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A B S T R A C T   

Stearic acid (SA) and oleic acid (OA) which are inherently existing fatty acids (FAs) in the body can alter cell 
membrane function and interact with each other. However, discrepancies arise as to whether these effects are 
beneficial or harmful on the body. To resolve this ambiguity, there is a dire need to study how FAs can affect the 
etiology of diseases and their treatment. In this study, we aimed to investigate long chain FAs aggregation be-
haviors and their effects on membrane integrity and cell viability. We determined the critical aggregation 
concentration (CAC) of SA and OA (1110 μM and 300 μM, respectively which were less amount than that used in 
nanocarriers). In TEM images, hexagonal overlapped or fused structures of SA were seen, whereas quite small 
spherical clusters of OA were obtained. Membrane integrity assessments demonstrated that SA and OA at their 
own CAC and below could crack the lipid junctions on membrane mimicking systems. Moreover, they completely 
disrupt the membrane integrity above the CAC at pH 7.2. Cell viabilities on various cell lines were assessed after 
exposed to SA or OA aggregates. SA was more aggressive than OA on cell death in all cell lines. The effect of SA 
on PC3 cell lines was in a concentration-dependent manner. The effect of SA above CAC boosted the inhibition of 
cell viability. Furthermore, OA showed a proliferation effect on PC3 cells. Consequently, the aggregation 
behavior of FAs should be considered as a noteworthy factor in physiological functions.   

1. Introduction 

Nanocarriers have the potential to modulate the pharmacokinetic 
and pharmacodynamic profiles of drugs as a result of their unique 
properties such as nanoscale size, high surface-to-volume ratio, and 
favorable physico-chemical characteristics. Some of their numerous 
advantages are listed as follows: (i) the improvement of solubility and 
chemical stability of drugs, (ii) the protection of compounds from 
biodegradation or excretion, (iii) enabling targeting and modulating 
bio-distribution, (iv) the modulation of the rate and extent of drug 
release, and site of action, (v) the reduction of drug resistance [1,2]. 
Among nanocarriers, the lipid-based nanocarriers such as solid lipid 
nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) have 
received a great attention in drug development. SLNs, relatively new 
colloidal drug delivery systems, are composed of solid lipids while NLCs 
comprise a combination of solid and liquid lipids [3]. 

Stearic acid (SA), a saturated fatty acid, is widely used in SLNs which 
have advantages of controlled release, targeted release, enhanced the 
oral bioavailability, passive targeting ability, enhanced drug/carrier 
stability, better brain permeability, improved the biocompatibility, and 
lowering drug degradation rate [4]. SA is generally regarded as safe and 
has excellent biocompatibility, biodegradability and low cytotoxicity [5, 
6]. Besides SLNs, SA can be used in polymeric nanoparticles to improve 
the stability and drug loading capacity of hydrophobic drugs. It was 
reported that the gelatin-stearic acid self-assembled nanoparticles could 
retain more drug, demonstrate higher cellular uptake, and improve 
pharmacokinetic profile following oral administration [7]. In another 
study, carboxymethyl chitosan was modified with SA so that the 
drug-loading yield for water-insoluble clarithromycin was increased [8]. 
SA can be also used to aid the formation of self-aggregates in aqueous 
medium by increasing hydrophobicity. Xylan was grafted with SA to get 
the self-assembled nanoparticles and increasing the grafting percent of 
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stearic acid resulted in the decrease of critical micelle concentration [9]. 
In another study, SA was conjugated to apotransferrin which is used as a 
ligand to target to numerous cancer cells where the transferrin receptors 
are overexpressed. Amphiphilic transferrin-stearic acid conjugate facil-
itated the hydrophobic drug loading, solubility and targetability [10]. 

As for liquid lipids, oleic acid (OA) is the most frequently used fatty 
acid [11]. It is unsaturated in its chemical structure that easily enables 
compaction, and consequently the production of smaller size-particles 
[12]. OA causes perturbations in the fluidity and permeability of 
tumor cell membranes so it can improve drug effectiveness in NLCs [13]. 
OA is also used in NLCs to achieve pH responsive drug release 
(increasing at acidic pH) [14]. Besides NLCs, OA was used as shell in 
docetaxel loaded nanoparticles in order to enhance drug encapsulation 
efficiency, to increase drug loading yield, and to obtain sustain release 
[15]. Moreover, unsaturated fatty acids like oleic acids are used as 
natural permeation enhancers [16]. 

