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1. General Introduction 1 

1. General Introduction  

 

“Hospital acquired infections currently affect approximately 10 % of patients through-

out the USA and Europe, causing respiratory, gastrointestinal […] infections, complicat-

ing recovery and contributing to patient mortality.”1 

 

This shocking data collected in June 2015 underlines the acute threat based on the pro-

liferation of pathogenic bacteria strains in hospitals. To limit the spread of bacteria two 

strategies are pursued in general: the use of antibiotics to kill bacteria within the human 

body2, 3 and the application of antibacterial surfaces to prevent the transfer of patho-

genic bacteria4, 5. As the resistance towards antibiotics is tremendously increasing during 

the last years6-8 the concept of protecting surfaces from bacteria contamination is 

shifted more and more in the focus of scientific research. 

Nowadays, the concept of antibacterial surfaces is classified into two main categories: 

antibiofouling and biocidal surfaces.4 Antibiofouling surfaces are designed in such a way 

that the attachment of bacteria is inhibited. This approach is realized by grafting hydro-

phobic polymers on the surface9, tuning the surface roughness10 or immobilize antibac-

terial compounds on the surface11, 12. 

Biocidal surfaces focus on leaching cytotoxic compounds from coatings to initiate cell 

death of bacteria. The most popular and most effective agents applied in this field are 

silver nanoparticles (Ag NPs).13 Based on the affinity towards organic thiol functionali-

ties, Ag NP/Ag+ ions bind to DNA as well as proteins leading to structural changes of cell 

compounds and finally ending up in cell death. Although, a detailed molecular biological 

mechanism within living cell has not been elucidated, this class of systems belongs to 

the largest group of all nano-based commercial products available on the market.14 Al-

ternative biocidal approaches are the release of small cell poison molecules like acidic 

protons15, nitric oxide (NO)16, 17 or reactive oxygen species (ROS)18, 19 which influence the 

cell-cell communication20, damage a large number of essential biological substrates like 

DNA, RNA and proteins19 and finally leading to cell death.  

Just as important as the choice of releasing biocidal agent, the hosting material has to 

fulfil extensive requirements: it should be non-toxic itself, stable under environmental 

conditions, easy to proceed and non-cost-intensive.21 Porous silica nanoparticles (PSNs) 

are one of the most promising antibacterial coating material due to all the above 

mentioned characteristics, and it boast with having a very high internal surface area 

(1500 m2/g) which offers plenty of room for guest molecules.22 Moreover PSNs offer 
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easy routes to chemical modification with a wide spectrum of organic functionalities23 

that results in an array of porous organosilica nanoparticles.  

The degree of functionalization of modified porous organosilica material is limited to     

25 % according to standard post-modification or co-condensation routes.24 Therefore, 

the introduction of special silica precursors with a bridging organic group Rfct ((R′O)3 Si-

Rf-Si(OR′)3 with R′ = Me, Et, isoPr) was developed in the 90`s. Applying these specific pre-

cursors in silica chemistry the preparation of so-called periodic mesoporous organosilica 

materials (PMOs) with an internal functionalization degree of 100 % is described.25-28 To 

date, the nanoparticle synthesis strategies based on the PMO concept are very rare29-31 

and restricted to precursors of very limited chemical functionality.32-34 

Our research group developed the UKON PMO concept (Scheme 1) that is based on 

compound 1. This allowed the direct introduction of a variety of organic functionalities 

within our porous materials.35-44 In our previous work on UKON systems our PMO mate-

rials were mainly non-spherical 

systems. The demand for PMO na-

noparticle (NP) spheres is tremen-

dously rising as colloidal systems 

play more and more important 

roles in material design. The effec-

tiveness of PMO NPs (e.g. Ag NP 

coordination via SH groups) 

strongly depends on the degree of 

chemical functionality and density 

of the integrated organic modifica-

tions. Therefore, the present thesis 

embodies a crucial step forward to 

close the scientific gap between 

PSNs and the innovative field of 

PMO, addressing the following re-

search objectives: 

• Establishing novel UKON precursors 2 and 3 

• Development of synthesis strategies for PMO NPs based on 2 and 3 

• Exploitation of the functionalization degree of 100 % of PMO NPs using dif-

ferent biocidal concepts; establishing novel antibacterial surface coatings. 

   

Scheme 1. Overview of the research program presented in 

this thesis.  
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2. Structure of the thesis 

In the present thesis four main research topics are focused and discussed in detail: 

- Mesoporous silica nanoparticles (MSNs) formation applying different synthesis 

strategies and the introduction of 100 % organic functionality 

- Superacidity in silica chemistry 

- Thiol chemistry for MSN  

- Antibacterial surface coatings 

Firstly, in chapter 2.1, “State of the art” a general overview of all four topics is given 

when the thesis was started in 2011. In addition the development during the last 4 years 

is monitored in detail. In the chapter 2.2, “Challenges and objectives”, the predominat-

ing scientific gaps are pointed out to clarify the “Scientific contribution” (chapter 2.3) of 

the presented work.  

In chapter 4.1 the design and the application of superacidic MSNs in the field of antibac-

terial surface protection is presented. This concept is extended in chapter 4.2 by com-

bining superacidic MSNs with silver coordinating and releasing entities (thiol chemistry). 

In both chapters the synthesis of the MSNs is realized via a gas-phase assisted pathway 

using corresponding PMO single source precursor molecules (according to the UKON 

precursor system). In contrast, chapter 4.3 exploits the synthesis of MSNs via a wet-

chemical process using previously established PMO precursor molecules. The nanopar-

ticles reported in chapter 4.3 are modified with triggerable functionalities to create 

light-mediated antibacterial activity. All three chapters consist of four working packages: 

molecular precursor design; MSN synthesis; structural and chemical characterisation of 

MSNs; establishing a suitable set-up to evaluate the antibacterial activity of MSNs. 

Finally, the chapters 5 and 6 “Concluding remarks and outlook”/”Zusammenfassung und 

Ausblick” reflect the objectives of the present work in connection with obtained results. 
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2.1 State of the art 

2.1.1 “Our faithful nanomaterial friend”45- porous silica 

material  

What brings G. Ozin even nowadays to the conclusion that “silica is going to be our most 

faithful nanomaterial friend for a long time to come”?46. In the field of nanotechnology 

where a vast number of different materials have been established and still are ex-

plored47-50- what role play silica systems, especially nanoporous materials, and why? 

As amorphous silica has an outstanding function in nature for structure-formation prop-

erties, it can be found in many organisms: sponges, molluscs, diatoms and higher 

plants.51 Inspired by nature, in the 1960s researchers began to develop synthesis meth-

ods for building up diverse silica material shapes52, 53 as well as bringing porosity into 

silica systems.54-56 In this chapter the focus is on silica materials in context with nanopo-

rosity as this specific size scale possesses a very high surface to volume ratio and there-

fore, very huge inner surface areas are obtained. Silica morphology design and control 

is more particularly discussed in the next chapter. 

Nanoporous solids in general, are of great scientific and technological interest due to 

the huge surface-to-volume ratio which guarantees a highly effective interaction of the 

surface with atom, ions and molecules.57 The field of nano-porosity describes regularly 

porous units in the range of 10-9 m. Depending on the size of the pores one speaks of 

microporous (< 2 nm), mesoporous (2-50 nm) or macroporous (> 50 nm) systems.58 

The introduction of nanoporosity in silica systems is the subject for over 60 years of 

material science research and is realized throughout a broad range of synthesis strate-

gies covering top-down59 as well as bottom-up methods60. Depending on the field of 

application ranging from heterogeneous catalysis61, gasadsorption62, drug delivery63, 

chromatography64 to name only few of them, tailor-made pore structuring of silica is a 

pivotal approach as surface areas larger than 1000 m2/g are accessible.65 A characteristic 

microporous silica material was first synthesized in 1948 by Barrer et al. having pore 

diameters smaller than 1 nm, named zeolite.66 Recent development in zeolite research 

are summarized67-69 and not discussed in detail. Furthermore, macroporous aspects of 

silica chemistry is not object of the presented work and therefore the interested reader 

is referred to one of the following review articles: Young-Sang et al.70 in 2012 give a nice 

overview about macroporous silica material synthesis in context as coating materials70 

and recent developments of macroporous silica solids is additionally presented by 

Börner et al. (2013)71, Parlett et al. (2013)72 and Stöckel et al. (2015)73. In summary, the 
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main applications of macroporous silica materials are located in the field of chromato-

graphy.74 Let`s focus on the development of mesoporous silica materials. In 1992 Beck 

et al. succeeded in synthesis of mesoporous ordered silica material for the first time.75,76 

Based on a liquid crystal template mechanism including tetramethylammonium silicate 

solution as a silica source and hexadecyltrimethylammonium salt as an ionic surfactant 

the hour of birth of the so-called synergistic co-assembly synthesis strategies of silica 

was pending.75 As the mesoporous structure is desirable in macro-molecular catalytic 

synthesis as well as separation processes, the following decades are dominated by re-

search works of establishing new synthesis strategies for mesoporous silica systems. 

Two main soft-templating pathways have been established in this context: nano-

casting77 and synergistic co-assembly26. Both are based on the formation of liquid crys-

talline phases of surfactants in defined pH regimes. Detailed information about the 

mechanism and recent developments of silica structuring using soft templating methods 

are clearly stated by Sanchez et al.78 and Smarsly et al.79 in 2011. 

To sum up: in the last decades main efforts have been made to optimize reaction strat-

egies using ionic80, 81 as well as non-ionic surfactants60, 77, 82 together with commercial 

available silica sources like tetraethylorthosilicate (TEOS) or tetramethylorthosilicate 

(TMOS) to create mesoporous silica solids.83, 84 Very recent publication show a clear ten-

dency: The combined use of ionic and non-ionic templates opens the possibility to cre-

ate tailor-made silica structures like novel bimodal materials.83, 85, 86 

Beside the capacity to selectively introduce defined pore sizes of the complete nanome-

tre scale, silica materials combine three additional characteristics making it an outstand-

ing class of materials: it is non-toxic, chemical and thermal stable and it can easily be 

modified with a wide range of organic functionalities.87, 88 The introduction of organic 

modification occurs generally via two pathways: Free silanol groups (Si-OH) on the sur-

face of silica represent a chemical platform for post-synthetic functionalization ap-

proaches. Using organic modified alkoxysilanes in anhydrous media post-functionalisa-

tion degrees up to 25 % can be achieved.89 This limit is reached as the post-synthetic 

pathway favours the decrease of pore size in combination of blocking pore entrances. 

