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Abstract
Nanocrystals are a feasible system to improve the aqueous solubility of poorly soluble compounds.
Orodispersible �lms (ODFs) offer a rapid release of the drug in the mouth and are preferred for patients
with dysphagia or paediatrics. The objective of the current study was to develop resveratrol (RES)
nanocrystal-loaded ODFs. RES nanocrystals were prepared by antisolvent precipitation in the existence of
Poloxamer 188 as a polymeric stabilizer. Polyvinyl alcohol was used for the preparation of the ODFs by
using the solvent casting method. Then, RES nanocrystals were incorporated into the �lms. Particle size
(PS), polydispersity index (PDI), and zeta potential (ZP) values were measured for nanocrystals. ODFs
were characterized, and bioadhesion, disintegration, and in vitro release studies were performed. RES
nanocrystals were obtained with 631 nm PS, 0.314 PDI and − 14.3 ZP values. Over 90% of RES
nanocrystals were loaded in ODFs, which were approximately 75 µm in thickness. The thermal and
crystal properties of nanocrystals in ODFs were preserved regarding DSC and FTIR analyses.
Homogenous distribution in smooth �lms was observed on SEM. Mechanical properties and bioadhesion
forces were found to be appropriate for ODFs. The disintegration time was found below 30 seconds for
nanocrystal loaded �lms. RES nanocrystal loaded �lm formulations showed > 85% release in 5 minutes,
signi�cantly higher (p < 0.05) than those prepared with coarse RES. Novel RES nanocrystal-loaded ODFs
can be a promising delivery system for use as an antioxidant with improved patient compliance by
increasing solubility and physical stability of RES.

Introduction
Resveratrol (3,4’,5-trihydroxy-trans-stilbene, RES) is a non-�avonoid polyphenolic phytoalexin and belongs
to the group of stilbenes found in grapes, peanuts, berries, and many natural foods [1]. The chemical
structure of RES is responsible for biological activity, which enables the interaction between cellular
receptors and enzymes. RES has a potent antioxidant activity by targeting extracellular radical oxygen
species when administered orally [2]. RES has many pharmacological activities, including antioxidant,
anti-in�ammatory, anti-cancer, anti-microbial, anti-hypertensive, cardioprotective, and anti-diabetic, and
formulations are being developed by pharmaceutical companies or academic research [3, 4]. RES is
practically insoluble in water (0.03–0.05 mg/mL); however, it exhibits high membrane permeability (log P:
3.1) and belongs to the Biopharmaceutical Classi�cation System (BCS) Class II drugs [5]. Due to the very
low bioavailability (< 5% of the oral dose is detected in plasma) and fast metabolism, the biological
effectiveness of RES has been restricted to use in cosmetics, foods, and drugs [6, 7]. RES has two
geometric isomers, cis- and trans-, trans isomer is the primary, biologically more active, and more stable
natural form. However, RES is very sensitive to sunlight or arti�cial, and natural UV, heat, enzymes, and
cis-isomerization can occur after light exposure [8, 9].

Nanocrystals, also known as nanosuspensions, are a feasible approach to increase water solubility, drug
stability and overcome the limitations of BCS Class II drugs such as trans-RES by diminishing the particle
size typically between 200–600 nm [10–12]. The primary advantages of nanocrystals are high-drug
loading capacity, applicability to various administration routes, ease of scale-up, relatively low-cost
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formulation, and production processes [13]. Several commercially available products (Rapamune, Emend,
Avinza, Ritalin LA, Tricor) were released regarding formulation development and scale-up success of the
system [14].

There are two main approaches to prepare nanocrystal formulations, top-down and bottom-up. In the top-
down method, micrometre range drug crystals break up into nanoscale by high-pressure homogenization
or wet ball grinding techniques [15]. The bottom-up approaches are solvent evaporation, supercritical
�uid, chemical, and anti-solvent precipitation [10]. Among them, with the simplicity and cost-effectiveness
bene�ts, the antisolvent precipitation method is the most common and effective technique to produce
nanocrystals [16]. In this method, the drug is dissolved in the organic solvent and added to the antisolvent
phase immediately. Thus, the drug particles precipitate under the super-saturated conditions achieved by
the solution transfer [17]. Although top-down methods do not require organic solvents and are more
bene�cial for the industry, they usually need more prolonged formulation and production time. In addition,
they consume higher energy resulting in heat and deformation of crystals, making it di�cult to process
the thermolabile compounds [12]. On the contrary, the bottom-up method has some advantages, such as
simple instruments, fewer validation parameters, and lower energy demand [18].

