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ABSTRACT

Orodispersible films (ODFs) might be a promising new form of administration for biopharmaceuticals like influenza vaccine. Biopharmaceuticals have a better storage stability in a dry state. Bringing them in a dry state while maintaining the integrity of the biopharmaceutical can be achieved by freeze-drying in the presence of a sugar or a mixture of sugars. During this research, pullulan was introduced as a stabilizing polysaccharide because of its exceptionally high glass transition temperature (Tg). Also, pullulan is known as an excellent film former in orodispersible films. Therefore, the aim of this research was to design a formulation for freeze-dried orodispersible films containing a biopharmaceutical like influenza vaccine with pullulan as both a film forming agent and a stabilizing sugar for the biopharmaceutical. Earlier research has shown that freeze-drying a protein in the presence of a combination of a polysaccharide and a disaccharide yield a better storage stability than using only a polysaccharide. Also, it was shown that trehalose is a suitable disaccharide for the stabilization of the model protein L-Lactic Dehydrogenase (LDH). Therefore, combinations of trehalose and pullulan in different ratios were tested during this research project. Using only pullulan as a stabilizing excipient increased the storage stability of LDH compared to using no sugar. The more trehalose was added to the mixture, the better the storage stability of LDH but the lower the Tg was. Therefore, a high mass fraction pullulan might be preferred in warm and humid environments to make sure vitrification of the sugar glasses is maintained. A preliminary research was done to find a suitable formulation for ODFs containing pullulan as a film forming agent. A suitable casting solution was designed containing 14% pullulan (w/w) and a surfactant. Trehalose had a plasticizing effect on pullulan but could be added to the casting solution in a concentration up to 14%. From this formulation, pullulan based ODFs were prepared and successfully freeze-dried. These findings are a promising starting point for further research in designing a formulation for freeze-dried ODFs containing a biopharmaceutical like influenza vaccine.  
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1. INTRODUCTION
Orodispersible films (ODFs) have proven to be a promising drug delivery system.1 A well known way to prepare ODFs is via the solvent casting method. In this research department, suitable formulations for preparing ODFs with the solvent casting method have been designed and different active pharmaceutical ingredients (APIs) can be added, for example enalapril and prednisolone.2 A new approach is to prepare ODFs containing a biopharmaceutical, for example influenza vaccine. Vaccines are usually administered via injection, but with ODFs no needles are necessary.3,4 A downside of biopharmaceuticals is that they are sensitive to various conditions like high temperatures and relative humidities with fast degradation of the protein as a result. The stability of proteins can be increased by bringing them in a dry state. In a dry state, the molecular mobility of the protein is strongly decreased and this can slow down degradation tremendously. This makes storage and transport of protein-based biopharmaceuticals less expensive and easier, as the so-called “cold-chain” is not needed anymore.5,6 

