lyophilized. The composi-
tions of all formulations are detailed in Table 1.

Table 1. Composition of various liposome and chitosome formulations.

Formulation code SPC (mg) CHOL (mg) CHEMS (mg) Chitosan concentration (%)
LP1 140 60
LP2 140 60
CCL1 140 60 0.01
CCL2 140 60 0.025
CCL3 140 60 0.05

*SPC: Soy phosphatidylcholine, CHOL: Cholesterol, CHEMS: Cholesteryl hemisuccinate

Lyophilization of formulations

All formulations (liposomes and chitosomes) con-
taining sucrose as a cryoprotectant were transferred
into glass vials and frozen at —80°C. The frozen sam-
ples were then lyophilized at —55°C for 40 hours using
a freeze dryer (Christ Alpha 1-2 LD plus, Osterode
am Harz, Germany) (Yalcin et al., 2021). The resulting

lyophilized powders were stored at 2-8°C for further

analysis.

Characterization of formulations
PS, polydispersity index (PDI), and ZP mea-
surements
The lyophilized formulations were dispersed in
deionized water, and the PS, PDI, and ZP of both li-
623
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posomes and chitosomes were measured using a Ze-
tasizer Nano ZS (Malvern Instruments, Malvern, UK)
(Yalcin et al., 2022; Yalcin et al., 2025) (n = 3).

Determination of EE%

The EE% of both liposomes and chitosomes was
determined using an indirect method. Briefly, the
formulations were placed in dialysis bags to separate
the unencapsulated LTZ and stirred magnetically for
1 hour. Following dialysis, 1 mL of the external medi-
um was collected and analyzed by HPLC (n = 3). The
EE% was calculated using the following equation:

% = total added drug — free drug
220 total added drug
HPLC assay for quantification

X100 (1)

The amount of LTZ in the samples was quantified
using HPLC (Agilent 1200 Series, Agilent Technolo-
gies, Santa Clara, CA, USA). Chromatographic sepa-
ration was achieved on a reverse-phase C18 column
(250 mm x 4.6 mm, 5 pm; XSelect, Waters, Ireland).
The ultraviolet (UV) detection and column tempera-
ture were 242 nm, and 30°C, respectively. The mobile
phase consisted of acetonitrile and water (65:35, v/v)
under isocratic conditions, with a flow rate of 1 mL/
minute (Hooshyar et al., 2021). The injection volume
was 20 pL. The retention time was approximately 11
minutes. The standard deviation (SD) of the y-inter-
cepts (0) and the slopes (S) of the calibration curves
were obtained from three independent replicate ex-
periments. These values were then used to calcu-
late the limits of detection (LOD) and quantification
(LOQ) using the formulas: LOD = 3.3 (0/S) and LOQ
=10 (0/S), respectively. The LOD and LOQ were 0.035
and 0.106 g mL™, respectively.

In vitro drug release studies

Drug release from the formulations was evaluated
by measuring the drug concentration in the release
medium using the HPLC method. For this purpose,
a specified amount of lyophilized LTZ-loaded formu-
lations, adjusted based on the EE% to contain 0.5 mg
of LTZ, was dispersed in PBS containing 2% Polysor-

bate 80 and transferred into dialysis bags (cellulose
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membranes, MW cut-off: 14,000 Da). Polysorbate 80
was included to maintain sink conditions during the
release process (Kaplan et al., 2022), as LTZ exhibits
poor water solubility in aqueous media (Mohammadi
et al., 2022). The dialysis bags were then immersed in
200 mL of release medium composed of PBS (pH 7.4)
with 2% Polysorbate 80, maintained at 37 + 0.5°C. At
predetermined time points (0.5, 1, 2, 4, 6, 8, 10, 12,
and 24 hours), 1 mL aliquots were withdrawn and im-
mediately replaced with an equal volume of fresh me-

dium. All experiments were performed in triplicate.
Differential scanning calorimetry (DSC)

Approximately 2 mg of each sample was accu-
rately weighed and placed into standard aluminum
pans, which were then sealed. Differential Scanning
Calorimetry (DSC) measurements were performed
using a DSC-60 instrument (Shimadzu, Japan) under
a continuous nitrogen purge at a flow rate of 20 mL/
min. Samples were heated from 20°C to 250°C at a
controlled rate of 10°C/min. An empty aluminum pan
was used as the reference to ensure baseline correc-
tion and accurate thermal signal detection. The analy-
sis was conducted to investigate possible interactions
between the active pharmaceutical ingredient and ex-
cipients, as well as to evaluate their thermal behavior
in physical mixtures.

Transmission electron microscopy (TEM)

Liposome and chitosome morphologies were
examined using transmission electron microsco-
py (TEM). For sample preparation, a drop of each
sample was placed onto a carbon-coated copper grid
and negatively stained with 1% (w/v) phosphotung-
stic acid. The grids were air-dried and kept at room
temperature until analysis. TEM observations were
performed under low vacuum using a FEI Tecnai G2
Spirit BioTwin CTEM microscope (Hillsboro, OR,
USA) at 120 kV.

