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and sodium dodecyl sulfate for enhanced curcumin encapsulation
and sustained delivery

Aysegul Yargic®!, Fatemeh Bahadori®?, Muge Sennaroglu Bostan®! and
Mehmet S. Eroglu®®*

'Marmara University, Engineering Faculty, Department of Chemical Engineering, Aydinevler Maltepe, Istanbul 34854, Tiirkiye
Istanbul University-Cerrahpasa, Faculty of Pharmacy, Department of Analytical Chemistry, Avcilar Campus, Istanbul 34500,
Tirkiye

*Department of Metallurgical and Materials Engineering, Technology Faculty, Marmara University, Aydinevler, Maltepe,

Istanbul 34854, Tirkiye
I:I Read Online

Abstract: Developing stable, efficient nanocarriers for hydrophobic anticancer agents remains a major challenge
in pharmaceutical nanotechnology. In this study, we engineered a novel ion-pair amphiphile through electrostatic
complexation between zwitterionic phosphatidylcholine and the anionic surfactant sodium dodecyl sulfate (SDS),
forming a phosphatidylcholine-SDS (P-SDS) ionic complex with enhanced hydrophobicity and self-assembly capa-
bility. The resulting hybrid amphiphile was further stabilized with Tween-80 and formulated into nanoscale micellar
structures to encapsulate curcumin. 'H-NMR and FT-IR spectroscopy confirmed the formation of the P-SDS ionic
complex, while DSC analysis showed the disappearance of crystalline curcumin, indicating successful amorphous
dispersion within the micellar core. Fluorescence spectroscopy revealed a low critical micelle concentration (CMC)
of 3.1 x 10~* M, suggesting favorable thermodynamic stability of the self-assembled system. Dynamic light scattering
measurements showed an average particle size of approximately 239 nM with a strongly negative zeta potential ranging
from -37 to —44 mV, indicating good colloidal stability. The optimized formulation achieved 19% drug loading with
an encapsulation efficiency of 39.8%. In vitro release studies showed a biphasic release profile: an initial moderate
burst followed by sustained curcumin release over 72 h. Morphological analyses using ESEM and TEM confirmed the
formation of spherical nanoscale assemblies with relatively uniform morphology. The developed P-SDS nanoassembly is
a simple, scalable, and biocompatible platform for delivering hydrophobic therapeutic agents. The ion-pair engineering
strategy proposed in this work provides a versatile approach to tuning amphiphilicity, self-assembly behavior, and
drug-loading capacity in lipid-based nanocarriers, with potential applicability for passive tumor targeting through the
enhanced permeability and retention (EPR) effect.

Cite This: Org. Commun. 2026, 19(4), e26083994

Keywords: Curcumin, lecithin, phosphatidylcholine, nano-formulation, ionic complex

1 Introduction

Nanoparticle-based drug delivery systems have transformed
modern chemotherapy by improving pharmacokinetics,
enhancing bioavailability, and reducing systemic toxicity.
Despite extensive progress, clinical translation of many
nanocarriers remains limited because of challenges such
as insufficient drug loading, poor structural stability, and
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complex fabrication processes.'~ Therefore, designing sim-
ple, biocompatible, and highly efficient delivery platforms
remains a critical research priority in pharmaceutical
nanotechnology.

A major limitation in anticancer therapy is the inher-
ently poor aqueous solubility of many chemotherapeutic
agents, which leads to low bioavailability and rapid sys-
temic clearance. Hydrophobic drugs typically exist in
crystalline form, which further restricts their dissolution
in physiological media. To address this issue, amphiphilic
nanostructures such as micelles and lipid-based carriers
have been widely investigated because they can encapsu-
late hydrophobic molecules within their hydrophobic cores,
enhancing solubility and enabling sustained release profiles.
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In addition, these nanosystems may improve tumor accu-
mulation through the enhanced permeability and retention
(EPR) effect, a widely exploited mechanism for passive tar-
geting of solid tumors.*~

Phosphatidylcholine, a naturally occurring zwitterionic
phospholipid and a major component of biological mem-
branes, has been widely used in drug delivery applications
because of its excellent biocompatibility, biodegradabil-
ity, and regulatory acceptance.’~® Its amphiphilic structure
enables spontaneous assembly into vesicular and micellar
systems, making it a suitable candidate for drug carrier
design.”~'? However, its structural limitations often restrict
drug-loading capacity and physicochemical stability in com-
plex biological environments.