Furthermore it cannot be guaranteed that the organic compounds are homogenously 

distributed over the whole accessible surface area. Investigations for grafting methods 

on mesostructured silica materials are nicely review by D. Brühwiler in 2010.90 The sec-

ond main tool for integrating organic entities into mesoporous silica is the co-condensa-

tion approach: A standard reaction protocol uses TEOS or TMOS as silica source and 

alkoxysilanes (e.g. aminopropyltriethoxy silane; APTES) carrying the desired organic 

groups. The limit of homogenous organic compound introduction of this one-pot syn-
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thetic strategy is based on different hydrophobicity as well as condensation kinetic dif-

ferences of the silica source and alkoxysilanes.88 Therefore, the liquid crystal formation 

of the applied templates can be disrupted or phase separation can occur during the ag-

ing process. A maximal functionalization degrees between 25 % and 30 % can be 

archieved.91 From an application oriented point of view, the efficiency of silica materials 

strongly depends on the degree of functionalisation. For that reason the pressure to 

create mesoporous silica platforms with organic functional degrees that exceed 30 %, 

increased tremendously. 

In 1999 a revolutionary progress was apparent concerning the quantitative introduction 

of organic entities into mesoporous silica materials. The pioneers in this novel field, 

namely G. Ozin25, 94, S. Inagaki26 and A. Stein27, established independently of one another 

the so-called periodic mesoporous organosilica (PMO) system. These unique materials 

are based on a silica precursor system consisting of an organic bridge R (R= ethane25, 26, 

ethylene27) combined with alkoxysilanes applied in a surfactant-mediated self-assembly 

process.92 Inagaki et al. and Ozin et al. investigated ethane bridged PMO precursors   

(Fig. 1, compound 5) whereas Stein et al. used ethane- and ethylene (compound 5, 7) 

bridged precursors for their PMO synthesis strategies. 

Stein et al. reported in 1999 

the first post-synthetic modi-

fication of the organic entity 

by turning ethylene groups 

into dibromo-ethane ones.27 

As a result of this develop-

ment novel PMO precursors 

have been established carry-

ing functional groups which 

can be selectively targeted 

for grafting concepts. 

An overview of PMO precursor structures used in the first years of PMO research is given 

in Fig. 1. Compound 4 represents the benzene bridged PMO precursor92 and PMO pre-

cursor 6 possesses a thiophene93 backbone for electrochemical applications. 

Mesoporous silica materials comprising 100 % organic modification not only on the sur-

face but also within the whole bulk can be synthesized in acidic95 or basic26, 96 catalysed 

sol-gel processes. By analogy with the concepts explored for TEOS based silica chemis-

try, synthesis strategies using synergistic co-assembly25 or nanocasting97 approaches are 

adopted. Resulting typical internal surface areas of PMO materials are located between 

 

Fig. 1. Chemical structure of PMO precursors; (4) phenyl bridge92, 

(5) ethane bridge25, 26, (6) thiophene bridge93 and (7) ethylene 

bridge27. 
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750 m2/g and 1700 m2/g.26, 98 Using this path-breaking strategy it was possible, for the 

first time, to combine high internal surface areas with the maximum functional degree 

of 100 % resulting.  

In the first years of PMO research the focus was located on structuring strategies. Many 

efforts have been made to control the pore structure of silica, made by commercially 

available PMO precursors.99 Detailed information of the structural development in the 

field of PMO from 1999 until 2013 is summarized in excellent review articles written by 

G. Ozin (2010)100 and P. Van der Voort (2013)101 and is not discussed in detail as struc-

tural diversity plays a tangential role in the present thesis. “Simple” bifunctional PMO 

material102 as well as co-condensed materials consisting of the combination of PMO pre-

cursors and standard silica sources103 have been explored. Up to 2008 only few groups 

worked on application oriented PMO materials and dared to design PMO precursors 

carrying very limited and specific functional groups as shown in Fig. 2.  

 

 

Fig. 2. Chemical structure of tailor-made PMO precursors until 2008; (8) chiral PMO precursor applied 

in catalysis104, 105; (9) viologen PMO precursor106; (10) anion exchange PMO precursor107; (11) chiral 

building block for PMO synthesis35. 
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Compound 8 represents a chiral PMO precursor for enantioselective cyanosilylation of 

benzaldehyde. The introduction of viologens occurs via PMO precursor 9 and the design 

of Schiffsche base containing silica materials is realized using compound 10. Correspond-

ing PMO materials are built up by combining these precursors with other silica sources 

like TEOS or BTME (1,2-bis-(trimethoxysilyl) ethane).104, 106-109 Only compound 11 is used 

as a single source precursor for successful PMO synthesis.35 

As various applications of PMO materials were explored, the demand of single source 

PMO precursors carrying organic entities like carboxylic acid (COOH), amine (NH2) or 

allyl (C=C) functionalities which are 

directly introduced into the silica 

network, increased. For the first 

time, in 2008, our group presented 

an extremely versatile single source 

PMO precursor system which easily 

can be modified with a large variety 

of organic modifications.36 Based on 

1,3-bis-(trialkoxysilyl)-5-bromoben-

zene (compound 1) Polarz et al. suc-

ceeded in establishing the so-called 

UKON (University of KONstanz) sys-

tem (examples shown in Fig. 3; car-

boxylic acid 12, amine 13, allyl 14,  

alanine 15).  

 

From this point on, investigations have been made by for the introduction of arbitrary 

tailor-made functional degrees as well as combinations of UKON based organic entities. 

In this context some outstanding publications regarding “cooperative effects in PMO 

materials”(2010)40 and “directionality via gradient materials”(2015)110 are mentioned. 

Up to the present day, there is no report in literature on a comparable single source 

PMO precursor system which exhibit the introduction of such a variety of organic 

groups and simultaneously guarantees the presence of a functional degree of 100 % 

as the UKON system does! 

In this regard the concept of superacidity in PMO material science is briefly introduced, 

as it represents a scientific gap at the beginning of the present thesis in 2011. Solid su-

peracids and their applications are discussed in chapter 2.1.3 and not introduced in de-

tail in this section. One very promising super acidic organic functionality is represented 

 

Fig. 3. UKON PMO precursor system established by Polarz 

et al. in 2008 based on compound 1.36 
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by the sulfonic acid group (-SO3H). When the presented thesis was started, there was 

no report on PMO materials known containing SO3H modifications based on a single 

source precursor system. Concepts to form SO3H functionalized mesoporous organosil-

ica materials based on thiol oxidation, are discussed by Wark et al.111, 112 and Morales et 

al.113 The disadvantages of this synthesis strategy are obvious: the functional degrees of 

the thiol containing materials are limited to the previous described 25 % and therefore 

the introduction of SO3H modifications is also restricted to 25 %.111 Furthermore oxida-

tion of thiol entities only occurs on the silica surface; the framework itself does not con-

tain sulfonic acid entities resulting in functional degrees smaller than initial 25 % and a 

small ion exchange capacity (IEC) in general.111 Another pathway for SO3H silica is the 

sulfonation reaction of epoxy groups in corresponding silica materials, presented by 

Bhaumik et al. in 2013 (functional degrees smaller than 16 %).114 An overview of synthe-

sis strategies and research efforts concerning sulfonic acid silica materials is summarized 

by van de Voort et al. in 2013.115 However, the disadvantages of post- synthetic or in-

situ oxidation methods are the inhomogeneous distribution and surface restricted loca-

tion of sulfonic acid groups. 

We can conclude that “our faithful nanomaterial friend” has come a long way since its 

synthetic birth in the 50`s. From structuring developments over morphology studies and 

functionalization evolutions, porous silica materials still represent a hot topic in present 

research fields as its possibility to be tailor-made for a large range of application is 

unique. 

 

 2.1.2 Mesoporous silica nanoparticles (MSN) - synthesis 

strategies and functionality  

Morphology control represents, in addition to functionalization introduction, one of the 

most powerful tool in tailoring materials for desired applications. There is no material 

established so far, which combines both attributes as effective as silica does. In this 

chapter mesoporous silica nanoparticles (MSN) are extensively discussed according to 

synthesis strategies and concepts of organic modifications. 

What makes silica spheres, or more precisely- silica NPs, so attractive? From an applica-

tion oriented point of view, silica NPs with narrow size distributions are highly interest-

ing as they are predestined to form stable colloidal suspensions.116 Colloidal stability 

plays major roles in surface coating techniques like dip coating117, spin coating118, spray 
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coating119 and doctor blading120 to obtain dense packed particle films. In the last dec-

ades, colloidal stabilized silica NPs have also attracted great attention in bioanalysis, bio 

imaging and biotechnological applications nicely reviewed by Caltagirone et al. in 

2015.121-123 Due to the inhibited aggregation behaviour of colloidal silica and its tailoring 

size range, it is also very common as a drug carrier material.124 

A Milestone in silica shape design research is the work of W. Stöber in 1969 who succeed 

in establishing a synthesis strategy for highly monodisperse silica NPs in the size range 

of 50 nm -2 µm.52 This synthesis pathway namely Stöber process, is based on a wet 

chemical process using TEOS as a silica source which is hydrolysed and condensed in 

basic media at defined pH value. Fig. 4 shows the complex interaction of hydrolysis     

(Fig. 4 a) and condensation (Fig. 4 b) of TEOS depending on the pH value of the reaction 

media.125 In acidic media the hydrolysis kinetic is dominating (the condensation reaction 

starts when hydrolysis is completed) resulting in non-defined morphologies.126 

 

 

Fig. 4. (a) Hydrolysis kinetic of TEOS; (b) condensation kinetic of TEOS.125 

 

In contrast well-defined silica NPs can be obtained using basic reaction conditions, as 

the condensation is favoured. By adjusting the pH value, ergo controlling the predomi-

nating growing mechanism, size and size distribution of dense packed silica spheres can 

be controlled.52 As the Stöber method represents a highly sensitive synthesis strategy 

towards reaction conditions127, choice of reaction temperature128, dropping/stirring129 

rate and choice of base130 the particle growth mechanism is very complex. Until now a 

diversity of different morphologies of silica-based nanospheres like wires, hollow 

spheres or helices are described; the interested reader is referred to one of the review 

articles.131-134 

As the evolution of porous non-spherical silica materials (discussed in chapter 2.1.1) 

moved forward, the demand on porous, defined silica spheres rose tremendously. From 

overall 13.000 publications containing mesoporous silica nanoparticles (MSN) as topic, 
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10.000 publications about MSNs have been published in the last 5 years (numbers ac-

cording to web of science database, October 2015). This incredible increase in MSN re-

search underlines the status of porous silica based nanoparticles in general. The intro-

duction of mesoporosity into silica NPs is now focused. Mainly three strategies are ap-

plied in literature: The microemulsion method135, the wet-chemical approach derived 

from the Stöber method (called modified Stöber process) and the so-called evaporation 

induced self-assembly (EISA) process using a gas-phase concept. In the herein presented 

publications (chapter 4.1-4.3) we concentrated on the modified Stöber method and the 

EISA process. Therefore, these two methods are explained in detail. 

