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Abstract 
Intoxication is a major problem affecting all ages.1 Whether through unintentional 
contact in household, overdosing on easily accessible analgesics, intentional drug 
abuse or suicide attempts, poisoning could lead to serious harm.2 Several ways of toxin 
removal from the body have been applied in the medical field so far. Antidotes have 
been found to offer the most reliable solution. However, they are limited to only a few 
toxins and the identity of the harmful substance must be known.3 As an alternative, 
mesoporous silica nanoparticles were herein introduced with mesopores large enough 
to confine small organic molecules.4 Synthesis strategies were explored to obtain 
suitable silica-based oral nano-detoxifiers. Three different morphologies of particles 
were synthesized: dendritic- in a size of 120 nm and pore size of 3.8 nm, virus-like- in 
a diameter of 100 nm with a broad pore size range and nanorod silica nanoparticles 
with 170 nm length, aspect ratio of 2.3 and 3.2 nm pore size. The particles were grafted 
with phosphonate-, epoxide- and polyethylene glycol groups to enhance the 
particle-toxin interaction and support colloidal stability. Their adsorption capacity was 
investigated by the loading of paracetamol, the model toxin of this project. Results 
showed that plain and phosphonated dendritic mesoporous silica nanoparticles 
captured most paracetamol in ethanol. Additional adsorption studies in simulating 
gastric and intestinal fluids were attempted. We herein present preliminary results for 
the application of mesoporous silica nanoparticles in the detoxifying field. 
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Abstract (Deutsche Version) 
 
Vergiftungen, ob durch unbeabsichtigten Kontakt im Haushalt, Überdosierungen von 
Schmerzmitteln oder durch bewusstes Handeln, beispielsweise Drogenmissbrauch 
oder Suizidversuch, stellen ein bedeutendes, altersunspezifisches Problem dar.1,2 Da 
Intoxikationen mittels gefährlicher Substanzen der menschlichen Gesundheit einen 
erheblichen Schaden anrichten können, etablierten sich im medizinischen Bereich 
Methoden, um jene Toxine aus dem Körper zu entfernen. Antidote erwiesen sich als 
sehr wirksam, jedoch muss für deren Anwendung die Identität der zu entfernenden 
Substanz bekannt sein, da diese nur sehr spezifisch eingesetzt werden können. 
Zudem existieren Gegenmittel nur für wenige ausgewählte Toxine.3 Vorliegende Arbeit 
schlägt daher die orale Anwendung von Silica Nanopartikeln zur Entfernung 
(unabsichtlich) aufgenommener Toxine vor. Kleine organische Moleküle können gut in 
den Mesoporen der Silica Nanopartikeln adsorbiert werden.4 Um den Anforderungen 
eines detoxifizierenden Materials nachzukommen, wurde der Einfluss einiger 
ausgewählter Syntheseparameter auf die Morphologie der Materialien beobachtet. 
Drei verschiedene Morphologien mit unterschiedlicher Oberflächenbeschaffenheit 
wurden synthetisiert: 120 nm große Dendritische Mesoporöse Silica Nanopartikel mit 
einer Porengröße von 3.8 nm, 100 nm große Virus-like Silica Nanopartikel mit einer 
breiten Porengrößenverteilung und 170 nm lange Nanorods Silica Nanopartikeln mit 
einem Seitenverhältnis von 2.3 und einer Porengröße von 3.2 nm. Um die 
Wechselwirkungen mit den Toxinen zu erhöhen und kolloidale Stabilität zu erzielen, 
wurden die Partikel mit folgenden funktionellen Gruppen ausgestattet: Phosphonaten, 
Epoxiden und Polyethylenglykolen. Die Adsorptionskapazitäten resultierender Partikel 
wurden anhand von Paracetamol untersucht, das hier als Modell für Toxine dient. Aus 
den Ergebnissen der Adsorbtionsstudien in Ethanol ist ersichtlich, dass durch negativ 
geladenen Phosphonatgruppen funktionalisierte und nicht funktionalisierte 
Dendritische Mesoporöse Silica Nanopartikel die höchste Aufnahme an Paracetamol 
erreicht wurde. Erste Adsorptionsstudien in simulierenden Magen- und Darmfluiden 
wurden ebenfalls im Zuge dieser Masterarbeit bearbeitet. Mit vorliegenden ersten 
Studien zeigen wir die Möglichkeit, Silica-basierte Nanopartikel als orale Entferner von 
Toxinen anzuwenden. 
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1 Introduction 
 

Intoxication cases through oral intake of a wide palette of substances have been found 
throughout all age groups in the last years. Due to the significant health problems and 
mortality rates, exposure to harmful substances has led to worldwide awareness.1,2,6 

The term “poisoning” was defined by Uges (2001)6 as “(…) medical or social 
unacceptable condition as a consequence of being under influence of an exogenous 
substance in a dose too high for the person concerned”6, including the historical 
statement of Paracelsus in 1574 “(…) and nothing is without poison; but the dose 
makes it clear that a thing is not a poison”7 who postulated the toxicity depends on the 
concentration of the substance. As the terms “poisoning” and “intoxication” were either 
differentiated or used indistinguishable in former literature6, in this thesis the terms will 
be treated as synonyms for simplicity. 

Most common intoxication cases happen due to exposure to household products, 
drugs, alcohol, pesticides and poisonous food.8 Especially children are affected by the 
risk of poisoning through cleaning products and other chemicals found in households.9 
Common mistakes leading to accidental exposure to cleaning products are incorrect 
storage in regular drinking bottles and in the reach of children. In the case of adults, 
unintentional poisoning caused by cleaning products usually happens due to incorrect 
use.10 Similarly, incorrect storage is also the reason for ethanol and drug/medicine 
poisoning in children.11 In the case of adults, the main cause of acute ethanol poisoning 
is unintentional overdose. Acute poisonings caused by antidepressants and illegal 
substances are in most cases a consequence of drug abuse. The main motives are 
often suicidal purposes.8 Analgesics are the most frequent causes of intoxication 
related to medical products.9 One common pain killer, paracetamol, often causes 
life-threatening incidences due to long latencies after overdose intake. Thus, poisoning 
could be easily overseen until symptoms of non-reversible organ damage appear.8,12 
Similarly, long latencies can also be found for poisonings caused by some mushroom 
species.8 In contrast to mushrooms with shorter latencies, which usually lead to less 
severe gastrointestinal syndromes, long latencies mushroom poisonings can be 
life-threatening. Exposure to poisonous mushrooms usually happens due to confusion 
with eatable species or the abuse as psychoactive substances.13 Other food-related 
intoxication cases include scombroid poisoning from fish, correlating with elevated 
histamine levels. Thus, this is also categorized as an allergy-inducing form of 
poisoning.14,15 Poisoning caused by pesticides was observed more frequently in the 
past.8 A common group of pesticides associated with intoxication are 
organophosphates. In developing countries, organophosphates still cause numerous 
annual deaths despite the declining use of this substance.16 However, 
organophosphates are easily accessible in these locations. Thus, intended self-harm 
with pesticides is tremendously more common than accidental exposure.2 
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Organophosphate poisoning has also been associated with warfare in terrorist 
organizations. Thus, these substances are still a threat to the whole world and reliable 
therapy routes need to be on hand to ensure safety.17  

Exposure to the above-listed poisonous substances often happens through oral 
ingestion10. Thus, the gastrointestinal tract (GIT) is the first location for detoxification 
to stop the toxin from further distribution in the human body. For the treatment of 
intoxication, the use of nanotechnology was proposed. Materials suitable for medical 
applications with high adsorption capacities, biocompatibility and stability need to be 
designed via a facile and reproducible synthesis procedure.18 In this thesis, 
mesoporous silica nanoparticles (MSNs) were suggested as oral nano-detoxifiers. Due 
to numerous oral application studies in the GIT19–22, we expect MSNs to be suitable 
candidates for toxin adsorption and to prevent further long-lasting damage. It is 
important to investigate the following parts for a full detoxification study: the synthesis 
and design of suitable nano-detoxifiers, adsorption and release for proper confinement 
of the toxin, cell studies to investigate biocompatibility and protein corona formation to 
evaluate the influence of GIT fluids on the nano-detoxifiers. In addition to the regular 
detoxification route, strategies in the selective removal of metabolites from 
commercially available drugs could be applied. Herein, paracetamol and related toxic 
metabolites acetaminophen glucuronide and acetaminophen sulfate would be suitable 
models. 
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2 State of the Art 
 

Intoxication cases can be distinguished between accidental exposure and intentional 
self-poisoning.1,2 In 2020, 3.5 deaths per 100.000 male inhabitants and 1.1 deaths 
per 100.000 female inhabitants were caused by unintentional exposure to poisonous 
substances in the European Union. At the same time, intoxication deaths in Austria 
were below the European Union average. Solely 0.4 deaths per 100.000 male Austrian 
inhabitants and 0.3 per 100.000 female Austrian inhabitants were ascribed to 
accidental poisoning.23,24 As reported by Statistik Austria (2023)25, the category 
“injuries and intoxications” was the cause of 50-60 deaths per 100.000 Austrian 
inhabitants between 2018-2022. Noticeably, unintentional self-poisoning of children is 
pronounced in Austria. Every year 800 children under the age of fifteen are 
hospitalized due to intoxication. A quarter of these injuries were caused by exposure 
to medicine and bioactive substances, usually in households. About 40 % of 
intoxicated and hospitalized children are under five years old. These immense 
numbers can be explained by children’s undeveloped awareness of dangerous 
situations. Especially colored substances in regular households, such as cleaning 
products, arouse their interest and they cannot fully evaluate the danger behind these 
products yet.26 On the contrary, majorities of intentional self-poisonings is committed 
by the middle-aged Austrian inhabitant. Self-intoxication was the third most common 
procedure for suicide in 2023. In the last years, suicide deaths caused by poisoning 
increased significantly. In 2023, 13 % of suicides were ascribed to intoxication whereas 
in 2022 it was only 7 %.27 As reported injuries and deaths could be preventable, we 
need reliable intoxication treatments. 

 

 

2.1  Conventional Detoxification Routes 
 

As outlined in the Introduction, poisonous substances follow the oral ingestion route in 
most cases.28 In the medical field, generally applied methods for the removal of toxins 
list the use of antidotes. Antidotes work as counteragents against the consequences 
of toxin or drug exposure.29,30 Ascribed to their selectivity, antidotes only exist for less 
than 2 % of toxic substances.3,30 Four different mechanisms in antidote detoxification 
can be distinguished: First, the antidote directly captures the toxic substance via 
adsorption or chemical bond formation. One popular example is activated carbon, 
which is based on adsorption.30,31 As this method can also be classified as a 
non-specific treatment, the administration of activated carbon will be described later. 
For the treatment of heavy metal poisoning, chemical binding via chelation is a 
commonly used procedure.32 The second mechanism is either blocking 
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specific receptors or inhibiting enzymes with the antidotes to avoid the interaction with 
toxins and subsequent harmful consequences. An established method is the inhibition 
of alcohol dehydrogenase via the antidote “ethanol” in the case of methanol 
exposition.33,34 The third mechanism of antidotes is the elimination of toxic 
metabolites. Metabolites usually originate from common nontoxic substances and 
drugs. One example is N-acetyl-p-benzoquinoneimine (NAPQI) from paracetamol, 
which will be further outlined in Chapter 2.4.4. Here, antidote N-acetylcysteine is 
commonly applied to selectively target the metabolite.35,36 The fourth mechanism 
would be the use of antidotes directly against the toxic consequences of poisonous 
substances. A common example is the application of the antagonist vitamin K after 
warfarin overdose.30,37 Although antidotes offer a suitable treatment against 
intoxication, they only work against a limited concentration of poisonous substances. 
If exposed to higher amounts, antidotes cannot be applied alone but rather as an 
additional tool in therapy. Additionally, the toxicity and side effects of the antidotes 
themselves should not be overlooked. The risks associated with the antidote as a 
substance should always be considered before its application in therapy.30 Thus, the 
development of safer and more reliable nontoxic detoxifiers is crucial. 

Enteric decontamination lists gastric lavage and induced vomiting.28 However, they are 
not recommended anymore.38,39 These treatments are associated with the rapid 
removal of toxins within a short time after ingestion. Due to the high risks of damaging 
the patient's aspiration system or perforation of the stomach, these methods are not 
employed in the medical field.28,40 Ingested acidic and alkaline substances, such as 
cleaning products, even carry additional risks if these physical treatments are applied. 
Irritation of the esophagus and respiratory system due to repeated contact with the 
corrosive substances could increase severity and lead to longer recovery times.28,39 

Another relevant method is the application of activated charcoal. Activated charcoal is 
less invasive and the administration is safer for the patient.8 The application is based 
on the adsorption of toxins in the GIT. It should be orally administered within 1 h after 
toxic ingestion.41 The consciousness of the intoxicated patient is mandatory for this 
treatment and the respiratory system needs to be secured during administration.42 
However, the application of activated charcoal is only limited to selected toxins.3,42 It 
cannot be used for detoxification of metal toxins or acidic, alkaline and organic 
solvents. Another disadvantage of activated charcoal is the non-selective adsorption. 
Various substances would also be removed, including drugs that would be beneficial 
for the patient. Thus, activated charcoal cannot be combined with other antidotes, as 
they would be either removed or even compete with the real toxins for adsorption 
sites.31,42 We hereby emphasize the necessity for designing more reliable materials 
that could be adjusted to higher selectivity towards the target. 