Stability of liposome and chitosome formula-

tions under different temperature conditions

The stability of the formulations (liposomes and
chitosomes) was assessed by monitoring PS, PDI, and
ZP. The stability tests for both liposome and chito-

some formulations were performed on samples in dis-
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persion form (non-lyophilized). Samples were stored
at 2-8°C and 25°C for one month prior to analysis.
Before measurements, the samples were diluted with

deionized water (n = 3).
In vitro cytotoxicity studies

The estrogen receptor (ER)-positive MCF-7 (ATCC
CCL-222, Human Breast Cancer Cell Series) cell line
model, which is often used to demonstrate the estro-
gen dependence of breast cancer development (Xu et
al,, 2017), was cultured in DMEM supplemented with
1% penicillin, streptomycin mix solution (Gibco-Invi-
trogen, Grand Island, NY, USA), and 10% FBS.

Cell viability was assessed with MTT assay. MCF-
7 cells were seeded at a density of 1 x 10* cells/well
in 96-well plates and allowed to attach overnight.
Control groups containing only culture medium
without substance were determined. Then, the solu-
tions of the test substances in DMEM (100 pL) were
added to the wells, and after 24 hours of incubation,
MTT solution (13 pL/well) in fresh DMEM (100 uL/
well) (Mitropoulou et al., 2003) was added to all wells
whose contents were emptied and kept for 4 hours.
Then, 100 pL of DMSO was added to the wells to sol-
ubilize formazan crystals. The resulting purple color
was determined spectrophotometrically at 570 nm.
The mean absorbance of the control wells was consid-
ered as corresponding to 100% cell viability. Differ-
ent absorbance values were obtained for different test

substances, and viability percentages were calculated

(Yalcin et al., 2022).
Statistical analysis

Results were expressed as mean + SD for all pa-
rameters. A paired t-test was used to test the statis-
tical significance when comparing data between two
groups, and more than two groups were compared us-
ing one-way analysis of variance (ANOVA) with post
hoc Tukey’s test. A difference was considered statisti-
cally significant at p<0.05. For this purpose, Graph-
Pad Prism 9.3.0 (GraphPad Software, Inc.) was used
(Yalcin et al., 2025).

RESULTS AND DISCUSSION
PS, PDI, and ZP measurements

The mean PS of the LTZ-loaded liposomes were
found to be 164 nm for the CHOL-containing formu-
lation (LP1) and 112 nm for the CHEMS-containing
formulation (LP2). The ZP values were —14.9 mV and
-48.9mV for LP1 and LP2, respectively (Table 2).
Chitosan-coated liposomes (chitosomes) prepared
using LP2 formulation, which had a smaller PS and
higher surface charge, exhibited increased PS val-
ues, indicating successful coating. The mean particle
sizes of the chitosomes were 155 nm (CCL1, 0.01%
chitosan), 198 nm (CCL2, 0.025% chitosan), and
1088 nm (CCL3, 0.05% chitosan). Chitosomes exhib-
ited less negative ZP values ranging from —40.0 mV
to —27.5mV, confirming surface modification. All
formulations, except CCL3, exhibited low PDI values

(<0.5), indicating monodisperse particle distribution.

Table 2. Characteristic properties of various liposome and chitosome formulations (mean + SD, n=3).

Formulation code PS (nm) P EE%
LP1 164 £ 10 0.283 +0.028 -149 2.1 95.6 £0.1
LP2 112+3 0.286 £ 0.010 -489+ 1.4 95.1+0.2
CCL1 155+ 19 0.302 + 0.056 -40.0 2.3 93.7£0.5
CCL2 198 + 12 0.245 = 0.007 -27.5+1.7 93.8+£0.7
CCL3 1088 + 323 0.876 £ 0.175 -29.3+2.0 92.7+1.5

*LP1 contains 140 mg SPC and 60 mg CHOL. LP2 contains 140 mg SPC and 60 mg CHEMS. CCL1, CCL2, and CCL3 are liposomal for-
mulations based on LP2, coated with 0.01%, 0.025%, and 0.05% chitosan solutions, respectively. SPC: Soy phosphatidylcholine, CHOL:
Cholesterol, CHEMS: Cholesteryl hemisuccinate. For PS and PDI value, CCL3 was significantly different from LP1, LP2, CCLI, and CCL2
(p<0.05), while no significant differences were observed among the other formulations. For ZP, CCL2 and CCL3 did not differ significantly

from each other (p>0.05), while all other pairwise comparisons showed significant differences. For EE%, significant differences were ob-

served between LP1 and CCL3; and between LP2 and CCL3 (p<0.05), while no significant differences were found among the other formu-
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lations (p>0.05).

