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R E S E A R C H  A R T I C L E

BACKGROUND: Alpha-mangostin (AM) exhibits potent anti-breast cancer activity but its therapeutic effectiveness 
is constrained due to low aqueous solubility and poor bioavailability. Ternary solid dispersions (TSDs) were 
developed by adding another excipient to address these challenges. Nevertheless, limited studies have systematically 

evaluated whether improvements in dissolution and stability achieved through TSD systems are translated into enhanced in 
vitro cytotoxicity of AM. Therefore, TSD system of AM with Eudragit (EUD) and Poloxamer (POL) was developed, and in 
vitro cytotoxicity activity was evaluated as a preliminary proof-of-concept in MCF-7 breast cancer cells.
METHODS: TSD of AM was prepared by solvent evaporation and characterized by Power X-Ray Diffraction (PXRD), 
Differential Scanning Calorimetry (DSC), and Fourier Transform Infrared (FT-IR) Spectroscopy. The pharmaceutical 
properties were evaluated by in vitro dissolution test using a standard paddle apparatus, while physical stability was assessed 
under two relative humidity environments. The in vitro anticancer efficacy was examined in MCF-7 breast cancer cell using 
an MTT assay.
RESULTS: Amorphization of TSD was confirmed by a halo pattern with PXRD measurements and the absence of an AM 
melting peak in the DSC curve. FT-IR analysis revealed hydrogen bond interactions between the carbonyl group of AM and 
EUD/POL protons. TSD system significantly improved the dissolution profile and enhanced cytotoxic effects, reducing cell 
viability to 1.17% at 16 µg/mL with an IC50 of 7.11 μg/mL (CI 95%: 6.626-7.591).
CONCLUSION: The TSD system significantly improved dissolution profile and in vitro cytotoxicity in MCF-7 breast 
cancer cells, providing proof-of-concept for enhancing the biological performance of AM. 
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Cancer remains one of the leading causes of morbidity and 
mortality worldwide, with current therapies often limited by 
drug resistance, systemic toxicity, and suboptimal efficacy.
(1) Breast cancer, a heterogeneous disease encompassing 
distinct molecular and epidemiological subtypes, is the 

Introduction
most prevalent malignancy among women and a major 
contributor of cancer-related deaths globally.(2,3) Breast 
cancer represents nearly one-third of all cancers diagnosed 
in women, and roughly 15% of those diagnosed eventually 
result in mortality.(4–6) Although countries with higher 
income levels tend to show greater incidence, the burden 
of death is more pronounced in low- and middle-income 
regions, largely because screening and advanced therapeutic 
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Methods

options  are  less  accessible.(5)  Despite  therapeutic 
advances, the growing global burden underscores the need 
for more effective and accessible therapeutic strategies, 
including the development of potent agents derived from 
natural sources.(7)
	 Alpha-mangostin (AM), a major xanthone derivative 
from mangosteen peel, exhibits potent anti-breast cancer 
activity by inhibiting proliferation and inducing apoptosis 
in MCF-7 and T47D cells through fatty acid synthase (FAS) 
inhibition and modulation of the human epidermal growth 
factor receptor 2 (HER2)/phosphoinositide 3-kinase (PI3K)/
protein kinase B (Akt) and mitogen-activated protein kinase 
(MAPK) pathways.(8–10) However, its clinical potential is 
constrained by extremely low aqueous solubility and poor 
bioavailability, leading to limited therapeutic efficacy.
	 Amorphization enhances the solubility and dissolution 
of poorly water-soluble drugs by disrupting the crystalline 
lattice and increasing molecular mobility in solution. 
However, amorphous drugs are thermodynamically unstable 
and prone to recrystallization. Amorphous solid dispersion 
(ASD) systems stabilize amorphous drugs by dispersing 
them within a polymer matrix, where strong interactions, 
such as hydrogen bonding, suppress recrystallization and 
enhance dissolution.(11–13) Despite this effectiveness, 
some ASD remains limited by poor wettability and physical 
instability, which may restrict drug release and formulation 
performance.(14) To overcome these limitations, ternary 
solid dispersions (TSDs) have been developed by 
incorporating an additional excipient to further refine the 
physicochemical characteristics of the systems.(15)
	 In a TSD system, the active substance is homogenously 
dispersed within two distinct carriers in solid form, 
where the presence of the third component improves 
wettability, solubility, stability, and reinforcing molecular 
interactions, thereby minimizing recrystallization risk.
(16) Moreover, TSDs have been shown to enhance drug 
release, bioavailability, and pharmacological efficacy, as 
the synergistic effect of the added excipient facilitates more 
efficient drug delivery.(17–19) This approach is particularly 
advantageous for poorly soluble drugs that require advanced 

