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ABSTRACT

In the present study, poly(lactic acid) (PLA) and poly(ethylene succinate) (PESu) or poly(ethylene
glycol) (PEG) under the framework of quality by design, were blended to produce effective
sustained-release matrices for Paclitaxel delivery. A complete physicochemical characterization
including weight variation, thickness, water uptake, moisture absorption, moisture loss, and hydro-
lytic degradation under physiological conditions, was performed. Quality by design approach was
applied to study the critical parameters. In vitro cancer toxicity was studied in human cancer cell
lines including lung and breast adenocarcinoma. The developed Paclitaxel-loaded films can act as
a promising alternative topical matrix as an implant for breast and lung cancer treatment.
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GRAPHICAL ABSTRACT

Topical impl: of Pacli I for local ch herapy based on PLA/PEG or
PLA/PESu blends
Physicochemical characterization .
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1. Introduction most common cancer all over the world after lung cancer'!

According to the World Health Organization (WHO), an
estimated 9.6 million deaths occurred in 2018, due to can-
cer. It has been reported that lung cancer is the most fatal
cancer typel'l. There are two basic types of lung cancer
existing, non-small-cell lung cancer (NSCLC) and small-cell
lung carcinoma (SCLC)!?). Taxol containing the active ingre-
dient paclitaxel (PTX) is widely used as the standard first-
line chemotherapeutic drug in the treatment of NSCLC,
Further, according to the WHO, breast cancer is the second

Breast cancer is the most common malignancy in women
worldwide, ~10% of it is inherited and ~70-80% of non-
metastatic patients have a chance of cure. It is a heteroge-
neous disease at the molecular level, advanced breast cancer
with organ metastases cannot be cured with currently avail-
able treatments!*). MCF-7, a commonly used breast cancer
cell line, has been promoted by many research groups for
over 40years. The literature provides a broad description of
the MCF-7 cell line, including spheroid formation,
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Table 1. The Quality Target Product Profile (QTPP) of topical drug-loaded films.

Reason

QTPP element Target
Dosage form Topical film
Route of administration Topical

Dissolution profile
Stability
Container system

Must be appropriate

Airtight aluminum foil

Must have consistent stability profile

Ensuring compliance of the patient

Appropriate application route for the films

Ensuring compliance of the patients

Ensuring adequate protection until usage of patients
Maintain films integrity

molecular profile, migration, proliferation, invasion, inter-
action with mesenchymal stem cells, and involvement in
angiogenesis and lymphangiogenesis of the MCF7 cell line in
breast cancer'®”). Management of breast cancer includes
locoregional (radiation and surgery) treatment and systemic
treatment approaches. Chemotherapy is one of the systemic
treatments®, PTX is one of the mitotic inhibitors that stop
the division of cells used in the treatment of breast cancer'®),

Polymeric films have been prepared as implantable sys-
tems for local chemotherapy!”'®. Local chemotherapy
involves the delivery of the anticancer drugs directly to the
tumor site, decreasing the adverse effects of the drugs on
the surrounded healthy tissues and reducing the extremity
of side effects!'!). In this study, poly(lactic acid) (PLA) was
blended with poly(ethylene glycol) (PEG) or poly(ethylene
succinate) (PESu) to produce efficient mixtures that can be
used in the treatment of lung and breast cancer and to study
their release rate and other properties. Additionally, in the
present study Quality by Design (QbD) was utilized to
ensure that the films can be used as potential drug carriers.
QbD is a systematic approach to improvement that starts
with pre-described goals and emphasizes product and pro-
cess understanding with quality risk management. In the
past years, this approach is used in drug formulations par-
ticularly scaling-up procedures as it decreases time spent
and charges!'?.

In our work, a comparison between different blends
of PLA with PEG or PESu as carriers to modify the
release profile of the hydrophobic drug, PTX is done.
Under the framework of QbD formulated films were
prepared using the solvent casting/evaporation tech-
nique. The films were comprehensively characterized by
various physicochemical methods. The effect of PEG
and PESu addition on in vitro PTX release and in vitro
cancer toxicity were tested.

2. Materials and methods
2.1. Materials

PESu, PLA, PTX, and Chloroform were purchased from
Sigma-Aldrich, Germany. PEG 400 was supplied by Merck,
Germany. High-pressure liquid chromatography (HPLC)
grade Acetonitrile (Sigma, Germany) was used for HPLC
studies. All other reagents and solvents used were of analyt-
ical grade. The dialysis membranes were purchased from
Spectrum and presented the following characteristics:
Spectra/por 4, d=16 mm, and M,, = 12-14kDa. QbD was
performed using Minitab 19.2020.1.0 software.

Table 2. CMAs and CQAs for topical drug-loaded films.

CMA CQA

PLA ratio (95, 90, 50%) Weight

PEG or PESu ratio (5, 10, 50%) Thickness
Water uptake
Hydrolysis

Moisture absorption
Moisture loss

Mechanical properties
Drug loading

Drug release (dissolution)

2.2. Application of quality by design

In general, the dosage form, dosage strength, route of
administration, pharmacokinetics, and packing system are
Quality Target Product Profile (QTPP) elements for
films!'>!31. Table 1 presents the QTPP of topical PTX-
loaded films and targets. Critical Quality Attributes (CQAs)
are represented as a feature that should be within a limit to
maintain the desired final product quality[“]. Next, Critical
Material Properties (CMA) and Critical Process Parameters
(CPP) need to be defined. CMAs are polymer type, polymer
ratio, plasticizer type, and plasticizer ratio for films!"'>'®.
CPPs include drying temperature and drying time that influ-
ences the CQAs!"™). QbD was performed with regression
analyses using Minitab 19.2020.1.0 software. The summary
of CMAs and CQAs of topical PTX-loaded films is given in
Table 2.