Extracorporeally performed hemodialysis is another common method for toxin 
removal. It is applied to small, hydrophilic molecules, such as methanol. In contrast to 
the use of antidotes, hemodialysis is employed if the toxin already caused damage to 
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the acid-base balance of the bloodstream.8,43 However, this procedure is limited to the 
removal of small molecules only. It can only be applied if the intoxication already led to 
distribution in the bloodstream. If early treatment after ingestion is needed, above 
mentioned oral procedures are recommended.8 Additionally, oral administration is 
more attractive for both, patients and medical professionals due to its convenient 
application and absence of needle-associated pain.44,45 Thus, in the course of this 
project we focused on oral detoxification solutions only. 

 

 

2.2  The Gastrointestinal Tract: The Location of 
 Detoxification 

 

The first contact of ingested toxins with the human body is located in the GIT, as 
outlined in the Introduction.28,45 Esophagus, stomach, small intestines and colon are 
the organs composing the GIT, illustrated in Figure 1A. For ingested substances, the 
first stop would be the esophagus. This organ is not significantly affected by ingested 
toxins due to the rapid transit through the throat.45–47 Thus, further focus will be laid on 
the other parts of the GIT. 

The average retention time of the stomach is 1 h. Thus, this organ is the first 
relevant location of the GIT after toxin ingestion. Here, detoxifiers are prone to 
degradation due to the harsh conditions, established by low pH 1-4 and digestive 
enzymes, as listed in Figure 1B.  On the contrary, a beneficial aspect of the stomach 
is the mucus layer. Located above the epithelial cells (Figure 1C), the mucus layer 
blocks detoxifiers and toxins from being transported to the bloodstream.45,47 The 
mucus layer of the stomach and the colon is made up of two layers, whereas the outer 
layer blocks toxins and detoxifiers from epithelium penetration. However, the small 
intestines are built up by one mucus layer only.18,48,49 As the mucus layer of the 
stomach is thicker compared to the small intestines, the transport of toxins and 
detoxifiers into the bloodstream could be easier prevented in this location.45,47 
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Figure 1. Schematic overview of GIT and epithelium with corresponding properties. Scheme A shows the 
retention time and environment of the components of the GIT. From top to bottom: Esophagus is displayed in 
orange, stomach in red, small intestine in yellow and colon in pink. Figure A reprinted with permission from 
Caffarel-Salvador et al. (2017)47, Copyright (2017) Elsevier. Figure B gives an overview of the barriers for 
detoxifiers in the organs and marks the locations of toxin adsorption. Figure C displays a scheme of the epithelium 
of the GIT. Toxins and detoxifiers trespassing will be withheld by the mucus layer from the epithelial cells. Toxic 
substances passing through the mucus layer and the epithelial cells can be absorbed into the bloodstream and 
further distributed. Figure C reprinted with permission from Abeer et al. (2020)19, Copyright (2020) Elsevier. 
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After the delay in the stomach, detoxifiers would transfer towards the small intestine. 
At this location, conditions are less harsh due to a neutral pH of 6-7.5.47 However, with 
the presence of digestive enzymes, degradation of detoxifiers is still a risk.50 The small 
intestine is commonly the targeted location for oral drug delivery approaches.19,51,52 
Thus, in detoxification studies this area should be treated with special precaution. 
Ingested detoxifiers face average retention times of 10 h (Figure 1A and B), being the 
longest layover in the GIT so far.47 Therefore, the risk of epithelium transport of toxins 
and detoxifiers is significantly increased here. For drug delivery, the mucus layer of the 
small intestines is considered a barrier.19 However, in detoxification the mucus layer 
can be seen as a beneficial barrier for unwanted transport towards the bloodstream. 
The epithelial cells provide an additional barrier. Selected substances can permeate 
the epithelial cells either directly or through the tight junctions, located in between two 
cells as illustrated in Figure 1C.45,53 These pathways exhibit a risk for unintentional 
transport of toxins and detoxifiers and must be avoided. Thus, toxins should be safely 
excreted from the body without further distribution in locations other than the organs of 
the GIT.54 

Before excretion, detoxifiers transfer to the last stop of the GIT, the colon (Figure 1A). 
Compared to the other layovers, fewer digestive enzymes occupy the colon at a neutral 
pH of 5-7. The detoxifiers will be forced to stay for an average retention period of 20 h. 
Thus, the risk of unwanted epithelium transport is still present at this location.45 

To summarize, suitable detoxifiers resisting unwanted epithelium transport and 
degradation are needed.45,53 Additionally, excellent toxin adsorption in the GIT is 
essential. The ideal organ for toxin adsorption would be the stomach. Thus, the risk of 
transport of toxins towards the bloodstream in the following organ, the small intestines, 
would be significantly limited. For detoxifiers, main barriers are the acidic conditions of 
the stomach and the presence of degrading enzymes in all organs of the GIT.47,50 Plus, 
epithelium transport of the toxin-adsorbed detoxifying material must not be overseen 
here.19 As this pathway could lead to further distribution of the toxin in the body,54 a 
strategy for safe excretion is mandatory for detoxifiers and toxins. 
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2.3  Nanotechnology for Detoxification 
 

The use of nanotechnology for biological applications has gained interest in the last 
few years. Outstanding high surface areas, the possibility for targeted application at 
the affected area and stability of nanosized materials have led to excellent 
performances compared to conventional therapeutics.18,55,56 Thus, the application of 
nanomaterials for detoxification routes is interesting. Depending on the type of 
nanomaterials, different strategies have been reported for detoxification routes 
before:57 nano-conjugation of heavy metals with subsequent excretion58,59, simulating 
toxin-metabolism with nanomaterials3,57, stabilization of toxin-degrading enzymes via 
nanomaterials60, surface-adsorption of toxins with subsequent excretion61 and 
adsorption of toxins inside the material54. 

 

 

Figure 2. Intravenous pathway of heavy metal-based toxin removal via nano-conjugation as proposed 
by Herrmann et al. (2010)62. After injection of functionalized core-shell nano-magnets, the chelators will capture 
heavy metal toxins in the bloodstream. The nanomaterials will be removed together with the toxins via magnetic 
separation. Figure reprinted with permission from Herrmann et al. (2010)62, Copyright (2010) Wiley-VCH Verlag 
GmbH & Co. KGaA. 

 

Comenge et al. (2012)58 presented a gold nanoparticle system based on 
nano-conjugation. With a pH-sensitive coordinative bond to cisplatin, specific release 
at the targeted location was enabled. Thus, toxic cisplatin distribution in other 
vulnerable organs was prevented. Hu et al. (2012)59 used another nano-conjugation 
strategy for the detoxification of mercury via nano-aptamers. For oral lead 
detoxification, Lestari et al. (2023)63 designed ethylenediaminetetraacetic acid 
functionalized metal-organic frameworks (MOFs) MIL-100(Fe). Due to high porosity 
and stability in GIT conditions, this material showed promising adsorption rates. 
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Similarly, Herrmann et al. (2010)62 designed core-shell magnets functionalized with 
chelators for lead extraction. They proposed intravenous injection of nano-magnets for 
toxin adsorption with subsequent removal of the conjugated nanomaterials by 
magnetic separation, as illustrated in Figure 2. 

Another nano-detoxification strategy was the bio-inspired reduction of toxic 
metabolites. During phase Ⅰ drug metabolism, toxic metabolites are formed via 
oxidation.3,64 Graham et al. (2011)3 proposed the design of silica nanotubes with 
inner surface functionalization with reducing agents. When toxic metabolites diffuse 
through silica nanotubes, they will be reduced to nontoxic substances at this location. 
A second strategy proposed by the same authors was the functionalization with 
glutathione. The idea was to simulate phase Ⅱ metabolism.64 Thus, toxic structures 
with thiol groups could be successfully targeted via thiol bond formation.3 These 
bio-inspired strategies were investigated by Xu et al. (2014)65 who successfully 
rendered toxic organophosphorus compounds to safer dimethyl phosphate via MSNs. 

 

 
Figure 3. Schematic illustration of nano-capsules with incorporated enzyme “organophosphorus hydrolase” 
designed by Wei et al. (2013)60. Due to the fixation in the nano-capsules matrix, the activity and stability of the 
enzymes were significantly increased. Thus, the enzymatic detoxification of organophosphorus was possible. 
Figure adapted with permission from Wei et al. (2013)60, Copyright (2013) Wiley-VCH Verlag GmbH & Co. KGaA, 
modification: exclusion of sub-Figures. 

 

A formerly mentioned strategy was the stabilization of toxin-degrading enzymes via 
nano-capsules. Wei et al. (2013)60 synthesized nano-capsules incorporated with the 
enzyme “organophosphorus hydrolase”. These nanomaterials are illustrated in Figure 
3. Although being antidotes of organophosphorus, these enzymes lack stability and 
cannot be applied alone or via adsorbance-based drug delivery routes. However, 
incorporated in nano-capsules, the activity and stability of the enzymes were 
significantly increased leading to enhanced performances.57 
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Adsorbance of toxins could be either performed by interaction with the outer or 
inner surface of nanomaterials. However, endogenous proteins may compete with 
toxins for the active, easily accessible adsorption sites on the outer surfaces.57,61 For 
example, Howell et al. (2008)61 reported difficulties in their liposomal systems for 
amitriptyline overdose due to protein corona formation. They suggested further 
development to increase the selective uptake of toxins. One way of addressing this 
problem is going towards inner surface adsorption. Although the formation of a protein 
corona could still present steric hindrance against the diffusion of the toxin inside the 
material3, the toxin-protein competition for active adsorption sites could be significantly 
reduced.66 Thus, more adsorption sites would be accessible for targeted toxins.  

 

 

Figure 4. Schematic illustration of aspirin-adsorbing MOFs from reported studies. Figure A shows the schematic 
structure of MIL-127(Fe) with adsorbed aspirin (blue spheres) inside the pores from the studies of 
Rojas et al. (2018)54. Figure A was adapted with permission from Rojas et al. (2018)54, Copyright (2018) ACS, 
modification: exclusion of sub-Figures. This is an unofficial adaptation of an article that appeared in an ACS 
publication. ACS has not endorsed the content of this adaptation or the context of its use. Figure B is the 
schematic illustration of aspirin- (red structure) adsorbed MOF-808 from Pangestu et al. (2022)67. Physical 
interactions between aspirin and the MOF’s structure are labeled. Figure B was adapted with permission from 
Pangestu et al. (2022)67, Copyright (2022) Springer Nature, modification: exclusion of sub-Figures. 

 

So far, a bigger focus has been laid on intravenous detoxification routes via 
nanocarriers and proof of concept studies.3,57,68–70 On the contrary, oral detoxification 
routes have only been investigated in a few cases yet. One of the alternatives includes 
the application of iron- and titanium-based MOFs for detoxification studies on aspirin 
conducted by Rojas et al. in 201854, as illustrated in Figure 4A, and by the same author 
in 201971. Compared to other materials, iron-based MOFs MIL-127(Fe) showed good 
biocompatibility for biological applications, high porosity for enhanced adsorbance 
rates and stability in GIT conditions. The authors reported a significant decrease in the 
uptake of aspirin in the bloodstream after the incorporation of MOFs as adsorbents.54 
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Aside from the reported proof of concept studies by other authors, Rojas et al. (2019)71 
investigated the biodistribution of oral detoxifying titanium-based MOFs MIL-125-NH2 

in their follow-up work. The authors reported safe administration of the designed 
nano-detoxifiers, stability in GIT conditions, excellent aspirin adsorption abilities and 
reliable excretion. Similarly, Pangestu et al. (2022)67 reported inner surface adsorption 
of aspirin onto MOF-808 for detoxification. Due to the proposed combination of 
hydrogen binding and π-π stacking (Figure 4B), the material showed sufficient 
aspirin adsorption. 

Detoxification of paracetamol via titanate nanotubes was proposed in a recent 
publication by Salek et al. (2023)72. They presented an oral process, based on the 
toxin adsorption in intestinal conditions. Higher in vivo paracetamol 
adsorption capacities were achieved compared to activated charcoal. Thus, further 
studies on nano-detoxifiers could revolutionize the oral intoxication field. 

Oral detoxification is located in the GIT.28,45 As MSNs have been extensively studied 
for oral drug delivery applications in the past,19,20 using these materials in 
nano-detoxification is promising. In contrast to drug delivery, the toxins will be 
adsorbed inside the GIT and not before drug administration. One former application of 
MSNs for detoxification was already reported in this Chapter. Not only do MSNs 
present excellent surface adsorption potential and bio-safety, but this material can also 
be combined with reducing agents or glutathione functionalities to simulate 
phases Ⅰ and Ⅱ of body drug metabolism.3 Thus, MSNs provide high potential for 
prospects in the detoxification field and will be outlined in the following Chapter 2.4. 

 

 

2.4  Mesoporous Silica Nanoparticles 
 

MSNs in biological applications have been studied for years. Focusing on drug delivery 
systems, the medical performance of MSNs has been investigated in numerous 
studies.73–75 The advantages of MSNs include easy availability, producibility, colloidal 
and thermal stability.76 The prominent mesoporous framework is another reason for 
the gained interest in MSNs. These highly porous materials possess outstandingly high 
surface areas. The predominant structures provide excellent storage abilities for small 
organic molecules.77 The tunability of morphology, size, porosity and surface 
functionalization enables the customization of MSNs towards the 
desired application.78–80 Complex post-synthesis adaptations of therapeutics involving 
multiple steps face limitations in real-life applications. If further modification and 
development of an already complex material is necessary, it would get increasingly 
tedious.45,81 Thus, easy synthesis and customization of MSNs provide a suitable basis 
for biological applications. 
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2.4.1  Safety of MSNs: Morphology, Size and Surface Chemistry 
 

Biocompatibility of MSNs was confirmed by the Food and Drug Administration82. If the 
properties are well-tuned to the desired application, suitable performance in biological 
systems is enabled for MSNs. Following parameters have significant influence on the 
safety and applicability of MSNs for detoxification: particle morphology, size and 
surface chemistry.18,83,84 Thus, these properties will be outlined in this Chapter.  