To overcome these limitations, researchers have explored
surfactant-assisted modification strategies. Sodium dodecyl
sulfate (SDS), an anionic surfactant widely used in pharma-
ceutical formulations, enhances solubility, stabilizes colloidal
systems, and promotes micelle formation. Moreover, SDS
can modulate membrane permeability, which may improve
intracellular delivery of encapsulated agents. Despite these
advantages, combining phospholipids and ionic surfactants
to construct stable drug carriers remains underexplored.'*~!°

Curcumin (Cur), a hydrophobic polyphenolic compound
derived from Curcuma longa, has attracted considerable
attention due to its broad spectrum of biological activi-
ties, including anticancer, anti-inflammatory, antioxidant,
and antimicrobial effects. However, poor aqueous solubility,
low systemic bioavailability, and rapid metabolic degradation
under physiological conditions severely restrict its clini-
cal application.'®"!® Previous studies have shown that Cur
decomposes rapidly in physiological buffers, further limiting
its therapeutic efficacy. Consequently, developing efficient
delivery systems that protect Cur from degradation while
enhancing its solubility and stability is important.!”~** Cur is
a compound classified as “Generally Recognized as Safe” by
the Food and Drug Administration (FDA).>>?

Therefore, an efficient delivery system is needed to pro-
tect Cur from degradation while enhancing its solubility
and bioavailability.?>*® Hence, Oetari et al. (1996) and Pan,
Huang et al. (1999) found that over 90% of Cur decomposes
in phosphate buffer solution (PBS, pH 7.4).2>% Delivering
Cur to the specific site of cancer cells with a protective carrier
system is necessary to increase bioavailability and prevent
physiological degradation.

In the present study, we report the development of a novel
phosphatidylcholine-sodium dodecyl sulfate ionic complex
(P-SDS) formed via ion-pair interaction. This system gener-
ates a structurally stable amphiphilic assembly with enhanced
hydrophobicity and improved drug-loading capacity. The
P-SDS complex was further formulated into nano-micelles
using Tween-80 as a stabilizing agent and employed for
Cur encapsulation. It is noteworthy that, all chemicals
used in the formulation are FDA-approved.”” We systemati-
cally investigated the physicochemical properties, structural
characteristics, and drug-release behavior of the resulting
nanoformulation to evaluate its potential as a biocompatible
and efficient anticancer drug-delivery platform.

2

2 Experimental
2.1 Materials

L-a-Phosphatidylcholine derived from soybean lecithin
(CAS No: 8002-43-5, GPR grade) was purchased from VMR
Prolabo (Leuven, Belgium). Sodium dodecyl sulfate (SDS,
>98% purity, CAS No: 151-21-3) was obtained from Fisher
BioReagents (China). Cur (>95% purity, CAS No: 458-37-7),
Tween 80 (polyoxyethylene sorbitan monooleate, CAS No:
9005-65-6), and pyrene (CAS No: 129-00-0) were purchased
from Sigma-Aldrich (USA). Dichloromethane (DCM, ana-
lytical grade, CAS No: 75-09-2) and all other solvents were
obtained from Merck (Germany). Phosphate-buffered saline
(PBS, pH 7.4) was prepared from commercial tablets contain-
ing NaCl (0.137 M), KCl (0.0027 M), and phosphate buffer
(0.01 M). All reagents were used without further purification.

2.2 Instrumentation

Nuclear magnetic resonance (‘H NMR) characterization of
SDS, Phosphatidylcholine, and the P-SDS complex was per-
formed using a Varian 600 MHz NMR instrument at room
temperature. The 'H NMR spectra of phosphatidylcholine
and the P-SDS complex were recorded in CDCl;, while that
of SDS was recorded in D,O. Proton chemical shifts were
recorded in ppm downfield from tetramethylsilane (TMS).
We recorded phosphatidylcholine and P-SDS complex spec-
tra using a Thermo Nicolet 6700 Fourier transform infrared
(FT-IR) spectrophotometer equipped with Smart Orbit high-
performance diamond attenuated total reflectance (ATR)
accessories. To assess the compatibility of SDS, phosphatidyl-
choline, and Cur in bulk nano-micelles, differential scanning
calorimetry (DSC) was used. Measurements (4-6 mg of the
samples) were performed using a Perkin Elmer Jade DSC
instrument at a heating rate of 10°C/min under a dynamic
argon atmosphere with a 200 mL/min flow rate. The data
were processed using Pyris software. The compositional anal-
yses of the nano-structured P-SDS micelles and the P-SDS
ionic complex in bulk form were performed using the ther-
mal gravimetric analysis (TGA) technique. Measurements
were conducted using a Seiko EXSTAR TG/DTA 7300 model
thermal analyzer under a dynamic nitrogen atmosphere
(200 mL/min flow rate) at 10°C/min heating rate. Approxi-
mately 5 mg of the samples were used in each measurement.
Before each measurement, the samples were pre-heated to
110°C to remove water and solvent, and then TGA thermo-
grams were recorded.