By simply adding structuring directing agents such as alkyl amines136, 137, block-co-poly-

mers138 or sacrificial nanoparticles139 to the classical Stöber method, it is possible to in-

troduce selectively micro-and mesoporosity into silica NPs. The modified Stöber concept 

is the most common synthesis strategy for MSNs as it can be easily up-scaled, the ob-

tained NPs are highly monodisperse and the size of the MSN can be controlled by ad-

justing reaction parameters like temperature or stirring rate.140, 141 Also the tuning of 

pore structuring from supermicroporous142 structures to hollow nanoparticles81 and 

from hexagonal143 to cubic144 structuring is widely explored using the modified Stöber 

method. As the characteristic surface areas are ranging from 900-1500 m2/g the appli-

cation of MSNs is located in any field where high surface areas play important roles: 

heterogeneous catalysis145, as drug carriers23, for bioimaging146 and for gas storage147. 

The need for organic modifications on the surface is essential for tailor-made application 

and already discussed in the previous chapter 2.1.1. By analogy with the modification 

routes of porous silica materials, the introduction of organic entities on MSNs occurs 

according to following concepts: co-condensation, grafting and the use of PMO precur-

sors.148, 149 An overview about common co-condensation concepts in MSN synthesis is 

given by Lin et al. who critically discuss the influence of hydrophobicity of organoal-

koxysilane precursors and their concentration-dependent influence on the pore and par-

ticle morphology of final MSNs.149 However, the degree of functional groups in co-con-

densed MSNs is limited to maximum of 25 % in total, analogous to non-spherical silica 

materials.91 The post-synthetic pathway is the most popular way to modify MSNs as only 

surface Si-OH groups are needed and the NP synthesis itself, is not influenced. Particu-

larly in the field of nanomedicine, the grafting method represents the state of the art 

synthesis strategy to introduce functionality. Many recently appeared publications bind 

addressable functional groups (e.g. pH, light or heat responsive) via post-synthetic strat-

egies to uptake/release drugs in pores.150-152 This modification approach is not optimal 

as the post-synthetic introduction of organic entities blocks the pore entrances of the 

MSNs followed by inhomogeneous distribution of functional groups on the material and, 
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in addition, the surface charge of the particles is changed and colloidal stability is influ-

enced.153 

The use of PMO precursors is pivotal to design highly functionalized, mesoporous silica 

NPs. Unfortunately, MSNs synthesis strategies of PMO type prepared via the modified 

Stöber method are still at the beginning. In 2006 the first PMO NPs were presented by 

Lu et al. reporting the synthesis of hollow spherical nanoparticles based on 1,2-bis (tri-

methoxysilyl) ethane precursor and a mixture of fluorocarbon surfactant and CTAB.154  

By varying the ratio and also the composition of the surfactant mixture, mesostructuring 

and wall-thickness can be influenced. According to this strategy, particle size distribution 

ranging from 100- 400 nm in diameter are reached indicating that monodispersity is still 

a central issue. In the following 6 years from 2006 on, many investigations have been 

reported for the preparation of monodisperse PMO NPs.155, 156 Only in 2012 Huo et al. 

succeeded in the synthesis of narrow size distributed PMO NPs containing phenylene 

(4), ethane (5), ethylene (7) and methylene (16) bridges in the framework (Fig. 5 a-d).30  

 

 

Fig. 5. Representative PMO precursors (4, 5, 7, 16) applied in the modified Stöber process and TEM images 

of corresponding PMO NP (a-d) using CTAB as surfactant.30  

 

The structuring was realized via CTAB as surfactant in basic media. Beside PMO NPs also 

nanorods and fibers using ethylene-, phenylene- and methylene bridged PMO precur-

sors have been explored so far.157, 158 As already reported in previous chapter, the or-

ganic modifications introduced in PMOs are limited to rather “simple” chemical func-

tionalities (representative precursors shown in Fig. 5).30, 32-34 Only post-synthetic reac-

tions (e.g. 2+2 cycloadditions using compound 7) on PMO NPs offers the possibility to 

turn them into tailor-made and applicable materials.159-161 Therefore, it would be a sig-

nificant step forward using UKON precursors in a modified Stöber process to create 

monodisperse PMO NPs comprising 100 % organic functionality. 
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Beside the modified Stöber method, Brinker et al.162 presented in 1999 another concept 

to build up MSNs by a gas-phase process (evaporation induced self-assembly; EISA). The 

principle of this method is as follows: Silica source exhibiting free silanol groups is mixed 

with a structure directing agent (surfactant with c < cmc) and then nebulized via an aer-

osol generator producing liquid droplets. These droplets are guided through a heating 

zone via a carrier gas, the solvent evaporates, the cmc of the surfactant is exceeded 

leading to liquid crystal formation of the surfactant and simultaneously the hydrolysed 

silica source starts condensation. The resulting MSNs are collected (filters, thermo-

phoretic deposition). In 2000 the authors used the same technique to build up PMO NP 

carrying phenylene and butylene groups in their frameworks.163 Fig. 6 illustrates the set-

up for the particle synthesis mechanism including structuring introduction. 

 

 

Fig. 6. Illustration of evaporation induced self-assembly process (EISA) set-up. 

 

Since the pioneering work of Brinker et al. in 1999 up to 2011 (when the presented 

thesis was started) only few publications of EISA process in connection with MSNs 

have been reported164, 165 and the introduction of functional groups occurs as already 

discussed extensively: Post-synthetic or co-condensation synthesis approaches repre-

sent state of the art strategies; therefore the surface area didn`t exceed the value of 

400 m2/g and the functional degree was limited to 25 %. The application of UKON pre-

cursors in the EISA system would support a great scientific benefit for the synthesis of 

highly functionalized MSNs.  
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 2.1.3 Superacidity- challenges and perspectives 

“Superacidity”- a strong word- is heard very often these days to engage listeners and 

readers into discussions-but the term is not always justified. In the following, the reader 

is introduced into the concept of superacidity with all of its challenges and perspectives. 

According to Arrhenius, Brønsted and Lowry, acids in general, are defined as proton do-

nors.166, 167 This concept is known as Brønsted acidity, which is quantitatively expressed 

in aqueous solution by the pH value, presented by equation 1: 

pH= -log a [H+(aq)]              (1) 

with a defined as the activity of the hydrated proton in mol/L.166 A corresponding con-

cept also exists for non-aqueous solution based on self-consistent pka values in DMSO168 

or acetonitril169 but it is less common. According to this concept, the acidities obtained 

in different organic solvents, are not directly comparable. As the pH scale is only defined 

for diluted acidic solutions there is a great demand for novel methods to define acidity, 

especially for strong acids. 

In order to establish a more general applicable concept for that issue, in 1932 Hammett 

et al. presented the so-called Hammett function acidity H0.170-172 By using appropriate 

indicator dyes with known pKa values, H0 can be calculated according to equation 2 when 

the corresponding dye is protonated by the acid: 

�0 = ��� + �	

�()

�(��)
            (2) 

The concentration of the protonated species c(BH+) is calculated via optical measure-

ments applying the Lambert-Beer law. Typical Hammett dyes are anthraquinone         

(pKa=-8.2), p-fluoronitrobenzene (pKa=-12.4) or 2,4-dinitrofluorobenzen (pKa=-14.5).173 

For aqueous solution, the Hammett scale can be seen as an extension of pH scale into 

the range of negative conventional pH values. 

Based on the H0 value, acids can be divided in strong acids and superacids. An important 

reference mark is the Hammett acidity function of 100 % sulfuric acid (H0=-12) which 

represents the edge of superacidity. Superacids represent a useful tool in synthetic or-

ganic chemistry to generate positively charged reactive species which may react with 

otherwise unreactive substrates. Therefore, superacid chemistry is applied in a broad 

range of applications like acylation174 or etherification175 which are essential synthesis 

steps in fuel industry. A nice review about superacids and their catalytic application is 

given by Olah et al. which discussed the role of superacids relating to formylation, car-

boxylation, heterocyclic chemistry and alkylation of aromatic carbons.176 Prominent rep-

resentatives of currently applied superacids are shown in Table 1.177 



2.1 State of the art 15 

Due to environmental concerns, the search for stable and environmental friendly solid 

superacids was more and more focused in the last decades. 

A very promising candidate for su-

peracidic activity is the organic func-

tional group -SO3H. When grafted on 

the surface of porous TiO2
178, 

SnO2
179,  ZrO2

180
 or composite mate-

rials like WO3/ZrO2
179

, the materials 

exhibit a Hammett functionality in 

the region of H0< -12. This concept 

can be easily adopted for porous silica materials181 and composites182. As silica repre-

sents a non-toxic, easy accessible and highly stable carrier material, it represents an 

optimal basis for the synthesis of superacidic materials. Unfortunately the common 

preparation of sulfonic acid comprising, porous silica materials is based on post-syn-

thetic pathways (detailed description about recent developments for the introduction 

of SO3H on silica is already discussed in chapter 2.1.1). The introduction of SO3H func-

tionalities into porous silica materials via single source precursors still represents a 

challenging issue. 

