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Abstract Orodispersible films comprise a prom-
ising dosage form with a wide range of advantages 
compared to conventional formulations. The electro-
spinning process can significantly enhance the rel-
evant characteristics of orodispersible films, e.g., the 
dissolution rate and the ease of administration. This 
study involved the use of two types of hydroxypropyl 
methylcelluloses of low molecular weight obtained 
from three different manufacturers as the matrix. The 
SEM, FTIR, RAMAN, and DSC analyses revealed 

comparable values for all the fabricated materials. 
However, the mechanical properties of the fibers dif-
fered significantly, with electrospun Methocel E5/
PEO proving to be particularly brittle. This is prob-
ably caused by the different arrangements of substi-
tuted methoxy- and hydroxypropyl groups of stud-
ied HPMCs. It is hoped that this paper will serve as 
an example of the extent to which slight differences 
between HPMC powder batches can dramatically 
alter the key properties of electrospun orodispersible 
films.

Keywords Orodispersible films · Hypromellose · 
Nanofibers · Mechanical properties

Introduction

Orodispersible films (ODFs) comprise a relatively 
new and particularly promising dosage form. This 
dosage form is suitable for patients with swallowing 
difficulties (dysphagia), especially for the elderly and 
young children (Preis 2015; Slavkova and Breitkreutz 
2015; Orlu et al. 2017; Visser et al. 2017). Therefore, 
pharmaceutical companies are engaged in the devel-
opment of various innovative oral dosage forms, one 
of the most promising of which comprises FDS (Fast 
dissolving system), which allows for very rapid dis-
persion in the oral cavity. The major advantages of 
these systems concern their simple discrete adminis-
tration without the need for swallowing or chewing 
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and the rapid onset of action (Bala et al. 2013; Bah-
rainian et al. 2017). The various systems include tab-
lets, films, wafers, and buccal and sublingual patches, 
which can be used for topical and systemic drug 
delivery purposes (Bahrainian et  al. 2017). Accord-
ing to European Pharmacopoeia, ODFs are defined 
as “single or multilayer sheets of  suitable materials, 
to be  placed  in the  mouth  where they  disperse rap-
idly “, i.e. within 30 s (Council of Europe. 2019). The 
most commonly used oral film-delivery drugs consist 
of anesthetics, cough, and sore throat medications, 
antiasthmatics, and antihistamines, as well as erectile 
dysfunction, gastrointestinal, nausea, and CNS medi-
cation drugs. Other injectables include caffeine, vari-
ous vitamins, and sleeping and snoring medications 
(Borges et al. 2015; Irfan et al. 2016; Mahboob et al. 
2016). This dosage form is particularly suitable for 
highly-potent drugs administered in low doses (Hoff-
mann et al. 2011).

The main advantages of ODFs consist of rapid dis-
solution and disintegration (with nanofibrous films 
this advantage is multiplied) and the subsequent onset 
of the action of the drug, simple and discreet admin-
istration without the need for water, high dosing effi-
cacy and accuracy, etc. (Bala et al. 2013; Irfan et al. 
2016; Mahboob et al. 2016; Bahrainian et al. 2017). 
The disadvantage of these films remains however 
the limitation of the dose of the drug, which is up to 
100 mg (Borges et al. 2015); furthermore, due to their 
good water solubility, ODFs need to be protected 
from moisture, ideally with aluminum foil or another 
barrier material.Oral dispersion films are most com-
monly produced via methods involving casting (pour-
ing) and drying, e.g., solvent casting and semi-solid 
casting. Other fabrication methods include extrusion, 
including hot-melt extrusion and solid dispersion 
extrusion, and the 3D printing method (Borges et al. 
2015; Irfan et  al. 2016; Effiong Daniel Ekpa et  al. 
2020). Moreover, in recent years, the trend toward 
the fabrication of nanofibers via electrospinning has 
gained considerable momentum in this field. The sol-
vent casting method is based on the spreading of a 
polymer matrix over a support substrate and the sub-
sequent drying/removal of the solvent in an oven. The 
active pharmaceutical ingredient (API) is dissolved or 
suspended in a solution of polymers, plasticizers, dis-
integrants, and other components that are soluble in 
a volatile solvent, most commonly water or alcohol. 
The disadvantage of this method however concerns 

the potential presence of residual solvents in the film 
if a solvent other than water is used (Borges et  al. 
2015).