Because of the tendency to reduce the excessive surface energy, nanocrystals in suspension can
agglomerate, or Ostwald ripening phenomenon can arise. Surfactants, polymers, or lipids can stabilize
the nanocrystal system by generating steric and ionic stabilization [19]. Nanocrystal dispersion can be
solidi�ed by lyophilization, spray drying, or �uid bed granulation to improve physical stability and develop
solid dosage forms or transformed to semi-solid dosage forms, such as gels or �lms [16, 20].

Solid dosage forms, especially tablets, have always been the �rst choice for drug development and
administration. However, geriatric and paediatric patients, and those who suffer from swallowing
di�culty or vomiting, have the most compliance issues about the proper dosage forms for their needs
[21]. Orodispersible �lms (ODFs) can be advantageous for these patients with rapid disintegration in the
mouth, no need for water intake, chew or swallow, and no risk of choking [22]. According to European
Pharmacopeia, the de�nition of ODFs are single or multilayered sheets of suitable materials to be placed
in the mouth where they disperse rapidly [23]. ODFs are prepared using methods of solvent casting, hot-
melt extrusion, electrospinning, or printing (inkjet, �exographic, and 3D printing) [24]. The solvent casting
method is most common to produce ODFs. In this technique, the drug compound is dissolved or
dispersed in a polymer solution. If necessary, plasticizers, taste-masking agents, and �llers can be added.
After that, the polymer solution is cast with the desired thickness on a �at surface, dried, and �lms are
collected [25]. Nanocrystal-loaded ODFs can be an innovative drug delivery system for individual patient
needs with enhanced solubility and stability properties of BCS Class II drugs.

The objective of the present study was to develop RES nanocrystals-loaded ODFs. Nanocrystals were
prepared by the anti-solvent precipitation method. After obtaining nanoscale range particle size, RES
nanocrystals were loaded into ODFs to develop easy-to-use patches and hence improve patient
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compliance. The characterization, disintegration, and in vitro release studies were conducted to evaluate
the nanocrystal-loaded �lm formulations.

Materials And Methods

Materials
Resveratrol and Poloxamer 188 were purchased from Sigma-Aldrich (Germany). Polyvinyl alcohol (PVA)
(6000 kDa) was obtained from EastChem (China). Acetone and glycerin were purchased from Merck-
Millipore (USA). HPLC eluent acetonitrile (> 99.9%) was obtained from Sigma-Aldrich (Germany), and
simulated salivary �uid was purchased from Biochemazone (Canada).

Preparation of RES nanocrystals
RES nanocrystal was prepared with the anti-precipitation method. Firstly, the organic solvent was
selected. For this purpose, RES was dissolved in ethanol, methanol, and acetone in increasing
proportions. Then, the solutions were examined visually, and according to gravimetric solubility analysis,
RES in acetone showed the highest solubility; therefore, it was selected as the organic solvent.

For the preparation of the anti-solvent phase, Poloxamer 188 as a stabilizer was dissolved in distilled
water. Different Poloxamer 188 amounts (1%, 2%, 3% w/w) were dissolved in distilled water. It was
observed particle agglomeration with 1% concentration. Besides, the RES particles were not precipitated
with 3% of concentration. Therefore, 2% concentration was found optimum for the stabilizer solution.
After that, the organic phase was dropped into the stabilizer solution (solvent: antisolvent 3:20) at an
injection rate of 1 mL/min using a magnetic stirrer at 300 rpm. Stirring was continued for 15 minutes, and
nano-precipitated RES was obtained. The homogenization process was performed either ultraturrax at 20
000 rpm for 5 minutes or ultrasonic probe with 75% amplitude (amp) for 5 minutes (Table 1). Particle size
(PS), polydispersity index (PI), and zeta potential (ZP) values were measured to characterize the
nanocrystals.
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Table 1
The formulation composition of nanocrystals

Formulation
code

Solvent:
antisolvent

Polymer

(w/w %)

RES (mg) Ultraturrax

(min, rpm)

Ultrasonic
probe

(min,
amp%)

Stirring
(rpm, min)

F1   3:20     2     100   - - 300, 15

F2   3:20     2     100   - 5, 75 300, 15

F3   3:20     2     100   5, 20.000 - 300, 15

F4   3:20     2     200   - - 300, 15

F5   3:20     2     200   - 5, 75 300, 15

F6   3:20     2     200   5, 20.000 - 300, 15

Preparation of RES nanocrystals loaded ODFs
The ODFs of RES nanocrystals were prepared using the solvent casting method. For this purpose, PVA
(8% w/w) was dissolved in distilled water. The RES nanocrystals were kept for one day before adding
them to the polymer solution. Then, RES nanocrystals and PVA solution (1:1) was added in a 6 cm radius
polystyrene petri dish (Isolab, Germany) (4 g) without (F7) or with glycerin (F8) as a plasticizer (5% w/w)
and dried at 45oC in an oven. The similar cast �lms were also prepared with coarse RES particles (F9,
F10) to compare the results with nanocrystal loaded �lms (Table 2).

