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Abstract Background and Aims: As the drug discoveries of the modern century have led to a rapid increase in the
number of new drug candidates with low water solubility, nanofiber drug delivery systems have become
a promising technology to increase the water solubility of drugs with a high surface-to-volume ratio. In
this study, we aimed to prepare a nanofiber of a molecule with low water solubility and investigate its
changing solubility properties.

Methods: Three nanofiber dosage forms containing olanzapine (OLZ) active substance were developed
by the electrospinning method using polyvinyl alcohol (PVA) polymer. Drug loading efficiency, zeta
potential determination, electrical conductivity, rheology, field emission scanning electron microscopy
(FESEM), Fourier-transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), and X-ray
diffraction (XRD) analyses were performed to evaluate the in vitro characterisation of the formulations.
The solubility profile of the optimised formulations in pH 7.4 phosphate buffer was evaluated. The stability
of optimised formulations was evaluated in terms of physical properties (colour, shape, weight, diameter,
and thickness) and drug amount for 35 days.

Results: It was determined that the electrospinning property of the nanofiber preparation solution
increased with the addition of ethanol to the polymer solvent medium. The active substance distribution
in the nanofiber layer was more homogeneous in the N78 and N79 coded formulations with high zeta
potential values compared to N69. Contrary to the homogeneous distribution problem, the loading
efficiency of the N69-coded formulation containing chloroform (~29%) was higher than that of N79 (~9.8%).
A 24-h solubility study in pH 7.4 phosphate buffer of the N78-coded formulation, which has an active
ingredient loading efficiency of ~80.4%, confirmed the increased solubility of OLZ in water in the nanofiber
drug delivery system.

Conclusion: Further studies are needed to convert these model formulations into final drug products.
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INTRODUCTION
In the modern century of drug discovery, some drug

development methods, such as high-throughput screening,
combinatorial chemistry, and receptor binding by hydropho-
bic interaction, used to increase the yield and potency, have
led to the increase of new drug candidates with poor water
solubility (Khan et al., 2022; Marano et al., 2016). Poor water
solubility is the main reason why many drug candidates fail
in clinical trials despite showing good therapeutic activity
in animal studies (Das et al., 2022). Various molecule- or
therapy-based alternatives can be developed to overcome the
problems of poor absorption and low bioavailability of poorly
soluble compounds. However, these solutions may result in
increased cost and time in production, impaired treatment
compliance, and toxicity (Savjani et al., 2012). The most widely
used strategies to improve solubility in the pharmaceutical
industry are particle size reduction (nano-sizing), the use of
amorphous forms, and lipid-based drug delivery systems. All
these approaches are embodied by the availability of various
products on the market (Löbmann & Svagan, 2017).

Olanzapine (OLZ), which has high clinical value as an
antipsychotic agent, is a poorly water-soluble molecule that
hardly crosses the blood-brain barrier. It undergoes hepatic
first-pass metabolism before reaching the systemic circula-
tion (57% oral bioavailability). Increasing the starting dose to
increase bioavailability in the brain may be considered, but
the severity of the side effects should be assessed (Haddad
et al., 2014; Meftah et al., 2020; Natarajan et al., 2017). Orally
disintegrating tablets and intramuscular injections have been
developed to overcome the bioavailability issues of OLZ; how-
ever, these have been found to have similar bioavailability to
conventional tablets (Khallaf et al., 2020). Solid lipid nanopar-
ticles of OLZ increased bioavailability up to 23-fold, but their
perfect crystalline structure reduced the drug loading capac-
ity (Ghasemiyeh & Mohammadi-Samani, 2018; Zorkina et al.,
2020). Although the nanostructured lipid carriers of OLZ, which
are directly targeted to the brain by intranasal administration,
increased bioavailability, the possible cytotoxic effect of lipids
was limiting (Chauhan et al., 2020). Niosomes with a particle
size of 250 nm enabled the controlled extended release of OLZ
(Singh et al., 2018). However, the chemical stability problem
of phospholipids required the formulation to be kept under
special storage conditions (Ferreira et al., 2023).

Nanofibers, an attractive technology in nano-sizing, are
structures with high specific surface area and surface area/
volume ratio (10,000 - 1,000,000,000 m²/kg), with diameters
ranging from 5 to 500 nm, in diameter which can form highly
porous networks (Barhoum et al., 2019; Pattnaik et al., 2023). In
particular, polymer nanofibers are an advantageous drug de-

livery system because of their biocompatibility, high stability,
and similarity to the extracellular matrix (Kajdič et al., 2020;
Vuddanda et al., 2016). Continuous and mass production of
nanofibers can be achieved by the electrospinning method,
which is a simple and cost-effective method (Barhoum et al.,
2019). During electrospinning, which is an electrostatic fibre
production process, the solvent in the polymer solution evap-
orates rapidly, and nanofibers are formed instantly, while the
drug is trapped in the polymer matrix or deposited on the
nanofiber surface. Drug mobility is reduced. It is usually ran-
domly encapsulated in the nanofiber (Martínez-Pérez, 2020;
Pattnaik et al., 2023; Potrč et al., 2015).