Electrospinning, including the needleless DC elec-
trospinning approach, provides for the preparation of 
ODFs in the form of nanofibers. This method involves 
the application of an external electric field to a poly-
mer solution that is deposited on a thin string. The 
polymer solution is then broken down via Rayleigh-
Plateau instability into individual droplets from which 
an electric field, following the overcoming of capil-
lary forces, generates a jet that is subsequently elon-
gated to nanometer dimensions and deposited on the 
so-called collector (Lin and Wang 2013). The main 
advantage of nanofibrous layers compared to conven-
tional methods concerns their large specific surface, 
which significantly reduces the dissolution time of 
the layer. However, this may also be a disadvantage 
in terms of industrial production due to the high sus-
ceptibility of such layers to atmospheric humidity and 
problems with storage. A further advantage is that the 
process involves the massive evaporation of solvents 
and, thus, almost no residual solvents remain within 
the fibers. As with the more commonly used ODF 
preparation methods, industrial production allows for 
considerable cost savings.

The choice of polymeric agents (usually a com-
bination of at least 2 polymers) for the formation of 
oral films is particularly important. It is necessary to 
ensure the good mechanical properties of the result-
ing film, rapid dissolution, and compatibility of the 
polymers themselves.

The stability of the material depends on the pol-
ymer and the overall composition of the film. The 
potential occurrence of phase separation and the 
crystallization of the polymer or API (active phar-
maceutical ingredient) results in the deterioration 
of the mechanical properties of oral films, which 
negatively influences post-production processing 
including slicing, packaging, and handling during 
the delivery of the drug. A study by Samprasit et al. 
(2015), which investigated the physical stability 
of nanofibrous PVP oral films containing Meloxi-
cam, demonstrated that the storage of manufactured 
films under the appropriate conditions (25  °C/60% 
RH) prevents the formation of morphological crys-
tals and ensures that the film remains stable for 
6 months. The tensile strength of oral films ranges 
from 0.9 ± 0.4 to 1.7 ± 0.7  MPa. Interestingly, a 
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study by Bukhary et  al. (2018) of PVP nanofib-
ers containing Valsartan and amlodipine besylate 
determined a period of stability of up to 4 months 
before the occurrence of phase separation. Paaver 
et al. (2015) addressed the production of controlled-
release ODF nanofibers. Their comparison of 3 
HPMCs containing Piroxicam determined that the 
recrystallization of APIs occurs over time and that 
the process is accelerated at low temperatures and 
humidity levels. Thus, the quality of nanofibrous 
films depends on the quality of the HPMC, the sol-
vent system, and the storage conditions. Similar 
results were obtained by Bin et  al. (2014) in their 
investigation of the effect of HPMC, PVP, and 
the plasticizer concentration on the production of 
nanofibrous ODFs with Donepezil HCl. The tensile 
strength was found to increase with higher HPMC 
concentrations, the plasticizers acted to decrease 
the strength but increased the elasticity (with opti-
mum amounts and types), and the PVP content in 
the composition of the film served to enhance both 
the strength and elasticity of the material. Tort and 
Acartürk (2016) prepared a nanofibrous ODF with 
HPMC, PEO, and sodium alginate with the addition 
of glutamine. The highest degree of elongation was 
achieved by Birer and Acartürk (2021) for nanofi-
brous films containing telmisartan and l-Arginine 
using a PVP matrix. The results revealed that the 
films produced via electrospinning had a higher 
Young’s modulus E and exhibited a deterioration 
in their mechanical properties after 1  month. The 
nanofibrous films were also found to exhibit a dete-
rioration in the dissolution rate over time due to the 
recrystallization of the drug within the fibers.

This article provides a summary of the testing 
of several HPMCs, for which a high-productivity 
polymer system was specially designed based on 
non-toxic solvents. We show that the sourcing of 
polymers with the same parameters from differ-
ent manufacturers can significantly influence the 
mechanical properties of the fabricated layers. We 
hypothesize that even slight differences between 
arrangements of substituted methoxy- and hydroxy-
propyl groups of HPMC can dramatically alter the 
critical properties of electrospun ODFs. In the pre-
vious study by Švára et al. (2022) APIs, specifically 
tadalafil, were added to the nanofibrous layer and 
several properties were studied with an emphasis on 
mechanical properties. In this paper, only the matrix 

has been studied to exclude intermolecular interac-
tion between the polymers and the API.