 

 
Figure 5. Figures from distribution studies of MSNs of Li et al. (2015)5 depending on the morphology. 
TEM images (left) of mesoporous silica nanospheres (Figure A, NS), short rods (Figure B, NSR, aspect ratio 1.75) 
and long rods (Figure C, NLR, aspect ratio 5). Figure D gives an overview of the biodistribution studies of different 
morphologies in liver, lung, spleen, kidney and intestine after 2 h oral administration. Apart from the intestinal 
system, higher amounts of nanospheres were also found in the spleen and short nanorods in the lung. 
Figures adapted with permission from Li et al. (2015), Copyright (2015) Elsevier5; modification: sequence of 
Figures A-C and exclusion of sub-Figures. 

 

Li et al. (2015)5 investigated the toxicity of MSNs of different morphologies after 
oral administration. Transmission Electron Microscopy (TEM) images and results of 
these studies are shown in Figure 5. Spherical and nanorods-shaped MSNs were 
monitored in terms of acute toxicity, biodistribution and excretion. Three different 
morphologies of about 85 nm were investigated: spherical MSNs (Figure 5A), 
short rods (Figure 5B, aspect ratio 1.75) and long rods (Figure 5C, aspect ratio 5). After 
biodistribution analysis of the different morphologies, all three types were present in 
the intestines in a high quantity after 2 h administration (Figure 5D), as expected. 
However, considerable amounts of spherical MSNs and short nanorods accumulated 
in the spleen and lungs due to distribution by the bloodstream. Rods with a higher 
aspect ratio were predominantly found in the intestine only, as illustrated in green bars 
in Figure 5D. The authors showed the retention time for long rods in the intestines was 
enhanced compared to other morphologies. These findings were ascribed to 
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decreased epithelium transport and slower degradation for this morphology. Similarly, 
studies by Hao et al. (2012)85 confirmed these observations. However, other 
publications reported enhanced epithelium transport of nanorods due to easier 
penetration of the mucus.86,87 The reason for these opposed findings might be found 
in the studies’ duration. Therefore, morphology has a considerable influence on the 
distribution in other organs apart from GIT. As the organs of the GIT are our targeted 
positions for oral detoxification, the use of different morphologies of MSNs could give 
insightful information. Hence, one focus of this project was on the design of different 
morphologies for the application as silica-based oral nano-detoxifiers. 

In addition to the morphology, the size of MSNs influences epithelium transport in 
biological applications. Farjadian et al. (2015)88 investigated the application of 
MCM-41, a previously studied silica-based material, as an adsorbent for paracetamol. 
Adsorption rates were found to be enhanced for this material compared to activated 
carbon. However, applied MSNs were smaller than 50 nm. Former studies highlighted 
a lower particle diameter (<100 nm) has led to enhanced epithelium transport.75,89,90 
Therefore, it is striving to design MSNs big enough not to cross the epithelium toward 
the bloodstream.54 Hence, synthesizing MSNs with particle sizes ≥ 100 nm was 
intended in this project. 

Functional groups were applied to alter the surface chemistry of MSNs.91 The surface 
charge influences interparticle repulsion and performances of designed MSNs.75 
Cationic MSNs are more prone to degradation as they interact strongly with 
endogenous proteins, leading to the formation of large protein coronas. Thus, 
negatively charged MSNs are preferred in the detoxification field. If the formation of 
surface-blocking protein corona could be hindered, the original size and porosity of 
prepared MSNs could be preserved. Colloidal stability would be maintained and a 
significantly higher amount of toxins could be captured due to the simplified 
diffusion.18,92–95 With the preservation of colloidal stability, the formation of toxic MSNs 
aggregates would be reduced.96 Thus, the toxicity of MSNs could be prevented by the 
incorporation of functional groups. Hereby, three different functional groups were 
implemented via post-synthesis functionalization: phosphonate (PO3), epoxide and 
polyethylene glycol (PEG) groups. PO3 groups are known to enhance the overall 
negative charge on MSNs. They conserve colloidal stability due to interparticle 
repulsion (Figure 6B) and provide biocompatibility.75,97 The structure of this functional 
group exhibits hydrogen bonding positions98 which enhance particle-toxin interactions 
as illustrated in Figure 6A. Epoxide groups were introduced for the possible formation 
of covalent bonds if the target exhibits negatively charged structural properties, 
enabling stronger attachment.99 Another possibility is the formation of hydrogen 
bonding100 to hydrogen donors of toxins (Figure 6A). The third biocompatible moiety 
PEG was applied to repel endogenous proteins as illustrated in Figure 6C.101–103 Thus, 
the formation of a dense protein corona could be prevented, leading to higher toxin 
adsorption due to lower steric hindrance. 
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Figure 6. Schematic illustration of the benefits of functionalized MSNs. Figure A shows the enhanced 
toxin adsorption affinity of functionalized MSNs (bottom) compared to plain MSNs (top). Due to negatively 
charged PO3 groups, interparticle repulsion prevents agglomeration and sustains colloidal stability as 
illustrated in Figure B. The prevention of protein corona formation by the introduction of PEG groups is shown in 
Figure C. 

 

Although MSNs are considered safe, their incorporation in pre-clinical and clinical 
studies has been tremendously low so far. A major problem is one of the outstanding 
advantages of MSNs: the facile tunability. Due to the design of multitudes of MSNs 
shapes, all of them would need to be evaluated for cytotoxicity, biodistribution, 
degradation and performance. Only this way, the impact on the human body can be 
fully determined. Thus, this lack of data should always be considered and generalized 
properties should be striven for in the course of MSNs designs for medical 
applications.18,104 
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2.4.2  Synthesis Mechanism of Silica Nanoparticles 
 

In 1968, Werner Stöber synthesized one of the first silica nanoparticles via a sol-gel 
route. As this method gave solid monodisperse particles in the nano range, the 
Stöber process gained in popularity and still serves as a basis for current synthesis 
approaches.105 Afterwards, Unger et al. (1983)106 reported one of the first drug delivery 
approaches with porous silica. Back then, this material was crude and not in the form 
of particles. With the implementation of ordered MSNs in the 1990s, higher surface 
areas for enhanced adsorption capacities were achieved.18,107–109 With this, the control 
of further properties of MSNs started. The tunability of size and functionality to design 
suitable silica particles for controlled drug delivery was later shown by 
Lai et al. (2003)110.18 

 

 
 

Figure 7. Scheme of MSN synthesis via micelle templating route. Micelles are formed by the self-assembly of 
surfactants. Together with hydrolyzed TEOS molecules, micelles co-assemble into a template defining the shape 
of the final product. By the condensation of TEOS, crude MSNs in the final morphology are formed. After template 
removal, plain MSNs (bottom left, dark violet) with mesopores (light violet) are obtained. Figure created by the 
author of this thesis, based on Nam et al. (2018)111.  
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To this date, one common alteration of the Stöber process, the micelle templating route 
as illustrated in Figure 7, is a suitable, reliable method for the synthesis of MSNs.112 
Surfactants, e.g. Cetyltrimethylammonium bromide, in aqueous solutions 
self-assemble into micelles. Silica precursors, e.g. Tetraethyl orthosilicate (TEOS), 
hydrolyze in the presence of a catalyst (e.g. a base). Upon co-assembly of hydrolyzed 
TEOS with micelles, the formation of the template for the MSN structure takes place. 
Hydrolyzed TEOS condensates in this arrangement and forms solid, crude silica 
particles. After the removal of the template by calcination, plain, template-free MSNs 
are obtained.107,113,114 

 

 

Figure 8. TEM images of selected previously reported morphologies of silica nanoparticles. Shell-like (A), 
rugby-like (B), hollow (C), yolk-shell (D), square (E), MCM-48 (F), dendritic (G), virus-like (H) and nanorods (I). 
Figures A-D adapted with permission from Han et al. (2013)115, Copyright (2013) Springer Nature, modification: 
sequence of Figures and exclusion of sub-Figures. Figure E reprinted with permission from Li et al. (2007)116, 
Copyright (2007) WILEY-VCH Verlag GmbH & Co. KGaA. Figures F and G adapted with permission from 
Juère et al. (2020)21, Copyright (2020) Elsevier, modification: sequence of Figures and exclusion of sub-Figures. 
Figure H and I adapted with permission from Iriarte-Mesa et al. (2023)52, Copyright (2023) ACS, modification: 
exclusion of sub-Figures. This is an unofficial adaptation of an article that appeared in an ACS publication. ACS 
has not endorsed the content of this adaptation or the context of its use. 

 

Attempts of size- and morphology-controlled synthesis of MSNs have been reported 
previously.86,117,118 One way of controlling the morphology outcome is the alteration of 
synthesis parameters such as catalyst type119, temperature115,120, precursor and 
surfactant concentration115,117,120, reaction time121 and stirring rate122. Another way is 
the less common hard templating synthesis procedure116 which was not applied in the 
scope of this project. Various silica particle morphologies have been reported in the 
past: shell-like (Figure 8A), rugby-like (Figure 8B), hollow (Figure 8C) and 
yolk-shell115 (Figure 8D), square116 (Figure 8E), MCM-48 (Figure 8F) and 
dendritic21 (Figure 8G), virus-like (Figure 8H) and nanorods52 (Figure 8I), to mention a 
few.  
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However, aiming for specific structural properties is still a challenge. In this project, the 
synthesis of three different morphologies was investigated: Dendritic mesoporous 
silica nanoparticles (DMSN), virus-like silica nanoparticles (VlNPs) and nanorods 
nanoparticles (NrNPs). DMSN and NrNPs were synthesized by the application of the 
above-described micelle templating method. The generation of different aspect ratios 
could be achieved by the variation of synthesis parameters (e.g. triethanolamine acting 
as the base catalyst for spherical DMSN120 and low precursor concentration 
for NrNPs86). The third morphology, VlNPs, was obtained by an extensive synthesis 
procedure, which is described in the following. 

 

 
Figure 9. Formation of VlNPs by soft templating method. After simultaneous template formation by surfactants 
and condensation of hydrolyzed TEOS to oligomers, spherical MSNs are formed. Further condensation at 
lower precursor concentrations creates novel nucleation points. Subsequently, anisotropic growth of spikes on 
the surface results in VlNPs. Figure created by the author of this thesis, based on Wang et al. (2017)121. 
 

VlNPs are spherical MSNs with a rough, rod-like surface. Wang et al. (2017)121 
proposed a formation pathway of this morphology. The corresponding scheme is 
illustrated in Figure 9. Simultaneously with the self-assembly process of templating 
micelles, hydrolyzed TEOS would diffuse into the water/oil interface to form the 
template for the spherical MSNs. After further growth, the concentration of free 
surfactant and TEOS molecules decreases. Single TEOS molecules and pre-formed 
silica oligomers would be deposited on the surface and in the pores of the previously 
formed spherical particles. Upon their role as new nucleation sites, remaining 
precursors will be dictated to assemble into a rod-like formation. After further formation 
of the rough surface, virus-like morphology could finally be obtained. 
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Another important aspect of the synthesis of nano-detoxifiers is the ability to go towards 
industry scale. As this implementation is usually tedious in the field of 
nanotechnology123, the possibility of up-scaling MSNs production needs to be 
evaluated.18 Liu et al. (2021)124 achieved an up-scaled synthesis protocol for porous 
silica nanoparticles. By lowering the ethanol content in the solvent, they accomplished 
cost reduction in production and additionally found the opportunity to change 
morphology through this route. They emphasized the importance of up-scaling ability 
for already existing MSNs shapes. 

 

 

2.4.3  Examples of MSNs in Oral Applications 
 

 
Figure 10. TEM images of DMSN from the oral insulin administration studies of Juère et al. (2020)51. Three 
synthesized DMSN types with altered pore sizes are shown: DMSN in Image A (pore size 7.6 nm) were synthesized 
with hexane, DMSN in Image B (pore size 8.4 nm) were synthesized with cyclohexane and DMSN in Image C (pore 
size 11.7 nm) were synthesized with toluene. Figures adapted with permission from Juère et al. (2020)51, 
Copyright (2020) Wiley-VCH Verlag GmbH & Co. KGaA, modification: position of Figures and exclusion of 
sub-Figures. 

MSNs have been discussed as suitable nanomaterials for oral applications in 
the GIT.19,20 One example was given by Juère et al. (2020)51, who proposed DMSN for 
the oral administration of insulin. Due to the inconvenient standard treatment of 
diabetes through intravenous injections of insulin and the predicted annual increase in 
diabetic patients125, the aspiration to find a more patient-friendly alternative for 
administration arose. Thus, the authors designed insulin-adsorbed DMSN combined 
with β-lactoglobulin. This way, pH-responsive intestinal release of insulin was enabled, 
protecting the drug from premature release and degradation in the stomach. 
Additionally, the influence of the properties of DMSN on the application was studied. 
The pore size was adjusted using toluene, cyclohexane or hexane as solvents for 
synthesis. The authors reported three DMSN types with different pore sizes, as seen 
in Figure 10. The use of plain negatively charged DMSN with large pore sizes was 
found to be the most beneficial for oral insulin administration.51 
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Figure 11. Schematic illustration of the proposed mucoadhesive behavior of dendron-conjugated MSNs by 
Tollemeto et al. (2023)22. After introducing a novel synthesis procedure of dendrons (top left), the interaction of 
dendrons with mucus was evaluated in vitro (top right). Drug delivery via conjugated dendron-MSNs 
(bottom right) was ensured due to the mucoadhesion of the nanoparticle system (bottom left). Thus, the drug 
would be easier absorbed through epithelium. Figure reprinted with permission from Tollemeto et al. (2023)22, 
Copyright (2023) ACS. 