One technique to bring a protein in a dry state is freeze-drying. However, freeze-drying will expose the protein to freezing and dehydration stresses and this causes damage to the protein. Therefore, a form of protection is necessary. It has been shown in earlier research that freeze-drying a protein in the presence of sugar molecules is a suitable method to stabilize protein without damaging them. When freeze-dried, the sugar behaves as a physical barrier between the protein molecules thus preventing intermolecular degradation reactions.5,6 
For explaining the stabilization of proteins by freeze-drying in the presence of sugars, two main mechanisms have been described: water replacement and vitrification. During freeze drying, hydrogen bonds between the protein and water molecules are gradually replaced by hydrogen bonds between the protein and hydroxide groups of sugar molecules (water replacement). To be able to do this, the sugar has to be in the amorphous state. During freeze-drying, vitrification occurs: the sugar is transformed into a glass with immobilization of the protein as a result. The sugar has to be and stay in a glassy state during storage so crystallization will not occur. Crystallization leads to mechanical forces that can affect the protein as hydrogen bonds will be broken and vitrification is not maintained. To make sure the sugar stays in a glassy state, it has to have a high enough glass transition temperature (Tg). This is the temperature where a glass converts into a rubber and crystallization can occur. Therefore, the higher the Tg of the sugar, the more stable the sugar glass is. Also, the sugar has to contain no or a limited number of reducing groups because these can react with the protein and start a Maillard reaction.6
In general, the larger a sugar molecule, for example a rigid polysaccharide, the higher its glass transition temperature is. A downside to polysaccharides is that they encounter sterical hindrance and therefore cannot reach all places of the irregular surface of the protein. For a good coating, smaller sugars like disaccharides are preferred. Disaccharides have a relatively low Tg though. In earlier research, a mixture of a disaccharide and a polysaccharide has shown to lead to a good coating of a protein with good physical stability as well.6 Figure 1 shows an illustration of a protein coated with a disaccharide, a polysaccharide and a combination of a di- and polysaccharide.
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Figure 1 Illustration of an uncoated protein (A) coated by a disaccharide (B), a polysaccharide (C) and a combination of a di- and a polysaccharide (D).
For this research, the model protein L-Lactic Dehydrogenase (LDH) was chosen. In earlier research it was shown that LDH is a suitable model protein for storage stability tests with trehalose and dextran 70 kDa as stabilizing sugars. Trehalose turned out to be a suitable disaccharide for coating LDH but the sugar had a relatively low Tg of 122 °C. The polysaccharide Dextran 70 kDa had a Tg of 224 °C but its coating ability was relatively low. A 1:1 (w/w) combination of trehalose with dextran 70 kDa gave good storage stability and the mixture had a higher Tg than trehalose alone, naming 159 °C. In short: an ideal sugar mixture for protein stabilization has to have a high enough Tg to maintain vitrification during storage but also a high enough concentration of a small sugar to fully surround the protein. It is worth mentioning that in this paper, only a dextran:trehalose ratio of 1:1 was tested.6 During this research project, a series of sugar mixtures in different ratios was tested to see what the differences in storage stability of the model protein were. 
In this research project, pullulan is introduced as a possible rigid polysaccharide to stabilize proteins in combination with trehalose. Pullulan has an exceptional high Tg of around 241 °C.7 As mentioned earlier, a suitable sugar has to contain no or a limited number of reducing groups. A pullulan molecule contains one reducing group. Because of pullulans high molecular weight there are few reducing groups per unit of weight. Because pullulan is also known as an excellent film forming agent (more information about this can be found in later paragraphs), the compound is extra interesting for this particular project.1 
The glass transition temperatures of freeze-dried powder formulations containing trehalose, pullulan and mixtures of the two sugars with different ratios were measured with differential scanning calorimetry (DSC). Also, the Tg of the maximally freeze concentrated fraction (Tg’) of the sugars and sugar mixtures was measured. The Tg’ is important for the freeze-drying process. During freeze-drying, the temperature should be as high as possible but it should always be below Tg’ during primary drying to avoid crystallization and collapsing of the cake. If the freeze-drying temperature is too high, no glass will be formed and the protection that the sugar provides for the protein will be lost.5,6
To test the stabilizing properties of pullulan, trehalose and pullulan-trehalose mixtures in different ratios, an LDH solution was combined with a sugar solution and this sample was then frozen and freeze-dried. The storage stability was tested by measuring the remaining integrity of the protein after storing the samples at 60 °C for up to 4 weeks. A comparable test was performed to see if trehalose can be replaced by glycerol. Glycerol is a small molecule (smaller than trehalose) with two hydroxy groups which may form hydrogen bonds with the protein during freeze-drying. Therefore, glycerol possibly has even better protein coating abilities than trehalose. A down side of glycerol is its plasticizing abilities and therefore relatively low Tg. If glycerol is indeed able to coat a protein and increase its storage stability, it might be an interesting compound especially for this research project as glycerol is known as a safe excipient in ODF formulations already.2
As mentioned earlier, pullulan is known as a suitable film-forming compound in orodispersible films.1,7 This characteristic, in combination with its high Tg and hypothesized ability to stabilize LDH, makes pullulan an interesting compound to use as a starting point for finding a formulation suitable for ODFs containing a biopharmaceutical. To find a suitable pullulan based formulation, a preliminary research was done for ODFs containing pullulan as a film-forming agent, preferably freeze-dried. Casting ODFs prior to freeze-drying is comparable to using the solvent casting method, thus first a formulation was designed for pullulan based ODFs prepared with the solvent casting method. Also, trehalose was added to the casting solution to see how this compound changed the viscosity of the mixture and the stickiness of the ODFs. As mentioned earlier, trehalose has a relatively low Tg, so it possibly acts as a noticeable plasticizer in ODFs. During this preliminary research, it was also tested if pullulan based ODFs can be prepared by freeze-drying. Freeze-dried ODFs might be a new form of administration for protein based biopharmaceuticals like vaccines. 
2. MATERIALS AND METHODS 

2.1. Materials
Pullulan was obtained from Hayashibara Co., Ltd. (Okayama, Japan). L-Lactic Dehydrogenase (LDH) from rabbit muscle, hepes, bovine serum albumin (BSA), reduced β-nicotinamide adenine dinucleotide disodium salt hydrate (β-NADH) sodium pyruvate and tert-butanol were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands). Trehalose was obtained from Cargill (Amsterdam, The Netherlands). Sodium hydroxide, sodium dihydrogen phosphate dihydrate and methylene blue were obtained from Merck (Darmstadt, Germany). Benzalkonium chloride 50% and polysorbate 80 (tween 80) were obtained from Bufa (IJsselstein, The Netherlands). Glycerol 85% was obtained from Fagron (Capelle aan den IJssel, Netherlands). The phosphate buffer used for the LDH assay solutions was a 0.1 M solution of sodium dihydrogen phosphate dihydrate adjusted to pH 7.5 with sodium hydroxide. Hepes buffer consisted of 0.05 M Hepes at a pH 7.4.
2.2. Methods

2.2.1. Preparation of the pullulan-trehalose powder formulations

Seven different powder formulations were prepared by freeze-drying LDH in the presence of solutions of sugar mixtures containing trehalose and pullulan in different ratios. First a 5.0 mg/mL LDH solution was prepared by dissolving the protein in Hepes buffer. Homogenizing was done carefully by hand and the suspension was filtered with a 13 mm diameter, 0.2 µm PES syringe filter. Seven 45 mg/mL sugar solutions were prepared by dissolving pullulan and trehalose in water according to table 1.

