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Abstract
This study aimed to develop paclitaxel (PTX)-loaded PEGylated (PEG)-pH-sensitive (SpH) liposomes to enhance drug 
delivery efficiency and cytotoxicity against MCF-7 breast cancer cells. PTX-loaded PEG-SpH liposomes were prepared 
using the thin film hydration method. ATR-FTIR compatibility studies revealed no significant interactions among liposome 
formulation components. TEM images confirmed spherical morphology, stability, and an ideal size range (180–200 nm) for 
improved blood circulation. At pH 5.5, liposomes exhibited increased size and positive zeta potential, indicating pH-sensitive 
properties due to CHEMS response to the acidic tumor microenvironment. Conversely, at pH 7.4, liposomes showed a slightly 
larger size (199.25 ± 1.64 nm) and a more negative zeta potential (-36.94 ± 0.32 mV), suggesting successful PEG-SpH 
surface modification, enhancing stability, and reducing aggregation. PTX-loaded PEG-SpH liposomes demonstrated high 
encapsulation efficiency (84.57 ± 0.92% w/w) and drug loading capacity (4.12 ± 0.26% w/w). In-vitro drug release studies 
revealed accelerated first-order PTX release at pH 5.5 and a controlled zero-order release at pH 7.4. Cellular uptake studies 
on MCF-7 cells demonstrated enhanced PTX uptake, attributed to mPEG-PCL incorporation prolonging circulation time and 
CHEMS facilitating PTX release in the tumor microenvironment. Furthermore, PTX-loaded PEG-SpH liposomes exhibited 
significantly improved cytotoxicity with an  IC50 value of 1.107 µM after 72-h incubation, approximately 90% lower than 
plain PTX solution. Stability studies confirmed the robustness of the liposomal formulation under various storage condi-
tions. These findings highlight the potential of PEGylated pH-responsive liposomes as effective nanocarriers for enhancing 
PTX therapy against breast cancer.
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Introduction

Breast cancer remains a formidable global health challenge, 
particularly affecting women and posing a significant risk 
of mortality. It is characterized by irregular cell prolifera-
tion within breast tissues, primarily occurring in the inner 
lining of the milk ducts or the glands responsible for milk 
production. In light of recent statistics, the American Cancer 
Society (ACS) estimates that in the current year, there will 
be 297,790 new cases of invasive breast cancer diagnosed 
in women and 2,800 new cases in men [1]. Additionally, 
55,720 new cases of ductal carcinoma in situ (DCIS) will be 

diagnosed [2]. In the United States, it is estimated that one 
in every eight women will be diagnosed with breast cancer 
at some point during her lifetime [1]. Even though surgery is 
the recommended treatment for removing breast cancer, it is 
very challenging to remove the tumor and prevent its recur-
rence entirely. Thus, chemotherapy is needed to compensate 
for the surgical shortfall.

Taxanes are a class of chemotherapeutic drugs that have 
been proven to be a feasible therapeutic option for breast 
cancer [3]. Paclitaxel (PTX) is a natural product extracted 
from the bark of Taxus brevifolia with effective chemother-
apeutic activity [4]. It has significant tumoricidal ability 
against breast, ovarian, non-small cell lung, neck cancer, and 
AIDS-related Kaposi’s Sarcoma [5]. It affects the enhance-
ment of cell tubulin polymerization and the inhibition of 
M-phase. As PTX is insoluble in water, its marketed formu-
lation, Taxol®, is prepared using Cremophor® EL (polyeth-
oxylated castor) and ethanol [6]. Despite several dilutions 
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before use, hypersensitivity is reported due to the higher 
amount of Cremophor® EL required to deliver the drug [7]. 
These rules out Cremophor® EL, thus paving the way for the 
need for a promising approach with good biocompatibility 
and low toxicity.

Nanotechnology has emerged as a promising frontier in 
cancer therapeutics, potentially mitigating systemic toxic-
ity while enhancing therapeutic efficacy [8–10]. Among 
various nanocarriers, liposomes have garnered significant 
attention for drug delivery due to their versatility and bio-
compatibility [11, 12]. Liposomes, comprising lipid bilay-
ers encapsulating hydrophilic and lipophilic drugs, exhibit 
similarities to biological membranes, providing enhanced 
stability and prolonged circulation times in the bloodstream 
[13]. However, their rapid reticuloendothelial system (RES) 
clearance limits their accumulation in the target tumor tis-
sues, thus necessitating strategies to prolong the circulation 
time and enhance tumor targeting [13, 14]. Surface modifi-
cation utilizing polyethylene glycol (PEG) [15] or methoxy 
polyethylene glycol-polycaprolactone (mPEG-PCL) [16] 
has emerged as a pivotal strategy to overcome this chal-
lenge, leading to the development of long-circulating or 
“PEGylated” liposomes with improved pharmacokinetic 
profiles [17]. The hydrophilic PEG moiety forms a protec-
tive layer around the liposomes, mitigating opsonization and 
clearance by RES [18], thereby extending their circulation 
time. Meanwhile, the hydrophobic PCL segment integrates 
into the lipid bilayer, enhancing its structural integrity and 
stability.

Moreover, many strategies have been developed to 
improve the specificity of anticancer therapeutics toward 
tumor cells and tissues, whilst reducing adverse effects on 
surrounding healthy tissues [19, 20]. One of the promis-
ing strategies to enhance the liposomal drug delivery for 
breast cancer therapy involves leveraging the distinctive 
attributes of the tumor microenvironment, particularly its 
acidic environment pH [21]. The pH-sensitive liposomal 
drug delivery could offer a potential and versatile car-
rier for precise drug release within the tumor cells, thus 
enhancing the therapeutic effectiveness while minimizing 
the unintended effects on healthy tissues [22]. Cholesteryl 
hemisuccinate (CHEMS), an acid-sensitive ester derivative 
of cholesterol in the 3-hydroxyl group, is commonly utilized 
in pH-responsive liposomal formulations [23, 24]. These 
SpH liposomes remain stable at physiological pH (7.4) but 
exhibit controlled fusion with endosomal membranes, lead-
ing to rapid destabilization in acidic conditions such as those 
found in endosomes (pH 5.5) [22, 25, 26]. The integration of 
pH sensitivity along with mPEG-PCL further enhances lipo-
somal formulations' efficacy, stability, circulation duration, 
and tumor-targeting capabilities [27]. Moreover, mPEG-PCL 
contributes to the stability of CHEMS within liposomes by 
establishing hydrophobic interactions with the lipid bilayer. 

This interaction prevents premature leakage, ensuring con-
trolled drug release specifically within the acidic tumor 
microenvironment [28]. This improved stability significantly 
enhances the overall efficacy of the liposomal formulation, 
offering a more reliable and efficient delivery system for 
anticancer agents such as PTX.