The size of the nanofibers depends on the process para-
meters such as the solution, media and polymer concentra-
tion, electric field and flow rate of the feed solution. Fibres
with a diameter of 10-1000 nm and a smooth surface morphol-
ogy are mostly preferred (Al-Hazeem, 2018; Gugulothu et al.,
2019). Nanofibers with the desired properties can be produced
with appropriate polymer selection (Gugulothu et al., 2019;
Zahmatkeshan et al., 2019). Poly (vinyl alcohol) (PVA), whose
aqueous solution can be easily prepared and electrospun, is a
preferred polymer for nanofiber preparation to increase water
solubility. Biodegradable, biocompatible and semi-crystalline,
PVA stands out with its chemically stable structure under
normal temperature and good physical and mechanical prop-
erties (Acik, 2020; C. Zhang et al., 2005).

In this study, we aimed to develop nanofibers of OLZ by
the electrospinning method using a suitable polymer solution
determined to increase its water solubility. Nanofibers of OLZ
with PVA were developed and in vitro characterisation of the
selected final formulations was evaluated.

MATERIALS AND METHODS

Materials

OLZ was kindly gifted by Genveon Pharmaceutical Com-
pany (Turkey), sourced from India. The PVA-polyethylene
glycol graft co-polymer (Kollicoat® Protect) was purchased
from BASF (Germany). Methanol (high-pressure liquid chro-
matography-HPLC grade) and acetonitrile (HPLC grade) were
purchased from Merck (Germany). Ethanol and tert-butanol
were of analytical grade and were purchased from Merck
(Germany). Dichloromethane, hydroxypropyl methylcellulose
(HPMC) (60 M), chloroform, and trifluoroacetic acid were pur-
chased from Merck (Germany). Dimethyl sulfoxide (DMSO) was
obtained from Sigma-Aldrich (Massachusetts, USA). The ultra-
pure water was supplied by the Millipore Milli-Q ultrapure
water system (Massachusetts, USA).
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Methods

Preparation of Solutions for the Electrospinning
Process

For the electrospinning process, the solutions of HPMC and
PVA were prepared under magnetic stirring at 600 rpm – 50 °C
and 800 rpm – 100 °C for 3 h each, respectively. For the OLZ-
loaded nanofiber solutions, 10 mg/mL OLZ was dissolved in
5 mL dichloromethane and 5 mL chloroform at room temper-
ature and combined with the polymer solution in a 3:1 (v/v)
ratio (Meftah et al., 2020).

All solutions were degassed in an ultrasonic bath at room
temperature for 15 min before electrospinning. Then, the solu-
tions were taken into 10 mL injections and kept upright in the
injection for 30 min.

Electrospinning

All electrospinning processes were performed using a
35-40 cm long polycarbonate column and a 10-mL syringe. The
nanofibers were collected on aluminium foil and greaseproof
paper fixed on the collector. A cylinder collector and a flat
collector were used, and a nozzle and 19 G and 21 G needle
tips were used as the exit tip of the nanofiber solution.

HPLC Analysis of the OLZ

OLZ quantification was performed using a modified HPLC
method by replacing the diluent medium with methanol
(Albayrak,  2014). A C18 (Inertsil ODS-3 5 micrometre 4.6 x
260 mm) column and UV detector were used. The column
temperature was set to 25 °C and the flow rate to 1 mL/min.
The injection volume was 10 µl and the mobile phase was
methanol:acetonitrile:water (containing 0.1% TFA) (40:30:30, v/
v/v). The retention peak of OLZ at 272 nm was observed at 2.10
min. This validated method was used to determine the OLZ
content in each nanofiber formulation.

In vitro Characterisation of the Solutions for
Electrospinning

Measurements were made on a single nanofiber prepara-
tion solution for formulations coded N78 and N79, which
differed from each other only by the electrospinning parame-
ters.

Measurement of the Zeta Potential

The zeta potentials of the solutions for electrospinning
were determined by the electrophoretic light scattering
method using 3 measurements with 12 replicates each. The
Zetasizer NanoZS (Malvern, UK) instrument was used with an

accuracy of ± 0.1 °C at 25 °C using a convoluted capillary
cuvette.

Measurement of the Electrical Conductivity

The electrical conductivity of the 20 mL nanofiber prepa-
ration solutions was measured at room temperature with an
Eutech Instruments, PC2700 (Landsmeer, The Netherlands).

