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Abstract

This research investigated the design, characterization and optimization of active ingredient-loaded transfersomes for
enhanced transdermal delivery in the treatment of skin cancer. A systematic formulation development approach,
guided by the principles of Design of Experiments (DoE) and One Factor At a Time (OFAT), was employed to optimize
the formulation parameters. Physicochemical properties including particle size, polydispersity index (PDI), zeta potential
and entrapment efficiency were comprehensively assessed to ensure the stability and drug-loading capacity of
the transfersomes. Morphological analysis using Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM) confirmed well-defined transfersome structures. In vitro release kinetics studies demonstrated a

controlled and sustained release profile of active ingredient from the transfersomes, highlighting its potential for enhanced
therapeutic efficacy.

Rezumat

Aceasta cercetare are la bazd proiectarea, caracterizarea si optimizarea transferozomilor cu active ingredient pentru o
ghidata de principiile Designului de Experimente (DoE) si a modificarii unui singur parametru o data (OFAT), a fost utilizata
pentru optimizarea parametrilor formularii. Proprietatile fizico-chimice, inclusiv dimensiunea particulelor, indicele de
polidispersie (PDI), potentialul zeta si eficienta de incapsulare, au fost evaluate exhaustiv pentru a asigura stabilitatea si
capacitatea de incarcare a medicamentului a transferozomilor. Analiza morfologica folosind microscopia electronica de
scanare (SEM) si microscopia electronicd de transmisie (TEM) a confirmat structuri bine definite ale transferozomilor.
Studiile de cinetica a eliberdrii in vitro au demonstrat un profil de eliberare controlat si sustinut al docetaxelului din
transferozomi, evidentiind potentialul sau pentru o imbunatatirea eficacitatii terapeutice.
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Introduction ovarian cancer, prostate cancer, non-small cell lung
Active ingredient (DTX) is a semi-synthetic taxane cancer, gastric adenocarcinoma, head and neck  cancer,
second-generation  anti-neoplastic agent derived including hormone-refractory metastatic types [5-7].
from Taxus baccata [1-3]. The mechanism of Over the vyears, several adverse reactions were
taxane derivates is represented by irreversible reported for this active pharmaceutical ingredient, such
binding to p-actin, having as a consequence the as severe allergic reactions and system toxicity _[1,
alteration of the micro-tubule polymerization and 2, 8 9], such as hypotension, bronchospasm, urtic-
disruption of cell mitosis, resulting in apoptosis and, aria [9], morbidity related to the intravenous acce
finally, cytotoxicity [2-4]. The Food and Drug ss site, risk of catheter-related infections, thro
Administration (FDA) and the European Medicines mbosis, extravasation [2] and fluid retention [1].

Agency (EMA) have approved more medicinal
products containing active ingredient as active
pharmaceutical ingredients, such as active ingredient
and active ingredient®. Among their indications can

be listed different types of cancer, such as breast cancer,

DTX presents a low solubility in water (4.93 pg/mL)
[1, 3, 4, 8] and high lipophilicity with a value for
logP of 4.1 [1, 8]. To combat these pharmaceutical
inconvenient, surfactants, such as Tween 80, or alcohol
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can be added into formulations [1, 2, 9], a fact noted
in available commercial formulations, Active ingredient
and Duopafei®. Polysorbate 80 and ethanol have
been associated with a series of adverse reactions,
including severe hypersensitivity, neutropenia,
nonallergic anaphylaxis, rash, injection and infusion-
site adverse events (pain, erythema, thrombophlebitis),
fluid retentionand alopecia [10-13]. Moreover, it has been
demonstrated that these two excipients lead to the
accumulation of DTX in healthy tissues and organs
, thus causing systemic toxicity. The severity of all
these adverse effects caused both by the active
substance and excipients may lead to interruption
of the treatment [10, 14, 15].

Therefore, overcoming the formulation and clinical
disadvantages of DTX and increasing the bio-
availability of the active pharmaceutical ingredient
to the tumour has been a focus of development studies
of nanocarriers. Thus, among the tested nanoformulations
can be mentioned liposomes [16-19], lipid nanoparticles
[3, 8, 20-23] and nanomicelles [11].

Another way to overcome all these drawbacks of DTX
in clinical use is through nanoformulations, such as
liposomes, nanoemulsions, nanoparticles, and so on.
Ultradeformable vesicular system or transfersomes,
introduced by Gregor Cevc in the 1990s [24-27], are
self-optimising nanodrug carrier systems capable of
dermal and transdermal delivery of hydrophilic,
hydrophobic and amphiphilic active ingredient substances
[25, 28]. The modified liposomal vesicular system
composition includes a phospholipidic component
natural (such as egg phosphatidylcholine, soybean
phosphatidylcholine) or synthetic (such as dipalmitoyl
phosphatidyl glycerol, dipalmitoyl phosphatidylcholine,
dimyristoyl phosphatidylcholine), a bilayer softening
component called edge activator (such as Tweens,
Spans, sodium cholate, sodium deoxycholate, oleic acid,
dipotassium glycyrrhizinate) and hydrating medium
represented by water, alcoholic solution containing
about 3 - 10% of ethanol or saline phosphate buffer
at different values of pH [24-26, 28-32].

