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Abstract 

The current forms of pharmacological distribution will fall short in the wake of the 

emerging demand for personalized medicine. Two-dimensional inkjet printing is proposed to 

facilitate dose adjustments. Besides this, mesoporous nanoparticles arise in the search to 

overcome poor water solubility. Additionally, mesoporous nanoparticles can be used for 

advanced targeted drug delivery and controlled release. 

This work combines the concepts mentioned above with the goal to print loaded 

mesoporous nanoparticles as a nano-ink with a piezoelectric inkjet printer. Therefore 

furosemide was used as model drug due to its poor water solubility/permeability which was 

loaded into mesoporous nanoparticles functionalized with polyethylene imine branches. 

A 50:50 vol% of water and propylene glycol was selected as inkbase after evaluation a 

range of inkbases based on the Z-value. Plain inkbase, unloaded particles as well as loaded 

particles were printed. To analyse the printability of the nanoparticles, a low concentration 

of 0.1 mg/ml was printed to start with. Because of absence of contraindications, the 

concentration was raised to 1 mg/ml and 5 mg/ml at the end. Printing this last ink, a lower 

printability was observed indicated by sedimentation of the particles in the ink container and 

repeated clogging of the nozzles. Two substrates with different absorption properties were 

used, permeable hydroxypropylmethylcellulose film and impermeable transparency film. 

The mesoporous nanoparticles were analysed before printing to get a detailed look 

on their properties. Multiple techniques were used to evaluate them in all their aspects. 

Printed samples were subject to scanning electron microscopy and confocal microscopy. This 

led to the conclusion that the samples on hydroxypropylmethylcellulose films had a more 

homogeneous particle distribution. Next to this, a content analysis was performed on the 

loaded samples. Fluorescent spectroscopy was used to determine the concentration of 

furosemide in the printed samples. Comparing the experimental values to the theoretical 

amounts, lower values were obtained than theoretically calculated. 

This study indicates that printing nanoparticles is a possible approach to process poor 

water soluble drugs. However optimization of the printer is needed which leads to the 

possibility of printing higher doses. 



 
 

Samenvatting 

 De groeiende nood aan individuele geneesmiddel dosering zorgt ervoor dat de 

commercieel beschikbare preparaten onvoldoende flexibel zijn in het aanpassen van de 

dosis. Het gebruik van een twee-dimensionele inkjet printer is een mogelijkheid om dit te 

vergemakkelijken. Het tweede luik in dit werk is het gebruik van mesoporeuze silica 

nanopartikels om de povere water oplosbaarheid van sommige geneesmiddelen te 

overwinnen. Daarnaast worden deze nanopartikels gebruikt voor doelgerichte en/of 

gecontroleerde geneesmiddelafgifte. 

Dit werk combineert deze twee concepten met als doel om geneesmiddel-geladen 

nanopartikels gesuspendeerd als nano-inkt te printen met behulp van een pië-ezoelektrische 

inkjet printer. Furosemide wordt gebruikt als model geneesmiddel dat wordt geladen in 

mesoporeuze nanopartikels die functionalisatie ondergingen met polyethyleen imine 

vertakkingen. 

Een inktbasis bestaande uit 50:50 vol% van water en propyleenglycol werd gekozen 

op basis van de Z-waarde. Na printen van inktbasis werd er gestart met een lage 

concentratie van 0,1 mg/ml om de printbaarheid te analyseren. Vervolgens werd de 

concentratie verhoogd naar 1 mg/ml en 5 mg/ml. Tijdens het printen van deze 

laatstgenoemde concentratie werd er een verminderde printbaarheid van de inkt 

waargenomen. Twee verschillende films werden gebruikt als substraat waar de stalen met 

meerdere geprinte lagen op de hydroxypropylmethylcellulose film sneller drogen in 

vergelijking met de stalen op de transparante film. 

Na het vervaardigen van de nanopartikels werden deze geanalyseerd om hiervan een 

gedetailleerd beeld te krijgen. Verschillende technieken werden gebruikt om alle aspecten te 

onderzoeken. De geprinte stalen werden onderworpen aan elektronenmicroscopie en 

confocale microscopie met als conclusie dat een meer homogene partikel distributie gezien 

werd voor de stalen geprint op HPMC film. Vervolgens werd er ook een gehaltebepaling voor 

furosemide uitgevoerd die gebruik maakte van een spectrofotometer voor de concentratie 

bepaling. Wanneer de experimentele waarden met de theoretische waarden werden 

vergeleken, kon er worden opgemerkt dat de experimentele waarden lager waren dan 

verwacht. 



 
 

Dit werk geeft aan dat het printen van nanopartikels een mogelijke aanpak is voor 

het verwerken van actieve stoffen. Optimalisatie van de printer is echter nodig wat zal leiden 

tot beter corresponderende gehaltebepalingen. 
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1 INTRODUCTION 

With the growing knowledge of the human genome, the information about the 

human body and its defects has never been more detailed1. This revolution will have a 

significant impact on health care as we know it. Understanding the differences in 

biochemical processes that cause diseases leads to more targeted drug research. On the 

other hand, the awareness of the diversity between people on a genomic level has given rise 

to advanced, personalized health care. Hence, the obtained information gives specialized 

insights in how to treat an individual2. 

Given the genomic information on pharmacokinetics and pharmacodynamics, 

predictions about drug response, efficacy and toxicity can be made with more confidence. 

Having this knowledge in advance makes it decisive when developing a new active 

pharmaceutical ingredient (API)3. The challenge for pharmaceutical sciences is to evolve into 

an industry where evidence-based drug targeting as well as optimal personalised 

pharmaceutical preparations are possible. 

To facilitate personalising the doses, printing APIs has been proposed4,5. Due to the 

versatility of the system, changes can be made easily. The drug substance is either dissolved 

or dispersed in a printable inkbase. When the drug substance is dispersed in the inkbase, it is 

of major importance to control the particle size in order to diminish the chance of clogging 

the nozzles. Furthermore, the substrate can vary, from polymer films to implants. This gives 

printing drug substances a wide range of applications. The substrate properties have to be 

considered for each application. 

Another obstacle presented to the pharmaceutical industry during drug development 

is the low water solubility of multiple APIs, especially during high-throughput screening of 

new pharmaceutical entities6. Porous nanoparticles aid bypassing this problem. Next to this, 

they are suited for controlled delivery or drug targeting7.  

The aim of this work was to develop a nano-ink and deposit the ink onto a substrate 

using piezoelectric inkjet technology. Unloaded and drug-loaded mesoporous silica 

nanoparticles (MSNs) were printed to research the possibilities and limitations of this 
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combination. It can be promising to create formulations with controlled release properties. 

An example is to provide an implant with controlled-release antibiotics.  

 

1.1 PRINTING DRUG SUBSTANCES 

A lot has been written about the use of pharmacogenomics, but this field of research 

is in its early stages of development and the full potential is get to be reached8,9. Medicines 

of today are not sufficient to meet the requirements for personalized health care. Only a 

small percentage of the currently available medicines have information about genomics on 

their label10. Additionally, personalizing doses is a time-consuming action for the pharmacist 

because of the ‘one-drug-fits-all’ principle handled nowadays.  

Printing drug substances is one way to overcome this need for flexibility in 

pharmaceutical preparations. This approach uses a printer to distribute an API, dissolved or 

dispersed in an inkbase solution, onto various substrates4. For printing, both two-

dimensional (2D) and three-dimensional (3D) techniques are used11. Implementing this 

techniques for pharmaceutical use has the advantages of accurate distribution of the drug 

and a small volume ejected each time. The idea is that this technique could also be 

implemented on an industrial level with some modifications. 

Because of this ‘one-drug-fits-all’ principle, a few defaulting methods of dose-

adjustments are handled nowadays. Some pharmaceutical companies give patients the 

possibility to take only a part of a tablet by providing it with a split line. This causes dose 

variability, especially with highly potent APIs12,13. Using solutions is easier for personalizing 

the dosage assuming that patients are able to measure the right volume. It has been 

reported that the accuracy of this measurement is not exact which also leads to dose 

variability14. Printing the needed amount of API by the pharmacist is a possible alternative. It 

can offer a decrease in the variability between single doses with highly potent APIs 

compared to a non-homogeneous distribution of the active substance in the bulk powder4. 

The aim is that the printing-process does not consume as much time as adjusting the dose 

manually by the pharmacist. 
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The ease of adjusting doses and the accuracy of the process are not the only 

advantages of printing drug substances. A major share of new chemical entities discovered 

by high-throughput screening never reaches the market as a result of their low solubility 

and/or poor stability. Printing medicines on demand gives the term ‘long-term stability’ 

another connotation. Solubility issues can be avoided by dilution of the API in ethanol or 

polyethylene glycol added to water during the ink-formulation15. 

A short overview of the possible printing techniques as well as the most important 

characteristics for printing and previous research will be described here. 

 

1.1.1 Printing techniques 

2D printing techniques for pharmaceutical applications can be divided into two major 

categories, inkjet and flexographic. These printers are widely known as office and household 

devices. Due to the versatility of this system, its popularity is increasing16. The device used 

for this work is an inkjet printer. This technique uses liquid ink to create a pattern on the 

substrate by emitting droplets of picolitre-size4. Two types of inkjet printers are available, 

continuous and drop-on-demand (DoD). The continuous type of printers expel droplets on a 

fixed time interval which is used in industrial production processes, for instance printing the 

expiry date on food packaging. Because of the continuous stream of ink, the printers are 

designed that the droplets can either fall on the substrate or be recycled17. For the 

production of pharmaceutical preparations, only DoD printers have been used so far. Like 

the name says, the droplets will only leave the nozzle when needed.  