 

 2.1.4 Thiol functionality- a versatile toolbox 

In many cases the SH functionality is heavily underestimated not least because of its 

exceptional flavour singularity. This section addresses the huge potential originating 

from the often neglected badly treated thiol functionality. 

Thiols (R-SH) represent the sulphur analogue to alcohols (R-OH). The sulphur atom pos-

sesses a stronger nucleophilicity compared to oxygen what leads to a more distinctive 

acidic character of the sulphur bounded hydrogen atom. One of the most important bi-

ological processes is based on thiol chemistry and occurs under very mild conditions: 

The oxidation of SH groups of amino acids leads to disulphide (S-S) bridge building fol-

lowed by cross-linking polypeptides and therefore stabilizing and defining the structure 

of many extracellular proteins.183 Beside its natural role in structuring proteins, the thiol 

functionality possesses an outstanding affinity in connection with metals and their ions. 

For this reason the interest on thiol functionality exists not only in homogenous catalysis 

chemistry184 but in material science in general. During the 1980s the strong affinity of 

SH containing organic substrates towards gold surfaces was extensively investigated by 

name chemical formular H0 value 

fluoroantimonic acid H2SbF7 -31.3 

magic acid HSbF6SO3 -19.2 

fluorosulfuric acid HFO3S -15.1 

triflic acid CF3SO3H -14.9 

 

Table 1. Common superacids and their H0 values. 
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several groups.185, 186 In 1988 Bain et al. reported a method to control the adsorption of 

thiol alkane chains on gold surfaces in order to build up ordered monolayers, the so-

called self-assembling monolayers (SAMs).187 SAMs are applied nowadays in litho-

graphic processes in the role of masks.188 However, the SH entity immobilizes very ef-

fectively heavy metal ions such as Hg2+, Pb2+ and Ag+. Already in 1834 W.C. Zeise discov-

ered the strong coordination of Hg2+ ions on SH groups; the name mercaptane was 

born.189 In material science, solid thiol substrates are often used as heavy metal scaven-

ger in waste water treatments.190 As porous silica materials exhibits the optimal condi-

tions for environmental friendly heavy metal removal (high surface area, non-toxic, 

highly stable) thiol containing silica materials are widely explored regarding this applica-

tion field.191-193 A nice report about synthesis strategies for thiol silica materials is given 

by Fröba et al.89 in 2006 where co-condensation and post-modification concepts repre-

sent the state-of the art synthesis strategies. In the field of PMO science, only one ex-

ample for thiol containing single source precursor is known: P. van der Voort established 

a PMO material build up by 1-thiol-1,2-bis(triethoxysilyl)ethane as a single source pre-

cursor in 2013.194 

Apart from the oxidation of SH groups to disulphide bridges, as initially discussed, there 

also exist a chemical reaction type using SH functionalities according to the “click chem-

ical” concept of Sharpless et al.195 This reaction is based on a radical induced chain reac-

tion, that was firstly described by Posner et al. using the successfully connection of mac-

romolecules like limonene with thiol 

substrates.196 However, the thiol-ene 

click reaction is initiated via two 

mechanisms: Either light or tempera-

ture exposure induces radical pro-

duction. Scheme 2 illustrates the re-

action cycle of a schematic thiol-ene 

click reaction. Although, the principle 

of the covalent sulphur to carbon 

connection via thiol-ene click reac-

tion is more than 100 years old, the 

interest of materials scientists in this 

area, just raised in the last years. In polymer chemistry the thiol-ene click reaction al-

ready represents as a standard reaction pathway to introduce selectively organic modi-

fications.197-199 Detailed information about recent developments in this context is given 

by Hoyle et al.200  

 

Scheme 2. Illustration of thiol-ene click reaction mecha-

nism. 
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In silica chemistry the thiol-ene click reaction is a very novel concept.201 Adopted from 

polymer science the thiol click reaction is transferred to silica systems: The tailor-made 

functionalisation of silica based stationary phases in liquid chromatography is one of the 

main applications of the thiol click method so far.202, 203 Therefore, silica monoliths are 

synthesized according to known protocols integrating either SH204 or vinyl205 groups into 

the silica matrix. Afterwards the post-synthetic thiol-ene reaction is performed to cre-

ate, e.g. highly attractive glycoside modified chromatography columns.206 A general 

overview about thiol-ene click chemistry and alkoxysilane on molecular basis is given by 

Tucker-Schwartz et al.207 A closer look into the literature shows that, unfortunately 

MSNs haven`t been reported as substrates for the thiol-ene click reaction. One excep-

tion is the outstanding work of Dickschat et al. in 2012 as they used MSNs which are 

post modified with two orthogonal click functionalities (CuAA click and SH click) in order 

to design a tailored catalytic active material.208 This development impressively shows 

how versatile the SH-click chemistry is and how urgently high functional degrees (SH) 

on silica NPs are needed. In summary, the advantages of the thiol-ene click reaction in 

the PMO area are evident: mild reaction conditions, no by-products (compared to CuAA 

click reaction), high yields and in case of surface immobilization and very practicable.  

 

 2.1.5 Antibacterial surfaces-the quest for new biomaterials  

In our society the demand for healthy living is growing constantly. Therefore, the inter-

est in materials which are able to control microorganism proliferation or even kill them 

selectively, is rising tremendously. Ordinary materials like door knobs or computer key-

boards but also materials used in medicine (catheters, surgical instruments) or food 

packaging industry are not antibacterial itself. Surface modifications are needed to ad-

dress this issue. 

Inspired by nature, two main strategies exist to eliminate or reduce the extent of bacte-

rial attachment: On the one hand chemical surface properties (e.g. hydrophobicity)209 

and surface roughness10 are used to keep surfaces bacteria- free by coating correspond-

ing polymers or metal oxide nanostructures onto the surface. These topography con-

cepts operate directly on the interface of cell surface interaction and disrupt the coloni-

zation of bacteria cells. The second approach copied from nature is the application of 

biocidal acting coatings.210 In this area, many agents have been explored to be inte-

grated in the matrix or on the surface of biorelevant materials: antibiotics8, quaternary 

ammonium compounds11, 211, silver ions212 , enzymes213 or highly reactive small mole-

cules214, 215. 
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The world-wide leading antibacterial coating material is silver in its various forms. The 

antibacterial activity of silver is known for hundreds of years but its success story is an-

ything but linear and marked by many challenges. Silver nitrate was the first silver com-

pound applied in a targeted manner for wound healing and infection curation in the 19th 

century.216 Another very prominent silver compound used as a broad-spectrum antibac-

terial agent, was reported in 1968, named silver sulfadiazine, and possesses antifungal 

and antiviral activity.217 With the development and the introduction on the market in 

1940, penicillin predominated the “antibacterial world” for decades. Hence, the use of 

silver for the treatment of bacterial infections decreased.218, 219 But based on the up-

coming, increasing antibiotic resistance during the last years, silver returns back in the 

focus of scientific research. 

The evolution of silver compounds as general antibiotic agent correlates strongly with 

the developments for silver in the field of material science. At the beginning of the 19th 

century, silver impregnating materials/dressings have been applied in a broad manner; 

afterwards huge efforts have been made to combine antibiotic agents (e.g. penicillin) 

with carrier materials in order create antibacterial surfaces.220, 221 With the discovery of 

nanotechnology and therefore the targeted synthesis of silver NPs, silver as antibacterial 

coating was re-discovered.222 In this regard also the reaction mechanism of silver NPs 

has been investigated for a better understanding of antibacterial action. Still today the 

exact mechanism is not fully explained. But there exist two theories which are widely 

accepted. One theory is, that the antibacterial action is related to the amount of availa-

ble silver ions, the so-called ion mediated killing.223 Silver in its elementary state is inert 

but when ionized (which occurs easily for example in the fluid of wounds) it binds to 

bacterial tissue proteins leading to structural changes and ending up with cell 

death.224,225 Furthermore Ag+ ions bind to DNA and RNA of bacterial cells initiating dena-

turation and inhibiting bacterial replication.216 The second explanation for the antibac-

terial activity of silver is based on the contact killing concept. Silver NPs bind to thiol 

groups present in bacterial cells and therefore block the uptake of essential substrates 

(phosphates, amino acids or carbohydrates) and inhibit the respiration process which 

leads to cell death.226-228 Silver NPs are also discussed critically as undesired penetration 

in the human body can effect argyria.229 Therefore, the immobilization of silver NPs is 

highly important and is realized nowadays via different approaches: Embedding in poly-

mers230, fibre glasses or hydrogels and binding onto materials like silica231 or carbon 

nanotubes232 reduces the uncontrolled risk of silver exposure into the environment. One 

prominent interaction of silver ions (Ag+) as well as metal silver NPs is the coordination 

towards SH functionalities. Therefore, SH-containing mesoporous silica materials exhibit 

a great potential for immobilizing silver substrates not least due to their large internal 
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surface area (up to 1000 m2/g).233 The loading of Ag NPs on thiol comprising, porous 

silica materials is realized via different synthetic pathways. Infiltration of Ag NPs or direct 

synthesis on the mesoporous silica materials are the main tasks.234 The uptake of silver 

components strongly depends on the quantity of accessible SH groups on the corre-

sponding material. As post-synthetic and co-condensation approaches are mainly 

used to introduce surface active SH groups on silica, the Ag+ ion and Ag NP coordina-

tion is limited by the functional degree of maximal 30 %. According to this scientific 

gap, PMO materials would represent the ideal platform to bind Ag+ ions/Ag NPs in a 

quantitative manner. In this connection enhanced (antibacterial) activity of silver com-

ponents are expected. 