Cur release from nano-micelles formed by the SDS-
phosphatidylcholine complexes was determined using an
Agilent Technologies Cary-60 UV-VIS spectrophotometer.
Spectra were recorded between 200-800 nM at 25°C. The
Cur release was followed at predetermined time intervals.
The measurements were performed at regular time inter-
vals with 3.0 mL of samples. The Cur release profile of
the nano-micelles was determined from the UV-Vis cal-
ibration curve. Scanning electron microscopy images of
the Cur-loaded micelles were obtained using HITACHI
5000 VP-FEG-SEM&EDS, installed with Schottky Gun and
DEBEN-TEM detector.
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Environmental SEM images (ESEM) of the nano-micelles
were recorded in a wet environment using the QX-102 imag-
ing capsule. Before recording the SEM images, the inner
surface of the imaging capsule was coated with a positively
charged poly-l-lysine to fix the negatively charged nano-
micelles on the coated surface.l5 puL of QX-102 Imaging
Buffer was added before imaging to minimize potential dam-
age to the NP surface by the electron beam, and 15 uL of
QX-102 Imaging Buffer was added before imaging. ESEM
images were recorded at 30 kV acceleration voltage with 50K
and 90K magnifications. Transmission electron microscopy
(TEM) was also used to image the nano-micelles. Before
taking the TEM images, a drop of aqueous nano-micelle
dispersion was applied on a carbon-coated Cu TEM grid (300
mesh) and waited 30 minutes to dry at room temperature.
TEM images were recorded at 30 kV acceleration voltage
with 18K and 50K magnification. Average particle size, par-
ticle size distribution, and zeta potential value of the Cur
loaded nano-structured micelles (Cur-P-SDS) were deter-
mined using Zetasizer Nano-ZSP (Malvern Instruments,
UK) model dynamic light scattering (DLS) instrument with
a laser diode illuminated light scattering sensor at 25°C.
Before measurements, samples were kept at room tempera-
ture for 24 hours. Five measurements were averaged for each
sample, and particle size distribution was presented as inten-
sity (percent). The fluorescence measurements determined
critical micelle concentration (CMC) using an FS2 model
fluorescence spectrophotometer (Scinco) with FloroMaster
FS-2 software. Pyrene was used as a fluorescent probe. A
Biosan ES-20F model orbital shaker-incubator was used for
release studies. The samples were shaken at 37°C, 100 rpm in
a thermostatically controlled incubator.

2.3 Preparation of Phosphatidylcholine-SDS lonic
Complex (P-SDS)
The phosphatidylcholine-SDS (P-SDS) ionic complex was
prepared via ion-pair self-assembly. Briefly, phosphatidyl-
choline (0.2 M) and SDS (0.2 M) were mixed in water
and heated to 80°C until a clear dispersion was obtained.
After cooling to room temperature, the mixture was vor-
texed for 30 min to promote electrostatic interactions
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between the oppositely charged groups. The resulting mix-
ture was lyophilized at —60°C under vacuum to stabilize
the ionic complex. The dried product was extracted using
dichloromethane (DCM) to remove unbound components
and further dried in a vacuum oven at 30°C for 24 h. The
obtained yellowish creamy ionic P-SDS complex was charac-
terized using FT-IR and ' H-NMR spectroscopy and stored at
4°C until further use. The systematic formation of the P-SDS
ionic complex is given in Figure 1.

2.4 Determination of Critical Micelle Concentration
(CMQ)

The critical micelle concentration (CMC) of the P-SDS
complex was determined using pyrene as a hydropho-
bic fluorescent probe. Pyrene was dissolved in acetone
(6 x 1077 M), and equal volumes were distributed into test
tubes. The solvent was evaporated to form a thin pyrene
film at the bottom of each tube. P-SDS containing 0.2 M
phosphatidylcholine and 0.2 M SDS was prepared as men-
tioned above. After preparation of P-SDS, 30 serially diluted
solutions were subsequently obtained by two-fold dilution,
with the concentration reduced by half at each successive
dilution step in PBS (pH 7.4). These solutions were added
on the pre-dried Pyrene tubes followed by vortexing (2 min)
and sonication (5 min). After equilibration for 2 h at room
temperature, fluorescence emission spectra were recorded
at an excitation wavelength of 343 nM. Background fluo-
rescence was corrected by subtracting the spectrum of the
corresponding pyrene-free P-SDS solution measured under
identical instrumental conditions. The CMC was determined
from the breakpoint in the plot of the pyrene fluorescence
intensity ratio (I;/I3, 386 nM/360 nM) versus the logarithm
of P-SDS concentration.”®

