
1. Introduction
Foam and emulsion systems are all biphasic disper-
sions that consisting of two immiscible phases [1, 2].
These systems are thermodynamically unstable and
require stabilization by surfactants [3]. A foam is a
air-in-liquid dispersion, whereas an emulsion is a liq-
uid-in-liquid dispersion [4]. Therefore, the surfac-
tants can adsorb either the air–liquid interface or the
liquid–liquid interface. On the other hand, foamed
emulsions are oil, water, and air combinations [5]. A
continuous phase of oil and water encloses the air
bubbles. Foams are both due to the foaming ability

of a liquid and it is responsible for the stability of the
resulting foams. The inclusion of a third immiscible
phase, such as oil into an aqueous foam or air into
an emulsion, enhances opportunities of material de-
sign [5, 6]. Many studies have showed generally,
water is used as continuous phase in most of the ap-
plications to obtain a foamed emulsion [7]. In these
conventional foam or emulsion systems, stability has
been satisfied by surfactants, however, these surfac-
tants can damage the environment. Further, many of
them have limited biocompatibility and toxicity, and
easily affected by environmental factors [4, 8].
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The major driving forces behind the creative devel-
opment of biomass-based products are green chem-
istry and industrial ecology [9]. Moreover, bio-based
and carbon-based biodegradable polymers such as
cellulose, alginate, chitin, chitosan, and psyllium husk
are significant options that might assist solve the eco-
logical problem [10, 11]. Many studies have been
conducted for different demands using these poly-
mers such as heavy metal removal, wastewater pu-
rification, oil/water emulsion separation [12, 13].
As the requirement for renewable and environmen-
tally friendly sustainable materials advances, many
researchers have focused on particle-stabilized (or
‘Pickering-Ramsden’) emulsion or foams by using
solid particles owing to lower cost, more reliable and
safety in order to increase foam/emulsion stability
[1, 14, 15].
Pickering emulsions or foams have previously been
extensively utilized in pharmaceutical sciences, ma-
terials science, food science, biotechnology, and
other fields [4, 16]. Pickering emulsions are regarded
ideal for topical application to the skin and mucosal
layers of the body [2, 17]. They are stabilized by var-
ious solid particles, particularly, inorganic-based such
as silica, titanium dioxide, clay, hydroxyapatite, mag-
nesium hydroxide. Nevertheless, such inorganic par-
ticles can be threat in terms of health. In this regard,
many natural origin materials/biomacromolecules,
polysaccharide-based solid particles like starch, cel-
lulose, chitosan or other natural counterparts like
protein can be used [2, 14, 15, 18]. The use of β-cyclo -
dextrin (β-CD) as an emulsion stabilizer is another
alternative for the production of Pickering emul-
sions. β-CD has hydrophobic inner cavity and hydro -
philic outer cavity and can form non-covalent inclu-
sion complexes (ICs) with oil and other guest mole-
cules [19, 20].
Terpenes are natural substances composed of cy-
cloaliphatic and/or aromatic compounds. d-limonene
(4-isopropenyl-1-methylcyclohexene) is an essential
part of several citrus-derived essential oils [21, 22].
It is regarded as a potential bioactive molecule due
to its antibacterial, antioxidant, anticancer, anti-in-
flammatory, antiviral, and insecticidal properties.
In the current study, polyvinyl alcohol/psyllium husk
(PVA/PSH) Pickering foamed emulsions containing
d-limonene were produced by mechanical frothing.
In this context, β-cyclodextrin/d-limonene ICs were
prepared and added into PVA/PSH blend matrix and
initiated high speed mixing. The effects of d-limonene

on the morphological, physical, thermal, and me-
chanical properties of the material have been studied.
Further, antibacterial and antifungal efficiency, and
cytocompatibility assessment has been evaluated.