Table 2
The formulation composition of the ODFs

Formulation
code

Polymer

(w/w %)

Glycerin

(w/w
%)

RES nanocrystal (w/w
%)

RES coarse suspension
(w/w%)

F7 50 - 50 -

F8 49 1 50 -

F9 50 - - 50

F10 49 1 - 50

Characterization studies

Particle size (PS), polydispersity index (PDI), and zeta
potential (ZP)
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PS, PI, and ZP values of precipitated RES nanocrystals were measured using Malvern ZetaSizer (Malvern
Instruments, UK). 25 µL of RES nanocrystals were dropped in a measurement cuvette immediately after
collecting them from the magnetic stirrer, after the ultraturrax process or after the ultrasonic probe. The
nanocrystal was diluted up to 5 mL of distilled water, and measurements were recorded as average ± S.D.

Drug content
The drug content in �lm formulations was analyzed by UV spectrophotometric method. A �lmstrip of
about 1x1 cm2 area was dissolved in 10 mL of methanol at room temperature. The solution was �ltered
from a 0.45 µm membrane �lter. The �ltrate was analyzed at 306 nm [26].

Film thickness
The thickness of the ODFs was measured using digital Vernier Calipers (Mitutoyo®, Japan, 0.01 mm
sensitivity from three different places of the �lm, and the average ± S.D. was calculated.

Weight variation
For the measurement of weight variation, 25 cm2 �lms were cut at �ve different places in the cast �lm.
Then, the weight of each �lmstrip was taken, and the weight variation was calculated [26, 27].

Surface pH
The surface pH of the �lms was measured after the �lms were placed in contact with the electrode of a
pH meter (Hanna® Instruments, HI-5522-02, Germany). Equilibration for 30 s was allowed to determine
the surface pH. Results were collected three times for each formulation, and the average ± S.D. was
calculated [28].

Differential scanning calorimetry (DSC)
DSC studies were conducted to determine the melting points of the formulations after the nanocrystal,
and ODFs preparation process (Setaram, DSC131, France). 5 mg of the samples were weighed placed in
sealed aluminium pans, crimped and sealed. The temperature was elevated up to 300 oC starting from 25
oC under cover of nitrogen gas (50 mL/s) with a heating rate of 10 oC/min.

Scanning electron microscopy (SEM)
Morphological characterization of cast �lms was achieved by using an SEM (Zeiss EVO 10, USA). The
study was conducted with an accelerating voltage of 15.00 kV. Surfaces of the prepared samples were
coated with gold and palladium using sputter (LEICA EM ACE200, Leica Microsystems, Germany) at 3 kV
for 60 s. SEM images were captured with different magni�cations under high vacuum conditions.

Fourier-transform infrared spectroscopy (FTIR)
The spectra of cast �lms were obtained in the wavenumber range of 650–4000 cm− 1 using an FTIR
(NICOLET iS50, Thermo Scienti�c, USA). The inserts were gently cut with a scalpel blade, and the
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samples were directly put over the crystal of the equipment. Multiple scans were applied for each sample,
and the force over the samples was adjusted to achieve transmittance results.

Mechanical properties, swelling index, and bioadhesion
studies
Mechanical properties, such as tensile strength, Young's modulus, and elongation at break of the �lms
were measured using a TA-XT texture analyzer (Stable Micro Systems, UK, the range was 0-100 N). The
initial grip distance was constant, 30 mm, and the rate of the grip separation was 100 mm.min− 1. All
samples were stabilized in the given conditions overnight and cut into 15 mm wide with a lab �lm cutter.
Each study was performed for six replicates. The thicknesses of each sample were measured with a
digital calliper from three different points. The average thickness was used for the calculations [29].

The �lms' swelling index studies were conducted in the simulated salivary �uid (Biochemazone®,
Canada) at pH 6.8. The �lm sample (surface area 1 cm2) was weighed and placed in a pre-weighed
stainless-steel basket (Pharma Test, Germany) of approximately 100-µm mesh. The basket containing
the �lm sample was submerged into 50 mL of simulated salivary �uid in a beaker. At a de�nite time
interval (10 s), the stainless-steel basket was removed, excess moisture removed by carefully wiping with
absorbent tissue, and re-weighed. Increasing the weight of the �lms was determined at each time interval
until a constant weight was observed. The degree of swelling was calculated using the following
equation (Eq. 1) [30];

 Eq. 1.