Rheological Studies

The bulk and interfacial rheological properties of the
nanofiber preparation solutions were measured in triplicate
with HAAKE RheoStress 1 (Thermo Scientific, Germany) at 25
°C in the shear rate range of 0-360 s-1, using a parallel
plate sensor (gap = 0.5 mm) in triplicate. Evaluations were
performed according to the exponential law equation using
HAAKE RheoWin 3 Data manager software (Thermo Scientific,
Germany) (Rošic et al., 2013).

In Vitro Characterisations of Nanofibers

FESEM Imaging

For FESEM imaging, 6 mm x 6 mm samples were coated
with a thin layer of gold using a sputter coater for 60 s (Apreo
2S (Thermo Scientific, Germany)). The average diameter of the
nanofibers was calculated at 50 different points of the images
with ImageJ software (LOCI, University of Wisconsin, Wisconsin,
US) (Vashisth et al., 2014).

DSC Analysis

DSC analysis (DSC 3500 Sirius (Netzsch, Germany)) was
performed under a nitrogen gas atmosphere with three
repetitions per sample. Each sample was weighed and placed
in aluminium containers and heated to 25°C to 600 °C at a
heating rate of 10 °C/min (Koosha & Mirzadeh, 2015).

XRD Mapping

XRD mapping of the nanofibers was performed using X'Pert
PRO (Malvern Panalytical, UK). The electrospun nanofibers
were analysed by a wide-angle X-ray diffractometer using a
CuKα radiation source with a wavelength of λ=0.154 nm oper-
ating at 40 kV and 30 mA. The intensity was recorded in the
range from 5º to 118º, with a step size of 0.032º (Koosha &
Mirzadeh, 2015).

FTIR Analysis

Material analysis at the molecular level was performed
by FTIR measurement with Spectrum™ 100 (Perkin Elmer,
Waltham, US). The film samples were cut into small pieces, and
a pinch of the nanofiber sample was filled into the sample
trough plate before analysis, and the IR spectra were recorded
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under reduced vacuum. The scan and resolution range were
650-4000 cm-1 and 2 cm-1, respectively (Vuddanda et al., 2016).

Yield and Encapsulation Efficiency

The 6 mm x 6 mm samples were placed in tubes containing
2 mL methanol for 45 min and centrifuged at 5000 rpm for 15
min. 1 mL of the samples was taken and the amount of OLZ
was determined by the HPLC method described. The yield and
encapsulation efficiency of the nanofibers were calculated
using the following formulas (Józó et al., 2021):

𝑌 𝑖𝑒𝑙𝑑 (%) = 𝐴𝑐𝑡𝑢𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑂𝐿𝑍 (µ𝑔)
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑂𝐿𝑍 (𝑚𝑔)

𝑥100 (1)

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =

𝐴𝑐𝑡𝑢𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑂𝐿𝑍(µ𝑔)
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑂𝐿𝑍 (𝑚𝑔) +

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 (𝑔)

𝑥100
(2)

In vitro Solubility Study

OLZ and the selected formulations were taken into tubes
and 2 mL phosphate buffer was added to each, more than
the maximum amount that should be dissolved. The samples
in the tubes were shaken on an orbital shaker at 300 rpm
for 24 h at room temperature. Insoluble OLZ was precipitated
by centrifugation at 15000 rpm for 15 min. The samples were
filtered through a 0.45 μm nylon filter, diluted 1:9 (v/v) with
methanol, and transferred to vials, and OLZ was quantified by
the HPLC method as described. Each sample was analysed in
triplicate.

Stability Studies

The stability tests of the selected formulations were con-
ducted in aluminium packaging under conditions of “25 ± 2
°C, 60 ± 5% relative humidity” and “40 ± 2 °C, 75 ± 5% relative
humidity” in stability chambers (Yosef Kinani et al., 2022).
The samples were evaluated on days 7, 14, 21, 28, and 35 in
terms of physical characteristics (colour and shape, by visual
inspection), weight (using a precision balance), and diameter-
thickness (using a calliper). OLZ was quantified by the HPLC
method as described.

Statistical Analysis

The findings of the experiment were statistically analysed
using GraphPad Prism 8.1.1 (GraphPad Software, Boston, USA)
software. The “one-way ANOVA test” was applied when there
were more than two comparison items, and the “t-test” was
applied when there were two comparison items. Since the sta-
bility results were examined according to multiple time points,

the statistical analysis of the stability studies was performed
according to linear regression.

RESULTS AND DISCUSSION

Pre-formulation Studies

In the first stage of the pre-formulation studies, it was
aimed to determine the appropriate polymer solution that
can be electrospun with reproducible parameters and can
form smooth nanofiber layers with continuous production. To
increase the water solubility, solutions were prepared with
the selected PVA and HPMC polymers at the concentrations
specified in Table 1.