2. Materials and method
2.1. Materials
PVA (purity 87.8%, Mw ~30 000 g/mol) was pur-
chased from ZAG Industrial Chemicals (Istanbul,
Turkey). PSH powder was supplied from Nature-
byme (İstanbul, Turkey). d-limonene (99% purity)
were also purchased from Kimbiotek Chemical Sub-
stances Industry Trade Inc. (İstanbul, Turkey). β-CD
was kindly granted by Wacker Chemical Company,
Germany. Merck supplied Trypton Soy Agar (TSA,
105458) (Kirkland, QC, Canada). Further, RPMI1640
medium, fetal bovine serum (FBS), penicillin-strep-
tomycin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT), trypan blue, ethanol
from Sigma; dimethyl sulfoxide (DMSO) from
Merck; Triton X-100, trypsin–EDTA, Dulbecco’s
phosphate buffered saline (DPBS) from Gibco. Dis-
tilled water was used in all experiments, and all ma-
terials were utilized as received.

2.2. Fabrication of PVA/PSH/d-limonene
Pickering foams

PVA powders were dissolved in distilled water at
90 °C to achieve homogenous 10% (w/v) PVA solu-
tions. To obtain homogenous solution of psyllium
husk (3%, w/v) the PSH solution was mixed with ul-
trasonic homogenizer for almost 1 h. Then, the PSH
solution was taken and the PVA: PSH blend solution
was started to be mixed in a mechanical mixer with
a ratio of 4:1 (v/v). Thereafter, a certain amount of
glycerol was added into the polymer mixture. After
the addition of d-limonene to the system in differ-
ent ratios (200, 600, and 1000 µL, respectively).
D-limonene was added to the polymer mixture drop
by drop. At the last step, physical crosslinker citric
acid was added into polymer emulsions and mechan-
ical frothing was applied these emulsions at high
speed to obtain emulsion foams. These emulsion
foams were transferred to teflon molds, and to obtain
Pickering emulsion foams was taken to oven for dry-
ing at 50 °C for overnight. The sample codes were
given as PPL0, PPL1, PPL2, and PPL3. The schemat-
ic sketch of preparation of PVA/PSH/d-limonene
flexible foams were indicated in Figure 1. The foam-
ing approach was used to create four bio-based
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materials formed of PVA/PSH film, and three differ-
ent amounts of PVA/PSH/d-limonene foams
(Table 1). In addition, step-by-step emulsion foam
formation mechanism were given in Figure 2.

2.3. Characterization of the Foams
2.3.1. Morphological Analysis
The formation of the Pickering foams was observed
with a stereo and light microscope (Leica-BM

F. N. Parın et al. – Express Polymer Letters Vol.18, No.3 (2024) 282–295

284

Figure 1. Schematic illustration of preparation of Pickering foams.

Table 1. The composition of PVA-PSH based samples.

Sample ID PVA
[% (w/v)]

PSH
[% (w/v)]

Glycerol
[% (v/v)]

β-cyclodextrin/d-limonene
[% (w/v)]

Citric acid
[% (w/w)]

PPL0 10 2 4 – 6
PPL1 10 2 4 1:1 6
PPL2 10 2 4 1:3 6
PPL3 10 2 4 1:5 6

Figure 2. Step-by-step emulsion foam formation mechanism.



2500 M). The surface and cross-sectional morpholo-
gies of the samples produced was examined using a
Carl Zeiss/Gemini 300 Scanning Electron Micro-
scope (SEM). All samples were gold-coated in 15 nm
before analysis. Porosity and pore diameters of the
samples were measured via Image J (version 1.520
software) by randomly choosing 100 cavities for
each sample.

2.3.2. Thermal stability
Thermogravimetric analysis (TGA) was carried out
in a nitrogen atmosphere (N2) at a heating rate of
10°C/min over a temperature range of 30–600°C,
then in an oxygen atmosphere (O2) at the same heat-
ing rate over a temperature range of 600–900°C [15].

2.3.3. Spectroscopic analysis
Thermo Nicolet iS50 Fourier Transform Infrared
(FT-IR) spectrometer (USA) with and ATR adaptor
(Smart Orbit Diamond, USA) was utilized to confirm
the chemical groups and interactions between poly-
mer blends, and d-limonene – polymer blends in film,
and foam samples. The analysis was performed in the
wavenumber’s region of 4000–500 cm–1 with an av-
erage 16 scans at 4 cm–1 resolution.