Acidity as a tool to effectively kill bacteria, is not new.235 But the use of acidic materials 

as antibacterial surfaces is rather exceptional and only few reports in this direction have 

been published so far.236 To make surfaces acidic two concepts exist: the application of 

Lewis acids or the use of proton releasing Brønstedt acids. Representative Lewis acids 

are metal oxides which react acidic in contact with water. For example, Guggenbichler 

et al. present the concept of MoO3 to create germ-free surfaces.237 Brønstedt acids, 

which provide surface active protons, are represented through immobilized organic 

modification on corresponding surfaces. In this context sorbic acid coated films are eval-

uated by Wunderlich et al. in 2011, to protect food packaging relevant surfaces.238 An-

other very promising organic modification for the release of acidic protons is the sulfonic 

acid group (-SO3H). Nafion is one candidate of sulfonic acid containing material on poly-

meric basis. Kim et al. reported the bacterial adhesion of several pathogenic bacteria 

strains on Nafion films with regard to physical surface properties.239 In this regard, it was 

already concluded in 2009 that Nafion possesses great potential in antibacterial surface 

design. But what they didn`t consider in detail, was the proton release of Nafion fol-

lowed by upcoming acidity. Missing acidity studies are the consequence. Until now, a 

representative counterpart in silica chemistry for polymeric Nafion is still missing.240 

The design of silica materials, having a very high density of sulfonic acid groups, not 

only on the surface but also over the entire bulk volume, is a very challenging issue 

even nowadays. A conceivable solution of this problem might be the use of single 

source PMO precursors carrying SO3H entities. 
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A great disadvantage of the system “nanosilver” and “acidity” is the missing control 

about Ag+ ion and acidic H+ release. Also the fact, that Ag NP carrying materials and pro-

ton releasing materials are not long-term efficient as the material leaches out slowly, 

the demand for novel long-term active materials with controllable antibacterial activity 

rises.241 Recently the strategy of antimicrobial photodynamic therapy (aPDT) was estab-

lished by Denis et al.242 The concept is inspired by the photodynamic therapy applied in 

cancer research since the 1970s.243, 244 Based on the use of immobilized non-toxic pho-

toactive substances, namely photosensitizer (PS), visible light is absorbed and reactive 

oxygen species (ROS) are produced in presence of environmental O2. ROS formation oc-

curs according to two pathways depending on available substrates. Type I describes the 

production of free organic radicals by an electron-transfer reaction of the excited state 

of the PS to organic substrates. Interacting with molecular oxygen these free organic 

radicals generate ROS such as hydrogen peroxide (H2O2), hydroxyl radicals (OH.) or su-

peroxide radicals (O2
.-).243, 245 In type II the production of singlet oxygen (1O2) is illus-

trated by the reaction of triplet state PS with O2.246 These electronically, excited and 

highly reactive states of oxygen react with a large number of essential biological sub-

strates inducing harmful damage on the cell membranes and cell walls. Cell death of 

microorganism such as bacteria and fungi is the final consequence.247, 248 The quality of 

the PS mainly contributes to the efficiency of aPDT. In literature three types of PS are 

discussed, illustrated in Fig. 7: Phenotiazine (compound 17), tetrapyrrole (compound 18) 

and coumarins (compound 19).249 Depending on the specific application area (environ-

mental conditions; wavelength of light), the corresponding PS type is used. The inter-

ested reader is referred to 

the following review article 

of Noimark et al. reported 

in 2013, that nicely summa-

rizes the advantages of dif-

ferent PS types and dis-

cusses their future poten-

tial in aPDT.250 Herein Rose 

Bengal (RB), a representa-

tive of the coumarine type 

PS, is shortly introduced as it belongs to one of the most effective PS under visible light 

illumination.251-254 Its absorption bands are located between 480 nm and 550 nm and its 

singlet oxygen production yield Φ is very high with Φ(1O2)= 0.75.251 Additionally, Rose 

Bengal possesses a fairly long lived triplet state (t1/2= 0.1-0.3 ms) and a triplet quantum 

yield of ΦT= 0.76 that leads to very effective ROS production rates.254-256 

 

Fig. 7. Prominent classes of PS; (17) phenotiazine type, (18) 

tetrapyrrol type and (19) coumarine type. 
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The immobilisation of RB on materials represents an essential step in the aPDT as the 

goal is to guarantee long-term stability of surfaces against bacteria attachment and no 

leaching out of the dye. Furthermore, by binding or embedding RB on silica244 the self-

quenching effect of RB decreases.257 This is attributed to the reduced presence of aggre-

gated RB species which are responsible of lower singlet oxygen quantum yields. Accord-

ing to Guo et al.258 and Gianotti et al.251 the attachment of RB on amine functionalized 

silica NPs (post-functionalized silica NPs with aminopropyl-trimethoxysilane) occurs via 

free COOH entities of RB. This procedure represents the standard immobilisation con-

cept of RB on silica surfaces and is illustrated in Fig. 8.  

 

 

Fig. 8. Standard method to immobilize RB (COOH fct. highlighted in red) on silica surfaces (amine fct. 

highlighted in blue) via amide bound (purple).259 

 

The disadvantage of this pathway is the resulting amide bound that is instable towards 

aqueous media where hydrolysis takes place. This property represents a significant 

drawback as the aPDT often takes place in aqueous media and thus RB is cleaved slowly. 

Alternative techniques to create a stable connection between RB molecules and silica 

surfaces are highly requested.  

Beside the concept of ROS production, another signalling molecule is in the focus of an-

tibacterial action: nitric oxide (NO). Nitric oxide (NO) is very often considered to be just 

another signalling molecule in vivo. But in the last decade, NO is attracting increasing 

attention regarding the application in the biomedical field, named cancer therapy260 or 

as antibacterial agent261. Therefore, the design of NO hosting or NO donating materials 

is focused during the last years. Representative molecular modifications for NO binding 

are given by the following functional groups seen in Fig. 9: diazen-1-ium-1,2-diolates 

(diazeniumdiolates; compound 20), S-nitrosothiol (compound 21), metal-nitrosyl com-

plex (compound 22) and nitrobenzene (compound 23).262 The release of radical NO oc-

curs via different pathways depending on the NO donor. Diazeniumdiolates cleave NO  
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via an acid-catalysed reaction mecha-

nism whereas metal-nitrosyl263 com-

plexes and nitrobenzene264 compo-

nents release NO by UV light irradia-

tion. The most versatile NO donor is S-

nitrosothiol as it has several NO re-

lease mechanism: Heat, light or the 

presence of copper ions.265 A very de-

tailed review about NO donors in con-

nection with biological applications is 

given by Wang et al. and is not dis-

cussed herein.266 The combination of 

materials science and NO hosting is briefly summarized. Beside chitosan derivatives267 

for NO binding also silica NPs268 are reported as NO-donor hosting materials. Firstly re-

ported by Zhang et al. (2003), fumed silica NPs, post-modified with amine groups, have 

been applied by default.269 An absolute luminary in the field of NO binding using silica 

NPs is M. Schoenfisch who published about 20 publications only in the last 5 years (ac-

cording to database web of science; Oct. 2015). His concept is based on non-porous silica 

NPs which are modified with diazeniumdiolate or S-nitrosothiol entities as NO do-

nors.270, 271 It is very surprising that despite the evolution of dense packed silica NPs 

towards highly porous spheres, no efforts have been made to use porous silica NPs in 

the context of NO storage. One possible reason is the direct connection between the 

functional degree of SH groups on the surface (limited to 25 % using co-condensa-

tion/post-synthetic approaches) and NO storage efficiency. As already the non-porous 

silica systems show significant antibacterial efficiencies, imagine the effects if quanti-

tative binding of NO molecules on highly porous silica materials (> 1000 m2/g) is real-

ized! 

Next, the idea of combining NO effectivity and ROS production in one material is dis-

cussed. In this context, exclusively Sortino et al. reported in 2009 the synthesis of chro-

mophoric films that release both NO molecules and reactive oxygen species by light ex-

citation.272 They nicely discussed the NO and ROS production efficiency separately re-

garding visible light irradiation. But what they didn`t investigate was the effect when 

ROS meets NO species. From many biological reports it is known that NO molecules and 

superoxides react with each other resulting in highly antibacterial peroxynitrite ions 

(ONOO.-).273, 274 So far, there is no material known, releasing simultaneously NO mole-

cules and superoxides species, induced by sunlight triggering, to defend bacterial pro-

liferation on surfaces.  

 

Fig. 9. Representative NO donors diazeniumdiolates 

(20), S-nitrosothiol (21), metal-nitrosyl complex (22) 

and nitrobenzene (23). 
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2.2 Challenges and objectives 

With the world-wide increasing spread of bacterial infections, scientists have devoted 

its attention towards the development of antibacterial surfaces to reduce rate and pre-

vent the growth of bacteria. Their mechanisms of action can be divided into two cate-

gories: contact-based biocidal killing and release-based biocidal killing.275 With the pre-

sented thesis different concepts of release-based bacteria killing materials are concep-

tualized using periodic mesoporous organosilica (PMO) nanoparticles (NPs) as carrier 

materials. 

Surfaces that are predestined for bacterial contamination and propagation like door 

knobs, computer keyboards or in a biomedical context, catheters or cannulas, normally 

are not antibacterial itself. Therefore, it is of utmost importance to have a coating ma-

terial with a continuous active antibacterial surface. Prominent coating materials that 

are able to host a broad range of different biocidal agents are porous silica nanoparticles 

(PSN).276 Because of the very high internal surface area (> 1500 m2/g) there is enough 

space for guest molecules.23 Additionally, the colloidal stability of PSNs in aqueous solu-

tion makes these systems an ideal candidate for coating processes like spin coating, doc-

tor blading or evaporation induced coating procedures.116, 117 

To selectively bind suitable biocidal agents on PSNs, the functionalisation of silica sur-

faces, is an important objective.277 Therefore, the strategy of PMO materials develop-

ment already dating back to 1999, was based on single source precursors that possessed 

organic functionalities in their matrixes and guarantee the maximum functional of up to 

100 %.26, 27, 92 Up to the beginning of this thesis, the targeted synthesis of porous silica 

spheres using PMO precursors is limited to precursor molecules with very simple organic 

modifications.30, 32-34 Therefore, the UKON system, established by our group in 2008 by 

A. Kuschel, exhibits a perfect platform for the direct introduction of variable functional 

groups like amines, carboxylic acids or azides and represents the molecular basis for the 

herein presented nanoparticles.39-41, 44, 278  

The scientific objectives of the presented thesis are defined as follows: 

1. Designing versatile and antibacterial active PMO precursor molecules based on the 

UKON concept 

2. Establishing synthetic strategies for UKON NP formation 

3. Exploiting different concepts of antibacterial surface activity using previously intro-

duced UKON NP films 
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First, the idea of acidity should be explored in an antibacterial surface coating context, 

as it is known that acidic protons might react biocidal. Therefore, we focused on the 

synthesis of acidic PMO materials and NPs based on the UKON system. Besides the al-

ready established carboxylic acid comprising UKON-2a material a superacidic system is 

desired. Starting from compound 1 the con-

version of the Br functionality into a highly 

acidic SO3H entity should be realized result-

ing in compound 2. Next, the synthesis of 

SO3H containing UKON materials (UKON-2i) 

was planned including complete characteri-

zation of structure and chemical properties. 