Otherwise, based on the technique used to expel droplets, two main inkjet printing 

technologies can be distinguished: thermal inkjet (TIJ) and piezoelectric inkjet (PIJ). Both 

continuous inkjet printers as well as DoD inkjet printers can use these techniques for droplet 

emission. In TIJ printers, a resistive element is present in each nozzle. A current is applied 

each time a droplet must be emitted. Due to the current, the temperature will rise very 

quickly generating a super-heated vapour bubble which forces a droplet out of the 

chamber18. The vacuum in the nozzle is responsible for refilling it. Figure 1.1.B shows a visual 

representation of this thermal drop method. It is important to note that the high 
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temperature needed to eject the droplet can cause API degradation. Because of the heat, 

there is also a limitation in solvents. The consequence of this solvent restriction is a 

limitation for the APIs that can be printed as well5. 

 

Figure 1.1: Emission of a droplet from A. a PIJ printer and B. a TIJ printer
4
. 

 

Compared to TIJ, the impact of the temperature is smaller in PIJ printers. The ejection 

of a droplet is caused by the expansion of a piezoelectric material surrounding each nozzle. A 

piezoelectric material is an element that expands when a current is applied which forces the 

emission of a droplet. When the piezoelectric material returns to its normal shape, refill of 

the chamber with ink from the reservoir is possible16. Figure 1.1.A gives a schematic 

representation of this procedure. 

The second major category of 2D printers are flexographic printers, which are also 

frequently found in literature for pharmaceutical applications19,20,21. This technique is based 

on a roll-to-roll method, several cylinders transmitting the ink from one to another. Figure 

1.2 shows a schematic presentation of this process. The ink is loaded onto a chain of rolls by 
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the first cylinder, the fountain cylinder. This transmits the ink onto the second cylinder, the 

anilox cylinder. Here excessive ink is removed by a doctor blade to ensure of an even 

coating22. The even coating allows a uniform filling of the next cylinder, the plate cylinder. 

This cylinder has a relief plate consisting of precisely engraved small cells forming the 

pattern that will be printed. The ink is applied on a substrate by pressing the substrate 

between the plate cylinder and the last cylinder, the impression cylinder.  

 

Figure 1.2: Process of a flexographic printer
4
. 

 

1.1.2 Ink development and droplet formation 

The solvents used to form the inkbase depend on the printing method. The printing 

techniques are very sensitive to the rheological properties of the ink. During the 

development of the ink, the crucial parameters are viscosity, surface tension, density and 

volatility15,17,23,24. The viscosity must be low enough to refill the nozzles in time and to 

prevent tailing with the formation of satellite droplets15. Satellite droplets arise when an 

elongated tale breaks leading to a poor repeatability. Figure 1.3 shows how these are 

formed. Values between 1 and 30 mP·s have been used for the viscosity in previous 

studies4,15. Altering the viscosity has been done by adding water soluble polymers like 

propylene glycol (PG), polyethylene glycol, glycerol, polyvinyl alcohol or carboxymethyl 

cellulose to the primary inkbase15,25. Adding these excipients will also affect the solvent 

evaporation rate.  
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The surface tension must be sufficiently high to form spherical droplets and prevent 

leakages when the printer is not operative. In previous studies, surface tension values have 

been between 25 and 45 mN/m15. Optimization of the surface tension is possible by adding 

surfactants. It needs to be noted that the surfactant molecules can interact with the API or 

nanoparticles based on charge-charge interactions.  

Quantification of the inkbase printability using the different rheological parameters 

related to droplet formation will make the decisions concerning ink formulation 

development more easily. The Z-value had been proposed for this purpose. This parameter 

expresses the printability of the ink based on the surface tension γ, the viscosity η and the 

density ρ with α as the diameter of the printing nozzles (equation 1.1)24. 

𝑍 = √αργ

𝜂
     (equation 1.1) 

No consensus can be found in previous literature about the upper and lower limits of 

the Z-value. A range between 1 and 10 has been proposed just as a range between 4 and 

1424. The most recent range of printable Z-values is narrowed down to 5-926. Droplet 

ejection is prevented when printing inks with low Z-values. When the inkbase with a low Z-

value is able to leave the nozzle, a long tail is formed and it takes longer to form proper 

droplets.26 On the other hand, droplets of inks above the upper limit will be accompanied by 

satellite droplets27. Other propositions have been given to avoid the different limits of the Z-

value but just as these limits, more research is needed to confirm or reject these scales28. 

As stated above, non-optimal rheological properties lead to satellite droplets. 

Another undesirable effect when using a non-optimal ink is clogging of the nozzles. This risk 

exists when solvents with a high vapour pressure are used. Due to the fast recrystallization 

of the API at the end orifice, problems occur4. The risk of clogging can also be avoided by 

obtaining a concentration of the API in the inkbase below its solubility. Ethanol, isopropanol 

or propylene glycol are first choice solvents to add to the inkbase to improve the solubility15. 

In this work, the solubility of the API will be of subordinated importance to the solubility of 

the nanoparticles because the drug will be loaded into the nanoparticles. This does not 

mean that the solubility of the API is not important, since it is of great importance during 

drug loading. Not only solutions are the subject of experiments, but also printing of 
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suspensions has been investigated19,6. When handling a suspension, nozzle clogging can 

occur as well. Keeping the size of the dispersion 100 times lower than the nozzles diameter 

diminishes this risk. Besides these crucial demands, the ink must behave as a Newtonian 

fluid29. 

  

Fig 1.3: Droplet formation from a nozzle with PIJ and the undesirable effect of tailing
15

. 

 

1.1.3 Previous research - challenges and possibilities utilizing printing 

technologies 

Inkjet printers are mostly known as office and household printers. Because of the 

versatility of the system, inkjet printers are investigated or used for other aims. Inkjet 

printing has already been implemented for different manufacturing applications, e.g. 

processing polymers, ceramics and metals17. Likewise, research has been conducted in the 

fields of biology and medicine. A few examples are printing of different types of viable 

cells30–32 as well as gene transfection into living cells33. This progressive research aims to 
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develop a method to create living human tissues or even engineer fully functional organs. 

Promising results for printing cells have been obtained. Studies show a high survival rate of 

the living cells with a possible gene transfection efficiency over 10% 32,33. 

Due to the growing demand for personalized medicines, research on printing APIs 

onto various substrates as a new pharmaceutical preparation is ongoing. Different paper 

substrates were given a closer look with the conclusion that edible substrates with a similar 

absorption to copy paper are preferable for TIJ printed preparations34. Printing on copy 

paper is not preferable because it is not applicable for pharmaceutical use. Copy paper 

cannot be eaten nor used for transdermal drug delivery. It was used as a proof of concept of 

printing APIs onto a substrate. Additionally, copy paper has been known to give background 

noise35. Until now, the characterization of the solid state of the drug printed on paper was 

not possible15.  

As paper is not preferable, plastic films or even medical devices and implants can be 

used as a substrate. Stents and implants make up an interesting research field36,37. The aim 

of using them as substrates is to decrease the clot formation due to the stent or implant, but 

to decrease biofilm formation as well. Compared to dipping or spraying, inkjet printing has 

the advantage of its small dimensions and much finer control preventing overspray and drug 

loss36. Inkjet printing can also be utilized to load drugs on microneedles that are used for 

transdermal treatment of fungal infections38.  

The dose of a single unit can be altered by changing the drop spacing, resizing the 

printed area or printing multiple layers39. When it comes to handling the substrates, contact 

and non-contact printers can be distinguished. Using office printers or flexographic printers, 

the shear stress on the printed area by the printing process causes a loss of the API of the 

previous layer due to the contact between printer and substrate4. The number of layers 

printed before the shear stress begins, depends on the absorbing capacity and porosity of 

the substrate15. The influence of the shear stress has been evaluated for different types of 

paper. Linearity between the number of applied layers and the drug dose of a single dose 

unit is the ideal situation, which is seen with printing paper34. This can be explained by the 

high porosity of the paper. Although these remarks are not relevant when operating an 

inkjet printer which is a non-contact technique, it has been noted that the printed doses do 
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not correlate with the theoretical values35. Printing lower doses or doses of 1.5 times or even 

two to three times higher than the theoretical values have been reported35. This dose 

drifting is believably the result of the printing process with variations in the printing 

parameters even though they supposed to be controlled.  

1.2 DRUG DELIVERY BY MESOPOROUS SILICA NANOPARTICLES 

Already marketed medicines are limited when it comes to drug delivery. More 

targeted drug delivery would give the opportunity to lower the dose and decrease the side 

effects. Using nanoparticles for drug delivery is an interesting subject of research in this field 

because of their comparable size to components of human cells40. In this thesis MSNs are 

used. The term ‘mesoporous’ refers to a pore size with a diameter between 2 and 50 nm. 

Their narrow pore size distribution, high specific surface area, adjustable pore diameter and 

the possibility for surface functionalization make them highly suitable for delivery of 

different drugs41.  

1.2.1 Divergent applications 

MSNs can be utilized for different purposes. Due to their small size, passing 

physiological and biological barriers is facilitated41. First of all, they can play a major role in 

the delivery of water-insoluble drugs42. Just like printing drug substances, MSNs can help to 

overcome the barrier of water solubility of drugs as a requirement of high-throughput 

screening in drug development41. Next to the need of enhanced solubility is the need for 

improved stability of the drug. It is hard to find any information about this related to MSNs 

and therefore more research is essential. The stability of MSNs depends on the solvent. 