The smaller PS observed in the CHEMS-contain-
ing formulation (LP2) compared to LP1 may be at-
tributed to the increased net negative surface charge
provided by the carboxylic acid group of CHEMS,
enhancing repulsion between particles and thus pre-
venting aggregation. These findings align with previ-
ous reports (Kulig et al., 2015). The chitosan coating
process was performed on LP2 due to its favorable
physicochemical properties (smaller size and high-
er ZP). The subsequent increase in PS after chitosan
coating further supports the formation of a polymeric
layer on the liposome surface. As the chitosan con-
centration increased, the PS also increased signifi-
cantly—particularly in CCL3—suggesting that chi-
tosan self-assembled into thicker or possibly aggre-
gated structures (Park et al., 2014). The observed de-
crease in the magnitude of negative ZP upon chitosan
coating—from —48.9 mV (LP2) to values between
—40.0 mV and -27.5 mV—supports the interaction
between the positively charged chitosan molecules
and the negatively charged liposomal surface (Table
2). While CCL1 and CCL2 remained within mono-
disperse limits (PDI<0.5), CCL3 exhibited a markedly
higher PDI value, likely due to aggregation induced
by the excess polymer concentration. This finding
suggests that high chitosan concentrations may com-
promise colloidal stability by promoting interparticle

bridging or aggregation (Soo et al., 2016).
Determination of EE%

Drug EE% in liposomal formulations is influ-
enced by several physicochemical factors, including
liposome size, surface charge, bilayer rigidity, aqueous
core volume, and the preparation method (Hooshyar
et al,, 2021). In this study, the EE% of LTZ in uncoat-
ed liposomes was found to be high and not signifi-
cantly affected by the presence of either CHOL (LP1)
or CHEMS (LP2). The average EE% ranged between
92.7% and 95.6% for all tested formulations (Table
2). However, a slight decrease in EE% was observed
as the chitosan concentration increased during the

coating process. Notably, a statistically significant
626

reduction in EE% was recorded for CCL3 compared
to LP2 (p<0.05), while the EE% of CCLI and CCL2
remained comparable to the uncoated liposome for-
mulation (LP2).

The consistently high EE% (92.7-95.6%) across all
liposomal and chitosomal formulations indicates the
favorable incorporation of LTZ within the lipid bilay-
er. This is likely due to the lipophilic nature of LTZ
and the optimized lipid composition, which promotes
drug retention. The lack of significant difference in
EE% between LP1 and LP2 suggests that the inclusion
of CHOL or CHEMS did not disrupt bilayer packing
to an extent that would affect drug loading. This find-
ing aligns with previous studies indicating that CHOL
and CHEMS, although they influence membrane ri-
gidity and surface charge, do not necessarily affect the
EE% of hydrophobic drugs (Haeri et al., 2017). The
slight reduction in EE% with increasing chitosan con-
centration may be attributed to partial drug leakage
during the coating step. This phenomenon is likely
due to the mechanical stress introduced by stirring
and the potential disruption of the lipid bilayer inter-
face during the formation of the chitosan shell (Tra-
pani et al.,, 2018). The statistically significant drop in
EE% in the CCL3 formulation (0.05% chitosan) sup-
ports this explanation, and aligns with earlier research
suggesting that excessive polymer concentration can
destabilize vesicle structure or displace encapsulated

drug molecules (Haeri et al., 2017).
In vitro drug release studies

The in vitro release profile of LTZ from conven-
tional liposomes (LP1 and LP2) and chitosomes
(CCL1 and CCL2) was evaluated over 24 hours. Due
to its significantly large PS, the CCL3 formulation was
excluded from the release study. As shown in Figure
1, CCLI and CCL2 exhibited a markedly lower cumu-
lative release than the uncoated liposomes at all mea-
sured time points. At 6 hours, cumulative LTZ release
from LP1 and LP2 was 70.2% and 58.7%, respectively.
In contrast, CCL1 and CCL2 showed release rates of

46.9% and 38.2%, respectively. The overall maximum
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release observed for CCL1 and CCL2 was 53.5% and
46.6%, respectively. Additionally, all formulations
displayed a biphasic release pattern characterized by

(o]
T

an initial burst phase followed by a sustained release
phase. Within the first 2 hours, LTZ release was 40.2%
for LP2, 35.7% for CCL1, and 23.6% for CCL2.
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Figure 1. In vitro drug release profiles of LTZ-loaded liposomes and chitosomes (mean + SD, n=3).

*LP1 contains 140 mg SPC and 60 mg CHOL, while LP2 contains 140 mg SPC and 60 mg CHEMS. CCL1 and CCL2

are LP2-based liposomes coated with 0.01% and 0.025% chitosan solution, respectively.