 

It is still challenging to ensure proper epithelium transport of the drug. To improve the 
mucosal interaction of MSNs, Tollemeto et al. (2023)22 recently designed 
dendrons-conjugated MSNs, illustrated in Figure 11. Owing to this application, a novel 
route for the synthesis of these polymeric-branched amine dendrons was additionally 
developed. The authors proposed new mucoadhesive nano-systems for oral drug 
delivery via MSNs and reinforced their perspective with in vitro studies, to ensure the 
enhanced interactions between mucin and dendrons.  



20 
 

2.4.4  Model Toxin Paracetamol and Pore Adsorption 
 

In this project, acetaminophen, the active substance of paracetamol, was used as a 
model toxin for adsorption studies. Paracetamol is an easily available drug, commonly 
used for therapy of mild pain and fever reduction. As the administration of paracetamol 
happens orally in most cases126,127, the first contact with the human body will be located 
in the GIT. 

 
Figure 12. Chemical structures of paracetamol and associated metabolites: acetaminophen glucuronide, 
acetaminophen sulfate and NAPQI. 

As reported by national poison control call (United States of America) statistics 
of 20211, analgesics and other medications were the number one reason for accidental 
and intentional fatal intoxication through all ages. Paracetamol was found to be one of 
the pharmaceutical drugs leading to most hospitalizations and deaths after exposure.1 
Rapid occurring hepatic failure after long latencies is still a problem.8,12,128 Normally, 
non-required paracetamol is excreted in the form of glucuronided and sulfated 
metabolites.129,130 If overdosed, the hepatotoxicity of paracetamol is attributed to the 
enzymatic metabolism of another metabolite: NAPQI.131 The chemical structures of 
mentioned metabolites can be seen in Figure 12. For regular therapeutic paracetamol 
doses, the body removes NAPQI via glutathione.132 In the medical field, the antidote 
and glutathione precursor N-acetylcysteine is administered. Due to enhanced 
glutathione production and the presence of NAPQI-binding thiol groups, liver damage 
from paracetamol overdose can be prevented.133,134 Although of being commonly used, 
oral delivery of N-acetylcysteine was found to lack toleration and lead to vomiting in 
numerous cases due to its sulfur smell. Hence, N-acetylcysteine exhibits issues in 
application due to the need for intravenous delivery or necessary redosing after early 
emesis.135,136 Thus, a better tolerable oral route for the treatment of toxin removal is 
necessary. MSNs could provide an interesting alternative for this problem. 
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The structure of paracetamol includes two possible hydrogen bond acceptors and two 
donors.126 For simplicity, only the two prominent groups participating in possible 
hydrogen bonding are further outlined: hydroxyl groups as hydrogen donors and 
carbonyl groups as hydrogen acceptors, illustrated in Figure 13A.137 When 
paracetamol is adsorbed by silica-based oral nano-detoxifiers, hydrogen bonds can be 
formed with silanol of the inner pore surfaces.138 The pKa of paracetamol was reported 
as 9.3.126 In the GIT’s pH range of 1.2 to 7.4, the paracetamol structure is mainly 
present in the protonated, neutral state.139 Electronic interactions would not be favored 
in this state. Thus, interactions via hydrogen bonding are expected to be the 
predominant effect of paracetamol adsorption. 

Silanol groups of MSNs contribute to hydrogen bond formation to toxins. The pKa 6.77 
was proposed for surface silanol groups on MSNs.140,141 Thus, the conversion of 
protonated into deprotonated surface silanol groups could be estimated around this 
pH value. This value is composed of the partial-pKa of Q2 and Q3 silanol (Figure 28) 
groups: pKa 8.5 for predominant surface Q2 silanol and pKa 2-4.5 for 
surface Q3 silanol.141–143 In simulated gastric fluid (SGF) the MSNs surface is covered 
mainly in protonated silanol. In simulated intestinal fluid (SIF) the presence of 
deprotonated surface silanes is more likely. Thus, the formation of hydrogen bonds is 
expected to be predominant in acidic stomach-like pH conditions, as the protonated 
silanol participate as donor and acceptor groups144. Hydrogen bonds are proposed to 
be formed between the donors and acceptors of the MSNs145,146 and paracetamol as 
illustrated in Figure 13A. Thus, higher adsorption rates of paracetamol were expected 
in the stomach compared to the intestines. 

 

 
Figure 13. Schematic illustrations of the adsorption behavior of paracetamol onto MSNs. Figure A shows the 
proposed hydrogen bond formation between the silanol surface and paracetamol. Hydrogen bonds are 
represented in dashed lines either between carbonyl hydrogen acceptors of paracetamol and the hydroxyl group 
of silanol or the hydroxyl donors of paracetamol and the oxygen acceptor of silanol. Figure B is an illustration of 
a molecule's structural change from crystalline (big blue square) to amorphous (blue circle) after 
pore confinement. Targets inside the pores experience hydrogen bonding as illustrated by black lines. The target 
cannot morph into the larger crystalline form due to the limited space in the pores. 
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Being a useful tool in drug delivery20,147,148, transported substances face protection 
against early release and biodegradation when adsorbed in the pores of MSNs. 
Mesopores enable the confinement of a targeted molecule. This process is ascribed to 
the change in the molecule structure of the target. In the crystalline state, the size of 
toxins is larger than the space the mesopores provide. To be confined in mesopores, 
toxins need to morph into the smaller, amorphous arrangement as illustrated in Figure 
13B. Although energetically unfavored, the amorphous state remains as the crystalline 
state would claim more space than supplied by mesopores. The energy loss is 
compromised by the reduction of surface-free energy of MSNs. Thus, MSNs with a 
distinctive pore framework and the structural change of the adsorbed target are of great 
interest in detoxification systems.149,150 
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2.5  Aims of this Project 
 

As far as this master’s project was concerned, the aim was to design silica-based oral 
nano-detoxifiers and assess their applicability for the adsorbance of model toxin 
paracetamol. A focus was laid on the synthesis of suitable silica-based oral 
nano-detoxifiers. MSNs were designed towards two goals: the applicability in GIT and 
the adsorption of paracetamol as the model toxin. We strove to design MSNs with 
outstanding stability and detoxifying applicability in low pH, to simulate stomach 
conditions. Additionally, we tried to design particles large enough to not trespass the 
epithelium.54 The morphology of particles also influences the risk of epithelium 
transport.5,86,87 Thus, the synthesis of three different morphologies, DMSN, VlNPs and 
NrNPs, was aimed for. Selected synthesis parameters were varied to observe the 
influence on the morphology outcome. The colloidal stability was aimed for all 
nano-detoxifiers, as MSNs could be toxic in aggregated form.96 One way of influencing 
this parameter was by the introduction of PO3. Interparticle repulsion from the 
negatively charged functional groups enhanced colloidal stability.75,97 In fluids of 
stomach and small intestines, but also in the colon with lower fluid volume45 (Figure 
1B), colloidal stability provides better accessibility to the adsorption sites of the 
nano-detoxifiers. Thus, higher toxin adsorption rates could be achieved by reducing 
aggregation. To shield nano-detoxifiers from endogenous proteins, functional group 
PEG was introduced.101–103 To ensure sufficient adsorption of paracetamol, particles 
with high surface area and mesoporosity were aimed for. Enhanced interaction was 
attempted by the introduction of functional groups PO3 and epoxide for hydrogen bond 
formation.98,100 

Preliminary tests on the paracetamol adsorption ability were performed to find the best 
silica-based oral nano-detoxifiers for model toxin paracetamol. First, adsorption of 
paracetamol was evaluated for designed particles in ethanol, SGF and SIF to 
determine the best candidates. Subsequently, release studies would be needed to 
investigate the confinement of paracetamol without losing the target before excretion. 

Thus, designed silica-based oral nano-detoxifiers needed to be fully characterized to 
ensure the proposed material properties and successful adsorption of model toxin 
paracetamol. This was performed by numerous characterization techniques, 
e.g. N2 Physisorption, Transmission Electron Microscopy and Solid-State Nuclear 
Magnetic Resonance Spectroscopy, outlined in Chapter 3.2.  
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3 Materials and Methods 
 

3.1  Chemicals 
 

(3-Glycidyloxypropyl)-trimethoxysilane (≥ 98 %), 3-(Trihydroxysilyl)propyl 
methylphosphate (THMP) (50 wt% in water), Cetyltrimethylammonium bromide 
(CTAB) (≥98 %), Pluronic F-127 and NaOH (≥ 98 %) were purchased from Sigma 
Aldrich. Silane for PEG functionalization ((CH3O)3Si-PEG-OCH3) (2000 Dalton) was 
purchased from Rapp Polymere. NH4OH solution (28-30% NH3), Ethanol (pure, 96 %), 
KH2PO4 (99 %), TEOS (98 %) and Triethanolamine (TEOA) (≥ 98 %) were purchased 
from Alfa Aesar. HCl solution (37 %) was purchased from VWR Chemicals. 
NaCl (anhydrous) and Toluene (99.85 % over a molecular sieve) were purchased from 
Fisher Scientific. Sodium heptafluorobutyrate (FC4) was purchased from Fluorochem. 

 

 

3.2  Characterization Techniques 
 

For characterization of MSNs, following methods were applied: N2 Physisorption 
Analyses, Thermogravimetric Analyses (TGA), Dynamic Light Scattering (DLS), 
Zeta Potential measurements, Solid-State Nuclear Magnetic Resonance 
Spectroscopy (ssNMR), Powdered X-Ray Diffraction (PXRD), UV/vis spectroscopy, 
TEM and Scanning Electron Microscope (SEM). 

N2 physisorption was conducted to determine surface area and porosity of MSNs. 
N2 adsorption and desorption isotherms were monitored by a Quantachrome iQ3 
instrument (Anton Parr) at -196 °C. For preparation, MSNs were outgassed overnight 
at 150 °C (plain MSNs), 80 °C (functionalized MSNs), 35 °C (paracetamol-adsorbed 
MSNs). BET (Brunauer-Emmett-Teller theory) was utilized for the determination of 
specific surface area (SBET) in the range of 0.05-0.025 P/P0 for DMSN, 0.05-0.3 P/P0 

for VlNPs and 0.05-0.13 P/P0 for NrNPs. Total pore volume was taken at P0=0.8. 
Equilibrium NLDFT (Non-Local Density Functional Theory) model for cylindrical pore 
geometry was used to determine the pore size of MSNs. To get pore size values for 
VlNPs, cumulative pore volume was consulted for the assessment of the N2 monolayer. 

TGA was performed to quantify functionalization rates of MSNs and adsorbed 
paracetamol. Measurements were done on a Netzsch STA 449-F3 Jupiter instrument 
in a temperature range between ambient temperature to 800 °C with a ramp rate of 
10 °C min-1 and airflow and protective gas (N2) flow rate of 20 mL min-1. Measurements 
were performed on powdered solid MSNs. Calculations of mass loss were extracted 
from the temperature range of 150-800 °C. To quantify grafted moieties, mass loss of 
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plain MSNs was subtracted from mass loss of functionalized MSNs. For the 
paracetamol adsorption rate, mass loss of unloaded MSNs was subtracted from mass 
loss of loaded MSNs. 

DLS and zeta potential were performed for the evaluation of colloidal stability, surface 
charge and hydrodynamic diameter (hD) of MSNs. Measurements were performed on 
a Malvern Zetasizer Nano ZS instrument. Measurements were conducted on aqueous 
suspensions of MSNs (0.7 mg mL-1) at 25 °C. Prior to the analysis, MSNs were 
dispersed by ultrasonication for at least 90 min combined with vortex shaking. For 
long-term stability tests, solely the hD was measured by DLS without any dispersing 
operation in between. Stability over the range of pH 8-2 was conducted by automatic 
titration with measurements of average zeta potential. Aqueous HCl solution (0.025 M) 
was used as the titrant. Prior to titration, aqueous sample solutions were manually 
adjusted to pH 8 by NaOH (0.1 and 0.01 M).  

ssNMR spectra were measured by a Bruker AVANCE NEO 500 wide bore instrument 
combined with a 4 mm triple resonance magic angle spinning probe for solid samples. 
Plain MSNs were measured with 29Si (CP/MAS, Cross-Polarization/Magic-Angle-
Spinning) only. Functionalized and paracetamol-adsorbed MSNs were monitored by 
29Si (CP/MAS) and 13C (CP/MAS). 31P (CP/MAS) spectra were additionally taken for 
phosphonated MSNs. 

PXRD technique was conducted to confirm the confinement of paracetamol. 
A PANalytical Empyrean diffractometer was used for obtaining PXRD patterns of 
MSNs. Measurements were performed in reflection mode. Kα1+2 radiation was induced 
by an X-ray Cu source at 45 kV 40 mA. PXRD patterns were recorded in continuous 
mode, step size 2θ of 0.013° with 175 s measurement time for each step. Physical 
mixtures were prepared by mixing paracetamol (amounts as prior quantified from 
adsorption studies) with the corresponding MSNs. 

