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1. INTRODUCTION 

Dopamine precursors – such as levodopa (LD) and levodopa methyl ester hydrochloride 

(LDME) – are considered first-line treatments for Parkinson’s disease (PD). The LDME 

tends to convert to LD in the peripheral circulation, which can pass through the blood–brain 

barrier into the central nervous system, where it converts to dopamine. It can compensate for 

the dopamine deficiency, the major consequence of PD leading to the improvement of the 

symptoms. The LD-containing formulations are widespread, they are mostly taken orally as 

a tablet but both intestinal gels and a pulmonary powder are also available on the market. 

Oral administration of LD leads to off periods which can be grouped into three types: 

wearing off, delayed on and no on periods. As they develop because of different 

pharmacokinetic reasons, they demand different formulation strategies. 

The preparation of novel, innovative dosage forms, like microparticles, becomes more and 

more remarkable as they might have improved pharmacokinetic properties due to controlling 

the drug release. Microparticles can be formulated in two ways: by either bottom-up or top-

down techniques. The co-milling of an active pharmaceutical ingredient (API) with an 

excipient is advantageous because the microparticles can reduce the particle size of each 

other. Mesoporous silica (MPS) can be loaded with drug and the release can be controlled 

by the surface properties of the matrix and the API-matrix interactions. 

The significance of alternative delivery routes (intranasal, pulmonary) has a high impact 

nowadays. The intranasal formulations can provide a higher bioavailability compared to oral 

drug delivery owing to avoidance of the hepatic first-pass effect, short onset and high extent 

of vascularization. On the other hand, short residence time, low permeability in the case of 

hydrophilic drugs, stability issues and limited dose must be taken into consideration. Most 

of these issues can be managed by using micronized nasal powders instead of liquid dosage 

forms. The intranasal delivery of a dopamine precursor API can be used as an emergency 

complementary treatment besides the oral one to reduce the delayed on periods. The oral 

dosage forms are well-explored but the release prolongation of a dopamine prodrug can help 

to reduce the wearing off periods. 

Abbreviations: API – Active pharmaceutical ingredient; α-CD – α-cyclodextrin; CH – Chitosan; CMA – Critical Material 

Attribute; CPP – Critical Process Parameter; CQA – Critical Quality Attribute; DSC – Differential scanning calorimetry; 

HPLC – High performance liquid chromatography; HPMC – Hydroxypropyl methylcellulose; LD – Levodopa; LDME – 

Levodopa methyl ester hydrochloride/melevodopa hydrochloride; MAN – D-mannitol; MPS – Mesoporous silica; NaHA – 

Sodium hyaluronate; PD – Parkinson’s disease; PVA – Poly(vinyl alcohol); PVP – Polyvinylpyrrolidone; QbD – Quality 

by Design; QTPP – Quality Target Product Profile; RA – Risk Assessment; SEM – Scanning electron microscopy; SYL-0 

– Syloid® XDP 3050; SYL-1 – Hydrophobized SYL-0 with 10 mM TMCS; SYL-2 – Hydrophobized SYL-0 with 20 mM 

TMCS; SYL-0 – Summary abbreviation of SYL-0, SYL-1 and SYL-2; TMCS – Trimethylchlorosilane; XRPD - X-ray powder 

diffractometry 
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2. AIMS OF THE WORK 

This Ph.D. work aimed to prepare novel, innovative, dopamine prodrug (LD, LDME)-

containing micronized solid intranasal and oral dosage forms which can be used as a 

substitution or a complementary therapy to the conventional oral LD administration via 

controlling the drug release. The research work was planned to construct according to the 

following steps: 

I) A detailed literature review was planned to find the unexplored areas in the literature on 

the field of development of dopamine prodrug-containing formulations for alternative and 

conventional drug delivery. 

 II) Using the results of the detailed literature review and the pre-experiments of LD- and 

LDME-containing micronized systems, the Quality Target Product Profile (QTPP), the 

Critical Quality Attributes (CQAs) and the Critical Process Parameters (CPPs)/Critical 

Material Attributes (CMAs) were intended to define to construct experimental designs for 

both nasal delivery of LD and oral delivery of LDME according to the Quality by Design 

(QbD) approach. 

III) The nasal powders were planned to prepare by co-milling binary powder mixtures 

comprising LD and an excipient with either mucoadhesive, absorption enhancer or 

humectant properties according to an experimental design to optimize the physicochemical 

and pharmaceutical technological properties. A further aim was the prioritization of the 

products based on mean particle size, crystallinity, in vitro drug release rate and stability to 

prepare stable formulations with immediate release. 