The higher release rates observed in uncoated lipo-
somes (LP1 and LP2) suggest a more rapid diffusion of
LTZ, potentially due to the absence of a polymeric barri-
er. The difference between LP1 and LP2 may stem from
the influence of CHEMS on bilayer rigidity. As previously
reported (Xu et al., 2017), CHEMS enhances membrane
stability more effectively than CHOL, potentially limiting
drug diffusion and resulting in slower release from LP2.
Similar trends were reported by Ding et al (Ding et al,
2005). The reduced release rates from chitosomes, espe-
cially CCL2, suggest that higher chitosan concentrations
result in greater restriction of drug diffusion. The poly-
meric chitosan coating likely decreases bilayer fluidity and
acts as an additional diffusional barrier (Alshamsan et al.,
2019). This effect is more pronounced at higher chitosan
concentrations, as demonstrated by the lower release rate
of CCL2 compared to CCL1. The initial burst release ob-
served in all formulations may be attributed to the release
of LTZ adsorbed on or near the surface of the liposomes
and chitosomes (El-Hammadi et al., 2017). Following the
burst phase, the sustained release is likely governed by a
combination of drug diffusion through the lipid bilayer

and the gradual degradation or swelling of the chitosan

coating (Hasan et al., 2019). These findings support the
hypothesis that chitosan coating modulates drug release
from liposomal carriers, enabling controlled delivery pro-

files, which depend on polymer concentration.
Differential scanning calorimetry (DSC)

The DSC thermogram of pure LTZ exhibited a
sharp endothermic peak at 187.14°C, while sucrose
and CHEMS showed endothermic peaks at 190.94°C
and 187.11°C, respectively (Figure 2A and B). These
thermal analysis results were found to be consistent
with previous studies (Hegde et al., 2023; Zhang et al.,
2020; Verma et al., 2020). In the physical mixtures, all
combinations except the mixture with CHEMS showed
shifts of less than 5°C, indicating minimal interactions
between LTZ and the excipients (Yalcin et al., 2025).
In the LTZ-CHEMS mixture, however, the endother-
mic peaks of both LTZ and CHEMS shifted by more
than 5°C, which was attributed to the solubilization of
LTZ into CHEMS or a solid-state interaction induced
by the input of energy and dilution during heating, al-
though the interaction was not complete. Similar find-
ings have been reported in the study by Zhang et al
(Zhang et al., 2020).
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Figure 2. DSC thermograms of (A) LTZ, chitosan,
(B) LTZ, CHEMS, and

Transmission electron microscopy (TEM)

TEM images (Figure 3) revealed that both the li-
posome (LP2) and chitosome (CCLI) formulations
exhibited predominantly spherical morphology. The
vesicles appeared well-dispersed with smooth sur-

faces, indicating uniform particle formation. No sig-

- LTZ

= CHEMS:LTE (1:1)
17011 %C 1BLATHC

— CHEMS:LTZ (2:1)
17002 5C ¥ 18009 °C

LI L
LU 150 L

Temperatare (°C)

sucrose, SPC, and their physical mixtures with LTZ;

their physical mixtures.

nificant aggregation or deformation was observed,
suggesting that the preparation methods successfully
produced stable and structurally intact vesicles. These
morphological characteristics align with the expected
behavior of lipid- and chitosan-based vesicular sys-

tems, confirming their suitability for potential drug

delivery applications.

Figure 3. TEM images of liposome (LP2) and chitosome (CCL1) formulations,
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Stability of liposome and chitosome formula-

tions under different temperature conditions

The stability profiles of liposome (LP2) and chito-
some (CCL1) formulations stored at 2-8°C and 25°C
for one month are summarized in Table 3. The LP2
formulation showed no statistically significant chang-
es in mean PS at either storage condition compared to

its initial measurements (p>0.05). The changes in ZP

and PDI were also minimal, indicating good physical
stability over time. In contrast, the CCL1 formulation
exhibited a noticeable increase in PS after storage, par-
ticularly at 25°C. The observed increase was accompa-
nied by a corresponding decrease in the net negative
ZP value. Notably, PS analysis could not be performed
for CCLI stored at 25°C due to severe aggregation and
poor PS distribution.

Table 3. Characteristic properties of LP2 and CCL1 formulations after a month of storage at 2-8°C and

25°C (mean * SD, n=3).

Formulation code Time anfi .storage PS (nm) PDI P
conditions

LP2 Initial 112+3 0.286 £ 0.010 -489+ 14
1 month (2-8°C) 112+3 0.244 + 0.027 -55.1+1.4
1 month (25°C) 117 £ 13 0.285 £ 0.054 -48.6 + 3.2
CCL1 Initial 155+ 19 0.302 £ 0.056 -40.0 £ 2.3
1 month (2-8°C) 206 + 39 0.322 + 0.060 -32.1+0.8

1 month (25°C) Remarkable aggregation

observed

*LP2 contains 140 mg SPC and 60 mg CHEMS. CCL1 is an LP2-based liposome coated with 0.01% chitosan solution.
SPC: Soy phosphatidylcholine, CHEMS: Cholesteryl hemisuccinate