On the other perspective, fatty acids (FAs) inherently existing in the 
body such as SA and OA have modulatory effects on immune responses 
and physiological functions, beyond their general usage as energy 
sources in mammalian bodies. They alter cell membrane function, 
control gene transcription and expression, and interact with each other. 
Recent studies imply the correlation between FAs and the prevalence 
and severity of so many diseases from cardiovascular disease to diabetes, 
from cancer to age-related functional decline [17]. Under other cir-
cumstances, it was reported that SA provides the protection against 
oxidative stress, while OA has a beneficial effect on blood pressure 
control, and helps to prevent the progress of inflammatory diseases and 
cancer [17,18]. Therefore, there is a dire need to study how FAs can 
affect the etiology of diseases and their treatment. 

Small and medium chain fatty acids have a tendency to form vesicles 
in the aqueous environment. Fatty acid vesicles enhance the absorption 
of drugs through the GIT, probably by forming mixed micelles or 
through chylomicrons. It results in the increase of drug bioavailability 
[19]. FAs have been the subject of a great deal of significant researches 
and they have been attracting tremendous interest due to their versatile 
usage. In this study, we aimed to elucidate their cluster behavior effect 
on cellular interaction via membrane mimicking systems and cell lines. 
We (i) investigated the aggregation behavior of SA and OA from the 
point of concentration, (ii) evaluated their membrane penetration ten-
dency and their effects on membrane integrity through the artificial cell 
membranes, (iii) estimated their tumoricidal effects based on their 
cluster behavior via cytotoxicity tests. 

2. Materials and methods 

2.1. Materials 

Stearic acid and oleic acid were purchased from Santa Cruz 
Biotechnology, Texas, USA. 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) was bought from Avanti Polar Lipids Inc. (AL, USA). 
Calcein, 1,6-diphenyl-1,3,5-hexatriene (DPH), disodium hydrogen 
phosphate, potassium dihydrogen phosphate, sodium chloride and po-
tassium chloride were obtained from Sigma-Aldrich (St. Louis, MO, 
USA). Murine fibroblast cell line (L929), human cervical cancer cell line 
(HELA) and human prostate cancer cell line (PC3) were purchased from 
ATCC. Dulbecco’s Modified Eagle Medium (DMEM), RPMI-1640, fetal 
bovine serum (FBS), penicillin, streptomycin and 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were delivered by 
Invitrogen (Carlsbad, CA, USA). All the reagents and chemicals used in 
various experiments were of analytical grade. 

2.2. Methods 

2.2.1. Sample preparation 
FAs at different concentration were dissolved in chloroform. 2 μL of 

DPH solution (10 mM) in tetrahydrofuran was added into the samples. 

Then, organic solvent was evaporated under N2 gases. Completely dry 
samples were rehydrated with phosphate buffer saline (PBS) pH 7.2 or 
4.5. They were gently vortexed for 2 min and sonicated for 30 min. 

2.2.2. Measurement of critical aggregation concentration 
The critical aggregation concentrations (CAC) of compounds were 

determined with the fluorescence spectrophotometer equipped with 
microplate reader (Molecular Devices SpectraMax M2 Microplate 
Reader, San Jose, CA, USA) by measuring the fluorescence intensities of 
a set of samples. The wavelengths of excitation and emission were set to 
350 nm and 420 nm, respectively [20]. The measurements were per-
formed at room temperature (n: 6, in each measurement). The CAC 
values were determined by plotting the fluorescence intensities versus 
concentrations of FAs samples in logarithmic scale. The points where the 
abrupt increase was seen in graphs were evaluated as the CAC values of 
compounds. 