In our previous study, we demonstrated the role of 
PEGylation using mPEG-PCL block co-polymer in 
enhancing the circulation and bioavailability of the drug. 
In this study, we aimed to examine the synergistic effects of 
PEGylated pH-sensitive (PEG-SpH) liposomes containing 
CHEMS and a synthesized mPEG-PCL copolymer moiety 
for enhancing the intracellular delivery of PTX in MCF-7 
breast cancer cells. Herein, the mPEG-PCL copolymer was 
synthesized using a ring-opening polymerization technique 
and combined with SpH liposomes. The formulated PEG-
SpH liposomes were then characterized for their physio-
chemical properties and the effect of different pH on particle 
size and zeta potential was evaluated. It was hypothesized 
that the presence of CHEMS would lead to lipid protonation 
and rapid destabilizing of PTX-loaded PEG-SpH liposome 
membrane in a tumor acidic environment, thereby leading 
to accelerated drug release, enhanced cellular uptake, and 
significantly improved cytotoxic activity of PTX against 
MCF-7 breast cancer cells. Therefore, these PEG-SpH 
liposomes show significant potential for breast cancer ther-
apy, offering targeted delivery as well as cytosolic release 
of encapsulated anticancer drugs.

Materials and Methods

Materials

Paclitaxel (PXL) was generously provided as a gift sample 
from Cipla (Mumbai, India). Leciva S-90 was also kindly 
gifted by VAV Lipids (Mumbai, India). Cholesterol (97% 
purity) and chloroform were procured from Loba Chemie 
Pvt. Ltd, (Mumbai, India). Poly (ɛ-caprolactone), mono-
methoxy poly (ethylene glycol), cholesteryl hemisuccinate 
(CHEMS), methyl ether, and stannous octoate were obtained 
from Sigma Aldrich, (Mumbai, India). Dichloromethane 
(DCM), oleic acid, petroleum ether, and methanol were 
obtained from Research labs (Mumbai, India). All water 
used in the experimental studies was Millipore-Q ultrapure 
water. All the other chemicals and reagents used were of 
analytical grade.

Synthesis and Characterization of mPEG‑PCL 
Copolymer

The mPEG-PCL copolymer was synthesized using the ring-
opening polymerization method following our previously 
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published work [16]. Briefly, 7 g of PCL (Mn = 45,000) and 
7 g of mPEG (Mn = 5000) in the ratio 1:1 was added to a 
three-necked round bottom flask (RBF) with 4–5 drops of 
stannous octoate (0.01 mmol) acting as the reaction catalyst 
under a dry nitrogen atmosphere. The assembly was stirred 
for 6 h at 110°C. Later, the mixture was de-gassed using 
nitrogen for approximately 30 min and allowed to cool at 
room temperature. Further, the mixture was dissolved in 
DCM and precipitated using an excess of cold petroleum 
ether [16]. The copolymer formed was filtered, dried at room 
temperature, and stored in an airtight container. The synthe-
sized mPEG-PCL copolymer was then characterized using 
Nuclear Magnetic Resonance (NMR) spectroscopy with a 
SpinSolve 60 instrument (Magritek, Germany) [29]. This 
NMR analysis conformed structural integrity and composi-
tion of the co-polymer. Furthermore, it was then subjected 
to Fourier Transform Infrared Spectroscopy (FTIR) using 
a Perkin Elmer, Spectrometer (Spectrum Two). Accurately 
weighed mPEG-PCL copolymer samples were placed on 
the cleaned diamond surface of the spectrometer and the 
spectroscopy was performed within the frequency range of 
4000 to 400  cm−1 [16].

Preparation of PTX‑loaded SpH Liposomes

PTX-loaded SpH liposomes were prepared using the thin 
film hydration method [13] with slight modifications. 
Briefly, paclitaxel (10 mg), cholesterol (10 mg), Leciva S-90 
(180 mg), and CHEMS (4 mg), (molar ratio of 12:26:228:8) 
were taken in an RBF and dissolved in an organic solvent 
mixture of chloroform: methanol (2:1 ratio v/v) [30]. The 
organic solvent was flash evaporated by attaching the RBF 
to a rotary evaporator (IKA, RV 10) with an attached water 
bath at 60°C, 25 mmHg vacuum, and 100 rpm to form a thin 
film. The deposited film was further nitrogen stream dried 
for 1 h and vacuum desiccated for 2.5 h. The obtained dried 
thin film was then hydrated using 10 mL of phosphate buffer 
saline (PBS) pH 7.4 and 1–2 drops of surfactant oleic acid 
for 24 h and at 8°C. The liposomal suspension thus formed 
was subjected to size reduction by probe sonication (Sonics 
model VCX-130) at 40% amplitude and 2-s on and 2-s off 
pulse mode over an ice bath. The blank liposomes (without 
PTX) were prepared as described earlier.

Preparation of PTX‑Loaded PEG‑SpH Liposomes

The PTX-loaded PEG-SpH liposomes were prepared follow-
ing a procedure similar to the one mentioned. In addition, an 
accurately weighed amount of previously prepared mPEG-
PCL copolymer (10 mg) was added along with paclitaxel, 
cholesterol, Leciva S-90, and CHEMS in RBF and dissolved 
in an organic solvent mixture of chloroform: methanol (2:1 

ratio v/v). All liposome preparations were stored in airtight 
containers at 4°C.

Characterization of PTX‑Loaded PEG‑SpH Liposomes

Drug Excipient Compatibility: ATR‑FTIR Studies

Fourier Transform Infrared (FTIR) spectra were acquired 
using a UATR Two Perkin Elmer instrument (Perkin-Elmer, 
Inc, USA) equipped with attenuated total reflectance (ATR) 
capabilities [31]. Individual FTIR spectra were generated for 
pure PTX, Leciva S-90, cholesterol, CHEMS, mPEG-PCL, 
and PTX-loaded PEG-SpH liposomes, and subsequently 
compared. To ensure the measurements' reliability, the 
ATR-FTIR instrument's diamond surface was meticulously 
cleaned with carbon tetrachloride (CCl₄). Subsequently, 
5 mg of each sample was positioned, and scans were con-
ducted with torque gradually increased up to 70%. Auto-
matic baseline corrections were applied using the accom-
panying software spectrum. The examined infrared spectral 
wavelength spanned from 4000 cm⁻1 to 400 cm⁻1, with a 
spectral resolution of 4 cm⁻1 [16].