2.5 Preparation of Cur-Loaded Nano-Micelles (Cur-P-
SDS)

Cur-loaded nano-micelles were prepared using a thin-film

hydration method. Cur (7 mg), P-SDS complex (93 mg), and

Tween 80 (0.05 mg) were dissolved in dichloromethane in

a round-bottom flask and stirred for 15 min until a clear

solution was obtained. The organic solvent was removed

g

)

Curcumin loaded
P-SDS micelle

-~

Curcumin loaded P-SDS complex

Figure 1. Schematic illustration of the phosphatidylcholine-SDS (P-SDS) ionic complex and Cur-P-SDS formation
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using rotary evaporation to form a thin lipid film. The film
was further dried under vacuum at 35°C overnight to ensure
complete solvent removal. Subsequently, PBS (pH 7.4, 30 mL)
was added, and the system was homogenized at 1000 rpm for
15 min to form a uniform nano-dispersion.

2.6 In Vitro Release Assay for Studying Drug-Retention/
De-Association

For in vitro release analysis, the freshly prepared Cur-P-
SDS dispersion containing 7.6% Cur was distributed equally
into 27 Eppendorf tubes (1 mL per tube), corresponding to
nine time points with triplicate samples. The samples were
incubated at 37°C under orbital shaking (100 rpm) for prede-
termined time intervals (1, 2, 4, 6, 8, 12, 24, 48, 72, 96,120 and
144 h). At each time point, one set of tubes was withdrawn
and centrifuged at 3000 rpm for 10 min to separate free Cur
precipitates from the micellar supernatant.’’ Because Cur
is practically insoluble in aqueous media, unencapsulated
drug was completely precipitated under these conditions.
An aliquot (100 uL) of the supernatant containing P-SDS
micelles was collected and diluted in 3.0 mL ethanol for
spectrophotometric analysis. Cur concentration was quanti-
fied by UV-Vis spectrophotometry at 425 nM. The amount
of released drug was calculated by subtracting the encap-
sulated fraction from the initial loading. Quantification was
performed using a calibration curve of Cur in ethanol, con-
structed over the concentration range of 0.001-0.007 mg/mL.
The calibration exhibited good linearity with a correlation
coefficient (R?) of 0.9912. Ethanol was used as the blank
reference for all measurements.

The in vitro Cur release data were fitted to four kinetic
models, including zero-order, first-order, Korsmeyer-
Peppas, and Hixson-Crowell models. The goodness of fit
for each model was evaluated based on the coefficient of
determination (R?), and the model exhibiting the highest R*
value was considered to best describe the release kinetics.>

2.7 Encapsulation Efficiency and Drug Loading

To evaluate the Cur encapsulation efficiency of the P-SDS
micellar system, a series of formulations containing differ-
ent Cur loadings (7.6%, 13%, 19%, 24.4%, 29.2%, and 33.3%
w/w relative to the dry weight of the L-DSD complex) were
prepared, each in triplicate (n = 3), following the procedure
described above.

Due to the negligible aqueous solubility of Cur, each for-
mulation was subjected to centrifugation at 3000 rpm for
10 min to separate non-encapsulated Cur aggregates from
the colloidal dispersion. The resulting supernatant (0.1 mL)
was subsequently diluted in 9 mL ethanol to induce complete
dissolution (“burst release”) of micelle-associated Cur. The
amount of encapsulated Cur was quantified using UV-Vis
spectrophotometry at 425 nM under ambient conditions. All
measurements were performed in triplicate, and the results
were reported as mean values. In addition to encapsula-
tion analysis, the average particle size distribution and zeta
potential of the P-SDS nano-micelles were determined using
dynamic light scattering (DLS) to assess colloidal stability

4

and surface charge behavior. The image of Cur-loaded P-SDS
dispersion is provided in supporting information (Figure S1).

Encapsulation efficiency (EE%) and drug loading capacity
(DL%) were determined using formulations with varying
Cur content.

e EE (%) = (Encapsulated drug/Total drug added) x 100
1)

e DL (%) = (Encapsulated drug/Total nanoparticle weight) x 100
)

2.8 Statistical Analysis

All experiments were conducted in triplicate (n = 3), and
results are presented as mean + standard deviation. Statistical
significance was evaluated using one-way ANOVA followed
by Tukey’s post hoc test (GraphPad Prism 5), with p < 0.05
considered significant.