2.2.3. Characterization of micelle-like clusters of long chain fatty acids 
SA and OA at CAC were characterized in terms of particle size and 

distribution, as well as zeta potential. The particle diameters were 
measured through the particle analyzer Litesizer 500 (Anton Paar, Graz, 
Austria) based on dynamic light scattering method at 25 ◦C at an angle 
of 90◦. The intercepts of measurements proved the suitability of mea-
surement angle (between 0.85–0.95). The samples were analyzed for six 
times, the mean particle sizes and polydispersity index values were 
recorded. The zeta potential values were also measured. All results were 
given as means and standard deviations of six measurements. The 
morphologies of compounds were also monitored by Thermo Scienti-
fic™ Talos L120C transmission electron microscope (Thermo Fisher 
Scientific, Massachusetts, USA). 10 μL of compounds at CAC was 
deposited on a carbon coated TEM copper grid and allow to dry in air. 
TEM images were taken after the grid insertion in TEM. 

2.2.4. Membrane interaction through the leakage studies 
Calcein loaded small unilameller vesicles composed of 5 mM POPC 

were prepared by thin film hydration method and PBS pH 7.2 was used 
as hydrating solution. Non-encapsulated calcein was separated from the 
vesicle suspensions through the gel filtration chromatography (PD 
MidiTrap™). Membrane leakage was evaluated by following the in-
crease of calcein fluorescence intensity. A set of calcein solution in so-
dium hydroxide at pH 7.2 was measured to construct a calcein 
calibration curve. The excitation/emission wavelengths were set to 495/ 
515 nm with 5 nm of excitation/emission slit widths in black 96-well 
plates using microplate reader in fluorescence spectrophotometry. Ex-
periments at pH 4.5 were performed following the same procedure after 
adjusting the pH of the solution to 4.5. The effects of SA and OA on 
membrane damage were investigated after calcein loaded vesicles were 
exposed to FAs at five different concentrations (0.5, 1.0, 1.5, 2.0 and 3.0 
fold-CAC). 

2.2.5. Cellular viability assessment 
Murine fibroblast cell line (L929), human cervical cancer cell line 

(HELA) and human prostate cancer cell line (PC3) were cultured and 
maintained in DMEM containing 10 % FBS and supplemented with 100 
U/mL penicillin and 100 μg/mL streptomycin. The cultures were incu-
bated at 37 ◦C in a humidified atmosphere with 5% CO2. Cellular via-
bilities of compounds at different fold CAC were determined using a 
tetrazolium-based microplate assay with MTT (Vybrant, Life Technolo-
gies). Briefly, cells were seeded onto a 96-well plate at a density of 1 ×
104 cells/well. Cells were incubated with compounds for 24 h. After the 
incubation, cell culture medium was removed and changed with the 
plain medium. 20 μL of MTT dye (0.5 mg/mL) was added into each well 
and incubated for 4 h at 37 ◦C. Afterwards, solubilization buffer (100 μL) 
was added into each well and incubated for 1 h at room temperature. 
Cell viabilities were determined on a microplate reader (Epoch Biotek 
Co., USA) at 490 nm wavelength and the living cells percentages were 
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calculated using the Graphpad Prism program. 

2.2.6. Statistical analysis 
The presented results were the averages of three complete and in-

dependent experiments. Data were reported as mean ± standard devi-
ation. One-way analysis of variance was employed to identify 
differences in means. Tukey’s test was used for multiple comparisons. 
Statistical significance was declared at p < 0.05. 