Dispersed in aqueous solutions, unfunctionalized MSNs are stable for a few hours43. The PEI-

functionalization prolongs the stability of MSNs in water44. When MSNs are dispersed in 

ethanol, the stability increases up to a few months. Particles can be dried by applying 

vacuum. In powder form they can be kept at least for four years. 

Advanced targeted drug delivery can lead to a higher ratio of ‘amount of drug at 

targeted site per administered amount of drug’. This can decrease the occurrence of side 

effects. For this use of MSNs both hydrophobic as well as hydrophilic drug substances can be 

loaded as cargo45. Not only higher specificity is a possibility, but also controlled release is an 
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application of MSNs7. Due to the small channels and pores of the MSNs, the drug will be 

released slowly over a certain period of time. When the drug substance is loaded into 

regular-sized pores, from 3 to 11 nm, crystallization does not occur which indicates the 

presence of the drug in an amorphous form41,46. This physicochemical parameter leads to 

higher and faster dissolution of the drug substance. To prevent premature release, capping 

of the outer surface is possible. This gate-keeping goes hand in hand with release-on-

demand, which also uses capping. The release-on-demand principle uses different 

techniques to open and close the pores on an external stimulation. Opening of the 

mesoporous channels can be triggered by external stimuli, e.g. a pH-change, presence of an 

enzyme or specific target molecule41,7,47–50. 

Because of the small size of MSNs, they are favourable to use for intracellular drug 

targeting. Membrane-impermeable substances can be used as cargo, membrane-

impermeable APIs or even gene delivery41,51. Because of their extraordinary characteristics, 

nanoparticles are one option that is explored to overcome the blood-brain barrier and for 

ocular drug delivery40. To enhance the complex process of passing different membranes, the 

MSN surface can be functionalized or the MSNs can even be enclosed in a lipid bilayer45. 

 

1.2.2 Safety and toxicity 

Because of the high surface to volume ratio and their small size, MSNs can easily 

interact with biological components which make them useful, but also potentially toxic52. 

Silica can be related to the severe condition ‘silicosis’. A very important remark here is that 

silicosis is related to crystalline silica which has indeed been proven toxic in in vivo studies41. 

Amorphous silica nanoparticles on the other hand induce low toxicity both in vitro and in 

vivo. Even if toxicity studies on MSNs give some contradictions, there is a consensus about 

the partial toxicity level associated with the number of surface silanol groups (≡SiOH)45. The 

silanol groups can form hydrogen bonds with membrane components or interact 

electrostatically with phospholipids containing tertraalkylammonium moieties after forming 

SiO- by dissociation. The toxicity of MSNs depends on several factors like the route of 

administration, the formulation, weight and size of the MSNs7,53. All in all, the subject is 
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complicated so future research has to clarify the toxicity of MSNs. Future research will also 

be the base for regulation, which is non-existant at this time. 

Nanomaterials with a positive charge interfere with cellular membranes. This does 

not mean that positively charged MSNs cannot be used. Protein adsorption has to be 

considered. Data about protein adsorption on MSNs had been published by Desai D. et al54. 

After two hours of incubation in cell media redispersed in 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), a shift from positive zeta potentials to negative zeta 

potentials was observed. This alters the cytotoxicity of the MSNs. 

 

1.2.3 Synthesis  

The most used and easiest way to produce MSNs is the sol-gel method41. The basic of 

this process is forming a dispersion, the ‘sol’, from precursors after which the sol reacts 

further to form another dispersion, the ‘gel’, by an Oswald ripening mechanism41. Adding 

surfactants to this process will give the nanoparticle its specific porosity. The first synthesis 

process of MSNs was based on the self-assembling qualities of the surfactants above the 

critical micellar concentration. The surfactants are used as a template which can be removed 

after the MSNs are formed. The different terms of variable water to surfactant ratio of the 

solvent is shown in figure 1.4. This influences the formation of MSNs with different pore 

structure and diameter45. By adding surfactant solutions below the critical micellar 

concentration to the silica source, it was noted that ordered structures were still formed. 

This suggests that the interactions between the silica source and the surfactant molecules 

are superior to the interactions between the surfactant molecules55. 
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Fig 1.4: Phase diagram of a water/oil/surfactant solution with different assembly conformations of the sur-

factant
56

. 

 

The four main components of this bottom-up method are a source of silica like 

tetraethyl orthosilicate or tetramethyl orthosilicate (TMOS), structure-directing surfactants, 

a solvent and a catalyst which is typically an acid or a base41. Adjusting the ratio of 

water/methanol/surfactant will influence the particle size. In general, it can be stated that 

the more methanol is present, the smaller the particles will be. Next to these, temperature 

and pH are parameters that can be varied to optimize or alter the product7. Normally the 

sol-gel process is carried out at an elevated temperature. Adding swelling agents gives the 

opportunity to enlarge the pore size. Toluene and trimethylbenzene are often used for this 

purpose41. Important when controlling the pore size is the uniformity of the surfactant. This 

means that the carbon chain of each surfactant molecule has to be of the same length. The 

longer the carbon chain is, the bigger the pores are. 

Once the sol-gel process is completed and the silica network has been formed, the 

template can be removed. Calcination is a technique which includes heat treatment41. With 

this treatment a contraction of the silica network occurs which leads to a decreased pore 
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size. There is also the possibility that the MSNs collapse. The advantage of this technique is 

the certainty that all the surfactant has been removed because the oven heats the sample to 

600 °C where organic components burn at 200 to 300 °C. The downside hereof is that the 

amine groups used for functionalization are removed as well. In this regard solvent 

extraction to remove the template is favorable41. Washing the particles multiple times leads 

to the extraction of the surfactant. One disadvantage for this technique is the possibility of 

surfactant residues. 

Both the outer surface, as well as the inner surface of the particle, is of enormous 

importance when it comes to interactions. These include interactions with blood cells, 

membranes or specific receptors, but also with the loaded drug. The obtained surface area 

of the nanoparticles exceeds 1000 m²/g41. Functional group modification at the silica surface 

allows to control the interactions. Surface functionalization, through the introduction of 

organic moieties onto the inorganic silica surface, allows for a variety of interactions to be 

effected. These added functions may include polarity, hydrophobicity, catalytic, particle half-

life and optical activity41. Additionally visualisation or gate-keeping properties can be 

introduced. 

Introduction of these moieties can be done through co-condensation during the 

synthesis or by post-synthesis grafting. Both methods involve complications41. During co-

condensation, a homogeneous layer of the added groups is formed but the functional groups 

can be incorporated inside the silica network which reduces the effective surface 

concentration. This concentration is crucial for the different functions of the MSNs. Another 

limitation is that calcination cannot be used to remove the template. On the other hand, 

there is no risk of pore blocking with co-condensation. Co-condensation is often used when 

making the particles fluorescent. Post-synthesis grafting implies that the functionalization is 

carried out after manufacturing the MSNs41. The most important disadvantage of this 

method is that it often results in inhomogeneous monolayers. For this technique, calcination 

cannot be used either. As stated above, calcination will remove all organic components 

including the amine groups needed for functionalization.  

A common post-synthesis addition is poly ethylene imine (PEI), a superbranched 

structure on the particle which has a high positive charge density54. It can be added to the 
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particle in two ways, electrostatic adsorption of PEI-polymers and hyperbranching 

polymerisation of PEI resulting in MSN-PEI. The electrostatic adsorption is a physical 

technique based on charge-charge interactions. The particles have to be negatively charged, 

otherwise the adsorption will fail. For the other techniques, the amine groups on the surface 

are used as a start point to grow the PEI branches by bond formation. This will give a full 

coverage of the particles in comparison to the adsorption which can be partially. PEI is often 

used in nanomedicine because of multiple beneficial properties. First, the amine groups are 

present at the end of the hyperbranched structure suited to add active molecules in high 

concentration. The PEI branch will also stabilise a nanoparticle suspension by electrostatic 

stabilisation. Next to this, it can be used to alter the surface charge or even charge capping 

with the aim of avoiding unwanted biological interactions. At last, the PEI layer can act as a 

proton sponge, promoting endosomal escape which is favourable during cellular uptake54.  

 

1.2.4 Drug loading and delivery 

The loaded drug or cargo will be retained by the particles because of matching 

chemical and physical characteristics. The drug can be on the surface as a prodrug or be 

dissolved, entrapped, adsorbed, attached or encapsulated into the mesoporous matrix41. 

The drug can be loaded into the MSNs during the synthesis but a low solubility of the drug 

can be a restriction. Furthermore, the drug has to be compatible with the reaction 

conditions during synthesis. Also an amount of the drug can be trapped in closed pores. 

Post-synthesis incorporation will not be influenced by the drug stability and is preferred. 

The limiting step in drug delivery is the release of the drug molecules by the MSNs. 

Altering the pore shape and diameter gives the opportunity to control the release. 

Sometimes surface modification is needed to optimize the drug release45. As stated above, 

capping groups can control the release moment and/or the release period as well. Those 

capping groups will open the mesoporous channels when activated by external stimuli.  
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2 OBJECTIVES 

Historically, an ever-growing need for individual doses is noticeable, a trend which 

one can expect to steadily continue on in the future. An important factor here is the growing 

knowledge of genomics. The ‘one-drug-fits-all’ principle handled nowadays will fall short if 

the demand for individual and flexible dosing will rise. To adapt the doses easily, using a 

two-dimensional inkjet printer is proposed. On the other hand, more new chemical entities 

discovered by high-throughput screening never reach the market because of the low water 

solubility or the poor stability. MSNs are investigated for many different aims including the 

therefor mentioned. They are also researched for advanced targeted drug delivery and 

controlled release. 