2.3.4. Wettability test
The wettability of resulting foams measured from a
goniometer (Biolin Scientific, Gothenburg, Sweden),
in the static contact angle method (sessile drop tech-
nique) which captured 15–20 records per second in
standard mode for a single drop (3 µL pure water).

2.3.5. Mechanical test
The mechanical characteristics of the samples were
tested by a universal testing machine (AGS-X Series,
1 kN, Shimadzu, Japan) in accordance with the mod-
ified ASTM D882-02 methodology. The samples
were sliced into 5 cm long by 1.0 cm broad rectangles.
The constant rate of deformation was 10 mm/min.
The mechanical characteristics of each sample were
investigated in terms of tensile strength, elongation
at break, and Young's modulus using five repetitions.
The data was provided as averages with standard de-
viations.

2.4. Antibacterial and antifungal  test
The antibacterial sensitivities of hybrid non-wo-
vens were determined by the standard strains of

Esche richia coli ATCC® 25922, Staphylococcus au-
reus ATCC® 25923 and Pseudomonas aeruginosa
ATCC® 27853. Trypton Soy Agar (Merck Milli-
pore™ 105458) was used for the growth of lyo -
philized bacterial strains. The inoculated culture
media were incubated for 24 h (37 °C) under aero-
bic condition. In an isotonic saline solution, bacte-
rial suspensions were adjusted to 0.5 McFarland
(1·108 CFU/mL) turbidity. Antimicrobial efficacy was
evaluated qualitatively by the disk diffusion method.

2.5. Cytocompatibility test
The cytocompatibility of developed biomaterials as
a film sample, and 3 different foam samples prepared
in different compositions was evaluated according
to the ISO 1099-5 standard [23]. MTT cytotoxicity
assay was performed in L929 cells after 24 h of ex-
posure of cells to material extracts. Also the cytotox-
ic activity of d-limonene (known as citrus terpenes
and is the main chemical constituent found in the
cold-pressed peel oils that can be derived from all
edible citrus species) which we used in the content
of the material, was determined in a wide concentra-
tion range.

2.5.1. Preparation of biomaterial extract
solutions

In this study in order to evaluate the cytocompability
of PPL sample extracts, foremost all samples were
cut as equal samples (2×2 cm) and sterilized by UV
light for 1 h. Then they left for extraction for 24 h in
sterile tubes containing 10mL of culture medium
(RPMI 1640 containing 10% serum and 1% peni-
cillin-streptomycin).

2.5.2. Cell culture
Cell culture and cytotoxicity assay were conducted
at the bioengineering department of Bursa Technical
University. The L929 fibroblast cell lines were used
for cytotoxicity assays as a reference cell line for cy-
toxicity testing of medical devices and materials.
L929 cells were seeded in 75 cm2 culture flasks con-
taining RPMI 1640 supplemented with 10% FBS
and 1% penicillin streptomycin. Cells were grown
in an incubator at 37 °C in an atmosphere supple-
mented with 5% CO2 and checked daily by using an
inverted microscope with phase contrast attachment
(Olympus CKX41). Subcultures were performed
when an 80% of confluence was observed.
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2.5.3. 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT)
assay

MTT assay was performed as detailed in our previ-
ous studies [24, 25]. A total of 5·104 cells/well were
plated in 96 well tissue-culture plates and after 24 h
incubation, cells were exposed to the 100 and 50%
concentrations of sample’s extract solutions for 24 h
at 37 °C. The microscopical images of foams were
given in Figure 3 and Figure 4, respectively. Then
the medium was aspirated and MTT (5 mg/mL of
stock in PBS) was added (10 μL/well in 100 μL of
cell suspension), and cells were incubated for an ad-
ditional 4 h with MTT dye. At the end of incubation
period, the dye was carefully taken out and 100 μL
of DMSO was added to each well. The absorbance
of the solution in each well was measured in a mi-
croplate reader at 570 nm. Results were expressed
as the average percentage of cell growth achieved
from 8 wells replicated in each of two independent
experiments.

