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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 

(BBB) into the central nervous system, where it converts to dopamine [1]. It can compensate 

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

symptoms. There is only one LDME-containing effervescent tablet available on the Italian 

market under the name of Sirio® (Chiesi Farmaceutici SpA, Parma, Italy) which utilizes the 

high solubility of the drug [2]. The LD-containing formulations are more widespread, they are 

mostly taken orally as a tablet but both intestinal gels [3] and a pulmonary powder [4] are also 

available on the market. Oral LD administration leads to off periods which can be grouped into 

three main types: wearing off, delayed on and no on periods [5]. 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 because they might have improved pharmacokinetic properties owing to controlling 

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

down techniques. The top-down techniques can mean milling or grinding of the material which 

is an easy-to-control method [6]. The co-milling of an active pharmaceutical ingredient (API) 

with an excipient is beneficial because the microparticles can reduce the particle size of each 

other. Mesoporous materials, like mesoporous silica (MPS), can be loaded with drugs resulting 

in an amorphous state [7]. Thus, 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 nasal formulations can provide a higher bioavailability compared to oral drug 

delivery due 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 [8]. Most 

of these issues can be managed by using 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 reduce the wearing off periods. 
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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 in order to construct efficient experimental designs 

for both nasal delivery of LD and oral delivery of LDME according to the principles of 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, the 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 hydrophobization extent 

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

release. Our plans also included the investigation of the LDME properties crystallized from 

different solvents to discover presumable polymorph forms. 

V) After 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. LITERATURE BACKGROUND OF THE RESEARCH WORK 

3.1. The treatment of PD with dopamine precursors 

PD is one of the most widespread neurodegenerative diseases all over the world. During the 

progress of the disease, the level of dopamine decreases because the substantia nigra is 

damaged [9]. The neurons are unable to transmit messages, causing the three main symptoms 

of PD: tremor, rigidity, and bradykinesia [10]. Genetic and environmental factors also play a 

role in its development. 

At this moment, the disease is mostly treated by replacing the missing dopamine. As dopamine 

degrades quickly, dopamine prodrugs are required in the therapy, like LD and LDME  

(Figure 1.). In the oral therapy , the LD is absorbed in the duodenum but its bioavailability is 

exceedingly low and fluctuates because of the erratic gastric emptying [11]. The fluctuating 

active transport depends on the protein content of the food (LD attaches to the L-amino acid 

carrier) and the strong first-pass effect in the liver. Around 1 % can reach the brain due to the 

peripheral decarboxylation by DOPA-decarboxylase in the blood [12]. High doses should be 

applied; therefore the presence of peripheral dopamine can also lead to undesirable side effects. 

A standard clinical solution to reduce the peripheral decarboxylation is the co-administration 

of DOPA-decarboxylase inhibitors, like carbidopa and benserazide. Thus, the required dose can 

be reduced by 75 %. The chemical structure of inhibitors is similar to LD. The LD-containing 

tablets usually contain 50-250 mg of API. The LD-containing formulations are mostly on the 

market as oral immediate release tablets and capsule dosage forms [13,14]. 

 

Figure 1. The LDME-LD and LD-dopamine conversion and the short summary of LD 

pharmacokinetics; I) LDME, II) LD, III) dopamine, IV) carbidopa, V) benserazide 
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In the early stage of the treatment, the LD is effective because the preserved capacity of 

presynaptic neurons is high, therefore the LD can be stored, causing a long period in the 

therapeutic range [15]. As the conventional LD therapy progresses, the therapeutic interval (on 

time) becomes narrow and the blood level becomes unpredictable, causing side effects, called 

LD-related motor complications (LRMCs) [16,17] resulting in the so-called on-off phenomenon 

[18] (Figure 2.) When the LD concentration is under the therapeutic range, it is called the off 

period which has three main subtypes. As PD advances, there is a remarkable loss of neurons, 

which reduces the half-time of LD (wearing off). Another type is called delayed-on which 

occurs because gastric emptying is often delayed. The blood level of LD does not necessarily 

achieve the therapeutic range (no-on), which can be considered an extreme form of delayed-on 

[19]. The erratic drug absorption also needs to be improved to treat the off periods. 

Approximately 50 % to 80 % of patients with PD experience LRMCs after 5 to 10 years of LD 

treatment [20]. Pharmaceutical preparations, which aim to treat the off periods, can be divided 

into two groups: either a ”rescue” formulation comprising quick onset [21] as a complementary 

treatment for the delayed on phenomenon or a different strategy includes making a formulation 

that provides a steady blood level for longer motor control to treat the wearing off periods [3].  

 

Figure 2. The progress of PD [22,23] 

When the disease becomes severe, it can be treated in alternative ways, like - among others - 

the pulmonary delivery or duodenal infusion of LD, therefore it is an important goal in 

pharmaceutical technology to improve motor control. Sinemet CR® was the first improvement 

in contrast to the traditional immediate release tablets, which comprised LD-containing 
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controlled release formulation for the first time. To reduce the onset, a sublingual formulation, 

Parcopa® was developed. Besides, Rytary® is also available on the market with both immediate 

release and delayed release properties [24]. 

Regarding the alternative delivery routes, intraduodenal infusion of LD/carbidopa gel 

(Duodopa; Solvay Pharmaceuticals, Allschwil, Switzerland) is commercially available for the 

treatment of severe PD. It can provide much more on time but it is invasive [17,25]. Besides, 

based on the consept of "quick onset”, both the Food and Drug Administration (FDA) [26] and 

the European Medical Agency (EMA) [27] approved a non-invasive, pulmonary dry powder 

inhalation system (Inbrija®; Acorda Therapeutics, Inc., Ardsley, USA) whose therapeutic effect 

occurs within 10 min [28]. Deep brain stimulation can also improve the well-being of patients 

with severe PD. 

Furthermore, clinical studies claim that oral LD-containing liquid formulations have greater 

bioavailability than solid tablets [29,30]. One of the limitations of LD formulations is the low 

solubility, which slows down the dissolution, therefore intensive research was carried out to 

find more soluble derivatives of LD in the last decades. The ester prodrugs seem quite 

promising, among which the LDME is the most studied [12]. The LDME is around 250 times 

more soluble than the LD, and consequently high doses can be prepared in liquid formulations 

[2]. Its ability of absorption is also higher due to its higher lipophilicity. On the basis of the 

molecular weight ratio, 1.256 mg of LDME is equivalent to 1.000 mg of LD [2,29]. Only one 

polymorph of both LD and LDME is known according to the Cambridge Crystallographic Data 

Centre [31]. The LDME is marketed as an effervescent tablet under the name of Sirio® in Italy 

(Chiesi Farmaceutici SpA, Parma, Italy). The advantage of the effervescent tables is that the 

resulting liquid passes more easily through the stomach, thereby the erratic gastric emptying 

effect is lower causing quicker onset. Thus, the delayed on periods might be reduced in patients 

with advanced PD compared to LD-containing tablets [32]. In the clinical trials, the Sirio® was 

found to have a more reliable pharmacokinetic profile with less drug accumulation and less 

variability than the standard LD/carbidopa formulations which resulted in reduced LRMCs. 

Based on the favourable properties of the LDME, some articles studied alternative 

administration opportunities but there is still a lack of information on this field despite some 

promising results. South Korean researchers found higher bioavailability and clearance of 

formulated LDME-containing nasal powder compared to oral LD in rats, additionally, the time 
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to maximum concentration was lower [33]. Meanwhile, the nasal dose was lower (15 mg/kg) 

than the oral dose (80 mg/kg). As the LDME solubility in aqueous media is very high, the 

control of its release rate is a technological challenge. The LD and LDME are unstable in 

aqueous solutions, therefore the formulation of solid dosage forms is preferable to the liquid 

forms. 