This thesis combines both promising ideas and walks through the different stadia 

when using a two-dimensional inkjet printer to formulate applications including 

nanoparticles. No applications were predetermined so transparent films and 

hydroxypropylmethylcellulose (HPMC) films were used as substrate.  

The first aim was to manufacture and functionalize MSN-PEI using the sol-gel method 

and post-synthesis surface polymerization. Following standard functionalizing protocols, 

toluene was used. A different approach, replacing toluene with ethanol, to avoid this 

hazardous solvent in the particle functionalization was proposed and investigated. 

The second aim was to print the MSNs. A proper ink was formulated starting with 

analysing different inkbases and evaluating them using the Z-value. Hence, the surface 

tension, viscosity and density were measured. First only the inkbase was printed to optimize 

the printer setting and check the printability. Thereafter, an ink with a low concentration of 

unloaded MSNs was printed to evaluate if the printhead could process this ink properly and 

if did not clog. Because of absence of reasons to stop here, the MSNs concentration was 

raised. 

Loading the sample was the next step with furosemide as test drug. The MSNs 

contained 5 wt% of the drug. This was printed dispersed in the same inkbase.  

Of the same importance as making the samples was to characterize them. This was 

the last aim. The MSNs were analysed by small-angle X-ray scattering (SAXS), N2-adsorption, 
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transmission electron microscopy (TEM), thermogravimetric analysis (TGA) and the zeta 

potential, fluorescence was determined by dynamic light scattering (DLS). Fluorescence 

confocal microscope and scanning electron microscopy (SEM) were used to visualise the 

printed samples, to investigate the uniformity and evaluating the printing quality. Using 

fluorescence measurements, a content analysis was performed.  
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3 MATERIALS AND METHODS 

3.1 INKBASE PROPERTIES 

The tested inkbases were made of water (MilliQ) and PG (99.5%, Sigma-Aldrich, 

Steinheim, Germany) in different volume ratios ranging from 20% PG in water to 70% PG in 

water with steps of 10% PG between each sample. For the different inkbases, the viscosity 

was measured with a Physica MCR 300 rheometer (Anton Paar, Ostfildern, Germany) at 25, 

30 and 50 °C. The surface tension was measured by a contact angle measurement device 

(KSV instruments, Helsinki, Finland) at 25 °C. The density was determined by weighing 1.00 

ml of each inkbase.  

 

3.2 SYNTHESIS OF MSNs 

MSNs were synthesized following a protocol based on a method described by 

Karaman D. Sen et al and Desai Diti et al54,57. Particles were labelled by adding fluorescein 

isothiocyanate (FITC, > 90%, Sigma-Aldrich, Steinheim, Germany) in the synthesis step by co-

condensation. To allow further surface modification, aminopropyltrimethoxysilane (APTMS, 

Sigma-Aldrich, Steinheim, Germany) was added during condensation of the MSNs. A mixture 

of FITC and APTMS (FITC:APTMS 1:3) was made in methanol (HPLC gradient grade, J.T. Baker, 

Center Valley, USA) and added to the solvent after a pre-reaction of thirty minutes. The 

solution consists of methanol, purified water (milliQ), cetyltrimethylammonium chloride 

(CTAC, Sigma-Aldrich, Steinheim, Germany) and NaOH (> 99%, Merck, Darmstadt, Germany). 

Finally, the silica source TMOS (Sigma-Aldrich, Steinheim, Germany) was added 

(TMOS:APTMS 100:1). The solution was made using volume ratios. The formation of the 

particles took place overnight under continuous stirring at room temperature. 

The structure-directing agent was removed by washing the particles with an 

extraction solvent. The extraction solvent was a 1:8 mixture of HCl (37-38%, J.T. Baker, 

Center Valley, USA) and ethanol (99.5%; Altia oyi, Raja Mäki, Finland). The dispersion was 

centrifuged after which the supernatants was removed and replaced by fresh extraction 

solvent. This was sonicated for 30 min after which this cycle, starting with centrifuging, was 
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repeated with a total of three times. After those three cycles, pure ethanol was added to 

wash away the extraction solvent. Half of the particles were kept for drying in vacuum 

whereas the other half was stored as an ethanol dispersion. 

The nanoparticles were surface functionalized with Poly(ethyleneimine). PEI branches 

were grown overnight using toluene (99.8%, Sigma-Aldrich, Steinheim, Germany) as solvent 

for one batch and ethanol for the other one. The process was carried out at ambient 

conditions without the use of argon. Before the process was started, acetic acid (99%, 

Sigma-Aldrich, Steinheim, Germany) was added and surface polymerization was initiated 

using aziridine (Menadiona, Barcelona, Spain).  

 

3.3 PARTICLE CHARACTERIZATION 

The particle size and zeta potential were measured with a DLS/zeta potential 

instrument (Malvern ZetaSizer NanoZS, Malvern Instruments Ltd., Worcestershire, UK) for 

the different particles. The efficiency of the functionalization was evaluated based on the 

zeta potential data. More specific characterization was performed by a TGA (STA 449 F1 

Jupiter, Netzsch, Selb, Germany). The analysis was performed over a range of 25 °C to 770 

°C. The fluorescence of the particles was determined with a 0.5 mg/ml dispersion in HEPES 

pH 7.2 (99.5%, Sigma-Aldrich, Steinheim, Germany) by fluorescence spectrometry (Perkin 

Elmer LS 50B, PerkinElmer, Waltham, MA, USA). The excitation was at 488 nm and the 

emission intensity was measured at 518 nm. Nitrogen adsorption (Autosorb-1, 

Quantachrome instruments, Boynton Beach, FL, USA) was performed to evaluate the surface 

area, pore size and pore volume or in general the porosity of the particle. The pore size was 

also measured by small-angle X-ray scattering (Kratky compact small-angle system, MBraun, 

Nottinghampshire, UK). 

 

3.4 INK FORMULATION 

The functionalized MSNs were loaded with 5 wt% of furosemide (Sigma-Aldrich, 

Steinheim, Germany), a BCS class IV drug. Both unloaded and API loaded types of particles 
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were used to for printing resulting in two different types of ink. For both inks, the 

predescribed inkbase with 50:50 vol% MQ:PG was used. The same solvents were used as in 

3.1. Three concentrations were made of the ink with unloaded MSNs, namely 0.1 mg/ml, 1 

mg/ml and 5 mg/ml. To formulate the inks of 0.1 mg/ml and 1 mg/ml, the MSNs were first 

dispersed in purified water and sonicated for 10 minutes with vortex in between. After that, 

the same volume in PG was added. The formulation of the 5 mg/ml ink was performed using 

the same protocol except that a sonication of 15 minutes was needed. 

A 5 mg/ml ink was made of the loaded MSNs. The same protocol was handled as for 

the 5 mg/ml ink with unloaded MSNs, but after adding PG, 5 more minutes of sonication was 

performed. The printing order of the samples spread over 4 days was added as appendix 1. 

 

3.5 PRINTING TECHNIQUE 

The inkjet printer used was the piezoelectric inkjet printer PixDro LP50 (OTB Solar – 

Roth & Rau, The Netherlands). A separate printhead (Spectra SL) was assembled to the 

printer. This printhead Spectra SL consisted of 128 nozzles with a 50 µm radius, of which the 

settings can be controlled separately for the even and the odd nozzles. Optimization of the 

settings was done using the inkbase without the particles. The wave form, the voltages and 

the ink pressure was changed to optimize the droplets. The head heating (25 °C), firing 

frequency (1400 Hz) and quality factor (QF 1) were kept the same during all printing 

processes. The printing jobs were performed with a resolution of 150 and 500 droplets per 

inch (dpi). Samples with one, three and five layers were printed. 

To print the ink with the MSNs, only one nozzle was used. A pattern of 15 squares 

was printed. The squares had a surface area of 1 cm² or 4 cm². Before and after printing, the 

droplets were analysed with a dropview camera. The shape and volume were evaluated. 

Between every layer printed, the nozzle was evaluated if it was not out of control or clogged. 

In these cases, a different nozzle was selected and analysed.  

Two substrates were used,  commercially available transparent copier films, polyester 

films with a thickness of 0.1 mm (Folex, Seewen, Switzerland) and solvent casted HPMC film 

(Dusseldorf, Germany). After printing, the printhead was cleaned by purging water (MilliQ) 
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through. The printhead was taken out of the printer and left in water so silica clogging the 

nozzles would dissolve in the water. 

A manual sample was made using a pipet to distribute the unloaded 1 mg/ml ink on 

the transparency film to compare with the printed samples using a confocal microscope.  

 

3.6 PRINTED SAMPLE CHARACTERIZATION 

After printing, the first batch of samples (0.1 mg/ml and 1 mg/ml ink with unloaded 

MSNs) was dried overnight in a vacuum oven at 21 °C. After taking them out of the oven, 

these samples were kept in the fridge. The second batch (unloaded and loaded 5 mg/ml inks) 

was stored at ambient conditions.  

A confocal microscope was used to visualise both batches. This was a Leica TCS SB5 

(Leica, Wetzlar, Germany) with a 40x lens (40x/1.25 oil PH3 CS) and a 63x lens (63x/1.32 oil 

PH3 CS).  