2.3. Preparation of topical films via solvent
evaporation method

PLA/PESu or PLA/PEG films were prepared using the solv-
ent evaporation method as in our previous method"”),
employing chloroform as the solvent. The polymers were
dissolved using 8 mL chloroform, cast on the glass Petri
dishes, and left until full evaporation. To prepare the PTX-
loaded films, the drug was theoretically loaded into the films
at 2% w/w. Afterward, the film was kept at room tempera-
ture to remove the solvent until the constant mass was
achieved. The formulation components of films are shown
in Table 3.

2.4. Physicochemical characterization of the prepared
PLA/PEG and PLA/PESu films

2.4.1. Differential Scanning calorimetry (DSC)

The thermal properties of the prepared polymeric films were
studied utilizing a DSC (Perkin Elmer, Pyris Diamond,
USA) in a temperature range of 20-240°C using a heating
rate of 10°C-min~". The samples (8 mg) were placed in the
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Table 3. The exact used amounts of components for the preparation of the topical films.

Formulations PLA (9) PEG (g) PESu (g) PTX (9) Total mass (g) Film

F1 0.95 0.05 0 0 1 PLA/PEG 95/5

F2 0.90 0.10 0 0 1 PLA/PEG 90/10

F3 0.50 0.50 0 0 1 PLA/PEG 50/50

F4 0.95 0 0.05 0 1 PLA/PESu 95/5

F5 0.90 0 0.10 0 1 PLA/PESu 90/10

F6 0.50 0 0.50 0 1 PLA/PESu 50/50

Drug loaded films

F7 0.931 0.049 0 0.02 1 PLA/PEG 95/5 + 2%PTX
F8 0.882 0.098 0 0.02 1 PLA/PEG 90/10 + 2%PTX
F9 0.490 0.490 0 0.02 1 PLA/PEG 50/50 + 2%PTX
F10 0.931 0 0.049 0.02 1 PLA/PESu 95/5 + 2% PTX
F11 0.882 0 0.098 0.02 1 PLA/PESu 90/10 + 2%PTX
F12 0.490 0 0.490 0.02 1 PLA/PESu 50/50 + 2%PTX

aluminum pans, held at the temperature for 5min, and then
were cooled down at 300°C-min~! rates. The calibration of
the instrument was done with Indium and Zinc standards.

2.4.2. ATR-Fourier-Transformed infrared (FTIR)
spectroscopy

The infrared spectra of the polymers, drug, and the prepared
films were obtained with ATR-FTIR (attenuated total reflec-
tion Fourier transform infrared) spectroscopy
(FTIR-spectrometer FTIR-2000 (Perkin Elmer, USA). The
developed thin films were placed on the ATR crystal while
the possible maximum pressure was applied using a pressure
clamp to allow an intimate contact of the films with the
ATR crystal. The spectra were recorded from 4,000 to
400cm ™" and they are presented as baseline corrected in
absorbance mode.

2.4.3. Weight and thickness

The fabricated films were circle-shaped with a diameter of
1.6cm (n=05) and the determination of their weight was
performed using a microbalance!"?.

2.4.4. Water uptake

The water uptake was carried out by immersing the films
(1.6 cm in diameter) in 10 g of distilled water at 25°C. After
60 min, the hydrated films were removed from the water,
the surface water extracted using filter paper and the
films weighed.

2.4.5. In vitro hydrolysis studies of films

The hydrolysis degree of the developed films was associated
with mass loss. For this reason, the circular-shaped films
(d=1.6 cm) were placed in Petri dishes with phosphate buf-
fer solution (pH 7.4). The incubation period of the films
was 5days at 37+1°C. Every 24h, the films were removed
from the Petri dishes, washed with distilled water, dried (at
room temperature until reaching a constant weight),
and weighted!®),

2.4.6. Percentage of moisture absorption

For the evaluation of the physical stability of the films
(d=1.6cm) in high humidity conditions, the films were
accurately weighed and placed in a desiccator containing a
saturated solution of potassium chloride (34g potassium
chloride in 100 ml distilled water) for 3 days.

2.4.7. Percentage of moisture loss

The percentage of moisture loss from the freshly prepared
film was performed as follows: The circular-shaped films
were accurately weighed and placed in a desiccator contain-
ing 100 g silica gel.

2.4.8. Mechanical properties

The mechanical properties of the selected films according to
previous studies (n=3) were carried out with a texture ana-
lyzer (TA.XTPlus, Stable Micro Systems, UK) with a load
cell of 2kg. The film (1 x 5cm) was placed between clamps
at a distance of 3cm. Clamps were moved from each other
until the breakage of the films with a crosshead speed of
0.5mm-s~". The elongation at break (%), Young’s modulus,
and tensile strength were calculated!'>'*2"!,

2.4.9. High-performance liquid chromatography
(HPLC) analysis

For the HPLC analysis, a previously reported method was
chosen!®'?*!, The HPLC system (Prominence-I LC-2030C
3D Plus Liquid Chromatograph) is comprised of a gradient
pump and a UV detector. The chromatographic separation
was achieved with a CI18 column (Intersii ODS-3 5pum,
150 x 4.6 mm, GL Sciences, Japan) with the temperature set
at 25°C.

2.4.10. Drug content and in vitro drug release

The drug content estimation was performed using the above
described HPLC methodology. The circular-shaped films
(d=1.6cm) were grounded in a glass pestle mortar, dis-
solved in methanol (V=10mL), and mixed with a magnetic
stirrer for 24h. The obtained solution was filtered through
PTFE membrane filters (0.45pum). The experiments were
performed at 25+2°C in triplicate and their average index
is presented.
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In vitro release study was carried out by placing the cir-
cular-shaped films in 10ml of methanol/phosphate buffer
(pH 7.4) mixture at a ratio of 50/50 (v/v), acting as dissol-
ution medium, at 37 +0.5°C and 50 rpm!”). At specific time
intervals, 0.5ml of the media was removed, and the same
volume of fresh medium was added. The experiments were
carried out three times and the average release percentage
(%) is presented.