The transferosomal unique structure makes them
capable of delivering various therapeutic agents with
a wide range of solubility, such as peptides [29, 33, 34],
active ingredient [34, 35], corticosteroids [36-38],
anaesthetics [39, 40], NSAIDs [41-43], anticancer drugs
[24, 27] and herbal drugs [28]. Due to their ultra-
deformability and elastic properties, these drug
carriers can squeeze themselves through constrictions
of the skin barrier, so active compounds are
transported across the skin without any measurable
loss [25, 29, 44].

Transfersomes are ultra-deformable vesicles capable
of penetrating the skin’s stratum corneum, thus enabling
enhanced local drug delivery. This unique characteristic
allows for the direct administration of DTX to the
tumour site, potentially increasing drug concentration
at the target site while minimising systemic exposure.
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The objective of this study was to develop
transfersomes with DTX and to optimise their
characteristics to obtain a suitable system for trans-
dermal delivery by applying the Quality by Design
(QbD) principles. The development and optimisation
processes are carried out through experimental designs
(Design of Experiments - DoE). The current study
explores the formulation and evaluation of DTX-
loaded transfersomes for local administration in the
treatment of skin cancer. This innovative approach
aims to improve therapeutic efficacy, reduce side
effects and offer a significant advancement in skin
cancer treatment. By leveraging the enhanced permeation
capabilities of transfersomes, this research highlights
a novel and promising strategy for localised chemo-
therapy, potentially setting a new benchmark in the
field of topical cancer treatments.

Materials and Methods

Materials

For transfersomes preparation the following substances
were used: active ingredient (ScinoPharm, Taiwan),
phospho-lipon 90G (Lipoid GmbH, USA), Span 80, chloroform
for analysis, oleic acid (Merck, USA), cholesterol,
sodium deoxycholate, sodium cholate (Sigma-Aldrich,
USA), Tween 80, active ingredien monobasic,
methanol for HPLC gradient grade (Honeywell, USA),
disodium phosphate (Chemical, Romania). The other
reagents used for analysing the obtained formulations
5 rade -Honeywell, formic acid-Honeywell, sodium
chloride - Chimactiv,potassium chloride - Lach:ner,
water for chromatographic use) had analytical purity.
5-Fluorouracyl (5-FU), PBS/1 mM EDTA, L-glutamine
(Glu), active ingredient (100 units/mL), active
ingredient (100 pg/mL), Dulbecco’s modified
Eagle’s medium (DMEM), foetal bovine serum
(FBS), propidium iodide (PI) (stock solution 4 mg
/mL Plin PBS) and RNase A (stock solution 10
mg/mL RNase A) were purchased from Sigma
Aldrich (St. Louis, MO, USA).Annexin V-FITC kit
and CycleTEST PLUS DNA Reagent kit were
purchased from Becton Dickinson Biosciences (San
Jose, CA 95131, USA).

Preparation of transfersomes

DTX-loaded transfersomes (Tr-DTX) were prepared
using a lipid-based film hydration method [25, 27,
39, 40] (Figure 1). Briefly, lipids, surfactants and
DTX were solubilised in chloroform/methanol (2:1,
v/v) in a round bottom flask and mixed well. The
organic solvent was evaporated under reduced pressure
in a rotary evaporator until a thin film was formed.
After completing residual solvent evaporation under
reduced pressure, the film was hydrated with phosphate
buffer pH 7.4 using a rotary evaporator. Then, the
suspension was sonicated using a probe sonicator
(Hielscher, UP200Ht, Germany) to obtain small
vesicles. Subsequently, the sonicated transfersomes
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were homogenized by extrusion through a 100 nm
polycarbonate membrane using a jacketed extruder
(Jacketed liposome extruder, Genizer, United States).
After that, the obtained formulation was purified by

dialysis in phosphate buffer pH 7.4 at room
temperature overnight. In a similar mode, for the
optimum formulation, Tr-Blank, without DTX, was
prepared.

I -

Phosphate
bufferpH 7.4

- Hydration,
— —
Solvent 50°C, 90 min
Lipids in evaporation L.
CHCI:MeOH 2:1 Thin lipid film MLV
Phosphate Sonication
buffer pH 7.4

1 : ,

Purification = Extrusion 10x
e Liposomal
suspension

Figure 1.
Schematic representation of film hydration method

Table |
Experimental variables, levels and responses
analysed in the Definitive Screening design

Continuous variables | Low level | High level
DTX (mg) 5 20
EA (mg) 5 30
RV (mL) 10 20
RTime (min) 60 120
RTemp (°C) 45 65
ST (min) 5 15

Categorical variables Levels
T80/DXC T80[ 50:50 (w/w) | DXC
Ch Yes | No

Responses Optimisation
Size (nm) Minimum
ZP (mV) in range
Release 8h (%) Maximum
Release 24h (%) Maximum
EE (%) Maximum
Recovery (%) Maximum