formulation strategies to achieve optimal dissolution and 
therapeutic activity.
	 Our previous studies on binary AM–Eudragit (EUD) 
ASDs demonstrated improved solubility compared to 
crystalline AM; however, drug release remained suboptimal 
due to poor wettability and agglomeration in the dissolution 
medium.(20) Therefore, this study aims to develop a 
TSD system of AM with EUD and POL and evaluate 
this impact on solubility, dissolution, stability, as well as 
anticancer efficacy against breast cancer cells. POL was 
selected as a third component because it is commonly used 
in TSD systems to enhance drug solubility, wettability, 
and stability, thereby improving dissolution performance.
(21,22) Furthermore, previous research has indicated that 
the addition of POL (188/407), particularly in dexibuprofen 
formulations with hydroxypropyl-β-cyclodextrin (HPβCD), 
markedly enhanced solubility, stability, and drug release 
rate.(22)

Preparation of TSDs
AM with a molecular weight of 410.5 g/mol (Chengdu 
Biopurify Phytochemicals, Shincuan, China), Eudragit L100 
(JJ Degussa Chem, Bangkok, Thailand) and poloxamer 
407 (Sigma-Aldrich, St. Louis, MO, USA) were bought 
and prepared. A TSD of AM was prepared via the solvent 
evaporation method. AM with EUD and POL at molar ratios 
of 1:4:1, 1:4:3, and 1:4:5 was dissolved in methanol. The 
solvent was evaporated with a rotary evaporator (Rotavapor, 
Buchi EL 13; Buchi, Flawil, Switzerland), set at a water bath 
of 40°C. The residual solvent was entirely eliminated by 
oven drying at 40°C for 72 h to yield the samples. Chemical 
structure of AM, Eudragit L100, and poloxamer 407 were 
illustrated in Figure 1. 

Powder X-Ray Diffraction (PXRD) Measurement
PXRD patterns were acquired utilizing a Kristalloflex 
diffractometer (Bruker D8 Advance; Siemens, Berlin, 
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Figure 1. Structure of the materials used. A: Alpha-mangostin. B: Eudragit L100. C: Poloxamer 407.
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Germany). The instrument operated with Cu target to 
generate Kα radiation, maintained at a voltage of 40 kV and 
a current of 40 mA. Data collection covered a diffraction 
angle range of 3° to 40° (2θ).

Differential Scanning Calorimetry (DSC) Measurement
DSC thermograms were generated using Shimadzu DSC-60 
Plus system (Shimadzu, Kyoto, Japan). Samples weighing 
approximately 3-5 mg were encapsulated in crimped 
aluminum pans and subjected to a continuous nitrogen 
purge at 20 mL/min. Thermal scanning was conducted over 
a temperature range of 0°C to 250°C, employing a linear 
heating rate of 10°C/min.

Fourier Transform Infrared (FT-IR) Spectroscopy
FT-IR spectroscopy was employed to investigate potential 
intermolecular interactions between the active substance 
and the polymer carrier, utilizing a Prestige21 system 
(Shimadzu). Sample preparation followed the conventional 
KBr pelleting protocol; approximately 1-2 mg of isolate 
was finely ground with 200-250 mg of potassium bromide 
to ensure uniform dispersion. The resulting powder blend 
was compressed at 6- Psi into discs, and spectral analysis 
was conducted within the 4000-400 cm-1.

Entrapment Efficiency Test
Drug entrapment efficiency for the various TSD ratios 
was determined by preparing methanolic solutions with 
a theoretical drug concentration of 100 μg/mL. The 
preparations were stirred for 30 minutes to facilitate 
extraction, followed by filtration through a 0.45 μm 
membrane. The resulting filtrate was then diluted with 
acetonitrile and subjected to HPLC analysis to quantify the 
entrapped drug.

Crystalline and Amorphous Solubility Determination
Equilibrium solubility determinations for both crystalline 
AM and the solvent-evaporated TSD were carried out by 
introducing an excess amount of the solid material into 
50 mM phosphate buffer (pH 7.4). These suspensions 
were maintained at 37°C under continuous agitation for 
a 48-hour period to facilitate saturation. Following this 
equilibration phase, the supernatants were clarified using a 
0.45 μm membrane filter, diluted with the chromatographic 
mobile phase, and the dissolved drug concentration was 
subsequently quantified via HPLC. 