Table 1 Names, mass fraction pullulan and concentrations of pullulan and trehalose of the sugar mixtures. Total concentration of the solution was always 45 mg/mL and volumes were 2 or 3 mL per solution.
	Mixture
	Mass fraction pullulan
	Concentration pullulan (mg/mL)
	Concentration trehalose (mg/mL)

	PT-100/0
	1 
	45
	0

	PT-83/17
	0,833 
	37,5
	7,5

	PT-67/33
	0,667 
	30
	15

	PT-50/50
	0,5 
	22,5
	22,5

	PT-33/67
	0,333 
	15
	30

	PT-17/83
	0,167 
	7,5
	37,5

	PT-0/100
	0 
	0
	45

	PT-0/0
	0
	0
	0


50 µL of the LDH solution and 50 µL of a sugar solution were pipetted in an Eppendorf tube resulting in a 2.5 mg/mL LDH concentration and a 22.5 mg/mL sugar concentration (protein:sugar = 1:9 (w/w)). Homogenizing was done carefully with the pipet tip. For each sugar mixture, 12 Eppendorf tubes were prepared. All tubes were frozen and then freeze dried in a Christ Epsilon 2-4 freeze-dryer (Salm & Kipp, Breukelen, The Netherlands) which was precooled to -50 °C. The frozen solutions were freeze-dried for 24 hours at a pressure of 0.220 mbar and a shelf temperature of -35 °C. Secondary freeze-drying was done for 24 to 48 hours at 0.050 mbar and 25 °C. Changes in temperature and pressure were gradually applied over a period of one hour. The freeze-dried samples were closed and, in triplicate, kept refrigerated or were left open and kept in a stove at 60 °C for 1, 2 or 4 weeks. These samples were used to perform the enzymatic activity assays described in paragraph 2.2.4. Also, 1 mL of each sugar mixture from table 1 was freeze-dried as described above but without LDH. These powder formulations were used to measure the glass transition temperatures as described in paragraph 2.2.3.

2.2.2. Preparation of the pullulan-glycerol powder formulations

Six different powder formulations were prepared by freeze-drying LDH in the presence of solutions of sugar mixtures containing trehalose and glycerol in different ratios. Preparation of the LDH solution and sugar mixtures was done like described in paragraph 2.2.1., except six 45 mg/mL sugar solutions were prepared by dissolving pullulan and glycerol in water according to table 2. 

Table 2 Names, mass fraction pullulan and concentrations of pullulan and glycerol of the sugar mixtures. Total concentration of the solution was 45 mg/mL and volumes were 3 mL per solution.
	Mixture
	Mass fraction pullulan
	Concentration pullulan (mg/mL)
	Concentration pullulan (mg/mL)

	PG-100/0
	1 
	45
	0

	PG-92/8
	0,917 
	41,25
	3,75

	PG-83/17
	0,833 
	37,5
	7,5

	PG-75/25
	0,75 
	33,75
	11,25

	PG-67/33
	0,667 
	30
	15

	PG-0/0
	0
	0
	0


Preparation and freeze drying of the samples were done as described in paragraph 2.2.1., except 6 Eppendorf tubes per sugar mixture were prepared. The freeze-dried samples were closed and, in triplicate, kept refrigerated or were left open and kept in a stove at 60 °C for 2 weeks.

2.2.3. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was used to determine the glass transition temperature (Tg) of the freeze-dried powder formulations described in paragraph 2.2.1. and table 1. To determine the Tg, samples of 2 to 3 mg of the powder formulations were analyzed in an open aluminum pan. The pan was placed in a Q2000 DSC (TA Instruments, Ghent, Belgium) and preheated for 5 minutes at 80 °C to remove residual water. Subsequently, the sample was cooled to 20 °C and heated to 300 °C at 20 °C per minute. The midpoint of the deflection in the transition step in the thermograph was taken as the Tg. DSC was also used to determine the glass transition temperature of the maximally freeze concentrated solution (Tg’) of the different pullulan-trehalose solutions. Tg’ was determined as described above except samples were about 40 mg, no preheat was performed and the samples were first cooled to -50 °C and then heated up to 50 °C at a rate of 20 °C per minute.

2.2.4 LDH activity assays
The remaining integrity of LDH was measured with an enzymatic activity assay. This assay was performed for all freeze-dried pullulan-trehalose and pullulan-glycerol powder formulations prepared and stored like described in paragraphs 2.2.1. and 2.2.2.
When the integrity of LDH is maintained, it converts pyruvate to lactate in the presence of NADH which is converted to NAD+. This can be measured with a UV spectrophotometer because NADH absorbs light at 340 nm while NAD+ does not. All solutions described in this paragraph were prepared in a freshly prepared 0.01 wt-% BSA solution that was prepared in the aforementioned phosphate buffer. The reaction rates of the samples were linear to the concentration of LDH if the concentration was between 0.05 and 0.25 µg/mL, so the percentage of remaining activity of LDH could be determined with the help of an LDH concentration/reaction rate calibration curve. Therefore, a fresh 2.5 mg/mL LDH solution was prepared by dissolving the protein in the BSA solution. Homogenizing was done carefully by hand and the suspension was filtered with a 13 mm diameter, 0.2 µm PES syringe filter. The solution was diluted 1000 times in two steps to a concentration of 2.5 µg/mL. A series of 6 LDH samples with known concentrations of 0, 0.05, 0.1, 0.15, 0.2 and 0.25 µg/mL was prepared in triplicate. The freeze-dried samples, also in triplicate, were reconstituted in 1 mL BSA solution. These samples were diluted 1250 times in two steps resulting in a protein concentration of 0.2 µg/mL. 50 µL of each sample was added in triplicate to a well of a flat-bottom 96-well plate (Greiner, transparent F-bottom). 100 µL of a freshly prepared 1.2 mM β-NADH solution was added to each well and the plate was incubated at 37 °C for 10 minutes. To start the reaction, 50 µL of a 8 mM sodium pyruvate solution was added to each well and the measurement program was started immediately after. The absorption at 340 nm was measured every minute up to 30 minutes by a Biotek Synergy HT multidetection microplate reader which was preheated to 37 °C. 