3 Results and Discussion

3.1 Formation and Structural Confirmation of P-SDS
lonic Complex

The phosphatidylcholine-SDS (P-SDS) ionic complex was
successfully prepared via electrostatic ion-pair interaction
between the cationic trimethylammonium group of phos-
phatidylcholine and the anionic sulfate groups of SDS. This
interaction induced a structural rearrangement, resulting in a
hybrid amphiphilic architecture with enhanced hydrophobic
character compared to native phosphatidylcholine, thereby
enabling the design of a wide range of amphiphilic deriva-
tives.>"*? The prepared P-SDS ionic complex possessed a
single anonic head group and three hydrophobic lipid chains.
The structural arrangement is expected to enhance drug-
loading capacity and steric stability of phosphatidylcholine.

3.1.1 Spectral Analysis

FT-IR spectra provided evidence of ionic interaction. Shifts
and intensity variations in phosphate- and sulfate-associated
bands indicated strong intermolecular electrostatic inter-
actions. Collectively, spectroscopic results confirmed the
formation of a stable ion-paired amphiphilic structure rather
than a conventional blended system (Figure S2). Char-
acteristic absorption bands of phosphatidylcholine (C=O
1736 cm™', P-O-C 1050 cm™, 1620 cm™ C=C, 1211 cm™
PO,) and SDS (S=0, 1377 cm™!, C-O-S, 990 cm™!, and
1066 cm™!) are clearly observed. The presence of the char-
acteristic absorption bands of phosphatidylcholine and SDS
in the FT-IR spectrum indicates the P-SDS complex forma-
tion 303334

SDS is insoluble in DCM, while phosphatidylcholine is
highly soluble. Thus, the P-SDS ionic complex was iso-
lated by DCM extraction, and the 'H-NMR spectrum in
CDCl; was recorded (Figure 2). '"H NMR analysis con-
firmed the successful formation of the ionic complex, as
characteristic proton signals of both phosphatidylcholine
and SDS were simultaneously observed, indicating preser-
vation of molecular integrity’> Proton chemical shift of
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Figure 2. "H-NMR spectrum of P-SDS ionic complex in CDCl;
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phosphatidylcholine in CDCl; observed in ppm downfield
of TMS: 3.28 ppm (-C(CHj3)3), 5.22 ppm (-CH=CH-), 0.87
(-CH3); proton chemical shift of SDS: 3.78 ppm (-CH,-
0O-S0;-). 0.87 ppm (-CHj3). The phosphatidylcholine/SDS
ratio of the ionic complex was calculated to be nearly
1.0 from the integration values of the -CH,-SO; (SDS) at
3.78 ppm and the -C(CH3); and ~-CH=CH- at 3.28 ppm
and 5.22 ppm (phosphatidylcholine), respectively. Consid-
ering the insolubility of SDS in DCM, the integration ratio
further suggested near-stoichiometric association between
the two components, supporting stable complex formation
rather than simple physical mixing. NMR spectra of pristine
phosphatidylcholine and SDS are provided in supporting
information (Figure S-3 and S-4).

3.2 Critical Micelle Concentration and Self-Assembly
Behavior

Critical Micelle Concentration (CMC) of a surfactant is
defined as the minimum concentration value required for
the stable micelles formation. Below the CMC, while the
amphiphilic molecules spread homogeneously in aqueous
medium but above the CMC, self-assembled micelles are
formed. CMC can be determined by measuring some phys-
ical properties of the aqueous medium, such as surface
tension, fluorescence emission, dielectric resistance. The
measured properties show rapid changes when the concen-
tration reaches the CMC. Thus, the self-assembly behavior of
the P-SDS complex was investigated via fluorescence spec-
troscopy using pyrene as a fluorophore probe (Figure 3).28
The obtained CMC value (3.1 x 107* M) was significantly
lower than that of individual phosphatidylcholine and SDS
systems reported in the literature, indicating enhanced ther-
modynamic stability of the hybrid system. In the literature,
the CMC of SDS was reported as 3.5 x 102 M,*®3%3%36 and in
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Figure 3. The variation of the ratio of band intensity of the pyrene
emission peaks (I3/I;) with concentration

our previous study, we determined the CMC of phosphatidyl-
choline obtained from egg-yolk lecithin as 4.67 x 107> M.
As reported in the literature, CMC values of lecithin change
from 0.2 x 107° to 0.5 x 107" M depending on the
source obtained (i.e., egg-yolk, soybean).”” This reduction
in CMC can be attributed to increased hydrophobic inter-
actions resulting from the coupling of lipid chains from
both components, which promotes spontaneous aggregation
at lower concentrations. The observed behavior confirms
that ionic complexation not only modifies molecular charge
distribution but also significantly enhances self-assembly
efficiency?”