3.2. Intranasal drug delivery 

The surface area of the nasal cavity is around 160 cm2. The nasal cavity can be divided into 

three parts: the nasal vestibule, the respiratory region and the olfactory region. The penetration 

of drugs into the central nervous system occurs mainly through the respiratory region [34]. 

After the drug enters the bloodstream, it can reach the central nervous system through the BBB 

avoiding the hepatic first-pass effect [35]. Besides, the olfactory region can also be a key area 

as it provides a direct nose-to-brain delivery opportunity by the axonal transport bypassing the 

BBB. The axonal transport can be realized through mass flow and diffusion in perineural 

channels, perivascular spaces, or lymphatic channels in direct contact with brain tissue or 

cerebrospinal fluid, however, an accurate explanation does not exist yet [36]. 

The outer surface of the nasal epithelial cells contains constantly moving cilia in the direction 

of the pharynx eliminating any exogenous particles which phenomenon is called mucociliary 

clearance with a half-life of about 15 min in the case of healthy adults [37]. For this reason, the 

residence time means a limitation for the nasal formulations. 

3.2.1. The significance of nasal formulations nowadays 

In the European Pharmacopeia nasal drops, nasal sprays, nasal powders and semi-solid products 

are listed for nasal administration [38]. When planning a formulation strategy, the following 

factors must be taken into consideration: local or systemic delivery, single dose or repetitive 

administration, the dosage, the solubility of the drug, the stability of the drug and toxicity [39].  

The nasal formulations have high bioavailability because of the avoidance of the hepatic first-

pass effect and the high vascularization of the nose and low onset, besides, the direct nose-to-

brain delivery can also be important in the case of dopamine precursors. In the future it can 

become a non-invasive alternative to intravenous administration with higher patient 

compliance. On the other hand, the limited residence time, the stability of the liquid 

formulations, the low permeability of hydrophilic drugs and molecules with high molecular 

weight, as well as the limited dose should be managed [40,41]. The residence time can also be 
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increased with the help of a highly viscous environment (mucoadhesive excipients are also 

preferred).  

The stability can be improved with stabilizers and absorption enhancers can help to accelerate 

the absorption. Additionally, the solubility enhancers can increase the solubility of the API. All 

of the limiting factors might be improved by using nasal powders [41] (Figure 3.). 

 

Figure 3. The benefits and drawbacks of nasal administration, as well as the possible 

solutions to minimize the drawbacks 

The excipients in the nasal drug delivery can be grouped into the following way [41]: 

- Absorption enhancers: they open the tight junctions (cyclodextrins, polysorbate 80). 

- Mucoadhesive agents: they have a synergistic effect with the mucin (poly(vinyl alcohol) 

(PVA), poly(vinylpyrrolidone) K25 (PVP), hydroxypropyl methylcellulose (HPMC), chitosan 

(CH), sodium hyaluronate (NaHA)). 

- Fillers: they can have an impact on the dissolution and absorption (mannitol, sorbitol). 

On the other hand, the excipients can also exhibit unexpected side effects on the performance 

of the formulation, which can be both advantageous and disadvantageous. An advantageous or 

neutral effect on the desired properties of the formulation is called compatibility, whereas a 

disadvantageous effect on the desired properties of the formulation is called incompatibility. 
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As a consequence, drug-excipient compatibility studies are essential [42]. These effects can be 

influenced by either the secondary interactions between the API and the excipient (the excipient 

might also affect the stability), the physicochemical properties of the additive, the behaviour of 

the excipient during dissolution, its effect on the biological membrane or the biocompatibility.  

The LD shows interactions with numerous additives like calcium-lactate, magnesium-stearate, 

lactose, talcum and silica [43]. 

The nasal powders are and widespread than the liquid formulations despite their advantages, 

like high applicable doses, stability, increased residence time and possible absorption 

enhancement. Only a few nasal powders are commercially available [38,44] (Table 1.). 

Table 1. The commercially available nasal powders [41,45–47] 

Product 

name: 

Tejin 

Puvlizer 

Rhinocort® 

Rhinocort® 

Turbuhaler® 
Erizas® 

Onzetra® 

Xsail® 
Baqsimi™ 

API: 

Beclo-

methasone 

dipropionate 

Budesonide 
Dexamethasone 

cipecilate 

Sumatriptan 

succinate 
Glucagon 

Additives: 

HPMC, 

magnesium 

stearate, 

stearic acid 

- Lactose - 

Betadex (E459), 

dodecyl-

phosphocholine 

Device: 

Single-dose 

patient-

operated 

capsule-

based device 

Multi-dose 

breath-

actuated 

metering 

device 

Device for 400 

μg: capsule-

based breath-

actuated 

Device for 200 

μg: multi-dose 

nasal spray 

OptiNose's 

Bi-

Directional 

Breath 

Powered™ 

technology 

Unidose System 

powder device 

Indication: 

Allergic and 

vasomotor 

rhinitis 

Seasonal or 

perennial 

allergic rhinitis 

Allergic rhinitis Migraine 

Severe 

hypoglycaemia 

(with short 

onset) 

First 

approval*: 

PMDA 

(1986) 
FDA (1999) PMDA (2012) FDA (2016) FDA (2019) 

*FDA = Food and Drug Administration (authority in the USA); PMDA = Pharmaceutical and 

Medical Devices Agency (authority in Japan) 

Most of the nasal powders were approved by the authorities in the last 11 years showing their 

increasing relevance, therefore this type of formulation is gaining increasing attention 

nowadays. There is no scientific consensus regarding the mean particle size of nasal powders, 

but it is accepted that the mean particle size must be above 5 μm, otherwise a remarkable portion 
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of powder is expected not to adhere to the mucosa of the upper airways but rather to the lungs 

[48]. Accordingly, it is crucial to use a nasal powder with a mean particle size (D50)> 5 μm, 

preferably between 5–40 μm [49]. According to other authors, the ideal particle size range is in 

the range of 10–45 μm [41]. On the other hand, the low particle size can be beneficial due to 

the quicker drug release. The nose does not exhibit clear particle size cutoffs and deposition 

appears to be highly affected by the properties of the formulation and administration device 

[38]. 

3.2.2. Engineering opportunities of applicable microspheres for nasal formulations 

Each manufacturing method is suitable for nasal powder preparation that results in the desired 

particle size range. The methods can be grouped into bottom-up and top-down techniques. 

1) Main bottom-up techniques (the microparticles are built from dispersed particles) [41]: 

- Freeze-drying [50]: it is not a widespread technique, because numerous drugs are poorly 

water-soluble, and the use of organic solvents can result in a lower freezing point; moreover, 

they might damage some parts of the freeze dryer. The products are often not homogeneous. 

- Spray-drying [51]: it is a widely used technique because of the utilizable high concentration 

range, including the use of suspensions, multiple options for solvent and tuneable parameters 

(flow rate, pressure, temperature). It allows the optimization of particle size, shape and density 

of the powder. However, the yield is relatively low because of the material loss and sensitive 

materials are not allowed to be used. 

- Supercritical fluid-assisted spray drying [52]: it is a novel technique, nasal absorption of the 

particles produced with supercritical fluid-assisted spray drying was higher than in the case of 

the spray-dried ones. 