Dissolution Experiment
In vitro release kinetics were investigated using a standard 
paddle apparatus setup. The dissolution medium consisted 
of 500 mL of 50 mM phosphate buffer (pH 7.4) maintained 
at 37°C, with powder samples dispersed to achieve a 
theoretical concentration of 50 μg/mL under constant 
agitation at 150 rpm. Sample aliquots (5 mL) were collected 
at specific intervals across a 2-hour duration (5, 10, 20, 30, 
45, 60, 90, and 120 minutes). Prior to HPLC quantification, 
the withdrawn fluids were clarified through a 0.45 μm 
membrane filter and subsequently diluted with acetonitrile. 

Storage Stability Study
Physical stability was evaluated by subjecting samples to 
two distinct relative humidity (RH) environments within 
controlled desiccators at 25°C: a) dry conditions (0% RH) 
maintained by silica gel, and b) high humidity (90% RH) 
generated by a saturated potassium nitrate solution. Solid-
state phase transformations were subsequently monitored 
via PXRD at predetermined intervals 0, 4, 19, 30, and 37 
days.(23)

Cytotoxic Study on MCF-7 Breast Cancer Cell Line
The anticancer efficacy of AM and its TSD formulations 
was evaluated using MCF-7 breast cancer cell lines. MCF-7 
(American Type Culture Collection/ATCC, Manassas, VA, 
USA) were cultured in Roswell Park Memorial Institute 
(RPMI) medium supplemented with 10% (v/v) fetal 
bovine serum (FBS) and 1% penicillin-streptomycin, and 
maintained at 37°C in a humidified incubator with 5% CO2. 
Cells were routinely tested for mycoplasma contamination 
and used within a limited number of passages to ensure cell 
line authenticity. For cytotoxicity evaluation, cells were 
seeded into 96-well plates at a density of 1×104 cells per 
well in 200 µL of complete culture medium and incubated 
for 24 h to allow cell attachment, reaching approximately 
80% confluency. Pure AM, binary ASD, and TSD-AM 

% Entrapment efficiency = 
Measured concentration
Theoritical concentration

× 100%

High Performance Liquid Chromatography (HPLC) 
Conditions
HPLC analysis was carried out using a Dionex Ultimate 
3000 HPLC (Dionex, Sunnyvale, CA, USA). Sample was 
injected into an Inertsil ODS C18 (GL Science, Torrance, 
California, USA) with a 4.6×150 mm column at 30°C, while 
the composition of the mobile phase was acetonitrile and 
0.1% formic acid in water at a ratio of 95:5. The samples 
were detected using a UV detector at a wavelength of 244 
nm, and the standard solutions were prepared in the mobile 
phase with concentrations of 5, 10, 50, 100, and 200 μg/mL.
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Characterization Study Results
Based on the XRD diffractogram results obtained in Figure 
2A, AM crystal and AM prepared by solvent evaporation 
(AM SE) showed characteristic diffraction peaks, 
indicating that amorphous AM was not formed due to its 
high recrystallization tendency. Meanwhile, the TSD AM 
with ratios of 1:4:1, 1:4:3, and 1:4:5 showed a halo pattern 
without characteristic diffraction peaks, suggesting the 
formation of an amorphous form.
	 The DSC profile of AM and AM SE showed an 
endothermic melting peak at around 177°C as shown in 
Figure 2B, indicating the melting point of the compound. 
Meanwhile, in the thermogram of the TSD AM with ratios 

Results

were prepared by dissolving samples in dimethyl sulfoxide 
(DMSO), followed by serial dilution with RPMI medium 
to obtain final concentrations of 0, 4, 6, 8, 10, 12, 14, and 
16 µg/mL, with the final DMSO concentration maintained 
below 0.5% (v/v). All treatment concentrations were 
expressed as AM-equivalent concentrations (µg/mL), 
calculated based on the AM content (10% and 20% w/w) 
in each formulation. Based on the highest AM-equivalent 
treatment concentration and the formula composition, the 
corresponding maximum calculated concentrations of EUD 
and POL were 10.8 µg/mL and 8.1 µg/mL, respectively. 
Cells were treated with the formulations and incubated for 
48 h under the same culture conditions. After incubation, 
the cells were washed twice with PBS. The 0.5 mg/mL of 
MTT solution (Sigma-Aldrich) was added to each well and 
the plates were incubated for 2–4 hours at 37°C to allow 
the formation of formazan crystals. Subsequently, 100 µL 
sodium dodecyl sulfate (SDS) in 0.01 N HCl was added 
to each well as a stopping solution. Plates were covered 
with foil and incubated overnight at room temperature. 
Cell viability was determined using a microplate reader at 
550 nm. All experiments were performed in triplicate as 
technical replicates.