3. Results and discussion
3.1. Stereo microscope and light microscope
The formation of the Pickering foams was observed
with a stereo and light microscope [9]. The micro-
scopical images of foams were given in Figure 3 and
Figure 4, respectively.

3.2. Morphological analysis 
SEM was used to analyze the surface and cross-sec-
tional morphology of neat film and Pickering foams,
and the resultant micrographs are shown in Figure 5.
Further, pore sizes and pore size distributions were
given in Figure 5. There are no irregularities in the
SEM images of the PPL0 films as expected
(Figure 5a1 and 5a2). The porous structure of foams
dominates the cross-sectional and surface images.
An increase in the amount of d-limonene has led to
a decrease in pore diameters. This phenomenon co-
incides with the literature. Many studies reported
that d-limonene provide extra hollowed ring mor-
phology [26, 27]. β-cyclodextrin/d-limonene ICs
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Figure 3. The light microscope images of the Pickering foams a) PPL1, b) PPL2, c) PPL3, respectively (Surface magnifica-
tion: 100×, scale: 50 µm).



were uniformly mixed in PVA/PSH matrix. Howev-
er, uniformities of pore size distribution destroyed.
The porosities of PPL1, PPL2, and PPL3 Pickering
foams have been found as 43.4, 48.3, and 49.2%, re-
spectively. Generally, open-cell morphology can be
seen in all foams. Shapeless structures in the pore
around are observed as the amount of d-limonene in-
creases. Overall, the resulting Pickering foams were
in the µm range with a 180–193 µm average pore di-
ameter.

3.3. FT-IR spectrum
The FT-IR analysis was used to investigate to eval-
uate any bond formation of active ingredient and
polymer. Further chemical groups of the polymers
were confirmed (Figure 6). The spectra of pure
PVA/PSH film, and PVA/PSH foams containing d-
limonene show characteristic peaks of stretching and
bending vibrations are due to the predominance of
PVA an d PSH. In this context, the absorption peak at
3278 cm–1 is attributed to (–OH) stretching vibration.

The asymmetric and symmetric stretching vibrations
of the –CH2 groups are due to the absorption bands
at 2936, and 2913 cm–1, respectively, as reported in
previous studies [21, 28, 29]. Furthermore, the ab-
sorption peak at 1712 cm–1 revealed the existence of
carbonyl groups (–C=O). This is owing to the ester-
ification of PVAc. The consecutive peaks at 1420,
1374, 1321, and 1242 cm–1 are assigned to –CH and 
–OH groups bending (1374 cm–1), O–H bending vi-
brations. It is noticeable from the spectra of all sam-
ples containing d-limonene foams that no chemical
reaction occurs between d-limonene and PVA/PSH.
When d-limonene was added in the PVA/PSH, slight
changes were seen in the PPL2 foams spectra. Un-
like the other samples, the PPL2 sample had a peak
of 887 cm–1. This can be attributable to an increase
in d-limonene amount. Because this new peak formed
is the characteristic peak of d-limonene (885 cm–1).
Furthermore, the amount of free d-limonene was ob-
served at this point. The new peak The characteristic
absorption peaks of d-limonene exhibited at 797 and
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Figure 4. The stereo-microscope images of the Pickering foams a) PPL1, b) PPL2, c) PPL3, respectively (Surface magnifi-
cation: 25×, scale: 1 mm).



885 cm–1 owing to C–H bending, at 1639 cm–1

caused by C=C stretching, and 2964 and 2915 cm–1

due to C–H stretching.