IV) The research also aimed to prepare LDME-containing hydrophobized MPSs for oral 

administration. In this part of the work, our purpose was to prepare stable formulations with 

zero-order drug release kinetics and extended release according to an experimental design 

that was determined on QbD basis. We planned to evaluate the effect of of hydrophobization 

extent and drug loading into a silica carrier on physicochemical properties, stability and in 

vitro drug release. Our plans included the investigation of the crystallized drug properties to 

discover presumable polymorph forms. 

V) After the evaluation of the results of the optimization process, we intended to suggest 

optimized nasal and oral formulations, which are potentially capable of reducing the delayed 

on or wearing off periods. 
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3. MATERIALS AND METHODS 

3.1. Materials  

3.1.1. Active pharmaceutical ingredients (APIs) 

Levodopa (LD) was obtained from Hungaropharma Ltd. (Budapest, Hungary), levodopa 

methyl ester hydrochloride/melevodopa hydrochloride (LDME) was bought from the Merck 

Ltd. (Darmstadt, Germany). 

3.1.2. Excipients and other materials 

Chitosan (Mw = 3,800 – 20,000 Da) (CH), α-cyclodextrin (α-CD), METHOCEL™ K4M 

hydroxypropyl methylcellulose (HPMC), poly(vinylpyrrolidone) K25 (PVP), poly(vinyl 

alcohol) (Mw ≈ 24,000 Da) (PVA) and D-mannitol (MAN) were obtained from Merck Ltd. 

(Darmstadt, Germany). Sodium hyaluronate (NaHA) (Mw = 1,400 kDa) was donated from 

Gedeon Richter Plc. (Budapest, Hungary). Syloid® XDP 3050 (SYL-0) was manufactured 

and kindly provided by Grace Materials Technologies (Grace GmbH, Worms, Germany).  

For LDME-loaded MPSs, n-hexane and trimethylchlorosilane (TMCS) were purchased from 

Merck Ltd. (Darmstadt, Germany). For buffer preparation, hydrochloride acid, monosodium 

phosphate, potassium dihydrogen orthophosphate and 85 % w/w phosphoric acid were also 

obtained from Merck Ltd. (Darmstadt, Germany). Potassium hydroxide and methanol were 

purchased from VWR International Ltd. (Radnor, PA, USA). 

3.2. Methods 

3.2.1. The QbD approach for the development of formulations 

The first step of pharmaceutical development with the help of the QbD approach involves 

the retrospective determination of the QTPP of the target product. These properties of the 

product from the aspect of therapeutic use (indication, efficacy, safety, route of 

administration, sterility, stability, etc.). It is directly influenced by the CQAs of the products, 

i.e. the physical, chemical and microbiological properties that influence the safety and 

efficacy of the product, which are appropriate in a certain range. The next step is to develop 

the knowledge space, which can be used to define the critical factors (production process 

parameters and the characteristics of the starting materials) that have a decisive influence on 

our production process or the properties of the products so that the process is optimized to 

produce a product with the appropriate CQAs. Thus, the production parameters: CPPs and 

the properties of the starting API(s) and excipient(s): the CMAs should be defined. This 

process is called Risk Assessment (RA). During the RA, we also take severity, occurrence, 

or uncertainty of the given risk into account to establish a priority order among the CQAs 

directly influencing the QTPP and the CPP/CMAs directly influencing the CQAs, i.e. the 

CPPs and CMAs can be used to indirectly control the QTPP. Several quality tools can be 
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used for knowledge space development and RA, such as Ishikawa diagram, flowchart, 

decision tree, Pareto diagram and so on. The QbD approach can be applied for formulations 

of both nasal and oral delivery. 

3.2.2. Co-milling of LD-containing binary mixtures 

2.00 g of LD-excipient binary mixtures were co-ground (Table 1.) in a planetary ball mill 

(Retsch PM-100 MA, Retsch GmbH, Haan, Germany) for a maximum of 90 min using 10 

stainless steel milling balls with a diameter of 8 mm in a 50 ml milling chamber, the mean 

particle size was determined with laser diffraction (Malvern Mastersizer Scirocco 2000; 

Malvern Instruments Ltd., Worcestershire, UK). The LD:excipient combinations were 

selected for more detailed analysis which satisfied the requirements of particle size and 

crystallinity. 

Table 1. The excipients used to formulate binary nasal powders with LD and the parameters 

of experimental design constructed based on the QbD-based initial RA 

Excipient 
Drug:additive mass 

ratio 
Milling time (min) Rotational speed (rpm) 

CH 50:50; 

66.67:33.33 

60; 

90 

300; 

400 NaHA 

α-CD 

30:70; 

50:50; 

70:30  

15; 

30; 

45; 

60 

400 

HPMC 

PVP 

PVA 

MAN 

The goal of the optimization regarding the D50 value was to reach the 5-45 µm range. As a 

result of co-grinding, LD-excipient microparticles were formed and due to the mechanical 

impact, interactions could be formed between the materials. 