Materials and methods

Materials

Polyethylene oxide with a molecular weight of 
100  kDa was purchased from Sigma Aldrich. 
Hypromellose Methocel E5 was purchased from 
JRS Pharma (Rosenberg, Germany); the viscosity 
value of aqueous 2% (w/v) solution at 20 °C was 5 
mPas. Pharmacoat 606 was purchased from Shin‐
Etsu Chemical (Tokyo, Japan); the viscosity value 
of aqueous 2% (w/v) solution at 20 °C was 6 mPas. 
Tylopur 605 and 606 were purchased from SE 
Tylose (Wiesbaden, Germany); the viscosity value 
of aqueous 2% (w/v) solution at 20 °C was 5 and 6 
mPa s, respectively. Methoxyl content was 28–30% 
and a hydroxypropoxyl content of 7–12% for all the 
tested HPMCs. The purified water and Isopropyl 
alcohol were obtained from Penta chemicals (Czech 
Republic).

Fabrication of the nanofibrous ODFs

The spinning solutions were prepared via the dis-
persion of 7% (w/w) of HPMC and 3% (w/w) of 
PEO in isopropyl alcohol (IPA). The total volume 
of the solvent system was then adjusted using puri-
fied water to obtain a final IPA/water ratio of 1:1 
(w/w). The polymer solutions were subsequently 
stirred using a magnetic stirrer (Heidolph, Schwe-
bach, Germany) at 300 RPM for 24 h to attain com-
plete dissolution. The solutions were then electro-
spun using a Nanospider® NS 1WS500U (Elmarco, 
Liberec, Czech Republic) needleless electrospin-
ning machine. The parameters of the electrospin-
ning process were set as follows: positive voltage 
on the spinning electrode, 40  kV; negative voltage 
on the collector, − 10 kV; distance between the spin-
ning electrode and collector, 140  mm. The tem-
perature and relative humidity were maintained at 
22 ± 3  °C and 18–22%, respectively. A nonwoven 
(spunbond) polypropylene material was used as the 
substrate.
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Preparation of ODFs via the film-casting method

The procedure used for the preparation of the HPMC/
PEO electrospinning solution was repeated for the 
preparation of the film-casting solutions. However, 
since the 10% (w/w) polymer solutions were not suf-
ficiently viscous to cast a smooth film, a higher con-
centration of 15% (w/w) was required. Around 2 ml 
of the stock 15%-solution was then poured onto a 
glass plate (10  cm × 10  cm) and a stainless-steel 
micrometer adjustable film applicator (TQC Sheen, 
Leominster, UK) with a width of 100 mm was used to 
obtain a smooth flat polymeric film. The casting gap 
was adjusted to 500  µm. The films were stored in a 
fume hood for 24 h at room temperature to allow for 
the solvents to completely evaporate.

Characterization of the morphology

Polarized light microscopy was performed using an 
Olympus BX-60 (Olympus, Center Valley, Pennsyl-
vania) microscope equipped with polarized filters and 
10 × , 20 × , and 50 × objectives. Macroscopic images 
of the ODF surfaces were captured using a Leven-
huk DTX 90 (Levenhuk, Tampa, USA) USB micro-
scope. The morphology of the electrospun layers was 
analyzed using a TESCAN Vega 3SB (Brno, Czech 
Republic) scanning electron microscope. The fiber 
diameters were subsequently determined employing 
an ImageJ (National Institutes of Health, MD, USA) 
image analyzer via the measurement of 100 randomly 
observed nanofibers selected over different fields of 
view at a magnification of 5000 ×. The thicknesses of 
the nanofibrous layers were determined using a digi-
tal micrometer. The areal density (productivity), g/
mm2, of the nanofibrous layers was determined from 
the average weight of 5 samples with areas of 4.84 
 cm2 (2.2 × 2.2 cm).

Mechanical properties of the electrospun nanofibrous 
layers

Tensile properties of the tested electrospun HPMC/
PEO layers (particularly Young’s modulus, tensile 
stress at maximum load, and elongation at break) are 
summed up in Table 1 and compared in Fig. 6 (panels 
B–D). The mechanical properties of the electrospun 
nanofibrous layers were tested for tensile strength, 
Young’s modulus, and elongation at break. The meas-
urements were conducted using a LaborTech LabTest 
2.010 (Opava, Czech Republic) tensile tester applying 
the following parameters: gauge length, 50 mm, and 
strain rate, 100 mm/min. The fibrous layers were cut 
with scissors into 10 × 50 mm rectangles (plus 10 mm 
on either end for the clamping of the samples). The 
thickness of the layers was determined using a digital 
micrometer (n= 10). The tensile stress was defined as 
the ratio between the applied force and the sectional 
area of the sample (width of the sample multiplied 
by the thickness). The strain was defined as the ratio 
between the gauge displacement and the initial gauge 
distance. Eight samples were tested for each mate-
rial to determine the average values and standard 
deviations.