Experimental design

Utilising Design Expert software (version 13, USA),
a Definitive Screening experimental design was
implemented. Analysis of Variance (ANOVA) was
utilised to determine the significance of the regression
and identify the pivotal experimental factors (p-value <
0.05). Table I illustrates the independent variables,
including the amount of DTX, the type of edge
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activator (only Tween 80 (T80), only sodium deoxy-
cholate (DXC), or a mixture between T80 and DXC
(50:50, wiw), the quantity of edge activator (EA),
the rehydration volume (RV), the rehydration time
(RTime), the rehydration temperature (RTemp), the
sonication time (ST) and the presence of cholesterol
in the formulation (Ch), along with their respective
levels. Furthermore, the optimisation criteria used
for the evaluated outcomes are detailed, encompassing
transfersomal particle size before filtration (Size), zeta
potential (ZP), the amount of DTX released after 8
hours (Release 8 h), respectively after 24 hours
(Release 24 h), the entrapment efficiency (EE) and the
quantity of DTX recovery after filtration (Recovery).
The transfersomal particle size after filtration did
not represent an evaluated response because all the
formulations exhibited a value of approximately 100
nm. Table Il provides comprehensive information
regarding the 18 formulations.

To confirm the values obtained for recovery after
filtration, DTX solutions were prepared and diluted
in phosphate buffer pH 7.4, the rehydration medium
of the transferosomes. These were maintained under
continuous stirring for two hours, the maximum
rehydration time tested in the DoE, at the tested
rehydration temperatures (45°C, 55°C and 65°C).
All the samples were then diluted properly and
analysed using the HPLC method described below.
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Table 11

Definitive Screening design of Tr-DTX, showing the independent variables (DTX, RV, RTime, RTemp, ST,

T80/DXC and Ch)

. A:DTX . C:EA | D:RV | E:RTime | F:RTemp | G:ST .
Formulation (mg) B: T80/DXC (mg) (mL) (min) ©C) (min) H: Ch
Tr 1 5.0 T80 17.5 10 60 65 5 No
Tr 2 20.0 T80 5.0 10 90 65 15 Yes
Tr_3 20.0 T80 30.0 10 120 45 5 No
Tr 4 125 T80 30.0 20 120 65 15 No
Tr 5 20.0 DXC 5.0 15 120 65 5 No
Tr_6 20.0 DXC 30.0 10 60 55 15 No
Tr_7 125 DXC 5.0 10 60 45 5 Yes
Tr_8 5.0 T80 5.0 20 120 55 5 Yes
Tr 9 125 50:50 17.5 15 90 55 10 No
Tr_10 20.0 50:50 30.0 20 60 65 5 Yes
Tr_11 5.0 DXC 30.0 10 120 65 10 Yes
Tr_12 20.0 DXC 17.5 20 120 45 15 Yes
Tr_13 5.0 50:50 5.0 10 120 45 15 No
Tr_14 20.0 T80 5.0 20 60 45 10 No
Tr_15 5.0 DXC 30.0 20 90 45 5 No
Tr_16 12.5 50:50 17.5 15 90 55 10 Yes
Tr_17 5.0 T80 30.0 15 60 45 15 Yes
Tr_18 5.0 DXC 5.0 20 60 65 15 Yes

The independent variables are also denoted by capital letters: A = DTX, B =T80/DXC, C = EA, D =RV, E=RTime, F=RTemp, G =ST

and H = Ch.

One-Factor-at-a-Time-Experiments (OFAT)

Given the use of a broad screening design, additional
tests are necessary to achieve an optimal stable
formulation through one-factor-at-a-time (OFAT)
adjustment. Factors such as the amount of DTX,

including a new liquid lipid (oleic acid) and removing
cholesterol were varied in these types of experiments.
Each tested formulation and the response factors
monitored are presented in Table I11.

Table 11
Results derived from OFAT experiments (Size, ZP, EE and Recovery)
. _— Size | ZP | EE |Recover .
Formulation Variation om) | mv) | (o) (%) Y| observation
F1 BOA NT | NT | NT NT precipitation
F2 F1 with the difference: 15.0 mg DTX NT NT | NT NT precipitation
F3 F2 with the difference: 10.0 mg DTX 87.7 | -1.59 [46.92| 70.93 -
F4 F3 with the difference: 12.5 mg DTX 84.7 | -4.09 |53.45| 80.11 -
F5 F4 with the difference: 20 mg T80 and added 10 mg OA |111.4|-10.81|53.86| 98.78 -
F6 F5 with the difference: 15.0 mg DTX NT | NT | NT NT precipitation
F7 F5 with the difference: no cholesterol 117.2|-12.24142.11| 93.22 -
F8 F7 with the difference: 20.0 mg OA 90.7 |-14.37|79.78| 96.37 -

NT = not tested, OA = oleic acid

Transfersomes characterisation

Determination of DTX concentration. For the
quantitative determination of DTX, a Jasco high-
performance liquid chromatographer (HPLC) system
was used, consisting of a quaternary pump model
PU-4180, an autosampler AS-4150, a DAD detector
model MD-4010 and a column thermostat model CO-
4061. Separation was performed on a Kinetex C18
column, 2.6 um, 100 x 3 mm, at 45°C, using a mobile
phase composed of 0.1% formic acid (mobile phase
A) and a mixture of acetonitrile:methanol 1:1 (mobile
phase B). Elution was carried out using a gradient
method, starting with a ratio of 45:55 (v/v, mobile
phase A:mobile phase B) and continuing with a
system wash with 95% mobile phase B to remove
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traces of fatty acids due to the composition of
transferosomes from the column.