- Spray freeze-drying [53,54]: it is also a novel technique aiming to combine the advantages of 

spray-drying and freeze-drying. It consists of a dispersion of liquid into droplets, droplet 

freezing and drying by sublimation. A few nasal powders have been prepared with this method, 

however, it can also be preferred for poorly water-soluble drugs over freeze-drying. 

- Agglomeration of micronized powder [55–57]: if the particle size is below 100 µm, it can 

occur spontaneously because of the high surface/volume ratio. This phenomenon can be 

improved by using binder excipients (like soybean lecithin). 

2) Main top-down techniques (miniaturization of materials powders leading to the formation of 

micro- or nanostructures):  
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- Milling [58]: it is the action of reducing the size of particles thanks to mechanical action. It is 

advantageous because organic solvent is not required for this process which makes it an 

environmentally desirable technology because a limited residual of the organic solvent can 

remain in the formulations (detailed in the ICH Q3C (R8) guideline [59]). Ball milling is widely 

used in the pharmaceutical industry because of its simple optimisability (using the rotational 

speed, milling time and ratio of materials) and its well-explored scalability [60,61]. 

Co-milling can be a solution to achieve the desired micronized particle size range for nasal drug 

delivery. During the co-milling, the harder particles might grind the softer particles. In the case 

of planetary ball mill, the milling balls also grind the particles. This process can lead to 

microspheres. 

3.2.3. Dopamine precursor-containing nasal formulations 

As the LD and LDME are chemically unstable, it is advantageous to develop solid dosage forms 

over liquid formulations. The LD has been prepared as a nasal powder (microspheres) [62] or 

nasal gel [63] (including in situ gelling systems [38,64]) for the same purpose as in some cases 

in the literature, i.e. to treat the delayed on periods as complementary therapy but there is still 

a huge amount of missing information on this field. 

The ex vivo intranasal permeation of solid LD was compared with that the permation of 

dissolved LD through the freshly excised bovine olfactory mucosal membrane. The study has 

shown that the LD powder was more stable and the average steady-state flux was higher than 

the dissolved LD, which probably occurred due to a higher steady-state concentration gradient 

of powder. These authors sieved the LD powder and collected a fraction whose average particle 

size was around 20 µm, however, the nasal powder did not contain an excipient which could 

have improved the performance [65]. According to in vivo comparison of nasal and oral 

delivery of LD, the onset of nasal formulation and the area under curve value were lower, the 

maximum concentrations were similar [66]. However, the LD was dissolved before the 

experiment, which could reduce bioavailability compared, as presented by the above-mentioned 

ex vivo results [65]. 

Besides, an LDME powder-containing “nasal powder” formulation was prepared by mixing the 

LDME with different excipients (N-acetyl-L-cysteine, 2-hydroxypropyl-ß-cyclodextrin, 

silicated microcrystalline cellulose, Carbopol 974 P, hydroxypropyl cellulose, carboxymethyl 

cellulose sodium) but the particle size of the formulations was not optimized. In this article, 
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LDME-containing nasal powders were prepared and investigated in vitro [67]. Thereafter, the 

LDME was compared to oral LD in vivo in male Sprague–Dawley rats. The LDME-containing 

nasal powders exhibited lower onset than the oral LD. Based on the results, LD and LDME 

could be proper therapy of delayed on periods [33,66]. 

3.3. The use of MPSs as excipients – oral delivery 

Silica-based (SiO2) materials play a key role in the lots of application fields, for instance, in 

chromatography, catalysis and adsorbents [68,69]. The preparation of amorphous solid 

dispersions has become widely applied recently because a system with similar features to 

solutions can be achieved by making the incorporated material amorphous [7,70]. MPS is an 

excellent matrix material candidate for both immediate and extended release drug delivery 

systems. Their pore diameter is between 2–50 nm. They have high pore volume and specific 

surface area to adsorb the required amount of API in the matrices. The silanol-containing 

surface implies the ability to be functionalized to allow better control of drug absorption and 

loading [70,71]. As a result of drug loading, the adsorbed API becomes amorphous in the 

mesopores. Thereafter, the recrystallization is inhibited, which can be explained by two 

mechanisms [72]:  

1) as secondary interactions are developed between the drug and the groups on the silica surface, 

therefore the free energy of the amorphous adsorbed material is lower than the crystalline; 

2) the critical crystalline nucleus of the drug is larger than the mesoporous diameter thereby 

inhibiting the nucleus growth. 

The release rate of the API cannot be only accelerated with amorphization in an MPS but it can 

also be prolonged. Lots of articles focus on the immediate release of water-insoluble drugs but 

achieving extended release of water-soluble APIs has been conducted with the help of MPS 

surface modification only by some authors. The dominant functional groups of silica are 

siloxane (Si-O-Si) and silanol (-Si-OH) groups. Due to the hydrophilic groups the MPS can 

adsorb a remarkable amount of water. The drug release and absorption can be tuned with the 

help of the functionalization of the silanol groups [70,71,73]. It can mean functional groups on 

the modified surface which develop strong interactions with the drug retarding the release rate. 

In the case of different approach, the drug-surface interactions are not necessarily increased but 

the aqueous wettability of the silica derivative is decreased, therefore the aqueous medium 

penetration is decelerated resulting in controlled drug release [74–76]. The wettability of finely 
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divided materials can be studied with numerous methods among which the contact angle 

measurement is still the most spread and a widely accepted method. A strong tool for 

hydrophobization reaction is by silylation with trimethylchlorosilane (TMCS) [75]. 

Aside from the surface-water/surface-drug interactions, the structural properties also influence 

the behaviour of MPSs. The pore structure in the MPSs can be ordered and non-ordered 

depending on the synthesis method [77]. The pore size is proportional to the amount of loaded 

drug but as the width of pores and/or the amount of incorporated drug increases, the chance of 

recrystallization will also increase. The release speed is proportional to the specific surface area 

if the adsorbed API is in monolayer format but if it is in multilayer form, the release rate is 

inversely proportional to the pore volume and inversely proportional to the pore length [70]. 

The drug loading/incorporation into MPSs can be grouped into solvent-free and solvent-based 

methods [78]. The solvent-based methods are more widespread, they are presented in two steps: 

preparation of an MPS suspension in a solvent that can dissolve the drug molecule in high 

concentration and subsequent removal of the medium. The solvent removal can be carried out 

by filtering the solid dispersion (immersion method) or evaporation (spray drying, solvent 

drying, supercritical fluid and incipient impregnation method) [71,77]. The dissolution of API 

and the solvent evaporation steps can be repeated to achieve a higher loading extent. Although, 

the immersion method is the most widespread, a higher loading extent can be reached with the 

solvent drying method [79,80]. During the popular solvent drying method, the MPS suspension 

is stirred for a well-defined time, then it is evaporated with a rotary evaporator or rotavapor. As 

the evaporation of the loading solution occurs, a concentration gradient develops and the drug 

incorporation is initiated into the pores. This method is preferred because a high API amount 

can be loaded into the MSPs. In our literature, we could not find an article dealing with loading 

LDME into the pores of a MPS. 