Table 1. Polymers and concentrations used in the determination of
the appropriate polymer solution and maximum values applied in
the electrospinning trials

Polymer
Concentration

(%, w/w)

Maximum
voltage applied

(kV)

Maximum flow
applied (mL/h)

1 25 2.5

2 28 2.5

3 28 2.5

4 29 2.5

HPMC

5 30 2.5

8 6 0.5

15 10 1

18 15 1

20 32 10

30 25 5

PVA*

40 27 5

PVA** 20 23 3

0.5:20 27 1

0.7:20 27 1HPMC:PVA**

1:20 30 1

* Solution of PVA in water; **Solution of PVA in water and ethanol. PVA:
polyvinyl alcohol; HPMC: hydroxypropyl methylcellulose.

Electrospinning with low-concentration HPMC solutions
showed electrospray-like results, where the solution accumu-
lated in small droplets in the collector before the nanofibers
were formed. In the case of HPMC solutions with concentra-
tions of 2% and above, the deposition of the polymer solution
at the outlet end could not be avoided despite the use of
the nozzle with the largest inner diameter and increasing
the voltage and flow throughout the electrospinning process.
This concentration-dependent behaviour of HPMC can be
explained by the fact that the polymer chain linkage in solu-
tions that do not reach the critical viscosity cannot overcome
the colonic repulsion, forming droplets instead of continuous
fibres. The “spraying” of the solution and the formation of
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beads agrees with the low concentration. In the opposite
case, the solution is expected to accumulate at the exit end
(Fatahian et al., 2021; Garcia et al., 2022; Paaver et al., 2015, 2019;
Verreck et al., 2003).

Pre-formulation studies with PVA-based solutions were
quite good compared to the results obtained using HPMC.
Nanofiber formation was observed macroscopically in all for-
mulations indicated in Table  1. This superiority of PVA over
HPMC in electrospinning can be explained by the slower
evaporation of PVA (Ojha, 2007). Production with 20% aqueous
solutions of PVA showed more stable and reproducible para-
meters. This led to further research to improve the continuity
of production. Ethanol was added to the solvent medium of
the polymer to improve the electrospinnability and nanofiber
quality (Figure 1) (Józó et al., 2021; Ramakrishnan et al., 2019;
Rošic et al., 2013).

Nanofiber production with the PVA:water:ethanol (20:40:40,
w/w/w) polymer solution was carried out with the parameters
indicated in Table  2. Stable and reproducible results were
obtained from the formulations using greaseproof paper on a
flat collector as the collector and a nozzle as the exit end.

Based on the good results of PVA in nanofiber production
(Figure 1), nanofiber production with the PVA-HPMC solution
was investigated. No fibre formation and electrospraying were
observed in the experiments with the concentrations and pa-
rameters in Table 1. With this result, formulation development
studies were continued with solutions using only PVA.

In the second stage of the pre-formulation studies, the
organic solvent suitable for the preparation of the solution
of OLZ and PVA and compatible with electrospinnability was

investigated. The formulations containing DMSO and tert-bu-
tanol became heterogeneous in a short time. The rheological
properties of the PVA solutions can vary with the affinity
of the different components in the solution for each other.
DMSO and water show a high affinity for each other. This can
cause the liquid-liquid mixture to have polymer-rich and poor
phases, as the viscosity (bulk and interfacial) and relaxation
time will change (Gupta et al., 2016). Continuous and repro-
ducible nanofibers were produced under 19 kV with solutions
using dichloromethane and chloroform as organic solvents.

Optimisation of the Nanofiber Formulations

To determine the appropriate electrospinning process
parameters for continuous nanofiber production, over 40
formulations containing active ingredients were developed.
The optimised process parameters of the formulations that
yielded smooth nanofibers on macroscopic examination, no
beads were detected on microscopic examination, and the
production was reproducible and continuous are given in
Table 3. These parameters are in agreement with the studies in
the literature where successful nanofiber production with PVA
has been realised (Fathollahipour et al., 2015; Mata et al., 2022).

Consistent with the literature, bead formation was ob-
served to increase with increasing flow rate and voltage, i.e.,
the electric field (Figure 1 and Figure 2) (Bhardwaj & Kundu,
2010; C. Zhang et al., 2005). As the distance between the
collector and the needle tip decreased, thicker fibres were
detected, and as the distance increased, thin and curly fibres
were detected. As the distance increases, the scattering area
of the fibres deposited in the collector increases, which can
cause the fibres to become thinner (Sill & von Recum, 2008;

Figure 1. The smooth nanofiber layer was collected on greaseproof paper in a flat collector with PVA:water:ethanol (20:40:40, w/w/w) solution
and the beaded nanofiber structure was obtained from the 20% PVA solution under high voltage and flow. (PVA: Polyvinyl alcohol; HPMC:
Hydroxypropyl methylcellulose)
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Table 2. Optimised electrospinning process parameters and results for the PVA:water:ethanol (20:40:40, w/w/w) solution