Statistical Analysis
The data were analyzed using GraphPad Prism 10.6.1 
(GraphPad Software, Boston, MA, USA). Statistical 
analyses were performed using one-way ANOVA followed 
by Tukey’s multiple comparison. The statistical significance 
was set at 95% confidence level and indicated by p-values, 
with asterisks denoting the levels of significance (*p<0.05, 
**p<0.01).

of 1:4:1, 1:4:3, and 1:4:5, no endothermic melting peak of 
AM was found. This indicated that the AM has transformed 
from a crystalline form into an amorphous form. The amount 
of polymers in the form of EUD and POL was sufficient to 
stabilize all AM in amorphous form even at a ratio of 1:4:1.
FT-IR spectroscopy was used to determine the interaction 
between the drug and the polymer in the TSD system of AM. 
Figure 2C showed the spectrum of AM at wave numbers 
3417, 2930, 1617, 1461, and 1288 cm-1, which represent the 
OH stretching, C-H, C=O, C=C, and C-O functional groups, 
respectively. TSD AM with various compositions showed 
shifts in functional groups on the FT-IR spectrum. In the 
TSD spectrum of AM with a ratio of 1:4:1, there was a shift 
in the OH group to 3450 and 3233 cm-1; the CH group to 
2612 and 2939 cm-1; the C=O group to 1613; the C=C group 
shifts to 1612 cm-1; the C-O group shifts to 1170 cm-1.
	 In the TSD spectrum of AM with a ratio of 1:4:3, there 
was a shift of the OH group to 3438 cm-1; the CH group 
to 2931 and 2607 cm-1; the C=O group to 1624; the C=C 
group shifted to 1370 cm-1; the C-O group shifts to 1173 
cm-1. There was a shift in the OH group of EUD from 3200 
to 3450 and 3438 cm-1, respectively, at TSD AM 1:4:1 and 
1:4:3. This shift had a different wavelength compared to the 
SD AM-EUD 1:4 form, which had a value of 3590 cm-1. 
This indicates that in the TSD system, there is interaction 
not only with EUD but also with POL. In the SD AM-EUD 
1:4 system, there was no shift in the carbonyl group, but in 
the TSD system, both ratios showed a shift from 1642 to 
1718 cm-1.
	 The TSD systems of AM with EUD and POL at ratios 
of 1:4:1 and 1:4:3 achieved 100% entrapment efficiency. 
This result confirmed the effective entrapment of AM within 
the EUD–POL matrix, indicating strong drug–polymer–
polymer interaction, respectively, resulting in a high 
concentration in the TSD system.
	 The equilibrium solubility of AM was evaluated in 50 
mM phosphate buffer (pH 7.4) at 37°C. The crystalline form 
of AM exhibited a solubility of 0.43±0.30 µg/mL, confirming 
its extremely poor aqueous solubility. The amorphous form 
showed only a slight improvement, reaching 0.44±0.06 
µg/mL (1.02-fold) due to high recrystallization tendency. 
The binary ASD of AM using EUD markedly enhanced 
solubility to 15.24±2.17 µg/mL, representing approximately 
a 35.44-fold increase compared to crystalline AM.  A further 
significant enhancement was achieved by adding POL as the 
third component. The TSD systems with ratios of 1:4:1 and 
1:4:3 exhibited solubility values of 40.53±1.26 µg/mL and 
46.28±0.38 µg/mL, corresponding to 90.54- and 107.63-
fold increases, respectively. These results indicated that the 
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Figure 2. Characterization of 
TSD AM. A: Powder X-Ray 
Diffraction (PXRD) Patterns. B: 
Differential Scanning Calorimetry 
(DSC) Curves. C: FT-IR Spectra. 
The PXRD diffractogram 
exhibited a halo pattern, whereas 
the DSC thermogram indicated 
the absence of the AM melting 
point, suggesting the successful 
amorphization of the TSD 
formulation. The spectroscopic 
data indicated a peak shift, 
suggesting an interaction between 
the active substance and the 
polymer.
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combination of EUD and POL in a TSD system effectively 
enhances the solubility of AM compared to crystalline and 
binary ASD.