Surface Morphology Studies

The PTX-loaded PEG-SpH liposomes were visualized uti-
lizing a Transmission Electron Microscope (TEM) (TEC-
12, TECNAI G2 SPIRIT BIOTWIN) working at 100 kV. 
In a concise methodology, 50 μL of appropriately diluted 
liposome samples were applied to copper grids coated with 
carbon (Electron Microscopy Sciences, USA). After a 2-min 
adsorption period, the samples were gently dried using an 
infrared lamp for 5 min. For enhanced contrast and visu-
alization, negative staining was performed by applying 5 
μL of phosphotungstic acid to the samples for 25 s. Excess 
phosphotungstic acid was carefully removed using Whatman 
filter paper. This staining procedure was repeated, and the 
samples were allowed to air-dry for 2–3 min. The prepared 
grids, hosting the liposome samples, were meticulously posi-
tioned in the TEM instrument for imaging and analysis. The 
imaging process employed Olympus Soft Imaging Solutions 
VELETA CCD Camera, and subsequent analysis was con-
ducted using Tecnai Imaging & Analysis software.

Particle size and Zeta Potential Analysis

The particle size and polydispersity index (PDI) for all lipo-
some formulations were measured through dynamic light 
scattering (DLS) at 25°C and a consistent 90° angle, using 
the Nano-ZS zeta sizer (Malvern Instruments, UK) [31]. The 
zeta potential measurements were assessed employing DLS 
coupled with electrophoretic mobility on the aforementioned 
equipment.
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Effect of pH on Particle Size and Zeta Potential

To investigate the impact of pH on particle size and zeta 
potential, the PTX-loaded liposomes and PEG-SpH lipo-
some samples were subjected to dilution in four distinct 
freshly prepared PBS with a pH value of 7.4, and acetate 
buffer with a pH of 6.8, 5.5, 4.5 at 37 ± 0.5°C. At different 
intervals, portions of the samples were extracted and the 
average particle size was analyzed using a Nano-ZS zeta 
sizer (Malvern Instruments, UK) [31]. Likewise, alterations 
in the zeta potential of the liposomes under different pH 
conditions were also assessed.

Encapsulation Efficiency and Drug Loading Capacity

The encapsulation efficiency of the prepared PTX-loaded 
PEG-SpH liposomes was determined by subjecting the 
liposomal suspension to centrifugation at 30,000 rotations 
per minute (rpm) for 25 min at 4°C, employing a refrig-
erated centrifuge (Optima MAX-XP ultracentrifuge with 
TLS-55 rotor, Beckman Coulter, USA) [32]. Subsequently, 
the supernatant, containing the PTX not encapsulated 
within the liposomes, was carefully separated and passed 
through a 0.45 µm cellular membrane. It was appropriately 
diluted with PBS pH 7.4 and quantitatively analyzed using 
a UV–visible spectrophotometer (Shimadzu-1800) config-
ured to operate at a wavelength of 231.4 nm. The drug load-
ing capacity was calculated by subtracting the amount of 
free PTX in the supernatant from the total amount of PTX 
used in the formulation and expressing it as a percentage 
relative to the total mass of the PEG-SpH liposomes [33]. 
The percentage of encapsulation efficiency and drug loading 
capacity were calculated using the formula provided in Eq. 1 
and Eq. 2 respectively.

In‑Vitro Drug Release Studies and Kinetic Modeling

The in-vitro release of PTX from PEG-SpH liposomes was 
evaluated using the dialysis bag method [34]. PTX was dis-
solved in dimethyl sulfoxide (DMSO) to prepare a PTX solu-
tion. Specifically, 10 mg of PTX was dissolved in 2 mL of 
DMSO. This PTX solution was used as a comparative ref-
erence against the PTX-loaded liposomes. In brief, a 10 mg 
PTX equivalent of the liposomal formulations was introduced 
into a dialysis bag with a molecular weight cutoff (MWCO) 

(1)

% Entrapment efficiency =
Total amount of PTX added − Free PTX

Total amount of PTX added

(2)

% Drug loading capacity =
Total amount of PTX added − Free PTX

Mass of PEG − Sph liposomes (mg)

of 14,000 Daltons (Da), previously soaked in Milli Q water 
for approximately 24 h (h) [33]. The dialysis bag was care-
fully sealed at both ends for a secure enclosure. Subsequently, 
the sealed dialysis bag was immersed in 80 mL of two dis-
tinct release media: PBS with a pH of 7.4 and acetate buffer 
with a pH of 5.5. The experimental setup was maintained at a 
temperature of 37 ± 0.5°C with continuous magnetic stirring 
at 100 rpm [35]. At specific, time intervals over 8 consecu-
tive days, aliquots were withdrawn from the dialysis bag. An 
equivalent volume of fresh new medium was introduced to 
replace the removed sample to maintain sink conditions. The 
aliquots were appropriately diluted and the PTX content was 
analyzed spectrophotometrically, with measurements taken at 
a fixed wavelength of 231.4 nm (pH 7.4) and 231.9 nm (pH 
5.5), respectively. To comprehend the release mechanism of 
PTX from PEG-SpH liposomes, in-vitro drug release data was 
fitted into various kinetic models using MS Excel (Microsoft 
Corporation). The data was fitted into zero-order, first-order, 
Higuchi, and Korsmeyer-Peppas models [36]. The Korsmeyer-
Peppas model was used to distinguish between the competing 
release mechanisms of case-II transport (relaxation-controlled 
release), non-Fickian release (anomalous transport), and Fick-
ian release (diffusion-controlled release) [16, 37, 38]. The 
equation's "n value" designates the type of diffusional expo-
nent, which helps describe the drug release mechanism, and 
the  r2 value indicates accuracy [39].

Quantitative Cellular Uptake Studies on MCF‑7 Breast 
Cancer Cell Line

The PTX-loaded PEG-SpH liposomes were subjected to a 
microplate reader approach for quantitative assessment of 
cellular uptake [40]. In 6-well plates, MCF-7 cells were 
seeded at a density of 2 ×  105 cells per well, and incubated 
for 24 h to promote cell adhesion. Following this, the cells 
were incubated for 4 h in fresh medium with both free PTX 
solution and the liposomal formulation (100 µl/ml). The 
adherent cells in the well plates were subjected to three 
washing cycles with 2 ml of chilled PBS pH of 7.4 and kept 
at 4°C after the treatment period. A cell lysis buffer contain-
ing 1% v/v Triton-X100 in PBS pH of 7.4 was used to lyse 
the cells. Centrifugation was performed on the resulting cell 
lysate for 20 min at 10,000 rpm and 4°C. The drug concen-
trations in the supernatants were thereafter determined using 
fluorescence spectrophotometry (FLUOstar, Biotron BMG, 
Germany), with 420 and 540 nm as the excitation and emis-
sion wavelengths, respectively.