Formulation Collector type Output type Voltage (kV) Flow (mL/h) Distance (mm)
Bead-free fibre on
microscopic
examination

N19 Flat Nozul 13 1 50 Yes

N20 Flat Nozul 17 2 80 Yes

N21 Flat Nozul 23 3 120 Yes

N27 Flat 19G 7 1 50 Yes

N28 Flat 21G 6 1 50 Yes

N45 Cylinder 21G 10 2 70 No

N46 Flat 21G 10 2 90 No

N47 Flat 21G 9 2 90 No

N48 Flat Nozul 16 0.7 120 No

N49 Flat Nozul 18 0.7 150 No

N50 Flat Nozul 19 0.7 180 No

N51 Flat Nozul 16 0.8 120 No

N52 Flat Nozul 18 0.8 150 No

N53 Flat Nozul 20 0.8 180 No

N54 Flat Nozul 16 1 120 No

N55 Flat Nozul 18 1 150 No

N56 Flat Nozul 18 1 180 No

Table 3. Optimised electrospinning process parameters for formulations containing the active substance

Results

Macroscopic
examination

Production
Microscopic
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ed

ie
nt
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 (m
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 (m
m

)

Smooth
nanofiber layer

Continuous and
repeatable

Bead-free fibre
image

N69 TCM 20 0.5 180 Yes Yes Yes

N78 DCM 18 0.5 120 Yes Yes Yes

N79 DCM 23 0.6 180 Yes Yes Yes

TCM: chloroform; DCM: dichloromethane

Zahmatkeshan et al., 2019). Production with a small-diameter
needle tip also resulted in thin nanofibers (Figure 2) (He et
al., 2019).

During fabrication, it was observed that the parameters of
the electrospinning process were influenced by the type of
collector and the material coated on the collector. Although

Figure 2. Microscope image of the nanofibers (from left to right: N91 coded dichloromethane-containing formulation (process parameters: 26
kV, 4 mL/h, 120 mm, nozzle tip); N96 coded chloroform-containing formulation (process parameters: 11 kV, 0.1 mL/h, 120 mm, 19G tip); N77 coded
dichloromethane-containing formulation (process parameters: 15 kV, 0.1 mL/h, 80 mm, nozzle tip)).
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the same formulation solution was used, different voltages
were used for each pulse on the greaseproof paper, aluminium
and glass lamellae. The reason for this difference may be
the effect of the conductivity of the material wrapped on the
collector on the electric field (Cardenas Bates et al., 2020)
with the same formulation solution, it was observed that the
productions in the cylinder collector were carried out at lower
voltages compared to the production in the flat collector. This
difference is explained by the fact that the polymer chains
are subjected to tensile stress between the electrodes due
to the increased solvent evaporation rate and simultaneously
crystallise via “shear diffusion” to form long-chain β-crystals
(Ojha, 2007). This process parameter, which changes the me-
chanical properties of the nanofibers, is thought to indirectly
affect other parameters that must remain in equilibrium. In
this study, production using a flat collector gave more stable
and reproducible results.

In vitro Characterisation of Solutions

Measurements were made on a single nanofiber prepara-
tion solution for formulations coded N78 and N79, which differ
only from each other by the electrospinning process parame-
ters, and the results are represented with code N78 in Table 4.

Measurement of the Zeta Potential

The zeta potential was measured to determine the distri-
bution uniformity and electrical stability of the solutions and
the homogeneity of the nanofiber to be formed. It is known
that zeta potentials lower than −25 mV or higher than +25 mV
indicate good electrical stability for a given colloidal suspen-
sion (Naseri et al., 2015). The solutions showed negative zeta
potential values, and the highest zeta potential value was
determined in the solutions of formulations coded N78 and
N79 containing dichloromethane. The decreasing dispersion
stability with decreasing zeta potential value was evident as
the solutions containing dichloromethane with higher zeta
potential values gave more stable and reproducible results
during electrospinning, showed higher electrical conductivity
(Table  4) and more homogeneous dispersion of the active
substance in the nanofiber layer (Table 5) (Chen et al., 2017;
Fatahian et al., 2021; Pelipenko et al., 2015). It was concluded
that these solutions containing dichloromethane are electri-
cally more stable for electrospinning.

Measurement of the Electrical Conductivity

The electrical conductivity results are given in Table 4.