Among the MPSs, only limited studies can be found in connection with hydrophobized Syloid® 

based drug delivery systems [81,82]. Nevertheless, these formulations have a highly developed 

mesoporous network and a large surface area, therefore a high amount of drug can be absorbed 

on the surface. In the literature, the MPSs were mainly used to enhance the dissolution of poorly 

water-soluble drugs [79,81,83,84], the control of drug release with surface-modified MPS is a 

less studied area [85]. The Syloid® XDP 3050 (SYL-0) is a known type of Syloid® based 

matrices (Table 2.).  
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Table 2. Specification of Syloid® XDP 3050 

Mean particle 

size (µm) 
Shape 

Specific surface 

area (m2/g) 

Pore volume 

(cm3/g) 

Pore diameter 

(nm) 

50 Irregular 287 1.69 22.9 

Besides, their application is safe, the No Observed Adverse Effect Level of orally administered 

Syloid® 244 was high, 9000 mg/kg body weight/day in rats with exposure of 90 days initiating 

safety [86]. Dopamine precursors had not been loaded into the pores of Syloid® excipient. 

3.4. The QbD approach 

The QbD was replaced the Quality by Testing quality approach which meant that there was a 

fixed system and the compliance ranges were narrow. For this reason, the execution of 

processes was crucial: otherwise, the different input parameters led to different products. In 

contrast to that, the QbD approach allows the change of input parameters in a predetermined 

specification range [87]. The QbD is a holistic, systematic, knowledge- and risk-based quality 

management system and pharmaceutical development model. It tries to incorporate 

expectations into the product already at the design stage, for which it requires an accurate, pre-

determined definition of the product. The formulation and manufacturing processes are 

designed and developed to provide predetermined product specifications [88]. 

The concept of QbD was first outlined in 1992 by a quality management consultant called 

Joseph M. Muran [89]. The Juran trilogy: 

- Quality planning: defining and assessing customer needs, "customer focus"; 

- Quality management: to plan the process for the purpose, to ensure its quality; 

- Quality improvement: control, feedback, organization development. 

Based on the approach, outlined by Muran, the Food and Drug Administration (FDA) published 

a report in 2002 entitled “Pharmaceutical Quality for the 21st Century A Risk-Based Approach 

Progress Report” and adopted these principles in 2004. The International Council for the 

Harmonization of Technical Requirements for Pharmaceuticals for Human Use (ICH) has also 

adopted this approach. QbD is detailed in ICH Q8 (Pharmaceutical Development) [90], ICH 

Q9 (Quality Risk Management) [91] and ICH Q10 (Pharmaceutical Quality System) [92]. 
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4. MATERIALS AND METHODS 

4.1. Materials 

4.1.1. The active pharmaceutical ingredients (APIs) 

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

ester hydrochloride/melevodopa hydrochloride (LDME) (Table 3.) was bought from the Merck 

Ltd. (Darmstadt, Germany). 

Table 3. The physicochemical and pharmaceutical properties of the dopamine prodrug APIs  

Dopamine 

prodrug 
Levodopa (LD) 

Levodopa methyl ester 

hydrochloride/Melevodopa 

hydrochloride (LDME) 

Chemical structure 
HO

HO

OH

O

NH2

 

HO

HO

O

O

NH3
+ Cl-

 

Chemical name L-3-(3,4-dihydroxy-L-

phenyl)alanine 

L-3-(3,4-dihydroxyphenyl)alanine 

methyl ester hydrochloride 

Physical properties White crystalline powder Elongated crystals, white powder 

Stability 

Stable at room temperature, 

unstable in aqueous solutions, 

stable at low pH [93] 

Unstable in solution, stable at low 

pH, the main degradation product 

is LD [67,94] 

Storage At room temperature In a freezer (-20 °C) 

Solublity in water 5 mg/ml [14] 912 mg/ml [95] 

logP -2.9 [96] 0.64 [97] 

Mw 197.19 g/mol 247.67 g/mol 

Site of action 

LD and LDME are prodrugs of dopamine, they are needed because 

the dopamine degrades quickly in the body. In the brain, LD is 

decarboxylated to dopamine by DOPA decarboxylase and stimulates 

the dopaminergic receptors, thereby compensating for the depleted 

supply of endogenous dopamine [98]. 
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4.1.2. 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 received as a gift 

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

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

(Table 4.).  

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). 
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Table 4. The used excipient in the Ph.D. work, their structural formula and role in drug delivery 

(advantageous pharmaceutical technological properties) 

Excipient Structural formula The role in drug delivery 

CH 
O

O
O O
HO

OH

OH
NH2

NH2

O

n  

Mucoadhesive material 

Absorption enhancer 

[99,100] 

NaHA 

 

Mucoadhesive material 

[101] 

α-CD 

 

Absorption enhancer 

[37,102,103] 

HPMC 

 

Mucoadhesive material 

Gel forming agent [104] 

PVP 
 

Mucoadhesive material 

[105] 

PVA 

 

Mucoadhesive material 

[106] 

MAN 

 

Humectant [107] 

SYL-0 
O

Si
O

Si

OHOH

O O

Si

O

OH

n  

Mesoporous silica (MPS) 

Proper for drug loading and 

amorphization 

Insoluble in water [7] 

  

HO
OH

OH

OH

OH

OH
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4.2. Methods 

4.2.1. 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 (Figure 4.). 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 CPP/CMAs can be used to indirectly control 

the QTPP. Several quality tools can be 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 [108,109] and oral delivery [110,111]. 

 

Figure 4. The elements and steps of the QbD approach on a flow chart 
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4.2.2. Co-milling of LD-containing binary mixtures 

2.00 g of LD-excipient binary mixtures were co-ground (Table 5.) 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 (Figure 5.) 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 5. 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 5-40 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. 

 

Figure 5. The working principle of the planetary ball mill 
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4.2.3. The hydrophobization of the MPS 

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

silylation reactions [112], 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 concentration of 10 

mM (to provide the SYL-1 derivative with moderate aqueous wettability) or 20 mM (to provide 

the SYL-2 derivative with poor aqueous 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. The reaction mechanism 

is summarized in Figure 6. 

 

Figure 6. Mechanism of silica hydrophobization via TMCS 

4.2.4. Loading of the MPS 

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

Flawil, Switzerland) was used (Figure 7.). 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 (see Table 6.). 
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Table 6. The 32 full-factorial design constructed based on the QbD-based initial RA to prepare 

SYLs loaded with LDME 

cTMCS (mM) LDME:SYL 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 

10.0 

5.00:95.0 SYL-1-5 

12.5:87.5 SYL-0-12.5 

20.0:80.0 SYL-0-20 

20.0 

5.00:95.0 SYL-2-5 

12.5:87.5 SYL-2-12.5 

20.0:80.0 SYL-2-20 

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. 

 

Figure 7. The loading process of LDME into MPS with the rotavapor method 

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

the measurements. 

4.2.5. 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). Air was used as the dispersion medium for the ground 

products from the entrance to the sample cell. During the measurements, the vibration feed rate 

was adjusted to 70 % and the dispersive air pressure was 3 bar. The refractive index of LD was 

1.52. 

4.2.6. 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 

samples were scanned at 40 kV voltage and 40 mA amperage. The angular range was between 

3-40 or 5-40 ° (2θ) and the increment was 0.007 °, 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. Overall, the success of loading, the physical 

stability and the amorphization degree were determined by XRPD. 

4.2.7. Scanning electron microscopy (SEM) 

The morphology was of the products 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. 

4.2.8. 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), equipped with a deuterated triglycine sulfate 

detector. 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 
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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. 

4.2.9. Contact angle measurements 

The apparent contact angle of the 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. The measurements were 

performed at 25 °C. The volume of water droplets was 4.3 µl. 