In‑vitro Cytotoxicity Studies on MCF‑7 Breast Cancer Cell 
Line

The in-vitro cytotoxicity investigations were conducted 
with slight modifications based on our prior published 
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work [31, 41]. The assessment involved PTX-loaded PEG-
SpH liposomes using the MTT [(3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide)] assay on MCF-7 
cell lines. The MCF-7 cells were cultured in Dulbecco's 
Modified Eagle Medium (DMEM) supplemented with 
1 mM sodium pyruvate, 2 mM L-glutamine, 10% fetal 
bovine serum, 4500 mg/L glucose, and 1500 mg/L sodium 
bicarbonate. 100 μL MCF-7 cells were sown into each well 
of a 96-well plate (Corning Incorporated Life Sciences, 
Acton, MA, USA) at a density of 4231 cells/mL and the 
plates were incubated at 37 ± 0.5°C, 5%  CO2, 95% air and 
100% relative humidity for 24 h before addition of samples 
[31]. The liposome samples were dissolved in dimethyl 
sulfoxide (DMSO) at a concentration of 1000 µg/ml and 
then stored frozen until required. At the time of sample 
addition, an aliquot of frozen concentrate was thawed 
and diluted to 0.25 µM, 0.5 µM, 1 µM, 2.5 µM, 5 µM, 
10 µM, 25 µM, 40 µM, and 50 µM. Aliquots of these dif-
ferent dilutions were added to the appropriate well plates 
and were incubated for 72 h [42]. Then, the assay was 
concluded by adding 20 μL of MTT reagent (5 mg/mL), 
followed by another additional 24 h incubation (in a 5% 
CO2 atmosphere at 37 ± 0.5°C). After carefully extract-
ing the supernatant, 200 µl of DMSO was incorporated to 
lyse the cells and dissolve the formazan needles that had 
formed [42]. Lastly, an automated microplate reader (Lab 
system Multiskan, Helsinki, Finland) was utilized to meas-
ure absorbance at 550 nm with a reference wavelength of 
690 nm. By assessing the absorbance of the investigated 
liposome formulations to the absorbance of the control 
medium in three successive experiments, each with n = 6, 
the average percentage of cell viability was determined 
[31]. The cytotoxicity was evaluated after 24 h, 48 h, and 
72 h of incubation. An estimate of the drug or liposome 
formulation concentration required for inhibiting cell pro-
liferation by 50%  (IC50) was determined by plotting the 
percentage of cell growth inhibition against the concentra-
tion of the pure drug or liposome formulation [43].

Stability Studies

The formulated PTX-loaded PEG-SpH liposomes' stabil-
ity was evaluated by preserving the samples for 4 weeks at 
three different temperatures; 2–4°C, 25°C, and 37 ± 0.5°C 
with 60% relative humidity (RH). The Liposome samples 
were retrieved at the end of each subsequent week, appro-
priately diluted with PBS pH 7.4, and subjected to analysis 
for particle size, PDI, and zeta potential using the Nano-ZS 
zeta sizer (Malvern Instruments, UK) [16]. Following the 
previously mentioned methodology, the percentage entrap-
ment efficiency was determined using a UV–visible spectro-
photometer (Shimadzu-1800).

Data Analysis and Statistical Evaluation

Every experiment was carried out in three sets, and unless 
specifically stated otherwise, the results were reported as 
the mean ± standard deviation. All data were evaluated by 
either unpaired Student’s t-test or one-way ANOVA using 
GraphPad Prism software (Version 10.1 for Windows, 
GraphPad Software, CA, USA). Statistically significant dis-
parities between two correlated parameters were detected 
for p-values below 0.05. Nonetheless, certain investigations 
have indicated even lower p-values, such as 0.01 or less, as 
elaborated respectively.

Results and Discussion

Synthesis Formulation and Characterization 
of mPEG‑PCL Copolymer

Ring-opening polymerization of PCL was employed to 
improve the synthesis of mPEG-PCL block copolymer by 
incorporating Sn (Oct)2 and mPEG into the reaction mix-
ture. The NMR spectroscopy was employed to analyze the 
structure and composition of synthesized mPEG-PCL copol-
ymer (Supplementary Fig. 1). The peaks at approximately 
1.4 and 4 ppm can be attributed to the methylene protons in 
the PCL units [29]. Prominent peaks are observed between 
3.7 and 3.5 ppm corresponding to the methylene and meth-
oxy protons within the PEG units that constitute the co-pol-
ymer [29]. Additionally, lower intensity peaks in between 3 
to 4 ppm are likely attributed to methylene protons in PEG 
end units that are connected to the PCL block [29]. The 
resulting FTIR spectrum for the mPEG-PCL block copoly-
mer is depicted in Fig. 1. The discernible and intense bands 
observed at 1722.2  cm–1 and 1102.1  cm–1 can be attributed 
to the presence of carboxylic ester (C = O) and ether (C–O) 
groups, respectively [16]. The vibration bands caused by the 
asymmetric stretching of the C-H bond of methylene groups 
were depicted at 2885.4  cm−1 [44]. The peak at 1466.9  cm−1 
indicated the twisting vibration of the same bonds. The sig-
nals in the spectrum matched with those seen in the same 
copolymers [44]. This observation signifies the successful 
synthesis of the mPEG-PCL copolymer.

Preliminary Batch Trials: Preparation of PTX‑loaded 
PEG‑SpH Liposomes

Initial preliminary batch trials were carried out to develop 
PTX-loaded PEG-SpH liposomes, keeping specific formula-
tion factors consistent. PTX, lipid, cholesterol, and CHEMS 
were dissolved in methanol and chloroform, individually or 
in various ratios of 1:2, 1:1, and 2:1 v/v. A solvent blend of 
methanol and chloroform in a 2:1 v/v ratio was chosen for its 



 AAPS PharmSciTech          (2024) 25:216   216  Page 6 of 16

superior solubility and film-forming properties. The forma-
tion of a uniform film was found to be influenced by several 
other variables, including the rotational speed, temperature 
of the water bath, and the size of the round-bottom flask. 
Through the use of a process of trial and error, optimization 
showed that using a flask with a bigger surface area and 
rotating it at 40°C and 100 rpm made the film form more 
consistently. After evaluating two size reduction methods—
probe sonication and high-pressure homogenization—it was 
found that liposomes made with high-pressure homogeniza-
tion had a lower entrapment efficiency (< 35%) and a higher 
polydispersity index (0.7–1) [45, 46]. For optimum liposome 
size reduction, the probe sonication method was chosen. An 
ice bath with a pulse mode 2 s on, 2 s off sonication cycle 
lasting 3 min was implemented to prevent formulation over-
heating during the size reduction process. The evaluation 
of encapsulation efficiency employed ultracentrifugation at 
30,000 rpm for 25 min to ensure proper pellet and superna-
tant separation.