2.4.11. Kinetic analysis data

Further, in vitro release study was correlated and analyzed
with various kinetic models'**). By analyzing the in vitro dis-
solution behavior with the available mathematic models can
be useful for predicting the possible in vivo performance of
the films. Herein, a computer-based kinetic software®”) was
applied to decide which kinetic model is the most suitable
for describing the dissolution behavior. Various mathemat-
ical models as described follows were correlated with the
in vitro release data; the fitting of dissolution behavior and
the mathematical models indicated by the supremacy of the
coefficient of determination large value (r*)!'”*),

2.4.12. Morphology observation of the films
using microscopy

The morphological examination of the PTX-loaded films
was carried out with a microscope ZOE Fluorescent Cell
Imager (BIO-RAD). In addition, Scanning Electron
Microscopy (Hitachi SU 7000) was also employed for the
characterization of morphological features of the pre-
pared films.

2.4.13. Cancer cell culture—cell viability assay

2.4.13.1. Cell culture. The human lung and breast adenocar-
cinoma cell lines A549 and MCF 7 were obtained from the
ATCC and maintained according to the recommendations
of the ATCC at 37°C and 5% CO, in complete DMEM,
supplemented with 100 U-mL™" penicillin G, 100 ug-mL™"
streptomycin and 10% FBS. After reaching confluence, the
A549 and MCF 7 cells were detached using 0.25% trypsin-
EDTA, and 1 x 10* cells were seeded into the 48 well plates.

2.4.13.2. Cell viability assay. xCELLigence® RTCA assay
was performed by initially seeding 1 x 10° cells/mL of A549
and MCF 7 cells on gold microelectrode precoated 48 well
electronic plates (E-Plate® 48, ACEA Biosciences Inc., San
Diego, CA, USA) and incubating at 37°C in 5% CO, (v/v)
for 24 h. Nanomaterial (Coded F9 and F12) containing PTX
and pure PTX in 1,000, 500, and 100 nanomolar concentra-
tions were added to the wells. Untreated cells (containing
medium only) were included as a negative control. The cell
cultures were then incubated for a further 96 h, with imped-
ance measurements were taken every 15 min during the total
incubation period of 96h. Cell viability was calculated with
the graph obtained and presented graphically. All assays
were done in triplicate and experiments were repeated three
different times.

3. Results and discussion

3.1. Miscibility studies of PLA/PEG and PLA/PESu blends
based on FTIR and DSC analyses

Polymeric blends as pharmaceutical formulations have been
recently introduced due to their great physicochemical
behavior. For example, the blends can be applied to alter the
drug release behavior. The polymer blends can be produced
with a variety of methods, such as solvent evaporation, elec-
trospinning, melt mixing, etc.1718291 A very important fac-
tor attributing to drug release behavior is polymer blends
and their associated miscibility. Immiscibility can affect the
release behavior since immiscible blends could vigorously
release the drug due to the developed empty channels
between the polymer phases. On the other hand, miscible
blends could release the molecules in a controllable man-
ner®>*! Accordingly, the prepared PLA/PEG and PLA/
PESu blends were studied using DSC and FTIR methods. It
should be mentioned that the miscibility, partial or full, as
well as immiscibility of the blends, are based on the depic-
tion of one single-phase; thus, miscibility can be obtained
when one melting point (T,,) or glass transition temperature
(T,) recorded in DSC thermograms. The temperatures range
temperatures between those corresponding to the initial pol-
ymers, are similar or at even higher temperatures!”-'%>%32],
Figure la shows the DSC thermograms of F1, F2, and F3
formulations which are based on PLA/PEG. It is well-known
that PLA is a semi-crystalline polymer providing the T, at
53°C as well as a T, at 153°C while PEG presents a T,
around 66°C**. In the past, PEG has been proposed as a
plasticizer in various polymer blends; plasticizers are used as
additives to make them softer and more flexible’®*. As can
be seen, both F1 and F2 comprised 5 and 10% PEG, show-
ing T,, around 153 °C which is attributed to PLA, and the
cold exothermic peak of cold crystallization (T.qq) around
122°C. In the case of F3 composed of 50% PEG, a T,
around 125°C; the suppression of the T,, could be
associated with partial miscibility since PEG displayed a
plasticizing effect.

PESu is also a semi-crystalline polyester with a lower T,
value at —55°C, and one melting endotherm (101 °C) with
one shoulder (91°C)!"”**!. From Figure 1b, it can be seen
that F4 and F5 could present possible miscibility considering
that the T,, of PESu T,, has not been depicted but the T,
point of PLA is ascribed at 153°C with a shoulder at
147 °C. Nonetheless, it is possible that the PESu concetration
is quite low and cannot be detected'®?°!, In the case of F6,
the T,, of PESu can be seen at 99°C with a shoulder at
91°C while the T, of PLA has been shifted to higher tem-
peratures. Consequently, the specific blend is immiscible,
probably due to the crystallization of PESu in the
amorphous PLA matrix. Similar results were observed in
our previous study!'”),

FTIR spectroscopy belongs to the handful of methodolo-
gies for the examination of pharmaceutical formulations.
FTIR spectrum can exhibit possible interactions between the
components and possible stability. Besides, the possible
interactions can generate newer or undesirable products.
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Figure 1. DSC thermograms of (a) F1, F2, and F3, (b) F4, F5, F6, and FTIR spectra of (c) PLA, PEG, and F1, F2, F3 formulations, and (d) PLA, PEG, and F4, F5, F6

formulations.