3.4. Thermal properties
The thermal stability of the neat PVA/PSH film, and
all foams were shown in Figure 7. In the first stage

(30–100°C), the excess moisture was vaporized for
all samples. PPL0 and PPL1 samples indicated same
degradation trend. According to TGA thermograms,
the weight loss was occurred between (110–300 °C)
due to the breakage of polymeric side chains and
formation of a polyacetylene-like structure. In the
third stage (300–400 °C), the breakage of polymer
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Figure 5. SEM surface images of samples a1) PPL0, b1) PPL1, c1) PPL2, d1) PPL3, cross-sectional images of foams a2) PPL0,
b2) PPL1, c2) PPL2, d2) PPL3 and pore diameter of foams b3) PPL1, c3) PPL2, and d3) PPL3, respectively. (Surface
magnification: 25×, scale: 300 μm, and cross-sectional magnification: 50×, scale: 100 μm).



backbone (C–C and C–O bonds from PVA and PSH)
arisen. In the fourth stage (400–600 °C), the forma-
tion of small molecules (CO2, and CO etc.) was re-
sulted from chain scission of PVA and polysaccha-
ride degradation. In the last stage (after 600 °C),
pyrolysis product and was decomposed [30].
The addition of d-limonene to the polymer matrix
resulted in a slight rise in degradation temperatures.
As incorporation of limonene in PVA/PSH matrix,
the Td50 value of the films increased from 244 to
313 °C (Table 2). PPL2 and PPL3 foams have the
highest thermal stability amongst the samples.
The TGA analysis was used to assess the thermal sta-
bility of the samples. Table 2 shows the TGA analysis

results of all samples at 600°C, including Tonset, Td10,
Td50, Td90, and residual weight.

3.5. Mechanical test
Mechanical strength of polymeric foams is signifi-
cant criteria in both clinical and preclinical studies
[21, 31] In this framework, a suitable dressing needs
to be both flexible and durable [32]. On the other
hand, porosity provides gas exchange, nutrition trans-
fer, and enhance the absorption capacity of bioma-
terial. However, the existence of porosity often weak-
ened the materials [33]. It is identified as a defect
influencing the improvement of strength, as the fail-
ure stage is begun by the voids formed [34, 35].
The tensile strength of the PPL1, PPL2, and PPL3
foams were determined as 170±30, 100±20, and
100±30 kPa, while Young’s modulus’ were 200±80,
160±20, and 140±40 kPa, respectively (Table 3).
This considerable changes in Young’s modulus and
percentage of elongation at max. break [%] values
can be explained by variations in pore size [36].
While PPL1 foams could transfer stress uniformly,
PPL2 and PPL3 foams may not distribute stress
uniformly throughout the material because to vary-
ing pore size distributions, based on Image J data
(Figure 2). Further, the increment of d-limonene
content may cause decreasing of tensile strength val-
ues due to the plasticizing effect of oil-based
d-limonene [21]. The incorporation of d-limonene in
the foams resulted in an extra pore effect [26, 27].
This might also indicate that when the amount of oil
in the foams increases, the elongation values do not
rise as predicted. Overall, these bio-based materials
possessed a foam-like structure and the formation of
voids inside the composite, which function as a
stress concentrator [15].

3.6. Wettability test
Some surface qualities must be satisfied to develop
biologically safe biomaterials that come into contact
with the human body. Critical interactions between
tissue and substrate are influenced by many of factors,
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Figure 6. FT-IR spectra of the d-limonene, PPL0, PPL1,
PPL2, and PPL3 samples.

Table 2. Thermal properties of the samples.
Sample

ID
Td90
[°C]

Td50
[°C]

Td10
[°C]

Residual weight
[%]

PPL0 147.9 244.2 430.2 3.09
PPL1 148.7 266.6 439.0 1.38
PPL2 150.7 313.1 440.3 0.79
PPL3 149.1 311.6 439.2 2.46

Figure 7. TGA thermograms of the neat PPL film ant flexi-
ble foams.

Table 3. Mechanical properties of the samples.