Dynamic light scattering (DLS). The investigation of
transfersomal average hydrodynamic diameter and
polydispersity index (PDI) employed the dynamic light
scattering (DLS) technique on undiluted samples.
Accurate measurements were carried out using a
VascoKin particle analyser (Cordouan Technologies,
France) equipped with a 638-nanometer laser.
Furthermore, the behaviour of particles was examined
using an in situ head that operated in a back-
scattering mode, employing a scattering angle of 170°.
Calibration was performed using a standardised colloidal
dispersion of 1% latex with particles measuring 100
nm. The size distribution (nm) based on intensity (a.u.)
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was determined for each transfersomal formulation
sample using the Cumulant algorithm, which is
associated with the autocorrelation function expressed
in time (us) as a function of intensity (a.u.). The
obtained results were fitted with the Rayleigh model
[45, 46].

Zeta potential analysis. The analysis of zeta potential
was performed using the laser doppler electrophoresis
technique [47]. The measurements were conducted
using the Wallis Zeta potential analyser (Cordouan
Technologies, France), equipped with a 20 mW
diode laser operating at a wavelength of 635 nm. A
Ludox TM-50 colloidal silica 0.5% standard (Sigma
Aldrich, USA) was used for the equipment calibration.
The transfersomal formulation were diluted ten times
for this analysis. The reported results correspond to
the average values obtained from six determinations.
Entrapment efficiency. The encapsulated amount of
active ingredient was determined through a direct
method [48-52]. The samples were dialysed in

phosphate buffer pH 7.4 overnight using Slide-A-
Lyzer Dyalisis Cassette G2, 10,000 MWCO
(Repligen, USA). Priorto the analysis, the cassette were
prepared by immersing them for at least 30 minutes

in a dialysis medium. Drug concentrations before
and after purification were determined using the
HPLC method described above.Encapsulation
efficiency (EE %) was calculated using the following
formula [53, 54]:

uantity of DTX in transfersomes
EE (%) = Q y of f
Total amount of DTX

x100 (1)

In vitro drug release study. An in vitro release of
DTX study was performed using a dialysis method
[26, 55-57]. USP apparatus 4 (Sotax CE7 smart with
CY 7 piston pump, Sotax AG, Switzerland) with 12
mm diameter flow-through cells was used in a closed
system for in vitro release testing. Therefore, 1.2 mL
of transfersomal suspension were transferred into
Float-A-Lyzer G2 Dialysis Devise, 50 kD MWCO
(Repligen, USA), which were seated on glass beads
with 1 mm diameter 250 mL of phosphate saline buffer
pH 7.4 with 20% ethanol were circulated at a flow of
8 mL/min and maintained at a controlled temperature
of 37°C [58]. At regular time intervals, one mL of
sample was withdrawn and replaced with one mL
of fresh medium. All the samples were analysed by
HPLC method described above.

Scanning Electron Microscopy (SEM). In preparing
SEM samples, a droplet of each transfersomal suspension
was applied onto a conductive carbon tape (TED
PELLA Inc., USA), securely affixed to an aluminium
SEM stub. The subsequent step involved the sputter-
coating of the samples with a gold-palladium target
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within an argon gas milieu to ensure sufficient
electrical conductivity and compatibility with SEM
examination. This sputter-coating process, conducted
for a duration of 1 minute, employed a plasma current
of 25 mA and utilised a SC7620 Mini Sputter Coater
(Quorum Technologies, UK). Following the coating
procedure, the samples were preserved in a desiccator
until subjected to analysis. The evaluation of these
samples was performed using a TM4000Plus scanning
electron microscope (Hitachi, Japan), which operated
at a voltage setting of 15 kV and utilised backscattered
electron detection (BSE) mode for imaging.
Cryo-transmission electron microscopy (Cryo-TEM).
The morphology of the transfersomes samples was
verified using a Vitrobot Mark 1V (Thermo Fisher
Scientific, Waltham, MA, USA). Blotting was performed
twice at 4°C with 100% relative humidity, involving
three consecutive blotting steps of 3.5 seconds each
with a force setting of 2. A 10 pL sample was applied
to an S166 lacey carbon film 200 mesh copper grid
(Agar Scientific, Stansted, UK). After blotting, the
grid was plunged into liquid ethane for vitrification.
The vitrified grid was then transferred to a cryo-
holder (model 626, Gatan, Pleasanton, CA, USA). The
samples were analysed at an accelerating voltage of
120 kV using a Tecnai F20 G* TWIN Cryo-TEM
(Thermo Fisher Scientific, Waltham, MA, USA) [59].
Thermogravimetric analysis (TGA). TGA was performed
on Tr-DTX, Tr-Blank and their individual constituents
(DTX, oleic acid, Tween 80 and active ingredient)
using the TGA Q5000IR thermal analyser (TA
Instruments, USA). TGA profiles were generated
with a heating rate of 10°C/min over a
temperature range from room temperature to 700°C
, under dynamic nitrogenatmosphere conditions (50
mL/min). The samples were placed into platinum
pans (100 pL) [59, 60].