3. Results and discussion 

3.1. Measurement of critical aggregation concentration 

The compounds with amphiphilic properties and their self- 
aggregation capabilities in aqueous solutions have found a wide range 
of application for numerous research purposes related to colloids and 
interface chemistry. Surface active compounds play a vital role in a 
number of processes ranging from their existence in biological system 
(lipid bilayers) to industrial processes (colloidal solutions, detergents, 
coatings, pharmaceuticals and cosmetics). They tend to form bilayers, 
vesicles or micelles in quite smaller sizes. These unique properties make 
them versatile and they can increase solubility, reduce toxicity, enhance 
permeability, provide better bioavailability [21–23]. Surfactants at very 
low concentration separately exist in an aqueous medium. As their 
concentration increased, surfactants with lipophilic tails first settle onto 
the interface to minimize the hydrocarbon tail–water interfacial area, 
then aggregation takes place. The formation of aggregations is driven by 
the decrease of free energy in the system in attempt to remove hydro-
phobic fragments from the aqueous environment. The concentration 
which a monomeric amphiphile occurs at, in other words, micelles 
appear first, is called the critical micelle concentration (CMC) [24,25]. 
CMC is a key parameter to characterize compounds. Around the CMC, 
solution properties show sharp changes that can be detected by various 
methods based on a decrease in electrical conductivity or in surface 
tension, an increase in turbidity or organic dye solubility. Among them, 
fluorescent probe method is widely used and relies on a sharp change in 
fluorescence intensity after dye micellization. Dyes such as sudan, 
coumarin, rhodamine, pyrene, eosin show almost no emission in solu-
tions but strong emission in micelles due to an increase in dye solubility 
when increasing the surfactant concentration [26]. The fluorescence 
polarization of DPH which is one of the aromatic hydrocarbon fluo-
rophores like pyrene is an indicator of membrane microviscosity (vis-
cosity in the bilayer interior) or fluidity [27]. In this study, we attempted 
to investigate the aggregation behavior of SA and OA using the DPH dye. 
In this method based on dye solubilization, DPH, a lipid soluble fluo-
rescent dye, presents lower solubility in hydrophilic dispersion. There-
fore, the fluorescence intensity is low. The certain point where dye 
solubility, and consequently the fluorescence intensity abruptly increase 
implies the formation of aggregates. 

SA is a saturated long straight chain fatty acid with 18 carbon atoms 
while OA is a monounsaturated curved chain fatty acid. Their structures 
were given in Fig. 1. Since, it is widely known that having carboxylic 
acid moiety improve the water solubility [28], they might assemble to 
form micelles or micelle-like structures despite of their long hydropho-
bic moiety. 

Self-aggregation behaviors of the SA and OA were examined using 
the fluorescence technique with DPH as a probe. Fluorescence in-
tensities of samples were measured after exposing to different concen-
trations of free fatty acids in an aqueous solution at pH 7.2 and 4.5, the 
graphs in Fig. 2 were drawn. In four graphs, the fluorescence intensities 
showed no significant differences when the concentrations of free fatty 
acids were low which pointed that they were unable to form aggregates 
and behaved individually. When gradually increasing concentrations, 
the fluorescence intensity demonstrated sharp increase after a certain 
point. This concentration indicated that the hydrophobic domains were 
able to form aggregates and presented cluster behavior which is defined 
as critical micelle concentration, or critical aggregation concentration 
(CAC) in this case. In Fig. 2, both SA and OA presented sharp increases 
on fluorescent intensity of DPH. It was clearly seen that dye solubiliza-
tion increased almost linearly with increasing fatty acid concentration 
beyond CAC. It has been revealed that this phenomenon is due to the 
occurrence of compounds’ structural rearrangement. It has been also 
reported that medium chain fatty acids (C8, C10, C12, and C14) 
demonstrated the aggregation behavior according to both in silico based 
on coarse-grained molecular dynamics simulation and in-vitro based on 
surface tension method [29]. The same could be suggested for long chain 
free FFAs, and aggregation behaviors of SA and OA were observed 
through the fluorescence intensity technique based on hydrophobic dye 
solubilization. 

The CAC values were calculated through analyzing graphs. Table 1 
represented the CAC values of fatty acids at different pH. The CAC values 
of SA were approximately 1110 μM at pH 7.2 and 1550 μM at pH 4.5. 
Surprisingly, we observed that SA formed micelle at lower concentra-
tions at pH 7.2 (comparing with pH 4.5). This could be the result of 
carboxylate anion formation. High pH caused more carboxylate ion; so, 
micelles could form in a lower number of molecules, and vice versa. The 
presence of less carboxylate anion in low pH required a higher number 
of molecules for micelle formation. Although the CAC values vary on the 
properties of the medium, temperature, buffer used, pH and the method 
of measurement, the CAC values of FAs measured in this study was 
consistent with previous study which demonstrated the CAC values of 
medium chain FAs and claimed that the CAC values of the different 
medium chain fatty acids decreased with increasing carbon chain length 
[29]. The CAC values of long chain FAs (SA and OA, in this study) were 
lower than that of medium chain FAs (measured by Hossain et al., 2019). 