Table 4. Zeta potential (ZP) and electrical conductivity values (Σ) and rheological properties of the electrospinning solutions of the formulations
(with and without the active ingredients) (n = 3)

Herschel-Bulkley
Sample

ZP (Mv) (average ±
SD)

Σ (μS) ± SD
τ₀ K (Pa.sn) n Chi² r

N69PS −1.69 ± 0.15 160.26 ± 3.52 0 ± 1.02 0.53 ± 0.13 1.08 ± 1.00 1637.43 ± 2305.01 0.99 ± 0.00

N78PS −1.98 ± 0.13 181.06 ± 7.92 4 ± 2.163 0.80 ± 0.06 0.96 ± 0.01 1427.96 ± 1394.95 0.99 ± 0.00

N69S −1.67 ± 0.41 176.4 ± 4.16 −1 ± 0.45 0.57 ± 0.02 0.99 ± 0.00 502.2 ± 81.51 0.99 ± 1.35

N78S −5.58 ± 0.53 203.6 ± 10.18 2 ± 1.39 0.49 ± 0.07 1.0 ± 0.02 543.03 ± 115.14 0.99 ± 5.77

N69PS: Placebo form of formulation solution of N69; N78PS: Placebo form of formulation solution of N78; N69S: Formulation solution of N69; N78S:
Formulation solution of N78

Table 5. The amount of OLZ in the nanofibers and the loading efficiency according to its position in the nanofiber layer (n = 3)

Formulation
The region where the

sample was taken
Amount of active substance in nanofiber (µg/

mg) (average ± SD)
Nanofiber-loaded active ingredient (%, w/w)

(average ± SD)

Outer 0.423 ± 0.15 14.104 ± 5.10

Middle 0.433 ± 0.10 14.464 ± 3.50N69

Centre 0.8714 ± 0.24 29.0484 ± 8.32

Outer 0.143 ± 0.07 4.79 ± 0.54

Middle 0.689 ± 0.89 22.99 ± 0.70N78

Centre 2.413 ± 0.19 80.4335 ± 0.88

Outer 0.05 ± 0.02 1.68 ± 2.57

Middle 0.099 ± 0.02 3.307 ± 1.88N79

Centre 0.2955 ± 0.02 9.8507 ± 1.75
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Rheological Studies

Rheological analyses showed that all formulations exhib-
ited Herschel-Bulkley flow characteristics, a time-indepen-
dent non-Newtonian flow type (Table 4). For all three formu-
lations, the viscosity of the formulation solutions decreased
with increasing shear stress, independent of the active ingre-
dient content. When the nanofiber formulation solutions were
taken into the injector immediately after preparation, a highly
viscous profile was encountered and was observed to flow
rapidly through the column in the electrospinning device
(Carrasco-Venegas et al., 2023; Hapipi et al., 2020; Mousazadeh
et al., 2016).

In vitro Characterisation of Nanofiber Formulations

FESEM Imaging

The morphologies of the produced nanofibers were ex-
amined by FESEM analysis and the fibre diameters of the
formulations coded N69, N78 and N79 were determined as 159
- 177 nm in accordance with the literature (AbdullahShukry et
al., 2014). Although the distance between the tip from which
the solution exits and the collector was 60 mm greater in N79
than in N78, no significant change in the nanofiber diameter
was observed (Figure 3). Although there are studies in which
the diameter decreased with increasing distance (Shahizam
et al., 2020), a study with PVA revealed that the distance did
not significantly change the diameter (Zhang et al., 2005). The
diameter of the N69 formulation containing chloroform was
relatively smaller (Figure 3). The voltage of N79 produced at the

same distance was 23 kV, while for N69 it was 20 kV (Table 3).
There are several conflicting reports in the literature regarding
the effect of the applied high voltage on fibre morphology.
In general, it is reported that higher voltage stretches the
solution more and leads to finer fibres (Buchko et al.,1999;
Lee et al., 2004). However, there is also a study showing that
due to the increased potential difference with high voltage,
the solution reaches the collector faster, thus forming larger
diameter fibres (Demir et. al, 2002).

DSC Analysis

DSC analysis of the nanofiber samples showed sharp
peaks in the range 301.0 °C - 319.2 °C. The melting point
of 197.73 °C for OLZ was outside this range (Figure  4). This
indicates that in all formulations, the active ingredient was
entrapped in the polymer matrix (Ghasemian et al., 2013). This
can be explained by the difference in the experimental and
theoretical glass transition temperatures due to the strong
hydrogen bonds between PVA and OLZ (Quan et al., 2020).

XRD Mapping

XRD analysis of the OLZ-PVA powder blend showed that
OLZ completely retained its characteristic peaks. The same
was observed in the XRD mapping of N69 and N79 (Figure 5).
This indicated that the electrospinning process affected the
crystal structure of PVA (Wang et al., 2024). Rapid evaporation
and stretching of the solvent and rapid solidification of
the polymer chains during the electrospinning process may
prevent crystallisation and facilitate the formation of amor-

Figure 3. FESEM imaging findings at 250,000x and 50,000x magnification (n = 50) (From top to bottom: N69, N78 and N79).
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Figure 4. Results graphs of the DSC analysis (from left to right: OLZ, N69, PVA, N78, OLZ-PVA and N79). (DSC: Differential scanning calorimetry; OLZ:
Olanzapine; PVA: Polyvinyl alcohol)