2.2.5. Increase of LDH activity after preparing a stock solution 

The LDH samples for the calibration curve, used for the LDH activity assays, were always freshly prepared on the day of the assay. They were not freeze-dried like the powder formulations were. To see if LDH activity increased after dissolving it, a series of LDH samples with known concentration was prepared and analyzed by performing an LDH activity assay every day up to 5 days in a row. One LDH stock solution with a concentration of 2.5 mg/mL was prepared on day 1. This stock solution was kept refrigerated and was used to make a fresh set of samples every day. To do so, the stock solution was diluted with BSA solution 1000 times in two steps to a concentration of 2.5 µg/mL. A series of 6 LDH samples with known concentrations of 0, 0.05, 0.1, 0.15, 0.2 and 0.25 µg/mL was prepared. These samples were analyzed in trifold as described in paragraph 2.2.4. The calibration curve from day 1 was used to calculate the LDH activity on day 2, 3, 4 and 5. 

2.2.6. Preparing the casting solutions

The standard procedure for preparing casting solutions for orodispersible films is described in this paragraph. Quantitative compositions and names of the casting solutions that were prepared are listed in table 3.
Table 3 Quantitative compositions of the casting solutions. Excipients are shown in percentage w/w. Mixtures were filled up to 20 or 30 grams with water.*

	Mixture
	Pullulan (%)
	Trehalose (%)
	Surfactant (%)

	P20T0
	20
	0
	-

	P18T2
	18
	2
	-

	P14T6
	14
	6
	-

	P10T10
	10
	10
	-

	P14T0
	14
	0
	-

	P14T14
	14
	14
	-

	P14T0Bc
	14
	0
	0,15

	P14T14Bc15
	14
	14
	0,15

	P14T14Bc20
	14
	14
	0,2

	P14T7TBA1
	14
	7
	1

	P14T7TBA2
	14
	7
	2

	P14T7TBA5
	14
	7
	5

	P14T0Tw
	14
	0
	0,58

	P14T14Tw
	14
	14
	0,58


*P = Pullulan, T = Trehalose, Bc = benzalkonium chloride, TBA = tert-butanol, Tw = Tween 80. 

Every time a casting solution was prepared, the necessary substances were weighed and transferred to a tared beaker, including a large magnetic stirring bar, with a volume at least four times bigger than the volume of the mixture. Demineralized water was added up to a specific weight (20 or 30 grams), one drop of a methylene blue solution was added and the beaker was covered with parafilm. Methylene blue was added to be able to detect entrapped air bubbles and irregularities in the casting solutions and the ODFs. The mixture was carefully stirred with a magnetic stirrer at room temperature until all the big lumps had disappeared. Then stirring was speeded up as much as the viscosity allowed to a maximum of 1000 rpm for about two hours. Lastly, the mixture was stirred overnight at 100 rpm. If there were entrapped air bubbles visible the next day, the mixture was put in an ultrasonic bath for around 30 minutes or was left overnight again, without stirring. Casting solutions were stored in a beaker covered with parafilm or in a closed glass container at room temperature. Casting solutions containing trehalose were stored refrigerated.
As tert-butanol was solid at room temperature, the bottle containing the compound was headed up with hot water until the compound partly melted. Glass work was warmed up as well.  

2.2.7. Casting, freeze-drying and storing orodispersible films 

The release liner used to cast ODFs on (Primeliner® 410/36, Loparex, Apeldoorn, the Netherlands) was fixed to a film applicator (Erichsen, Hemer, Germany) by vacuum suction and was cleaned with water and ethanol (new pieces of release liner as well). The drying temperature was 30 °C. The casting height of the quadruple film applicator was 1000 μm and casting speed was 10 mm/s. Approximately 2 mL of the casting solution was transferred to the release liner with a 3 mL syringe while making sure no air bubbles were present, followed by letting the bar move as far as the amount of solution allowed. These two steps were repeated as often as necessary. To prevent irregular evaporation, a carton box was placed above the setup. The ODFs were left on the release liner until dry, at ambient relative humidity. The ODFs were dried for two to five hours depending on the mixture that was used.
Mixtures P14T0Tw and P14T14Tw from table 3 were used for ODFs prepared by freeze-drying. The release liner was cut to a rectangle of 25 x 36 cm to fit the freeze-dryer. ODFs were casted on the release liner at room temperature like described above, except the casted ODFs were not dried. Prior to freeze-drying, the freeze-dryer was to -50 °C. An aluminum plate, precooled at -50 °C as well, was used to carefully place the release liner on. The plate was placed back in the freeze dryer to freeze the samples. After about 10 minutes, the freeze-drying program as described in 2.2.1. was started.
After (freeze-)drying, the ODFs were carefully removed from the release liner and, if necessary, punched into small ODFs of 1.8 x 1.8 cm using an Artemio perforator (Artemio, Wavre, Belgium). The air-dried ODFs were stored at room temperature and ambient relative humidity by putting them in a zipper bag. Freeze-dried ODFs were stored at room temperature in a vacuum desiccator with silica to make sure a low relative humidity was maintained. 