Differential scanning calorimetry

A differential scanning calorimeter (Mettler Toledo Star 
3, USA) was used for the investigation of the crystalliza-
tion and melting behavior of the studied materials. The 
heating/cooling rate was set at 15 °C/min within a tem-
perature range of 25–200 °C. This temperature ramping 
was chosen to minimize the time delay between layer 
production and subsequent measurement. Each sample 
(around 10 mg) was first heated from 25 to 200 °C and 
subsequently cooled to 25 °C; an empty sample pan was 
used as the reference. The area of the peak (normal-
ized per sample unit weight) was determined in DSC 

Table 1  Tensile profiles of the electrospun HPMC/PEO nanofibrous layers

Sample Young modulus (MPa) Tensile stress at maximum load 
(MPa)

Elongation at break (%)

E5/PEO NF 75.85 ± 13.91 1.60 ± 0.63 2.88 ± 0.96
PH606/PEO NF 57.10 ± 2.31 1.76 ± 0.04 6.43 ± 0.94
T605/PEO NF 75.42 ± 2.67 2.12 ± 0.13 5.48 ± 0.86
T606/PEO NF 63.41 ± 2.51 1.89 ± 0.05 7.05 ± 0.68
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thermograms. The crystallization temperature (Tcc) and 
the cold crystallization enthalpy (∆Hcc) of the samples 
were determined from the cooling scan, while the melt-
ing temperature (Tm) and melting enthalpy (∆Hm) were 
ascertained from the heating scan.

Raman spectroscopy

A DXR™ Raman microscope (Thermo Scientific, 
USA) with a 532 nm laser was used for the analysis 
of 2 HPMC powders. The instrument was calibrated 
automatically before each reading. The readings, 
which consisted of one scan, were taken at a power 
of 1.5–2.0 mW with a spectral region of 3500   cm−1 
to 100   cm−1. The Raman spectra were normalized 
using the standard normal variate (SNV) normaliza-
tion method by subtracting each spectrum by its own 
mean and dividing it by its own standard deviation.

Infrared-spectroscopy—FTIR

The materials were characterized using a Fourier 
transform spectrometer (Nicolet iZ10; Thermo Fisher, 
USA). A background reading was taken before each 
of the measurements. The samples were placed on the 
ATR diamond crystal for analysis, and the spectrum 

analysis was collected at 25 °C using 16 scans in the 
infrared region in the range 400–4000  cm–1 and with a 
spectral resolution of 4  cm–1.

Statistical analysis

The normality of the fiber diameter data was verified by 
means of Shapiro–Wilk’s test and the homoscedasticity 
by means of Levene’s test (significance level of 0.05). 
The statistical significance of the differences between 
the nanofibrous layers was analyzed via non-paramet-
ric analysis (the Kruskal–Wallis test for multiple com-
parisons) with Dunn’s post-hoc test whenever either the 
assumption of normality or homoscedasticity was vio-
lated. The fiber diameter data were also expressed as the 
median and the interquartile range (IQR = Q3–Q1).

Results and discussion

Characterization of the morphology

Electrospun nanofibrous layers

The electrospinning processing parameters and the 
ambient conditions were kept constant during the 

Fig. 1  Morphology of the electrospun HPMC layers. SEM images (A–D) and histograms of the fiber diameter distributions (E–
H) of the electrospun fibers produced from the various HPMCs with PEO
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study to ensure that the type of HPMC was the only 
variable parameter that affected the fiber morphology. 
The nanofibrous layers produced appeared to be regu-
lar and without any remarkable defects or significant 
differences in the macroscopic structures of the lay-
ers. Figure 1 shows representative SEM images of the 
obtained fibrous layers (a–d) and the distributions of 
the fiber diameters within the structures.

The analysis of the SEM images revealed that all 
the resulting electrospun fibers were free of beads and 
evinced fiber diameters of around 250  nm (median 
value, n = 100) with relatively limited fiber diameter 
distributions (generally up to 650 nm).