SLNs comprised of lipids and surfactants. Generally, more than 5% 
(w/v) of lipids (approximately equal to 0.2 M of stearic acid) was used to 
produce SLNs [30,31]. The CAC of stearic acid was almost 
two-hundred-fold below. The type and ratio of surfactants have 
constructive effects on micelle formation; therefore, it is also possible 
that SLNs are thought to be as ‘concentrated micelles’. Apart from active 
pharmaceutical ingredient, the main compositions in nano-sized de-
livery systems might tilt the balance in cellular interactions. SLNs based 
on SA demonstrated higher cellular uptake [32], and improve pharma-
cokinetic following oral administration [33]. It is reported that saturated 
fatty acids with high melting point such as SA showed high permeation 
rate across the biological membranes. Moreover, using SA in SLNs en-
hances oral absorption of active drug via lymphatic uptake and extended 
stability, as pancreatic lipases do not specifically hydrolyze SA [6]. 
Considering the Danckwert model/penetration or surface renewal the-
ory, the possible scenario would be the fact that drugs might be tra-
versed via the formation of nanoscale packets, i.e. micelles or 
micelle-like clusters from the surface of SLNs. This might be also the 
plausible explanation for the extension of drug release or the occurrence 
of controlled release. 

The CAC value of OA was 300 μM at pH 7.2 whereas it was 460 μM at 
pH 4.5. The CAC values of oleic acid at both pH were lower than that of 
SA. It was possibly due to its kink which prevents the molecules from 
packing closely and created the steric hindrance [34]. The curved chain 
led to the occurrence of aggregation with a small amount of substance. 
In other words, a large concentration was not necessary for the required Fig. 1. Structure of stearic acid and oleic acid.  
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molecular associations of oleic acids to form micelles. We can also 
conclude that the self-aggregation capabilities of SA and OA could be 
discussed. 

3.2. Characterization of micelle-like clusters of long chain fatty acids 

The particle size is a key factor for the fate of particles in the body. It 
affects many factors from product characteristics to biological factors 
including absorption site, clearance, and biodistribution [35]. Particle 
size is generally defined with polydispersity index (PDI), which is an 
indicator of distribution. Formulation with large PDI is a mixture of 
subpopulation of different sizes and shows heterogeneous size distri-
bution [36]. Formulations with PDI below 0.7 are considered as a ho-
mogenous distribution [37]. The mean particle size of FAs and the PDI 
values were given in Fig. 3A. The average particle sizes of SA aggregates 
were 477.90 ± 95.81 nm with 0.382 ± 0.111 PDI, whereas those of OA 
aggregates were 228.90 ± 76.80 nm with 0.270 ± 0.058 PDI. The 

Fig. 2. Fluorescence intensity vs. logarithm of the fatty acid concentration for determination of critical aggregation concentration: The lines represent one repeat of 
three for fatty acids (A) stearic acid at pH 7.2, (B) stearic acid at pH 4.5, (C) oleic acid at pH 7.2, and (D) oleic acid at pH 4.5. CAC was determined by the intersection 
of the two lines created in the graph. 

Table 1 
The critical aggregation concentration values (μM) of stearic acid and oleic acid 
at pH 7.2 and pH 4.5.  

Compounds Critical aggregation concentration (μM)  

pH 7,2 pH 4,5 

Stearic acid 1110 1550 
Oleic acid 300 460  

Fig. 3. Physicochemical properties of stearic acid and oleic acid clusters; A: particle size and distribution; B: zeta potential. Values were given as the mean ± standard 
deviation (n = 6). 
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particle size can vary under the influence of aggregation number and 
micellization, collisions and/or fusion of small micelles [38]. SA had 
larger particles and wider particle distribution than OA. This was 
ascribed to the higher critical aggregation concentration of SA. 

Zeta potential values of SA and OA were − 39.4 ± 2.2 and − 45.0 ±
1.9, respectively (Fig. 3B). Greater zeta potential values (>±30 mV) are 
required to effectively stabilize colloidal systems with the help of elec-
tric repulsion [39]. Compounds were dispersed stably, and met the 
criterion. 