Where; wt is the weight of �lm at time t, and wo is the weight of �lm at time zero.

Work of Bioadhesion values was measured using Texture Analyzer with different settings and
assembling modi�cations (TA-XT plus, Stable Microsystems, UK; maximum load 50 kg). The sample
holder was rod-like with a diameter of 5 mm. A double-faced adhesive tape was �xed on the surface of
the sample holder, and the �lm formulations were set on the other face of the adhesive tape. A disc with a
35-mm diameter was �xed on the bottom part of the tester, and simulated salivary �uid was spread on it.
The rod-like sample holder was moved downward and pressed to the saline-covered bottom disc with 30 
± 0.1 N for 30 s. The force-time curve followed this steady-state part. After that, the sample holder was
moved upwards, and the force was decreased until the sample started to separate from saline, which can
be seen as a well-de�ned peak in the force-time curve. The peak maximum illustrated the bioadhesive
force.

In vitro disintegration time and in vitro release studies
In vitro disintegration time was measured by the Petri dish method. The �lm formulations were dropped
in a culture dish of 6 cm in diameter, containing 10 mL of simulated salivary �uid. The mean in vitro
dispersion time ± S.D. was determined.

Swellingindex = (wt − wo)/wo
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The in vitro release studies of RES nanocrystal loaded �lms were tested using USP dissolution tester
Apparatus II (Pharma Test, Germany). The cast �lms were cut into 1 cm2 pieces, which were equivalent to
7 mg of RES. The paddles were rotated at 50 rpm in 900 mL of simulated salivary �uid (Biochemazone®,
Canada, pH 6.8). The temperature of the water bath was kept at 37 oC ± 0.5 oC. Aliquots of 5 mL were
withdrawn from the dissolution medium at pre-determined time intervals (1, 3, 5, 7, 10, 15, 20, 25, and 30
min) and then replaced with a fresh medium to maintain the sink conditions. The samples were �ltered
through a Millipore �lter (0.45 µm), and RES content was determined using an HPLC spectrophotometer.

HPLC method
The HPLC method was validated as described by Singh and Pai [31]. Reversed-phase isocratic conditions
were performed using Agilent 1100, USA. The separation was achieved by the C18 column (Accucore™ XL
Thermo Scienti�c™ 250x2.1 mm, 4 µm) with UV detection at 306 nm. The optimized mobile phase
consisted of a mixture of methanol: 10 mM potassium dihydrogen phosphate buffer (pH 6.8): acetonitrile
(63: 30: 7, v/v/v) at a �ow rate of 1 mL/min.

Statistical analysis
The software package Prism v. 5.04 (GraphPad Software Inc., La Jolla, CA, USA) was used to analyze
variance (ANOVA) to detect differences among the mean values of responses and for the curve �tting
with performing Tukey HSD post-hoc test. Data were presented as mean ± standard deviation (S.D.), and
a value of p < 0.05 was taken as the level of signi�cance.

Results And Discussion

Preparation and evaluation of RES nanocrystals
This research focused on preparing RES nanocrystals using a bottom-up approach and then
incorporating nanocrystals into ODFs. It might be a bene�cial formulation development method for ODFs
using other drug delivery carriers, such as nanocrystals, solid lipid microparticles or self-emulsifying
systems [32]. Preparation of ODFs with nanocrystals provide transforming nanocrystals into a solid
dosage form to improve physical stability and enhance aqueous solubility and hence oral bioavailability
of poorly soluble drugs [33].

To produce RES nanocrystals, one of the bottom-up approaches, the anti-precipitation method, was used.
In general, the critical formulation parameters for this method are solvent: antisolvent ratio, polymer type
and concentration, drug amount, the injection rate of the solvent to the antisolvent, stirring time and
speed. Nanocrystals are typically systems with particle sizes between 100–1000 nm. PDI values between
0.1–0.4 are desired to avoid Ostwald ripening. Also, ZP is crucial for the system's physical stability, which
is desired to be far from zero. After the nanoprecipitation, the combined methods, such as wet grinding,
high pressure homogenization, can be used. In this study, the homogenization process was performed
after nanoprecipitation using ultraturrax or ultrasonic probe. After the formulation and process
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parameters were optimized, critical control parameters PS, PDI and ZP were measured. The PS of RES
nanocrystals were found at 631 nm after the ultraturrax process. PDI and ZP values were achieved to
0.314 and − 14.3 mV, respectively (Table 3). The PS, PDI and ZP values were not changed after one day of
storage and in ODFs.