Results and Discussion

Experimental design

Based on preliminary tests examining the compatibility
of the multiple edge activators and DTX, the independent
variables of the Definitive Screening design were
chosen. The results from the 18 evaluated formulations
and the measured properties of interest (Size (nm),
zeta potential — ZP (mV), Release 8 h (%), Release
24 h (%), entrapment efficiency — EE (%), Recovery
(%)) are presented in Table 1V. Figure 2 and Figure 3
display surface graphs depicting each statistically
significant response, along with the desirability graphs
(Figure 4).
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Table IV

Results derived from Definitive Screening design of Tr-DTX, dependent variables (Size, ZP, Release 8 h,

Release 24 h, EE and Recovery)

Formulation | Size (nm) | ZP (mV) | Release 8 h (%) | Release 24 h (%) | EE (%) | Recovery (%)
Tr 1 206.9 -13.19 121.54* 146.25* 123.12* 36.59
Tr 2 266.8 -12.78 79.80 88.78 59.73 32.16
Tr_3 550.0 -14.37 61.57 57.09 86.00 20.00
Tr 4 129.3 -5.72 66.64 75.60 50.96 67.65
Tr 5 754.5 -16.37 78.36 85.82 44.62 30.76
Tr_6 366.1 -14.37 61.48 69.38 92.74 10.99
Tr 7 646.0 -38.19 69.71 71.72 81.95 85.53
Tr 8 249.1 -13.19 48.50 50.43 38.11 76.81
Tr 9 153.3 -2.13 57.29 59.10 66.77 54.36
Tr_10 540.9 -10.65 71.89 72.22 86.40 19.08
Tr 11 65.5 -13.99 73.31 73.08 19.87 68.08
Tr 12 388.7 -14.91 47.25 55.61 89.16 14.60
Tr_13 164.9 0.00 48.93 15.31* 27.53 105.48
Tr_14 380.7 -2.13 58.60 56.24 82.73 24.47
Tr_15 75.2 -11.45 60.34 56.62 24.05 101.77
Tr_16 182.2 -6.39 64.03 65.53 77.34 37.20
Tr_17 93.2 -3.82 54.13 49.94 22.57 104.85
Tr_18 270.9 -14.32 73.62 72.88 47.63 63.03

*values not included in the model

In accordance with the results presented in Table
IV, the size before filtration of DTX transfersome
vesicles ranged from 65.5 to 754.5. The quantity of
DTX and sonication time present the most significant
effect on particle size, as shown in Figure 2a. The
dimensions of transfersomes decrease with the decrease
of DTX and increase of sonication time. This reduction
may result from the dispersion of agglomerated vesicles
into smaller ones with prolonged sonication time [61].
Also, the quantity of edge activator and its type
significantly affect vesicle size (Figure 2b). The
smaller dimensions are achieved when Tween 80 is
used as an edge activator. The transfersomes size
decreases with the rise in Tween 80 concentration.
The phenomenon is attributed to the edge activator’s
ability to induce aggregates in excess, thereby increasing
the vesicle size [62, 63]. The second-order interaction
for rehydration time (E?), as well as the interaction
between rehydration time and the presence of
cholesterol (EH) in the formulation, show p-values <
0.05, indicating a significant effect on vesicle size
before filtration. As regards particle size after filtration,
all formulations presented a vesicle size of approximately
100 nm. Therefore, this parameter was not taken
into account as a criterion in model prediction and
choosing the optimum formulation.

Zeta potential represents a parameter associated with
the surface charge of particles, impacting the stability
of colloidal [64-66]. Both decreasing rehydration
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volume and sonication time lead to a reduction in
zeta potential. The absence of cholesterol in
transfersomes formulation results in a lower zeta
potential. Regarding the type of edge activator, Tween
80 leads to an increase in zeta potential as it can be
observed in Figure 2c and Figure 2d. All formulations
exhibited negative zeta potential, except one which
had a value of 0. The electrostatic interplay between
the negatively charged surface of the skin and the
refined formulation could induce transient channels
in the skin’s structure, enhancing the drug’s delivery
and retention deeper into the skin layers [67-69].
Researchers suggest that negatively charged nano-
carriers could enhance drug permeability and retention
in transdermal delivery [70]. Hence, the negative charge
of the formulations could influence the penetration of
DTX transfersomes through the skin.