3.3 Nano-Micelle Formation and Cur Encapsulation

Another essential property required to be known is the
change of particle size with the amount of the drug and
how much drug can be loaded inside the core. This amount
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Sample No Cur* (Wt% of Cur Encapsulated  Encapsulation  Particle size Zeta potential
solid) (mg/mL)  Cur(mg/mL) Efficiency (%) (nM)
1 7.6 0.2000 0.1296 64.81 239.4 -44.5
2 13.0 0.3571 0.1365 38.22 240.5 -374
3 19.0 0.5714 0.2275 39.81 302.4 -40.3
4 24.4 0.7857 0.2275 28.95 621.1 -42.1
5 29.2 1.0000 0.2366 23.66 6471 -41.4
6 33.3 1.2142 0.2184 17.99 620.7 -42.0

Note: *Cur weight percent was calculated based on the total solids in the formulation. 0.05% of tween-80 was used as an emulsifier

in all solid compositions.

Particle Size (nm)

30 10 51

Curcumin in solid formulation (%)

Figure 4. Change of the particle size of Cur-P-SDS with the amount of Cur

is defined as encapsulation efficiency, which is expressed as
the percentage of successfully entrapped drugs within the
particles. The determined particle size, zeta potential value,
and encapsulation efliciency of the Cur-P-SDS micelles with
their Cur content are collected in Table 1.

Dynamic light scattering analysis revealed nanoscale par-
ticle formation with a mean diameter of 239 nM for the
optimized formulation. The system exhibited a strongly nega-
tive zeta potential ranging from —37.4 to —44.5 mV, indicating
high colloidal stability and electrostatic repulsion between
particles, which prevents aggregation. The relatively uniform
size distribution (in terms of overall nanoscale morphology)
and negative surface charge suggest that Tween-80 plays a
stabilizing role by reducing interfacial tension and improving
dispersion homogeneity.

Figure 4 shows the change in particle size of the Cur-P-
SDS micelles with the amount of Cur loaded. The particle
size of the micelles increased with increasing amount of Cur.
While no significant change was observed in zeta potential
values, the average particle size of the micelles increased up
to 41% of Cur content, which was the maximum particle size
value, above which a notable change in the particle size of the
micelles was not observed. Figure 5 shows the Cur encapsula-
tion efficiency of the P-SDS nano micelles. The encapsulation
efficiency decreased with increasing amounts of Cur in for-
mulations. For the formulation initially containing 19 wt%
Cur, the encapsulation efficiency was 39.8%, corresponding

60,0

50,0

400

30,0

20,0

Encap. Efficiency (%)

10,0

0.0

0.0 10,0 20,0 30,0 X} 50,0 (IR} T0.0 0.0

% Added Cur/P-SDS

Figure 5. Change of encapsulation efficiency with the percentage of
Cur in the formulation

to an effective incorporated Cur content of approximately 7.6
wt% relative to the total formulation solids. These results are
consistent with the findings of Chen et al.” They reported
the values for the lecithin-based self-assembling mixed poly-
meric micelle dispersions to be less than 200 nM in particle
size, greater than 80% of encapsulation efficiency, and greater
than 10% of Cur loading capacity. Compared to previously
reported lecithin-based or polymeric systems, the P-SDS car-
rier demonstrated competitive loading performance despite
its simpler composition and fully FDA-approved excipient
profile.®
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Figure 6. DSC curves of Cur and Cur-loaded P-SDS samples

3.4 Morphology and Physical State of Nano-Micelles

DSC, ESEM, and TEM analyses were performed to elucidate
the morphological structure of the Cur-loaded P-SDS ionic
complex. DSC curves of Cur and Cur-P-SDS are shown
in Figure 6. Cur is a crystalline molecule with a melting point
0f 176°C. Similarly, the melting point of soybean lecithin was
reported as 155°C,** and SDS has a melting point of 206°C.
Importantly, the complete disappearance of the characteristic
melting peak of crystalline Cur (~176°C) in the DSC curve of
Cur-P-SDS dry complex indicated the successful molecular
dispersion within the lipidic core. This transformation from
crystalline to amorphous state of Cur is critical for improving
dissolution rate and enhancing bioavailability. Additionally,
the absence of thermal transitions corresponding to phos-
phatidylcholine and SDS further suggests strong molecular
interactions and the formation of a unified amorphous sta-
ble nano-assembly rather than a physical mixture.'’** The
TGA curves of the pure components and the P-SDS ionic
complex were recorded and are presented in Figures S5-S7.
The TGA curve of the P-SDS ionic complex clearly exhibited
the characteristic weight-loss steps associated with phos-
phatidylcholine and SDS (Figure S5-S6), as well as those
observed for the individual components (Figure S7).