Table 3
Particle size, polydispersity index, and zeta potentials of nanocrystal formulations

Formulation code PS (nm) PDI ZP (mV)

F1 7028.6 ± 2.29 0.997 ± 0.02 1.57 ± 0.07

F2 2029.5 ± 1.46 0.611 ± 0.07 0.947 ± 0.05

F3 834.8 ± 1.87 0.516 ± 0.05 -5.48 ± 0.05

F4 6002.9 ± 3.19 0.818 ± 0.04 0.017 ± 0.01

F5 1983.5 ± 2.04 0.604 ± 0.05 -3.26 ± 0.04

F6 631.0 ± 2.16 0.314 ± 0.02 -14.3 ± 0.02

Characterization studies of ODFs
After loading nanocrystals and coarse powder of RES, ODFs were prepared by solvent casting method. It
was challenging to remove glycerin-free �lm formulations from Petri dishes. On the other hand,
formulations with glycerin were removed from Petri easily. Also, adding glycerin as a plasticizer provided
brighter and softer ODFs, and homogeneous distribution of RES nanocrystals was observed (Fig. 1).
Finally, characterization studies were performed for nanocrystal, and coarse powder loaded ODFs.

a b

Drug content
The RES content in �lm formulations was over 93% for nanocrystal and coarse powder loaded �lms
(Table 4). The higher drug content in the ODF preparations exhibited the uniform dispersion of RES in the
�lm matrix; thus, an accurate dose delivery can be achieved. Similar results have been reported using
different polymers, or polymer combinations (cellulose derivatives and pullulan) indicate drug contents in
a range of 90–99% [34, 35]. Thus, the outcomes of the drug content study were compatible with the
literature data.

Weight variation
The weight of ODFs was found in the range of 11–15 mg (Table 4). The standard deviation of all the
samples was very low; thus, the ODF preparations were uniform in weight. Therefore, the accuracy of the
dose can achieve by a uniform weight distribution with high drug content.

Film thickness
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The thickness values of the ODFs were found approximately 75 µm (Table 4). Uniformity of the �lm
thickness is a critical quality attribute to provide homogenous distribution of the dose. Furthermore, in
ideal conditions, ODFs should exert acceptable mechanical properties such as �exibility and physical
durability. The typical �lm thickness was reported in a range of 12–100 µm [36]. The thickness of ODFs is
dependent mainly on the polymer concentration in cases of lab-scale production. Because the polymeric
mixture is generally poured into a petri dish, the thickness of the �lm is directly related proportionally to
the polymer concentration. Similarly, CMC was used as a �lm-forming polymer in a study, and the
thickness was directly affected by the polymer concentration [37]. In this case, the concentration of the
polymer was selected by considering the �lm thickness around 75 µm.

Surface pH
The pH values of the ODFs were found between 6.8–7.12 (Table 4). The saliva pH is reported in the range
of 5.8–8.4, so surface pH for the ODFs should be chosen close to neutral pH [38]. The acceptance of the
formulations by the patients also depends on the pH due to possible irritation risks.

Table 4
Weight variation, thickness, and surface pH of the cast �lm formulations

Formulation Drug content

(%)

Weigh variation

(mg)

Thickness

(µm)

Surface pH

F7 93.81 ± 0.402 0.15 ± 0.028 73.79 ± 0.331 6.83 ± 0.013

F8 94.26 ± 0.244 0.12 ± 0.022 74.12 ± 0.162 7.01 ± 0.028

F9 96.47 ± 0.328 0.14 ± 0.015 74.53 ± 0.196 6.99 ± 0.010

F10 94.58 ± 0.706 0.11 ± 0.023 74.67 ± 0.304 7.12 ± 0.034

Differential scanning calorimetry (DSC)
Determination of solid-state interactions and melting points were determined using DSC to assess the
effect of both without RES nanocrystals and RES nanocrystals on the thermal stability of the PVA matrix.
For coarse resveratrol, the melting process occurred with a maximum peak at 235.53°C (Fig. 2). This
result was compatible with literature data [39]. The endothermic peak of RES completely disappeared in
�lm formulations that demonstrate PVA dissolved RES after it melts. During the heating scan, the F7
glass transition (Tg) temperature occurred at 81.4°C. Concerning the F9 formulation, by adding the
coarse RES instead of the nanocrystal, Tg gradually increased to an average value of 118.7°C. Also, an
increase was observed with F10 in comparison with RES nanocrystal loaded ODFs. In both of the
thermograms of the F8 and F10 formulations, it was observed that the melting point started earlier than
the F7 and F9 formulations due to the glycerin content [40].