The stability results indicate that the uncoated lipo-
some formulation (LP2) retained its physicochemical
integrity over the storage period, with minimal varia-
tions in PS, ZP, and PDI. These findings suggest that
the incorporation of CHEMS contributes to the struc-
tural stability of the liposomal bilayer, even at elevated
temperatures. In contrast, the chitosome formulation
(CCL1) demonstrated instability during storage, es-
pecially at 25°C. The observed increase in PS and de-
crease in ZP may indicate weakened electrostatic re-
pulsion between particles, leading to aggregation. The
inability to measure PS for CCL1 after storage at 25°C
further supports this conclusion. Similar observations
were reported by Ezzat et al. (Ezzat et al., 2019), who
noted that elevated temperatures could compromise
the integrity of chitosan-coated vesicles. The high pu-
rity of SPC used in this formulation may have contrib-

uted to weak chitosan adhesion on the vesicle surface

(Guo et al., 2003), thus reducing the stability of the
chitosan coating. As temperature increases, this frag-
ile interaction may further deteriorate, promoting the

formation of large aggregates.
In vitro cytotoxicity studies

The cytotoxic potential of LTZ and its nanofor-
mulations was evaluated using the MTT assay on
MCE-7 breast cancer cells. The IC, value of free LTZ
was determined to be 61.3 nM. Drug-free liposome
and chitosome formulations showed cell viability
rates above 90% after 24 hours of treatment, indicat-
ing minimal cytotoxicity in the absence of the active
drug. LTZ-loaded LP2 and CCL1 formulations, when
administered at an LTZ concentration of 61.3 nM, re-
duced cell viability to 48.9% and 48.5%, respectively,
indicating a relatively higher cytotoxic effect com-

pared to the free LTZ solution (Figure 4).
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Figure 4. The percent cell viability of the MCF-7 cells after 24 h of incubation (mean + SD, n=6).

*LP2 contains 140 mg SPC and 60 mg CHEMS. CCL1 is a liposomal formulation based on LP2, coated

with 0.01% chitosan solution.

The IC,; value observed for LTZ (61.3 nM) was
consistent with previous studies, confirming the re-
producibility and reliability of the assay (Kijima et
al., 2005). The high cell viability observed with drug-
free formulations aligns with literature findings that
demonstrate the biocompatibility of liposomal and
chitosomal carriers (Patel et al., 2018). The slightly
enhanced cytotoxicity observed in LTZ-loaded lipo-
some (LP2) and chitosome (CCL1) formulations sug-
gests improved intracellular delivery of LTZ. This may
result from endocytosis-mediated uptake, a well-doc-
umented advantage of nanoparticulate drug delivery
systems (Hassanzadeganroudsari et al., 2020; Kadari
et al., 2017). Encapsulation within nanocarriers can
also protect the drug from degradation and facilitate
its accumulation in tumor cells, thus amplifying its

therapeutic effect.
CONCLUSION
In this study, LTZ-loaded liposomal (LP2) and

chitosomal (CCL1) formulations were successful-
ly developed, demonstrating high EE% (>90%) and
suitable particle sizes (<200 nm) suitable for passive
targeting in cancer therapy. The chitosan coating pro-
cess significantly altered key physicochemical char-
acteristics of the formulations, including PS, ZP, and
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drug release profiles. In vitro stability assessments
revealed that the chitosome formulation (CCL1) was
more sensitive to temperature variations than the un-
coated liposome (LP2). The observed instability may
be attributed to the use of highly pure phospholip-
ids, potentially resulting in weaker interactions with
the chitosan layer. To improve thermal stability, fu-
ture studies may consider using phospholipid grades
with lower purity or incorporating stabilizing agents
during formulation development. Cytotoxicity studies
performed on MCF-7 breast cancer cells demonstrat-
ed that LTZ-loaded liposomal and chitosomal formu-
lations exhibited comparable ICs, values to the free
LTZ solution. However, both LP2 and CCL1 induced a
relatively higher cytotoxic effect, suggesting enhanced
intracellular delivery of LTZ via nanocarrier-mediat-
ed uptake. Overall, these findings support the poten-
tial of LTZ-loaded liposome and chitosome systems
as effective nanocarriers for the delivery of anticancer
drugs. Further, in vivo studies are warranted to eval-
uate the pharmacokinetic profile, therapeutic efficacy,

and safety of these formulations in animal models.
ACKNOWLEDGEMENTS

The authors thank Deva Holding-Tiirkiye for the
gift of LTZ sample.



FABAD J. Pharm. Sci., 50, 3, 621-634, 2025

AUTHOR CONTRIBUTION STATEMENT

Concept, design, supervision, resources, materi-
als, data collection and/or processing, analysis and/
or interpretation, literature search, writing, critical re-
views (TEY), data collection and/or processing, anal-
ysis and/or interpretation, literature search, writing,
critical reviews (NTO), Supervision, resources, mate-
rials, data collection and/or processing, analysis and/
or interpretation, literature search, writing, critical re-
views (CY), Concept, design, supervision, resources,
materials, data collection and/or processing, analysis
and/or interpretation, literature search, writing, criti-
cal reviews (TT).