Additionally the gas phase assisted process, 

named evaporation induced self-assembly 

(EISA), should be established for acidic na-

noparticle synthesis to obtain highly porous 

UKON NPs. We are the first to intend an ap-

plication for antibacterial surfaces using sil-

ica-based acidity concepts. For this purpose, 

we planned to test the biocidal activity of 

acidic UKON NPs using the pathogenic bac-

teria strain, Pseudomonas aeruginosa. 

Scheme 3 illustrates the first work package 

presented by chapter 4.1. 

 

In chapter 4.2 the concept of superacidity should be combined with the antibacterial 

activity of silver NPs. The idea is, to integrate SH functionalities into superacidic NPs to 

selectively coordinate Ag+ ions. Therefore, precursor molecule 3 (Scheme 4) should be 

designed starting from the UKON molecule 1. Then, according to the previously estab-

lished EISA process, the desired bifunctional UKON NPs are targeted by co-condensation 

of compound 2 and 3. After template removal and full characterization of the bifunc-

tional NPs, silver NPs should be loaded on the bifunctional material. Next, we planned 

to monitor the biocidal Ag+ ion release behaviour in presence of superacidic proton. In 

a final step the superacidic and silver loaded NPs should be attached to different sub-

strates (glass/stainless-steel) to improve their long-term stability during the application 

as an antibacterial surface coating. Examination regarding antibacterial activity (against 

the pathogenic bacteria strain, Pseudomonas aeruginosa) represents the final step of 

work package in chapter 4.2. 

 

Scheme 3. Working package of chapter 4.1; 

establishing superacidic PMO nanoparticles 

via a gas-phase assisted process (EISA). 
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Scheme 4. Objectives of chapter 4.2; design of antibacterial surface based on bifunctional silver /super-

acidic PMO NPs. 

 

Besides the approach of permanent-antibacterial activity, in many cases it is desirable 

to control the biocidal surface action.279 There have enormous efforts made over the 

last years, to establish surface active controllable materials.275, 280 Hence, the focus in 

chapter 4.3 lies on triggerable antibacterial surface coatings. Furthermore the wet-

chemical synthesis route for nanoparticle production is enforced, as narrow particle size 

distribution is aimed for superior proces-

sivity for coating strategies. Therefore, 

the literature known modified Stöber 

process should be adopted for the UKON 

system, using previously introduced thiol 

comprising compound 3 (Scheme 5). To 

create controllable, biocidal activity of 

UKON-2j NPs the combination of two an-

tibacterial concepts should be applied: 

One of the strategies is the recently es-

tablished antimicrobial photodynamic 

therapy (aPDT), which is based on photo-

sensitizers (PS) producing reactive oxy-

gen species (ROS).242 ROS are highly toxic 

towards organic substrates and therefore 

a promising biocidal tool to defend bacte-

ria proliferation.243 Based on this idea, 

the covalent attachment of Rose Bengal 

(RB), as prominent PS, on UKON-2j NPs 

was purposed in chapter 4.3. The second 

 

Scheme 5. Working package of chapter 4.3; estab-

lishing a bifunctional and triggerable, biocidal sur-

face coating of PMO NPs. 
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strategy adopted in chapter 4.3, is the concept of controlled nitric oxide (NO) release. 

In high dosages, NO acts as a cell toxin and kills bacteria cells very effectively.16, 281 To 

introduce NO molecules on UKON-2j NPs S-nitrosothiol functionalities (UKON-2jNO) can 

be used. Afterwards the formation of the binary NP system comprising ROS production 

and NO release, namely UKON-2jRBNO, is focused. For desired ROS/NO release mecha-

nism of UKON-2jRBNO NPs a suitable trigger should be established. In this context, com-

plete chemical characterisation of the binary system is promoted to understand and 

evaluate the interaction of ROS and NO species. Finally, the dual-action NP system is 

supposed to be applied in antibacterial/disinfection assays using Pseudomonas aeru-

ginosa as pathogenic bacteria strain. 
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2.3 Scientific Contribution 

The demanded tasks at the beginning of the present work were: 

- Mesoporous silica nanoparticles (MSNs) formation applying different synthesis 

strategies and the introduction of 100 % organic functionality 

- Superacidity in silica chemistry 

- Thiol chemistry for MSN  

- Antibacterial surface coatings 

It is now time to have a detailed look on the scientific progress included in this thesis. 

The scientific contribution of this thesis relating to the state of the art is highlighted for 

better orientation. 

 2.3.1 Molecular approach for MSNs 

The fundamental bases of the thesis is represented by mesoporous silica nanoparticles. 

More precisely, the comprehensive introduction of organic functional groups in MSNs is 

focused for guaranteeing the maximum efficiency of the materials. Therefore, the con-

cept of single source PMO precursors is adopted using the UKON system established by 

our group. 

What kind of functionality is discussed within the thesis? In order to build up antibacte-

rial surface coatings using MSNs, the chemistry of superacidity and thiol functionalities 

is presented. First, SO3H containing UKON precursor is designed, namely 1,5-bis-tri(iso-

propoxysilyl)-benzene-3-sul-

fonyl chloride (Scheme 6; 

compound 2). For the first 

time in PMO history, a single 

source precursor comprising 

SO3H organic functionalities 

is reported. Almost coincid-

ing with our publication 2 

about 1,5-bis-tri(iso-

propoxysilyl)-benzene-3-thiol 

(compound 3), P. van der 

Voort developed a comparable SH comprising silica source, 1-thiol-1,2-bis(triethoxysi-

lyl)ethane, as a single source PMO precursor194. This development impressively shows 

how competitive the PMO field still is nowadays and how urgently single source precur-

sors are needed to create high functional degrees on silica materials. 

 

Scheme 6. Establishment of novel UKON precursors. 
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 2.3.2 MSN synthesis strategies 

Next, adequate synthesis routes for UKON NPs are explored. In this context, the sulfonic 

acid containing UKKON precursor (1,5-bis-tri(isopropoxysilyl)-benzene-3-sulfonyl chlo-

ride) is applied in an aerosol-assisted self-assembly (EISA) process to form highly porous 

UKON-2i NPs with a functional degree of 100 %. To the best of our knowledge, there is 

no report on single source PMO precursor molecules ever applied in a gas-assisted syn-

thesis pathway. Also the synthesis of bifunctional PMO NPs via the EISA method car-

rying super acidic (SO3H) and thiol groups (SH) is also reported exclusively by us.240,282 

The obtained porous MSNs are characterized by surface areas ranging from 500-700 

m2/g and pore diameters of 3.5 nm. Beside the gas-phase induced NP synthesis strategy, 

the present work highlights the wet-chemical approach for PMO NP formation. By using 

compound 3 (Scheme 6) in a modified Stöber process, narrow size distributed UKON-2j 

NPs are obtained (75- 110 nm) with the maximum density of thiol functionalities and 

very high inner surface areas of 1500 m2/g. This is the first report on thiol comprising 

single source PMO precursors applied in a modified Stöber process. 

 2.3.3 MSN properties: Superacidity and the diversity of SH 

entities 

Now the chemical properties of the herein presented UKON NPs are discussed in detail. 

In this regard, the verification of superacidity of SO3H PMO NPs (UKON-2i NPs), was 

firstly performed by us using the Hammett indicator system.240 In addition it is nicely 

demonstrated that superacidity in combination with high porosity exhibits extremely 

high ion exchange capacities leading to enhanced influence on pH values in aqueous 

solutions. 

As the introduction of SH entities in PMO materials is not new, it is very surprising that 

the coordination of silver compounds on PMO materials has never been reported. In 

publication 2 this scientific gap is closed by loading Ag+ ions on SH UKON (UKON-2j) 

NPs, comprising a high density of functional groups what guarantees a quantitative sil-

ver uptake.  

The connectivity between superacidity and silver NPs is investigated by bifunctional 

SO3H/SH NPs reported in publication 2, for the first time.282 The quantitative integration 

of silver NPs on silica NPs is realized via thiol functionalities, which are present in a high 

density on the surface attributed to the UKON precursor system. The simultaneous avail-

ability of superacidity and SH modifications is realized by co-condensation of both pre-

viously introduced UKON precursors via the EISA process. Within publication 2, it is 
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shown that superacidic protons enhance the Ag+ ion releasing effect of silver NPs lead-

ing to a higher concentration of free Ag+ ions.  

As already discussed in chapter 2.1.4, the SH functionality represents a versatile toolbox. 

For the first time, the thiol-ene click reaction performed on PMO NPs is extensively 

investigated in our work. Herein the bifunctional PMO NPs carrying SH/SO3H entities 

are immobilized via light induced thiol-ene reaction on allyl functionalized substrates 

(Scheme 7 a). The fixation of the PMO NPs on the substrates via SH click reaction guar-

antees the mechanical stability of the synthesized films. This method represents a pio-

neering approach to novel immobilization concepts of PMO NPs. 

In publication 3, the investigation of thiol-ene chemistry is expanded from the passive 

fixation of PMO NPs to the immobilization of active compounds via SH groups. The light-

mediated covalent binding of Rose Bengal (modified with vinyl entities) as a representa-

tive photodynamic dye, on SH UKON NPs (UKON-2j NPs) is discussed (Scheme 7 b). 

Based on the high functional degree combined with the high surface area (1500 m2/g) 

and the accessibility of 78 % of SH groups, the UKON-2j NPs carry a multiple of Rose 

Bengal (RB) molecules compared to current literature.251 The beneficial effect of PMO 

fixed RB is demonstrated via the increase in biocidal activity when irradiated with light. 