The observations were similar to those suggested 
by the data reported earlier for various electro-
spun HPMCs with differing PEO ratios (Aydogdu 
et  al. 2018). On the other hand, the diameter values 
obtained in this study were approximately four times 
smaller than the HPMC/PEO fiber values obtained 
by Balogh et al. (2016) by means of DC electrospin-
ning. Balogh et  al. (2016), however, considered sig-
nificantly lower PEO 100  k ratios (up to 5% w/w). 
Since none of the material fiber distributions evinced 
a normal distribution, the Kruskal–Wallis test was 
applied, which confirmed the absence of statisti-
cally significant differences (p = 0.7492) between 
the fiber diameter distributions. A marked differ-
ence was observed in terms of the productivity (mg/
cm2) of the fibrous layers produced. The highest pro-
ductivity, 3.27 ± 0.16  mg/cm2, was determined for 

the T605/PEO layer, which corresponds to a high 
fiber density (see Fig.  1c). The productivity of the 
PH606/PEO and T606/PEO layers was comparable 
at 2.93 ± 0.20 and 2.96 ± 0.21  mg/cm2, respectively, 
and the E5/PEO layer evinced the lowest productivity, 
i.e. 2.44 ± 0.24 mg/cm2. The productivity was deter-
mined via the weighing of 2.2 × 2.2 cm samples that 
were stamped at three randomly selected locations for 
each polymer on the fabricated layer. The nanofiber 
layer production parameters were the same for all the 
nanofibrous layers.

Solvent-cast ODFs

Thin films (solid dispersions) of the same polymer 
formulations were solvent-cast on glass slides and 
analyzed by means of crossed-polarized microscopy 
aimed at obtaining visualizations of the phase and 
state transitions of the polymers used in the studied 
HPMC/PEO matrices. All the HPMC/PEO formu-
lation samples revealed two distinct phases follow-
ing complete drying. Three HPMCs, i.e. PH606/
PEO, T605/PEO, and T606/PEO (Fig. 2b/f, c/g, d/h) 
evinced similar macroscopic structure patterns with 
highly-defined dispersion phases and dispersed bub-
ble-like structures within. However, the E5/PEO sam-
ple (Fig. 2a/e) was more homogeneous and lacked a 
well-defined separated phase size and shape.

Solutions with differing ratios of HPMC/PEO 
were subsequently prepared aimed at the investigation 

Fig. 2  Macroscope (USB microscope) (a–d) and polarized light microscopy (e–h) images of the solvent-cast HPMC/PEO films fol-
lowing complete drying. The scale bar is 50 µm and 20 µm for the USB microscope and 100 × magnifications, respectively
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of this aspect of microphase separation in more detail. 
The microscopic analysis revealed that the phase sep-
aration changed markedly for both the E5/PEO and 
PH606/PEO samples. Obvious microphase separa-
tion occurred at a ratio of 9/1, with HPMC particles 
that were comparable to the PEO nuclei. Moreover, 
the particles from the separated HPMC microphase 
dispersed in the PEO increased intensively with the 
increasing ratio of PEO. With respect to both the E5/

PEO and PH606/PEO samples, the separated amor-
phous HPMC domains were significantly larger and 
were densely dispersed within the easily distinguish-
able crystal PEO phase. Moreover, a comparison of 
the 7/3 ratios for both the E5 and PH606 samples 
(Fig. 3d, h) revealed that the shape of the PEO crys-
tals and their distribution throughout the film was not 
as regular for the E5/PEO as for the PH606/PEO sam-
ple. This observation may indicate the higher degree 

Fig. 3  Polarized light microscopy images of the E5/PEO (a–d) and PH606/PEO (e–h) solvent-cast films with differing ratios of PEO

Fig. 4  Representative results of the analysis of the orienta-
tion and coherency of the PEO crystalline phase in the HPMC 
domains. Each frame (1–4) presents a typical HPMC domain 

cut from the polarized light microscopy image, three color-
coded measured areas, and the corresponding histograms of 
the orientation distributions
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of compatibility (miscibility) of the polymers in the 
E5/PEO formulation. The morphology of the PEO 
crystals was consistent with the results determined by 
Lovinger and Gryte (1976).

It is clear from the images shown in Fig.  3 that 
the PH606/PEO, T605/PEO, and T606/PEO sample 
HPMC domains exhibit a specific orientation in terms 
of the interconnections within the grains, whereas no 
evidence of anisotropy was observed from the E5/
PEO images. This observation was partially con-
firmed via the plugin OrientationJ in ImageJ software 
(Fig. 4) which was used for the analysis of the local 
orientations of typical HPMC domain fragments. As 
can be seen from the histograms of the distribution 
of the local orientations and the color-coded maps, 
no defined peak was evident for the E5/PEO, whereas 
more or less narrow well-distinguishable peaks were 
observed for the PH606/PEO, T605/PEO, and T606/
PEO samples. Despite the presence of isotropic or 
multimodal areas on the PH606/PEO, T605/PEO, and 
T606/PEO domains, the coherency was in most cases 
higher than that of the E5/PEO. This may indicate 

differences in terms of the miscibility of the poly-
mers due to variations in the interactions that occur 
between the PEO and the HPMC, as well as differ-
ing degrees of the interruption of the PEO crystalline 
phase by the HPMC.

