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Abstract: 
 

Orodispersible films (ODF) are immediately dissolving/disintegrating intraoral dosage forms,  

presented as substitutes of conventional tablets or capsules to ease problems associated with 

swallowing for certain patient groups. Efforts have been made to be able to exploit ODFs as dosage 

forms for poorly soluble drugs. In the last two decades, mesoporous silica nanoparticles (MSNs) 

have been extensively used in drug delivery applications to overcome solubility problems of drugs. 

The tunable features of MSNs make them suitable candidates as drug carriers and solubility 

enhancers. In this study, the feasibility of MSNs as carrier of poorly soluble drugs, using 

prednisolone as model drug, in ODFs was investigated. Our results revealed that the increased 

amount of MSNs in ODFs leads to shortening of the disintegration time of the films. Drug content 

investigations showed that low dose ODFs with prednisolone incorporation efficiencies higher than 

80 % can be produced. Furthermore, the prednisolone release profile from ODFs can be tuned with 

the incorporation of MSNs as the drug carrier (MSNpred). The MSNpred incorporated ODFs yield 

with immediate release of the drug from ODF, whereby 90 % of the prednisolone content could be 

released in the first minutes. By modifying the MSNpred design with copolymer surface coating, 

prednisolone release can be modulated into a two-step sustained release profile. To sum up, the 

MSN platform do not only provide careful low dose incorporation into ODF with high efficiency, 

but it also aids in tuning the drug release profiles from ODFs. 

Keywords: mesoporous silica nanoparticles, poorly soluble drugs, orodispersible films, 

solvent casting 

1 Introduction:: 

Oral drug administration is still considered the most convenient route for patients, known for the 

highest patient acceptability and high therapy compliance. Nevertheless, pediatrics, geriatrics, the 

mentally ill, the developmentally disabled, and uncooperative, nauseous patients experience 

difficulties in taking solid oral dosage forms.(Hoffmann et al., 2011) Therefore, pharmaceutical 

companies have tremendous interest in developing alternative oral dosage forms that can alleviate 

the problems of swallowing. (Slavkova and Breitkreutz, 2015) 
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Orodispersible films (ODF) are immediately dissolving/disintegrating intraoral dosage forms, that 

could be regarded as substitutes for conventional tablets or capsules to ease the problem of 

swallowing. ODFs with the special features of being thin, available in various sizes and shapes, 

requiring neither water nor having the risk of choking can thus alleviate the problems associated 

with swallowing. In addition, ODFs are offering the possibility of individualization of the dose, 

which is an important means to achieve more precise medication and mitigate significant variability 

in drug response.(Hoffmann et al., 2011; Peck, 2018) ODF provides release of the drug within 

seconds, and the drug is absorbed through the oral cavity and thus first-pass metabolism can be 

avoided for some drugs, which may improve bioavailability.(Bala et al., 2013) 

ODFs are commonly used with water-soluble drugs, which are the easiest to formulate for fast 

dissolution and homogenous drug distribution. Despite the estimated 40% of approved drugs and 

nearly 90% of the drugs in the developmental pipeline consisting of poorly soluble molecules, they 

have not been formulated in the ODF dosage form due to their limits in dissolution and 

bioavailability.(Kalepu and Nekkanti, 2015) Formulation approaches utilizing nanoparticles in 

combination with ODF dosage forms are conducted to address this issue, with  benefits provided 

by the particle size reduction that can overcome the solubility limitation. In the literature, examples 

include formulations encompassing the embedding of nanosized drug crystals in the film forming 

polymer during the manufacturing process or printing drug suspensions onto drug‐free ODF 

templates(Shen et al., 2013; Steiner et al., 2017, 2016; Wickström et al., 2017; Zhang et al., 2015). 

In these formulations, however, the aggregation of the nanosized drug crystals is a major obstacle 

to achieving the expected gains of dissolution enhancement. Therefore, in the literature, sufficient 

particle stabilization methods by using polymers or surfactants have been investigated.(Beck et al., 

2013; Krull et al., 2015; Shen et al., 2013) 