TSD Pharmaceutical Properties Results
The dissolution profile of crystalline AM exhibited a slow 
dissolution rate, reaching a maximum concentration of only 
0.18 µg/mL. In contrast, both TSD formulations with ratios 
of 1:4:1 and 1:4:3 showed markedly improved dissolution 
compared to the binary ASD (1:4) (Figure 3). The TSD 1:4:3 
formulation achieved the highest drug release, reaching 
approximately 50 µg/mL. The enhanced dissolution is 
attributed to improved wettability from the addition of POL, 
which increased surface area and promoted better drug 
dispersion. Moreover, no decline in AM concentration was 
observed, indicating that the TSD maintained the amorphous 
state and prevented recrystallization in the aqueous medium. 

	 The physical stability test of the TSD of AM under 0% 
and 90% RH conditions demonstrated excellent stability. 
No evidence of recrystallization was observed up to day 30 
at 0% RH and up to day 37 at 90% RH. The diffractogram 
of TSD AM (Figure 4) exhibited a characteristic halo 
pattern  without  distinct  diffraction  peaks,  confirming  its 
amorphous nature. These findings indicated that the addition 
of polymers within the TSD matrix effectively preserved 
the amorphous state of AM and prevented recrystallization 
during storage.

Cytotoxic Profile of TSD-AM on MCF-7 Breast Cancer 
Cell Line
The cytotoxicity evaluation demonstrated significant 
differences in % cell viability among the tested formulations, 
highlighting the enhanced anticancer potential of TSD 
systems compared to binary and pure AM in PBS (Figure 
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Figure 3. Dissolution profiles of each 
sample in phosphate buffer (50 mM, 
pH 7.4) at 37°C (n=3, mean±SD). AM: 
Alpha-mangostin. AM–EUD: Amorphous 
solid dispersion of AM using Eudragit 
(EUD).  AM–EUD–POL: Ternary solid 
dispersion of AM using EUD and POL. 
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Figure 4. PXRD patterns of TSD AM 
(ratios 1:4:1 and 1:4:3) after storage 
at 25°C under different RH conditions 
(0% and 90%).  The X-axis represents the 
diffraction angle (2θ, degrees). Diffractograms 
collected up to Day 30 (0% RH) and Day 37 
(90% RH) displayed halo patterns with no 
crystalline peaks, indicating the absence of 
recrystallization and confirming the excellent 
physical stability of the TSD systems.

5A). Pure AM in PBS exhibited minimal cytotoxic activity, 
with % cell viability consistently above 85% across all 
concentrations, even reaching 85.88% at 16 µg/mL. This 
low cytotoxicity is likely due to the poor aqueous solubility 
of AM in its crystalline form, which limits its bioavailability 
and ability to exert therapeutic effects on cancer cells. 
	 In contrast, the binary ASD systems (AM–EUD) 
displayed marked reductions in cell viability, particularly 
at higher concentrations. At 16 µg/mL, AM–EUD showed 

% cell viability of 4.12%. This suggested that the use of 
polymers, particularly EUD in AM–EUD, significantly 
enhances the solubility and bioavailability of AM, leading 
to improved cellular uptake and increased cytotoxic effects. 
The higher efficacy of AM–EUD may be attributed to the 
polymer's ability to provide sustained release, improve drug 
wettability, and inhibit recrystallization, thereby increasing 
the availability of AM in its amorphous state to interact with 
cancer cells. 



83

Ternary Solid Dispersions Enhances Alpha-mangostin Efficacy (Budiman A, et al.)
Indones Biomed J. 2026; 18(1): 77-87DOI: 10.18585/inabj.v18i1.3938

Figure 5. Cytotoxic evaluation of AM formulations. A: Concentration-dependent cytotoxic effects. B: Statistical comparison of cell 
viability between groups. Data are presented as mean±SD (n=3). Asterisks denote significant differences (*p<0.05, **p<0.01), while ‘ns’ 
indicates a non-significant difference. AM: Alpha-mangostin. AM–EUD: Amorphous solid dispersion of AM using Eudragit (EUD).  AM–
EUD–POL: Ternary solid dispersion of AM using EUD and POL.