UV/vis spectroscopy was applied to monitor release rates. Absorption spectra were 
monitored on an Agilent 8453 UV-visible Spectroscopy System at 243 nm in SGF 
and SIF. To investigate release rates, the concentration of the measured solution was 
determined. Absorption rates of calibration lines of known concentrations were used 
for calculation. The concentration range of calibration lines was 0.0025-0.015 mg mL-1 
for all dilution reagents. 

To observe morphology and size of the particles, TEM and SEM imaging were 
performed. For sample preparation, 0.6 mg mL-1 suspensions of particles in ethanol 
were prepared, sonicated for 90 min, drop-casted directly onto a TEM grid and dried 
under air. Images were obtained from a Philips CM200 transmission electron 
microscope and SEM images were collected on a Zeiss Supra 55 VP instrument. 
Evaluation of size from images was conducted via software “ImageJ” by the average 
of twice measured cross section of each nanoparticle in one image. 
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3.3  Synthesis Procedure of MSNs 
 

The following Chapters report the experimental procedures for the synthesis of MSNs 
in three morphologies: DMSN, VlNPs and NrNPs. In every Chapter, first, implemented 
synthesis procedures for further studies are given. Second, varied parameters to 
observe the influence on the resulting morphology are listed, if applicable. 

 

3.3.1  Synthesis Procedure of DMSN 
 

 

 
Figure 14. Summarized synthesis parameters for the regular synthesis procedure for the preparation of DMSN. 

 

For the preparation of DMSN, a synthesis procedure adapted from 
Wang et al. (2018)120 was performed. 68 mL TEOA was introduced in a 100 mL 
round-bottom flask and dissolved in 25 mL H2O. Subsequently, 380 mg CTAB and 
74 mg FC4 were added to the alkaline solution and stirred at 150 rpm 80 °C for 1 h. 
Afterwards, 4 mL TEOS was introduced by dropping (1 drop per 2 sec) via a 
drop funnel. Synthesis parameters are summarized in Figure 14. After reaction time 
of 2 h (150 rpm, 80 °C), the synthesized DMSN were centrifuged (20 min, 7000 rpm) 
to remove the solvent and washed three times with ethanol. For extraction, the particles 
were washed once in an H2O/ethanol (50 v/v%) mixture, twice in an acidic ethanol 
solution (30 mL ethanol + 1 drop HCl) and finally washed in ethanol. After drying in 
oven at 100 °C for 14 h, calcination was performed at 550 °C 
(5 min; ramp rate: 60 °C h-1) to receive template-free DMSN. 
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3.3.2  Synthesis Procedure of VlNPs 
 

VlNPs were synthesized according to the procedure reported by Wang et al. (2017)121. 
In a 250 mL round-bottom flask 1 g CTAB was dissolved in 50 mL H2O. Subsequently, 
0.8 mL NaOH (0.1 M) was added and the solution was stirred at 130 rpm 60 °C for 2 h. 
Afterwards, 20 mL TEOS in cyclohexane (20 v/v%) was introduced dropwise via a 
syringe pump instrument (76 mL h-1). After 7 days of reaction at 130 rpm 60 °C, the 
organic solution was manually removed by pipetting and the aqueous solution by 
centrifugation (20 min, 7000 rpm). The particles were washed, extracted and calcined 
according to the procedure mentioned in Chapter 3.3.1 to receive plain VlNPs. An 
overview of synthesis parameters for this procedure can be seen on the left side of 
Figure 15. 

 

 
 

Figure 15. Overview of synthesis parameters of regular synthesis procedure (left) and further investigated 
parameters (right) for VlNPs. 

 
The influence of reaction time on the formation of VlNPs was assessed by varying the 
synthesis duration after the addition of TEOS by 2 days, 4 days and 7 days (Figure 
15, right), adapted from Wang et al. (2017)121. The latter coincided with the parameter 
used in the regular synthesis procedure and served as a control.  

Second, co-block polymer Pluronic F127 was introduced (mass ratio 4:1 to the amount 
of CTAB) to investigate the influence on the VlNPs morphology (Figure 15, right), 
adapted from von Baeckmann et al. (2021)151. 
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3.3.3  Synthesis Procedure of NrNPs 
 

For the synthesis of NrNPs, a modified synthesis procedure from Huang et al. (2010)117 
and Yu et al. (2016)86 was implemented. 2.42 g CTAB and 605 mL water were 
introduced in a 1 L round-bottom flask. After CTAB was dissolved, 9.35 mL NH4OH 
was added to the solution and stirred vigorously at 700 rpm for 1 h at 
room temperature (rt). Afterwards, 5.17 mL TEOS was introduced at once. For the 
formation of NrNPs, the suspension was stirred at 700 rpm for 4 h at rt. To receive 
plain NrNPs, the solution was removed by centrifugation (20 min, 7000 rpm) and the 
particles were washed, extracted and calcined according to the procedure mentioned 
in Chapter 3.3.1. An overview of synthesis parameters for this procedure can be seen 
on the left side of Figure 16. 

 

 
Figure 16. Overview of synthesis parameters of implemented synthesis procedure (left) and further investigated 
parameters (right) for NrNPs. 

 

The influence of base concentration was investigated by variation of the NH4OH 
concentration equivalents (eq.) (0.5 eq., 1 eq. and 1.5 eq) for the synthesis of NrNPs. 

To investigate the influence of stirring rate on the NrNPs morphology, synthesis was 
performed under static conditions after the addition of TEOS. An overview of the 
investigated parameters for NrNPs synthesis can be found on the right side of Figure 
16. 

  



29 
 

3.4  Functionalization Strategies 
 

MSNs obtained from the reported procedures in Chapter 3.3 were grafted with three 
different functional groups: PO3, epoxide and PEG. The goal was to introduce 
functional groups on the inner pore surfaces and outer surfaces of MSNs. 

 

 
Scheme 1. Chemical reaction scheme and conditions for the preparation of MSN_PO3 by THMP. 

Phosphonated MSNs (MSN_PO3) were obtained via direct functionalization with 
commercially available silane THMP. 300 mg MSNs were dispersed overnight in 60 mL 
nanopure H2O at 600 rpm, rt in a 250 mL round-bottom flask. Afterwards, a solution of 
THMP (8 mmol g-1 silica) in 15 mL nanopure H2O, adjusted with diluted HCl solution to 
pH 5-6, was introduced to the suspension and refluxed at 110 °C at a stirring rate of 
700 rpm overnight. The corresponding chemical reaction scheme is illustrated in 
Scheme 1.75 On the next day, phosphonated MSNs were centrifuged (7000 rpm, 
20 min) to remove the supernatant, washed once with H2O and three times with 
ethanol. After drying at 40 °C, MSN_PO3 were received and analyzed via TGA, 
N2 physisorption, DLS, zeta potential analysis and ssNMR. 

 

 
Scheme 2. Chemical reaction scheme and conditions of the post-synthesis functionalization route with 
commercially available silanes for obtaining MSN_epox (top) and MSN_PEG (bottom). 

To obtain epoxide- (MSN_epox) and polyethylene glycol- (MSN_PEG) functionalized 
MSNs, commercially available silanes were used. 300 mg of plain MSNs were weighed 
in a 250 mL three-neck round-bottom flask and outgassed under vacuum overnight at 
150 °C and 500 rpm stirring rate. After reducing the temperature to 115 °C, the particles 
were suspended in 90 mL of anhydrous toluene under inert conditions and stirred at 
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500 rpm overnight. The corresponding silanes (8 mmol g-1 silica (3-Glycidyloxypropyl)-
trimethoxysilane for MSN_epox and 0.04 mmol g-1 (CH3O)3Si-PEG-OCH3 for 
MSN_PEG) were introduced at 115 °C 500 rpm to the well-dispersed solutions to start 
the overnight reaction. Reaction schemes for the preparation of MSN_epox and 
MSN_PEG are shown in Scheme 2.152 Subsequently, the particles were isolated by 
centrifugation (7000 rpm, 20 min). The functionalized MSNs were washed once with 
toluene, three times with ethanol and dried at 40 °C. MSN_epox and MSN_PEG were 
subsequently analyzed via TGA, N2 physisorption, DLS, zeta potential analysis and 
ssNMR. 

 

 

3.5  Instructions for Adsorption Studies 
 

Designed MSNs were evaluated on the adsorption capacity of model toxin paracetamol 
to determine the applicability as oral nano-detoxifiers. A modified adsorption procedure 
based on Farjadian et al. (2015)88 was applied. Freshly prepared paracetamol solution 
(10 mg mL-1) in ethanol (pure, 96 %) was introduced to MSNs in a ratio of 2.8 wt/v% 
and placed on a shaker at 80 rpm 37 °C for 2 or 6 h. Afterwards, the particles were 
separated from the solution by centrifugation (7000 rpm, 20 min) and 
paracetamol-adsorbed solid material dried at 37 °C overnight. Mass loss monitoring 
via TGA was conducted to quantify adsorbed paracetamol in the material. This 
experiment was divided into two sections: First, plain DMSN, VlNPs and NrNPs were 
loaded with paracetamol to find the morphology with the highest adsorption capacity. 
Second, the experiment was conducted for the functionalized morphology with the 
highest adsorption capacity. 

Similar adsorption attempts were conducted for plain DMSN, VlNPs and NrNPs in a 
different medium. Paracetamol was dissolved in SGF for a 2 h adsorption procedure 
to simulate acidic conditions in human stomachs and SIF for a 6 h adsorption 
procedure for human intestines simulations. Procedures and characterization were 
performed according to the adsorption procedures reported above. Only centrifugation 
parameters were adjusted to the aqueous solution to 9000 rpm and 20 min. 

The preparation of SGF and SIF for adsorption and release studies was adapted from 
Caillard et al. (2012)153. For the preparation of 2 L SGF (pH 1.2), 4 g anhydrous NaCl 
was dissolved in 1.986 L nanopure H2O and 14 mL HCl (37 %). 2 L SIF (pH 7.4) was 
prepared by dissolving 13.6 g KH2PO4 in 500 mL nanopure H2O. To adjust the pH, 
380 mL of NaOH solution (0.2 M) was introduced to the solution together with 
1.12 L nanopure H2O. The pH values were checked for both solutions before 
application. 
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3.6  Instructions for Release Studies  
 

To monitor the potential release of paracetamol-adsorbed MSNs, release tests in 
SGF and SIF were conducted. Conditions and procedure were adapted from 
Juère et al. (2020)21. 20 mg particles were combined with 5 mL SGF and shaken 
at 80 rpm at 37 °C to simulate body movement and temperature. Samples (0.75 mL) 
were taken after centrifugation (20 min at 9000 rpm) and diluted (in 2.25 mL of 
corresponding solution) after the first 35 min and subsequently every hour. The volume 
was replaced with fresh medium, particles were redispersed and put back on the 
shaker. The solution was changed to SIF after 3 h whereas an intermediate washing 
step with SIF was included. Samples were also taken from the washing- and solution 
exchange steps. Afterwards, samples were taken after 1 h, 24 h and 48 h in SIF. 
Absorptions of diluted samples were measured via UV/vis spectroscopy and 
concentrations were calculated via calibration lines in corresponding SGF and SIF. 

 

 

3.7  Tools for Data Analysis and Presentation 
 

Data was analysed and plotted via OriginPro. Other Figures and Schemes were 
created by Microsoft PowerPoint and ChemDraw. Zotero was used for generation of 
citations. For language correction, Grammarly was used. 
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4  Results and Discussion 
 

4.1  Characterization of Plain MSNs 
 

In the following Chapters, analysis results of synthesized MSNs are shown. All 
descriptions are structured in the same way. First, morphology and corresponding 
characterization results of the regular synthesis procedures are given. Second, results 
of parameter studies are described, if applicable. 

 

 

4.1.1  Characterization of DMSN 
 

 
Figure 17. TEM images of DMSN. Image A gives an insight into the pore system of plain DMSN. Image B shows 
the particle size distribution of DMSN. 

 

DMSN were synthesized as almost monodisperse, spherical porous nanoparticles with 
a smooth particle surface shown in Figure 17. As measured from TEM images, the 
average particle size of DMSN was found to be 116 nm.  

Zeta potential for DMSN in H2O was found to be -47 mV. Thus, the surface of 
synthesized DMSN exhibited a negative surface charge in aqueous solutions. 
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Figure 18. N2 physisorption results of DMSN. N2 Adsorption/desorption isotherm (Figure A) with corresponding 
pore structure analysis via NLDFT model (Figure B) of DMSN at -196 °C. The presence of hysteresis in the 
N2 physisorption isotherm (Figure A) and a peak in the mesoporous pore size range (Figure B) indicated 
mesoporous system of the nanoparticles. 

 

As measured by N2 physisorption, DMSN showed a surface area of 885 m2 g-1, 
mesopore size of 3.8 nm and pore volume of 1.22 cm3 g-1. Therefore, the presence of 
the mesopore system was proven. Additionally, the hysteresis in type IV154 
N2 physisorption isotherms (Figure 18A), as well as the single peak found in the 
mesoporous range of pore structure analysis (Figure 18B), confirmed a mesoporous 
system for synthesized DMSN. 

Therefore, DMSN were successfully synthesized as MSNs with spherical morphology. 
A summary of the mentioned results for synthesized DMSN can be found in Table 1 in 
Chapter 4.1.4. 
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4.1.2  Characterization of VlNPs 
 

4.1.2.1  Characterization results of the regular synthesis procedure of VlNPs 
 

 
Figure 19. TEM images of VlNPs. Image A shows the surface spikes of plain VlNPs. Image B gives an insight into 
the particle size distribution of VlNPs. 