Solubility of poorly soluble drugs can be improved by physical, chemical, or other modifications 

of the drug molecules.(Maleki et al., 2017) Mesoporous silica nanoparticles (MSNs) have been 

shown to be advantageous for enhancing the solubility of different drug molecules, which was 

recenty also demonstrated in its first-in-man study. (Bukara et al., 2016; Maleki et al., 2017)MSNs 

possess unique properties, such as high specific surface area, high pore volume and appropriate 

pore sizes in the molecular range, ordered pore structures and silanol groups on their surfaces that 

can interact with a variety of drug molecules. MSNs can be successfully used as dissolution 

enhancers due to the confinement effect provided by the molecularly sized pores (range-2-50 nm) 

to prevent the crystallization of loaded drug molecules. Further, the surface silanols can form 

hydrogen bonds with the drug molecules and, in the case of weak interactions, the adsorbed 

compound can be released fast as single molecules. (Maleki et al., 2017)Therefore, we believe that 

by loading poorly soluble drugs into the confined pores of MSNs, the obstacles due to the 

interaction between the drug crystals and film ODF forming polymer matrix and incompatibilities 

could be eliminated. This way, the limitations in the poorly soluble drug formulations of ODFs can 

be overcome, and better solubility and bioavailability of the drugs can be provided.  

The objective of the present study is to develop MSNs incorporated into ODF formulations to 

provide enhanced drug (in the present case, the BCS class II drug prednisolone) dissolution and, 

therefore, potentially increase the bioavailability of poorly soluble drugs. Furthermore, we show 
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that low dose drugs can be incorporated adequately into ODFs with the aid of MSNs. The 

incorporation of MSNs into poly(vinyl)alcohol based ODFs by embedding the MSNs into 

polymeric matrix of ODFs was successfully carried out. The obtained results show that the 

disintegration time of ODFs can be decreased with the increased amount of MSNs in the ODF 

matrix. Low dose drug incorporation into ODFs with high efficiency can be prepared, and tuning 

of the drug release profiles from ODFs can be obtained. 

 

2 Materials and Methods 

2.1  Materials 

All the reagents used in MSNs synthesis were purchased from Sigma-Aldrich. For the 

orodispersible films preparations, polyvinyl alcohol4-88 (PVA, EMPROVE® exp, Merck, 

Germany), anhydrous glycerin (Sigma-Aldrich, Germany) and Milli-Q water were used. 

Prednisolone ≥99% (Sigma –Aldrich) was employed as the API to be incorporated into ODF. 

 

2.2 Methods: 

 

2.2.1 Preparation and Characterization of pristine and drug-loaded mesoporous silica 

nanoparticles (MSNs): 

 

MCM-41 type MSNs were synthesized in basic aqueous solution with the addition of absolute 

ethanol (20 v/v%) as co-solvent. Cetyltrimethylammonium bromide (CTAB) and 

tetraethylorthosilicate (TEOS) were mixed to the basic aqueous reaction solution as structure-

directing agent (SDA) and silica source, respectively. The reaction was conducted  overnight in a 

conical flask overnight with stirring at 33 °C.. The molar composition of the  synthesis solution 

was 1 TEOS: 1.2 x 10-2 CTAB: 0.31 NaOH: 71.8 EtOH: 1063.8 H2O. After the overnight reaction 

of MSN, the SDA was removed by solvent extraction process for three times in ethanolic NH4NO3 

solution.  The obtained MSNs were kept as dry powder form after extraction under vacuum. The 

hydrodynamic sizes and ζ-potential values of prepared MSNs were analyzed in HEPES buffer 

solution (25 mM, at pH 7.2). Furthermore, the morphology and porous structure of the MSNs were 

investigated with electron microscopy imaging. 

In order to investigate the potential of MSNs as the drug carriers on the ODF, the drug loading 

capacity of MSNs was investigated. For this purpose prednisolone was loaded onto  MSNs with 

the method optimized in our previous study.(Martín et al., 2014) Briefly described: 20 mg of MSNs 

was mixed into different concentrations of 10 mL prednisolone-cyclohexane solutions (5, 10, 20, 

50, 100 w/w% in respect to the particle mass). The suspension was kept overnight at room 

temperature under stirring. The next day, the prednisolone loaded MSNs were collected by 

centrifugation and the obtained samples were vacuum dried. Afterwards, prednisolone elution was 

carried out in order to plot the prednisolone adsorption isotherm as a function of equilibrium 

concentration and to determine the highest prednisolone loading amount on MSNs. The adsorption 

isotherm of prednisolone is presented in Figure. S2 The prednisolone loaded MSNs with different 

drug loading degrees   were abbreviated as MSNpred. with the mentioned loading degree percentage 

later in this study. 
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The redispersibility of MSN with different degrees of drug loading was investigated by measuring 

the hydrodynamic sizes and ζ-potential of MSN suspensions at physiological buffer solution 