3.2.3. The hydrophobization of the MPS 

Experimental results reported in the literature showed that water plays a key role in the 

silylation reactions, therefore the adsorbed water content of the silica surface needed to be 

standardized before the reaction. The adsorbed water content of SYL-0 was standardized in 

a climate chamber (KKS TOP+, Wodzisław Śląski, Poland) at 40 °C and relative humidity 

of 75 % for at least 3 days to reach the equilibrium. The silylation reaction was performed 

at 25 °C. 200 mg of SYL-0 was dispersed in 20.0 ml of n-hexane in a pre-hydrophobized 

capped glass vial with a volume of 40 ml. TMCS was added to the dispersion at a 
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concentration of 10 mM (to provide the SYL-1 derivative with moderate wettability) or 20 

mM (to provide the SYL-2 derivative with poor wettability). The reaction mixtures were 

stirred by magnetic stirring bars at 700 rpm for 2 hours, then the solids content was obtained 

through filtration on a regenerated cellulose membrane with a pore size of 0.45 µm 

(Whatman™, GE Healthcare Sciences, UK) and the washing with 3×15 ml of n-hexane. 

3.2.4. Loading of the MPS 

For the loading process, a BÜCHI Rotavapor R-125 equipment (BÜCHI Labortechnik AG, 

Flawil, Switzerland) was used. A certain amount of LDME (mLDME = 25.0 or 62.5 or 100 

mg) was dissolved in 5.00 ml of methanol in a round-bottom flask. Thereafter, SYL-0,  

SYL-1, or SYL-2 was dispersed in the solution according to the planned SYL:LDME mass 

ratio in the products (Table 2.). The sum of the mass of the dissolved LDME and dispersed 

SYL was around 500 mg in each case. Methanol was evaporated at 50 °C and 135 mbar 

pressure. The applied rotation speed was 120 rpm. Due to the rotation, the dispersion 

remained homogenous during the process. The resulting dry powder was stored in a freezer. 

The LDME and the given SYL were mixed and homogenized in a Turbula® blender mixer 

(Turbula System Schatz; Willy A. Bachofen AG Maschinenfabrik, Basel, Switzerland) using 

60 rpm for 10 minutes to prepare physical mixtures. These powders were used as a reference 

in the measurements. 

Table 2. The 32 full-factorial design constructed based on the QbD-based initial RA to 

prepare SYLs loaded with LDME 

(mM) TMCSc LDME mass ratio Abbreviation: SYL-X-Y 

0 

5.00:95.0 SYL-0-5 

12.5:87.5 SYL-0-12.5 

20.0:80.0 SYL-0-20 

10 

5.00:95.0 SYL-1-5 

12.5:87.5 SYL-0-12.5 

20.0:80.0 SYL-0-20 

20 

5.00:95.0 SYL-2-5 

12.5:87.5 SYL-2-12.5 

20.0:80.0 SYL-2-20 

3.2.5. Particle size analysis with laser diffraction 

The mean particle size of the co-ground products was characterized by the D50 value which 

was determined by a Malvern laser diffractometer (Malvern Mastersizer Scirocco 2000; 

Malvern Instruments Ltd., Worcestershire, UK).  

3.2.6. X-ray powder diffractometry (XRPD) 

The X-ray diffractograms were recorded with a Bruker D8 Advance diffractometer (Bruker 

AXS GmbH, Karlsruhe, Germany) with Cu Kα (λ= 1.5406 Å) and VANTEC-1 detector. The 
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samples were scanned at 40 kV voltage and 40 mA amperage. The angular range was 

between 3-40 or 5-40 ° (2θ), the increment was 0.007 ° and the step time was 0.1 s. The 

samples were placed in a quartz holder at ambient temperature and relative humidity. The 

Kα2 radiation was stripped from the diffractogram, background correction, smoothening and 

evaluation were performed with DIFFRACTPLUS EVA software.  

3.2.7. Scanning electron microscopy (SEM) 

The morphology of the products was evaluated by a Hitachi S4700 scanning electron 

microscope (Hitachi Scientific Ltd., Tokyo, Japan) applying 10 kV acceleration voltage and 

10 µA amperage. The samples were coated (90 s) with gold-palladium in a high vacuum 

evaporator by sputter coater. 

3.2.8. Fourier transform infrared spectroscopy (FT-IR) 

The mid-IR spectra of the samples (homogenized in 0.15 g KBr disks) were recorded in the 

spectral range of 400-4000 cm-1 with an AVATAR 330 FT-IR spectrometer (Thermo 

Nicolet, Unicam Hungary Ltd., Budapest, Hungary). The spectral resolution was 2 cm-1 and 

128 scans were performed. OriginPro 8.6 software (OriginLab Corporation, Northampton, 

USA) was used for the spectral analysis. During sample preparation, the pressure was 10 

tons and the diameter of the pressings was 13 mm; a Specac® Hydraulic Press was used. It 

was used for the evaluation of hydrophobization reaction and the secondary interactions 

between the API and the excipient. 