Sample
ID

Thickness
[mm]

Tensile
strength

[kPa]

Young’s
modulus

[kPa]

Max.
elongation

[%]
PPL0 0.46±0.15 4350±120 3820±180 0527.43±119.8
PPL1 3.05±0.30 170±30 200±80 235.47±26.4
PPL2 3.78±0.48 100±20 160±20 167.24±30.7
PPL3 3.43±0.43 100±30 140±40 162.41±33.4



such as wettability, which has significant effects on
biological reaction to biomaterial [37, 38]. The bio-
materials should have hydrophilic characteristics to
absorb a considerable amount of exudates [39] The
surface wettability of the wound dressing is impor-
tant when considering its function. Hydrophilic sur-
faces enhance cell attachment while hydrophobic
surfaces provide adsorption. Moreover, during wound
healing process, the wettability of the sample surface
may be utilized to effect some cellular activities such
as adhesion, cell proliferation, and etc. [40]. Wound
dressings with improved wettability and moisture re-
tention are favored for wound exudate control, where-
as alternatives are required to assist dry wounds in
retaining moisture. Surface of the biomaterials hav-
ing contact angles below 90° are considered hydro -
philic, in contrast those with contact angles above
90° are considered hydrophobic [14]. Herein, at
time = 0, the contact angle result of PPL0 film’ top
surface was 55.75±0.75°. The incorporation of
d-limonene leads to an increased hydrophobicity of
surfaces (bigger contact angles) due to the hydropho-
bic properties of d-limonene with (value of logP =
4.38–4.8) [41–43]. In this case, the contact angle of
PPL1, PPL2, and PPL3 increased with 66±0.46°,
79.88±1.2°, and 70.7±1.2°, respectively (Figure 8).

However, it seems that the increase in these values
is not correlated. This can be attributable to an inad-
equate binding between d-limonene and PVA/PSH
polymer matrix (Figure 6) confirms that there is
presence of free active substance (d-limonene) re-
maining on the foam surface.

3.7. Antibacterial and antifungal efficiency
Antibacterial and antifungal activity of PVA/PSH
film, and d-limonene incorporated PVA/PSH foams
was assessed against E. coli, S. aureus, and C. albi-
cans, respectively (Figure 9).
The adhesive structure of PVA and PSH is used in
wound treatment due to its bio-based and biocom-
patible properties. Many studies indicated hydrogel,
fiber, membrane, scaffold, and foam forms of PVA
and PSH are prepared for similar purposes [44–47].
Especially, PVA and carbohydrate-based PSH con-
taining active substances in porous structure have
properties such as biocompatibility, low toxicity,
fluid absorption, high strength, and antibacterial ac-
tivity. These properties also accelerate wound heal-
ing. Terpenes are natural substances that have been
shown to have significant antibacterial activity
against a variety of infections [48]. Terpene co-trans-
port using matrices such as polymers decreases

F. N. Parın et al. – Express Polymer Letters Vol.18, No.3 (2024) 282–295

290

Figure 8. Contact angle values of the samples, a) PPL0, b) PPL1, c) PPL2, d) PPL3.



terpene volatility while also limiting their detrimen-
tal impact from environmental impacts. d-limonene
is one of the most abundant terpenes in nature [49].
Here, PVA/PSH foams containing d-limonene indi-
cated good antibacterial activity. As amount of
d-limonene rise in PVA/PSH foams, the foams
demonstrated enhanced antibacterial efficiency for
both Gram (–) and Gram (+) bacteria. However,
PPL2 and PPL3 foams showed slightly less activity
against Gram (–) bacteria compare to Gram (+) bac-
teria. Active substances utilize as antimicrobial
agents by disrupting phospholipids in the cell mem-
branes of bacteria, increasing permeability and cy-
toplasm leakage, or interacting with enzymes located
on the cell wall [50]. It is known that Gram (–) bac-
teria have an external lipopolysaccharide membrane
that surrounds the peptidoglycan cell wall [51]. There-
fore, PPL2 and PPL3 foams have more antibacterial
activity against S. aerus than E. coli. Further, PPL1