Scanning electron microscopy (SEM)
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SEM is the most convenient visual technique to prove particles' mean size and surface morphology. The
low resolution of the photograph, the SEM image of F7 showed the random distribution of the individual
RES nanocrystals in the �lm. The irradiation has a relatively rough surface and microporous structure,
which may be due to the partial degradation of PVA by the exposure of RES nanocrystals to irradiation
[41]. It was evident that the surface morphology of F7 and F9 �lms were plane and smooth, but the F8
and F10 formulations, which contained glycerin, showed a surface with uneven morphology and cracks
(Fig. 3). SEM images indicated that the droplet size of RES nanocrystals was homogenous. Moreover,
SEM analysis supported data obtained from size measurements by DLS.

Fourier-transform infrared spectroscopy (FTIR)
ATR-FTIR analysis was used to test the changes in the chemical composition of RES and �lm
formulations, as shown in Fig. 4. A sharper peak was observed at between 1200–1300 cm− 1 of �lm
formulations, and other sharper peaks were distributed at between 1200 − 1100 cm− 1, 1400 − 1300 cm− 1,
1600 − 1500 cm− 1, which were ascribed to the oxygen-containing groups, such as s aldehyde C = O
stretch, Carboxylic acid-COOH stretch, and aldehyde/ketone C-O peaks of PVA [42]. Pure resveratrol
showed a typical trans ole�nic band between 1000 − 900 cm− 1 and the narrow O-H stretching at 3300
cm− 1. Three characteristic intense bands were between 1400 − 1300 cm− 1, 1600 − 1500 cm− 1, and 1700 
− 1600 cm− 1, corresponding to C–O stretching, C–C ole�nic stretching, and C–C aromatic double-bond
stretching, respectively. For F9 and F10 formulation, remarkable shifting of C-O-C and C = O absorption
band of RES from between 1600 − 1500 cm− 1 from 1700 − 1600 cm− 1 respectively, indicating
interference at the polar head of coarse RES [43].

Mechanical properties, swelling index, and bioadhesion
studies
Mechanical properties of the ODFs, including bioadhesive force, tensile strength, Young's modulus, and
elongation at break, are presented in Table 5. The mucoadhesive properties of �lms make them attach to
the tissue interface, enhancing the e�ciency of local therapy [44]. The adhesive properties in vitro of �lms
were evaluated. Film formulations adhered between two smooth glass surfaces, and the corresponding
maximum load was 40, 50, and 50 g, respectively. Coarse RES powder loaded �lms improved the
adhesive strength in comparison with RES nanocrystals loaded ODFs. In addition, it can be said for both
F8 and F10 formulations that the addition of glycerin also increases bioadhesion. Similar results are
shown in the literature [45]. Tensile strength is explained as the maximum load force used to break the
�lm. Hard and brittle substrates demonstrate very high mechanical resistance [46].

Elongation at break and tensile strength of F7 was found 62.9% and 9.14 MPa, respectively. On the
contrary, using coarse powder of RES was enhanced elongation at break and tensile strength to 73.06%
and 10.88 MPa, respectively. This can be explained as the coarse drug molecules, which dispersed more
heterogeneously than nanocrystals, were interposed the linkages of the polymers. Regarding durability
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enhancement, both the values were decreased by adding glycerin to the �lm formulations, either coarse
powder or nanocrystal [47].

In the pre-formulation part, removing the cast �lms without plasticizer from the moulds was challenging
because of their brittleness. Thus, a plasticizer (glycerin) was added to the polymeric dispersions to
improve mechanical properties. Young's modulus is associated with �lm stiffness and the capacity to
undergo elastic deformation under applied stress [46]. The addition of the coarse RES particles instead of
nanocrystals also increased Young’s Module.

Film formulation results showed that folding endurance was in the range of 201 ± 0.542 to 217 ± 0.833
(Table 5). Folding endurance decreased using coarse powder of RES without glycerin. Similarly, the use of
coarse powder in �lms prepared with glycerin caused a decrease in folding endurance. The folding
endurance was obtained optimum with formulation F8 (217 ± 0.833) due to the presence of nanocrystal
and glycerin [47, 48]. Finally, the data obtained from the mechanical tests were correlated with each other.