Moreover, the interactions can affect the miscibility of the
blends. Figure l1c demonstrates the FTIR spectrum of PLA,
PEG as well as their associated blends. PLA is an aliphatic
polyester; its spectrum exhibits the following frequencies:
C=0 (1,743cm™ "), -CH; asymmetric (2,996 cm ™), —~CH,
symmetric (2,945 cm™ '), and C-O (1,081cm™!). Also, the
bending frequencies for ~-CH; asymmetric and -CH; sym-
metric can be found at 1,451 and 1,362cm™ ‘'8 PEG
depicts a broad peak at 3,446 cm ™', which is associated with
the terminal hydroxyl group”®”). F1 and F2 have almost the
same absorption peaks as pure PLA. However, the addition
of 50% PEG altered the spectrum of F3 which presents both
PLA and PEG characteristics peaks. This could be associated
with the increased concentration of hydrophilic PEG.
Although the characteristic bands of PEG displayed in lower
wavenumbers, i.e., the broadband of hydroxyl groups was
depicted in 3,442cm™ ! instead of 3,446cm ', it cannot
safely ~conclude possible interaction or miscibility.
Nonetheless, the formation of new bonds or strong chemical
interactions was not observed demonstrating possible stabil-
ity and compatibility between the components®**®!. In
Figure 1d, the obtained spectra of the developed PLA/PESu
films are revealed. Similar to our previous study, PESu spec-
tra present two peaks of 1,742 and 1,736cm ™' associated
with the absorbance of PESu in amorphous and crystalline
domains, respectively®®!. The spectra of F4, F5, and F6 fol-
low the spectrum of PLA. Nonetheless, some of the bands

shifted in lower wavenumbers closely to that of PESu which
however cannot conclude safely any interactions''*2°!,

3.2. Characterization of the drug-loaded PLA/PEG and
PLA/PESu films with DSC and FTIR analyses

The dissolution behavior of a drug is related to its physical
state. Amorphous drugs can be easily dissolved while crys-
talline drugs present very low solubility’*”). Amorphous
drugs can be developed via various techniques; rapid solvent
evaporation belongs to them. Figures 2a and 2b exhibited
the DSC thermograms of the PTX-loaded formulations. It is
well-known that PTX presents a T,, at around 224°C.
Herein, the T,, of PTX was absent suggesting amorphization
of the drug"”*. In some cases, the amorphization of the
drug which leads to improved dissolution is associated with
strong interactions between the components. However, in
this work, the amorphization could have taken place due to
the fine dispersion of the drug or rapid solvent evaporation.
Also, comparing the melting points of the PTX loaded and
neat blends, any shifting was not observed, indicating that
the drug did not play any role as plasticizing agent. Similar
results have been observed when the lipophilic and crystal-
line drug, voriconazole was incorporated in PLA/
PESu blends!'”!,

PTX is an antitumor lipophilic drug with high crystallinity,
as has been previously reported*”. Theoretically, the drug
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Figure 2. DSC thermograms of PTX loaded formulations (a) F7, F8, F9, and (b) F10, F11, F12, and FTIR spectra of (c) F7, F8, F9 formulations, and PTX drug and

(d) F10, F11, F12 formulations, and PTX drug.

loading of PTX into the formulations was 2% w/w. Figures 2c
and 2d demonstrate the FTIR spectra of PTX as well as for-
mulations. PTX spectrum comprised of the N-H stretching
vibrations at 3,500-3,300cm ™', CH, asymmetric, and sym-
metric stretching vibrations at 2,976-2,885 cm ' The C=0
stretching vibration from the ester groups can be seen at
1,733cm™ " while the amide bound is at 1,648 cm™". Similar
results have been shown in previous studies'*!). It can be said
that the spectra of the prepared PTX loaded formulations fol-
lowed the order of the neat blends. Any evidence of new
bands or shifting could not be observed. This can suggest
compatibility between the polymeric components and the
PTX drug.

3.3. Physicochemical parameters of the prepared films
(weight, thickness, water uptake, in vitro hydrolysis
rate, moisture absorption, and moisture loss)

3.3.1. Weight and thickness

Weight and thickness are important parameters when
pharmaceutical products are prepared. Besides, thin films
have been associated with patient compliance, therapeutic
efficiency, reduced dose frequency, etc.*?). Table 4 shows
the mean weight and thickness of the prepared formulations.
The average weight of films was in the range of
26.62+2.92-33.36 £ 1.49 mg whereas the average thickness

Table 4. Weight and thickness of the films (mean + SD, n=>5).

Formulation Weight (mg) Thickness (mm)
F7 29.70+1.34 0.11+0.01
F8 30.82+£1.45 0.11+£0.01
F9 33.36+1.49 0.09+0.03
F10 27.86+1.35 0.09+0.01
F11 30.78+4.32 0.13+0.02
F12 26.62 £2.92 0.16 £0.03

was between 0.09+0.03 and 0.16+0.03 mm. Similar to our
study, the thickness of the mats prepared by Okur et al. in
the ratio of 90/10 and 50/50 with a mixture of PLA and
PESu was found between 0.09 and 0.1 mm'”), The SD val-
ues of both weight and thickness of films were found very
low revealing that the weight and thickness of the films are
uniforms!*?), It has been reported that a large variation in
weight demonstrates that the applied fabrication method
could be inefficient while there is a high chance that drug
content would also be non-uniform*. Consequently, the
solvent evaporation method can prepare uniform formula-
tions and it can be used as a formulation methodology.

3.3.2. Water uptake and in vitro hydrolysis studies

Among other parameters, the water uptake is also significant
during the development of topical films. It can be said that
the films can absorb water (Figure 3a). It is depicted that by
increasing PEG content the water uptake, decreased for
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Figure 3. (a) Water uptake of the films (n = 3) and (b) In vitro hydrolysis degree (%) of films (n = 3).
a b
l 10 ) 6
e m F7 mm F7
S 8- F8 57 F8
“é‘_ o Ea F9 & 4- F9
2 = F10 3, m F10
o
= = F11 5 Ea F11
5 BE= F12 3 E=3 F12
o 27 S 14
<)
= 0- E 0- 1 B M
Formulations Formulations

Figure 4. (a) Moisture absorption percentage of films (n=5) and (b) Moisture loss percentage of films (n =5).