DSC characterization

Figure 5 presents the DSC thermograms of various 
HPMC/PEO nanofibrous layer samples recorded at 
a heating/cooling rate of 15 °C/min. All the blended 
samples exhibited pronounced endothermic peaks 
during heating and sharp pronounced exothermic 
peaks during cooling. The exothermic peak corre-
sponded to the cold crystallization temperature of 
the PEO, while the endothermic peak corresponded 
to the reported values of the PEO melting point 
(Nijenhuis et  al. 1996; Money and Swenson 2013; 
Aydogdu et  al. 2018; Meruva and Donovan 2020) 
The lowest exothermic peak and enthalpy of cold 
crystallization values were determined for the E5/
PEO sample (35.82 °C and 27.33 J/g, respectively), 

Fig. 5  DSC curves for the 
HPMCs/PEO (7/3) physical 
mixtures (a) and the nanofi-
brous layers (b) heated at 
15 °C/min and subsequently 
cooled at 15 °C/min. The 
peaks that appear above 
the baseline represent the 
endothermic peaks
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whereas the highest temperature and enthalpy of 
cold crystallization values were observed for the 
PH606/PEO sample. All the thermograms featured 
a broad peak at approx. 95  °C, which may indi-
cate the dehydration of the humidity absorbed by 
the samples during storage. The comparative DSC 
analysis of the physical mixtures stored under nor-
mal conditions and the physical mixtures dried 
before measurement revealed the high degree of 
hygroscopicity of the materials, as evident from the 
DSC thermograms, i.e. the enthalpy of the melt-
ing of PEO changes significantly with increased 
water content. On the other hand, the glass transi-
tion temperature of the HPMC was not detected for 
any of the HPMCs during the measurement process, 
which is consistent with the observations reported 
earlier for the electrospun HPMC/PEO nanofibers 
(Balogh et  al. 2016); the glass transition tempera-
ture of HPMC is reported as 155 °C in the literature 
(Nyamweya and Hoag 2000).

Due to the absence of detectable temperatures 
and enthalpies for the cold crystallization/melting of 
HPMC, a summary of these values with respect to the 
PEO of selected samples is presented in Table 2.

A noticeable trend is evident in the decrement of 
the temperature of the melting of PEO from the pure 
PEO powder toward the electrospun samples. Table 2 
indicates an approximately 7% decrement for the 
physical mixtures and an approximately 10% decre-
ment for the nanofibers. Moreover, the enthalpy of 
melting decreased dramatically in the same direc-
tion by up to 90% and the enthalpy of cold crystal-
lization by up to 30%. The depression of the melting 
point may have been due to the inter-reference of the 
PEO crystallization process by the HPMC domains. 
Taken together, this appears to serve as a good indica-
tor of the higher degree of interaction between PEO 
and HPMC in nanofibers (Rathna et al. 2011; Bianco 
et al. 2013). Similar observations have been reported 
previously for HPMC/PEO (Aydogdu et al. 2018) and 
PCL/PEO nanofibrous blends (Lowery et  al. 2010). 
The lower temperature of the cold crystallization of 
PEO in the nanofibrous samples than in the physical 
mixtures comprises an important aspect. The depres-
sion of the cold crystallization temperature indicates 
the enhanced crystalline ability of PEO and appears 
to suggest that HPMC domains serve as nucleation 
sites for PEO (Li et al. 2012).

Mechanical properties of the nanofibrous layers

The properties of oral films are type-dependent 
(fast dissolving, gradual release, etc.). However, all 
the various types of films are required to fulfill cer-
tain property requirements, i.e. they should be thin, 
efficiently and rapidly dissolvable, have an accept-
able taste, and, most importantly, must allow for the 
ease of handling during production and subsequent 
administration (Bala et al. 2013; Borges et al. 2015). 
Of the various properties, priority is accorded to 
the mechanical properties of the film, which should 
remain stable. Gupta and Kumar (Gupta and Kumar 
2020), when describing the mechanical properties of 
oral films, suggested the ideal tensile and puncture 
properties of orodispersible films as follows: tensile 
strength of greater than 2 N/mm2, elongation at break 
of greater than 10% and Young’s modulus of less than 
550 N/mm2.