Characterization of PTX‑Loaded PEG‑SpH Liposomes

Drug‑Excipient Compatibility: ATR‑FTIR Studies

The ATR-FTIR spectra of a) PTX, b) mPEG-PCL, c) 
Leciva S-90, d) CHEMS, e) cholesterol, and f) PTX-loaded 
PEG-SpH liposomes are depicted in Fig.  1. The PTX 
spectra showed the characteristic band for C-H stretching 
(2935   cm−1), C = O stretching (1707.7   cm−1), and C–C 
stretching (1645  cm−1) [47]. The mPEG-PCL copolymer 
spectra showed characteristic bands at 1722.2   cm–1 for 
C = O, 1102.1  cm–1 for C-O, 2885.4  cm−1 for C-H stretch-
ing, and 1466.9  cm−1 for twisting vibrations of C-H bending 

[15, 45, 46]. The characteristic C-H Stretching (Alkyl chain 
 CH3 and  CH2 stretching) of CHEMS can be seen between 
2950–2850  cm−1 [48]. The absence of the characteristic 
PTX peak at 2935  cm−1 with the decrease and shift of peak 
at 1707.7  cm−1 demonstrates good encapsulation of PTX in 
PEG-SpH liposomes [49].

Surface Morphology Studies

The TEM images presented in Fig. 2 depict PTX-loaded 
PEG-SpH liposomes, showcasing their stability and struc-
tural integrity. These images highlight the vesicles' spherical 
morphology, indicating the absence of fusion or aggregation 
[50]. Such stability is essential for long-term performance, 
ensuring controlled drug release kinetics and prolonged 
circulation within biological systems [51]. Moreover, the 
size of liposome particles is critical in drug delivery, affect-
ing permeability and retention. Studies have shown that 
liposomes ranging between 100 and 400 nm enhance reten-
tion and permeation, with particles smaller than 200 nm 
experiencing minimal clearance [52]. Notably, liposomes 
produced in our study fall within the size range of approxi-
mately 180–200 nm, aligning with the optimal range for 
improved blood circulation, penetration, and accumulation 
recommended for intravenous administration [53, 54].

Particle Size and Zeta Potential Analysis

This study examined the particle size and zeta potential of 
two distinct liposome formulations: PTX-loaded liposomes 
and PTX-loaded PEG-SpH liposomes. The summarized 
findings are presented in Table I. The PTX-loaded liposomes 
demonstrated a mean particle size of 185.46 ± 1.51 nm, 

Fig. 1  ATR-FTIR spectra of a PTX, b Leciva S-90, c Leciva S-90, d Leciva S-90, e mPEG-PCL, f PTX-loaded PEG-SpH liposomes
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accompanied by a low PDI of 0.17 ± 0.38. Furthermore, 
the zeta potential of PTX-loaded liposomes was meas-
ured at -28.91 ± 0.49 mV. Conversely, PTX-loaded PEG-
SpH liposomes exhibited a slightly larger mean particle 
size of 199.25 ± 1.64 nm, with a marginally higher PDI 
of 0.20 ± 0.75. Notably, the zeta potential of PTX-loaded 
PEG-SpH liposomes was more negative compared to that 
of PTX-loaded liposomes, with a value of -36.94 ± 0.32 mV. 
The particle size of liposomes is a critical determinant 
affecting their pharmacokinetics and biodistribution, with 
smaller sizes typically favored for enhanced cellular uptake 
and tissue penetration [55]. The slight increase in particle 
size observed in PTX-loaded PEG-SpH liposomes may be 
attributed to PEGylation, provided by mPEG-PCL moiety, 
potentially resulting in augmented steric hindrance and con-
sequently larger liposomes. Furthermore, the zeta potential 
of liposomes reflects their surface charge, crucial for stabil-
ity and interaction with biological systems. The high nega-
tive zeta potential seen in PTX-loaded PEG-SpH liposomes, 
compared to PTX-loaded liposomes, could again be due to 
the presence of mPEG-PCL, facilitating increased repulsive 
forces between particles, and thereby enhancing stability.

Effect of pH on Particle Size and Zeta Potential

The effect of pH on the particle size and zeta potential 
of PTX-loaded liposomes and PTX-loaded PEG-SpH 
liposomes was investigated to understand the influence 
of pH on the stability and surface charge of the liposo-
mal formulations. At physiological pH (7.4), PTX-loaded 

PEG-SpH liposomes demonstrated a particle size of 
199.25 nm, compared to PTX-loaded liposomes with a 
particle size of 185.46 nm (Fig. 3a). This difference can 
be attributed to the surface modification with PEG-SpH, 
which enhances colloidal stability and mitigates particle 
aggregation. The presence of PEG chains on the liposome 
surface creates steric hindrance, preventing particle inter-
actions and maintaining a smaller particle size [56]. How-
ever, as the pH decreases (at pH 5.5 and 4.4), a significant 
increase (p-value < 0.001 at pH 4.4 and p-value < 0.01 
at pH 5.5) in the particle size of PTX-loaded PEG-SpH 
liposomes was observed. This pH-dependent increase in 
particle size suggests the influence of pH-sensitive prop-
erties conferred by the incorporation of pH-responsive 
moieties, such as CHEMS, in our liposomal formulation. 
The CHEMS likely undergo conformational changes or 
structural alterations in response to acidic pH, leading to 
particle swelling or fusion, and consequently, an increase 
in particle size [57, 58]. As the pH decreased from 7.4 
to 4.5, there was a decrease in zeta potential values for 
PTX-loaded liposomes. This decrease in the zeta poten-
tial implies a transition towards a more positive surface 
charge, potentially arising from the protonation of neg-
atively charged groups on the liposome surface under 
acidic conditions [59] (Fig. 3b). Conversely, PTX-loaded 
PEG-SpH liposomes demonstrated distinct pH-dependent 
characteristics. At pH 7.4, these liposomes exhibited a 
significantly more negative zeta potential of -36.94 mV 
compared to PTX-loaded liposomes, which showed a 
zeta potential of -28.91 mV, indicating effective surface 

Fig. 2  Transmission electron 
microscopy (TEM) images of 
a, b PTX-loaded PEG-SpH 
liposomes. The scale bar repre-
sents 200 nm

Table I  Characterization of Particle Size, Polydispersity Index (PDI), Zeta Potential, Encapsulation Efficiency, and Drug Loading Capacity for 
PTX-Loaded Liposomes and PEG-SpH Liposomes

Liposome formulation Particle size (nm) Polydispersity 
index (PDI)

Zeta potential (mV) Encapsulation effi-
ciency (%w/w)

Drug loading capacity
(%w/w)

PTX-loaded liposomes 185.46 ± 1.51 0.17 ± 0.38 -28.91 ± 0.49 86.93 ± 0.73 4.34 ± 0.17
PTX-loaded PEG-SpH liposomes 199.25 ± 1.64 0.20 ± 0.75 -36.94 ± 0.32 84.57 ± 0.92 4.12 ± 0.26
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modification with PEG-SpH [16]. The incorporation of 
PEG-SpH likely introduced additional negatively charged 
groups on the liposome surface, leading to the observed 
increase in negative zeta potential. Interestingly, as the 
pH decreased, PTX-loaded PEG-SpH liposomes showed a 
gradual shift towards positive zeta potential values, even-
tually becoming positive with a zeta potential value of 
32.70 mV at pH 4.5. This change in zeta potential direc-
tionality suggests a dynamic response to acidic pH condi-
tions, possibly due to the protonation or alteration of pH-
sensitive components within the liposomal membrane [60] 
and leading to the breakage of the bond between mPEG-
PCL and Leciva S-90. The incorporation of CHEMS in our 
formulation was intended to impart pH sensitivity, allow-
ing for a tailored response to acidic environments typical 
of tumor microenvironments.