Discussion

In this study, AM was selected as the API and formulated a 
binary AM-EUD system and ternary AM-EUD-POL. The 

	 The TSD systems (AM–EUD–POL) further amplified 
the cytotoxic effects. Notably, AM–EUD–POL achieved 
the lowest % cell viability, reducing it to 1.17% at 16 µg/
mL. The exceptional efficacy of AM–EUD–POL can 
be attributed to several synergistic effects introduced 
by the combination of EUD and POL. EUD provides 
a stable protective matrix, which not only prevents the 
recrystallization of AM but also ensures prolonged retention 
and controlled release of the drug. POL, with its amphiphilic 
properties, enhances wettability by forming micelles, which 
facilitate better dispersion of AM in aqueous environments. 
Additionally, POL contributes to improved surface activity, 
reducing interfacial tension between the drug particles and 
the dissolution medium, further accelerating solubilization 
and cellular uptake. These combined effects enable a more 
efficient delivery of AM to the cancer cells, enhancing its 
cytotoxic potential.
	 The IC50 values of AM-EUD and AM-EUD-POL 
were determined with 95% confidence intervals: 7.31 
μg/mL (CI: 5.955-8.599) and 6.74 μg/mL (CI: 6.012-
7.447), respectively. Although AM-EUD-POL exhibited a 
numerically lower IC50 value, no statistically significant 
difference was observed between the two formulations 
(Figure 5B). Despite the absence of a statistically significant 
difference, AM-EUD-POL showed a tendency toward 
a lower IC50 value compared to AM-EUD, which may 
indicate a potential enhancement in cytotoxic response. 
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optimized formulation successfully incorporated the drug 
into the polymer matrix, as indicated by the physicochemical 
characterization. Crystalline AM exhibited poor solubility 
and slow dissolution, resulting in low drug concentration 
in the medium and minimal cytotoxicity. The amorphous 
form of AM without polymer showed slightly improved 
solubility compared to the crystalline form; however, its 
high recrystallization tendency led to rapid conversion to 
the crystalline state during dissolution, thereby reducing 
supersaturation and limiting drug release.(24) The binary 
AM–EUD system demonstrated greater solubility than 
pure AM; however, incomplete wetting and particle 
agglomeration continued to hinder drug release. This can be 
explained by the partial recrystallization of AM in the bulk 
medium, while the remaining portion dissolved gradually 
over time. Similar observations were reported in previous 
studies, where drug particle aggregation reduced the 
effective surface area, consequently decreasing wettability, 
and slowing dissolution.(25,26) The addition of POL into 
the AM-EUD to form a TSD system markedly enhanced 
solubility, dissolution rate, and physical stability, as 
evidenced by the absence of recrystallization during storage. 
These improvements are likely due to strong intermolecular 
interactions among AM, EUD, and POL that stabilize 
the amorphous structure and maintain a supersaturated 
state. Comparable findings have been reported in other 
TSD systems, where the addition of polymers such as 
POL improved wettability, dispersion uniformity, and 
crystallization inhibition through synergistic drug–polymer–
polymer interactions.(21,22)
	 The enhanced physicochemical properties of AM 
were directly reflected in improved in vitro cytotoxic 
performance. The AM-EUD and AM-EUD-POL systems 
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showed lower cell viability than pure AM. Although AM-
EUD-POL exhibited a numerical lower IC50 value, no 
statistically significant difference was observed between 
the AM-EUD-POL and AM-EUD formulations. Therefore, 
any potential enhancement in cytotoxic response should be 
interpreted with caution and requires further confirmation. 
In line with this observation, previous studies have reported 
variable cytotoxic effects on MCF-7 cells, highlighting 
the necessity for formulation techniques such as TSD to 
augment efficacy.(27) The increased cytotoxicity observed 
in TSD systems can be attributed to the enhanced dissolution 
rate and apparent solubility of AM, which facilitates drug 
diffusion and intracellular accumulation. The amorphous 
state promotes molecular dispersion, enabling efficient 
membrane permeation and stronger interactions with 
intracellular targets.(28,29) Efficient permeation is crucial, 
as it may facilitate intracellular exposure and could 
potentially contribute to apoptosis-related effects reported 
in previous studies (30), although such effects cannot be 
concluded from MTT data alone. Sustained supersaturation 
further ensures prolonged drug exposure to cancer cells, 
thereby strengthening the inhibition of cell proliferation.
(31) The enhanced cytotoxic observed may be associated 
with apoptotic-related pathways, as suggested by previous 