CONEFLICT OF INTEREST

The authors declare that there is no conflict of in-

terest.
REFERENCES

Alshamsan, A., Aleanizy, E. S., Badran, M., Alqahtani,
E Y, Alfassam, H., Almalik, A., & Alosaimy, S.
(2019). Exploring anti-MRSA activity of chi-
tosan-coated liposomal dicloxacillin. Journal of
Microbiological Methods, 156, 23-28. https://doi.
org/10.1016/j.mimet.2018.11.015

Bhatnagar, A. S. (2007). The discovery and mecha-
nism of action of letrozole. Breast Cancer Research
and Treatment, 105(Suppl 1), 7-17. https://doi.
org/10.1007/s10549-007-9696-3

Ding, W. X,, Qi, X. R, Li, P, Maitani, Y., & Nagai, T.
(2005). Cholesteryl hemisuccinate as a membrane
stabilizer in dipalmitoylphosphatidylcholine lipo-
somes containing saikosaponin-d. International
Journal of Pharmaceutics, 300(1-2), 38-47. https://
doi.org/10.1016/j.ijpharm.2005.05.005

El-Hammadi, M. M., Delgado, A. V., Melguizo, C., Pra-
dos, J. C., & Arias, J. L. (2017). Folic acid-decorated
and PEGylated PLGA nanoparticles for improving
the antitumour activity of 5-fluorouracil. Interna-
tional Journal of Pharmaceutics, 516(1-2), 61-70.
https://doi.org/10.1016/j.ijpharm.2016.11.012

Esposto, B. S., Jauregi, P, Tapia-Blacido, D. R., & Mar-
telli-Tosi, M. (2021). Liposomes vs. chitosomes:
Encapsulating food bioactives. Trends in Food
Science & Technology, 108, 40-48. https://doi.
org/10.1016/j.tifs.2020.12.003

Ezzat, H. M., Elnaggar, Y. S., & Abdallah, O. Y. (2019).
Improved oral bioavailability of the anticancer
drug catechin using chitosomes: Design, in-vitro
appraisal and in-vivo studies. International Jour-
nal of Pharmaceutics, 565, 488-498. https://doi.
org/10.1016/j.ijpharm.2019.05.034

Fenton, C., Keating, G. M., & Wagstaff, A. J. (2004).
Valdecoxib: a review of its use in the management
of osteoarthritis, rheumatoid arthritis, dysmenor-
rhoea and acute pain. Drugs, 64(11), 1231-1261.
https://doi.org/10.2165/00003495-200464110-
00006

Guo, J. X,, Ping, Q. N,, Jiang, G., Huang, L., & Tong, Y.
(2003). Chitosan-coated liposomes: characteriza-
tion and interaction with leuprolide. International
Journal of Pharmaceutics, 260(2), 167-173. https://
doi.org/10.1016/S0378-5173(03)00254-0

Haeri, A., Sadeghian, S., Rabbani, S., Anvari, M.
S., Ghassemi, S., Radfar, E, & Dadashzadeh, S.
(2017). Effective attenuation of vascular reste-
nosis following local delivery of chitosan deco-
rated sirolimus liposomes. Carbohydrate Poly-
mers, 157, 1461-1469. https://doi.org/10.1016/j.
carbpol.2016.11.021

Hasan, M., Elkhoury, K., Kahn, C. J., Arab-Tehrany,
E., & Linder, M. (2019). Preparation, characteriza-
tion, and release kinetics of chitosan-coated nan-
oliposomes encapsulating curcumin in simulated
environments. Molecules, 24(10), 2023. https://
doi.org/10.3390/molecules24102023

631



Yalgin, Ozaksun, Yiicel, Incecayir

Hassanzadeganroudsari, M., Soltani, M., Heydari-

nasab, A., Apostolopoulos, V., Akbarzadehkhiya-
vi, A., & Nurgali, K. (2020). Targeted nano-drug
delivery system for glioblastoma therapy: In vi-
tro and in vivo study. Journal of Drug Delivery
Science and Technology, 60, 102039. https://doi.
org/10.1016/j.jddst.2020.102039

Hegde, A. R., Paul, M., Kumbham, S., Roy, A. A., Ah-

mad, S. F, Parekh, H.,...Mutalik, S. (2023). Ame-
liorative anticancer effect of dendrimeric peptide
modified liposomes of letrozole: In vitro and in
vivo performance evaluations. International Jour-
nal of Pharmaceutics, 648, 123582. https://doi.
org/10.1016/j.ijpharm.2023.123582

Hooshyar, S. P, Panahi, H. A., Moniri, E., & Farsa-

Jjaz

drooh, M. (2021). Tailoring a new hyperbranched
PEGylated dendrimer nano-polymer as a su-
per-adsorbent for magnetic solid-phase extraction
and determination of letrozole in biological and
pharmaceutical samples. Journal of Molecular Lig-
uids, 338, 116772. https://doi.org/10.1016/j.mol-
1iq.2021.116772

, H., Rasheed, U,, Saeed, H., Hanif, R., Anwar, S,,
Javed, N., & Butt, M. S. (2024). Targeted delivery of
letrozole-loaded Mg-doped cobalt ferrite nanopar-
ticles for breast cancer treatment. Journal of Drug
Delivery Science and Technology, 101, 106245.
https://doi.org/10.1016/j.jddst.2024.106245

Igbal, R., Ahmed, S., Jain, G. K., & Vohora, D. (2019).