3.2.9. Contact angle measurements 

The apparent contact angle of MPSs (Θ) was measured with an OCA 20 Optical Contact 

Angle Measuring System (Dataphysics, Filderstadt, Germany). The powder was compressed 

under a pressure of 3 tons by a Specac® hydraulic press (Specac Inc., USA). The contact 

angle of the pastilles was determined by using bi-distilled water test liquid at 25 °C. The 

volume of water droplets was 4.3 µl. 

3.2.10. Differential scanning calorimetry (DSC) 

3-5 mg samples were measured with Mettler-Toledo DSC-821e equipment (Greifensee, 

Switzerland). The samples were placed in a sample holder made from aluminium. The 

products were investigated in the temperature range of 25-350 °C with a heating rate of 

10 °C/min. Each sample was normalized to the sample mass. The DSC curves were 

evaluated with STARe software. 

3.2.11. In vitro release studies 

The release studies of nasal powders were performed in conditions corresponding to the 

nasal environment (30-32 °C, pH=5.60) while it was kept stirring. The volume of the 

dissolution medium was adjusted to 50 ml and 5 ml of samples at predetermined times (5, 

10, 15, 30 min) and filtered immediately (syringe filter: Minisart SRP 25, Sartorius, 
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Göttingen, Germany; pore size: 0.2 μm) and the amount of dissolved drug was determined 

spectrophotometrically (PerkinElmer, Lambda 20 spectrophotometer, Dreieich, Germany). 

After sampling, it was replaced with 5 ml fresh dissolution medium. Taking the dilution into 

consideration, the dissolution profile and kinetics of each binary mixture were determined. 

In the case of the SYL-containing samples, the dissolution tests of the API were performed 

in a Hanson SR8 Plus release device (Hanson Research, CA, USA) in 100 ml of pH=6.8 

phosphate buffer at 37 °C corresponding to the environment in the intestines. The stirring 

rate of the simple paddle was set at 100 rpm. 3 ml of samples were taken at predetermined 

time intervals (at 5, 10, 15, 30, 60, 90, 120, 180, 240, 300 min) and the volume was replaced 

with 3 ml of fresh dissolution medium. Prior to the measurements, 90 mg of the binary 

system (containing SYL loaded with LDME) was filled into a hard gelatine capsule (capsula 

operculata 00, Molar Chemicals, Budapest, Hungary). The capsule was placed in a seamless 

cellulose dialysis tubing (Merck Ltd, Darmstadt, Germany).  

The release kinetics from the products was determined. The fitting of the results was tested 

with zero order, first order, Higuchi, Korsmeyer-Peppas model and Hixson-Crowell cube 

root law. The model for the fitting with the largest R2 was accepted as the release kinetics. 

Dissolution can also be described by a saturation curve; thus the following equation can be 

used: 

𝑚𝐴𝑃𝐼,𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑

𝑚𝐴𝑃𝐼 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
=

𝑎 ∗ 𝑡

1 + 𝑏 ∗ 𝑡
 

where time is t (min) and we look for parameters a (1/min) and b (1/min), by which the 

equation the most closely fits the measured points. It is advantageous to use this equation 

because it is model-independent and when the release is not complete, the application of this 

model does not distort the results. If the limit of the equation is t0: 

lim
𝑡→0

𝑎 ∗ 𝑡

1 + 𝑏 ∗ 𝑡
= 𝑎 ∗ 𝑡 =

𝑚𝐴𝑃𝐼,𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑

𝑚𝐴𝑃𝐼 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
 

Thus, parameter a corresponds to the initial release rate. 

3.2.12. High performance liquid chromatography (HPLC) methods 

- The quantification of LD: LD-content was determined with an 1100 HPLC Agilent Series 

(Agilent Technologies, San Diego, CA, USA) coupled with a diode array detector. An 

isocratic method was used with a C18 column (LiChroCART® 250-4 LiChrospher® 100 Å, 

pore size 5 µm) produced by Merck Millipore® (Merck Ltd., Darmstadt, Germany). The 

eluent was a mixture of phosphate buffer (pH=2.4):methanol=50:50 (v/v), the LD was 

analyzed at 280 nm. 

- The quantification of LDME: the LDME-content was quantified by a 1260 HPLC Agilent 

system (Agilent Technologies, San Diego, CA, USA) equipment. The mobile phase 
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consisted of acetate buffer (pH=5.0):methanol=90:10 (v/v). A Chrome-Clone™ 5 µm C18 

100 Å column (150 x 4.6 mm, Phenomenex, Torrance, CA, USA) connected with a C18 

security guard cartridge was applied, 280 nm wavelength was used for quantification. 