The chemical natures of amphiphilic molecules including lipids, 
detergents, membrane proteins and block copolymers vary with respect 
to their polar and non-polar components. The phase behaviors of com-
pounds are specified under the influence of the volume and the volume 
of the nonpolar hydrocarbon chain, the polar area of the head group, 
temperature, and dispersed phase content (water or buffer concentra-
tion). While minimizing the free energy when in contact with water, 
amphiphilic molecules generate different topologies like spherical, 
layer, cubic, hexagonal based on structural properties [40,41]. 

To investigate the shape and type of assemblies of FAs, TEM images 
were captured. SA samples at CAC clustered together in cubic shape of 
different sizes, as seen in Fig. 4A. There were also very small spherical 
dots in samples (Fig. 4B). They might be fatty acid droplets since cubes 
were large and more apparent particles. Besides, it is widely known the 
existence of individual surfactant and micelles at CAC because CAC is 
considered as a threshold above which aggregation occurs [42]. In 
Fig. 4C, particle sizes of SA aggregates were ranging from 139.2 nm to 
366.3 nm, and it was obvious that aggregates were not only individual 

but also in clusters, overlapping or combined. When viewed at higher 
magnification (Fig. 4D), it was noticed that cubic structures were 
fundamentally hexagonal at first glance. Based on their shapes, the 
critical packing parameter of SA was estimated as >1 [40]. The presence 
of overlapping particles was a clear explanation of its large particle size 
(seen Fig. 4A). 

The aggregations of OA at CAC were mostly spherical (Fig. 5A). The 
presence of oval clusters was apparent in closer view (Fig. 5B). The 
particle sizes of aggregates were ranging from 19.57 nm to 71.89 nm. 
Fig. 5C and D showed the TEM micrograph at higher resolution. These 
aggregates were small spherical granules in narrow size distribution 
with a smooth surface. These results suggested that the curved chain 
decreased the CAC, as well as the particle size. 

3.3. Membrane interaction through the leakage studies 

Model systems, membrane mimicking systems or synthetic/artificial 
membrane system, are used to clarify the penetration of drugs or drug 
delivery systems into the cell, as well as to illuminate the interaction of 
substances with the membrane. Great progress has been seen in mem-
brane mimicking systems in the last few years because they are a key 
factor example to address lipid-lipid and/or lipid-protein interactions. 
Their compositions can be tuned so that specific interactions could be 
individually studied. Small unilameller vesicles (SUVs) are one of them 
[43–45]. Calcein -release phenomenon based on a water soluble fluo-
rescent probe, calcein, is notably used as a model for interactions dru-
g/liposome [46,47]. To investigate the interaction between FAs and 

Fig. 4. TEM images of stearic acid samples at CAC with different scale bars; (500 nm for A, B, and C; 100 nm for D). Particle sizes of samples from left to right: 27.83; 
49.52 and 31.08 nm in B; 366.7; 139.2 and 163.5 nm in C; 167.7 nm in D. 
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lipid membrane, we entrapped calcein into the SUVs and monitored 
calcein release from them after the exposure to FAs. 

The fatty chains in phospholipids which are compositions of cell 
membranes are structurally similar to SA and OA. These fatty acids can 
easily be located and accumulated in the cell membrane since bilayer 
membrane possesses a fusogenic tendency [48]. Furthermore, 
self-aggregated molecules can influence the membrane permeation 
[49]. When the concentration of FAs on the cell membrane reached a 
certain point, it causes cell membrane to disrupt which leads cells to 
undergo physiological cell death. We hypothesized that this certain 
concentration might be the CAC. Therefore, we investigated the effects 
of their lower and higher concentrations to reveal the interaction be-
tween compounds and cell membrane. Five various concentrations of 
FAs in multiples of CAC were applied to the calcein loaded SUVs. The 
fluorescence intensities of samples were recorded and values were 
converted to calcein amount by way of calcein calibration curves. Since 
it has been reported that calcein is not released from POPC in 1 h [50], 
The incubation time was kept minimum approximately 10− 15 min to 
eliminate any possible pre-release of calcein apart from the interaction. 