The amount of DTX released in 8 hours ranged
between 47.25 and 79.80, while after 24 hours, the
percentage of DTX released fell between 49.94 and
88.78. In both cases, the rehydration temperature had
a significant effect on the release of APl from the
transfersomes. The higher the rehydration temperature,
the higher the percentage of DTX released. Other
variable contributing to rise of DTX release in time
is the interaction between rehydration volume and
the presence of cholesterol (DH). All these effects
are presented in Figures 2e, 2f, 2g and 2h.
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Figure 2.

Response surface for: size as a function of DTX and sonication time when T80 and Ch were used (a), size as
function of DTX and quantity of EA when T80 and Ch were used (b), zeta potential as a function of rehydration
volume and sonication time when T80 and Ch were used (c), zeta potential as a function of rehydration volume

and sonication time when DXC was used, and Ch was absent (d), release 8 h as a function of rehydration volume
and rehydration temperature when T80 and Ch were used (e), release 8 h as a function of rehydration volume
and rehydration temperature when T80 was used, and Ch was absent (f), release 24 h as a function of rehydration
volume and rehydration temperature when T80 and Ch were used (g), release 24 h as a function of rehydration
volume and rehydration temperature when T80 was used and Ch was absent (h)

The amount of DTX entrapped in transfersomes is
highly influenced by the amount of API, rehydration
time, the interactions between DTX and quantity of
edge activator (AC), DTX and sonication time (AG),
quantity of edge activator and rehydration time (CE),
respectively second interaction of amount of edge
activator (C2). The type of edge activator or the
presence of cholesterol in formulation does not
influence the entrapment efficiency. All these interactions
are also represented in Figures 3a, 3b, 3c and 3d.

The percentage of DTX recovered after filtration
(Recovery (%)) represents one of the most important
dependent variables analysed in DoE. It is closely
correlated with entrapment efficiency. The independent
variables contributing to the increase of recovery
were the amount of DTX, the type of edge activator,
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rehydration temperature, interactions between DTX
and quantity of edge activator (AC), and type of edge
activator and sonication time (BG). The lowest the
amount of DTX, the higher the recovery after filtration.
The impact of each mentioned independent variable
and interaction is better illustrated through response
surfaces represented in Figures 3e, 3f, 3g and 3h.
Following the testing of DTX solutions maintained
for two hours at the rehydration temperatures tested
in DoE, it was observed that with the increase in
temperature from 45°C to 65°C, the amount of DTX
decreased while the quantity of impurities increased.
This outcome can be corelated with the slow recovery
in DTX for all the formulations rehydrated at
temperatures higher than 50°C.
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Figure 3.
Response surface for: entrapment efficiency as a function of DTX and rehydration time when T80 and Ch were
used (a), entrapment efficiency as a function of DTX and quantity of EA when T80 and Ch were used (b), entrapment
efficiency as a function of DTX and sonication time when T80 and Ch were used (c), entrapment efficiency as a
function of the quantity of EA and rehydration time when T80 and Ch were used (d), recovery as a function of
DTX and rehydration temperature when T80 and Ch were used (e), recovery as a function of DTX and rehydration
temperature when DXC and Ch were used (f), recovery as a function of DTX and quantity of EA when T80 and
Ch were used (g), recovery as a function of DTX and quantity of EA when DXC and Ch were used (h)

By applying predetermined criteria (including lower
size, higher release at 8 hours, respectively at 24
hours, higher entrapment efficiency and high recovery
after filtration), a desirability graph was generated
(Figure 4), where the desirability parameter directly
indicates the degree of alignment of the formulation
with the established criteria (a value close to 1 indicates
better alignment). In the case of Tr-DTX, the
desirability value of 0.787 signalled those conditions
closer to a corner point yielded a more favourable
correspondence with the desired criteria. Consequently,
the best overall answer (BOA) obtained from the
screening design consists of 20 mg DTX, Tween 80
as edge activator, 30 mg of edge activator, rehydration
with 10 mL of phosphate buffer for 90 minutes at
50°C, and sonication.
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One-Factor-at-a-Time (OFAT)

Expanding on the optimal outcome derived from the
screening design, OFAT experiments were conducted.
The first formulation tested was BOA when the
precipitation phenomenon was observed. This indicates
that the amount of DTX is too high for the entrapment
efficacy of the phospholipidic structure. Then, the
quantity of DTX was optimised (F2 - F4). Since
cholesterol confers stiffness to the vesicles, the
incorporation of a liquid lipid (oleic acid) was
tested (F5) to enhance their deformability, thereby
facilitating penetration into the deeper layers of the
skin, even leading to its exclusion from formulations.
All the variations and the results are presented in
Table 111
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Desirability

Desirabikity

Figure 4.
Response surface as a function of: DTX and quantity of EA when T80 and Ch were used (a), DTX and
sonication time when T80 and Ch were used (b), the quantity of EA and rehydration time when T80 and Ch were
used (c), rehydration volume and rehydration temperature when T80 and Ch were used (d)