(HEPES 25 mM, pH 7.2) in order to decide the most appropriate drug loading degree for the 

handling during the preparations of ODF. 
Furthermore, the MSNpred with the optimal prednisolone loading degree was surface coated with 

the in-house-produced mPEGhigh-PEI copolymer in order to improve MSNs dispersibility during 

the ODF incorporation process.(Şen Karaman et al., 2014) The surface coating of MSNs was 

carried out via mixing of the copolymer with MSNpred. suspensions in HEPES with  50 w/w% 

copolymer ratio in respect to MSN. The copolymer adsorption process was carried out for 3 h at 

room temperature with mild stirring. After the adsorption process was accomplished, the particles 

were centrifuged and washed to get rid of excess and loosely adsorbed copolymers. The copolymer 

adsorbed MSNpred. samples are henceforth abbreviated as cop-MSNpred. later in the study. The 

success of copolymer adsorption was confirmed with the ζ-potential measurements. 

 

2.2.2  Preparation of orodispersible films with/without MSNs: 

 

In this study, the solvent casting method was employed for the preparation of ODFs. Film former 

(PVA) and plasticizer (glycerin) were mixed in Milli-Q water for 2h at 90 ͦC and left for 

homogenization overnight under stirring at room temperature. The composition of te film solution 

was adjusted to PVA 30%, glycerin 4 %, and 66% water based on preliminary investigations. The 

film solution was subsequently poured onto a transparent foil and cased with the coating knife 

(Erichsen D-58675 Hemer/Westfalen) and casting thickness was adjusted to 500 µm. 

After casting of the films, solvent evaporation at different temperatures (room temperature (RT), 

for 18 h, 40 °C and 60 °C for 4 h, as well as 80 °C for 2 h) were tried out in order to obtain ODFs 

according to the defined thickness range of 5-200 µm in the literature  and using the most 

convenient method (i.e. time efficiency and uniformity) for the preparations.(Anand Saharan, 

2017) 

The incorporation of MSNs into the ODF matrix was carried out by mixing the ready-made MSNs 

suspensions with the homogenized filmformer solution. Afterwards, the formulation was stirred 

and sonicated until visual homogenization is obtained. The MSNs content was varied to be 0.1 w/w 

% and 0.5 w/w% relative to the PVA content. Thus, in the case of a 100 g preparation, 150 mg and 

30 mg MSNs were incorporated into film forming solution. After adjusting the preparation methods 

and investigating the characteristics of the ODFs, all the drug incorporated ODFs were prepared 

with MSNpred (100 w/w% ). Since only one drug loading degree was employed in the study the 

abbreviation of MSNpred (100 w/w% ) was shorten as MSNpred.. In this approach the same amounts of 

MSN pred and cop-MSNpred in the film forming solution for both the starting drug loading degree 

was 100 w/w%. 

Furthermore, the potential of MSNs as the excipient in ODF matrix was investigated by mixing 

bare MSNs into ODFs in addition to free prednisolone. The MSNs suspension and the prednisolone 

solution were mixed to obtain comparable ratios as in the other preparations. In this case, 0.1 w/w% 

and 0.5 w/w% pristine MSNs relative to PVA content and the prednisolone equivalent to loading 

degrees of the MSNpred(100 w%w)were used. The drug and MSNs were mixed and sonicated for 30 

minutes prior to their addition to the film-forming polymer solution. Afterwards, the casting of the 

formulation and solvent evaporations were carried out. 
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2.2.3  Characterization of ODFs with/without mesoporous silica nanoparticles (MSNs): 

 

 The thickness and mass uniformity of ODF: The alteration of the film thicknesses due to 

employed solvent evaporation methods was initially investigated. The uniformity in thickness of 

the ODFs (n = 6) obtained after solvent evaporation was measured at five different points of the 

film  by using a micrometer screw (Mitutoyo, Neuss, Germany. The thickeness of ODF has been 

shown to be related to be related to the accuracy of dose distributions in the film.(Bala et al., 2013) 

The optimized solvent evaporation method was used in the rest of the study. The weight uniformity 

ODFs prepared with different contents was investigated by weighing six randomly cut pieces from 

each ODFs individually on an analytical balance. The average weight is presented later in the text. 