632

Design and development of letrozole nanoemul-
sion: A comparative evaluation of brain targeted
nanoemulsion with free letrozole against status
epilepticus and neurodegeneration in mice. In-
ternational Journal of Pharmaceutics, 565, 20-32.

https://doi.org/10.1016/j.ijpharm.2019.04.076

Kadari, A., Gudem, S., Kulhari, H., Bhandi, M. M.,

Borkar, R. M., Kolapalli, V. R. M., & Sistla, R.
(2017). Enhanced oral bioavailability and antican-
cer efficacy of fisetin by encapsulating as inclusion
complex with HPBCD in polymeric nanoparti-
cles. Drug Delivery, 24(1), 224-232. https://doi.or
g/10.1080/10717544.2016.1245366

Kaplan, A. B. U,, Ozturk, N., Cetin, M., Vural, I., &

Ozer, T. O. (2022). The Nanosuspension For-
mulations of Daidzein: Preparation and In Vi-
tro Characterization. Turkish Journal of Pharma-
ceutical Sciences. https://doi.org/10.4274/tjps.gale-
no0s.2021.81905

Kijjima, I, Itoh, T., & Chen, S. (2005). Growth in-

hibition of estrogen receptor-positive and aro-
matase-positive human breast cancer cells in
monolayer and spheroid cultures by letrozole,
anastrozole, and tamoxifen. The Journal of Steroid
Biochemistry and Molecular Biology, 97(4), 360-
368. https://doi.org/10.1016/j.jsbmb.2005.09.003

Kulig, W., Jurkiewicz, P, Olzynska, A., Tynkkynen,

J., Javanainen, M., Manna, M.,...Jungwirth, P.
(2015). Experimental determination and com-
putational interpretation of biophysical prop-
erties of lipid bilayers enriched by cholesteryl
hemisuccinate. Biochimica et Biophysica Acta
(BBA)-Biomembranes, 1848(2), 422-432. https://
doi.org/10.1016/j.bbamem.2014.10.032

Lee, E. H, Lim, S. J., & Lee, M. K. (2019). Chi-

tosan-coated liposomes to stabilize and enhance
transdermal delivery of indocyanine green
for photodynamic therapy of melanoma. Car-
bohydrate Polymers, 224, 115143. https://doi.

org/10.1016/j.carbpol.2019.115143



FABAD J. Pharm. Sci., 50, 3, 621-634, 2025

Liu, W,, Zhai, Y., Heng, X., Che, E Y., Chen, W,, Sun,

D., & Zhai, G. (2016). Oral bioavailability of cur-
cumin: problems and advancements. Journal of
Drug Targeting, 24(8), 694-702. https://doi.org/10.
3109/1061186X.2016.1157883

Maajani, K., Jalali, A., Alipour, S., Khodadost, M.,

Tohidinik, H.R., & Yazdani, K. (2019). The global
and regional survival rate of women with breast
cancer: a systematic review and meta-analysis.
Clinical Breast Cancer, 19(3), 165-177. https://doi.
org/10.1016/j.cIbc.2019.01.006

Maja, L., Zeljko, K., & Mateja, P. (2020). Sustainable

technologies for liposome preparation. The Jour-
nal of Supercritical Fluids, 165, 104984. https://doi.
org/10.1016/j.supflu.2020.104984

Mitropoulou, T. N., Tzanakakis, G. N., Kletsas, D.,

Kalofonos, H. P, & Karamanos, N. K. (2003).
Letrozole as a potent inhibitor of cell proliferation
and expression of metalloproteinases (MMP-2
and MMP-9) by human epithelial breast cancer
cells. International Journal of Cancer, 104(2), 155-
160. https://doi.org/10.1002/ijc.10941

Mohammadi, H. S., Asl, A. H., & Khajenoori, M.

(2022). Experimental study and modeling of letro-
zole (anticancer drug) solubility in subcritical wa-
ter: Production of nanoparticles using subcritical
water precipitation method. Journal of Drug De-
livery Science and Technology, 67, 102949. https://
doi.org/10.1016/j.jddst.2021.102949

Motiei, M., Kashanian, S., & Taherpour, A. (2017).

Hydrophobic amino acids grafted onto chitosan:
a novel amphiphilic chitosan nanocarrier for hy-
drophobic drugs. Drug Development and Industri-
al Pharmacy, 43(1), 1-11. https://doi.org/10.1080/
03639045.2016.1254240

Park, S. N, Jo, N. R,, & Jeon, S. H. (2014). Chi-
tosan-coated liposomes for enhanced skin per-
meation of resveratrol. Journal of Industrial and
Engineering Chemistry, 20(4), 1481-1485. https://
doi.org/10.1016/j.jiec.2013.07.035

Patel, S., Srivastava, S., Singh, M. R., & Singh, D.
(2018). Preparation and optimization of chi-
tosan-gelatin films for sustained delivery of lupeol
for wound healing. International journal of Biolog-
ical Macromolecules, 107, 1888-1897. https://doi.
org/10.1016/j.ijbiomac.2017.10.056