Table 5
Mechanical properties and bioadhesive forces of the �lm formulations

Formulation
Code

Bioadhesive
Force (mJ/cm2)

Tensile Strength
(Hardness) (MPa)

Young's
Module
(MPa)

Elongation
at Break (%)

Folding
Endurance

F7 0.353 ± 0.013 9.14 ± 0.018 13.87 ±
0.108

62.33 ±
0.042

205 ±
0.511

F8 0.388 ± 0.027 8.96 ± 0.047 13.11 ±
0.233

60.04 ±
0.062

217 ±
0.833

F9 0.496 ± 0.082 10.88 ± 0.014 16.42 ±
0.120

73.06 ±
0.021

201 ±
0.542

F10 0.511 ± 0.077 10.14 ± 0.023 16.04 ±
0.252

70.06 ±
0.054

214 ±
0.408

A swelling test was performed in situ by introducing �lms with simulated salivary �uid (pH 6.8) in a pre-
weighed stainless-steel basket. The �lms remained stable throughout all measurements. The surface of
the �lms participated in saliva over the 60 seconds of the swelling period. The blend �lms' swelling index
(SI) at 10 to 60 seconds varied from 3.24 to 5.29, as shown in Table 6. The SI of all �lm formulations
increased rapidly during the �rst 10 seconds and reached a swollen equilibrium by 60 seconds. The
decrease in SI at 30 and 40 seconds of the �lms indicated erosion of the �lms. As seen in F8 and F10,
adding glycerin as a plasticizing agent increases SI [49]; also indicate that the hydration rate and water
uptake of coarse RES �lms were faster than nanocrystal �lms. This proves that the �lm formulation
containing the nanocrystal contributes to swelling in a more controlled and rapid manner [30, 50].
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Table 6
Swelling index values of �lm formulations (mean ± S.D., n = 6)

Time (sec) F7 F8 F9 F10

10 3.26 ± 0.151 3.92 ± 0.205 3.29 ± 0.274 3.99 ± 0.233

20 4.12 ± 0.226 4.53 ± 0.114 4.19 ± 0.229 4.56 ± 0.182

30 5.22 ± 0.184 5.48 ± 0.188 5.27 ± 0.107 5.49 ± 0.109

40 5.24 ± 0.122 5.51 ± 0.126 5.31 ± 0.143 5.56 ± 0.275

50 5.28 ± 0.109 5.53 ± 0.117 5.32 ± 0.119 5.57 ± 0.121

60 5.28 ± 0.238 5.54 ± 0.255 5.32 ± 0.152 5.59 ± 0.086

In vitro disintegration time and release studies
Ideally, an ODFs should be mechanically �exible with acceptable taste and should provide a rapid release.
Conceptually, it was stated that the disintegration time of an ODFs should be as short as possible [36].
However, there was an inverse relation reported between mechanical properties and disintegration time
[36, 51]. According to the outcomes (disintegration times are shown in Table 7), the disintegration values
were less than 60 sec. Nonetheless, nanocrystal loaded cast �lms showed faster disintegration in
comparison with coarse particles. In European pharmacopoeia, less than 3 min is the required
disintegration time for solid oromucosal formulations. Food and Drug Administration (FDA) speci�es a
disintegration time of less than 1 min for this kind of formulation [51, 52]. In this context, all the designed
formulations can be accepted as immediate acting dosage forms. In a study, a cellulose derivative
(hydroxypropyl methylcellulose) was selected as a �lm-forming polymer, and the disintegration time was
found to be in the range of 5–30 seconds [34]. Another study was stated that the increased polymer
concentration (hydroxymethyl cellulose) decreases the disintegration rate in ODFs, but the disintegration
time was still in the 10–60 seconds range [53].

Moreover, alternative polymers rather than cellulose derivatives can be used as �lm-forming agents in
ODFs. For example, in a study, an alternative polymer named pullulan was used to form ODFs. In that
study, two different disintegration methods were selected. As a result, it was found to be similar
disintegration behaviours (drop method: 28.8 sec. and petri dish method 51.3 seconds) compared to
previous studies [38].
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Table 7
Disintegration time of the �lm

formulations (mean ± S.D., n = 6)
Formulation Disintegration time (s)

F7 28.81 ± 0.47

F8 33.48 ± 0.23

F9 30.43 ± 0.41

F10 34.11 ± 0.59

The dissolution pro�le of a dosage form is crucial for predicting the in vivo action of an active
pharmaceutical agent. Conventionally, the release studies are performed under sink conditions. European
pharmacopoeia de�nes the sink condition as a volume of dissolution medium that is at least three to ten
times the saturation volume. Thus, resveratrol solubility was detected from the literature data in a range
of 0.05 mg/mL (water) to 374 mg/mL (polyethylene glycol 400) in various solvents [54]. After that, the
dissolution medium volume and content were determined, and other parameters were selected by
considering the body's physiological conditions.