 

Mechanical properties: The mechanical properties of prepared ODF were investigated using the 

method of XXX. A Texture Analyser (Stable Micro System, United Kingdom) was used for 

measuring puncture strength and the elongation-at-break. With the obtained the mechanical 

properties of the ODFs could be determined in terms of well-defined rheological parameters. As 

such, the impact of incorporated MSNs on the mechanical properties ODFs could be predicted – a 

factor that can strongly affect the disintegration time and cause alterations in the resulting drug 

release. During the puncture tests, a spherical probe 5 mm (P/5S) was adjusted to move forward 

with a velocity of 1.0 mm/s onto 3x1 cm2 samples of ODFs (RT conditions). When the probe 

contacted to sample surface recording of the measurement started, continuing until the sphere broke 

throught the film. Using the obtained applied force and penetration depth the stiffness difference 

between the ODFs was evaluated. For the elongation to break investigations mini dumb-bell shaped 

ODFs samples were prepared and fixed between the roller grips.(Mirsalehi et al., 2016) The claps 

were moved away with the cross-head speed of 50 mm/min. The maximum force applied, the 

tensile strength (N/mm2) for tearing the films and the elongation of ODF in percentage due the 

applied force was measured to define the mechanical properties of the prepared ODFs. 

 

Disintegration time: The disintegration behavior of the ODFs were investigated according to a 

protocol described in a previous study. (Preis et al., 2014a)The protocol is in essence as 

modification of a conventional tests used to ensure uniformity in current quality controls settings.. 

The slightly modified setup consisted of a sample holder unit with a clamp to fix the ODF from the 

top and another clip was to fix the bottom side of the ODF. The bottom clip was equipped with a 

weight and the complete clip had a total weight of 3 g. The weight was chosen as it was previously 

found that 0.03 N was the approximate minimal force applied by the human tongue when licking 

over a probe. (Preis, 2015)Before the sample was placed in the test vessel, it was filled with 

simulated salvia fluid (SSF) media at 37 ± 1 °C. Immediately with the placement of the setup in 

the vessel, the chronometer is actuated. The ODF was kept halfway down in the media. When the 

ODF started to disintegrate, it could not hold the weight and the clip with the weight dropped to 

the bottom of the vessel. The duration between the dipping and dropping of the clip was recorded 

as the disintegration time. The disintegration tests were performed three times for each formulation 

to calculate the disintegration time profiles of ODFs. 

 

 Morphology of ODFs: The morphological differences between the prepared ODFs was 

investigated with a Bruker Nanoscope V MultiMode 8 atomic force microscope (AFM). Images of 

20 µm by 20 µm size with a 1024 by 1024 pixels resolution were captured at a scan speed of 0.391-

1.00 lines per second. The used silicon cantilevers had a nominal tip radius of 10 nm (NSG10, NT-
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MDT, Russia). AFM imaging was conducted under ambient conditions (T = 25.5±2.5°C, RH% = 

32.5±2.5). Image analysis was performed with Scanning Probe Image Processor (SPIP, Image 

Metrology, Denmark). Filtering of the obtained surface topography was conducted with the 

software’s Gaussian filter (ISO 11562). A 0-the degree LMS fit was applied when necessary. 

Drug content analysis: A Spectrophotometer (UV-VIS spectrophotometer, Thermo Fischer, 

Nanodrop2000c)  was used for the drug content determination of ODFs. Drug leaching from the 

ODF dosage forms were performed in a solvent of HEPES buffer solution (25 mM at pH 7.2) 

mixed with absolute ethanol in the portion 40:10. The pieces from the ODFs were cut and 

transferred into 15 mL Eppendorf tubes. Calculated amounts of solvent was added on the films to 

yield 2 mg/mL concentration with respect to the ODFs. The samples were sonicated for about 30 

minutes and were shaken for another 2 h to ensure complete dissolution of the films and leaching 

of all the content. For these investigations, the films were cut from randomly selected locations and 

three replicates were measured form each preparation with the measurements repeated thrice.  The 

drug content measurements were performed by measuring the absorbance of samples at the 

wavelength 243 nm and compared to a calibration curve. The placebo ODFs of each preparations 

were used as the blank in each measurement. The content of the drug on the prepared ODFs were 

estimated with the aid of prepared standard curves (given in Figure S2) of prednisolone in ethanol 

mixed HEPES buffer solution.  Drug release in Simulated Salvia Fluid (SSF): The drug release 

profile of prepared ODFs was carried out in simulated saliva fluid (SSF). SSF was prepared 

according to literature protocols. (Preis et al., 2014a)Briefly, PBS buffer solution (250 mL, 0.2 M 

at pH 6) was mixed with 0.69 % hydroxyethyl cellulose and diluted to 1000 mL with Milli-Q water. 