From the presented data, it can be observed that
replacing cholesterol with oleic acid leads to a decrease
in zeta potential, indicating better stability of the
formed system and an increase in recovery, indicating
better entrapment of the API. From the literature data
presented, cholesterol is known to have the ability to
form rigid bilayer structures together with phosphatidyl-
choline [71-73]. However, when the site of drug
delivery is deep within the skin, it is desirable for
vesicles to be more flexible and easily deformable.
In this context, cholesterol can be replaced with liquid
lipids such as oleic acid. Moreover, this one also
exhibits edge activator properties [74, 75]. Also, it
is known that oleic acid can increase the stability of
the bilayers formed [76, 77]. The addition of oleic
acid in the formulation was conducted to achieve
greater recovery, entrapment efficiency and lower
zeta potential. The percentage of DTX recovered
after filtration is one of the most crucial dependent
variables analysed in both types of experiments,
closely linked to entrapment efficiency and in vitro

release of APl from the matrix. The higher the
recovery after filtration, the higher the encapsulation
efficiency and percentage of DTX release over time.
Independent variables contributing to an increase in
recovery include the amount of DTX, the type and
quantity of edge activator, rehydration temperature,
sonication time and their interactions.
As a result, the chosen formulation consisted of 12.5
mg DTX, 20 mg Tween 80, 20 mg oleic acid, and
rehydration with 10 mL of phosphate buffer for 90
minutes at 50°C. Subsequently, both the optimized
formulation and the control sample (manufactured
without DTX) were prepared in triplicate, and their
characterisation was conducted.
Characterisation of the optimised transfersomes
formulation
Size, PDI, zeta potential and entrapment efficiency
The optimised formulations (Tr-DTX) along with the
control counterpart (Tr-Blank), formulated without
DTX, were characterised, and their physicochemical
properties are outlined in Table V.

Table V

Physicochemical properties (size, PDI, ZP, EE %, Recovery %) of the Tr-DTX formulation selected by the
Definitive Screening design and OFAT experiments and its control

Formulation | Size (hm) PDI ZP (mV) EE % Recovery % | Release 8 h | Release 24 h
Tr-DTX 96.63 +£5.14|0.2090 + 0.0452 | -15.97 + 1.60 | 75.87 +4.13| 97.51 +4.04 |50.11 £ 6.60| 79.51 +2.04
Tr-Blank 86.6 + 2.40 |0.2847 +0.0270| -6.92 +0.06 - - - -
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The particle size of Tr-DTX exhibits a slight increase
compared to Tr-Blank. It is noteworthy that there
were no differences between the three replicates
regarding this control parameter. Despite the slight
increase in transfersomal size due to DTX addition,
both sample types displayed consistently low PDI
values (< 0.3), indicating uniform size distribution
[78, 79]. Additionally, the zeta potential values deviated
significantly from the neutrality, which is favourable
for long-term stability in pharmaceutical formulations
[30, 64-66, 80].

Morphology imaging

The particle size can be confirmed using an orthogonal
microscopy technique, such as SEM and Cryo-TEM,
which can also illustrate their morphology.

e

o .
WP 0007 158 X6 00k BSEHON 112023 22.12

©

As expected for lipid carriers such as these, both
formulations, with and without DTX, predominantly
exhibited spherical particles with smooth surfaces
(Figure 5a and Figure 5b). The Cryo-TEM high-
resolution micrographs distinctly show the bilayer
structure of the transfersomes, indicating successful
formulation. The images also demonstrate that the
transfersomes maintain their structural integrity with-
out aggregation, confirming the stability of the formulation
(Figure 5c and Figure 5d). The observed vesicles present
a size of approximately 100 nm, consistent with the
dynamic light scattering results (Figure 5d). Importantly,
the incorporation of DTX into the system did not
induce any alteration to the transfersomes morphology.

(d)

Figure 5.
SEM micrographs of the optimised formulations Tr-Blank (a), respectively Tr-DTX (b), Cryo - TEM
micrographs of the optimised formulation at different scales: 200nm (c), 100 nm (d)

Thermal analysis

All the excipients which form the lipid film, DTX,
the blank formulation and the loaded one underwent
to thermogravimetric analysis (TGA).

DTX exhibits thermal stability up to roughly 120°C,
as indicated by a minimal mass reduction of 0.35%,
primarily attributed to the release of incorporated
water. Beyond this temperature threshold, thermal
decomposition proceeds through two distinct phases.
The initial phase spans from approximately 120°C
to 320°C, resulting in a mass loss of 56.48%. This
is followed by a secondary phase extending from
about 320°C to 560°C, accompanied by a mass loss
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of 26.70%. Subsequent analysis unveiled a residual
mass of 16.53%. Additionally, the decomposition
process is characterised by two notable peaks in
derived weight (%/min) observed at 205°C and 343°C,
respectively.