studies, although this mechanism was not directly 
investigated in the present work. Previous studies have 
reported that AM can modulate apoptosis-related pathways, 
including FAS and HER2/PI3K/Akt and MAPK signaling.
(32) In the present study, such mechanisms are proposed 
as hypotheses that may be associated with the observed 
cytotoxicity but were not experimentally validated. These 
findings highlight the potential of the TSD system as an 
effective formulation strategy for improving the anticancer 
delivery of poorly soluble drugs.(31,33,34)
	 From a formulation standpoint, the final excipient 
concentrations corresponding to the TSD formulation ratio 
(1:4:3) were calculated. The maximum concentrations of 
EUD and POL reached were 10.8 µg/mL and 8.1 µg/mL, 
respectively. A limitation of this study is that blank polymer 
controls were not included; therefore, excipient-related 
effects cannot be completely ruled out. Nevertheless, these 
final concentrations are substantially lower than commonly 
reported in polymer-based anticancer delivery systems, in 
which EUD has been evaluated in vitro at concentration up 
to 50 µg/mL, while POL has been employed as a delivery 
matrix at a concentration of 25% (w/v). Accordingly, the 
contribution of excipients to the observed cytotoxic effects is 
likely limited, and the biological responses observed in this 

Figure 6. Schematic illustration of the proposed (hypothetical) mechanism underlying the improved in vitro cytotoxicity of AM in 
the TSD system. 
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study are predominantly attribute to the active compound 
rather than the carrier system.(35,36)
	 The speculated mechanism underlying the improved 
in vitro cytotoxicity of AM in the TSD system is illustrated 
in Figure 6. Mechanistically, the performance of the TSD 
systems results from its ability to stabilize the amorphous 
form of AM while leveraging the complementary functions 
of both polymers. EUD enhances solubility and inhibits 
recrystallization through hydrogen bonding (20,26,37), 
whereas POL, as a secondary polymer, introduces additive 
and synergistic effects such as stronger hydrogen bonding, 
improved wettability, higher surface activity, and finer 
drug dispersion. In particular, POL contributes to particle 
stabilization and enhances the solubility of the active 
substance by preventing particle aggregation and improving 
the contact between AM and the dissolution medium.(22,38) 
These factors lead to higher drug concentrations at the 
cellular interface and stronger cytotoxic effects compared to 
binary systems and pure AM.
	 Collectively, the cytotoxicity results provide 
preliminary proof-of-concept evidence supporting the 
potential of TSD-based formulations to enhance in vitro 
cytotoxicity through improved dissolution and availability. 
The combination of polymers plays a pivotal role in 
optimizing drug delivery and therapeutic performance. By 
maintaining amorphous stability, improving wettability, 
solubility, and dissolution, and enhancing cellular uptake, the 
TSD approach represents a promising formulation strategy 
for enhancing in vitro performance of poorly soluble drugs. 
These results provide a solid basis for further exploration 
of TSD systems in pharmaceutical and biomedical research, 
particularly anticancer therapy. 
	 This study demonstrates clear advantages of the 
TSD AM system. However, several limitations should be 
acknowledged. The anticancer evaluation was restricted to 
in vitro cytotoxicity assays, which may not fully represent 
the complexity of in vivo tumor physiology, including 
drug metabolism, biodistribution, and interactions within 
the tumor microenvironment. The proposed mechanisms, 
particularly those related to apoptosis, were inferred rather 
than confirmed through molecular assays. In addition, only 
two polymer ratios were examined, thereby narrowing the 
scope of formulation optimization. Future research should 
incorporate in vivo pharmacokinetic and anticancer studies, 
molecular confirmation of apoptosis-related mechanisms, 
long-term stability testing under stress conditions, and 
expanded formulation design, including alternative third 
components or scalable manufacturing approaches, 
to support the progression of this TSD system toward 
preclinical and clinical development.

Conclusion

This study demonstrates that the formulation of AM within 
the TSD system provides preliminary proof-of-concept 
evidence for enhancing its in vitro cytotoxicity against 
MCF-7 breast cancer cells. The improved biological 
performance is consistent with enhanced pharmaceutical 
properties, particularly the stabilization of the amorphous 
form and improved dissolution behavior. Hence, these 
findings support the potential of TSD-based formulations as 
a promising strategy for improving the in vitro performance 
of poorly soluble anticancer compounds. 
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