The drug release from differently prepared ODFs (n=6) were followed for 10 minutes. The samples 

were abbreviated as given in the Supplementary Table 1. The spectrophotometric readings were 

carried at 37 °C by immersing the samples of ODFs in SSF at a concentration of 2 mg/mL. The 

amount of released drug from ODFs were estimated with the aid of prepared standard curve of 

prednisolone in SSF. (Figure S3) 

3  Results and Discussion: 

3.1 Physicochemical Characteristics of MSNs: 

 

The applied synthesis protocol yielded spherically shaped monodisperse MSNs in the size range 

of 200-250 nm (Figure 1a and Figure 1b). The transmission electron microscopy images (Figure 

1a, inset) show the fine mesostructure of the MSNs after template extraction. 250 mg/ml pristine 

MSN suspensions were dispersed in DI water and HEPES buffer (pH 7.2, 25 mM) for 

hydrodynamic size and net surface charge (ζ-potentials) measurements, respectively. The 

measurements were carried out by using dynamic light scattering (DLS) and electrokinetic analysis 

techniques. The hydrodynamic size and ζ -potential data can be found in Table 1. Clearly, pristine 

MSNs were fully dispersible in HEPES buffer after all processing steps, including template 

removal, drug loading and surface coating with the mPEG-PEI copolymer. The success of 

copolymer coating was assured by the ζ-potential measurements as presented in Table 1. Net 

surface charge (ζ-potentials) values of the samples change from net negative values to net positive 

values indicates the presence of a mPEG-PEI polymer coating (the increased positive charge arises 

from PEI). 
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Figure 1. a) SEM image of pristine MSNs, with the TEM image inset showing the porous 

mesostructure. b) Hydrodynamic size distribution of MSN in DI water. 

 

 

The redispersibility of MSNs was investigated before and after different initial drug loadings (20, 

50, 100 w/w% in respect to the MSN mass in the drug loading step). The obtained results revealed 

(see Table 1) that different loading degrees caused an adverse effect on the redispersibility of MSNs 

as the size increases compared the pristine MSNs. However, lower hydrodynamic size value was 

measured for the MSNs with the highest drug loading degree (100 w/w%), which could be related 

to the concentration dependent redispersing effect of the hydrophobic drugs on MSN in the 

colloidal dispersions when the loading degree exceeds the 50 w/w%. The resdispersibility of 

particles could be improved with the further copolymer coating as presented in Table 1. Especially 

with increased drug loading degrees, the impact of copolymer adsorption on redispersing the MSNs 

becomes significant which is assigned with the decreased PDI values in Table 1 for the 50 w/w% 

and 100 w/w% drug loaded MSNs.  , the highest drug loading degree with/without copolymer 

coating (MSN pred(100w/w%), cop-MSN pred(100w/w%) ) was chosen to be incorporated into ODF 

preparations based on the obtained results from the hydrodynamic size and dispersibility 

investigations 
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Table 1. Comparison of hydrodynamic size, polydispersity index (PDI) and ζ-Potential values of 

MSNs with/without copolymer coatings in DI water and HEPES buffer solution as suspension. 

 

Sample  
Hydrodynamic Radius 

±std.dev. (nm) 
PDI ±std.dev. 

ζ-Potential ±std.dev. 

[mV] 

MSN  
313.7±6.0 0.11±0.03 -23.8±0.4 

MSN pred(20w/w%)  
383.9±10.3 0.14±0.04 -20,9±0,45 

cop-MSN pred(20w/w%) 
417.2±94.8 0.29+0.18 12.3±0.40 

MSN pred(50w/w%) 
1291±224.4 0.23±0.13 -24.4±1.49 

cop-MSN pred(50w/w%)  
484.8±26.1 0,20±0.10 7.16±0.12 

MSN pred(100w/w%) 
374.8±3.99 0.2+0,03 -23.7±0.46 

cop- MSNpred(100w/w%)  
240.9±2.60 0.09±0.023 6.7±0.25 

 

3.2 Properties of ODFs with/without mesoporous silica nanoparticles (MSNs): 

 

The thickness of blank ODFs was within the range of approximately 120 to 130 µm as presented 

in Figure 2 and insignificant thickness changes were observed due to different solvent evaporation 

temperatures. Reduction in thickness of the films was observed compared to the casted thickness 

(500 µm) regardless of the solvent evaporating temperature. 

 
Figure 2. The thicknesses of blank ODFs that treated with solvent evaporation treatments at 

different temperatures. 
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The observed 75% reduction in the thickness of ODFs after solvent evaporation is higher than the 

initially added solvent (i.e. water) portion into the film forming polymer solution. This  reduction  

should be related to the hygroscopic nature of poly(vinyl) alcohol (PVA)- as synthetic polymer that 

is  frequently used in the preparation of sensors to be used in relative humidity measurements.  