Figure  6A shows the typical tensile stress–strain 
curves of electrospun HPMC/PEO nanofibrous lay-
ers. Figure  6b compares Young’s modulus of the 
various HPMC/PEO fibrous layers. The Young’s 
modulus values of the E5/PEO and T605/PEO were 
comparable, i.e. 75.85 ± 13.91 and 75.42 ± 2.67 MPa, 
respectively. These values were significantly higher 
than that of the PH606/PEO and similar to that of 
the T606/PEO layers. Figure 6c compares the tensile 
stress of the materials at maximum load. The high-
est value, 2.12 ± 0.13  MPa, was determined for the 
T605/PEO layer; this was significantly higher than 
for the PH606/PEO and comparable to the E5/PEO 
and T606/PEO layers. Figure  6d shows the differ-
ences in the ultimate elongation of the tested materi-
als before fracture. The lowest elongation value, i.e. 
2.88 ± 0.96%, was attained by the E5/PEO layer; this 
was lower than that of the T605/PEO (5.48 ± 0.86%) 
and significantly lower than those of the PH606/PEO 
(6.43 ± 0.94%) and T606/PEO (7.05 ± 0.68%) layers.

The relatively low Young’s moduli of HPMC-con-
taining formulations have been reported previously 
(Dott et  al. 2013; Alopaeus et  al. 2020; Shi et  al. 
2020). The comparison of the tensile properties of 
the materials tested in this study revealed a specific 
pattern of similarity between the materials spun from 
HPMCs with the same nominal viscosity. Generally, 
in terms of elastic deformation, the tensile behavior 
of E5/PEO and T605/PEO (5 mPa s) were similar, as 
was that of the PH606/PEO and T606/PEO (6 mPa s) 
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layers. However, a significant difference was evident 
concerning the E5/PEO layer in terms of the plastic 
deformation—the elongation at break of the E5/PEO 
was almost 2-times lower than that of the other tested 
layers. As suggested previously (Puppi et  al. 2010), 
this may indicate the presence of a significant amount 
of the PEO crystalline phase, which hinders the 
mobility of the various polymer chains during stretch-
ing. Shi et al. (2020) reported the significant suppres-
sion of elongation with increases in the content of 
additives in the HPMC matrix, which was attributed 
to the possible agglomeration of the additives. As 
demonstrated by Shi et al. (2020), an increase in the 
HPMC chain length may act to enhance the mechani-
cal properties due to the presence of a higher number 
of intermolecular bonds between the polymer chains. 
The results of the comparison of the elongations at 
a break in this study, however, suggest that higher 
viscosity (a higher molecular weight) plays a role 
primarily during the plastic deformation phase (see 
Fig. 6a, d).

Fourier-transform infrared spectroscopy (FTIR) and 
Raman Spectroscopy

The FTIR and Raman spectroscopy analyses served to 
provide important information on the macromolecu-
lar structures and functional groups of the HPMCs, 
which helped in terms of revealing the nature of the 
interactions between the various HPMCs and PEO. 

Four HPMC powder samples were analyzed and com-
pared using FTIR and two samples were analyzed by 
means of Raman spectroscopy.

Figure  7 shows the FTIR spectra obtained for the 
four differing HPMCs. The wave number of the OH 
(-hydroxy) strain was 3450  cm−1 and that of the C–H 
aliphatic strain was mainly 2906   cm−1. The C–O–C 
stretching vibration of the PH606 was observed to 
comprise the strongest peaks (at 1052 and 947  cm−1). 
The broad peak from 1200  cm−1 to 800  cm−1 was iden-
tified as a pyranose ring vibration. The smaller peaks 
at 1375   cm−1 and 1461   cm−1 corresponded to the 
symmetric and asymmetric bending vibrations of the 
–OCH3 group (-methoxy), respectively. No noticeable 
differences were observed in the fingerprint region for 
the analyzed HPMC spectra (Fig. 7c). The FTIR spec-
tra obtained for the HPMCs under study were consist-
ent with the spectra presented in the literature (Akino-
sho et al. 2013; Aydogdu et al. 2018).

Raman spectroscopy, which is generally more sen-
sitive to C–H stretching, was used to define the poten-
tial differences that were not determined via the FTIR 
analysis. The spectra of two HPMCs with enlarged 
CH stretching regions are shown in Fig. 8.