Encapsulation Efficiency and Drug Loading Capacity

For PTX-loaded liposomes, the encapsulation efficiency 
was measured to be 86.93 ± 0.73% w/w, while the drug 
loading capacity was determined to be 4.34 ± 0.17% w/w. 
Conversely, PTX-loaded PEG-SpH liposomes exhib-
ited slightly lower values for both encapsulation effi-
ciency (84.57 ± 0.92% w/w) and drug loading capacity 
(4.12 ± 0.26% w/w) (Table I). High encapsulation efficiency 
in PTX-loaded liposomes and PTX-loaded PEG-SpH 
liposomes suggests effective PTX entrapment. Yet, the 
marginal decrease in efficiency in PEG-SpH liposomes may 
arise from interactions between PTX and PEGylated lipids, 
influencing lipid packing and PTX distribution within the 
liposomal carriers. Additionally, the role of Leciva S-90 
concentration and cholesterol in influencing lipid bilayer 

Fig. 3  pH-Dependent Change 
in a Particle Size and b Zeta 
Potential of PTX-Loaded 
PEG-SpH Liposomes. Data 
Represented as Mean ± SD 
(n = 3). (*** p-value < 0.001, ** 
p-value < 0.01 when Compared 
with PTX-Loaded Liposomes)
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packing and drug encapsulation should be considered for 
improved formulation strategies.

In‑vitro Drug Release Studies and Kinetic Modeling

In this study, the release profiles of PTX from three dif-
ferent formulations, PTX-solution, PTX-loaded liposomes, 
and PTX-loaded PEG-SpH liposomes, were evaluated under 
conditions mimicking physiological pH (7.4) and endoso-
mal pH (5.5) as illustrated in Fig. 4. Firstly, for the PTX-
solution, at pH 7.4, the release profile demonstrated rapid 
release, with 44.51% released within the first 1 h, escalat-
ing to 93.66% by the end of 8 h. Similarly, at pH 5.5, PTX 
release commenced rapidly, with 49.77% released within 
1 h, and reaching 96.86% release at 8 h. The slightly higher 
release of PTX observed at pH 5.5 compared to pH 7.4 
can be attributed to the acidic environment enhancing the 
solubility of PTX, resulting in increased PTX dissolution. 
For PTX-loaded liposomes, distinct release profiles were 
observed at pH 7.4 and pH 5.5, reflecting differences in drug 
release kinetics influenced by the surrounding pH environ-
ment. At pH 7.4, PTX release from liposomes was relatively 
slower, with 10.77% released within the first 15 min, gradu-
ally escalating to 79.36% release by 24 h. In contrast, at pH 
5.5, PTX release commenced more rapidly, with 11.36% 
released within the initial 15 min, reaching 92.95% release 
by 36 h. Similar to the PTX solution, in the acidic pH (5.5), 
the liposomal membrane underwent structural changes or 
destabilization, leading to slightly higher release in com-
parison with pH 7.4 [25, 61]. For PTX-loaded PEG-SpH 
liposomes, the release profiles exhibited distinct patterns, 
showcasing the pH-responsive behavior of the formulation 
influenced by the presence of CHEMS. At pH 7.4, PTX 

release from PEG-SpH liposomes was relatively slower, 
with 33.61% released by the 30 min. The slower release of 
PTX from PEG-SpH liposomes at pH 7.4 can be attributed 
to the stabilized liposomal membrane at physiological pH, 
facilitated by the presence of deprotonated CHEMS that 
self-assembles into the lipid bilayers [62] and mPEG-PCL 
moiety [63], resulting in controlled drug release kinet-
ics. Conversely, at pH 5.5, PTX release commenced more 
rapidly, with approximately half (52.62%) released within 
30 min, and reaching 96.64% release by 36 h. The observed 
differences in release kinetics between pH 7.4 and 5.5 can 
be attributed to the pH-responsive properties conferred by 
CHEMS in the liposomal formulation. Under a physiologi-
cal pH of 7.4, liposomes maintain their structural integrity 
owing to their negatively charged surface in the bloodstream. 
However, in the acidic tumor microenvironment pH (5.5), 
lipid protonation occurs, destabilizing the liposomes and 
thereby leading to accelerated drug release rates [64, 65]. 
CHEMS, with a carboxylic acid pK value of 5.8, ionizes 
at pH above 6, stabilizing lipid bilayers [66]. Conversely, 
below the pK value, acidic group deionization destabilizes 
the bilayer, resulting in increased drug release [67]. This 
smart behavior is attributed to CHEMS's ability to alter its 
molecular conformation and interact differently at various 
pH levels. In a similar study, Shah et al., 2022 formulated 
pH-sensitive liposomes using CHEMS to deliver an antican-
cer drug with a particle size of less than 200 nm. The use 
of CHEMS demonstrated tumor-responsive release, lead-
ing to enhanced cytotoxicity and cellular internalization of 
cisplatin [68].

The release kinetics of PTX-loaded liposomes and PTX-
loaded PEG-SpH liposomes in pH 5.5 and 7.4 are summa-
rized in Table II. At pH 5.5, both PTX-loaded liposomes 

Fig. 4  In-vitro release behavior 
of PTX from PTX-loaded 
liposomes and PTX-loaded 
PEG-SpH liposomes evaluated 
under conditions mimick-
ing physiological pH (7.4) 
and tumor acid environment 
pH (5.5). Data represented as 
mean ± SD (n = 3)



 AAPS PharmSciTech          (2024) 25:216   216  Page 10 of 16

and PTX-loaded PEG-SpH liposomes exhibited first-order 
release kinetics with  r2 values of 0.9904 and 0.9964 respec-
tively (Fig. 5a and c). This suggests that the release of PTX 
from these formulations followed a process where the drug 
release rate is directly proportional to the amount of drug 
remaining in the liposomes [69]. This could be attributed to 
the pH-sensitive nature of the formulations, which facilitates 
drug release under acidic conditions mimicking the tumor 
microenvironment. However, at pH 7.4, the release kinetics 
diverged between the two formulations. While PTX-loaded 
liposomes continued to follow first-order release kinetics  (r2 
value of 0.9945) (Fig. 5b), PTX-loaded PEG-SpH liposomes 
exhibited zero-order release kinetics  (r2 value of 0.9901) 