4.2.10. Streaming potential measurement-assisted particle charge titrations 

The surface density of silanol groups of the SYLs was determined with streaming potential 

measurements assisted particle charge titrations. The streaming potential values in the 1 % w/V 

dispersions of the initial and the hydrophobized silica particles were measured with a PCD-02 

Particle Charge Detector (Mütek Analytic GmbH, Germany). The negative surface charge 

excess of the silica particles was neutralized by 1 % w/V hexadecyl(trimethyl)ammonium 

bromide (CTAB) solution during particle charge titrations. The pH of the silica dispersions was 

adjusted to 11.3 with the help of NH3/NH4Cl buffer solution to ensure the complete 

deprotonation of the silanol groups (highly above the point of zero charge of silica) [113].  

The charge-neutral states were achieved at streaming potentials of 0 mV. The specific surface 

charge excess values and therefore the specific silanol group densities were calculated 

according to the following equation assuming that the positive charge of a CTAB molecule 

neutralizes the negative charge of a deprotonated silanol group and the adsorption of NH4
+ from 

the buffer on the silica surface is negligible: 

𝑑𝑆𝑖−𝑂𝐻 =
𝑉𝐶𝑇𝐴𝐵 × 𝑐𝐶𝑇𝐴𝐵 × 𝑁𝐴

𝑐𝑆𝑌𝐿 × 𝑉𝑆𝑌𝐿 ×  𝑀𝐶𝑇𝐴𝐵 × 𝐴𝑠 × 1018
 

where dSi-OH is the surface density of the silanol group (1/nm2), VCTAB and cCTAB are the volume 

(ml) and the concentration (g/100 ml) of the charge-neutralizing agent solution, respectively, 

NA is the Avogadro constant (6.022*1023 1/mol), VSYL and cSYL are the volume (ml) and the 

concentration (g/100 ml) of the silica dispersion, respectively, MCTAB is the molar mass (364.45 

g/mol) of the titrant CTAB, while As (m
2/g) is the specific surface of the silica. The initially 



23 

 

negative surface charge was reversed for each sample by adding an excess amount of titrant to 

the initial dispersion. 

4.2.11. BET measurements 

Nitrogen adsorption isotherms were recorded at 77 K using a QuantaChrome Nova 3000 surface 

area analyzer. Before the measurement, the samples were outgassed at 403 K for 1 h to remove 

any adsorbed contaminants. The specific surface areas (As) were calculated using the multipoint 

BET method based on six data points of the adsorption isotherms near monolayer coverage. 

4.2.12. 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. 

4.2.13. The analysis of residual methanol content with gas chromatography (GC) 

The methanol content of the samples was determined with the help of a gas chromatograph 

(Shimadzu GC-14B) equipped with thermal conductivity and a flame ionization detector. The 

calibration curve was previously determined in the range of 0 – 0.63 g/ml of methanol in ethanol 

medium. The concentration of methanol was directly proportional to the area of the peak for 

methanol. 

4.2.14. Raman mapping to investigate the distribution of the API in the products 

The distribution of LDME in SYLs was measured by Raman chemical mapping using a Thermo 

Fisher DXR Dispersive Raman instrument (Thermo Fisher Scientific Inc., Waltham, MA, 

USA), equipped with a CCD camera and a diode laser, operating at a wavelength of 780 nm. 

Raman measurements were carried out with a laser power of 24 mW at a slit aperture size of 

50 µm. A surface with a size of 100 µm * 100 µm was analyzed with a step size of 10 µm, with 

an exposure time of 2 s and an acquisition time of 2 s, for a total of 6 scans per spectrum in the 

spectral range of 3500-200 cm-1 with cosmic-ray and fluorescence corrections. The Raman 

spectra were normalized to eliminate the intensity deviation between the measured areas. 

4.2.15. 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 
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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, 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 

(length: 8 cm, average flat width: 23 mm, 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 

[114]. 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 [115]: 

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), with which the 

equation the most closely fits the measured points. Parameters a and b were determined by 

iteration using the least-squares method (Solver extension of Excel 2016, Redmond, 

Washington, USA). This equation was proposed for so-called “lumped” second-order kinetics 

but we planned to investigate its utility for different release kinetics. 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: 
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lim
𝑡→0

𝑎 ∗ 𝑡

1 + 𝑏 ∗ 𝑡
= 𝑎 ∗ 𝑡 =

𝑚𝐴𝑃𝐼,𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑

𝑚𝐴𝑃𝐼 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
 

Thus, parameter a corresponds to the initial release rate (IRR). 

Thereafter, the difference (f1) and the similarity factor (f2) between the fitted model and the 

actual release results were calculated [116,117]. The difference factor (f1) defines the 

percentage difference between two curves using the relative error between them: 

𝑓1 = {
∑ |𝑅𝑡 − 𝑇𝑡|𝑡

𝑛=1

∑ 𝑅𝑡
𝑡
𝑛=1

} ∗ 100 

The f2 is the logarithmic reciprocal square root transformation of the sum of squared error and 

is a measurement of the similarity in the percent (%) dissolution between the two curves, i.e. it 

can be defined in the following way: 

𝑓2 = 50 ∗ 𝑙𝑔 {[1 +
1

𝑛
∑(𝑅𝑡 − 𝑇𝑡)2

𝑛

𝑡=1

]

−0.5

∗ 100} 

In the defining equation of f1 and f2, the n is the number of observations, Rt is the mean 

percentage of drug dissolved from the reference formulation (in our case: the percentage of the 

model curve), Tt is the percentage of drug dissolved from the test formulation. As the value of 

f2 approaches 100, the two compared curves are getting more and more similar. The similarity 

factor is considered a more appropriate method to compare release profiles [118]. 

4.2.16. High performance liquid chromatography (HPLC) methods 

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

Series (Agilent Technologies, San Diego, CA, USA). 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 flow rate was adjusted at 0.5 ml/min, the injection was 20 

µl and the analysis time was 10 min. The LD was analyzed at 280 nm with a diode array 

detector. Data were evaluated with ChemStation B.04.03. software (Agilent Technologies, 

Santa Clara, CA, USA). 

- The quantification of LDME-content: as LDME is chemically unstable in aqueous media and 

is converted into LD during the release studies [67], it was necessary to follow the release 
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kinetics with HPLC to quantify both LDME and LD, the released amount of LDME was defined 

according to the next equation: 

𝑛𝐿𝐷𝑀𝐸,𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 = 𝑛𝐿𝐷𝑀𝐸,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 + 𝑛𝐿𝐷,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 

where nLDME, released means the released moles of LDME, nLDME, measured and nLD, measured are the 

measured moles of LDME and LD, respectively. 

The LDME-content was quantified with a 1260 HPLC Agilent system (Agilent Technologies, 

San Diego, CA, USA) equipment. The mobile phase 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. 

10 µl of the sample was injected and isocratic elution was applied with 1.0 ml/min flow for 8 

min at 30 °C. Both APIs were analyzed at 280 nm with a diode array detector. Data were 

evaluated with ChemStation B.04.03. software (Agilent Technologies, Santa Clara, CA, USA). 

4.2.17. 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 [119]. The accelerated stability tests were performed with the LD-

containing nasal powders, as well. 

During the chemical stability measurements, three parallels were measured. 

4.2.18. 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). A 

certain phenomenon was considered significant in the case of p < 0.05. 

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

parameter a values of the release results, 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 using analysis of variance (ANOVA). Differences were 

considered significant when p < 0.05. 
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5. RESULTS AND DISCUSSION 

5.1. Preparation of LD-containing nasal powders 

In this part of the work, we aimed to prepare nasal powders which can be proper to 

complementarily treat the delayed on periods of PD which belongs to one of the 

pharmacokinetics-related side effects of oral LD.  