 

TEM images (Figure 19) of synthesized VlNPs showed a monodisperse, spherical 
morphology with a rough surface formed by spikes. The average particle size was 
found to be 96 nm. 

The zeta potential of plain VlNPs in H2O was measured as -49 mV, indicating negative 
surface charge in this solvent. 

 

 
Figure 20. N2 Physisorption isotherm (Figure A) and pore volume vs pore width received from NLDFT model 
(Figure B) of VlNPs at -196 °C. 
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The surface area of VlNPs was found to be 92 m2 g-1. The presence of a hysteresis in 
Figure 20A indicated a mesoporous pore system for VlNPs. The pore volume was 
found to be 0.52 cm3 g-1. The pore width analysis (Figure 20B, deep orange) showed 
a broad pore size distribution over the range of 10-40 nm. Noticeable high pore size 
values defined the low surface area. To further approve the pore size range, 
the cumulative pore volume analysis graph, plotted in light orange (Figure 20B), was 
found to be in the same scope. Therefore, the broad pore size range of 10-40 nm was 
accepted for VlNPs. Due to the broad pore size distribution and the introduced VlNPs 
formation by Wang et al. (2017)121, it was assumed that the porous system of this 
morphology was constructed by the interstices of the surface spikes.  

To summarize, spherical VlNPs with a rough surface were successfully synthesized. A 
wide pore size range was found for this morphology, which was ascribed to the 
interstices of the spikes. A summary of the mentioned results for synthesized VlNPs 
can be found in Table 1 in Chapter 4.1.4. 

 

 

4.1.2.2 Results of Parameter Studies for VlNPs: Reaction Time and Co-block Polymer  
 

 
Figure 21. Observed spike growth of VlNPs with varied synthesis time monitored by TEM imaging. Image A 
showed VlNPs after 2 days synthesis with the shortest spikes, Image B after 4 days and Image C after 7 days of 
synthesis with the longest spikes. 

Upon the variation of reaction time (2 days, 4 days, 7 days) for the synthesis of VlNPs, 
a difference in the length of spikes was observed. After 2 days, hardly any spikes were 
visible in the TEM image in Figure 21A. If the reaction was stopped after 4 days, spikes 
were visible in Figure 21B at a similar magnification. After 7 days reaction, it was finally 
possible to obtain VlNPs with the longest spikes, shown in Figure 21C. Therefore, the 
parameter “synthesis time” has a noteworthy influence on the surface properties of 
VlNPs. This observation coincided with Wang et al. (2017)121 for the formation of 
VlNPs. They proposed the formation of the spikes after the formation of the spherical 
body, as described in Chapter 2.4.2 and in Figure 9. 
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Figure 22. Images of VlNPs with introduced co-block polymer Pluronic F127 during synthesis (Image A) and of 
VlNPs from regular synthesis procedure (Image B) taken by TEM. Due to the presence of the co-block polymer, 
larger MSNs with shorter spikes were synthesized.  

 

Another varied parameter was the introduction of the co-block polymer Pluronic F127 
for the synthesis of VlNPs, adapted from the synthesis procedure of 
von Baeckmann et al. (2021)151. Without co-block polymer, average particle size of 
96 nm was observed in Figure 22B. Upon the use of Pluronic F127, bigger particles 
with an average size of 150 nm were obtained as shown in Figure 22A. In addition, a 
change in spike size and morphology was detected. An explanation for these 
phenomena could be the reduction of synthesis speed directed by the 
co-block polymer. Therefore, a more isotropic-like, shorter spike formation had been 
favored in the presence of Pluronic F127. 
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4.1.3  Characterization of NrNPs 
 

4.1.3.1  Characterization Results of Regular Synthesis Procedure of NrNPs 

 
Figure 23. TEM images of NrNPs. Image A gives an insight into the pore properties of NrNPs. Image B 
demonstrates the particle size distribution of NrNPs. 

Synthesized NrNPs were obtained as monodisperse, anisotropic mesoporous 
nanorods with a smooth surface (Figure 23). The average particle dimensions 
measured from TEM images were found to be 173 nm in length and 74 nm in width, 
giving an aspect ratio of 2.3. Zeta potential for NrNPs in H2O was -44 mV. Therefore, 
negative surface charge was confirmed for plain NrNPs.  

 

 
Figure 24. N2 adsorption and desorption isotherms (Figure A) with corresponding pore structure analysis via 
NLDFT model (Figure B) of NrNPs measured at -196 °C. The presence of hysteresis in the 
N2 physisorption isotherm (Figure A) indicated mesoporous system of the nanorods. This was confirmed by 
the pore structure analysis. One predominant peak can be found in the mesoporous range for NrNPs (Figure B). 



38 
 

The surface area of plain NrNPs was determined to be 1041 m2 g-1, the mesopore 
size 3.2 nm and the pore volume 1.04 cm3 g-1. The presence of a hysteresis in the 
N2 physisorption isotherm and the single predominant peak in the mesopore range in 
Figure 24 confirmed the mesoporous pore system of NrNPs. 

Plain NrNPs were successfully synthesized in a mesoporous, anisotropic morphology 
with smooth surface properties. A summary of the mentioned results for synthesized 
NrNPs can be found in Table 1 in Chapter 4.1.4. 

 

 

4.1.3.2 Results of Parameter Studies for NrNPs: Base Concentration and Stirring Rate 
 

 
 

Figure 25. SEM (Figures A and C) and TEM (Figure B) images of synthesized NrNPs after the use of different 
base concentrations. Left to right: highest to lowest base concentration in synthesis. In Image A, the introduction 
of 1.5 eq NH4OH led to a hexagonal shape, in Image B, 1 eq. NH4OH forming rods and in Image C, 0.5 eq NH4OH 
were introduced resulting in crude silica material.  

 

With the variation of base concentration for NrNPs synthesis, the impact on the 
morphology was observed in Figure 25. 1.5 eq. NH4OH (with respect to the regular 
synthesis quantities) led to the formation of hexagonal particles shown in Figure 25A. 
With 1 eq., NrNPs were formed (Figure 25B). Upon the use of 0.5 eq. NH4OH, solely 
crude silica without distinctive morphology was observed in SEM image in Figure 25C. 
Thus, we conclude the base concentration has a major influence on the formation of 
the anisotropic shape. At higher pH conditions, particle growth is favored in more than 
two directions, forming a hexagonal shape rather than a rod-like or spherical shape. 
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Figure 26. TEM images of NrNPs synthesized without stirring. At higher magnification (Image A), rough surface 
was observed. At lower magnification visible (Image B), NrNPs synthesized under static conditions turned out to 
be polydisperse. 

 

During the regular synthesis procedure for NrNPs, vigorous stirring was applied. To 
investigate the role of stirring rate, NrNPs were reproduced under static conditions. 
The surface of obtained NrNPs appeared rough as observed by TEM imaging in Figure 
26A. Due to the growth under static conditions, the particles resulted in 
high polydispersity, illustrated in Figure 26B. However, further studies are necessary 
to confirm whether the rough surface was anchored to the rod-shaped MSNs body or 
labile upon mechanical influence and storage. 
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4.1.4  Overview of MSN Morphologies 
 

To summarize the synthesis of plain MSNs, three different morphologies were 
successfully produced: DMSN, VlNPs and NrNPs. MSNs were found to be in 
comparable size ranges. Zeta potential values highlighted the similarity between the 
chemical nature of the surfaces of the template-free, plain synthesized MSNs. Size, 
zeta potential and N2 physisorption results are summarized in Table 1. 

 

Table 1. Summary of the analysis results of DMSN, NrNPs and VlNPs. Size of obtained MSNs, zeta potential and 
surface area, pore size and pore volume as determined by N2 Physisorption. The average size was measured from 
TEM images and DLS (DMSN and VlNPs only), giving hD values. 

 
Sample  

 
Average Size 

[nm] 

 
Zeta 

[mV] 

 
Surface Area 

[m2 g-1] 

 
Pore Size 

[nm] 

 
Pore Volume 

[cm3 g-1] 

 TEM hD     

DMSN 116 158 -47 885 3.8 1.22 

VlNPs 96 111 -49 92 10-40 0.52 

NrNPs 173x74  -44 1041 3.2 1.04 

 

Under consideration of surface and pore property values, DMSN were found to be the 
most promising candidates for the application as nano-detoxifiers. Due to promising 
pore volume and size in the mesoporous range, proper adsorption quantities of 
paracetamol were pre-assumed. To further improve the detoxification of paracetamol, 
MSNs were functionalized. Corresponding results were reported in the following 
Chapter 4.2. 
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4.2   Characterization of Functionalized MSNs 
 

4.2.1  Characterization of Functionalized DMSN 
 

DMSN, VlNPs and NrNPs were grafted with three functional groups: PO3, epoxide and 
PEG. For the reasons outlined in the previous Chapter 4.1.4, DMSN were found to be 
the most promising morphology for preliminary application studies. Thus, special 
attention was given to functionalization and characterization of this morphology. 

Mass loss [wt%] as measured by TGA was used to quantify functionalized species. For 
DMSN_PO3 7 wt%, DMSN_epox 9 wt% and for DMSN_PEG 11 wt% mass loss 
ascribed to functionalization was determined. 

Zeta potentials were found to be -46 mV for DMSN_PO3, -43 mV for DMSN_epox 
and -41 mV for DMSN_PEG. Compared to the zeta potential of plain DMSN (-47 mV), 
these values only differed slightly for functionalized DMSN due to the chosen low 
functionalization rates. All designed particles exhibited negative charge in H2O. 

Table 2 gives a summary of the analysis of functionalized DMSN. 

 

 
Figure 27. N2 adsorption and desorption isotherm (Figure A) and pore size distribution (Figure B) of plain and 
functionalized DMSN measured at -196 °C. 
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After functionalization, the surface area decreased for all DMSN. Surface area for 
DMSN_PO3 was found to be 711 m2 g-1, for DMSN_epox 642 m2 g-1 and for 
DMSN_PEG 621 m2 g-1. An expected trend towards lower surface area values for 
species functionalized with higher quantity (as summarized in Table 2) was detected. 

As shown in Figure 27B and Table 2, pore sizes remained similar to 
plain DMSN (3.8 nm): 3.4 nm for DMSN_PO3 and DMSN_epox, 3.8 nm for 
DMSN_PEG. However, pore volume decreased upon functionalization. The 
pore volume of DMSN_PO3 was determined as 0.90 cm3 g-1 and 0.84 cm3 g-1 for 
DMSN_epox. Interestingly, the highest functionalized species (DMSN_PEG) showed 
the lowest decline in pore volume (1.08 cm3 g-1 compared to 1.22 cm3 g-1 for 
plain DMSN). Thus, the functionalization of PEG moieties favored the outer surface 
rather than the inner pore surface compared to PO3 and epoxide functionalization. 

As the N2 sorption isotherms (Figure 27A) hysteresis were still present and pore sizes 
remained in a similar range compared to plain DMSN, we confirmed a conserved 
mesoporous system after functionalization. 

 

Table 2. Summarized analysis results of functionalized DMSN including values of plain DMSN for comparison. The 
amount of functionalized moiety was determined by TGA via mass loss compared to plain DMSN mass loss values. 
Mass loss, zeta potential and N2 physisorption values are listed. 

 
Sample  

 
Mass loss 

[wt%] 

 
Zeta 

[mV] 

 
Surface Area 

[m2 g-1] 

 
Pore Size 

[nm] 

 
Pore Volume 

[cm3 g-1] 

 
DMSN 

  
-47 

 
885 

 
3.8 

 
1.22 

 _PO3 7 -46 711 3.4 0.90 

 _epox 9 -43 642 3.4 0.84 

 _PEG 11 -41 621 3.8 1.08 
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Figure 28. 29Si and 31P ssNMR data of DMSN. Figure A shows the 29Si (CP/MAS) ssNMR spectra of plain DMSN and 
functionalized species. T and Q species were highlighted by vertical lines. Figure B shows the 31P (CP/MAS) ssNMR 
spectrum of DMSN_PO3. The corresponding assignations of Q- and T-species from 29Si ssNMR were illustrated in 
Figure C. Figure C was created by the author of this thesis, based on Bouchoucha et al. (2016)75. 

 

Corresponding Q-species (Figure 28C) peaks were found for all DMSN, as shown in 
Figure 28A. Successful functionalization was confirmed by 29Si ssNMR. In Figure 28A, 
the presence of T-species (T1 = -49 ppm; T2 = -58 ppm; T3 = -66 ppm) for DMSN_PO3 
and DMSN_epox proved proper functionalization (as illustrated in Figure 28C) 
onto MSNs. No T-species were found for PEG-grafted DMSN. As 
von Baeckmann et al. (2021)103, a former publication of the research group, reported 
absence of T-species for commercially available PEG silanes, DMSN_PEG was still 
assumed to be successfully grafted and applied for further studies. 

The 31P ssNMR (Figure 28B) for DMSN_PO3 showed an intense peak at 26 ppm, 
confirming the presence of PO3 species. 
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Figure 29. 13C (CP/MAS) ssNMR spectra of functionalized DMSN with corresponding chemical structures. Peaks 
were assigned and highlighted in the chemical structures of the functional groups (PO3, epoxide, PEG). 