(Fig. 5d). Zero-order release implies a constant rate of drug 
release over time, regardless of the remaining drug concen-
tration within the liposomes [70]. This unexpected behav-
ior could be attributed to the altered stability or swelling 
properties of the PEG-SpH liposomes under physiological 
pH conditions, with CHEMS ionizing at high pH proving 
stability leading to a more controlled and sustained release 
of PTX. The inclusion of mPEG-PCL in our formulation is 
also particularly noteworthy, as it could contribute to achiev-
ing zero-order release. By providing steric stabilization and 
gradual degradation of the liposomal structure, mPEG-
PCL could facilitate the controlled and sustained release of 
PTX [71]. As per Korsmeyer Peppas fittings, PTX-loaded 

Table II  Summary of Release 
Kinetics of PTX from PTX-
Loaded Liposomes and PTX-
Loaded PEG-SpH Liposomes 
in pH 5.5 and 7.4 According to 
Different Kinetic Models

Liposome formulation Correlation coefficient  (r2) value of kinetic models

Zero-order First order Higuchi Korsmeyer-Peppas

PTX-loaded liposomes (pH 5.5) 0.8747 0.9904 0.9846 0.9898,
n value = 0.365

PTX-loaded liposomes (pH 7.4) 0.8945 0.9945 0.9869 0.9879,
n value = 0.384

PTX-loaded PEG-SpH liposomes (pH 5.5) 0.8226 0.9964 0.9657 0.9851,
n value = 0.353

PTX-loaded PEG-SpH liposomes (pH 7.4) 0.9901 0.8711 0.9785 0.9699,
n value = 0.504

Fig. 5  In-vitro release kinetic 
models fittings: First order 
release kinetics by a PTX-
loaded liposomes at pH 5.5, 
b PTX-loaded PEG-SpH 
liposomes at pH 5.5, c PTX-
loaded liposomes at pH 7.4 
and d) PTX-loaded PEG-SpH 
liposomes at pH 7.4



AAPS PharmSciTech          (2024) 25:216  Page 11 of 16   216 

liposomes at pH 5.5 and 7.4, as well as PTX-loaded PEG-
SpH liposomes at pH 5.5 followed the Fickian diffusion-con-
trolled release (≤ 0.45) mechanism with Korsmeyer-Peppas 
exponent (n value) of 0.365, 0.384, and 0.353 respectively 
[72]. However, PTX-loaded PEG-SpH liposomes at pH 7.4 
displayed a non-Fickian (anomalous) release behavior, with 
an n value of 0.504 [16]. This behavior could be attributed 
to the liposomal structure's swelling, erosion, and polymer 
relaxation, compounded by complex PTX-liposome interac-
tions and hydrodynamic conditions. Additionally, the pres-
ence of mPEG-PCL further influences release kinetics by 
providing steric stabilization and gradual degradation of the 
liposomal structure.

Quantitative Cellular Uptake Studies on MCF‑7 Breast 
Cancer Cell Line

The quantitative cellular uptake studies were conducted 
on the MCF-7 breast cancer cell line to assess the uptake 
efficiency of different formulations: PTX-solution, PTX-
loaded liposomes, and PTX-loaded PEG-SpH liposomes. 
The fluorescence units obtained for PTX-solution, PTX-
loaded liposomes, and PTX-loaded PEG-SpH liposomes 
were 7832.36 ± 742.88, 23,894.78 ± 1257.91, and 
57,364.46 ± 1347.11, respectively as shown in Fig. 6. These 
results indicate a significant increase (p-value < 0.001) in 
cellular uptake of PTX when delivered via liposomal for-
mulations compared to PTX-solution alone. Notably, PTX-
loaded PEG-SpH liposomes exhibited the highest cellular 
uptake, with fluorescence units more than seven times 
greater than PTX-loaded liposomes and over twenty times 
greater than PTX-solution. The enhanced uptake efficiency 
observed with liposomal formulations in comparison to 
PTX-solution can be attributed to several factors. Liposomes 
primarily function as a versatile delivery system, protecting 
PTX from degradation while aiding its targeted delivery to 
cancer cells [73]. The lipid bilayer structure of liposomes 

allows them to merge with cellular membranes via endocy-
tosis, facilitating direct transfer of PTX into the cytoplasm 
[64]. This method of cellular uptake is more effective com-
pared to the passive diffusion seen with free drugs, such as 
PTX solution, crossing the cell membrane. Additionally, the 
inclusion of mPEG-PCL in liposomal formulations extends 
their circulation time in the bloodstream by decreasing 
recognition and clearance by the reticuloendothelial sys-
tem (RES) [29, 74]. This extended exposure of liposomes 
to cancer cells enhances the likelihood of cellular uptake. 
Additionally, the modification with mPEG-PCL improves 
the stability of liposomes and enhances their accumulation 
in tumor tissues via the enhanced permeability and retention 
(EPR) effect, further boosting cellular uptake efficiency [71]. 
Furthermore, CHEMS plays a critical role in enhancing cel-
lular uptake through pH-sensitive mechanisms. In the acidic 
pH environment typical of the tumor microenvironment (pH 
5.5), CHEMS undergoes ionization, leading to the desta-
bilization of the liposomal membrane [67] and facilitating 
the release of encapsulated PTX within cancer cells. This 
pH-triggered release mechanism enhances the cytotoxic 
effects of liposomal formulations specifically in the tumor 
microenvironment, while minimizing off-target effects on 
healthy tissues [75].

In‑vitro Cytotoxicity Studies on MCF‑7 Breast Cancer Cell 
Line

The cytotoxicity of PTX-loaded liposomes and PTX-loaded 
PEG-SpH liposomes, compared to PTX-solution, was 
evaluated on the MCF-7 breast cancer cell line after 24 h, 
48 h, and 72 h of incubation. The graphical plots of % cell 
viability and  IC50 values for formulated liposome formula-
tion are represented in Fig. 7. After 24 h, dose-dependent 
decreases in cell viability were observed for all formula-
tions. Notably, both PTX-loaded liposomes and PTX-loaded 
PEG-SpH liposomes exhibited greater cytotoxic effects 