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

As the LD-containing nasal powders are potentially 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 (Figure 8.). 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; 

- API particle size; 

- stability. 

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

- API-additive ratio; 

- API initial particle size; 

- rotational/milling speed; 

- milling time. 
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Figure 8. The results of the interdependence rating between the QTPP-CQA (A), the CQA-

CPP/CMAs (B), the Pareto charts on the basis of the severity score of CQAs (C) and the 

CPPs/CMAs (D) using QbD-based RA to prepare LD-containing nasal powder with 

immediate release 

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 

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 (Figure 8./C). Besides, 

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

products (Figure 8./D). 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 
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systematically varied using two mucoadhesive excipients (CH and NaHA) as presented in Table 

5. 

In the next part, other binary nasal powders were formulated with five other 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. The LD:additive ratio and 

the milling time were varied, meanwhile, the rotational speed was fixed at 400 rpm based on 

the experimental results with CH and NaHA. 

5.1.2. 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 binary mixtures were co-milled with 400 

rpm rotational speed, the crystallinity index of CH- and NaHA-containing powders 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 and the milling lasted 

for a maximum of 60 min in the case of other formulations (containing α-CD, HPMC, PVP, 

PVA, MAN). The milling time and the LD:excipient ratio were varied during the optimization 

process. 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 40 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 7. 
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Table 7. 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 

LD:additive 
D50, additive, 

initial (μm) 

Optimized 

mass ratio 

Milling 

time 

(min) 

Rotational 

speed 

(rpm) 

D50, 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 

The SEM images also verified the results of laser diffraction regarding the scale of mean 

particle size of the products (Figure 9.). The partially amorphous structure of the products can 

also be observed in the pictures based on the partially pounded instead of the sharp crystals. 

 

Figure 9. The SEM pictures of the LD:CH=50:50 (A), the LD:NaHA=50:50 (B), the LD:α-

CD=70:30 (C), the LD:HPMC=70:30 (D), the LD:PVP=50:50 (E), the LD:PVA=50:50 (F) and the 

LD:MAN=50:50 (G) products 

5.1.3. Secondary interactions between the LD and the excipients 

The secondary interactions were evaluated by the comparison of a model spectrum (created 

from the linear combination of LD and the additive spectrum) to the product spectrum. T 

𝑥 ∗ [𝐿𝐷 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚] + 𝑦 ∗ [𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚] = [𝑀𝑜𝑑𝑒𝑙 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚] 

The x and y coefficients were varied by an iteration method with the help of the Solver extension 

of the Excel 2016 Software. The calculation minimized the ([Product spectrum] - [Model 
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spectrum])2 difference (method of least squares). To the best of our knowledge, it was the first 

time to use the method of least squares for the investigation of secondary interactions between 

an API and an excipient in solid-state with mid-IR spectroscopy. Secondary interaction could 

be detected only in the case of two products (Table 7.): the LD:PVP=50:50 and 

LD:MAN=50:50 (Figure 10.). 

In the case of LD:PVP=50:50, the peak at 3387 cm-1, which corresponded to the phenolic 

hydroxyl group of LD [120], increased to 3406 cm-1 wavenumber in the product. Besides, the 

broadening of this band also occurred which refers to the expansion of the hydrogen bonding 

system. The shift of the OH-stretching band and the broadening could be the consequence of 

the adsorbed water content of the polymer. These water clusters could play a role in the 

formation of hydrogen bonds. 

The stretching band of the hydroxyl group belonging to LD also became broader but it was less 

remarkable in the LD:MAN=50:50 product. However, 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 [120] which could be 

caused by intermolecular interaction between it and OH-groups of MAN. 

 

Figure 10. The model and the measured mid-IR spectrum of the LD:PVP=50:50 (A) and the 

LD:MAN=50:50 (B) products (the model spectrum was calculated from the linear 

combination of individual component spectra) 

5.1.4. 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 

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

PVA and PVP because the chemical stability of the drug is reduced in the presence of these 

substances compared to the raw LD powder. 

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

The in vitro drug release tests of binary mixtures were carried out by a modified dissolution 

method in artificial nasal media. Because of the limited residence time (a consequence of 

mucociliary clearance) on the nasal mucus and because the delayed on periods are aimed 

(emergency treatment), the API should own the quickest possible release rate. Thus, our 

purpose was to find the nasal powder whose dissolution rate was higher than the reference LD. 

According to our results, the LD:PVP=50:50, the LD:NaHA=50:50 and the LD:α-CD=70:30 

were quicker than the reference (Figure 11.), the release of other products was slower during 

our experiments according to the t15 min value. The parameter a, which characterized the IRR, 

gave the same sequence, except for the LD:PVA=50:50 which was quicker than the reference 

(Table 8.). Although, the PVP-containing formulation had the highest release rate, the 

LD:PVP=50:50 sample was not chemically stable, therefore it cannot be used as a nasal powder 

with LD. The model release curve constructed from the parameters a and b showed similarity 

with the actual release curve in each case. 

 

Figure 11. The release profile of the LD-containing products and the reference LD powder 
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Table 8. The parameters characterizing the release of the powders: the released ratio in 15 

minutes of dissolution time (t15 min), the release kinetics, the parameters a and b, the difference 

and similarity factor between the model curve and the actual release curve 

Products 
t15 min 

(%) 
Release kinetics 

Parameter 

a (1/min) 

Parameter 

b (1/min) 
f1 (%) f2 

LD powder 39.9 Hixson-Crowell 0.0531 0.0764 0.123 100.0 

LD:CH=50:50 7.5 
Could not be 

evaluated 
0.00881 0.0501 8.23 100.0 

LD:NaHA=50:50 63 Higuchi 0.1231 0.14 3.24 100.0 

LD:α-CD=70:30 58.8 Hixson-Crowell 0.0763 0.0729 6.23 100.0 

LD:HPMC=70:30 21.5 First-order 0.0241 0.0456 0.2756 100.0 

LD:PVP=50:50 72.4 Hixson-Crowell 0.168 0.165 0.714 100.0 

LD:PVA=50:50 37.7 Hixson-Crowell 0.0603 0.102 3.25 100.0 

LD:MAN=50:50 27.4 Higuchi 0.0431 0.0804 5.04 100.0 

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. 

5.1.6. Potential feasibility of the nasal powders based on the results 

LD-containing nasal powders were optimized by co-milling to reach the formulation which can 

potentially be proper for the treatment of the delayed on periods of PD. The optimization was 

carried out to prepare a formulation that satisfied the requirements regarding the D50 value 

(more than 5 μm to prevent it from reaching the lungs but less than 45 μm to exhibit fast release), 

in which the LD is chemically stable and whose release rate is higher than the reference. Based 

on our findings, the LD:NaHA=50:50 and the LD:α-CD=70:30 nasal powders could be used as 
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a complementary treatment to the conventional oral LD administration. The LD:PVP=50:50 

also exhibited a quick release rate but it was not chemically stable. The release rate of 

LD:PVA=50:50 was similar to the LD reference but its D50 value was higher than 45 μm. The 

NaHA and the α-CD could be also mixed in the future to prepare a ternary nasal powder with 

increased mucoadhesion and absorption rate potentially resulting in improved bioavailability. 

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

In this part of the Ph.D. work, we intended to formulate and optimize MPS microparticles 

loaded with LDME to reach extended drug release and zero-order kinetics to suggest a 

potentially suitable, stable formulation that might lead to reduced wearing off periods of PD 

compared to the conventional oral administration of LD-containing tablets. 