2.2.8. Evaluating the casting solutions and ODFs 

As this part of the project was a preliminary research, the casting solutions and orodispersible films were only judged based upon observation unless mentioned otherwise. The casting solutions were evaluated on viscosity, presence of air bubbles and homogeneity. The ODFs were evaluated on shape, uniformity of color, thickness and brittleness.
3. RESULTS AND DISCUSSION
3.1. Glass transition temperature

Figures 2 and 3 show the results of the differential scanning calorimetry. Measurements were done in degrees Celsius but for calculations Kelvin was used. 
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Figure 2 Tg’ values in Kelvin of the different pullulan-trehalose solutions as a function of the weight fraction pullulan.

For a fast freeze-drying process, a drying temperature that is as high as possible without passing the Tg’ is preferred during primary drying. The temperature should not be higher than the Tg’, because then crystallization of the sugar glasses can occur with loss of the sugar coating around the protein as a result. The glass transition temperature of the maximally freeze concentrated fraction (Tg’) of the pullulan-trehalose solutions were between -27.5 °C and -8.4 °C. The Tg’ values of all pullulan-trehalose solutions were higher than the temperature during the primary phase of freeze-drying (which was -35 °C). To optimize the freeze-drying process, the temperature during primary drying can possibly be increased a couple degrees Celsius. 
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Figure 3 Tg values in Kelvin of the different pullulan-trehalose mixtures as a function of the weight fraction pullulan.

After freeze-drying the samples, no collapsed cakes were observed. The Tg of freeze-dried trehalose was 121 °C and that of pullulan was 261 °C. The higher the weight fraction pullulan was, the more Tg increased. A high Tg is preferable as this results in a relatively stable sugar glass. Therefore, when it comes to Tg only, a high pullulan-trehalose ratio is preferred.
For all pullulan-trehalose mixtures only one Tg could be observed in the thermograms, which means pullulan and trehalose were homogeneously mixed on a molecular level. The glass transition temperature of every weight fraction pullulan can be calculated with the Gordon-Taylor equation: Tg,p/t = (wp * Tg,p + k * wt * Tg,t)/(wp + k * wt) where Tg,p/t is the glass transition temperature of the pullulan-trehalose powder formulation in Kelvin, wp is the fraction pullulan and wt is the fraction trehalose with wt = 1 – wp. K is a fitting parameter which was calculated for every pullulan/trehalose sample via Goal Seek in Excel resulting in an average k = 1.56 with a relative standard deviation of 9.04%.

3.2. Storage stability of LDH freeze-dried in the presence of pullulan-trehalose mixtures

Figure 4 shows an example of a calibration curve used to calculate the LDH activity of the samples (data of absorption time curves not shown). All samples were reconstituted and diluted to a LDH concentration of 0,2 µg/mL. For every sample, the slope of the absorption-time curve was calculated. With the formula of the trend line, the LDH concentration of LDH that remained integrity was calculated. From this concentration, LDH activity was calculated as a percentage. Therefore, a sample with fully maintained integrity of LDH corresponds with a LDH activity of 100%.
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Figure 4 Example of a calibration curve used to calculate the LDH activity of the samples. Formula of the trend line: slope = -0,1709x – 0,0015 with x = fraction pullulan relative to trehalose. The coefficient of determination (R2) = 0,99959.
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Figure 5 Storage stability of freeze-dried LDH-sugar formulations after 0, 1, 2 and 4 weeks of storage at 60 °C, presented as the LDH activity as a function of the mass fraction of pullulan in the sugar mixture. 

Figure 5 shows the LDH activity as a function of the mass fraction pullulan of the freeze-dried pullulan-trehalose samples after storage at 60 °C for 0, 1, 2 and 4 weeks. As explained in paragraph 3.2, a calculated LDH activity of 100% means that the integrity of LDH was fully maintained. Therefore, an activity above 100% is theoretically not possible, but as seen in figure 5, LDH activities up to 120% were calculated. More information and research on this can be found in paragraph 3.4. Figure 6 shows the same results as presented in figure 5, but LDH activity was calculated as a percentage relative to the LDH activity measured immediately after freeze-drying (at T=0). Figure 7 shows the storage stability of freeze-dried LDH samples containing no trehalose or pullulan. 
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Figure 6 Storage stability of freeze-dried LDH-sugar formulations relative to the storage stability at T0. LDH activity after 1, 2 and 4 weeks storage at 60 °C is shown as a function of the mass fraction of pullulan in the sugar mixture.
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Figure 7 Storage stability of the freeze dried PT-0/0 formulation (containing only LDH) with activity at 0 weeks set at 100%. 