Fig. 6  Quantitative cellular 
uptake studies on MCF-7 cells. 
Cell lysate Ex/Em 490/525 nm. 
Data represented as mean ± SD 
(n = 3). (*** p-value < 0.001 
when compared with PTX-
solution)
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compared to PTX-solution. At the highest concentration 
(50 µM), PTX-solution resulted in 34.67% cell viability, 
while PTX-loaded liposomes and PTX-loaded PEG-SpH 
liposomes achieved 30.28% and 15.14%, respectively 
(Fig.  7a). Furthermore, a significantly improved cyto-
toxic effect was demonstrated by PTX-loaded liposomes 
and PTX-loaded PEG-SpH liposomes, supported by  IC50 
values of 3.594 and 1.699 µM respectively in comparison 
to PTX-solution (p-value < 0.001) (Fig.  7d). Similarly, 
after 48 h, PTX-solution resulted in 29.31% cell viability, 
while PTX-loaded liposomes and PTX-loaded PEG-SpH 
liposomes achieved 22.03% and 11.52%, respectively at 
the 50 µM concentration (Fig. 7b). The  IC50 values were 
also significantly better (p-value < 0.001) for PTX-loaded 
liposomes and PTX-loaded PEG-SpH liposomes at 3.171 
and 1.398 µM respectively (Fig. 7d). Lastly, after 72 h, PTX-
loaded liposomes and PTX-loaded PEG-SpH liposomes 
achieved 12.66% and 5.38% cell viability, respectively, at 
the 50 µM concentration (Fig. 7c). The  IC50 values were 
also significantly better (p-value < 0.001) for PTX-loaded 
liposomes and PTX-loaded PEG-SpH liposomes at 2.729 
and 1.107 µM, respectively (Fig. 7d). These results indicate 
the sustained and potent cytotoxic effects of both liposo-
mal formulations over an extended incubation period, fur-
ther highlighting their potential for breast cancer therapy. 
Overall, the synergistic effects of CHEMS and mPEG-PCL 
contributed to the enhanced cellular uptake and intracellular 

drug delivery, thereby improving the cytotoxicity of PTX-
loaded PEG-SpH liposomes against MCF-7 breast cancer 
cells.

Stability Studies

The stability of PTX-loaded PEG-SpH liposomes 
was evaluated based on changes in particle size, PDI, 
zeta potential, and encapsulation efficiency over the 
4 weeks. At 4°C, particle size increased from 199.25 nm 
to 219.51 nm by week 4. Similarly, at 25°C, size rose 
from 199.25 nm to 211.2 nm, while at 37°C, it reached 
223.58 nm as seen in Fig. 8(a). Despite temperature vari-
ations, changes remained modest, indicating overall stabil-
ity. These findings suggest temperature influences particle 
growth, with higher temperatures accelerating this process 
[76]. However, the formulation demonstrated resilience, 
maintaining particle integrity across varying storage con-
ditions. For zeta potential, at 4°C, the initial value was 
-36.94 mV, decreasing to -29.47 mV by week 4. Similarly, 
at 25°C, it decreased from -36.94 mV to -28.71 mV over 
the same period, while at 37°C, it showed a more sig-
nificant decrease from -36.94 mV to -13.47 mV as seen 
in Fig.  8(b). These fluctuations indicate temperature-
dependent changes in zeta potential, with higher tem-
peratures causing more pronounced decreases. However, 
conventional storage conditions typically do not include 

Fig. 7  % cell viability of 
MCF-7 breast cancer cells after 
treatment with PTX-loaded 
liposomes and PTX-loaded 
PEG-SpH liposomes at a 24 h, 
b 48 h, and c 72 h as well as 
d summarized  IC50 values. 
Data represented as mean ± SD 
(n = 6). (*** p-value < 0.001 
when compared with PTX-
solution)
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temperatures as high as 37°C. Therefore, the observed 
changes in zeta potential at this elevated temperature may 
not reflect typical storage conditions but rather provide 
insight into extreme temperature effects. For encapsula-
tion efficiency, at 4°C, the initial value was 84.57% w/w, 
gradually decreasing to 77.42% w/w by week 4. Similarly, 
at 25°C, it decreased from 84.57% w/w to 74.29% w/w 
over the same period, while at 37°C, it showed a more 
significant decrease from 84.57% w/w to 70.18% w/w as 
observed in Fig. 8(c). These trends suggest temperature-
dependent changes in encapsulation efficiency, with higher 
temperatures leading to more pronounced decreases. The 
stability observed at lower temperatures, such as 4°C 
and 25°C, with relatively minor decreases in encapsu-
lation efficiency, can be attributed to the slower rates of 
molecular mobility and degradation processes at these 
cooler temperatures [77]. At lower temperatures, there 
is a decrease in molecular mobility, leading to the lipo-
somal structure probably remaining more intact, thereby 
preserving the encapsulated drug within the vesicles for an 
extended period and preventing drug leakage or degrada-
tion. Conversely, higher temperatures, like 37°C, heighten 
molecular motion and thermal energy, potentially resulting 
in more significant disturbances in the liposomal structure 
[78]. This increased thermal energy can destabilize the 
lipid bilayer, resulting in increased drug leakage or deg-
radation from the liposomes. As a result, at higher tem-
peratures, the drug's encapsulation efficiency decreases 
more rapidly due to the elevated chance of drug release or 
degradation from the liposomal carrier.

Conclusion

In conclusion, this study successfully formulated PTX-
loaded PEGylated pH-sensitive liposomes, demonstrating 
their potential as efficient drug delivery systems for breast 
cancer treatment. Notably, the pH-sensitive properties were 
evident, with liposomes exhibiting size variations and zeta 
potential shifts in response to acidic conditions, enhanc-
ing drug release at tumor sites while maintaining stabil-
ity in physiological environments. At pH 5.5, liposomes 
showed increased particle size and a shift towards positive 
zeta potential due to the CHEMS response to acidic condi-
tions. On the other hand, at pH 7.4, a slightly larger size 
(199.25 nm) and more negative zeta potential (-36.94 mV) 
were observed. Quantitative cellular uptake studies dem-
onstrated enhanced PTX internalization, with fluorescence 
units of 57,364.46 obtained for PTX-loaded PEG-SpH 
liposomes, highlighting the role of mPEG-PCL in prolong-
ing circulation time and CHEMS in facilitating drug release 
within the tumor microenvironment. Moreover, PTX-loaded 
PEG-SpH liposomes exhibited significantly improved cyto-
toxicity against MCF-7 breast cancer cells compared to plain 
PTX-solution, with an  IC50 value of 1.107 µM, approxi-
mately 90% lower than plain PTX-solution, underscoring 
their potential for enhanced therapeutic outcomes. Stability 
studies further confirmed the robustness of the liposomal 
formulation under various storage conditions, emphasiz-
ing their suitability for clinical applications. Overall, these 
findings show the promise of PEGylated pH-responsive 
liposomes as versatile nanocarriers for optimizing PTX 

Fig. 8  Influence of storage 
temperature on a Particle size, b 
Zeta potential, and c Encapsula-
tion efficiency of PTX-loaded 
PEG-SpH liposomes. The lipo-
some formulations were stored 
at 4, 25, and 37°C for 4 weeks. 
Data represented as mean ± SD 
(n = 3)
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therapy against breast cancer, offering targeted drug deliv-
ery, enhanced cellular uptake, and improved cytotoxicity. 
Further research is warranted to explore their clinical trans-
lation and potential combination therapies for improved effi-
cacy and patient outcomes in breast cancer treatment.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1208/ s12249- 024- 02930-7.
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