3.2.13. Stability tests 

The stability of the LDME-containing powders was investigated under different conditions 

because of the expected instability of the API above 0 °C. They were investigated at -20 °C 

and 40 °C and relative humidity of 75 % (accelerated stability test) in a KKS TOP+ climate 

chamber (POL-EKO-APARATURA, Wodzisław Śląski, Poland) for 3 months, based on the 

ICH Q1A (R2) guideline proposal. The accelerated stability tests were performed with the 

LD-containing nasal powders, as well. 

During the chemical stability measurements, three parallels were measured. 

3.2.14. Statistical evaluation of the results 

The contact angle of the SYLs and the stability tests were evaluated by a 2-sample t-test with 

Minitab 17 Statistical Software (Minitab Ltd, UK). Besides, the statistical comparison of the 

in vitro release results of unique products was carried out by using the Tukey HSD test (n=3). 

To test the quadratic response surface and to construct a polynomial model based on the 

parameter a values, TIBCO Statistica® 13.4 (Statsoft Hungary, Budapest, Hungary) 

statistical software was used. The significance of the variables and interactions based on 

their holistic effect was evaluated by analysis of variance (ANOVA). A certain phenomenon 

was considered significant in the case of p < 0.05. 

4. RESULTS AND DISCUSSION 

4.1. Preparation of LD-containing nasal powders 

4.1.1. Construction of experimental design with the help of the QbD approach 

As the LD-containing nasal powders might be able to reduce the off periods of PD during 

the LD treatment, therefore the knowledge space development aimed to map the potential 

risks and factors influencing the performance of the nasal powders. As part of the procedure, 

the QTPP was defined in the first step. The QTPP comprised: administration route 

(intranasal), dosage form (nasal powder consisting of micronized or nano-in-micro 

particles), therapeutic indication (to reach systemic effect with low onset), physical stability, 

size of the product, drug release. Thereafter, the following CQAs were chosen: wettability 

of the product, API crystallinity, immediate drug release, solubility and mean particle size 

and stability. In the next step, the directly controllable CPP/CMAs were defined which were: 

API-additive ratio, API initial particle size, rotational/milling speed and milling time. 

Based on literature findings and previous experience, the RA showed that the mean particle 

size, the chemical stability, the API crystallinity and the release rate were mainly taken into 
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consideration to characterize the products because these CQAs have the highest impact on 

the QTPP of the products when evaluating the properties of the formulations. Besides, the 

API-additive ratio seemed (CPP) to be the most significant factor in the performance of the 

products. The initial particle size distribution of API was standardized using a commercially 

available LD as starting material. The milling time and rotational speed were expected to 

have a similar effect on the properties. In the first step of the work, a pre-experiment was 

carried out to collect information about the preparation of binary nasal powders by co-

milling: the LD:additive mass ratio, the rotational speed and the milling time were 

systematically varied using two mucoadhesive excipients (CH and NaHA) as presented in 

Table 1. 

In the next part, other binary nasal powders were formulated with different excipients (α-

CD, HPMC, PVP, PVA, MAN) which had been used for nasal drug delivery as well-known 

excipients with advantageous effects on this administration route. 

4.1.2. Physicochemical properties of the co-milled nasal products 

The primary optimization of the products was executed on the basis of D50 values and 

crystallinity. As a result of co-milling, in general, the mean particle size of the powder 

mixtures drastically decreased and the API became partially amorphous, however, the 

excipients influenced the crystallinity of LD with different efficiency. A high extent of 

amorphization was measured in the case of CH and NaHA, lower crystallinity extent was 

detected when the ratio of the polymer was high (50:50 mass ratio). When the CH- and 

NaHA-containing binary mixtures were co-milled with 400 rpm rotational speed, the 

crystallinity index was higher at 90 min in comparison to 60 min, which indicated partial 

recrystallization in this time interval. Besides, 400 rpm rotational speed was preferred over 

300 rpm because a higher amorphization degree could be achieved. For these reasons, the 

400 rpm rate was fixed in the case of other formulations (containing α-CD, HPMC, PVP, 

PVA, MAN) and the milling lasted for a maximum of 60 min. The milling time and 

LD:excipient ratio were varied during the optimization. PVA hardly reduced the crystallinity 

because of the high initial particle size of the polymer resulting in a smaller extent of friction 

between the particles of the excipient and the API. Besides, the D50 value remained more 

than 45 μm, therefore it did not satisfy the pre-established requirements of nasal powders. 