 

Successful functionalization without degradation or alteration of the moiety was 
confirmed for all MSNs. Corresponding peaks for all chemical structures were detected 
in 13C ssNMR spectra, shown in Figure 29 with assigned peaks. For DMSN_PO3, 
peaks at 64 ppm, 25 ppm and 8 ppm were found. For DMSN_epox, peaks at 72 ppm, 
50 ppm, 44 ppm, 22 ppm and 7 ppm were assigned. DMSN_PEG showed one big 
peak at 70 ppm for the repetition unit of the polymer and one peak at 48 ppm. 
Therefore, stable functional groups without impurities and template residues were 
confirmed for all functionalized DMSN. 
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4.2.2  Characterization of Functionalized VlNPs 
 

Mass loss values were found to be 5 wt% for VlNPs-epox and 10 wt% for VlNPs_PEG. 
Zeta potential for VlNPs_epox was determined as -39 mV and for VlNPs_PEG 
as -30 mV, indicating negative surface charge. 

For VlNPs_PO3, the zeta potential value was found to be higher (-46 mV) compared to 
plain VlNPs (-49 mV) and surface area declined after functionalization. However, 
no mass loss was determined by TGA measurements. Therefore, the functionalization 
of VlNPs_PO3 was unsuccessful. Table 3 presents an overview of the analysis values 
of functionalized VlNPs. 

 

 
Figure 30. N2 adsorption and desorption isotherms (Figure A) and pore size distributions (Figure B) of plain and 
functionalized VlNPs at -196 °C. 

 

As determined by N2 physisorption, the surface area of all functionalized VlNPs 
decreased compared to plain VlNPs. The pore size was found to be in a similar wide 
range for functionalized VlNPs. The pore volume changed slightly after 
functionalization. These values are summarized in Table 3. The minor decrease in pore 
volume after functionalization was ascribed to the special pore morphology for VlNPs, 
outlined in Chapter 4.1.2. As the hysteresis in the sorption isotherms (Figure 30A) and 
the pore size range (Figure 30B) were conserved, we confirmed that the material did 
not lose mesoporosity after functionalization. 
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Table 3. Analysis overview of functionalized VlNPs. Mass loss, zeta potential and N2 physisorption values are 
listed. 

 
Sample  

 
Mass loss 

[wt%] 

 
Zeta Potential 

[mV] 

 
Surface Area 

[m2 g-1] 

 
Pore Size 

[nm] 

 
Pore Volume 

[cm3 g-1] 

 

VlNPs 

  

-49 

 

92 

 

10-16 

 

0.52 

 _PO3 0 -46 76 10-16 0.54 

 _epox 5 -39 79 5-16 0.50 

 _PEG 10 -30 47 10-16 0.42 

 
 

 
 

Figure 31. The 29Si (CP/MAS) ssNMR spectra of plain and functionalized VlNPs. T and Q species were assigned 
with vertical lines.  

Successful functionalization was proven for VlNPs by 29Si ssNMR. Illustrated in Figure 
31, peaks for the T-species were found for VlNPs_PO3 and VlNPs_epox in the spectra. 
The description of Q- and T-species assignations can be found in Figure 28C. As 
previously outlined in Chapter 4.2.1, the absence of T-species for PEG-grafted VlNPs 
cannot be concluded as unsuccessful functionalization. Thus, we confirmed successful 
functionalization of all VlNPs except for VlNPs_PO3. 
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4.2.3  Characterization of Functionalized NrNPs 
 

Mass loss was quantified as 10 wt% for NrNPs_PO3, 11 wt% for NrNPs_epox and 
7 wt% for NrNPs_PEG. Zeta potential was found for NrNPs_PO3 to be -45 mV, for 
NrNPs_epox -42 mV and for NrNPs_PEG -36 mV. Thus, the surface charge for 
all designed NrNPs was found to be negative in H2O. Table 4 summarizes the analysis 
values for plain and functionalized NrNPs. 

 

 
Figure 32. N2 adsorption and desorption isotherms (Figure A) and pore size distributions (Figure B) of plain and 
functionalized NrNPs at -196 °C. 

 

For NrNPs, a clear decline in surface area was observed after functionalization. 
For NrNPs_PO3, the pore size decreased to 2.3 nm (from 3.2 nm plain NrNPs). For 
NrNPs_epox and NrNPs_PEG, pore sizes in a similar magnitude were determined. 
The pore volume decreased for all functionalized species. NrNPs_PO3 showed for all 
N2 physisorption values the strongest decline. These values are summarized in Table 
4. The hysteresis in sorption isotherms was barely visible in Figure 32A. Thus, the 
mesoporosity was lost after PO3 functionalization of NrNPs. However, the hysteresis 
of NrNPs_epox and NrNPs_PEG were conserved. Additionally, the pore sizes (Figure 
32B) of these materials were in the mesoporous range. Therefore, the mesoporosity 
was still preserved for NrNPs_epox and NrNPs_PEG. 
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Table 4. Analysis overview of functionalized NrNPs. Mass loss, zeta potential and N2 physisorption values are 
listed. 

 
Sample  

 
Mass loss 

[wt%] 

 
Zeta Potential 

[mV] 

 
Surface Area 

[m2 g-1] 

 
Pore Size 

[nm] 

 
Pore Volume 

[cm3 g-1] 

 

NrNPs 

  

-44 

 

1041 

 

3.2 

 

1.04 

 _PO3 10 -45 478 2.3 0.42 

 _epox 11 -42 712 2.6 0.75 

 _PEG 7 -36 671 2.9 0.74 

 

 

 
 

Figure 33. The 29Si (CP/MAS) ssNMR spectra of plain and functionalized NrNPs. T and Q species were assigned 
with vertical lines. 

 
29Si ssNMR spectra of functionalized NrNPs are shown in Figure 33. The presence of 
T-species indicated successful functionalization for NrNPs_PO3 and NrNPs_epox. The 
description of Q- and T-species assignations is shown in Figure 28C. As outlined in 
Chapter 4.2.1, the absence of T-species for commercially available PEG was expected 
and does not conclude unsuccessful functionalization of NrNPs_PEG. 
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4.3  Colloidal Stability 
 

To investigate the colloidal stability of designed MSNs in H2O, the particle size 
distribution and the change of average particle size over time were measured. 
Additionally, the colloidal stability of plain and functionalized DMSN in the pH range 8-2 
was determined via zeta potential measurements. Corresponding graphs are shown 
in Figure 34 and Figure 35. 

 
Figure 34. Particle size distribution and long-time hD measurements for the evaluation of colloidal stability. 
Particle size distribution of plain and functionalized DMSN (Figure A) and VlNPs (Figure B) are given. The plotted 
graphs suggested no significant agglomeration for all MSNs in H2O as no intensity was measured in higher hD 
regions. As hD was measured via a model designed for spheres, the particle size distribution of NrNPs was 
not shown. Long-term stability measurements, average hD over time in H2O, for plain and functionalized 
DMSN (Figure C), VlNPs (Figure D) and NrNPs (Figure E) are shown. Throughout 25 h, no significant decomposition 
was observed for all MSNs. In the first hours, minor size fluctuations were visible for DMSN_PO3 and DMSN_epox 
in Figure C. As the hD was measured via a model for spheres, anisotropic NrNPs showed minor deviations in 
Figure E. 
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The particle size distribution was measured to confirm colloidal stability in H2O of 
designed plain and functionalized DMSN (Figure 34A) and VlNPs (Figure 34B). As no 
additional peaks were found in lower and higher size ranges apart from the distinct 
peak, no degradation and agglomeration were detected. Thus, these values indicated 
colloidal stability in H2O. As the model for hD measurements was designed for spherical 
particles, the particle size distribution of NrNPs was not shown here. 

The long-term stability of DMSN was investigated by measurements of average 
particle sizes as a function of time (Figure 34C). Stability over time was confirmed for 
plain and functionalized DMSN, as the average hD did not show any significant 
deviations over the range of 24 h in H2O. Therefore, no interparticle aggregation was 
assumed for plain and functionalized DMSN in the long term. The stability of plain and 
functionalized VlNPs was investigated by the same technique (Figure 34D). As the 
average hD was steady for more than 24 h in H2O, long-term stability was proven for 
all VlNPs without aggregation. The polydispersity index of all DMSN and VlNPs was 
lower than 0.3 during the measurement duration. Thus, long-term colloidal stability in 
H2O was proven for these samples. Average hD as a function of time was measured 
for plain and functionalized NrNPs. Due to the model for spherical particles, strong 
deviations were found in the first 4 h for these anisotropic NrNPs. Afterwards, average 
hD values were found to be stable for at least 24 h (Figure 34E). Therefore, long-term 
stability in H2O without aggregation was also concluded for NrNPs. 

 

 
Figure 35. Measured zeta potentials of plain and functionalized DMSN as a function of pH 8 to 2. 

Zeta potential as a function of pH was measured to determine the charge and colloidal 
stability of the particles in neutral to acidic medium. Noticeably, DMSN_PO3 
(-44 mV to -20 mV) exhibited negative charge over the entire pH range, as displayed 
in Figure 35. DMSN_epox (-44 mV to -3 mV) also showed negative charges in the 
entire range. Thus, colloidal stability was conserved for these materials in the 
measured pH range. The zeta potential range for DMSN_PEG reached 
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from -35 mV to +1 mV with the isoelectric point at pH 3.18. Plain DMSN showed a 
similar trend. Over pH 8-2, the zeta potential values of plain DMSN 
were -33 mV to +1 mV with an isoelectric point of 3.29. Therefore, DMSN_PEG and 
plain DMSN exhibited the protonated form140,141 in lower pH and were suspected to 
aggregate. 

Colloidal stability is favored for oral nano-detoxifiers to provide full adsorption capacity 
without interparticle pore blockage. To sum up, colloidal stability was proven due to 
narrow particle size distributions and long-term steady average hD over time for 
all DMSN and VlNPs. NrNPs showed deviant data due to the unsuitable measurement 
model. However, colloidal stability could not be excluded for NrNPs. Steady average hD 
over time after 4 h suggested existing colloidal stability for NrNPs. To confirm this 
proposition, a measurement model for anisotropic NrNPs would be necessary. 
Because of zeta potential measurements in pH 8-2, we observed enhanced stability 
for DMSN_PO3 and DMSN_epox. This was ascribed to electrostatic interparticle 
repulsion75,97 as illustrated in Figure 6B. Thus, the adsorption capacity of DMSN_PO3 
and DMSN_epox was further evaluated. However, DMSN and DMSN_PEG were 
further investigated in preliminary adsorption studies due to the confirmed stability in 
neutral pH. 
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4.4  Results of Paracetamol Adsorption Studies 
 

This Chapter reports the results of preliminary adsorption studies of MSNs. MSNs were 
loaded with paracetamol to gain information on the adsorption capacity. For the 
application as oral nano-detoxifiers, excellent adsorption capacities were necessary. 
Hereby, two main experiments were conducted, as previously described in 
Chapter 3.5. In the first experiment, paracetamol was adsorbed onto plain DMSN, 
VlNPs and NrNPs in ethanol for 2 h. Adsorptions in SGF and SIF were also 
attempted.  

For the second experiment, the adsorption of paracetamol of plain and functionalized 
DMSN (in ethanol for 2 h and 6 h) was quantified.  

 

 

4.4.1  Paracetamol Adsorption of Plain DMSN, VlNPs and NrNPs 
 

To find the best material for further experiments, plain DMSN, VlNPs and NrNPs were 
loaded with paracetamol in ethanol for 2 h. 

 

 
Figure 36. Quantification of adsorbed paracetamol determined by TGA onto plain DMSN, VlNPs and NrNPs. 
Adsorption was practiced in ethanol for 2 h. DMSN (green) showed the highest adsorption rates, followed by 
NrNPs (red) and VlNPs (yellow). 
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As seen in Figure 36, DMSN showed the highest paracetamol adsorption capacities 
(4.3 wt%) of all morphologies in ethanol. The adsorption values for NrNPs (3.9 wt%) 
were found to be in an acceptable range. Solely VlNPs showed significantly low 
paracetamol adsorption (1.6 wt%). This was ascribed to the special pore morphology 
as previously outlined in Chapter 4.1.2. 

 

 
Figure 37. Bar charts of paracetamol adsorption results of DMSN (green), VlNPs and NrNPs (red) in SGF and SIF. 
Adsorptions were performed in SGF for 2 h (Figure A) and SIF for 6 h (Figure B). 

 

To further simulate stomach and intestine conditions, adsorptions were performed 
in SGF for 2 h and SIF for 6 h. This was conducted for plain DMSN, VlNPs and NrNPs. 
Results are shown in Figure 37. DMSN was the only morphology to adsorb any 
paracetamol in both media (6 wt% in SGF, 2 wt% in SIF). NrNPs showed adsorption 
only in SGF (7 wt%). No paracetamol adsorption was measured for VlNPs in SGF 
and SIF. The significant decrease in adsorption capacity in SIF (pH 7.4) was ascribed 
to the deprotonation of the silanol surface140,141, as outlined in Chapter 2.4.4. Due to 
the loss of hydrogen bond donors in the deprotonated state, paracetamol is less affine 
to interact with the inner-pore surfaces of the MSNs. Thus, the amount of adsorbed 
toxin decreased in SIF. As these results did not coincide with the observations from 
experiments in ethanol, further studies are necessary to optimize the adsorption 
procedure in SGF and SIF. The influence of aqueous SGF and SIF and accompanying 
salts and endogenous proteins need to be considered. These compete with 
paracetamol for adsorption sites of MSNs155 and thus reduce the loading capacity. 