 

Scheme 7. Investigated reactions on UKON NPs using free SH groups; (a) immobilization of bifunctional 

UKON SH/SO3H NPs on glass substrate via thiol-ene reaction; (b) covalent attachment of modified RB 

dye and (c) reaction of with NO molecules to build S-nitrosothiol entities. 
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An additional concept discussed herein is the storage/release of NO molecules via S-

nitrosothiol modifications (Scheme 7 c). NO represents an effective cell poisoning sub-

stance when it is applied in high concentrations.16 For the latter concept, free SH modi-

fications are directly reacted with NO salts resulting in SNO entities. For diverse molec-

ular substrates the idea is already reported in the early 80`s by Shigeru et al.283 However, 

the conception of using materials with NO-donors is not widely explored. UKON-2j NPs 

represent a suitable platform to host NO species due to their high density of functional 

groups and their high internal surface area. This exclusive combination of MSNs and 

quantitative NO immobilisation is firstly described in publication 3 by the UKON-2jNO 

NPs. 

 2.3.4 MSN as antibacterial materials 

With the establishment of superacidic UKON-2i NPs a complete novel aspect of super-

acidity regarding the application as antibacterial material is reported in the presented 

thesis. In publication 1 highly acidic properties of UNON-2i NPs are evaluated as surface 

coating materials for antibacterial activities against Pseudomonas aeruginosa.240 

Furthermore the combined effect of silver NPs in the presence of superacidity is inves-

tigated for the first time by bifunctional SO3H/SH UKON NPs regarding the inhibition 

of bacterial growth. In publication 2, we found out that highly acidic protons enhance 

the antibacterial effect of silver NPs regarding proliferation of the pathogenic bacteria 

strain Pseudomonas aeruginosa. 

The combination of previously described ROS producing UKON-2jRB and NO-releasing 

UKON-2jNO NPs is realized herein. ROS production and NO liberation occurs simultane-

ously via sunlight irradiation and reacts with each other resulting in highly reactive per-

oxynitrite species. This reaction is literature known in biological context but never been 

applied in silica chemistry before. With the establishment of the binary system UKON-

2jRB_UKON-2jNO, for the first time sunlight-mediated peroxynitrite formation using 

MSNs was realized and monitored. Additionally the principle idea to use this concept 

to defend bacteria on surfaces have not been reported before. Therefore, the dual-

active system, UKON-2jRB UKON-2jNO NPs, shown in publication 3 represents an inno-

vative approach keeping surfaces bacteria free under sunlight irradiation. 
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Abstract 

Combining high internal surface area with tailor-made surface properties is pivotal for 

granting advanced functional properties in many areas like heterogeneous catalysis, elec-

trode materials, membranes, or also biomimetics. In this respect, organic-inorganic hybrid 

nanostructures and in particular mesoporous organosilica materials are ideal systems. 

Here, the preparation of mesoporous solids via a new sol-gel building block comprising 

sulfonic acid (R-SO3H) is described. The degree of organic modification is not only maximal 

(100 %), it is also proven that the novel material exhibits superacidic properties. Further-

more, an aerosol assisted method is applied for generating this material in the form of 

mesoporous, spherical nanoparticles with substantial colloidal stability. Highly acidic, high 

surface area materials, like prepared here, are promising candidates for numerous future 

applications like in heterogeneous catalysis or for proton conducting membranes. How-

ever, first experiments addressing the antibacterial effect of the sulfonic acid, mesopo-

rous organosilica materials are shown. It is demonstrated that the superacid character is 

required for exhibiting sufficient antifouling activity. 

 

Introduction 

Biological evolution has created some of the most advanced functional systems known to 

date.1 The precise knowledge about guiding principles of operation is pivotal for transfer-

ring concepts from biology to materials science and technology. The latter idea has led to 

the emergence of the seminal field “bionics”, respectively biomimetics.2, 3 One of the most 

prominent cases is represented by the discovery of the construction principles for the lo-

tus leaf and the resulting significant research activities on superhydrophobic surfaces and 

self-cleaning coatings in general.4-9 The recognized paradigm is that solely the presence of 

certain chemical entities is not sufficient for granting a desired functionality, but the com-

bination with micro-/nanostructured surfaces can be a decisive factor. Therefore, in the 

introduction section of this article, we will firstly reflect on known methods for preparing 

high surface area materials furnished with tailor made organo functional groups. Sec-

ondly, we will discuss properties and potential applications of nanoporous materials com-

prising acidic functions. Furthermore, some contemporary approaches for antifouling ma-

terials as a special case of self-cleaning coatings will be addressed briefly.  
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Porous organosilica materials 

The vast majority of inorganic solids comprising organically modified surfaces rely on silica 

chemistry. This is, because both Si-C and Si-O-Si represent two very stable linkages. The 

application of organosilane sol-gel precursors, for example, R-Si(OEt)3 is an established 

technique for the preparation of various organic/inorganic hybrid materials, also known 

as ORMOSILs.10-14 Huge activity in this field was driven by the development of novel tech-

niques for nanostructuring, in particular the possibility to prepare periodically ordered 

mesoporous silica (POS).15-18 A silica sol-gel precursor like Si(OEt)4 is hydrolyzed at certain 

pH conditions and in the presence of a structure directing agent (template). Soon at-

tempts were made to combine the areas POS and ORMOSILs.19 Nice overviews were given 

by Ying et al.20 in 1999 and Fröba and co-workers in 2006.19 Starting from meso-SiO2, via 

grafting or co-condensation using suitable organosilanes, one can achieve materials com-

prising up to 25% functionalization degree.12, 16, 21-26 Much higher content of organic mod-

ification (up to 100%) accompanied by maximization of the density of the functional enti-

ties can be reached, when special sol-gel precursors with a bridging organic group Rf 

((R′O)3Si-Rf -Si(OR′)3 with R′= Me, Et, isoPr) are used for the preparation of the so-called 

periodically ordered mesoporous organosilica materials (PMOs).27-30 The organic function-

ality becomes an inherent part of the matrix. Since then, it has taken some time until 

PMOs with advanced chemical functionality could be realized. The interested reader is 

referred to one of the following, contemporary review articles.31-33 Our group has concen-

trated on the so-called UKON materials containing a bridging phenyl entity modified with 

various functional groups R in the 3-position of the aromatic ring:34-42 R= -Br ( ≅ UKON-1), 

-COOH ( ≅ UKON-2a), -NH2 ( ≅ UKON-2d), and so forth. One important prerequisite for 

the application and future technological implementation of POS materials is the possibility 

to allocate processable samples. For this purpose, it is beneficial if a material of interest 

exists as a colloidal dispersion instead of an ill-defined powder. There has been some ef-

fort on the preparation of mesoporous silica in the form of colloidal nanoparticles. Two 

methods have been proven to be extremely powerful. One approach is a modification of 

the known Stöber process.43-45 Recently, Bein and co-workers presented monodisperse, 

mesoporous silica colloids with particles sizes in the 100 nm regime.46, 47 It is also worth 

mentioning the papers by Jaroniec et al. and Fröba et al. about PMO nanoparticles gener-

ated via a modified Stöber method.48, 49 An alternative, highly innovative, aerosol assisted 

approach for the generation of mesoporous silica nanoparticles has been introduced by 

Brinker and co-workers in 1999.50, 51 Only few papers describe the preparation of PMO 

micro-/nanoparticles using bridging sol-gel precursors.29, 52-56 To the best of our 
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knowledge there is no report that reports about the synthesis of PMO nanoparticles via 

the aerosol assisted route. 

Porous solid state acids 

Among the various functional groups, it has been shown that the preparation of mesopo-

rous solid-state acids is of large interest, in particular for materials with strong acids like -

SO3H.57, 58 All current PMO materials comprising sulfonic acid have been prepared by post-

functionalization routes. The direct sulfonation of a phenyl-bridged PMO was described 

by Inagaki et al. in 2002.59 The proton-conducting properties of this material was reported 

very recently by Wark and team.60 Kondo and co-workers used the Diels-Alder reaction 

for the attachment of an arylsulfonic acid to the π bond of an ethylene-bridged PMO.61 

Mehdi and colleagues could convert disulfide bridges to two terminal SO3H functions in 

2006.62 There is currently no example for a PMO material with 100% sulfonic acid derivat-

ization content, because this requires the availability of a -SO3H modified sol-gel precur-

sor. Furthermore, none of the reports mentioned above reports about superacidic prop-

erties of the respective, porous organosilica materials. The term “superacid” describes a 

system with an acidity greater (respectively a pKa value smaller) than that of pure sulfuric 

acid.63-65 The number of known solid-state superacids is yet quite limited. The most prom-

inent examples involve sulfated zircona and some heteropolyoxometalate acids.66, 67 Also 

some zeolites exhibit superacid properties.68 There are manifold potential applications for 

acidic, and in particular superacidic, porous materials. They can act as heterogeneous cat-

alyst materials for demanding organic transformations.58, 69 Another interesting field is the 

application as novel proton conducting membranes for future fuel cells.70 Furthermore, it 

is recognized that solid-state acids could potentially play a role also for self-cleaning sur-

faces. 