The other binary powders were in the expected range. The physical properties of the 

optimized products are collected in Table 3. 
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Table 3. The co-milling parameters of the optimized products, the D50 value of the products 

and the given excipient as well as the detected secondary interactions 

Product: 

LD:additive 

50, additive, D

(μm)initial  

Optimized parameters Properties of products 

Mass 

ratio 

Milling 

time 

(min) 

Rotational 

speed 

(rpm) 

, 50D

 formulation

(μm) 

Detected 

secondary 

interaction 

LD:CH 170.8 50:50 60 400 21.67 NO 

LD:NaHA 166.3 50:50 60 400 13.07 NO 

LD:α-CD 34.5 70:30 15 400 6.71 NO 

LD:HPMC 221.2 70:30 60 400 13.72 NO 

LD:PVP 66.1 50:50 30 400 7.67 YES 

LD:PVA 2092.3 50:50 45 400 67.02 NO 

LD:MAN 104.5 50:50 60 400 8.90 YES 

4.1.3. Secondary interactions between the LD and the excipients 

Secondary interactions between the API and the excipient were observed in two products 

(Figure 1.): 

- LD:PVP=50:50, the peak at 3387 cm-1 corresponded to the phenolic hydroxyl group of LD, 

increased to 3406 cm-1 wavenumber and broadened due to the adsorbed water content (water 

clusters). 

- In the case of LD:MAN=50:50 product, a well-defined strongly shifted (Δν=69 cm-1) peak 

appeared at 1725 cm-1 on the spectrum of the product which could be assigned to the C=O 

asymmetric stretching mode of carboxylate of LD probably caused by intermolecular 

interaction between the components. 

 

Figure 1. The model and the measured spectrum of the LD:PVP=50:50 (A)  

and the LD:MAN=50:50 (B)  

4.1.4. Short-term stability studies 

After storage at 40 °C and relative humidity of 75 %, LD:CH=50:50, LD:PVA=50:50 and 

LD:PVP=50:50 samples showed a significant decrease in drug content after 2 months  

(p < 0.05), which could be due to the water-binding capacity of the polymers. LD may have 
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been degraded by adsorbed water. No significant decrease (p > 0.05) was measured for the 

other samples and the reference raw LD powder, which can be considered stable over the 3-

month storage period. Based on these results, it can be concluded that LD is incompatible 

with CH, PVA and PVP, as the chemical stability of the drug is reduced in the presence of 

these substances compared to the raw LD powder 

4.1.5. In vitro release from the LD-containing nasal powders 

Our purpose was to find the nasal powder whose dissolution rate was higher than the 

reference LD. 

The results showed that the LD:PVP=50:50, the LD:NaHA=50:50 and the LD:α-CD=70:30 

were quicker than the reference, the release of other products was slower during our 

experiments (Figure 2.). Although the LD:PVP=50:50 had the highest release rate, it was 

not chemically stable, therefore it cannot be used as a nasal powder. 

 

Figure 2. The release profile of the LD-containing products and the reference LD powder 

The slow dissolution from the LD:MAN=50:50 sample could be due to the secondary 

interactions between the API and the additive. As LD basically has a relatively high 

dissolution rate, MAN could hinder the release of the API. The LD:HMPC=70:30 and the 

LD:CH=50:50 products could be used for extended drug delivery if the formulation could 

adhere to the nasal mucosa for a longer period of time because they form a highly viscous 

gel after the absorption of water. Thus, these excipients are not suggested to use in the nasal 

delivery of LD for the treatment of the delayed on periods. 

4.2. The preparation of LDME-containing hydrophobized silica for oral administration 

4.2.1. Construction of experimental design with the help of the QbD approach 

The LDME-containing MPS powders were planned for oral administration for patients with 

advanced PD, therefore the QTPP was the following: efficiency (therapeutical efficiency), 

steady blood level (advanced PD), indication (extended drug release), administration route 
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(oral), targeted patient population (patients with advanced PD), dosage form (powder for 

capsule filling). 

Thereafter, the following CQAs were chosen: physical stability, chemical stability, extended 

release, homogeneity of the API and wetting properties. In the following step, the CPPs and 

the CMAs were taken into account, two steps of the formulation process were identified: 

1) SYL hydrophobization: the water content of the system, TMCS concentration, reaction 

time, reaction temperature and relative humidity. 

2) SYL loading: applied temperature during the vacuum evaporation, applied vacuum during 

the vacuum evaporation, type of the solvent, volume of the solvent, pore volume of the silica 

and LDME:SYL ratio. 

4.2.2. The hydrophobization of the SYL-0 

Increasing the concentration of TMCS during the reaction showed an increasing tendency in 

the change of contact angle with water (Table 4.) 