foams showed any activity to E. coli. This can be
owing to the low concentration of d-limonene in the
foams, and also the small amount of foams used dur-
ing antibacterial test [52]. Additionally, it is reported
d-limonene loaded-PVP/PAAm hydrogels does not
show any antibacterial activity to E. coli and S. aeu-
rus bacteria [14]. This may also be due to the fact
that the final materials do not contain an amount of
active substances that can have an antibacterial ef-
fect. Moreover, the existence of beta-cyclodextrin in
the foams may have increased the antibacterial ac-
tivity of the materials. Although this phenomenon
has not been verified in a study performed by Es-
tevez-Areco et al. [52] it has been demonstrated that
R-limonene encapsulation increases and its volatil-
ity reduces. This may indicate that the release of
d-limonene from the foam may be difficult due to
the formation of a good β-CD/d-limonene inclusion
complex.
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Figure 9. Antibacterial activity of samples against a) E. coli, b) S. aureus and c) C. albicans, respectively.



3.8. Cytotoxic effects of materials by MTT
assay

The cytotoxic effect of the extract solutions of dif-
ferent PPL samples was evaluated by MTT assay in
L929 cells. Untreated negative control group and
positive control group with Triton x-100 were also
evaluated. The average absorbance values and stan-
dard deviation values of living cells were calculated
by averaging all the data obtained. In addition, cell
viability in the untreated control group was consid-
ered as 50%, and living cell percentages were deter-
mined for all samples compared to the control. Re-
sults of MTT test are shown in Figure 10. According
50% extracts of PPL0 and PPL1 did not show any
cytotoxic effects, on the contrary, they promoted pro-
liferation and caused an increase in cell viability.
PPL3 samples caused some decreases in cell viability

compared to the negative control group. However, it
should be noted that these tests have been carried out
with extract solutions of materials prepared under
extreme conditions in terms of quantity and cannot
have this effect in contact toxicity.
In this study, d-limonene was also tested alone in a
wide range of concentrations (0.008–0.5%) to deter-
mine the cytotoxicity profile. The results are given
in Figure 11. According to the results d-limonene
caused a decrease in cell viability only at the highest
concentrations (0.5 and 1%).
Shah et al. [53] researched on in vitro and in vivo ef-
fect of d-limonene on primary hepatocytes and K562
tumor implanted C57BL/6 mice. MTT results showed
that d-limonene has no cytotoxic effect on normal
primary hepatocytes at tested concentrations (1, 2, 4
and 8 mM). According to the in vivo studies on on
K562 tumor implanted C57BL/6 mice, d-limonene
leads the regression of tumor growth.
In order to evaluate the cytotoxic activity on d-limo-
nen-loaded niosomes, Hajizadeh et al. [54] used
HepG2, MCF-7, and A549 cell lines. d-limonene-
loaded niosomes showed cytotoxic effect on all can-
cer cell lines. These results showed that niosome
loaded with phytochemicals can be potential nano -
carier for cancer therapy.

4. Conclusions
Bio-based Pickering foams were produced using
β-CD which is known polysaccharide based surfac-
tant. During the process, air bubbles were formed in
o/w emulsions by applying high mechanical speed
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Figure 11. Effects of d-limonene on cell viability of L929 cells by MTT assay. Results were expressed as the mean percentage
of cell growth inhibition from 3 independent experiments. Cell viability was plotted as percent of control (as-
suming data obtained from the absence of materials as 100%).

Figure 10. Effects of PPL extract solutions on cell viability
of L929 cells by MTT assay. Results were ex-
pressed as the mean percentage of cell growth in-
hibition from 3 independent experiments. Cell vi-
ability was plotted as percent of control (assum-
ing data obtained from the absence of materials
as 100%).



mixing to o/w emulsions. While morphological,
thermal, and wettability properties and antibacterial
activities of the resulting foams were improved by
the addition of d-limonene, mechanical properties
and biocompatibility assessments were partially neg-
ative affected. In general, the values of the PPL2
foams with β-CD/d-limonene ratio of (1:3, w/v) are
the best in light of all of the results. Consequently,
the obtained Pickering foams can be good candidates
to use in wound healing applications.
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