PLA/PEG formulations. The water uptake of 95/5 (F7), 90/
10 (F8), and 50/50 (F9) PLA/PEG was found at 2.18, 0.99,
and —2.20%, respectively. In the F9 formulation, the ratio of
PEG is higher than the others (PLA/PEG 50/50). Since PEG
is dissolved in water, the mass reduction will likely occur.
Therefore, a negative value was found. In case of 95/5 (F10),
90/10 (F11) and 50/50 (F12) PLA/PESu water uptake was
found similar (0.59, 0.34, and 0.18%, respectively). There
was almost no water intake in the PLA/PESu formulations
because both PLA and PESu are hydrophobic materials'”.
In vitro hydrolysis studies (Figure 3b) are very important
in pharmaceutical technology since the hydrolysis rate can
predict and be linked with the dissolution behavior. Herein,
95/5 PLA/PEG (F7) could not be fully degraded when in
contact with the hydrolysis medium. F7 hydrolyzed at 3.30%
in 120h. Similar behavior was found for 90/10 PLA/PEG
(F8) film with a slightly higher hydrolysis degree in 120h
(7.27%). Both 95/5 PLA/PESu (F10) and 90/10 PLA/PESu
(F11) degraded only 8% while 50/50 PLA/PESu (F12)
depicted a higher degradation rate as it was reported in a
study!"”). In this study by Okur et al,, hydrolysis increased
as the amount of PESu increased in mats prepared with
PLA and PESu polymers, as in our study[m. Finally, similar
behavior was indicated for 50/50 blend PLA/PEG (F9),
which presents the highest degree of hydrolysis (86.46%) in
120h. PEG seems to improve hydrolysis as has been
reported in the literature. For example, a study

demonstrated that the addition of glycerol in films remark-
ably decreased the solubilization time considering that the
hydrophilicity of the film was improved due to the presence
of hydroxyl groups of extra glycerol*!. Subsequently, in the
current study, the increased amount of PEG led to a higher
hydrophilicity and hydrolysis degree.

3.3.3. Percentage of moisture absorption and moisture
loss

There was almost no moisture absorption (Figure 4a) for
95/5 PLA/PEG (F7), 95/5 PLA/PESu (F10), and 90/10 PLA/
PESu (F11) formulations. Different behavior was indicated
for 50/50 PLA/PEG (F9), which presents the highest mois-
ture absorption (9.11%). Generally, it was seen that the
increase in the PEG amount causes an increase in the per-
centage of moisture absorption of films. Similarly, a study
reported that as the number of hydrophilic polymers
increases, moisture absorption increases'*>.

In 95/5 PLA/PEG (F7), 90/10 PLA/PEG (F8), 95/5 PLA/
PESu (F10), and 90/10 PLA/PESu (F11) formulations, mois-
ture loss was below 1% (Figure 4b). 50/50 PLA/PEG (F9)
presented the highest moisture loss (3.48%). Generally, it
was seen that the increase in the PEG amount causes an
increase in the percentage of moisture loss of films.
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Table 5. Mechanical properties of the films (mean + SD, n=3).

Formulation Tensile strength (MPa) Young's modulus (MPa/%) Elongation at break (%)
F7 10.875+0.456 1.538+0.070 25.065 +1.336
F8 8.816 £1.088 1.496 + 0.058 32.885+0.672
F9 3.112+£0.523 0.692 +0.094 40.675+2.157
F10 11.397 £1.079 1.607 £ 0.226 28.440 £3.940
F11 6.066 +0.785 1.091+£0.118 12.967 £ 1.831
F12 0.659+0.275 0.280+0.108 2.747 £0.599
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Figure 5. (a) Drug content of the films and (b) In vitro release profile of PTX from the films.

3.4. Mechanical properties of the prepared films

The mechanical properties of films are significant for dissol-
ution behavior, handling procedures, stability, and pack-
ing"**]. Accordingly, the tensile strength, Young’s modulus,
and elongation at the break of the prepared films were calcu-
lated and listed in Table 5. The tensile strength is the max-
imum stress that a film can withstand being stretched
before cracking. It can be declared that films that give
higher tensile strength correspond to a more powerful
film". In this study the highest tensile strength was
higher in the case of F10 (11.397 +1.079 MPa), followed by
F7 >F8>F11 >F9>F12. Similarly, the highest Young’s
modulus was that of F10 film (1.607 +0.226 MPa/%) fol-
lowed by F7>F8>F11>F9>F12. The highest elongation
at break was that of F9 film (40.675+2.157%) followed by
F8 >F10>F7 >F11>F12. By adding a plasticizer to a
polymeric material, elongation at break is expected to
increase, on the other hand, tensile stress and Young’s
modulus are expected to decrease!”™*). Pivsa-Art et al.
reported that this effect was stronger with increased PEG
content™®. Similarly, also in our study, as PEG was added
to the PLA formulations, the tensile strength, and Young’s
modulus decreased and the amount of elongation increased
(F7, F8, and F9). Moreover, the highest elongation was
seen in the formulation containing the most PEG (F9), as
expected. As PESu was added to the PLA formulations,
the tensile strength, and Young’s modulus decreased (F10,
F11, and F12). These similar situations were also reported
in poly(L-lactide) (PLLA)/PESu blends’®” and poly(3-
hydroxybutyrate-co-hydroxy  valerate) ~ (PHBV)/(PESu)
blends™"). The values of elongation at break decreased
with increasing PESu content (F10, F11, and FI2).
According to the above information, F9 offered good

tensile strength, Young’s modulus, and high elongation
properties that are ideal for films.