Regarding the excipients, oleic acid (AO) and Tween
80 (T80) present thermal decomposition in only one
phase, namely between 120°C and 300°C with a mass
loss of 98.14% for oleic acid, respectively between
300°C and 500°C with a mass loss of 95.51% for
Tween 80. Both excipients present only one peak in
the derived weighed (%/min), oleic acid at 240°C
and Tween 80 at 403°C, respectively. Phospholipon
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90G, owing to its diverse composition, undergoes
decomposition within the tested temperature range
in multiple stages as follows: up to 180°C it loses
5.08% mass, between 180°C and 250°C 5.74%,
continuing to loss 39.96% up to 320°C, from this
temperature to 390°C it loses 32.41%, between
390°C and 530°C it presents a mass loss of 7.43%,
in the last stage loses 1.31% up to 700°C. At the
end of the analysis, a residue of 8.07% was found.

Both the blank formulation (Tr-Blank) and the
formulation containing DTX (Tr-DTX) exhibit similar
thermal behaviours, with each presenting four discernible
stages: initially, a decrease of 5.14% in mass for Tr-
Blank and 4.21% in mass for Tr-DTX up to around
150°C, attributed to water content; followed by a
second phase spanning approximately 150°C to 190°C,

resulting in mass losses of 1.47% for Tr-Blank and
1.50% for Tr-DTX, respectively. The third stage
extends until about 340°C, with mass losses of 71.80%
for Tr-Blank and 68.85% for Tr-DTX. In the final
stage, up to 700°C, the blank formulation experiences
a loss of 8.84%, while the Tr with DTX loses 10.81%.
Also, at the end of the analysis, Tr-Blank presented
13.68% residue, while Tr-DTX had 13.70% residue.
Both formulations' decomposition processes are
characterised by two primary peaks in derived weight
(%/min), at 290°C, respectively at 357°C.

Figure 6 presents the TGA analysis results, comparing
Tr-Blank, Tr-DTX, DTX and excipients, highlighting
the differences in thermal behaviour among the
excipients, API and formulations, and the similarities
between the two transfersomal formulations tested.

1007 TR-Blank [ 60
TR-DTX
DTX
75 P90G
Acid Oleic
50 T80
L40E
251 o £
= (]
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Figure 6.
Thermograms of excipients, DTX and formulations (Tr-Blank and Tr-DTX)
100+ within 24 hours, which is observed as a sustained
release of the API. Interestingly, the formulation
9 80+ - —= did not display an initial burst release phase, likely
36 60 o attributable to the higher encapsulation of the drug
@ e (EE = 75%) with the transfersomes.
g 40 /S Various mathematical models have been employed
& f to characterise the release patterns of lipid, polymer
20+ - and lipid-polymer drug delivery systems containing
different APIs [62, 81-83]. To gain a deeper insight
0 3 360 730 1080 1440 into the mechanisms governing DTX release, the data
. depicted in Figure 8 underwent fitting using several
Time (min) O . -
. kinetic models. The most appropriate fits for Tr-
Figure 7.

In vitro release profile for encapsulated active
ingredient determined at 37°C, receptor medium
composed of PBS: ethanol (80:20, v/v),n =6

In vitro release Kinetics

Figure 7 illustrates the outcomes regarding the in
vitro release kinetics of DTX encapsulated within
the optimised transfersomes formulation. It is
evident that around 80% of DTX was released
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DTX kinetics were achieved with the Higuchi (R? =
0.9820) and Noyes-Whitney (first-order Kinetics)
(R? = 0.9860). The Higuchi model suggests that the
solvent gradually causes the matrix to swell and
describes the concentration gradient as linear, decreasing
from the saturation concentration at the interface with
the core, which is not exposed to the solvent, to a
concentration of zero (sink conditions) at the interface
between the matrix and the dissolution medium [83].
The principle of first-order release suggests that the
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rate of release kinetics is contingent upon the alteration

of drug concentration over time. The highest R? value

achieved for the Noyes Whitney model implies that

90
80 R2=0.9860

changes in drug release rate and Kinetics were
influenced by the concentration of DTX.

R2=0.9722
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Figure 8.
In vitro release kinetics (a) Noyes-Whitney model, (b) Hixson-Crowell model, (c) Higuchi model and (d)
Korsmeyer-Peppas model
Conclusions indicative of the potential for prolonged therapeutic

Through a comprehensive investigation encompassing
Design of Experiments (DoE) and One-Factor-at-a-
Time (OFAT) experiments, we systematically optimised
the formulation parameters for active ingredient-
loaded transfersomes. Our findings revealed
significant influences of several factors on the
physicochemical properties of  transfersomes,
including particle size, zeta potential, encapsulation
efficiency and recovery.Notably, selecting an
optimised formulation comprising specific quantities
of Al, edge activators and rehydration conditions was
pivotal in achieving desirable characteristics.
Characterisation studies confirmed the consistent
particle size distribution and morphology of
transfersomes, underscoring their suitability for
therapeutic applications. Furthermore, in vitro release

kinetics studies elucidated sustained drug release profiles, 1088

efficacy.

This study underscores the promise of transfersomes
as a viable approach for localized drug delivery in
skin cancer treatment, aiming to improve therapeutic
outcomes and patient safety.
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