Table 4. The contact angle of initial SYL-0 and its hydrophobized derivatives (SYL-1 and 

SYL-2) measured with water 

MPS (°) H2OΘ 

SYL-0 0 

SYL-1 66.86  ± 7.16 

SYL-2 120.49  ± 2.78 

The presence of –Si(CH3)3 groups needed to be verified. Remarkable differences in the mid-

IR spectra of SYL-1 and SYL-2 were detected after the modification compared to the  

SYL-0 (Figure 3.). 

 

Figure 3. Mid-IR spectra of SYL-0, SYL-1 and SYL-2; the 700–1000 cm−1 region is 

magnified 

The band at 972 cm−1 could be ordered to the stretching vibrations of the silanol (-Si-OH) 

groups, the intensity of this band decreased after hydrophobization indicating a remarkable 

reduction of the silanol group density. The spectral range of 865–750 cm−1 (peaks on the 
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spectra at 759, 850 and 865 cm−1) could be assigned to the presence of –Si-CH3 verifying 

the successful surface modification. Meanwhile, the bands at 1633 and 3435 cm-1 belonged 

to the vibrations of the adsorbed water molecules whose intensity decreased. 

4.2.3. The loading of LDME into the SYL mesopores 

Based on the detailed mechanisms described in the literature, if the API is successfully 

loaded into MPS, it will become amorphous, however, in the case of applying API in excess, 

it might recrystallize on the outer surface of the carrier. Applying LDME in 20 % w/w or 

lower amount, the API could be incorporated into the SYLs (Figure 4.) which was proven 

by diffractograms and DSC curves. However, in the case of trials with 40 and 60 % w/w 

(SYL-0-40 and SYL-0-60 on the Figure 4./A) drug ratio, characteristic peaks appeared on 

the diffractograms but the 2θ values were different from the raw LDME (LDME-I) which 

referred to the formation of a new, unknown polymorph. 

 

Figure 4. The diffractograms (A) and the DSC curves (B) of the products and the reference 

4.2.4. Short-term stability studies 

The chemical stability of the SYL-LDME binary powders was appropriate upon storage in 

the freezer (-20 °C); however, the drug content significantly decreased at 40 °C and relative 

humidity of 75 % indicating that the LDME-containing formulations should be stored in the 

freezer to preserve chemical stability. Regarding physical stability, low-intensity sharp peaks 

appeared on the diffractogram of SYL-0-20 after 3 months of storage at -20 °C, which 

indicated that 20 % w/w of API might be high enough to indicate recrystallization. 

4.2.5. In vitro release from the LDME-containing SYL formulations 

As a general tendency, the release rate of LDME could be distinguished according to the 

hydrophobicity of SYL. The release studies showed that the increased hydrophobicity of 

SYL decreased the drug release rate. The SYL-2-containing formulations with the same ratio 

of loaded LDME showed spectacularly slower drug release in comparison to SYL-0- and 

SYL-1-containing ones, however, the difference was noticeably smaller in the case of 20 % 

w/w LDME-containing formulations (Figure 5.). The difference between the SYL-2-
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containing and the other formulations could be explained by the poor aqueous wettability of 

SYL-2 compared to SYL-0 and SYL-1. 

 

Figure 5. The in vitro release profile of the 5 % w/w (A), the 12.5 % w/w (B) and the  

20 % w/w LDME-containing products and the reference LDME (C) 

The kinetics of the drug release curves were determined. First-order kinetics was observed 

in the case of reference LDME, SYL-0-20, SYL-1-20 and SYL-2-20 products presumably 

due to the relatively high loading extent. The dissolution of LDME from SYL-0-5, SYL-0-

12.5, SYL-1-5 and SYL-1-12.5 products fitted to the Hixson-Crowell model with the 

strongest correlation probably due to the decrease of the surface area, as the drug released. 

The SYL-2-5 and SYL-2-12.5 exhibited zero-order release kinetics, which was one of the 

main purposes of our formulation development as they are expected to be able to provide a 

steady blood level. 

The most closely correlated polynomial equation could be established to define the 

relationship between the independent variables and the dependent (parameter a). The 

removal of two members with the highest p-value (–9.1*10-5 x2; 2.33*10-4 x y2) from the 

polynomial equation, caused the closest fit to the measured points resulting in the following 

equation: 

Parameter a = 9.423*10−3 − 7.818*10−3 x + 1.921*10−3 y − 1.271*10−3 y2 − 6.55*10−4 x y 

+ 8.15*10−3 x2 y − 6.23 × 10−4 x2 y2 

where x corresponds to the TMCS concentration; y corresponds to the LDME mass percent 

when mixing the LDME with SYL. The statistical parameters of this equation were: R2 = 

0.93381, adjusted R2 = 0.91395, mean square residual = 4.4*10-6. The members of the 

equation exhibiting significant influence on the parameter a, were highlighted in bold. 