The LDH activity of the PT-0/0 formulation after 4 weeks was 11%. The LDH activity of the PT-100/0 formulation after 4 weeks was 51%. This is an indication that pullulan is able to coat the model protein LDH and thereby increase its storage stability. It is worth mentioning that the temperature during storage was 60 °C. These are extreme conditions. As seen in figure 6, the storage stability of LDH increases if the mass fraction pullulan decreases. In other words: the more trehalose is present in the sugar mixture, the better the storage stability of LDH is. These findings match the hypothesis described in the Introduction as trehalose is a small disaccharide and can reach almost all places on the irregular surface of the protein. Pullulan is a bulky polysaccharide and therefore cannot fully coat a protein molecule like trehalose can. For a high storage stability, a low mass fraction pullulan is preferred. Storage was done at low relative humidity though. A higher relative humidity will lower the glass transition temperature of the sugar mixtures and crystallization will occur faster. Therefore, sugar mixtures with a high Tg will be more suitable at higher relative humidities than sugar mixtures with a lower Tg. In other words: sugar mixtures with high mass fraction pullulan will be preferred to make sure the freeze-dried sample maintains its glassy state. To do research on this hypothesis, dynamic vapor sorption can be used to measure at what relative humidity the sugar mixtures will lose there glassy state.
3.3. Storage stability of LDH freeze-dried in the presence of pullulan-glycerol mixtures

After 2 weeks storage at 60 °C, the pullulan-glycerol samples were slightly yellowish of color. The higher the amount of glycerol in the samples, the more yellow the samples were. Also, these samples were slightly less voluminous compared to samples that did not contain glycerol. This might be an indication that the cakes were (locally) collapsed. 

Table 4 LDH activity of the freeze-dried powder formulations after 0 and 2 weeks of storage at 60 °C.
	Mixture
	LDH activity at T0 (%)
	LDH activity at T2 (%)

	PG-67/33
	91,98
	1,17

	PG-75/25
	93,01
	10,92

	PG-83/17
	90,06
	37,48

	PG-92/8
	88,72
	47,99

	PG-100/0
	83,06
	49,17

	PG-0/0
	91,08
	27,13


Names of the mixtures correspond with table 2. T0 = samples stored at 60 °C for 0 weeks, T2 = samples stored at 60 °C for 2 weeks.

Table 5 LDH activity of the freeze-dried powder formulations after 2 weeks of storage at 60 °C relative to the LDH activity at T0

	Mixture
	LDH activity at T0 (%)
	LDH activity at T2 (%)

	PG-67/33
	100
	1,24

	PG-75/25
	100
	11,77

	PG-83/17
	100
	40,95

	PG-92/8
	100
	54,13

	PG-100/0
	100
	59,23

	PG-0/0
	100
	28,82


Names of the mixtures correspond with table 2. T0 = samples stored at 60 °C for 0 weeks, T2 = samples stored at 60 °C for 2 weeks.

Table 4 shows the LDH activity of the freeze-dried pullulan-glycerol samples immediately after freeze-drying and after storage at 60 °C for 2 weeks. Table 5 shows the same results, but LDH activity was calculated as a percentage relative to LDH activity measured immediately after freeze-drying (at T=0). 
The higher the mass fraction pullulan of the mixture was, the higher the corresponding LDH activity was. Also, the LDH activity at T=2 of mixtures PG-67/33 and PG-75/25 were lower than the LDH activity of PG-0/0. Glycerol might be able to coat the model protein like described in the Introduction, but during storage at 60 °C the sugar glass formed during freeze-drying was probably lost. The physical stability of glycerol is not high enough to remain vitrification with a decrease of the integrity of LDH as a result. 
3.4. Increase of LDH activity after preparing a stock solution 

Figure 8 shows the LDH activity of a set of LDH solutions with increasing concentration. Day 1 corresponds with the day the LDH stock solution was prepared. A calibration curve similar to the one in figure 4 was prepared on day 1. This calibration curve was used to calculate the LDH activity on day 2, 3 and 5 as well. 
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Figure 8 LDH activity of a series of concentrations diluted from the LDH stock solution prepared on day 1.

As explained earlier, a calculated LDH activity of 100% means that the integrity of LDH was fully maintained. Therefore, an activity above 100% is theoretically not possible, but as seen in figure 5, LDH activities up to 120% were calculated. The reason for these results might be caused by a difference in preparing the tested samples and the samples used to calculate the calibration curve. The LDH in the tested samples was dissolved, filtered, mixed with the sugar solution and then freeze-dried. The LDH in the calibration samples were freshly prepared on the day of the assay and they were not freeze-dried. The test described in 2.2.5. was performed to find out if the activity of LDH changes after preparation of the calibration samples. The LDH activity of the stock solution increased from day 1 to day 2 and 3. The results from day 4 are not shown in figure 8 due to inconsistent results which were presumably caused by a pipetting error. The LDH activity on day 5 was slightly but significantly lower than LDH activity on day 3 (p < 0.05), which is probably due to LDH slowly losing its integrity due to degradation. On day 1, the activity of the LDH samples was comparable to the calibration curve in figure 4. On day 2 and 3, the activity of the LDH samples increased up to around 80% higher than the activity on day 1. For this reason, the measured LDH activities in figure 5 are not quantitatively correct. However, the LDH activity of the freeze-dried samples stored for different periods of time at 60 °C can be compared to each other. Therefore, the activity of the formulations is expressed as a percentage of the activity at T=0 in figure 6 and 7.