5.2.1. RA and 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 (oral); 

- targeted patient population (patients with advanced PD); 

- dosage form (powder for capsule filling). 

As the dissolution of LDME is required to be prolonged, therefore the wetting properties of the 

formulation are crucial to know and control. Besides, too much amount of a drug might lead to 

precipitation on the surface of MPS resulting in inhomogeneity, therefore it is important to test 

the dependence of the physical stability on the drug ratio. We also have to take into account 

that the LDME is chemically unstable at room temperature. Based on the above-mentioned 

reasons, the following CQAs were chosen: 

- physical stability; 

- chemical stability; 

- extended release; 

- homogeneity of the API; 

- wetting properties. 
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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; 

- 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 

- LDME:SYL ratio. 

The connection between the QTPP-CQA and the CQA-CPP/CMA is summarized in Figure 12. 

 

Figure 12. The results of the interdependence rating between the QTPP-CQAs (A),  

the CQAs-CPP/CMAs (B), the Pareto charts based on the severity score of CQAs (C),  

and the CPPs/CMAs (D) using QbD-based RA to prepare LDME-containing MPS 

microparticles with extended release 
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The initial RA showed that the extended release of the API from the formulations and the 

wetting properties were the most influencing factors on the QTPP among the CQAs. The CQAs 

can be controlled mainly by varying the LDME:SYL ratio during the SYL loading and by 

varying the hydrophobization agent concentration during the SYL hydrophobization process 

Thus, a 32 full-factorial design was set, the factors are presented in Table 6. 

5.2.2. The hydrophobization of the SYL-0 to control the drug release 

Based on the preliminary experiments and the initial RA, the moisture content had a key role 

in the success of the reaction. It was revealed that in case the SYL-0 particles had been dried at 

110 °C before the process, the chemical reaction did not undergo. For this reason, the adsorbed 

moisture content of the SYL-0 particles had been equilibrated for 3 days at 40 °C and relative 

humidity of 75 % prior to the reaction. Increasing the concentration of TMCS during the 

reaction showed an increasing tendency in the change of contact angle with water. According 

to the charge titration measurements, the surface density of the Si-OH groups decreased due to 

the functionalization by increasing the concentration of reactant (Table 9.). 

Table 9. The contact angle and the surface density of silanol groups of initial SYL-0 and its 

hydrophobized derivatives (SYL-1 and SYL-2) 

SYL ΘH2O (°) dSi-OH (1/nm2) 

SYL-0 0 0.64 

SYL-1 66.86  ± 7.16 0.54 

SYL-2 120.49  ± 2.78 0.15 

The decrease of silanol groups could be also a consequence of the high drying temperature (70 

°C) after the reaction, therefore the presence of –Si(CH3)3 groups also 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 13.). 
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Figure 13. Mid-IR spectra of SYL-0, SYL-1 and SYL-2; the 700–1000 cm−1 region is 

magnified 

The bands at 474, 804 and a shoulder type peak at 1105 cm-1 with a shoulder at  

1188 cm-1 were assigned to the vibrations of siloxane (-Si-O-Si-) groups which were intact in 

the reaction [121]. 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 significant reduction of the silanol group density. The spectral range of 865–750 cm−1 (peaks 

on the spectra at 759, 850 and 865 cm−1) could be assigned to the presence of –Si-CH3 [122]  

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

belonged to the vibrations of the adsorbed water molecules [121]. The intensity of these peaks 

decreased in the case of the hydrophobized silica, nevertheless, they were stored under the same 

conditions after the reaction. It indicated that fewer amount of water could be adsorbed on the 

surface of SYL-1 and SYL-2 than that of SYL-0 probably due to the lower hydrophilic surface 

silanol content. The hydrophobization caused reduced nitrogen adsorption capacity [123] which 

phenomenon had been experienced in the literature, therefore the BET specific surface of the 

SYLs was the following: SYL-0=283 m2/g, that of the SYL-1=244 m2/g and that of the SYL-

2=235 m2/g. Its reason could probably be that the new groups reduced the diameter of 

mesopores because the attached trimethylsilyl groups were larger than the silanol groups. 

5.2.3. 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 
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recrystallize on the outer surface of the carrier. Thus, XRPD and DSC measurements could 

indicate whether the loading process was successful. Applying LDME in 20 % w/w or lower 

amount, the API could be incorporated into the SYLs (Figure 14.), which was proven by the 

absence of crystalline peaks on the diffractogram and melting point on the DSC curve. In 

contrast to trials with 40 and 60 % w/w (SYL-0-40 and SYL-0-60 on the Figure 14./A, 

respectively) drug ratio, characteristic peaks appeared on the diffractograms in these cases but 

the 2θ values were different from peaks corresponding to the initial LDME (LDME-I). 

Prior to the evaporation, the LDME and the SYL were dispersed in methanol, therefore 

formulation could contain residual methanol content whose amount is limited by the ICH Q3C 

(R8) guideline at 3000 ppm (w/w) [59]. According to the results of the GC, the amount of this 

organic solvent in each product was below the limit. 

The specific surface area of the loaded SYLs decreased after loading drug loading. In addition, 

as the loading extent increased, the surface area decreased (Table 10.).  

 

Figure 14. The diffractograms (A) and the DSC curves (B) of the formulations 

5.2.4. Polymorph screening of LDME by crystallization 

When 40 and 60 % w/w ratio of LDME was used, new characteristic peaks appeared on the 

diffractograms immediately after the loading process but they did not correspond to the peaks 

of initial LDME, which phenomenon could refer to the formation of a new polymorph of LDME 

on the SYL surface during the evaporation. Therefore a crystallization study was performed 

with LDME by evaporation of ethanol, methanol and purified water. Each solvent led to the 

same polymorph form (LDME-II) which was also detected in the case of the SYL loading trial 

with a high amount of API. According to the DSC, the LDME-II had a lower melting point 

(138 °C) than the initial LDME (LDME-I) (178 °C). Above the melting point of LDME-II, it 
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recrystallized into LDME-I. After heating the LDME-II between the melting point of LDME-

II and LDME-I (to 145 °C), the XRPD pattern showed the characteristic peaks of LDME-I 

(Figure 15.), i.e. the LDME-II could convert back to LDME-I. These results presumably suggest 

that a new polymorph of LDME was identified. 

 

Figure 15. The diffractogram (A) and the DSC curve (B) of LDME-I and LDME-II, as well 

as the diffractogram of LDME-II after heating to 145 °C (A) 

5.2.5. The distribution of LDME in the formulations 

Raman mapping was performed to explore the distribution of LDME in the products (Figure 

16.). The Raman spectrum of pure LDME was used as a reference to visualize the chemical 

map of the products showing the amount of LDME. The increasing amount of LDME during 

the loading process caused a larger extent of regions on the chemical map (red colour) and more 

intensive peaks on the Raman spectra due to the higher amount of API in the system. In the 

SYL 1-5 and SYL 2-5 products, the LDME can be found only sporadically in contrast to SYL 

0-5, which can be attributed to the strong interactions between the polar API and the polar 

silanol and siloxane groups on the surface but the LDME-LDME interaction might become 

dominant over the LDME-SYL interactions in the hydrophobic products because of the 

decrease in the polar functional groups. Overall, in the range of 5-20 % w/w of LDME, a 

homogeneous distribution of the API was observed in the products which referred to the 

efficient incorporation process. 
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Figure 16. Raman chemical maps showing the distribution of LDME in the products 

5.2.6. 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 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. On the other hand, low-intensity peaks of the API appeared on the 
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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. 