3.5. Drug content and in vitro drug release studies

The average content of PTX (%) was found between 29.68
and 100% (Figure 5a). The SD in respect of the PTX content
was between 3.14 and 8.87. The results are quite rational
considering that the solvent evaporation technique is used
for great drug loading efficiency!’”). It has been reported
that the release rate should be studied along with the
hydrolysis behavior or drug amorphization since if
the hydrolysis degree of the polymer films is increased then
the drug releases faster while the drug can be diffused more
rapidly when it is in a rubber state than the glassy
state'®2%52] Moreover, the miscible blends prolong the
release in contrast to immiscible blends which demonstrate
rigorous release due to obtained free channels between the
polymeric matrices!"®?), In further, the use of less hydro-
phobic polymers such as PESu or hydrophilic polymers such
as PEG can increase the hydrolysis rate of hydrophobic pol-
ymers, such as PLA. As shown in Figure 5b, the film con-
taining more PESu or PEG demonstrated quicker release
when compared to the other films. Moreover, all the films
were not dissolved. 90% of the PTX was released from 50/50
PLA/PEG (F9) and 50/50 PLA/PESu (F12) formulation
within 96 h. Finally, F9 and F12 presented the highest drug
release. After 96h, PTX was ~10% dissolved from 90/10
PLA/PESu (F11) formulations. Similarly, in the 84-h release
study by Okur et al., 50/50 PLA/PESu mats released almost
100% drug, and 90/10 PLA/PESu mats released ~10% of the
drug!"”!. From the above, it can be assumed that adding
PESu and PEG leads to improved drug release drugs
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Table 6. The obtained kinetic analysis data of PTX release parameters.

Zero order First order Higuchi Hixxon Crowell Korsmeyer-Peppas
r n m r n m r n m r n m r n

F7 0.979 0.831 0.0813 0.976 4.597 —0.0009 0.894 —1.599 0.973 0.977 0.012 0.001 0.896 0.560
F8 0.898 8.864 0.0876 0.908 4.512 —0.001 0.961 6.909 0.981 0.905 0.141 0.001 0.969 0.176
F9 0.843 44,632 0.6601 0.951 4151 —0.031 0.948 28.955 7.576 0.931 0.758 0.027 0.931 0.229
F10 0.859 3.994 0.1250 0.864 4.564 —0.001 0.948 1.093 1.421 0.863 0.062 0.002 0.923 0.408
F11 0.919 4.986 0.187 0.927 4.554 —0.002 0.970 0.878 2.085 0.924 0.077 0.003 0.943 0.409
F12 0.760 45.150 0.602 0.926 4.100 —0.024 0.901 29.862 7.103 0.902 0.798 0.022 0.917 0.345

probably due to the empty channels obtained due to the
immiscibility of the polymers. Finally, both F9 and F12 have
the greatest drug loading percentage; in the past, it has been
reported that by increasing drug loading, the release rate is
significantly improved!?”/,

3.5.1. Kinetic analysis data

It is well-reported that in vitro release kinetics can only pre-
dict the possible release behavior that the formulations will
have when will contact the biological fluids or tissues.
Consequently, by analyzing the in vitro release data with
kinetic models could show how the films will possibly
behave. Generally, the main driving forces of drug transpor-
tation from a polymeric matrix, have been suggested phe-
nomena, such as diffusion, polymeric matrix swelling, and
material degradation!®. The numerous mathematical mod-
els could simplify the complex release process and predict
the release mechanism!*. Normally the mathematical mod-
els mainly focus on one or two dominant driving phenom-
ena. As expected, although the kinetic models can describe
simple polymeric drug delivery systems when more complex
systems are utilized, modeling could be insufficient. In the
case of biodegradable systems, such as the prepared PLA/
PEG and PLA/PESu films, the water is an important factor
during the hydrolysis process; consequently, water intrusion
into the device is significant for release kinetics study.
Especially when semicrystalline polymers are employed deg-
radation occurs in two stages. Firstly, the water is infused
into the amorphous regions with random hydrolytic scission
of labile bonds, such as ester bonds, and secondly, the
amorphous regions are degraded. The most identified trans-
port mechanisms for degradable systems are diffusion, deg-
radation, and erosion while the zero-order mathematical
model is fitted!"”). Herein, the data obtained from in vitro
release studies of F7, F8, F9, F10, F11, and F12 films were
evaluated according to the zero-order, first-order, Higuchi,
and Hixson Crowell, and Korsmeyer-Peppas kinetic models.
For F7 both zero-order, first-order and Hixson Crowell
models could be applied because the r* values were very
close to each other as 0.9792, 0.9766, and 0.9775, respect-
ively (Table 6). In the case of F8, F10, and F11 films, the
release data were fitted to the Higuchi models while for F9
and F12 the r* value is higher for the first-order model com-
pared to Hixson Crowell and Higuchi models. Although F12
fitted better to the first-order model, it can be said that
none of the models perfectly describe the release mechanism
for the specific film. In the past, PLA implants for levonor-
gestrel were also fitted to first-order release!™. Similarly,

PLGA intraocular polymeric implant systems loaded with
clindamycin phosphate complied with first-order kinetics>®’.
It can be said that hydrolysis was negligible for F7, F8, F10,
and F11, thus their release mechanism is not driven due to
erosion or swelling. More specifically, since the Higuchi
model is fitted then the drug release mechanism is based on
the diffusion of the drug"®”".

In vitro release kinetics of PTX-loaded films were also
evaluated according to the Korsmeyer-Peppas model®®*"),
The n value of the F7 film was determined as 0.5605
(Table 4) implying that the drug can both diffuse and trans-
port non-Fickian. The drug release for the other films was
primarily based on Fickian diffusion transport as suggested
by Korsemeyer-Peppas kinetics with n-value < 0.5,
An n-value <0.5 can be found for a non-swellable matrix
with release driven by diffusion.