3.5 Finding a suitable pullulan based casting solution for orodispersible films

The previous paragraphs show that a combination of pullulan and trehalose is a promising mixture for stabilizing LDH and maybe also for stabilizing other protein and biopharmaceuticals. As mentioned earlier, pullulan is an excellent film former. In the following part of this chapter, the results of the experiments from paragraphs 2.2.6. to 2.2.8. are discussed.

3.5.1. Viscosity of the mixtures

A suitable pullulan concentration in the casting solution is important for a suitable viscosity for casting. A suitable casting solution is viscous enough to prevent the ODFs from spreading and not too viscous because casting the solution will become impossible and entrapped air bubbles will not disappear. Aside from pullulan, trehalose was included in these experiments as it was expected that trehalose would increase the viscosity. The first four pullulan-trehalose mixtures in table 3 contained 10 – 20% of both compounds with a total concentration of 20%. It was found that the more pullulan and the less trehalose was present in the mixture, the more viscous the mixture was, so mixture P20T0 was the most viscous and mixture P10T10 was the least viscous. The 20% pullulan mixture (P20T0) was too viscous to cast easily and contained entrapped air bubbles. Mixture P14T6 yielded the nicest viscosity. It can be concluded that both pullulan and trehalose increase viscosity with pullulan influencing the viscosity the most. With these results in mind a concentration of 14% pullulan was chosen with trehalose concentrations of 0 – 14%. To test if these concentrations result in a mixture of suitable viscosity, mixtures P14T0 and P14T14 were prepared. Both mixtures were of suitable viscosity, so it can be expected that trehalose concentrations in between those two extremes yield good viscosities as well. These findings are supported by earlier research where a pullulan concentration of 13% was used for the casting solution, enhanced with around 5% of other excipients.
3.5.2. Testing surfactants

All mixtures containing just pullulan and trehalose (the first six mixtures from table 3) were casted to see if these mixtures yielded suitable orodispersible films. All ODFs were homogeneous in color and dried in around 3 hours. The more trehalose the mixtures contained, the more flexible the ODFs from the mixtures were. ODFs from mixture P10T10 were slightly sticky and were somewhat difficult to remove from the release liner. Trehalose acts as a plasticizer for pullulan due to its relatively low Tg. This corresponds with the results from the storage stability tests. Aside from these observations, it was found that the ODFs contracted immediately after casting them on to the release liner. Therefore, a surfactant was added to the mixtures. Three possible surfactants were tested: benzalkonium chloride, tert-butanol and Tween 80. The ODFs casted from mixture P14T0Bc did not contract, but the ODFs from mixture P14T14Bc did. When the benzalkonium chloride concentration was increased from 0,15 to 0,2%, the ODFs did not contract. The reason for the need of a higher concentration of surfactant could be the higher concentration of solid compounds in the casting solution. Tert-butanol (TBA) was tested as a surfactant as well. ODFs from mixture P14T7TBA1 and P14T7TBA2, containing 1 and 2% of TBA respectively, contracted. The concentration was increased to 5% and ODFs from this mixture (P14T7TBA5) did not contract. Also, it is worth mentioning that TBA is slightly difficult to work with in comparison to benzalkonium chloride and Tween 80. TBA is toxic and has to be handled in a fume hood. Also, it is a solid at room temperature. Because TBA is a toxic compound, it is not suitable as a surfactant in air dried ODFs but it might be suitable for freeze-dried ODFs as the compound possibly sublimates during the freeze-drying process. Tween 80 is a well known surfactant for casting solutions in a concentration of 0,58%.7 The air dried ODFs from mixtures P14T0Tw and P14T14Tw did not contract, which is an indication that Tween 80 is a suitable surfactant for pullulan based ODFs. Because Tween 80 was the easiest surfactant to work with and mixtures with Tween 80 yielded the nicest ODFs, this surfactant was chosen to work with during the rest of this research project. 

3.6. Freeze-dried orodispersible films
The pullulan trehalose mixtures containing Tween 80 as a surfactant (mixtures P14T0Tw and P14T14Tw from table 3) were used for preparing ODFs by freeze-drying. The orodispersible films from this experiment were white to light blue and inhomogeneous in color. They were thicker and more brittle than air dried ODFs and somewhat looked and felt like styrofoam. During freeze-drying the release liner bended so the freeze-dried ODFs were slightly bended as well. A disadvantage for freeze-dried ODFs is that they are porous and tear relatively easy. However, due to their porous structure, freeze-dried ODFs possibly have a short disintegration time.
The results from this preliminary research can be used as a starting point for further research on biopharmaceuticals in orodispersible films, possibly prepared by freeze-drying. Also, in the Appendix, more results from experiments performed during this preliminary research can be found. These might be useful if this research is continued in the future.