Considering the testing time and cumulative drug release, there was no speci�c value reported for the
ODFs. However, a standard testing period was reported between 30 and 60 minutes, as speci�ed in
individual monographs, with cumulative drug release not less than 60% in 30 minutes or 80% in 60
minutes for orally disintegrating tablets [55]. Therefore, the cumulative drug release was investigated
based on this data. The RES nanocrystal was released in �lm formulations approximately 100% in 25
minutes (Fig. 5). RES nanocrystal loaded �lm formulations showed > 85% release in 5 minutes which was
signi�cantly higher (p < 0.05) than the �lms prepared with coarse RES (69.33% and 75.38% for coarse
RES �lms with glycerin and without glycerin, respectively)

After determining release conditions, calculation of the release kinetics by testing different mathematical
models illuminates the dissolution pro�le. Thus, zero-order, �rst-order, Higuchi, Korsmeyer-Peppas and
Hixon-Crowell mathematical models [56] were investigated (Table 8). The mathematical model was
chosen by using the correlation coe�cient of the related model. As can be seen from the outcomes,
coarse suspension incorporated ODFs were best �tted to the Higuchi release model. While RES
nanocrystal incorporated ODFs were best �tted to the Korsmeyer-Peppas release model.
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Table 8
Mathematical models of release kinetics of ODFs.

  Zero-Order

(R2)

First-Order

(R2)

Higuchi

(R2)

Korsmeyer-Peppas

(R2 (n))

Hixson-Crowell

(R2)

F7 0.8174 0.6893 0.9417 0.9758 (0.504) 0.9624

F8 0.8106 0.6974 0.9396 0.9847 (0.5117) 0.9609

F9 0.7903 0.7138 0.9519 0.9229 (0.328) 0.9471

F10 0.8006 0.7052 0.9601 0.9253 (0.385) 0.9523

Higuchi type mathematical model describes drug dissolution from matrix systems. This model was
reported in many cases and is also transposable for other types of dosage forms [56]. The coarse RES
suspension loaded ODFs had high correlation coe�cients (F9: 0.9519, F10: 0.9601) and was �tted to the
Higuchi model. In this case, ODFs are considered heterogeneous and planar matrices with two regions for
the drug release. The inner region includes undissolved drug particles, and the outer region has all the
dissolved drug products. Moreover, a concentration gradient is de�ned, which controls the release rate,
according to Fick’s law. Although the comments explain this release mechanism, the research shows that
the Higuchi model continuously evolves [57].

Korsmeyer-Peppas mathematical model was described for speci�cally polymeric systems. This model is
alternatively called “power law” due to its n value as the release exponent. The “n” predicts the release
mechanism of a drug as an example; 0.45 ≤ n corresponds to Fickian diffusion mechanism, 0.45 < n < 
0.89 to non-Fickian transport, n = 0.89 to Case II transport, and n > 0.89 to super case II transport [58].
According to the data obtained from the release studies, nanocrystal loaded ODFs have high correlation
coe�cients (F7; 0,9758, F8; 0,9847) with have n value around 0.5. According to the literature data, these
�ndings best �t the anomalous transport mechanism from the planar matrices [56]. In this case, the
“planar matrices” represents the nanocrystal loaded ODFs.

Conclusions
Although approved ODFs are bioequivalent to lyophilizates or immediate-release tablets, substitution is
not allowed. Regulatory agencies seem to accept them as a different dosage form, taking the compliance
aspect into account. Substitution of ODFs with an immediate-release tablet would lead to enormous
problems for patients with swallowing di�culties while substituting an immediate-release tablet with an
ODFs is less critical. The magnitude of variants of ODFs technology and the advantages over
conventional dosage forms promise more applications and more marketed products with ODFs in the
near future. In the present study, ODFs loaded with resveratrol nanocrystals were successfully developed.
Desired physical, mechanical, and bioadhesive properties were obtained for the �lms. Nanocrystals in
�lm formulations showed more rapid disintegration and also quick release. Novel resveratrol nanocrystal-
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loaded �lm formulations can be promising for antioxidant ODFs by increasing the solubility and physical
stability of resveratrol.
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Figure 1

Images of the RES nanocrystal loaded ODFs prepared without (a, F7) or with glycerin (b, F8)

Figure 2

DSC thermograms of the RES nanocrystal loaded ODFs prepared without (F7) or with glycerin (F8) and
coarse RES loaded ODFs prepared without (F9) or with (F10) glycerin.
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Figure 3

SEM images of the RES nanocrystal loaded ODFs prepared without (F7) or with glycerin (F8) and coarse
RES loaded ODFs prepared without (F9) or with (F10) glycerin.
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Figure 4

FTIR spectra of the RES nanocrystal �lms prepared without (F7) or with glycerin (F8) and coarse RES
�lms prepared without (F9) or with (F10) glycerin.
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