The second batch was subject to SEM (LEO Gemini 1530 with a Thermo Scientific 

UltraDry Silicon Drift Detector, LEO, Oberkochen, Germany). Additionaly, content analysis 

using a spectrophotometer (NanoDrop 2000c, Thermo Scientific, Waltham, USA). For this 

purpose, 1.0 ml ethanol was added to the samples in an Eppendorf tube. The samples were 

kept in the dark at ambient conditions under continuous rotating during 11 hours  after 

which they were analysed. A calibration curve was made with the intensities at 273 nm of 2, 

5, 8, 10 and 15 µg/ml furosemide in ethanol. To blank the influence of the particles on the 

results, the samples were centrifuged before measuring. 
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4 RESULTS 

4.1 INKBASE PARAMETER MEASUREMENTS 

To optimize the inkbase consisting of PG and MQ in different ratios, the Z-value was 

handled as criterion. In order to calculate these Z-values, the surface tension, viscosity and 

density was measured. The obtained values of the surface tension and viscosity were 

compared with the data presented by Khattab IS et al58. 

 

 The surface tension experimental obtained values compared to literature are 

presented in figure 4.1. The error bars on the experimental values can be seen. The viscosity 

measurements for different inkbases are presented in figure 4.2. These values were also 

compared with literature. The density measurements are not shown. From these data, the Z-

values were obtained using equation 1.1. These values can be seen in figure 4.3. Z-values for 

both 50% PG and 60% PG fell within the proposed range of 5-9. The 50:50 vol% water:PG ink 

was chosen as inkbase for the sequel of this study. 

 

 

Figure 4.1: The values for the surface tension obtained experimental and found in literature are compared. 
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Figure 4.2: Viscosity data for A) experimental obtained values and B) values from khattab et al
58

. 

 

Figure 4.3: The calculated Z-values using equation 1.1 based on the experimental obtained values of surface 

tension, viscosity and density for different inkbases. 

 

4.2 MSNs CHARACTERIZATION 

4.2.1 Size distribution and zeta potential 

The particle size distribution of the MSNs was characterized by DLS. DLS is used as in-

process control to evaluate if the MSNs are properly formed and functionalized. Figure 4.4 
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shows the size distribution of the MSNs before extraction of the surfactant template 

measured in triplicate. The average particle is before extraction is 242.5 nm ± 3.9 nm with 

0.042 as the value for the polydispersity index. The peaks are centered around one value, 

meaning no aggregates are present.  

 

Figure 4.4: The size distribution of MSNs before extraction. 

 

Each sample was measured three times to determine the zeta potential. The obtain 

values are listed in table 4.1 and can be used as an argument during the evaluation of the 

functionalization. 

Table 4.1: The average zeta potential of base and functionalized MSNs. 

Sample name Average zeta potential 
+ SD (mV) 

base MSN 0,5 mg/ml in HEPES -26.8 ± 0.82 
MSN-PEI functionalized in 
ethanol in HEPES 

-18.8 ± 1.0 

MSN-PEI functionalized in 
toluene in HEPES 

27.8 ± 1.1 
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4.2.2 Fluorescence absorption spectroscopy 

The fluorescence of the MSNs was measured to observe the loss of fluorescence after 

functionalization. The measurements were carried out with an excitation at 488 nm and an 

emission maximum at 518 nm. The intensity of the non-functionalized MSNs was 956.74 

where the intensity of the MSN-PEI with the same settings was 554.66.  

 

 

Figure 4.5: Fluorescence measurements at 518 nm. Top: unfuctionalized MSNs. Bottom: Functionalized 

MSNs. 
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4.2.3 Effectiveness of functionalization 

TGA gave information about the amount of organic groups in the sample. When 

comparing both samples functionalized using either ethanol or toluene, it was possible to 

evaluate the effectiveness of the PEI-functionalization. The measurements are presented in 

figure 4.6 and 4.7. To investigate the effectiveness of the functionalization, the wt% PEI had 

to be calculated. The wt% of the organic fraction in the samples is the difference in 

percentage weight between the start of the measurement and the end of which the values 

could be subtracted from the graphs. The organic fraction of the unfunctionalized MSNs was 

deducted from the value the MSN-PEI. This results in a percentage of PEI of 15 wt% for the 

functionalization in toluene and a 8 wt% for the functionalization in ethanol. 

 

Figure 4.6: Thermogravimetric analysis of MSNs functionalized with PEI in toluene. [1] and [3] are the func-

tionalized particles and [2] the base particles. 
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Figure 4.7: Thermogravimetric analysis of MSNs functionalized with PEI in ethanol. [1] and [3] are the func-

tionalized particles and [2] the base particles. 

4.2.4 N2-adsorption 

The N2-adsorption was performed to collect data about the pore volume, pore width 

and surface area of the MSNs. The analysis resulted in different values when using different 

data processing models. For the calculation of the surface area, the Brunauer–Emmett–

Teller (BET) theory was used while for determining the pore volume and pore width the 

density functional theory was used. The results are shown in table 4.2. As can be seen in 

table 4.2, PEI-functionalization has an influence on all three parameters measured. 

Table 4.2: surface area, pore volume and pore width of base MSNs in comparison with functionalized MSNs. 

Particle Surface area (m²/g) Pore volume (cm³/g) Pore width (nm) 

base MSN 1882.237 1.865 4.093 
MSN-PEI 929.731 0.821 3.537 

 

Figure 4.8 presents the distribution of the pore width as a function of the pore 

volume of unfunctionalized MSNs. MSN-PEI was also analysed the  same way but the graph 

is not shown. 
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Figure 4.8: distribution of the pore width as a function of the pore volume of unfunctionalized MSNs with the 

pore width (nm) in the x-axis and pore volume (cm³/g) presented on the y-axis. 

 

4.2.5 Small-angle X-ray scattering 

During the particle characterization, small-angle X-ray scattering is standard 

procedure. Both unfunctionalized MSNs as well as MSN-PEI made in toluene were examined. 

Figure 4.9 shows the results. Here can be seen that the samples consisted of regular 

mesoporous material because it only showed a reflection in the range were 2θ is lower than 

10 ° 41. 

 

Figure 4.9: SAXS data for unfunctionalized MSNs and MSN-PEI where the scattered intensity  can be 

seen as a function of the scattering angle θ. The interplanair spacing which is an indication for the pore size is 

3.94 nm for base MSN and 3.92 nm for MSN-PEI. 
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4.2.6 Transmission electron microscopy 

TEM was performed to measure the particle size and investigate if they are porous 

and amorphous. The results were images on nanoscale where single MSNs can be 

distinguished. One can notice when comparing figure 4.10 and 4.11 that the 

unfunctionalized MSNs are not as dark and as dense as the MSN-PEI. More pores can be 

observed in figure 4.10 of the unfucntionalized MSNs. 

 

Fig. 4.10: TEM image of unfunctionalized MSNs. 
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Fig. 4.11: TEM image of functionalized MSNs in toluene. 

 

4.3 PRINTING TECHNIQUE – DROPLET ANALYSIS 

Before and after printing, the droplet sizes were analysed using the dropview 

camera. The average droplet size of the tested inks are presented in table 4.3. No trend 

could be detected when comparing the droplet sizes as a function of the concentration 

MSNs. During printing of the 5 mg/ml ink, sedimentation in the ink reservoir was observed. 

Table 4.3: Different concentrations of MSNs in relation to the droplet size. 

Printed ink Droplet size + SD (pl) 

Unloaded 0.1 mg/ml 21.18 ± 0.22 
Unloaded 1 mg/ml 31.53 ± 1.53 
Unloaded 5 mg/ml 17.66 ± 1.84 

Loaded 5 mg/ml 20.06 ± 4.59 
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4.4 PRINTED SAMPLES CHARACTERIZATION 

4.4.1 Fluorescence confocal microscope 

4.4.1.1 Unloaded MSNs 

Inks with MSN concentrations of 0.1 mg/ml, 1 mg/ml and 5 mg/ml were analysed 

using a fluorescence confocal microscope. Samples printed with resolutions of 150 dpi and 

500 dpi were analysed.  

Initial tests were performed to see if a distinction could be made between dried 

sample and wet samples. The dried samples were printed the day before and were dried 

overnight during 15.5 hours in a vacuum oven at 21 °C. The wet samples were printed the 

same day as the microscopy took place. While preparing the samples for microscopy, the 

state of matter was observed. The resolution, the number of layers and the substrate 

affected the drying time. The lower the resolution, the faster the sample dried. The 1 mg/ml 

samples were not properly dried after storage in the oven. The vacuum circumstances did 

not seem to have an effect on the drying process.  

Both unloaded and loaded 5 mg/ml samples on the two substrates were kept at 

ambient conditions. After one night of drying, the samples with one layer on both substrates 

were dry. The samples with five layers printed on transparency film were not dry. The 

samples with five layers printed on HPMC film were dry when looked at with the bare eye, 

but when a cover glass was applied, it could be seen that there was some liquid left. In 

general could be assumed the higher number of layer, the longer the drying time. The 

images from the confocal microscopy are presented below. Figure 4.12, 4.13 and 4.14 show 

the first printed samples on transparency film of 0.1 mg/ml and 1 mg/ml. The images of the 

manual distributed 1 mg/ml ink are presented in figure 4.15 and 4.16. The samples printed 

on 150 dpi with 1 mg/ml ink are shown in figure 4.17, 4.18, 4.19 and 4.20. A size estimation 

of the droplets was made using the scale function in the confocal microscopy software. 
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Figure 4.12: confocal microscopy (40x) image of 
unloaded sample 0.1 mg/ml 1 layer dried on 

transparency film. 