Samavat, H., & Kurzer, M. S. (2015). Estrogen metabo-
lism and breast cancer. Cancer Letters, 356(2),231-
243. https://doi.org/10.1016/j.canlet.2014.04.018

Simon, M. S., Ibrahim, D., Newman, L., & Sta-
no, M. (2002). Efficacy and economics of hor-
monal therapies for advanced breast can-
cer. Drugs & Aging, 19(6), 453-463. https://doi.
0rg/10.2165/00002512-200219060-00004

Sogut, O., Sezer, U. A., & Sezer, S. (2021). Liposomal
delivery systems for herbal extracts. Journal of
Drug Delivery Science and Technology, 61, 102147.
https://doi.org/10.1016/j.jddst.2020.102147

Soo, E., Thakur, S., Qu, Z., Jambhrunkar, S., Parekh,
H. S., & Popat, A. (2016). Enhancing delivery
and cytotoxicity of resveratrol through a dual
nanoencapsulation approach. Journal of Colloid
and Interface Science, 462, 368-374. https://doi.
org/10.1016/j.jcis.2015.10.022

Trapani, A., Mandracchia, D., Tripodo, G., Cometa,
S., Cellamare, S., De Giglio, E., Klepetsanis, P.,, &
Antimisiaris, S. G. (2018). Protection of dopamine
towards autoxidation reaction by encapsulation
into non-coated-or chitosan-or thiolated chi-
tosan-coated-liposomes. Colloids and Surfaces B:
Biointerfaces, 170, 11-19. https://doi.org/10.1016/j.
colsurfb.2018.05.049

633



Yalgin, Ozaksun, Yiicel, Incecayir

novel technique to characterize and quantify crys-
talline and amorphous matter in complex sugar
mixtures. Food Analytical Methods, 13(11), 2087-
2101. https://doi.org/10.1007/s12161-020-01789-1

Vu, M. T, Le, N. T. T., Pham, T. L. B., Nguyen, N. H,,

& Nguyen, D. H. (2020). Development and char-
acterization of soy lecithin liposome as potential
drug carrier systems for codelivery of letrozole
and paclitaxel. Journal of Nanomaterials, 2020(1),
8896455. https://doi.org/10.1155/2020/8896455

Xu, H., Zhang, L., Li, L., Liu, Y., Chao, Y, Liu, X.,...

Cai, C. (2017). Membrane-loaded doxorubicin
liposomes based on ion-pairing technology with
high drug loading and pH-responsive proper-
ty. AAPS PharmSciTech, 18(6), 2120-2130. https://
doi.org/10.1208/s12249-016-0693-x

Yalcin, T. E., Yetgin, C., & Yilmaz, A. (2021). Devel-

opment of 5-fluorouracil-loaded nano-sized lipo-
somal formulation by two methods: Strategies to
enhance encapsulation efficiency of hydrophilic
drugs. Journal of Research in Pharmacy, 25(4),
371-378. https://dx.doi.org/10.29228/jrp.27

Yalcin, T. E., Tuncel, E., Yucel, C., & Tirnaksiz, F

(2022). Nanoemulsions containing megestrol ac-
etate: Development, characterization, and stabil-
ity evaluation. AAPS PharmScilech, 23(5), 142.
https://doi.org/10.1208/s12249-022-02289-7

634

Verma, P, Shah, N. G., & Mahajani, S. M. (2020). A  Yalcin, T. E,, & Yetgin, C. (2025). Influence of formu-

lation composition on the characteristic proper-
ties of 5-fluorouracil-loaded liposomes. Turkish
Journal of Pharmaceutical Sciences, 21(6), 551.

https://doi.org/10.4274/tjps.galenos.2024.11278

Yalcin, T.E., Anjani, Q. K., Li, Y., Larrafieta, E., Paredes,

A.J., &Donnelly, R. F. (2025). Rasagiline mesylate-
based microneedle patches: A patient-friendly
treatment regimen for Parkinson’s disease. Inter-
national Journal of Pharmaceutics, 126019. https://
doi.org/10.1016/j.ijjpharm.2025.126019

Yuan, X. B,, Li, H., & Yuan, Y. B. (2006). Preparation

of cholesterol-modified chitosan self-aggregat-
ed nanoparticles for delivery of drugs to ocular
surface. Carbohydrate Polymers, 65(3), 337-345.
https://doi.org/10.1016/j.carbpol.2006.01.020

Zhang, X., Wei, Y., Cao, Z., Xu, Y., Lu, C,, Zhao, M.,...

Tang, X. (2020). Aprepitant intravenous emulsion
based on ion pairing/phospholipid complex for
improving physical and chemical stability during
thermal sterilization. AAPS PharmSciTech, 21(3),
75. https://doi.org/10.1208/s12249-019-1605-7

Zhou, E, Xu, T, Zhao, Y., Song, H., Zhang, L., Wu,

X., & Lu, B. (2018). Chitosan-coated liposomes as
delivery systems for improving the stability and
oral bioavailability of acteoside. Food Hydrocol-
loids, 83, 17-24. https://doi.org/10.1016/j.food-
hyd.2018.04.040