Figure 5. Results graphs of XRD analysis (n = 3) (From left to right: OLZ, N69, PVA, N78, OLZ-PVA and N79). (XRD: X-ray diffraction; OLZ: olanzapine;
PVA: polyvinyl alcohol).

phous structures. The intense peaks of the N78 gave similar
results to the XRD mapping of the pure PVA powder. This
can be explained by the high encapsulation rate in the N78,
which was produced at a lower voltage at a closer distance
compared to other formulations (Ajiboye et al., 2021; Koosha &
Mirzadeh, 2015). The fact that OLZ remains in amorphous form
after incorporation into the nanofiber matrix will lead to an
increase in its water solubility (Badgujar et al., 2024). Indeed,

the solubility of N78 was found to be better than that of N69
and N79 (Figure 7).

FTIR Analysis

FTIR analysis was performed to investigate the chemical
structure of the nanofibers and to examine the potential in-
teractions between OLZ and PVA (Liu et al., 2019; Mundhe et al.,
2013; Quan et al., 2020; Tunç et al., 2023). For OLZ, characteristic
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Figure 6. Results graphs of FTIR analysis (n = 3) (From left to right: OLZ (NH at 3200 - 3300 cm-1; C-H at 2900 - 3000 cm-1; C-H at 2800 - 2900 cm-1;
C-H at 2700 - 2800 cm-1; C=C at 1500 - 1600 cm-1; C=N at 1400 - 1500 cm-1; C-N at 1200 - 1300 cm-1), N69 (3299; 2909; 1932; 1424; 1374; 1374; 1328; 1246;
1088; 947; 845), N78 ( 3291; 2908; 1734; 1423; 1374; 1328; 1247; 1087; 946; 845) and N79 (3291; 2908; 1732; 1423; 1374; 1328; 1247; 1087; 946; 843)).

-NH, C-H, C-H, C=C, C=C, C=C, C=N and C-N stretching bands
were observed in accordance with the literature (Figure  6)
(Salem et al., 2015). In all three formulations analysed by FTIR,
characteristic peaks representing C=O carbonyl stretching of
the PVA polymer, C-O stretching of the acetyl groups and C-C
were observed in accordance with the literature (Quan et al.,
2020). The C-H and C=N peaks of the OLZ active substance were
observed as smaller voltage bands. This can be explained by
the lower presence of the active substance compared to the
polymer and the encapsulation of the active substance in the
polymer matrix (Karczewski et al., 2018).

Figure 7. The solubility analysis of OLZ and formulations coded N69,
N78 and N79 in pH 7.4 phosphate buffer (n = 3). (OLZ: Olanzapine)

Yield and Encapsulation Efficiency

Determining the amount of OLZ in the nanofibers and
the loading efficiency was one of the most challenging parts
of this study. Due to the inhomogeneous distribution of the
active ingredient in the nanofiber production outputs, the
quantification and loading efficiency determinations were
repeated many times (Table 5). To obtain correlated results,
quantification was performed with samples taken from the
centre of the produced nanofiber layer (Morina et al., 2023;
Szymańska et al., 2022). Looking at the loading efficiencies
for all three formulations, it is seen that the most successful
result belongs to the formulation coded N78 with a loading
capacity of ~80.4%. The loading efficiency of N78, where the
distance between the collector and the nozzle was less, was
significantly higher than that of N79, where the distance was
greater. For N79, this value is ~9.8%. It can be thought that
the increase in the distance increases the scattering on the
nanofiber, creating changes in the loading efficiency due to
the nanofiber layer being spread over a larger area. Although
the homogeneity was quite problematic, the loading efficiency
of N69 was found to be higher than N79 (~29%). Considering
that the shots were fired from the same distance, it was inter-
preted that the difference in the organic solvent used and the
inhomogeneous distribution of the active substance may have
caused this difference.
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Figure 8. OLZ% content results of the 35-day stability study of all formulations coded N69, N78 and N79 at “25 ± 2 oC, 60 ± 5%” and “40 ± 2 oC, 75
± 5%” relative humidity (n = 3)

In vitro Solubility Study

The formulation coded N78 showed approximately 2.65
times the solubility of pure OLZ. The solubility of the N79,
which differs from the N78 with the electrospinning process
parameters, is lower (Figure 7). The reason why N79 produced
with the process parameters of 23 kV, 0.6 mL/h, 180 mm
showed lower solubility than N78 produced with the process
parameters of 18 kV, 0.5 mL/h, 120 mm can be associated with
the effect of the process parameters on the nanofiber loading
capacity. It is observed that in low-voltage production com-
pared to high voltage, the fibres are bead-free and straighter
fibres are formed as the distance decreases (Figure 2). Consid-
ering the diameters of the formed fibres (Figure 3), N78 and
N79 have similar dimensions. This difference in solubility may
be proportional to the difference in the loading capacities of
the formulations (Q. Zhang et al., 2020). The solubility of the
N69, which was smaller in diameter compared to N78 and N79,
had lower solubility than the others. While the decrease in di-
ameter was expected to contribute positively to the solubility
by increasing the surface area, results close to pure OLZ solu-
bility were obtained for the N69. The lower solubility of the
N69 compared to the other formulations was explained by the
low loading efficiency of the active substance (Figure 7) and
the lack of homogeneous distribution in the nanofiber layer.