(Jang and Han, 2017; Penza and Cassano, 2000; Wang et al., 1997) 

 Solvent evaporation at the elevated temperatures did not affect the thickness of the films 

significantly. However, the drying temperature led to significant changes in the percentage 

elongation of ODFs upon the exerted stretches of the films (as presented in Figure S1). When the 

solvent evaporation was carried out at 80 °C, the elongation of ODF decreased approximately 40% 

compared to film that was dried at RT.  Whereas 4 h drying at 40 ◦C did not lecause  significant 

changes in the elongation percentage at the breaking point. The observed results are in line with 

the literature findings. As presented by Visser et al. the solvent evaporation temperature is 

considered as the principal factor of elongation at break and the values were found to be higher for 

ODFs dried at low temperatures. (Visser et al., 2015)Due to similarities in mechanical properties 

(i.e elongation at break percentage ) between the solvent evaporated films at RT and 40 °C the latter 

temperature was used to optimize the preparation process. 
 

The influence of the MSNs on tuning the disintegration time of the ODFs was investigated after 

the solvent evaporation protocols had been optimized. The composition of the film matrix is 

assigned for determining the disintegration/dissolving time of the films. (Heinemann et al., 2017; 

Krampe et al., 2016; Krull et al., 2016)As seen in Figure 3a, the addition of MSNs shortens the 

disintegration of time of the films. By increasing amount of MSNs from 0.1 w/w% to 0.5 w/w% 

relative to PVA, the disintegration time is shortened to two thirds of the time needed for the blank 

ODF. The reason to this was investigated using x-ray diffraction measurements. The obtained 

diffractograms were used to calculate the crystallinity of the PVA in the prepared ODFs in order 

to ensure whether the presence of MSNs causes any changes in the network of the PVA-based 

ODFs. The estimated crystallinity degree values of PVA films (blank ODF) and 0.5 w/w% MSN 

incorporated ODF  (MSN 0.5 w/w%) did not reveal any significant changes as presented in Fig S2. 

This indicates that the shortening of the disintegration time should be related to the change in the 

dissolution mechanism of the films due to the incorporation of MSNs and MSNs might be acting 

as disintegrating agent. Presumably, when MSNs act as the disintegrating agents in the ODF matrix 

this can promote the break up of the films into small granules thus increase the surface area of the 

films for subsequent disintegration.(Markl and Zeitler, 2017) 

The incorporation of MSNs into ODFs caused the increase of the weight per unit area for ODF.  

However, the thickness of ODFs decreased from 119±5 µm to 109±12 µm with the addition of 0.1 

w/w% MSNs and further decrease to 89±7 µm was observed when the MSNs content was increased 

to 0.5 w/w% MSN in the ODF matrix. This increment in  the weight and reduction of the thickness 

of the films can be related to the alteration of the film density due to the incorporation of MSNs. 

According to estimated values from the thickness and weight/unit area calculations, the values for 

the density of the films changes from 0.21 g/cm3 to 0.28 and 0.35 g/cm3. This can be accepted as 

the successful incorporation of MSNs in the ODFs and indication of possible changes in the 

mechanical properties of the ODFs.  
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Figure 3. a) Disintegration time of ODFs with/without MSNs. b) Thickness (columns) and weight 

per unit area (dots) of the ODFs with/without MSNs.  

 

The puncture strength and the elongation percentage values of the produced ODFs were 

investigated in order to define their mechanical properties. As presented in Figure 3b, with the 

incorporation of an increasing amount of MSNs into ODFs the puncture strength of the films 

gradually increased from 0.59 to 0.76 and finally 0.86 N/mm2 .  This is obviously due to the 

reinforcing properties of MSNs. In the thin film research, the incorporation of nanoparticles into 

film matrices is one of the most commonly used methods which also worked in our 

preparations.(Dafinone et al., 2011; Kundu et al., 2017; Maillard et al., 2012)  However, the 

reinforcement effect is diminished when MSNs were incorporated with the additional copolymer 

coating on MSNs. This can be due to the polymeric interactions between the copolymers on MSNs  

and film forming polymer  which might make the MSNs more alike to film forming network 

compared to bare MSNs or the possible aggregation or uneven distribution of the incorporated 

MSNs in the ODF, since the size of the nanoparticles is known as one of the most important 

parameters that improves the mechanical properties of the polymer nanoparticle 

mixtures.(Kutvonen et al., 2012) In Figure 3b, elongation to break percentage values of ODFs are 

presented. The obtained data show that  the elongation percentage of the films become lower and 

therefore  films become intolerant for any tensile due to the imperfection of the composition or 

obtained polymer-inorganic composite structure of ODFs. 
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Figure 4. Puncture strength(columns) and elongation at break percentage (line) 