The higher interaction between FAs and SUVs membranes interprets 
the presence of higher calcein release, in other words, calcein amount. 
As seen in Fig. 6, the amount of calcein increased with increasing the FAs 
concentration. In Fig. 6A, it was seen that the calcein release started 
below CAC and the amount of calcein exponentially raised as increasing 
the concentration. The calcein amount reached the plateau at 1.5-fold 
CAC and there were no statistical differences between the samples at 
1.5, 2.0, and 3.0-fold CAC (p > 0.05). The CMC is not the one strictly 

defined value but it is a range of concentrations at which aggregates are 
formed [51]. Therefore, SA at a lower concentration could cause the 
leakage of calcein from membrane structures, but the presence of a few 
aggregates at CAC could not be sufficient to completely disrupt the 
membrane integrity. The similar release behavior was occurred with OA 
(Fig. 6B). The maximum calcein release was obtained using OA at 
2.0-fold CAC and surprisingly the release rate of calcein decreased at 
3.0-fold CAC. This may be related to the viscosity of samples. When the 
concentration, and consequently the viscosity goes up, there is no longer 
a linear relation between dye solubilization and surfactant concentra-
tion [52]. Comparing Fig. 6A and B, SA had a stronger effect on mem-
brane integrity impairment. It was reported that unsaturated 
compounds like OA is less compact than the one formed by saturated 
ones [53]. It might be of great relevance to the highly ordered structure 
of SA. 

The results at pH 4.5 were parallel with what was observed at pH 7.2 
in terms of the concentration-dependent increase in calcein release 
amount (Fig. 6C and D). However, the fluorescence intensities were 
much lower than what obtained at pH 7. The fluorescence intensities of 
some samples were lower than that of the control group (calcein loaded 
liposomes not exposed to compounds). The fluorescence intensities of 
the anionic dye in small quantities at pH 4.5 might be quenched by SA or 
OA. At pH 4.5, the highest calcein release was obtained with 3.0-fold 
CAC of SA (Fig. 6C). It was observed that increasing of OA concentra-
tion up to 2.0-fold CAC resulted in a gradual increase in the calcein 
release (Fig. 6D). The membrane integrity of liposomes was maximum 
when applied to 2.0 fold CAC of OA, and there were no significantly 

Fig. 5. TEM images of oleic acid samples at CAC with different scale bars; (500 nm for A, 100 nm for B, 50 nm for C, and 10 nm for D). Particle sizes of samples from 
top to bottom: 66.21, 28.48, 23.58, 42.05, and 43.23 nm in A; 19.57, 28.36, 27.18, and 71.89 nm in B; 57.93 nm in C; 27.92 nm in D. 
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differences between 2.0 and 3.0-fold CAC of OA (p > 0.05). It can be 
deduced that the membrane-FAs interaction significantly decreased at 
an acidic environment, compared to pH 7.2. 

3.4. Cellular viability assessment 

FAs may promote drug absorption, besides have an impact upon the 
membrane integrity, as well as the membrane fluidity [29]. In attempt to 
investigate the effects of aggregates of FAs, and their potential interac-
tion on cell viability, healthy cells (L929; murine fibroblast cell line) and 
cancerous cells (HeLa; human cervical cancer cell line, and PC3; human 
prostate cancer cell line) were exposed to FAs aggregates. As depicted 
Fig. 7, aggregates of FAs caused noteworthy changes in cell viability. In 
healthy cells, SA limited the cell viability to approximately 80 % and 
showed its maximum effect at 1.5 CAC (64.92 ± 1.23 %), as seen in 
Fig. 7A. The 50 μL application of SA inhibited the cell viability between 
49.01 ± 5.18%–60.04 ± 1.64 % in a concentration-independent 
manner. On the other hand, OA presented a moderate effect by 
decreasing the cell viability to 70 % (Fig. 7B). Increasing the amount of 
OA from 10 μL to 50 μL did not result in any difference in cell viability. It 
can be concluded that they both induced cell death. Moreover, the effect 
of SA on cell death was more dominant on healthy cells compared to OA, 
even for the applications at their same concentration (the CAC of SA 
equals to approximately 3 times CAC of OA). 