Figure 4.13: confocal microscopy (40x) image of 
unloaded sample 0.1 mg/ml 3 layers dried on 

transparency film. 

 

 
Figure 4.14: confocal microscopy (40x) image of unloaded sample 1 mg/ml 1 layer dried on transparency film. 
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Figure 4.15: confocal microscopy (40x) image of 
unloaded sample 1 mg/ml manually distributed dried 

on transparency film. 

 Figure 4.16: confocal microscopy (40x) image of 
unloaded sample 1 mg/ml manually distributed wet 

on transparency film. 

 

Figure 4.17: confocal microscopy (40x) image of 
unloaded sample 1 mg/ml 1 layer 150 dpi on 

transparency film. 

Figure 4.18: confocal microscopy (63x + zoom) image 
of unloaded sample 1 mg/ml 1 layer 150 dpi on 

transparency film. 
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Figure 4.19: confocal microscopy (40x) image of 
unloaded sample 1 mg/ml 1 layer 150 dpi on 

transparency film with size estimation. 

Figure 4.20: confocal microscopy (40x) image of 
unloaded sample 1 mg/ml 1 layer 150 dpi on 
transparency film with distance estimation. 

 

Figure 4.21 shows the printed unloaded sample of one layer of 150 dpi on 

transparency film. Figure 4.22 and 4.23 show the same droplets but on a different confocal 

plane. There is a difference of ± 5 µm between the two planes. Figure 4.24 shows the printed 

sample of five layers on HPMC film. 

 
Figure 4.21: confocal microscopy (40x) image of unloaded sample 5 mg/ml 1 layer 150 dpi on transparency 

film with size estimation. 
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Figure 4.22: confocal microscopy (40x) image of 
sample 5 mg/ml 1 layer 150 dpi on HPMC film with 

size estimation. 

 Figure 4.23: confocal microscopy (40x) image of 
sample 5 mg/ml 1 layer 150 dpi on HPMC film with 

size estimation. 

 

 
Figure 4.24: confocal microscopy (40x) image of unloaded sample 5 mg/ml 5 layers 500 dpi on HPMC film. 
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4.4.1.2 Loaded MSNs 

To print MSNs loaded with furosemide, a 5 mg/ml MSNs concentration was used. The 

ink was printed both on transparency film as on HPMC film. Four kind of samples were 

printed, on both substrates one layer of 15O dpi was printed and 5 layers of 500 dpi. After 

one night at ambient conditions, all samples were dry when evaluates with the bare eye 

except for the five layered sample on transparency film. 

Figure 4.25 and 4.26 present the 150 dpi samples printed on both HPMC film and 

transparency film with size estimation. Figure 4.27 shows the printed sample of 5 layers with 

500 dpi on HPMC film. 

Figure 4.25: confocal microscopy (40x) image of 
loaded sample 5 mg/ml 1 layer 150 dpi on HPMC film 

with size estimation. 

 Figure 4.26: confocal microscopy (40x) image of 
loaded sample 5 mg/ml 1 layer 150 dpi on 

transparency film with size estimation. 

 

 
Figure 4.27: confocal microscopy (40x) image of API loaded sample 5 mg/ml 5 layers 500 dpi on HPMC film. 
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4.4.1.3 Droplet size analysis 

Figure 4.28 shows the droplet size obtained by the printer camera as a function of 

the droplet size obtained my measuring the droplets on the images of the confocal 

microscope. This measurement is an estimation using the scale tool in the confocal 

microscope computer program. Error bars are present in the graph of which the broad range 

can be explained by the high variability in droplet size. 

 

Figure 4.28: comparison of the droplet sizes obtained by the printer camera as a function of the droplet size 

obtained my measuring the droplets on the images of the confocal microscope. 

 

4.4.2 SEM  

The second batch, unloaded and loaded MSNs samples printed on both substrates of 

1 layer on 150 dpi and 5 layers on 500 dpi, was subjected to SEM. Figure 4.29 and 4.30 show 

the samples printed with 150 dpi. Here is clearly visible that the nozzle was out of control 

while printing the loaded sample. To show that loaded ink can be printed on 150 dpi, figure 

4.31 is added. Figure 4.32 is a zoom picture of the loaded sample on 150 dpi. The separate 

particles are visible and a size estimation can be made. Figure 4.33 shows 5 layers of the 

loaded sample printed on transparency film with 500 dpi. No separate droplets can be 

distinguished. Figure 4.34 and 4.35 show a zoom view of the unloaded and loaded sample 

printed on HPMC film with 150 dpi. Similar images are made with the confocal microscope. 
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Fig 4.29: SEM (50x) image of unloaded sample 5 mg/ml 1 layer 150 dpi on transparency film. 

 

 
Fig 4.30: SEM (50x) image of loaded sample 5 mg/ml 1 

layer 150 dpi on transparency film. 
 

 Fig 4.31: SEM (50x) image of loaded sample 5 
mg/ml 1 layer 150 dpi on HPMC film. 

 
Fig 4.32: SEM (10 000x) image of loaded sample 5 mg/ml 1 layer 150 dpi on transparency film. The size esti-

mation of a smaller particle is 232.0 nm and the estimation of a bigger one is 384.4 nm. 
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Fig 4.33: SEM (250x) image of loaded sample 5 mg/ml 5 layers 500 dpi on transparency film. 
 

 Fig 4.34: SEM (1000x) image of unloaded sample 5 
mg/ml 1 layer 150 dpi on HPMC film. 

 Fig 4.35: SEM (1000x) image of loaded sample 5 
mg/ml 1 layer 150 dpi on HPMC film. 
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Fig 4.36: SEM (1000x) image of unloaded sample 5 mg/ml 1 layer 150 dpi on transparency film with size 

estimation. 

 

4.4.3 Content analysis – Loaded samples 

To calculate the amount of furosemide released by the MSNs a calibration curve is 

used. These concentrations are presented in table 4.4. In this table the theoretical amount of 

loaded drug is shown as well. To calculate the theoretical amount, the observed droplet size 

is taken into account for each printing job. 

Table 4.4: theoretical and measured amount of 5% furosemide loaded in MSNs at 273 nm. 

Sample Theoretical amount (µg) Measured amount + SD (µg) 

Loaded MSNs printed on 
transparency film 

4.19 0.87 ± 0.27 

Loaded MSNs printed on 
HPMC film 

3.66 3.01 ± 0.42 
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5 DISCUSSION 

5.1 INKBASE PROPERTIES MEASUREMENTS 

To calculate the Z-value, the surface tension, the viscosity and the density of different 

inkbases were measured (fig 4.1). As stated in the introduction, the inks are printable within 

a range of Z-values between 5 and 926. According to these limits, an ink of 70 vol% PG in 

water could prevent droplet ejection. Previously, Genina et al. (2013) has used this inkbase 

for inkjet printing34. As stated in the introduction, there is no consensus about the limits of 

the Z-value. The printer used had a smaller nozzle size of 21 µm which results in a Z-value of 

3.59. This is because nozzle diameter has an influence on the Z-value (equation 1.1). The 

smaller the nozzle diameter is, the lower the Z-value. When evaluating this according to the 

Z-value limits of 5-9, the inkbase would have been rejected. The article proves the 

printability which cast doubts about the Z-value limits which were already expressed in the 

introduction. More research is needed. The inkjet printer used in this study has nozzles with 

a diameter of 50 µm which is compatible with the particles since their size between 200 and 

300 nm is (fig 4.10 and 4.11). 

The obtained values for the surface tension and viscosity were equal to previously 

reported values. A similar trend between the series of the experimental obtained data and 

the data according to literature can be seen. The experimental values fit less to the applied 

trend due to fluctuations. More measurements could lead to a less wide distribution. 

Based on the calculated Z-values (fig 4.3) and using the most strict limits for this 

value, an inkbase containing 50:50 vol% water:PG was chosen. At both temperatures of 25 

°C and 30 °C only two inkbases complied with this Z-value range, the 50% PG in water and 

the 60% PG in water solutions. The 50% PG inkbase was preferable because the PG will only 

evaporate at 188 °C or higher. On one hand, the PG slows down the evaporation rate of the 

ink which is favourable to reduce clogging at the nozzle orifice. On the other hand, the MSNs 

are more stable solid than they are in dispersion. For this it is better to have less liquid left 

after printing, so the inkbase with 50% PG was preferable. 

No measurements were performed with the MSNs dispersed in the inkbase. The 

particles dispersed in low concentrations of 0.1 mg/ml and 1 mg/ml had none or a small 
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impact on the ink properties. This observation was made intuitively while printing. Based on 

the reduced printability of the 5 mg/ml inks, one can assume that a higher concentration will 

affect the Z-value. Performing the measurements to obtain the Z-value for this 

concentration would be favourable. In this way, practical experience with printability could 

be linked to the theoretical obtained Z-value. 

 

5.2 PARTICLE CHARACTERIZATION 

Both after synthesis and functionalization, the particles were analysed by DLS. DLS 

measured the size distribution of particles in a suspension. This technique was used here to 

investigate if the particles were properly formed and if they were not aggregated. A uniform 

particle size of MSNs results in only one peak in the size distribution graph as can be seen in 

figure 4.4. It is important to take the polydispersity index into consideration. The 

polydispersity index compares the distribution width with the distribution mean and results 

in a dimensionless value between 0 and 1. A polydispersity index between 0 and 0.1 

correlates to a monodisperse suspension. The values between 0.1 and 1 indicate a 

polydisperse suspension. A polydispersity index of 0.074 was calculated by DLS, confirming 

the monodispersity of the analysed suspension, as indicated by the peaks shown in figure 

4.4.  