Figure 7-a and b show the ESEM and TEM images of
the 7.6% Cur loaded Cur-P-SDS nano-structured micelles
(sample 1 in Table 1) at 50K and 18K magnifications, respec-
tively. ESEM and TEM analyses confirmed the formation of
spherical nano-structures with smooth surfaces and hetero-
geneous morphology. Upon careful examination of the TEM
image, the presence of much smaller micelles can also be
observed. They have a particle size of under 300 nM. The
particle size observed microscopically was consistent with
DLS measurements, supporting structural stability in aque-
ous media. Figure 7-C shows the particle size distribution of
the sample (7.6% Cur loaded in Table 1). The polydispersity
index (PDI) was determined as 0,525 (Figure 7-c and d). In
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the TEM images, the presence of smaller non-associated par-
ticles that had not fully participated in micellar self-assembly
was also observed, which is consistent with the relatively high
PDI value of 0.525. These residual nanoscale aggregates likely
contributed to the relatively high PDI of the formulation. The
negative zeta potential value indicated the negative surface
charge of the nano-structured Cur-P-SDS. As reported in the
literature, negatively surface-charged nanoparticles undergo
endocytosis more efficiently than neutral and positively
charged ones.** Most solid tumors have a vascular pore cut-
off size ranging between 380-780 nM, larger than 300 nM.*!
The nano-structured Cur-P-SDS micelles are promising drug
carriers for passive targeting in cancer therapy. Contrary
to tumor cells, healthy cell vascularity is impermeable to
particulate carriers larger than 4 nM. Therefore, due to this
impermeability, the larger particle size of the nano-micelles is
a promising advantage in cancer therapy in terms of resulting
in less damage to normal cells.*?

3.5 In Vitro Assay for Studying Drug-Retention/
De-Association Assay
This experimental design differs from a conventional
dialysis-based in vitro drug release assay. Since there was
no separate receptor compartment or semipermeable mem-
brane, the observed profile was not governed by drug
transport across a dialysis membrane or by osmotic exchange
between donor and receptor compartments. Rather, it pri-
marily reflects the time-dependent retention and release
behavior of Cur within the P-SDS micellar dispersion,
including processes such as micellar rearrangement, par-
tial destabilization/disassembly, and loss of drug-carrier
association under the applied incubation conditions. The
percentage release profile of Cur vs time is shown in Figure 8.
The Cur-P-SDS nano-micelles exhibited a biphasic release
profile characterized by an initial moderate burst release
followed by sustained release over 144 hours. Approxi-
mately 20% of Cur was released within the first 0.5 hours,
attributed to surface-associated drug molecules or molecules
that were freely solubilized in the outer aqueous medium.
Subsequent release was gradual and controlled, reaching
approximately 43% within 10 hours, followed by a plateau-
like sustained phase. The final accelerated release phase may
be associated with partial destabilization of the micellar
structure under prolonged incubation. This release behavior
is consistent with lipid-based nanocarriers and is advanta-
geous for maintaining therapeutic drug concentrations over
extended periods. The system also demonstrated improved
release stability compared to previously reported lecithin-
and surfactant-based formulations. In a previous study,
a similar release profile of Cur was obtained from an
amphiphilic PEG-chitosan graft copolymer-coated poly(D,
L-lactic-co-glycolic acid) (PLGA) nanomicelle.* A relatively
slow release of Cur compared to our results (nearly 20%
within 1.0 hours) was observed, and the burst release started
after 6.0 hours. In another study,” almost 38% of Cur was
released within 8.0 hours from the sodium deoxycholate
(NaDOC) and lecithin-based self-assembly micelles. The Cur
release showed a profound increase after 15.0 hours, and
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Figure 7. (A) ESEM image, (B) TEM image, (C) Particle size distribution, (D) zeta potential of the sample 7.6% Cur loaded nano-structured

P-SDS micelles (sample-1 in Table 1)

nearly 55% of Cur was released after 50 hours. As a result,
the P-SDS-based nanostructured self-assembly micelles are
more stable than the drug formulations reported in the liter-
ature.*’ The sustained release behavior and colloidal stability
observed for the Cur-P-SDS nanoassemblies are consistent
with recent reports describing lipid-based and amphiphilic
micellar systems developed for hydrophobic drug delivery.
Recent studies have demonstrated that ionically stabilized
amphiphilic nanoassemblies can improve drug retention
within the hydrophobic core while simultaneously reducing
premature drug leakage into the surrounding aqueous envi-
ronment.****> Furthermore, phosphatidylcholine-containing
nanocarriers have been reported to enhance the amorphous
dispersion of hydrophobic therapeutics, thereby improving
dissolution characteristics and apparent bioavailability.*® The
relatively low critical micelle concentration observed in the
present study further supports the thermodynamic stabil-
ity of the ion-pair engineered system, which is considered
an important parameter for maintaining micellar integrity
following dilution under physiological conditions.*®*
Several studies have reported that the aqueous solubility of
Cur is approximately 0.6 pug/mL.**=>° On this basis, the con-
centration of Cur maintained in the aqueous P-SDS micellar
dispersion in Sample 1 corresponds to an approximately
216-fold increase relative to the reported intrinsic aqueous
solubility of free Cur. We would also like to clarify that the
present formulation does not increase the molecular solubil-
ity of free Cur in water in the strict thermodynamic sense.
Rather, it markedly increases its apparent aqueous solubiliza-
tion and dispersibility by incorporating Cur into nanoscale
P-SDS micellar assemblies. This distinction is important
because the principal formulation challenge associated with