A substantial difference between L929 and HeLa cell lines was not 
observed after the SA-treatment (Fig. 7C). It maintained its 
concentration-independent manner. Nevertheless, its inhibitory effect 
on cell viability was relatively higher than healthy cells for 10 μL ap-
plications. As seen in Fig. 7D, OA showed proliferation effect or inhib-
itory effect on HeLa cells depending on concentration after 10 μL 
treatment. However, this unsteady effect was not in order. Treating 50 
μL of OA, the inhibition effect on cell viability became apparent. 

As shown in Fig. 7E, SA at CAC and below promoted cell proliferation 
after the treatment of 10 μL, whereas it significantly inhibited the cell 
viability above the CAC. The quite similar findings were obtained with 
10 μL of SA treatment. The inhibitory effect of SA on PC-3 cells was 

portrayed in a dose-dependent manner. Unlike SA, OA exhibited a 
dominant proliferation effect in all concentrations and volumes except 
that 50 μL of 3.0-fold CAC (Fig. 7F) which was consistent with the 
previous study which emphasized that OA promoted prostate cancer 
[54]. It was reported that OA up to its 100 μM concentration can in-
crease cell proliferation and survival, and its 250 μM concentration 
triggers cell death [55]. In other respects, the anti-proliferation effect, in 
further, inducement of apoptosis and autophagy of OA at 50, 100 and 
150 μM were also presented [56]. It can be concluded that the inhibition 
effect of SA on cell viability was much distinct than that of OA. The effect 
of OA on cell survival can dramatically vary depending on its concen-
tration, membrane properties, cell types, cellular structure. 

Overall, both FAs showed clear and unambiguous inhibitory effects 
on healthy cells in a concentration-independent manner. As pointed out 
in the studies on membrane mimic systems, the interaction occurred 
more easily at pH 7.2 while it was weakened at acidic pH (i.e. 4.5). In 
addition to all other cellular factors, pH should be considered as a crit-
ical factor. Intracellular and extracellular pH are generally ~7.2 and 7.4 
in normal cells, respectively. The obvious impact of FAs on cell death 
might be correlated to the aggregation ability, fusion tendency, and 
consequently membrane integrity disruption. In brief, parallel to the 
high membrane interaction in healthy cells, there is a decrease in cell 
viability regardless of the concentration. On the other hand, cancer cells 
have a higher intracellular pH of >7.4 and a lower extracellular pH of 
~6.7–7.1 [57,58]. An acidic microenvironment in cancer cells might 
partially block the membrane interaction and fusion ability. Another 
important factor may be the electrostatic interaction. HeLa and PC3 cells 
like many other cancer cells have negative net charges [59]. Potential 
alterations on the cancerous cell membrane induced by FAs with nega-
tive surface charge might be suppressed due to the repulsive forces. 
Therefore, in addition to their effects on cancer cells, the effects on 
healthy cells should be considered as well. 

4. Conclusion 

Stearic acid and oleic acid can alter membrane function and also 

Fig. 6. Calcein release from membrane mimicking systems triggered by micelle-like aggregates of: stearic acid at pH 7.2 (A), stearic acid at pH 4.5 (B), oleic acid at 
pH 7.2 (C), oleic acid at pH 4.5 (D). The calcein amount represents the values after the subtraction of the calcein amount in liposomes not exposed to any substances. 
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interact with each other. Although their usage with disparate aims has 
been increasing, the discrepancies arise about their beneficial or harmful 
effect on the body. In the current research, it was presented that stearic 
acid and oleic acid can form micelle-like aggregates and their critical 
aggregation concentration values were determined. TEM analysis 
confirmed their aggregation behavior and particle size at critical ag-
gregation concentration. Moreover, they both caused disruption of 
membranes especially at pH 7.2. The membrane integrity was impaired 
according to membrane mimicking systems. This effect boosted when 
they were used above their critical aggregation concentration. Stearic 
acid showed a more aggressive inhibitory effect on cell viability than 
what obtained with oleic acid. The effect of stearic acid on PC3 cell lines 

was obviously in a concentration-dependent manner, while oleic acid 
presented the proliferation effect on PC3 cell lines. Overall, the aggre-
gation behavior of fatty acids should be considered as a note-worthy 
factor on physiological functions. It should be pointed out that further 
studies are needed to contribute to solving these controversial 
approaches. 
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