To measure the exact size of the particles, electron microscopy was done. DLS is 

known to overestimate the size of the particles due the charge of the particles and their 

fluorescence. This is the reason why DLS was only used as in-process control. For the DLS 

measurement it is important to adapt the density of the sample to adjust the refractive 

index in the program because this will influence the measurement. The density of the 

particles before and after the extraction was different because of the surfactant. The solvent 

was also a parameter which was taken into account. 

The same instrument but in a different module was used to measure the zeta 

potential. Base silica particles had a negative zeta potential as can be seen in table 4.1. After 

functionalization with PEI, the zeta potential was increased due to the positively charged 

amines. The data of MSN-PEI suggest that the process under ethanol is not as gainful as the 
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functionalization process under toluene. The zeta potential of the particles functionalized in 

ethanol was not as much increased as the particles functionalized in toluene. This was 

confirmed by TGA as can be seen in table 4.1. When comparing the experimental values of 

the zeta potential with literature using Desai D et al. (2014), no similar results were 

collected. In this article the functionalization was performed at an elevated temperature. It 

is not right to conclude that the temperature difference is the only cause of altering results 

because it was not the only difference between the two protocols. 

During co-condensation FITC-molecules were introduced. This resulted in fluorescent 

particles. After functionalization, the fluorescence of the particles was decreased. This can 

be seen in figure 4.5. The main reason for this decrease is that the labelling agent, fluorescin 

(FITC) is pH-dependent. The base MSNs were measured in HEPES pH 7.2 just as the MSN-PEI. 

Because of the buffering qualities of PEI, the PEI-coating has an influence on the pH of the 

surrounding environment which led to decreased fluorescence54.  

The efficiency of the PEI functionalization was derived from the TGA. The base MSNs 

were used as blank reference. The base MSNs had a loss of mass due to the loss of organic 

compounds FITC and APTMS. This loss was also present in the functionalized MSNs. To know 

the percentage of PEI, the loss of FITC and APTMS was deducted from the total organic loss 

of the functionalized particles. As can be seen in figure 4.6 and 4.7, MSNs functionalized with 

PEI in toluene had almost the double wt% PEI than MSNs functionalized in ethanol. In 

conclusion of this test, the functionalization of the MSNs with PEI in toluene was more 

profitable. Only this batch was used when printing. 

Because of the time consuming procedure only two samples, plain particles and 

MSN-PEI made in toluene, were analysed with N2-adsorption. A summary of these 

measurements can be seen in table 4.2. To show that these values are not fixed but a 

distribution, figure 4.8 is added. When comparing both samples, the surface area of the 

particles after functionalization was decreased just as the pore size and pore width. This was 

because PEI forms a film around the particle and also in the pores. The capacity of the pores 

was decreased which led to these decreased parameters. The same samples were subjected 

to SAXS. Data about the pore size are in the same  dimension as with the N2-adsorption but 

the difference between the SAXS results the samples is not as sizable. 
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The TEM images (fig 4.10 and 4.11) show that the particles are porous because the 

pores are clearly visible in the image of the unfuctionalized MSNs. No crystals are seen on 

these images so the particles are amorphous. Next to this, the size of the MSNs can be seen 

in as well. As stated in the results, the unfuctionalized MSNs are lighter and less dense than 

the MSN-PEI. The PEI-functionalization has an influence on the permeability of the MSNs. 

The protocol was carried out with both with ethanol and toluene. The standard 

procedure uses toluene. Because of its toxicity, replacing it with ethanol would be a safer 

option. Based on the zeta potential data and the TGA, the MSNs functionalized using toluene 

were preferable. These particles show a higher PEI content which ensures a fuller coverage 

of the particle. Using ethanol was not as effective as performing the standard protocol. Only 

the particles functionalized with toluene were used for printing. 

 

5.3 PRINTING TECHNIQUE – DROPLET ANALYSIS 

When comparing the droplet sizes as seen in table 4.3 as a function of the MSNs 

concentrations, no trend was noticed. More data of different concentrations within this 

range is needed before stating a conclusion. 

 

5.4 PRINTED UNLOADED SAMPLE CHARACTERIZATION 

5.4.1 Fluorescence confocal microscopy 

The distinction of wet or dry made between the samples has to be refined. Some 

samples were still wet after drying. To interpret the microscopy data properly, it is important 

to keep this in mind. The samples of 1 mg/ml and 5 mg/ml on transparency film that were 

supposed to be dry, were still wet. This was not the case for the sample printed on 150 dpi 

or the samples printed on the HPMC film. The samples with 150 dpi dried quickly, resulting 

in the capture of clear images. 

Figure 4.12 and 4.13 show the images of the samples printed with the 0.1 mg/ml ink 

on transparency film. These samples were dry when analysed. The distribution of the MSNs 
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on the substrate is not homogeneous. Figure 4.14 shows the 1 mg/ml sample printed on 

transparency film with 500 dpi. A coffee ring effect with aggregation of particles at the edges 

of the droplet was observed on all the samples printed on the transparency film. This is due 

to the drying process and the impermeability of the substrate. The coffee ring effect was 

confirmed by distributing the 1 mg/ml unloaded ink manually on transparency papers and by 

printing a 150 dpi sample (fig. 4.15 and 4.16). This can be seen in figure 4.17, 4.18, 4.19 and 

4.20. The impact of drying can be seen clearly. Evaluating the wet sample, a homogeneous 

distribution can be seen with no more MSNs at the border than in the centre. The opposite 

can be seen on the image of the dried sample. A clear border was present leading to less 

homogeneous distribution within one droplet.  

Not enough data was obtained to conclude that there are more aggregates in the 

dried or wet samples. No properly dried 1 mg/ml samples could be evaluated because none 

of the samples were truly dry. To evaluate the impact of the drying process on the samples, 

droplets were manually distributed on the sample. This can be seen in figure 4.15 and 4.16.  

The distribution changes when printing on HPMC film. Even after drying, no coffee 

ring effect was noted due to the porous HPMC substrate. This can be seen in figure 4.22 and 

4.23 for samples printed with 150 dpi and 4.24 for five-layered samples printed with 500 dpi. 

Note that not all of the particles are located in the same focal plane, as focussing on one 

droplet with the confocal microscope increased the blur on other droplets. More aggregates 

can be seen in the unloaded sample compared to the loaded sample. The explanation can be 

found in the time between filling the ink container and printing the sample which implies 

sedimentation and possible aggregate formation. As can be seen in appendix 1, the 

unloaded sample was printed 4.5 hours after filling while the loaded sample of 150 dpi on 

HPMC film was printed right after filling and analysing the droplet size. As reported in 4.3, 

sedimentation was noticed while printing the 5 mg/ml inks which correlates to a non-stable 

suspension. Adding stabilizers to the suspension undesirable because it has the unwanted 

result of changing the ink properties. A inkbase as simple as possible is preferable. To ensure 

an even distribution with higher MSNs concentration, a stirring device is needed in the ink 

container. Using a printhead with a larger nozzle diameter is a possibility to enhance the ink 

printability as well. This has an influence on the Z-value. 
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When analysing the unloaded samples with multiple layers, no clear circles can be 

seen which indicates that the droplets merged after printing. Intuitively, it could be stated 

that when printing on transparency film, the higher the concentration is, the more 

aggregates are present. To know if these aggregates are formed before or after printing, DLS 

could be performed before printing. This was not the case here but this could be an 

implementation for the future. When comparing this to the HPMC film (fig. 4.24), less 

aggregates could be seen. An explanation for this could be that the substrate absorbs the ink 

before aggregates could be formed. That would imply that the biggest part of the aggregates 

is formed after printing. 

Comparing the loaded and the unloaded samples, first the preparation method can 

be discussed. Redispersing the loaded particles was harder than the unloaded, requiring 

additional sonication. This might indicate that the loaded ink contained more aggregates. 

Loading the particles with a poor soluble drug makes them more hydrophobic which explains 

the increased aggregation. Printing the loaded ink demanded repeated fine-tuning of the 

printing parameters and/or multiple nozzle switches, once more suggesting aggregate 

formation. When comparing the printed samples, figure 4.24 for the unloaded sample and 

figure 4.27 for the loaded sample, a less even distribution was seen in the sample printed 

with the loaded ink due to previously suggested aggregates. No coffee ring effect is seen in 

the printed samples with 150 dpi on HPMC film (fig 4.25 and 4.26). 

With the computer connected to the confocal microscope, an estimation of printed 

droplet size and distance could be made. This was done for all the samples with 150 dpi. The 

diameters and the distances are not uniform. The whole sample is printed with the same 

nozzle leading to the conclusion that the nozzle is not uniform during printing. This lowers 

the printing quality. On the other hand, the definition of drop-on-demand is confirmed 

because no fluorescence is seen between the droplets. 

Making a comparison between the droplet size obtained by the printer camera and 

the droplet size obtained my measuring the droplets on the images of the confocal 

microscope leads to figure 4.28. Intuitively even though two substrates are used, the droplet 

sizes seem to correlate to one linear trend. This cannot be seen as a conclusion since more 

data is needed. In the same graph the wide variability of the droplets sizes is noticeable 
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which questions the printer control parameters of the droplets and the repeatability of the 

printing job. 