Stability Studies

The physical appearances of the nanofiber formulations
N69, N78, and N79 were evaluated on days 7, 14, 21, and 35,
showing no changes in colour or morphology throughout the
35-day stability study at 25 ± 2 °C, 60 ± 5% RH and 40 ± 2°C, 75 ±

5% RH. The diameter and thickness measurements remained
consistent with the initial values (6 mm diameter; thickness:
0.2 mm for N69 and N79, 0.4 mm for N78).

The changes in the weights of the formulations during
the 35-day stability study are shown in Table 6. While it was
expected that significant weight changes due to degradation
would be observed at 40 ± 2 °C, 75 ± 5% RH, only the weight
change at 25 ± 2 °C, 60 ± 5% RH was found to be significant for
formulations coded N78 and N79. The changes in weight can
be interpreted as solvent evaporation or moisture absorption.

Stability studies were continued until the OLZ content of
the nanofiber formulations decreased below 90%. The graph
of the change in OLZ% contents with respect to time is shown
in Figure 8. The OLZ contents in the formulations decreased
with respect to time as expected. It was observed that the
OLZ amounts decreased in a shorter time compared to other
formulations, especially in the formulation coded N69. It was
interpreted that this diversity of results may be due to the
fact that dichloromethane evaporates faster than chloroform
(Oliveira et al., n.d.) and that this situation may result in
the product to be obtained in nanofiber production having
different porous properties and therefore different loading
capacities.

The limited data obtained from the 35-day stability study
revealed the necessity of detailed stability studies. For this
purpose, it was decided to conduct a long-term stability study
using moisture-protected primary packaging in future studies.
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Table 6. Weight measurements of the N69, N78, and N79 formulations during a 35-day stability study under conditions of 25 ± 2 °C, 60 ± 5% RH
and 40 ± 2 °C, 75 ± 5% RH

25 ± 2 °C, 60 ± 5% RH Nanofiber Sample Weight (mg) (mean ± SD) 40 ± 2 °C, 75 ± 5% RH Nanofiber Sample Weight (mg) (mean ± SD)

N69 N78 N79 N69 N78 N79

Day 0 1.179 ± 0.08 1.572 ± 0.04 1.797 ± 0.05 1.232 ± 0.07 1.276 ± 0.09 1.455 ± 0.02

Day 7 1.182 ± 0.02 1.561 ± 0.06 1.786 ± 0.03 1.217 ± 0.02 1.254 ± 0.05 1.440 ± 0.00

Day 14 1.183 ± 0.07 1.559 ± 0.01 1.781 ± 0.00 1.216 ± 0.02 1.252 ± 0.03 1.444 ± 0.09

Day 21 1.193 ± 0.03 1.553 ± 0.02 1.775 ± 0.08 1.209 ± 0.01 1.227 ± 0.06 1.445 ± 0.01

Day 28 1.190 ± 0.01 1.540 ± 0.00 1.771 ± 0.01 1.212 ± 0.08 1.210 ± 0.00 1.439 ± 0.05

Day 35 1.183 ± 0.00 1.525 ± 0.00 1.741 ± 0.01 1.219 ± 0.04 1.003 ± 0.05 1.409 ± 0.03

p-value 0.2670 0.0013 0.0073 0.2240 0.5229 0.0589

CONCLUSION
To increase the solubility of OLZ, a BCS II molecule, electro-

spun nanofibers were produced with water-soluble polymers
such as PVA and HPMC. With the successful production of
the PVA nanofibers, optimised electrospinning process para-
meters were determined. It was observed that the productions
using greaseproof paper as the collector and the nozzle as the
solution outlet were optimised. Because the encapsulation
study showed that the drug distribution in the nanofibers was
consistent in the central region, samples taken from the centre
of the nanofiber layer were used in characterisation studies.
The selected final formulations were found to be more soluble
in 7.4 phosphate buffer than pure OLZ.

Considering the results, this study is a preliminary study
of an attempt to develop nanofiber formulations to enhance
the solubility of OLZ in water. A review of the existing literature
revealed that there is no OLZ-loaded nanofiber formulation.
This aspect of the study shows that it involves innovative
approaches. Further studies are needed to convert the formu-
lations from the model drug to the final product.
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