4. CONCLUSIONS 
This chapter sums up the most important conclusions that can be drawn from this research project. It was found that the glass transition temperature of freeze-dried pullulan-trehalose powder formulations increases as the mass fraction pullulan increases. Pullulan works as a stabilizer for the model protein LDH. Adding trehalose increases the storage stability of LDH, however this might be different at higher relative humidities as trehalose acts as a plasticizer for pullulan. Also, it was found that glycerol is not fit as an LDH stabilizing excipient. During the preliminary research for pullulan based ODFs, it was found that a suitable casting solution contains 14% pullulan and a surfactant. Trehalose worked as a plasticizer for pullulan yielding slightly sticky but acceptable ODFs. Preparing pullulan based ODFs by freeze-drying was performed successfully. These findings are a promising starting point for further research to design a formulation for freeze-dried ODFs containing a biopharmaceutical like influenza vaccine. 
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APPENDIX

Table A Tg and Tg’ of pullulan-trehalose sugar mixtures

	Mixture
	Tg (°C)
	Tg’ (°C)
	Tg (K)
	Tg’ (K)

	PT-100/0
	261.04
	-8.42
	534,19
	264,73

	PT-83/17
	215.61
	-11.51
	488,76
	261,64

	PT-67/33
	186.90
	-13.24
	460,05
	259,91

	PT-50/50
	162.62
	-19.00
	435,77
	254,15

	PT-33/67
	144.78
	-20.40
	417,93
	252,75

	PT-17/83
	131.04
	-22.18
	404,19
	250,97

	PT-0/100
	122.12
	-27.49
	395,27
	245,66


Table B Example for a calibration curve used to calculate LDH activity

	LDH concentration (µg/mL)
	Slope of the absorption time curves

	0
	-0,001714

	0,05
	-0,009785

	0,1
	-0,01818

	0,15
	-0,02724

	0,2
	-0,03607

	0,25
	-0,04394


Table C LDH activity of the freeze-dried powder formulations after 0, 1, 2 and 4 weeks of storage at 60 °C

	Mixture
	LDH activity at T0 (%)
	LDH activity at T1 (%)
	LDH activity at T2 (%)
	LDH activity at T4 (%)

	PT-100/0
	123,52
	117,37
	127,89
	120,87

	PT-83/17
	118,85
	112,15
	119,47
	117,82

	PT-67/33
	115,27
	106,77
	107,39
	106,71

	PT-50/50
	111,22
	102,54
	103,76
	95,80

	PT-33/67
	115,89
	97,22
	95,27
	86,16

	PT-17/83
	111,55
	95,49
	85,62
	76,83

	PT-0/100
	116,09
	81,09
	71,25
	59,29

	PT-0/0
	121,19
	103,07
	21,63
	13,84


T0 = samples stored at 60 °C for 0 weeks, T1 = samples stored at 60 °C for 1 week etcetera.

Table D LDH activity of the freeze-dried powder formulations after 1, 2 and 4 weeks of storage at 60 °C relative to the LDH activity at T0

	Mixture
	LDH activity at T0 (%)
	LDH activity at T1 (%)
	LDH activity at T2 (%)
	LDH activity at T4 (%)

	PT-100/0
	100
	95,31
	103,54
	97,85

	PT-83/17
	100
	94,37
	100,52
	99,14

	PT-67/33
	100
	92,63
	93,16
	92,58

	PT-50/50
	100
	92,20
	93,29
	86,13

	PT-33/67
	100
	83,89
	82,20
	74,34

	PT-17/83
	100
	85,60
	76,76
	68,87

	PT-0/100
	100
	69,85
	61,38
	51,07

	PT-0/0
	100
	85,05
	17,85
	11,42


T0 = samples stored at 60 °C for 0 weeks, T1 = samples stored at 60 °C for 1 week etcetera.

Table E LDH activity of the freeze-dried powder formulations containing only LDH

	Time of storage at 60 °C (weeks)
	LDH activity as measured (%)
	LDH activity relative to 0 weeks storage at 60 °C (%)

	0
	121,19
	100

	1
	103,07
	85,05

	2
	21,63
	17,84

	4
	13,84
	11,42


Useful results from other experiments performed during preliminary research
Casting solutions with 14% pullulan, 0.58% Tween 80 and 2.8, 7 and 14% glycerol were prepared and ODFs were casted. ODFs with 2.8% glycerol were comparable to ODFs without 2.8% glycerol. The more glycerol was added, the stickier the ODFs were with 7% glycerol still yielding acceptable ODFs but ODFs with 14% glycerol were impossible to remove from the release liner without permanently damaging them. These results were excluded because as described in paragraph 3.3 glycerol does not work as a stabilizing excipients for LDH and further research on this subject was discontinued.
After freeze-drying, the release liner and therefore the freeze-dried ODFs were bended. This makes punching the ODFs more difficult as they tear easily during handling. It was tested if using a glass plate in stead of the standard release liner was a suitable alternative. After freeze-drying, the ODFs casted on a glass plate were not beneden, but they were impossible to remove without damaging them permenantly. 
It is important to clean the release liner before use with water and ethanol, new pieces as well. If a new piece is not cleaned prior to casting ODFs, contraction of the ODFs will be strongly increased. Contraction is least visible when ODFs are casted on glass, due to the hydrofility of glass. This might be a useful approach for preparing air-dried ODFs, especially if contraction is a problem.
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