3.6. Evaluation of quality by design approach

Favorably to ICH Q9, CMAs, different polymer types, and
different polymer ratios were decided as the initial step of
the QbD process. Three different polymer types (PLA, PEG,
and PESu) and different polymer ratios (95, 90, and 50% for
PLA and 5, 10, 50% for PEG or PESu) were considered as
CMAs, and blends were prepared using this framework.
Different effects of CMAs on predetermined CQAs were
studied in the QbD framework.

In the Summary of Model output, Standard error of the
regression (S), and determination coefficient (R-square) pro-
vide an overall measure of how well the model fits the data.
S is known both as the standard error of the regression and
as the standard error of the estimate. R-square is a propor-
tion of the change in the output response which is predicted
from the inputs (i.e., PLA, PEG, and PESu ratio). The
adjusted R-square (R-square adj) is an updated version of
the R-square that is adjusted for the number of factors in
the model. The predictive R-square (R-square pred) demon-
strates how well a regression predicts answers for new
views!®!. In Table 7, it was demonstrated that all R-square
values were higher than the %77. A higher value of R-square
proves that more models have captured variation in the
results; it demonstrates that the model is reliable!®*!,

When the coefficient term of the regression model is not
different from 0 (p > 0.05), it shows that the response is not
influenced by varying the input factor levels'®'!. p-Values of
the PLA factor are <0.05 for weight, thickness, tensile
strength, Young’s modulus, elongation, and drug content
parameters. So, PLA is an efficient factor in these CQA
parameters. p-Values of the PEG factor are higher than 0.05
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Table 7. Model summary of topical PTX loaded films.

CQA S R-square (%) R-square adj (%) R-square pred (%)
Weight (mg) 1.35033 99.90 99.80 98.90
Thickness (mm) 0.016905 98.96 97.92 90.59
Water uptake (%) 0.904443 77.83 55.66 0.00
Hydrolysis (%) 6.51789 98.55 97.11 22.14
Moisture absorption (%) 0.315712 99.67 99.34 88.09
Moisture loss (%) 0.146159 99.73 99.46 99.46
Tensile strength (MPa) 1.8864 97.14 94.27 52.20
Young's modulus (MPa/%) 0.167648 99.06 98.11 75.91
Elongation at break (%) 6.11331 97.42 94.84 49.85
Drug content (%) 19.4098 96.68 93.36 38.12
Diss. 1h 1.6265 99.46 98.92 97.66
Diss. 4h 2.32061 99.66 99.32 95.62
Diss. 6 h 2.80585 99.56 99.12 88.06
Diss. 24 h 1.63996 99.91 99.82 99.73
Diss. 36 h 3.1735 99.76 99.53 97.69
Diss. 48 h 4.34669 99.63 99.27 84.25
Diss. 72h 424443 99.68 99.36 83.13
Diss. 96 h 2.74995 99.88 99.76 94.89

Diss.: Dissolution.

Table 8. p-Values of PLA, PEG, and PESu on CQA parameters.

CQA PLA PEG PESu
Weight 0.000 0.001 0.004
Thickness 0.002 0.128 0.009
Water uptake 0.081 0.067 0.498
Hydrolysis 0.521 0.001 0.012
Moisture absorption 0.054 0.000 0.003
Moisture loss 0.109 0.000 0.000
Tensile strength 0.002 0.350 0.088
Young modulus 0.001 0.629 0.053
Elongation at break 0.006 0.022 0.190
Drug content 0.037 0.024 0.029
Dis. Th 0.448 0.000 0.001
Dis. 4h 0.098 0.000 0.000
Dis. 6 h 0.231 0.000 0.000
Dis. 24h 0.139 0.000 0.000
Dis. 36 h 0.269 0.000 0.000
Dis. 48 h 0.712 0.000 0.000
Dis. 72 h 0.835 0.000 0.000
Dis. 96 h 0.704 0.000 0.000

(p>0.05) for thickness, water uptake, tensile strength, and
Young’s modulus. So, the PEG is an efficient factor in our
CQA parameters except for these parameters. Table 8 dem-
onstrates all p-values on CQA parameters.

p-Values of PESu are higher than 0.05 (p > 0.05) in many
CQA parameters, such as water uptake, tensile strength, and
elongation. It shows us these parameters are not affected by
varying PESu levels. Consequently, it is crucial to control
the polymer amount and polymer type because of different
effects in the film, as the influences of CMA parameters can
be seen through the concept of QbD. Contour plot graphics
show the effect of various concentrations of PEG and PESu
on weight, hydrolysis, moisture absorption, and moisture
loss (Figure 6).

3.7. Determination of in vitro anticancer activity on
MCF-7 and A549 cancer cell lines

According to the previous physicochemical examination and
especially release profile, F9 and F12 formulations were
selected to be studied for their in vitro anticancer activity
against MCF-7 and A549 cell lines. Figure 7 depicts the
morphology of the F9 and F12 films studied by SEM and

Fluorescence Microscopy methods. In the case of F12, phase
separation has occurred since the PESu phase is dispersed
into the PLA matrix!'”) while for the F9 films a porous
structure is obtained. The phase separation can be identified
by the empty spaces of PEG scattered throughout the PLA
matrix. In general, immiscible polymer blends lead to poros-
ity, and empty spaces between the polymer phases as previ-
ous studies have stated!'”). A recent study showed that
PDLA and PEG (15,000) films present porous structures
with the diameter of the holes in these samples reaching
0.5-1pm. In addition, the holes were evenly distributed
across the surface of the film. Both PLA and PEG affect the
morphology of the surface films'®*),

According to our previous study, PLA/PESu blends are
biocompatible; thus their possible application would not
lead to any undesirable toxic effects!’”!. Moreover, PLA/PEG
blends have been studied by different research groups
revealing their biocompatibility[64]. Therefore, in this work,
the developed films were studied for their in vitro anti-
cancer activity.