 

As mentioned in the literature, the thickness of the film cannot be the only determining factor of 

the mechanical strength of the films. The other excipients and the composition of the film 

formulation have an impact on the mechanical properties of the films. Even though the ODFs with 

0.5 w/w% MSNs was determined to be the thinnest material, it still displayed the highest puncture 

strength value whereas it possessed the lowest elongation to break percentage value. The 

investigated mechanical properties of the ODFs with/without MSNs incorporation presented better 

properties compared to some of the market products which are analyzed in the litaterure and varies  

between 0.08 and 0.36 N/mm2 for the puncture strength and elongation to berak percentage values 

below than 10 % (Preis et al., 2014b) Therefore, MSN incorporated ODFs can assure damage-free 

handling and production.  

After investigating the physical features of the ODFs, a closer look to the surface morphology of 

the films with and without MSN incorporation was carried out by AFM measurements. 

Representative images are shown in Figure 5.  
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Figure 5. A comparison of AFM images (20 µm x 20 µm) of MSN-incorporated ODF surfaces 

with 0.1 w/w% (a) and 0.5 w/w% (b.), as well as copolymer coated MSNs(cop-MSN) embedded 

in ODFs at 0.1 w/w% (d.) and 0.5 w/w% (e.), with a blank reference ODF (c.).  

The blank ODF substrate (Figure 5 C.) appeared to be rather smooth. Some small rising features 

and valleys were seen on the surface. The surface of ODF containing MSN 0.1 w/w% (surface A.) 

was appeared to be very similar to the reference surface, but with a few distinguishable MSNs on 

the surface per 20 µm by 20 µm area (such as the one seen in the middle of Figure 5a). The 0.5 

w/w% was observed to have an increased number of particles located on the surface, as one could 

expect from a coating with an increased concentration of particles. The copolymer-coated MSNs 

were very scarcely observed on the substrate surfaces at a concentration of 0.1 w/w% (Figure 5 d.). 

Larger particle-like features were also seen on the surface, but it remained unclear whether these 

were aggregates of MSN under copolymer coating, or simply features of the underlying film. 

Increasing the coated MSN concentration to 0.5 w/w% (Figure 5e.), more particle aggregates were 

visible (either fully or partially embedded in the coating). Clearly distinguishing embedded 

particles from the reference substrate is difficult for this sample surface as well. The similar 

topology of the blank ODF and the ODFs containing copolymer-coated MSNs can be due to the 

improved interaction between the cop-MSN surfaces and film forming matrix which may lead 

better embedding of the MSNs into ODF.  
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3.3 Drug loading degree of prepared ODFs. 

The content of prednisolone in ODFs could be tuned by changing the form of starting prednisolone 

from free-form to prednisolone-loaded MSN (MSNpred), copolymer-coated MSNpred (cop-MSNpred) 

and mixing the free prednisolone with bare MSN as the excipient (MSN+pred). As clearly seen in 

Figure 6, the prepared films yield low dose formulations in the range of 0.4 µg/mg to 3 µg/mg.  

Fine tuning in the dosing could thus readily be achieved with the aid of the MSN platform, 

facilitating oral drug administration in the case when low dose administrations are needed.  

In the figure 7, the drug incorporation efficiency increased from ~75% to ~100% by changing the 

initial form of prednisolone from free form to prednisolone-loaded MSNs (MSNpred). Even using 

MSN as a mixed-in excipient in the preparations contributed positively to the loading efficiency of 

the drug. The copolymer coating on the MSNs (cop-MSNpred) keeps the incorporation efficiency at 

the same level as non-coated MSNs when the starting drug-loaded MSN amount is 0.1w/w%. This 

observation can be assigned to the capability of copolymer coatings on MSNpred to retain drug 

molecules within the pores via so-called “molecular gate-keeping”, thus assuring a precise dosing 

in the case when every low dosed are need.(Niemelä et al., 2015). Importantly,  the drug 

incorporation efficiency was independent of starting amount. In this way, ODFs for precise low 

dosing can be developed with the aid of MSNs platform as also presented in the preparation of 

successful low dose tablets preparations. (Sun et al., 2018)  

 

Figure 6. Drug content (columns) and drug content efficiency (line).of MSN incorporated ODFs  
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3.4  Drug release from ODFs with/without MSNs 