Besides having the highest pore size values, DMSN also exhibited the highest 
adsorption capacity for model toxin paracetamol. Hence, this material was chosen for 
further experiments. 
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4.4.2  Paracetamol Adsorption of Functionalized DMSN 
 

 
Figure 38. Paracetamol adsorption quantities of plain and functionalized DMSN. Adsorption was performed 
in ethanol for 2 h (Figure A) and 6 h (Figure B). After 2 h, plain DMSN (green) contained the highest amounts of 
paracetamol. After 6 h loading, DMSN_PO3 (cyan) showed the highest adsorption values. DMSN_epox (blue) and 
DMSN_PEG (violet) showed the lowest amounts of paracetamol adsorption in both cases. 

 

The paracetamol adsorption quantification of plain and functionalized DMSN was 
illustrated in Figure 38. Adsorptions were conducted in ethanol for 2 h, to simulate 
the time nano-detoxifiers remain in the stomach, and in ethanol for 6 h to simulate 
the time in the intestines. 

2 h experiments (Figure 38A) gave the highest adsorption values for plain DMSN 
(7 wt%), followed by DMSN_PO3 (3.7 wt%) and DMSN_epox (3.6 wt%). No 
paracetamol was adsorbed onto DMSN_PEG after 2 h. Hydrogen bonds between 
paracetamol and DMSN were suspected to be the predominant cause of adsorption. 
The bigger pore volumes of plain DMSN were another advantage for higher adsorption 
quantities. In the case of DMSN_PEG, the grafted polymer might have hindered 
paracetamol from entering the pores in this short period. Additionally, loading time was 
too short to reach the adsorption equilibrium. 

After increasing the loading duration to 6 h (Figure 38B, Table 5), DMSN_PO3 was 
found to have the most paracetamol (6.2 wt%) adsorbed. This functionalization formed 
the strongest hydrogen bonds with paracetamol in the pores. The adsorbed amounts 
were lower for plain DMSN (5.8 wt%) and DMSN_epox (2.9 wt%) after 6 h compared 
to 2 h experiments. However, DMSN_PEG showed adsorption (3.1 wt%) for 
6 h experiments. As the 6 h experiments showed adsorptions for all DMSN, these 
loaded materials were used for further characterization and studies. 
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Table 5. Summary of paracetamol adsorption results in ethanol for 6 h. Quantification (mass loss) monitored by 
TGA and surface area measured by N2 physisorption of DMSN with the decrease (Δ) in surface area for 
comparison are listed. 

 
Sample 

 
Mass loss 

[wt%] 

 
Surface Area 

[m2 g-1] 

 
Δ Surface Area 

[%] 

 
DMSN_Parac 

 
5.8 

 
731 

 
16 

DMSN_PO3_Parac 6.2 570 20 

DMSN_epox_Parac 2.9 582 9 

DMSN_PEG_Parac 3.1 563 9 

 

Table 5 summarizes the results and characterization of 6 h adsorption experiments in 
ethanol. Quantification of paracetamol adsorption and the decrease (%) in surface area 
after adsorption are listed. After paracetamol adsorption, a decrease in surface area 
was noticed for all DMSN. This change corresponded with mass loss in the magnitude 
of three times. Therefore, TGA was a suitable method to quantify adsorbed 
paracetamol. Corresponding N2 physisorption isotherms and pore size distribution 
graphs of adsorbed DMSN are shown in Figure 39. 

 

 
Figure 39. N2 physisorption isotherms (Figure A) and pore size distribution approximations (Figure B) of 
paracetamol-adsorbed (6 h, in ethanol) plain and functionalized DMSN measured at -196 °C. 
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Figure 40. PXRD results of paracetamol adsorbed DMSN. Figure A shows the PXRD pattern of 
paracetamol-adsorbed (in ethanol, 6 h) plain and functionalized DMSN. Pore confinement of paracetamol was 
proven due to the absence of crystalline peaks. For comparison, PXRD pattern of non-loaded DMSN (Figure B) 
and physical mixtures with paracetamol (Figure C) were introduced. 

PXRD patterns of loaded DMSN (Figure 40A) were monitored to determine the 
confinement of paracetamol in the mesopores. Due to the absence of crystalline peaks 
in the pattern, amorphous paracetamol was confirmed to be adsorbed in the pores 
only149,150, as outlined in Chapter 2.4.4. For comparison, PXRD was taken for 
non-loaded MSNs (Figure 40B). The presence of the small peak at 18° in the 
DMSN_PEG_Parac pattern was therefore assigned to impurities of the material. To 
assure the visibility of possible crystalline peaks at given adsorption quantities, PXRD 
patterns of physical mixtures (Figure 40C) were measured. Sharp crystalline peaks 
were easily visible for physical mixtures. Thus, the confinement of the model toxin 
paracetamol was successful for all DMSN. 

Due to the higher adsorption capacity for paracetamol and the verified confinement in 
the mesopores, DMSN_PO3 was found to be the best material for adsorption 
experiments performed in ethanol for 6 h. The higher affinity to paracetamol was 
ascribed to the introduced functional groups, as DMSN_PO3 holds more 
hydrogen bond acceptors98 compared to plain silanol. Another suitable candidate for 
paracetamol adsorption was plain DMSN. The formation of hydrogen bonds between 
paracetamol and plain silanol groups was favored compared to DMSN_epox and 
DMSN_PEG. Another contributing factor could be the steric hindrance of the 
PEG moieties, which shielded the diffusion of paracetamol. 
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4.5  Results of Release Studies 
 

Paracetamol-adsorbed functionalized DMSN (6 h, in ethanol) were evaluated for 
release together with adsorbed plain VlNPs and NrNPs (2 h, in ethanol). These 
experiments were conducted to monitor the potential release of confined paracetamol 
in SGF and SIF. Corresponding release graphs are shown in Figure 41. 

 

 
Figure 41. Paracetamol release rate (normalized to the total released amount for each MSN) as a function of 
time (in h). Samples taken from release in SGF were highlighted in pink, from SIF in blue. The performed washing 
step is indicated by a dashed background. 

 

Most paracetamol was released in the first hours. The drug concentration after the 
change of solution was found to be significantly low. Solely minor paracetamol 
quantities below the limit of Lambert-Beer were monitored in UV/vis for samples taken 
after 6 h. Consequently, a different approach to monitor release in alkaline medium 
would be necessary to gain more accurate results for UV/vis measurements. 

All MSNs showed similar release curves. Solely for VlNPs, faster release for the first 
2 h was observed in Figure 41. This was ascribed to the specific pore morphology for 
VlNPs, outlined in Chapter 4.1.2. Compared to other morphologies, paracetamol could 
only be loosely adsorbed at the interstices of surface spikes resulting in faster release. 

For the application as oral nano-detoxifiers, toxins must not be released in the body at 
all. Thus, further studies to improve the confinement of the toxin are necessary. 
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5  Conclusions and Perspectives 
 

5.1  Design of Silica-Based Oral Nano-Detoxifiers 
 

To summarize, the preparation of suitable silica-based oral nano-detoxifiers was 
accomplished. In the scope of this project, we were able to control the morphology of 
the silica-based oral nano-detoxifiers. Three different morphologies were successfully 
synthesized: DMSN, VlNPs and NrNPs. The influence of selected parameters on these 
syntheses was observed. Due to the high porosity, DMSN were found to be the 
best morphologies for the application as oral nano-detoxifiers. Summary and 
perspectives on paracetamol adsorption were further outlined in the following 
Chapter 5.2. 

PO3 and epoxide were introduced as functional groups for the preservation of colloidal 
stability75,97 and to enhance the model toxin adsorption capacity98,99. The stability of 
the best candidate DMSN_PO3 in harsh stomach acidity and colloidal stability were 
confirmed in this project. PEG functionalization was performed to reduce the formation 
of protein corona in GIT serum.101–103 The reduced protein corona formation would 
need to be confirmed in further studies. Additionally, the size of the protein corona on 
the particles needs to be observed to be able to predict further aspects and difficulties 
in the performance in biological systems.18,93  

For further studies, it would be advisable to increase the particle size of MSNs.75,89,90 
Preventing epithelium transfer of toxin-adsorbed nano-detoxifiers into the bloodstream 
is crucial for the safety of patients. For large-scale industry production, synthesis 
procedures need to be adapted for up-scaling. 

 

 

5.2  Summary and Perspectives of Adsorption Studies  
 

Preliminary adsorption studies of the model toxin paracetamol onto plain MSNs again 
highlighted the highest loading capacity for DMSN compared to other morphologies. 
Furthermore, the comparison of the paracetamol adsorption capacity of plain and 
functionalized DMSN in ethanol revealed the best quantities for DMSN_PO3 and plain 
DMSN. This was ascribed to the hydrogen donors and acceptors in the surface 
structures for sufficient hydrogen bond formation.98,144 With confirmed colloidal stability 
and sufficient adsorption capacity, DMSN_PO3 was found to be the best oral 
nano-detoxifier for model toxin paracetamol in ethanol. 



59 
 

The main adsorption studies were performed in ethanol. Using SGF and SIF as 
adsorption medium was attempted for plain MSNs. In SGF, higher adsorption 
capacities were determined compared to SIF. The reason was ascribed to the pH of 
the media. In pH 1.2 of SGF, protonated silanol groups of plain MSNs exhibit more 
possible hydrogen binding sites compared to the deprotonated silanol groups at 
pH 7.4 of SIF.140,141 For further studies, the incorporation of functional groups with 
pKa > 7.4 and hydrogen binding sites could be attempted. The functional groups would 
not deprotonate in SIF. Thus, hydrogen bonds with paracetamol would be ensured in 
neutral pH. However, the colloidal stability would not be conserved due to the lack of 
interparticle repulsion. DMSN_PO3 was not tested for paracetamol adsorption in 
SGF and SIF yet. However, due to the pKa 2 of PO3 functional groups75, the number of 
hydrogen bond contributors could be decreased in SIF due to deprotonation. Thus, we 
expect lower adsorption capacities for DMSN_PO3. 

However, the presence of hydrogen bonds needs to be proven by shifts observed in 
Fourier-Transform Infrared Spectroscopy.156 In the course of this project, the amount 
of adsorbed drug was too low to be visible in the spectra. 

Former studies on MSNs adsorption conducted by Bui et al. (2011)157 showed lower 
adsorption capacities for paracetamol compared to other common drugs. They 
concluded higher adsorption affinities for cationic drugs through a wide pH range. 
Additionally, increased hydrophobicity gave higher adsorption rates. Another attempt 
in this study was to introduce trimethylsilyl surface functionalization on the MSNs. This 
led to increased adsorption rates at higher pH conditions. This effect was attributed to 
the higher hydrophobicity of the material. Thus, for further detoxification studies, the 
use of cationic or hydrophobic toxins might lead to higher adsorption capacity. In this 
case, electrostatic interactions would contribute to adsorption. Additionally, the use of 
hydrophobic functional groups could provide better adsorption in aqueous medium. 

 

 

5.3  Summary and Perspectives of Release Studies 
 

Another important aspect is the release rate of adsorbed paracetamol in SGF and SIF. 
Excessive amounts of paracetamol were released after the first minutes for all tested 
MSNs. For detoxification, the toxin must not be released at all. The goal is to fully 
remove all toxins from the body. Thus, an additional system to trap the toxin inside the 
pores is striving for further studies. A strategy towards protein corona formation in the 
intestines or particle agglomeration could be utilized to seal the pores after 
toxin adsorption. However, the influence of changed material properties on the safety 
of the patients would need to be considered. Additionally, another measurement 
method for lower toxin concentrations released, such as High-Performance Liquid 
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Chromatography, would be suitable. Thus, smaller sample volumes would be needed, 
leading to better accuracy of the experiment. 

Depending on health status, environment and eating behavior, the composition of 
enzymes in GIT media and bowel emptying frequency could differ drastically between 
individuals.45 Thus, creating an “one-fits-all” medium is hardly realizable. For further 
oral detoxification studies, including additional parameters of GIT, such as the 
presence of degrading enzymes50, is recommended. In this way, the safety of 
individual patients can be ensured. 

 

 

5.4  Further Perspectives on Selectivity 
 

Although the adsorption of model toxin paracetamol onto designed silica-based oral 
nano-detoxifiers was observed in this master’s project, the adsorption selectivity of 
metabolites will need to be further attended. The metabolite NAPQI directly influences 
the hepatotoxicity of paracetamol overdose.131 Thus, a pathway for the selective 
removal of NAPQI would be the final goal of this research project. Inspired by the 
natural excretion132, glutathione functionalization could be aimed for the selective 
removal of NAPQI. The sulfated and glucuronided metabolites of paracetamol were 
reported to be less harmful than NAPQI.129,130 However, these metabolites could still 
be used as noninvasive model toxins for further selectivity studies. For enhanced 
adsorption affinity of acetaminophen sulfate, thiol groups would be suitable. As the 
chemical structure of acetaminophen glucuronide exhibits the large glucuronide 
residue and hydrogen binding sites, designing functional groups representing perfect 
fitting “key-lock” hosts for the large glucuronide residue could offer a solution for 
selective adsorption.158 

For another approach, the deprotonation of the metabolites at pH 7.4 of SIF could be 
used. The pKa of acetaminophen sulfate159 was reported as -2.2 and 
3.2 for acetaminophen glucuronide160. The structures would be negatively charged at 
pH 7.4 compared to paracetamol126 (pKa 9.3). Thus, positively charged functional 
groups could enhance the affinity of MSNs for metabolites due to electrostatic 
interactions. In this case, the low adsorption capacity of paracetamol is suitable for the 
selective removal of metabolites. Thus, the drug would still be present in the body for 
therapeutical purposes. However, this approach could not be used for the real toxin 
NAPQI161, as the pKa of this compound is 19.1. Therefore, this metabolite would not 
be charged in the pH range of the GIT. 
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