8

Cur is precisely its inability to remain dispersed at therapeu-
tically relevant concentrations in aqueous environments.

The mathematical modeling of the Cur release data
(Figure 8) showed that the Korsmeyer-Peppas model pro-
vided the best fit among the evaluated kinetic models,
suggesting that Cur release from the P-SDS nanoassem-
blies is governed by a complex mechanism rather than by
a single zero-order or first-order process. The Korsmeyer-
Peppas model is an empirical model commonly applied
when drug release involves more than one physicochemi-
cal phenomenon, including drug diffusion from the carrier,
structural rearrangement or relaxation of the delivery matrix,
and gradual destabilization or disassembly of the nanostruc-
ture. In the present P-SDS system, the good agreement with
this model therefore suggests that Cur release may result
from the combined effects of diffusion/desorption of Cur
from the micellar domains and time-dependent structural
changes in the P-SDS nanoassemblies.

3.6 Colloidal Stability and Biological Relevance

The strong negative zeta potential (-37 to —44 mV) indi-
cates high electrostatic stabilization, which is essential for
maintaining dispersion stability in biological fluids. Parti-
cle size (~239 nM) places the system within the optimal
range for passive tumor targeting via the enhanced perme-
ability and retention (EPR) effect. Additionally, negatively
charged nanoparticles may exhibit reduced nonspecific pro-
tein adsorption and improved circulation stability compared
to neutral systems. The combination of nanoscale size,
negative surface charge, and amphiphilic architecture sug-
gests favorable behavior for systemic administration and
tumor accumulation.

https://doi.org/10.25135/0rg.2608.3994
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4 Conclusion

In this study, a novel amphiphilic nanocarrier system was
successfully engineered through ionic complexation between
phosphatidylcholine and sodium dodecyl sulfate, resulting in
the formation of a structurally stable phosphatidylcholine-
SDS (P-SDS) ionic complex. This ion-pair strategy enabled
a fundamental transformation of phosphatidylcholine
from a zwitterionic phospholipid into a highly lipophilic,
negatively charged amphiphilic assembly with enhanced
self-organization capability. The resulting P-SDS complex
exhibited efficient nano-scale self-assembly in the presence
of Tween-80, forming stable micellar structures suitable
for hydrophobic drug encapsulation. Cur was effectively
loaded into the hydrophobic core of the system, achieving
amorphous dispersion and complete elimination of

https://doi.org/10.25135/0rg.2608.3994
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crystallinity, which is critical for improving dissolution
behavior and bioavailability.

Physicochemical characterization confirmed the forma-
tion of a stable nanoformulation with an average particle
size of approximately 239 nM and a strongly negative zeta
potential (—37 to —44 mV), indicating excellent colloidal sta-
bility and suitability for systemic circulation. The low critical
micelle concentration further demonstrated the thermody-
namic stability of the engineered ionic complex.

In vitro release studies revealed a sustained and con-
trolled release profile over an extended period, supporting
the potential of the system for prolonged drug delivery.
The encapsulation efficiency and drug loading performance
demonstrated that the proposed ionic architecture provides
a favorable microenvironment for hydrophobic drug incor-
poration despite its relatively simple composition. From a
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conceptual standpoint, this work introduces a new class of
ion-pair lipid-surfactant hybrid nanostructures, where elec-
trostatic complexation is used as a design principle to tune
amphiphilicity, self-assembly behavior, and drug-loading
capacity. This strategy may be extended to other hydrophobic
therapeutic agents beyond Cur, offering a versatile platform
for nano-drug delivery applications.

Overall, the developed P-SDS-based nanocarrier repre-
sents a scalable, biocompatible, and functionally tunable
system with strong potential for targeted anticancer drug
delivery via the enhanced permeability and retention (EPR)
effect. Furthermore, the simplicity of the fabrication pro-
cess, together with the use of FDA approved excipients,
may provide important translational advantages for future
pharmaceutical and biomedical applications.
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