The drug release profiles of the prepared ODFs was investigated only for the MSNs with the 0.5 

w/w% starting amount. The release profiles of the ODFs with the different prednisolone starting 

forms are shown in Figure 8. The obtained relative drug release vs. time curves revealed that when 

the prednisolone is incorporated in free from, a sustained drug release profile is obtained. Higher 

relative drug release than the actual content was also determined with this preparation, which could 

be due to uneven distribution of prednisolone content in the ODFs. In the case of prednisolone 

incorporation together with MSN mixed in as an excipient, the drug release profile becomes 

extended and almost resembles a zero-order release behavior, whereby only up to 90 % of the all 

drug content could be released after 10 minutes. The observed almost zero-order release behavior 

(green dashed line) could be attributed to the more uniform disintegration pattern of the MSNs 

incorporated ODFs. The successful incorporation of MSNs is envisaged to promote the breaking 

of the ODFs into smaller pieces and by this way higher surface area is obtained for ODFS as 

compared to films without MSNs.  . In the disintegration tests, this breaking down of the films into 

smaller pieces promoted the disintegration time also lead to faster disintegration (Figure 3), 

whereas the prednisolone could still be in the same form as in the case of free prednisolone addition. 

This is indicative of the similar slopes observed in the release curves for free prednisolone in the 

second step (pink line) vs. prednisolone mixed with MSNs in the ODF (green line). The initial 

more rapid release observed for the free prednisolone could be due to more drug accumulating at 

the edges of the film upon drying (c.f. “the coffee ring effect”).  The drug-loaded MSN incorporated 

(MSNpred) ODF preparations yield the immediate release of the drug from ODF with roughly 100% 

release observed already at the first measurement point. As displayed in Figure 8, more than 90 % 

of the drug content could be released in the first 2 minutes when prednisolone is incorporated into 

the films in MSN-loaded form (MSNpred). The observed results on the immediate release of 

prednisolone should be related to the well-known capability of MSNs to enhance the dissolution 

of poorly soluble drugs. (Maleki et al., 2017)This dissolution advantage arises from the 

crystallization inhibitory effect of the nano-sized pores of MSNs that act as reservoirs for the loaded 

drug molecules. In addition to the porous structure of MSN, silica can interact through the hydrogen 

bond with the drug molecules and in case of weak interactions adsorbed compound can be released 

fast as single molecules. Nevertheless, due to the extremely rapid release observed, we do not 

believe that the liquid would have time to penetrate the polymer matrix, subsequently, enter the 

pores and there dissolve the loaded prednisolone. For the non-copolymer coated MSNs, i.e. with a 

completely open pore network, a premature drug release of the drug from the MSNpred during the 

mixing with the film forming a polymer solution is possible. However, as the drug is loaded into 

the pores in an amorphous form, prematurely released prednisolone molecules during the 

incorporation of MSNpred into ODF matrix do not have the possibility to recrystallize inside the 

dense polymer network. Therefore, the drug exists in a molecularly dispersed state in the polymer 

matrix and thus a very rapid release is observed contrary to free drug mixed into the film directly. 

In the case of prednisolone loaded into the copolymer-coated MSNs, the first 4 minutes resembles 

that of non-coated MSNs (purple dotted line) indicating that some drug may have leached during 
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the film incorporation step, while the rest of the drug resides in the mesopores and results in a 

sustained release profile for the last 6 minutes. At the end of the measurement (10 minutes), 85 % 

of the all the drug content has been released. The two-step drug release profile from immediate 

release to sustained release observed for the cop-MSNpred (0.5w/w%) can thus be ascribed to the 

copolymer coating on the MSNpred. Thus, the MSN platform does not only provide low dose 

incorporation on ODF with high efficiency, but it also aids in tuning of the drug release profiles 

from ODFs. 

 

Figure 7. Relative drug release percentage from MSN incorporated ODFs.  

 

4  Conclusion 

In the present study, the potential of MSNs as dissolution enhancer for poorly soluble drug 

formulations of ODFs was investigated. The feasibility of incorporation of MSNs into 

poly(vinyl)alcohol based ODFs was successfully demonstrated. The results showed incorporation 

of MSNs into ODFs has led to changes in the mechanical properties, and the faster disintegration 

time could be due to possible changes in the disintegration mechanism of the ODFs. The use of 

MSNs by embedding approach not only improves the mechanical properties of the produced film 

but also enables opportunities for drug delivery of poorly soluble drugs with more precise dosing 

and high loading efficiency. For instance, preschool kids and even infants can be the target 

population for such dosage forms. The precise tuning of doses at low ranges with the aid of MSN 

incorporated ODFs can enable personalized medications. The MSN platform does not only provide 

low dose incorporation of drugs in ODF with high efficiency, but it  also aids in the tuning of the 

drug release profiles from ODFs. 
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