 

5.4.2 SEM  

The result of printing with a controlled nozzle is seen in figure 4.29. No difference in 

the printing quality could detected when comparing the unloaded and loaded printed 

samples. Figure 4.30 on the other hand, shows the result of a nozzle out of control. The 

droplets are not aligned and multiple spaces are left empty. This sample was printed last 

before the printhead was fully clogged (appendix 1) which clarifies the poor printing quality. 

No predictions can be made when this will happen. The risk of clogging while printing other 

samples is realistic. With samples on 500 dpi or multiple layers it is not possible to 

investigate the printing quality like it is possible with samples of 150 dpi. Only after printing 

a whole layer can the nozzle be evaluated which can lead to varying amounts of printed 

particles. 

On the zoom image (fig 4.32) an estimation of the particle size distribution can be 

made. The holes seen in the picture was due to burning of the substrate when subjected to 

SEM The obtained results are similar to the results of TEM (fig 4.10 and 4.11). Figure 4.33 is 

similar to the images obtained with confocal microscopy where none of the two techniques 

are superior. SEM is preferable when analysing applications in drug development so no 

fluorescent molecules like FITC must be added. The large white objects in the picture (fig 

4.33) are noise because the can also be seen in the image of a plain substrate (image not 

shown). 

Figure 4.34 and 4.35 show a zoom image of the unloaded and loaded sample printed 

on HPMC film with 150 dpi. The border of absorbing the droplet is clearly visible in both 

samples. Just as in the confocal microscopy images, more aggregates are seen in the 

unloaded sample compared to the loaded sample while based on the printability one would 

expect it the other way around. The explanation is given in 5.4.1, based on the time between 

filling the ink container and printing. Comparing these images with figure 4.36 shows the 
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more even distribution on HPMC film. Figure 4.36 shows the droplet size as well which is 

comparable to the droplet size obtained during confocal microscopy (fig 4.28). 

 

5.4.3 Content analysis 

The most notable in table 4.4 is the difference between the theoretical and 

experimental obtained values which can be explained by multiple approaches. 1) A plausible 

explanation is found in the interactions between the particles and the substrate. No tight  

interactions can be found with the transparency film which implies the risk of losing 

particles. Even if handled with care, the light weight particles can be loosed from the film. 

This in comparison to the HPMC film where the interactions with the MSNs and the 

permeability of the film will prevent the loss of particles. 2) Due to the sedimentation in the 

ink reservoir while printing, a lower concentration of MSNs might be printed. This can be 

checked by analysing the residual ink  from the ink container. Another explanation (3) can be 

found at the point of nozzle clogging. Multiple nozzle changes were made during the printing 

process due to out of control nozzles. This was checked after each layer but no control in 

between was possible. The nozzle could stop working while printing the layer which led to 

no fully printed layers. A less plausible explanation (4) is the loss of drug during the printing 

process and storing is a possibility due to the light sensitivity of furosemide. The samples 

were kept in the dark at all times except during printing. In the future, the loading could be 

checked before printing so a more correct theoretical amount can be calculated. 5) On the 

other hand is the possibility that not all the drug was released from the MSNs which seems 

unlikely after a time of 11 hours. Sonicate the samples might help to redisperse the MSNs 

into the medium. A better dispersion leads to a better moistening of the particles which 

helps releasing the drug.  

Interpreting the experimental obtained amounts, a remark has to be made. The 

lowest point of the calibration curve for furosemide was 2 µg/ml. The amount of the loaded 

sample on transparency film was lower than this limit which makes the results less 

trustworthy. 
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Additionally, the samples on transparency film as well as the samples printed HPMC 

film were not uniform which is indicated by the high standard deviation. Likely the variation 

was induced by the alteration in droplet size during printing. Possibly has the folding of the 

printed sample into the eppendorf tube an influence. No statement can be made in this 

matter because no notes were made of the single folding of the samples. 
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6 CONCLUSION 

In this work, the printability of API loaded mesoporous nanoparticles was researched. 

In order to do this, an inkbase of 50:50 vol% water:PG was chosen based on the 

experimental obtained Z-values. Hereafter MSNs were manufactured and functionalized. For 

the functionalization, using toluene as a solvent is still the better option compared to 

ethanol. Hence, only the MSNs functionalized in toluene were used. The particles were 

loaded with 5% furosemide which functions as a model drug with poor water solubility. 

Both unloaded and loaded MSNs were printed starting with the low concentration of 

0.1 mg/ml of unloaded particles. Next was printing a 1 mg/ml ink and 5 mg/ml of the 

unloaded samples. The printability changed when printing the 5 mg/ml of unloaded ink and 

even more when printing the 5 mg/ml loaded MSNs. This was observed due to a higher 

number of clogged nozzles. For future research, when printing 5 mg/ml or higher, adding a 

stirring device in the ink container is suggested. This would lead to less sedimentation of the 

particles in the ink container and a lower amount of aggregates, which are clogging the 

nozzles. 

Next to manufacturing and printing the MSNs is the characterization. The particle 

characterization showed that amorphous mesoporous particles where manufactured with a 

pore size of 3.5-4 nm and a 15 wt% PEI functionalization. These analysis were performed by 

SAXS, N2-adsorption, TEM and TGA. Printed samples were analysed by SEM and confocal 

microscopy giving similar images. Visualisation of the printed MSNs was done. When printing 

150 dpi, the separate droplets could be distinguished. Using the microscopy images, the 

droplet size estimation on the substrate could be compared to the droplet size obtained 

with the dropview camera of the inkjet printer, but no trend was noted. Content analysis 

was performed for the API loaded MSNs printed on both substrates. Comparing these 

obtained values to the theoretical amounts, a difference can be noticed with the lowest 

values for the experimental obtained amounts.  

In conclusion, API loaded mesoporous silica nanoparticles were successfully printed 

using piezoelectric inkjet technology as a proof of concept. Optimization of the particle 

development as well as the printing process should be a priority in further development. 
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8 APPENDIX 

Appendix 1: printing order of the different samples 

Batch 1  

printing one layer took around 15 min (one nozzle) 

Day one 

1. Unloaded 0.1 mg/ml ink on transparency film; 500 dpi; 2x 15 squares of 1 cm²; 

1 layer 

2. Unloaded 0.1 mg/ml ink on transparency film; 500 dpi; 15 squares of 1 cm²; 3 

layers* 

3. Unloaded 1 mg/ml ink on transparency film; 500 dpi; 2x 15 squares of 1 cm²; 1 

layer 

4. Unloaded 1 mg/ml ink on transparency film; 150 dpi; 15 squares of stretched 

pattern; 1 layer* 

5. Unloaded 1 mg/ml on transparency film; 500 dpi; 15 squares of 1 cm²; 3 layers 

6. Unloaded 1 mg/ml on copy paper; 500 dpi; 15 squares of 1 cm²; 1 layer 

Day two (day of confocal microscope analysis) 

1. Unloaded 1 mg/ml ink on transparency film; 500 dpi; 2x 15 squares of 1 cm²; 1 

layer 

2. Unloaded 1 mg/ml on transparency film; 500 dpi; 15 squares of 1 cm²; 3 

layers** 

3. Unloaded 1 mg/ml ink on transparency film; 150 dpi; 15 squares of stretched 

pattern; 1 layer 

 

 

 

* Nozzle switch after printing job 

** Nozzle switch in between two layers  
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Batch 2:  

printing one layer on 150 dpi took around 15 min (1 nozzle) 

printing one layer on 500 dpi took around 40 min (1 nozzle) 

Day one 

1. Unloaded 5 mg/ml ink on transparency film; 150 dpi; 15 squares of 4 cm²; 1 

layer 

2. Unloaded 5 mg/ml ink on transparency film; 500 dpi; 15 squares of 4 cm²; 5 

layers 

3. Unloaded 5 mg/ml ink on HPMC film; 150 dpi; 15 squares of 4 cm²; 1 layer 

4. Unloaded 5 mg/ml ink on HPMC film; 500 dpi; 15 squares of 4 cm²; 5 layers 

5. Loaded 5 mg/ml ink on HPMC film; 150 dpi; 15 squares of 4 cm²; 1 layer 

6. Loaded 5 mg/ml ink on HPMC film; 500 dpi; 15 squares of 4 cm²; 5 layers ** 

7. Loaded 5 mg/ml ink on transparency film; 150 dpi; 15 squares of 4 cm²; 1 

layer* 

8. Loaded 5 mg/ml ink on transparency film; 500 dpi; 15 squares of 4 cm²; 1 

layer * (intention of printing 5 layers, sample was thrown away because only a 

few square were printed) 

9. Loaded 5 mg/ml ink on transparency film; 500 dpi; 15 squares of 4 cm²; 2 

layers ** (intention of printing 5 layers, printhead was fully clogged after 2 

layers) 

Day two (same day as adding ethanol to the samples for content analysis) 

1. Loaded 5 mg/ml ink on transparency film; 500 dpi; 15 squares of 4 cm²; 1 

layer * (intention of printing 5 layers, sample was thrown away because only a 

few square were printed) 

2. Loaded 5 mg/ml ink on transparency film; 500 dpi; 15 squares of 4 cm²; 5 

layers ** (looked like a sample of 3 layers) 

3. Loaded 5 mg/ml ink on transparency film; 500 dpi; 15 squares of 4 cm²; 5 

layers 

 

* Nozzle switch after printing job 

** Nozzle switch in between two layers  