The results indicated that LDME % w/w had a positive significant effect and a negative 

quadratic effect on parameter a, meanwhile, the increase of the hydrophobization extent (as 

the TMCS concentration increased) significantly decreased the drug release rate. The Tukey 

HSD tests implied that the release rate was significantly lower for each product than for the 

LDME reference, except for SYL-0-20. 
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5. CONCLUSIONS 

The novel results of this Ph.D. work aim to prepare innovative LD- and LDME-containing 

nasal and oral dosage forms, that is be summarized in the following points: 

I) During this work, dopamine prodrug-containing powders were formulated. There are only 

a few studies in the literature dealing with the formulations of LD as nasal powder despite 

the advantages like higher stability in solid form, higher applicable doses, higher residence 

time on the nasal mucosa and quicker absorption rate. On the other hand, to the best of our 

knowledge, it had not been explored before these results if the release rate of LDME can be 

prolonged by loading into hydrophobized MPS, even though the dissolution control of this 

drug might reduce the wearing off periods. 

II) Using the data of the detailed literature review and the previous experiments of the 

research group on this field, we applied the QbD approach to define the QTPP, CQAs, 

CPP/CMAs. Based on the interdependence rating between the QTPP-CQAs and the CQAs-

CPP/CMAs, the most influencing factors were chosen to control and optimize the critical 

properties of the formulations by experimental designs. 

III) LD-containing binary nasal powders were prepared by co-milling the LD and an 

excipient. The primary optimization of LD-containing nasal powders was carried out based 

on the mean particle size. There was at least one ratio of LD:excipient in the case of a given 

excipient which satisfied the requirements of mean particle size, except for the PVA-

containing samples whose D50 value were always higher than 45 µm. The co-milling also 

resulted in amorphization for 60 min, however, recrystallization occurred in some products 

between 60-90 min. Secondary interactions were detected in the LD:PVP=50:50 and 

LD:MAN=50:50 between the components which could influence the in vitro release results. 

The chemical stability of the LD:CH=50:50, the LD:PVA=50:50 and the LD:PVP=50:50 

powders was not satisfactory because there was a significant decrease in LD-content after 2 

months of storage at 40 °C and relative humidity of 75 % referring to incompatibility 

between the components. However, the other formulations as well as the reference raw drug 

powder were chemically stable during the 3 months of storage. The in vitro drug release rate 

of the LD:PVP=50:50, the LD:NaHA=50:50 and the LD:α-CD=70:30 was quicker than the 

reference LD powder. The results showed that NaHA and α-CD were compatible with LD 

in nasal powders because their use was beneficial for the properties of formulations. 

IV) The surface of MPS was hydrophobized with TMCS to reduce the wetting properties. 

The effect of surface modification on the change of silica properties was confirmed by 

contact angle measurements and FT-IR. Thereafter, the LDME was loaded into the 

mesopores with rotavapor method. The hydrophobization and the loading extent was 
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optimized to prepare formulations which might provide steady blood level of the API. The 

products were not chemically stable at 40 °C and relative humidity of 75 % but they were 

chemically stable during the storage in a freezer (-20 °C) for 3 months. The loading ratio of 

LDME was investigated to evaluate the maximum possible amount of API that can remain 

in the pores without recrystallization: a small number of crystalline peaks was detected on 

the diffractogram in the case of SYL-0-20 after 3 months of storage at -20 °C. When the 

LDME crystallized during the loading process, new peaks appeared on the diffractogram 

which did not correspond to the peaks of the initial LDME (LDME-I) which can refer to the 

formation of a new polymorph. As the SYL-2-5 and SYL-2-12.5 products had zero-order 

release kinetics and an extended release profile and they were stable at -20 °C, they can be 

considered the optimal formulations. 

V) Based on the release profile and the physicochemical properties, the products exhibiting 

extended release can be used in oral administration to reduce the wearing off periods and the 

nasal powders with immediate release can be proper for the treatment of delayed on periods. 

The main new findings and practical aspects of the work: 

 Determination of factors influencing the expected performance of LD-containing nasal 

powders and oral hydrophobized MPSs loaded with LDME using the QbD approach. 

 LD-containing nasal powders for the treatment of delayed on periods of PD were 

formulated and optimized. The interaction studies revealed that LD was compatible with α-

CD and NaHA. These powder mixtures were chemically stable and exhibited immediate 

release. We gained new information about LD-excipient incompatibilities. 

 LDME was loaded into the pore system of a hydrophobized MPS for the very first time. 

The extent of hydrophobization and the loading ratio were optimized to prepare a stable 

formulation that exhibited extended release and zero-order release kinetics to treat the 

wearing off periods of PD. 

 A new polymorph of LDME was presumably discovered which is crucial from industrial 

aspect. 
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