Taxol® is widely used as a first-line chemotherapy
agent in the treatment of multiple types of tumors, including
non-small cell lung cancer!® and breast cancer!®®!. In vitro
anticancer activity of newly developed formulations can be
performed using various tests. Endpoint analysis (MTT,
XTT, etc.) are relatively cheaper, simpler, and faster method
compared to other methods in terms of analyzing the effects
of many compounds in very different concentrations.
Despite these advantages, there are many experimental prob-
lems in endpoint methods. The biggest challenge relates to
time optimization. Many cell lines may begin to proliferate
later than the time interval selected for spectrophotometric
reading. Also, low concentrations of toxic substances can
stimulate cell activation. Different results can be obtained at
different incubation times, which creates problems for reli-
ability. The results obtained in tetrazolium salts methods
(MTT etc.) show cytotoxicity only at a one-time point and
there is no possibility to see any cellular changes between
time points during an experiment. A major disadvantage of
tetrazolium salt methods is that the formazan products react
with the substances present or tested in the culture medium
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Figure 6. Contour plot graphics of various concentrations of PEG and PESu on weight, hydrolysis, moisture uptake and moisture loss vs. weight, hydrolysis, moisture

absorption, and moisture loss drug loading of topical PTX loaded films.

during the experiment. Therefore, the test can give false-
positive results. Impedance-based technology (xCELLigence)
allows us to measure an entire experiment at multiple time
points and creates curves that reflect cellular proliferation,
growth, and morphological changes before and after adding
a compound. The data obtained allow the calculation of the
IC50 and EC50 at each time point of the experiment. The
system is very useful in screening new potential cytotoxic
drugs because it shows the effect of a compound on cells in
real-time. In impedance-based measurement systems, since
there is no substance to react with the substance to be
tested, there is no possibility of such a wrong result in these
systems'®”). As a result, although a real-time cell analysis
system (xCELLigence) is an expensive method, it is a mod-
ern and useful technique due to continuous and real-time
monitoring of cell proliferation and cellular morphological
changes. Based on the explained characteristics of these
analyses, xCELLigence was chosen for the cell viability test.
Herein, the cytotoxicity of F9, F12 formulations, and
PTX was evaluated in human lung and breast cancer cell
lines (A549 and MCF 7) within the range of 0-1,000 nM.
Based on the results of our previous characterization test, F9
and F12 (which have maximum and faster PTX release)

formulations were chosen for cytotoxicity assay. After the
cells were treated with F9, F12, and PTX (100, 500, and
1,000 nM) the viabilities in cells were detected and demon-
strated in Figures 8 and 9. According to the results, for the
tested concentrations until 72 h, the cell viability of F9, F12,
and PTX was generally higher on A549 cell lines when com-
pared to MCEF-7 cell lines. The cell viability usually displayed
a decrease by the increase in the concentrations, as expected.
Both formulations acted better against the MCF7 cell lines
than A549 cells. Moreover, PTX formulations retain cyto-
toxic activity since they inhibit the growth of cancer cells
even after 96h. In the past, polymeric expansile nanopar-
ticles loaded with PTX showed anticancer efficacy against
various breast cancer cells including MCF7!°*). Similarly,
PTX-loaded keratin nanoparticles were studied in two-
dimensional (MCF-7 and MDA MB 231 cell lines) and per-
fused three-dimensional breast cancer models. It was
revealed that the formulations were able to inhibit tumor
cell viability and induce apoptosis'®!. In the case of A549
cells, F9 and F12 showed similar inhibitory effects with
PTX. However, even PTX was not as effective as it was
expected. It has been reported that A549 cells can resist
PTX activity to retain their viability”®. Normally such
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Figure 7. Morphology of (a) F9 and (b) F12 films derived from ZOE Fluorescent Cell Imager microscope, (c) F9 and (d) F12 derived from Scanning
Electron Microscopy.
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Figure 8. In vitro cell viability studies after treatment of MCF-7 cells with F9 and F12 at (a) 24 h, (b) 48 h, (c) 72h, and (d) 96 h (***p < 0.001, **p < 0.01, *p < 0.05,
"p > 0.05, relative to control).
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resistance can be overcome using various methodologies
which will be the subject of future studies.

4, Conclusion

Herein, the preparation and characterization of PLA and its
blends with PESu and PEG are discussed as potential
implants against breast and lung cancer. The matrices as
topical implants were developed via the easy and cost-effect-
ive solvent evaporation method. The well-known antitumor
drug, PTX was used as a model drug. According to the
physicochemical characterization immiscible and partially
miscible blends were developed as FTIR and DSC studies
indicated. Water uptake and degree of hydrolysis showed
that the addition of PEG led to improved solubility of the
film while PESu enhanced the degradation rate. As the PEG
and PESu ratio in the films increased, the release rate
increased. PTX was incorporated into the blends in the
amorphous state which led to improved dissolution; the
amorphization of the drug was not correlated with chemical
interactions between polymer and drugs. Nonetheless, the
blends present different release patterns and hydrolysis rates
analogous to the concentrations of the polymers. At the end
of the research, it was seen that the QbD approach can be
useful in improving the process and product understanding.
The application of QbD will enable an understanding of the
importance of some material parameters in the formulation

process. It has been observed that the change in the type
and ratio of the polymers used with the QbD approach
affects the critical properties. In vitro cell viability studies
depicted that F9 (PLA/PEG-50/50) and F12 (PLA/PESu-50/
50) showed improved anticancer activity on MCF-7 cell lines
but poor anticancer activity on A549 cells. As expected, cell
viability decreased by increasing the concentration of the
formulation. The prepared films can be alternatively used as
promising topical implants for improved anticancer activity
against breast and lung cancer.
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