5.2.7. 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 smaller in the case of 20 % w/w LDME-

containing formulations (Figure 17.). The difference between the SYL-2-containing and the 

other formulations could be explained by the poor aqueous wettability of SYL-2 compared to 

SYL-0 and SYL-1. 

 

Figure 17. The in vitro release curves of the 5 % w/w (A), the 12.5 % w/w (B) and the 20 % 

w/w LDME-containing products as well as the reference LDME (C) 

The kinetics of the drug release curves were determined. The 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 because the surface area decreased 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. 

Parameters a and b were used to quantifiably interpret the results, the IRR was characterized 

with the help of parameter a. Using these parameters, a model release curve could be 

established, the similarity between the actual and model results could be established (Table 

10.). 
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Table 10. The release parameters (a and b), the specific surface area, the release kinetics of the 

products and the reference LDME, the difference and the similarity factors between the model 

curve and the actual release results 

Sample 
Parameter  

a (1/min) 

Parameter 

b (1/min) 

As 

(m2/g) 

Release kinetics 

with the strongest 

correlation 

f1 (%) f2 

LDME 

reference 
0.02659 0.02165 - First order 0.125 99.99 

SYL-0-5 0.01600 0.01363 263 Hixson-Crowell 7.82 99.98 

SYL-0-12.5 0.01585 0.01116 255 Hixson-Crowell 9.57 99.96 

SYL-0-20 0.02006 0.01993 208 First order 6.73 99.98 

SYL-1-5 0.007694 0.004263 240 Hixson-Crowell 13.8 99.95 

SYL-1-12.5 0.0065001 0.004281 184 Hixson-Crowell 14.0 99.96 

SYL-1-20 0.01371 0.01103 181 First order 17.3 99.91 

SYL-2-5 0.001359 0.002931 226 Zero order 11.4 100.0 

SYL-2-12.5 0.0008355 0.002598 173 Zero order 12.4 100.0 

SYL-2-20 0.002804 0.002509 169 First order 12.0 99.99 

A polynomial equation could be established to define the relationship between the dependent 

variable (parameter a) and the independent variables (cTMCS and % w/w of LDME). 

Parameter a = 9.423*10-3 – 7.818*10-3 x – 9.1*10-5 x2 + 1.921*10-3 y – 1.271*10-3 y2 – 

6.55*10-4 x y + 2.33*10-4 x y2 + 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 members of the equation exhibiting a significant 

influence on parameter a were highlighted in bold. The statistical parameters of this equation 

were: R2 = 0.93462, adjusted R2 = 0.90556, mean square residual = 4.8*10-6. 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, resulted in 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 

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. This equation defined a surface plot (Figure 18.): 



43 

 

 

Figure 18. The surface plot of the parameter a as a function of TMCS concentration and 

LDME % w/w (the – 9.1*10-5 x2 and the 2.33*10-4 x y2 
members are ignored from the 

polynomial equation) 

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 results of 

Tukey HSD test showed that the release rate was significantly lower for each product than for 

the LDME reference, except for SYL-0-20 (Figure 19.). Based on the ANOVA evaluation of 

the results of the 32 full-factorial design, the LDME mass percent did not exhibit a significant 

effect on the parameter a when the individual values were compared. This the apparent 

contradiction between the ANOVA and the individual Tukey HSD tests emphasizes the 

importance of the holistic approach of ANOVA evaluation of factorial designs. 

The results of Tukey the HSD test implied that the parameter a of SYL-2-containing products 

at a given LDME % w/w was significantly lower than SYL-0-containing ones, however, there 

was no significant difference between the SYL-0- and SYL-1-containing samples indicating 

that the use of 20 mM of hydrophobization agent was satisfactory to decelerate the drug 

dissolution rate in contrast to 10 mM. According to the results, the limiting factor of preparing 

drug-loaded MPS is the small amount of material that can be incorporated into the mesopores 

resulting in a system without even partially recrystallized API. Thus, the wetting properties and 



44 

 

the loading extent of the carrier must be taken into account in the case of the development of 

an MPS-based drug delivery system because they have a significant effect on the release 

kinetics and the stability. 

 

Figure 19. The parameter a of the LDME reference and the LDME-containing formulations, 

the significant difference between the product and the LDME is marked with asterisks 

5.2.8. Potential feasibility of the LDME-containing SYL systems based on the results 

During our work, surface-modified MPSs were synthesized via hydrophobization with TMCS, 

then antiparkinsonian LDME was loaded into the mesopores with the so-called rotavapor 

method. The hydrophobization was evaluated with streaming potential measurement-assisted 

particle charge titrations, contact angle measurements and FT-IR The successful loading was 

verified with XRPD, DSC, Raman mapping and BET. 

The optimized formulations were stable and exhibited zero-order release kinetics and controlled 

release (SYL-2-12.5 and SYL-2-5) which can provide a steady blood level leading to decreased 

side effects. A similar approach is used in the LD/carbidopa-containing duodenal infusion 

[124]. 
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The use of hydrophobized MPSs can be suggested for APIs with a narrow therapeutic index 

(like dopamine precursors when PD is advanced) because the API release can be systematically 

controlled via the wettability of MPSs and the API content.  

5.3. The perspectives of possible utilization of the formulations 

In this Ph.D. work, formulations containing dopamine precursors (LD, LDME) were prepared 

both for intranasal and oral delivery using the QbD approach. The nasal powders can exhibit a 

short offset after administration, therefore they can be suitable to treat the delayed on periods 

of PD. The most promising nasal powders were the LD:NaHA=50:50 and the LD:α-CD=70:30, 

the NaHA and the α-CD could also be combined to further optimize the properties. 

Besides, LDME was loaded into the pores of non-hydrophobized and hydrophobized MPS to 

prepare formulations with zero-order release kinetics and extended release. These powders are 

suitable to fill into capsules and administered orally. The optimized formulations were SYL-2-

12.5 and SYL-2-5 for the possible treatment of wearing off periods. 

As a conclusion of the results, nasal powder and oral capsule were formulated and the drug 

release of LD and LDME was controlled. The results can provide additional information to the 

developers to prepare formulations that have an improved pharmacokinetic profile than the 

conventional oral immediate release tablets.  
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6. 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. Besides, to the best of our knowledge, it had not 

been explored if the LDME release rate can be prolonged by loading into hydrophobized MPS. 

II) Using the data of the detailed literature review and the pre-experiments of the research group 

on this field, we applied the QbD approach to define the QTPP, 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. 

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, streaming potential measurement-assisted particle charge titrations and FT-IR. 

Thereafter, the LDME was loaded into the mesopores with rotavapor method, meanwhile, the 
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LDME was dissolved in methanol. The hydrophobization and the loading extent was optimized 

to prepare formulations which might provide steady blood level of the API. The residual 

methanol content was below the limit defined by ICH Q3C (R8) guideline. 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. For this reason, a detailed crystallization study was performed: 

the LDME was crystallized from water and some organic solvents including methanol. The 

diffractogram and the DSC curve of this crystal form were different from the commercially 

available one which probably referred 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 oral products exhibiting 

extended release (SYL-2-5 and SYL-2-12.5) can reduce the wearing off periods and the nasal 

powders with immediate release (LD:NaHA=50:50 and LD:α-CD=50:50) 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 

and incompatible with other excipients. 

 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. 

 A new polymorph of LDME (LDME-II) was presumably discovered and its 

physicochemical properties were compared to the initial LDME (LDME-I) which is crucial 

from industrial aspect. 
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