The comparison of the Raman spectra in Fig.  8 
revealed a slight difference in the signal intensity pri-
marily in the CH stretching region. The most inten-
sive peaks at 2840, 2936, and 2895 were assigned 
to symmetric and asymmetric  CH2 stretching and 
the acyclic CH groups, respectively. The shoulder at 

Table 2  DSC characterization of the pure polymers, nanofibrous samples, and physical mixtures of HPMC/PEO

The temperature and enthalpy of the cold crystallization/melting of PEO for selected samples

Sample Temperature of cold crys-
tallization (°C)

Enthalpy of cold crystal-
lization (J/g)

Melting temperature (°C) Enthalpy of melting (J/g)

Nanofibrous samples
 E5/PEO NF 35.82 27.33 63.26 −17.69
 PH606/PEO NF 37.66 30.20 62.95 −18.15
 T605/PEO NF 37.40 29.75 62.42 −18.66
 T606/PEO NF 37.65 28.51 61.97 −17.20

Physical mixtures
 E5/PEO 41.22 37.97 64.46 −46.96
 PH606/PEO 42.00 37.79 65.18 −43.21
 T605/PEO 41.75 37.43 63.45 −41.94
 T606/PEO 43.53 36.94 67.37 −46.28

Pure polymer
 PEG 100 k powder 31.91 41.74 69.88 −174.11
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around 2980 was assigned to asymmetric  CH3 stretch-
ing (Socrates 2001). The Raman spectra revealed dif-
ferences in the structures of the analyzed samples, 
mainly in terms of the linearity and length of the ali-
phatic chains. The signal intensity differences suggest 
that the E5 macromolecules evince a more branched 
structure and are generally shorter. On the other hand, 
PH606 is assumed to have longer and more linear 
macromolecules. These proposed properties are con-
sistent with the fact that E5 has a lower viscosity, i.e., 
molecular weight, than PH606.

Conclusion

The use of nanofibers as ODFs has several advan-
tages including relatively simple and inexpensive 

production, very fast solubility, the absence of resid-
ual solvents, simple modifiability, etc. On the other 
hand, their large-scale use is limited primarily due to 
their poor mechanical properties and long-term sta-
bility issues.

This paper aimed to show that even a relatively 
small variation in the parameters of the input poly-
mers can significantly affect the mechanical proper-
ties of nanofibrous layers. We selected a polymer 
that is used widely in the pharmaceutical industry, 
HPMC, for the preparation of the ODF films. Two 
groups of polymers with the same inherent vis-
cosity produced by different manufacturers were 
tested with respect to a range of parameters. The 
study revealed that while the higher viscosity group 
evinced very similar characteristics for both poly-
mers, this was not the case for the lower viscosity 

Fig. 6  Tensile properties of the electrospun HPMC/PEO lay-
ers. Representative stress–strain curves (a), Young’s modulus 
(b), tensile stress at maximum load (c) and elongation at break 
(d) of the various electrospun HPMC/PEO layers. The aster-

isks (*) indicate a statistically significant difference (p < 0.05) 
between the two materials; none of the other comparisons were 
statistically significant
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Fig. 7  FTIR spectra of the pure HPMC powders (panel A). Magnified FTIR spectra of HPMC with a wave number range of 2800–
3800  cm−1 (panel B) and with a wave number range of 600–1600 cm −1 (panel C)
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group. Even though no significant difference was 
observed between the two polymers, the mechanical 
properties of Methocel E5 were approximately half 
as good as the rest of the tested polymers. The calo-
rimetric measurements did not reveal any areas of 
significant crystallinity, nor did the morphology and 
infrared spectroscopy suggest any significant differ-
ences. The examination of the optical microscope 
images of the layers produced by the solvent casting 
method confirmed the orderliness of certain regions 
in the Methocel E5 combined with PEO compared 
to the other HPMCs.

The Raman spectroscopy analysis suggested that 
the main differences between the samples consisted 
of the linearity and length of the aliphatic chains of 
the macromolecules. The E5 macromolecules were 
assumed to have more branched and generally shorter 
aliphatic chains, while the PH606 was assumed to 
have longer and more linear macromolecules. Thus, 
it is reasonable to speculate that these slight differ-
ences can affect interactions between the macromol-
ecules and thus lead to a significant deterioration in 
the mechanical properties of the fabricated layer.

The characterization of the input polymers is of 
significant importance. Even a slight change in the 

isomerism can significantly affect the parameters 
of the fabricated layer. This study demonstrated a 
series of analytical methods that enhance the under-
standing of the behavior of mixed polymer solutions 
intended for electrostatic spinning.
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