 

Antifouling materials 

Microbial biofilms are very serious competitors for keeping surfaces clean and fouling of 

surfaces by microorganisms is a serious issue in many medical, biotechnological and 

foodtechnological settings, as well as in the shipping industry. In the recent years, a great 

deal of research has gone into finding novel chemical strategies (or biological strategies) 

for keeping surfaces clean. Furthermore, the demand for environmentally friendly ap-

proaches has increased significantly, since the ecological and toxicological issues of organ-

otin compounds were taken much more serious.71 An overview about chemical antifouling 

coatings and strategies was given by Kane and co-workers in 2011.72 For example, a very 
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promising approach comprises the photocatalytic activity of titania surfaces.73 It is as-

sumed that the photoreaction of TiO2 with the solvent (e.g. water) is responsible for the 

generation of reactive species (e.g. H+, OH-), which then attack all organic species on the 

surface. It is also worth noting that the cytotoxicity of Ag+ ions can be used, when silver 

nanoparticles are immobilized on surfaces via suitable anchoring groups.74, 75 Furthermore 

some hydrophilic polymers such as poly(ethylene glycol) (PEG),76-78 polyoxazoline poly-

mers,79 and zwitterion-containing polymers such as poly[2-(methacryloyloxy) 

ethylphosphorylcholine PMPC)80, 81 have been tested as effective coatings as they sup-

press protein adsorption. Of special relevance for the present work are methods that in-

volve chemical surface modification via silica sol-gel coatings.82 For instance, Tang et al. 

describe the antifouling behavior of hydrophobic organosilica xerogels in 2005.83 Further-

more, Mahltig et al. have demonstrated in 2008 that surface OH groups of wood can be 

facilitated for an attachment of organosilanes via sol-gel chemistry to exhibit antifouling 

properties.84 Whereas the focus of these examples was on the hydrophobic nature of the 

surfaces, there is much less known whether materials may exhibit antifouling properties 

via active chemical triggers, such as strong acids like -SO3H. Herein, we report the synthe-

sis of mesoporous UKON nanoparticles prepared via an aerosol aided synthesis route. Fur-

thermore, a novel precursor comprising benzene sulfonic acid is presented. The precursor 

was used for the preparation of a highly acidic PMO material (UKON-2i). Finally, the UKON-

2i nanoparticles were tested concerning a potential application in antifouling.  

 

Results and Discussion 

UKON precursor and PMO powder preparation 

The preparation of known sol-gel precursors and the related PMO materials containing 

bridging Ph-Br (UKON-1), Ph- CO2H (UKON-2a), Ph-NH2 (UKON-2d) is described in previous 

papers.34-42 The pKa value of benzoic acid is 4.3. This means that UKON-2a is expected to 

be a solid-state acid, but a rather weak one. Therefore, it would be highly desirable to 

have a PMO material available with much stronger acidity. Benzene sulfonic acid (Ph-

SO3H) is a promising candidate as a bridging organic entity since its pKa value is 0.7. In the 

current manuscript, we present the required, novel PMO precursor containing benzene 

sulfonic acid (Ph-SO3H) and the preparation of the corresponding mesoporous organosil-

ica for the first time. 
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In analogy to the other systems reported by us in the past,34-42 the synthesis of the desired 

PMO precursor utilizes aromatic derivatization chemistry starting from compound 1 with 

bromine in 3-position (Scheme 1). Lithiation affords a stable nucleophile, which can react 

further with various electrophiles. Different attempts have been made for the introduc-

tion of the sulfonic acid group. An overview is given in the Supporting Information (S-1). 

Less successful were routes involving the oxidation of a thiol-functionalized compound, 

or the reaction of the lithiated species with SO3. However, referring to the literature,85 

1,5-bis-tri(isopropoxysilyl)-benzene-3-sulfonyl chloride 2 could be obtained in gram quan-

tities using sulfuryl chloride as an electrophile.  

Like for most sol-gel precursors, due to the influence of the alkoxy groups, it has not been 

possible to grow single-crystals for X-ray structure determination. The successful prepa-

ration and purity of 2 was proven by NMR 

spectroscopy (1H, 13C, 29Si) and is docu-

mented in the Supporting Information, S-

2. In addition, electron spray ionization 

mass spectrometry (ESI-MS) was per-

formed. The ESI-MS pattern (given in S-2, 

Supporting Information) contains several 

fragmentation products, which can all be 

assigned to 2. The most intense signal 

and the simulated pattern for the corre-

sponding fragment are exemplarily 

shown in Fig. 1.  

Next, the novel sol-gel precursor 2 was 

used for the preparation of PMOs referring to typical true liquid-crystal templating proce-

dures reported in the literature.86, 87 Hydrolysis and polycondensation take place under 

aqueous conditions. Thus, it should be noted that in the case of compound 2 as a precur-

sor not only the alkoxysilane groups react, but the S-Cl entity will also be hydrolyzed, yield-

 

Fig. 1. Excerpt from the ESI-MS pattern of 2 (black 

line) and simulated signal/ grey) for the 

[SO2Ph(Si(iOPr)3)2]- species. 

 

Scheme 1. Synthesis of novel PMO precursor. 
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ing the desired sulfonic acid organosilica material (Scheme 2), accompanied by the for-

mation of hydrochloric acid. The chemical nature of the resulting material was analyzed 

using a combination of techniques. First, solid-state NMR spectroscopy was applied. The 

29Si-NMR spectrum (Fig. 2 b) contains characteristic three, so-called T-signals at δ= −65 

ppm for (HO)2RSi(OSi)≅ T1, −73 ppm for (HO)R 

Si(OSi)2≅ T2 and −82 ppm for RSi(OSi)3≅ T3.88 Q-

type signals (δ≈ −110 ppm) indicaRng the pres-

ence of pure silica (SiO2) parts are absent. The lat-

ter result proves that the S-C bonds of the UKON 

precursor are stable during synthesis conditions. 

Proving the presence of the SO3H function is 

much more difficult. This is because sulfur is 

hardly accessible via NMR, and the chemical 

shifts of aromatic carbons attached to -SO3H are 

in a similar region (δ≈ 135-140 ppm) as the sig-

nals of non-substituted or bromo-substituted ar-

omatic rings.34, 89 However, the direct compari-

son of UKON-2i to the NMR spectra of the pre-

cursor 2 and of UKON-1 (as a reference),34 shows 

good evidence that the sulfonic acid group is still 

present in the material. The signal at δ≈ 116 ppm 

characteristic for C-Br atom in UKON-1 is missing. 

Instead, a new signal can be found at 136 ppm, 

which is in good agreement to the NMR spec-

trum of the starting compound 2 (Fig. 2 a). Simi-

lar effects have been observed for IR spectros-

copy      (Fig. 2 c). In comparison to the spectrum 

of UKON-1, there is one additional band at 1024 

cm−1 superimposed by the Si-O-Si vibration of the 

matrix (1070 cm−1). Comparison to information 

from the literature confirms that this new band 

can be assigned to the presence of the aromatic 

sulfonic acid.90-92 In addition, energy dispersive X-

ray spectroscopy (EDX) was performed (data 

given in S-3, Supporting Information). EDX shows 

that there is significant amount of sulfur present. 

 

Fig. 2. (a) 13C solid state NMR spectrum of 

UKON-2i (black graph) compared to spec-

trum of UKON-1 (grey graph) and of the pre-

cursor (2; measured in solution; light grey 

graph) as references. (b) 29Si solid state NMR 

spectrum of UKON-2i. (c) Fingerprint IR re-

gion of UKON-2i (black graph) compared to 

UKON-1 (grey graph) as a reference. 
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The S: Si ratio equals 0.75: 2, which is slightly less than expected (1: 2), but still is within 

the error of the EDX method ± 20%). Furthermore,         X-ray photoelectron spectroscopy 

(XPS) was acquired (S-3, Supporting Information). The signal found at an electron binding 

energy of 169.1 eV is indicative for sulfur in oxidation state (+VI), in agreement to R-

SVIO3H.93 It can be summarized, that the sol-gel process has occurred as depicted in 

Scheme 2. The composition of the organosilica material can be described as 

Si2O3(C6H3SO3H). Neither C-Si nor C-S bonds were cleaved in course of the sol-gel process. 

Successful meso-structuring of the sulfonic organosilica matrix required some unex-

pected, special measures described in the following. Initially, we chose a standard proce-

dure which is well established for the synthesis of numerous PMO materials: 34-42 The pre-

cursor is dissolved in a solution of an amphiphilic, structure-directing block-copolymer of 

the Pluronic type in ethanol, and an appropriate amount of aqueous HCl (pH= 2) is added. 

Eventually pre-hydrolytic treatment is required (see experimental section). After polycon-

densation and drying one removes the template by liquid-liquid extraction. The charac-

teristics of the pore system is studied by the typical set of analytical techniques used for 

mesoporous materials:94 Transmission electron microscopy (TEM),         N2 physisorption 

measurements and small angle X-ray scattering (SAXS) if appropriate. 

Other than expected, the physisorption isotherm (type I)95 of the material prepared for 

those standard conditions is typical for microporous materials (Fig. 3 a). The latter result 

was confirmed by TEM micrographs (given in S-4, Supporting Information). Neither mes-

opores nor any ordered pore system can be identified. The reason for the missing struc-

turation is that fragmentation of the PEO-PPO-PEO blockcopolymer (≅ Pluronic) into pol-

yethylene oxide (PEO) and polypropylene oxide partitions has taken place. The latter was 

shown by time dependent 1H-NMR spectroscopy. The variances in the spectra (given in S-

5, Supporting Information) are consistent with acid-catalyzed ether cleavage reactions. 

Once PEO and PPO are separated from each other, any amphiphilic property is lost and 

 

Scheme 2. Generation of the sulfonic acid PMO material. 
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the formation of the liquid crystalline template is inhibited. Instead, the PEO chains lead 

to the formation of micropores.96 The 

described result is a first indication for 

the enhanced reactivity of the sulfonic 

acid groups in UKON-2i. Because the hy-

drolysis of the S-Cl group in precursor 2 

induces a significant drop of the pH-

value, we checked, if control of pH using 

a buffer system leads to an improve-

ment in structuring. Indeed, the emer-

gence of an isotherm type characteris-

tic for mesoporous materials (type IV), 

increased pore volume and increased 

surface area (320 → 360 → 405 m2g-1) 

has been observed, when pH was ad-

justed to 1.5, respectively 1.9 (Fig. 3 a). 

The Barret, Joyner, Halenda (BJH)97 

pore size distribution function is shown 

for the sample prepared at pH= 1.9 (Fig. 

3 b). The observed pore-size of 3.5 nm 

is in the mesoporous range, but it is 

much smaller than for other mesopo-

rous materials prepared using Pluronic 

P-123 as a template (Dpore= 5-6 nm).  

The subtle sensitivity of the UKON-2i system regarding pH value during synthesis can also 

be seen from the N2 isotherm obtained for a material prepared at pH = 2.6 (Fig. 3 a). Again 

a type-I isotherm is seen, representing a microporous material. The difficulties in templat-

ing at higher pH values can be explained by the insufficient interaction between the neu-

tral blockcopolymer template and the anionic -SO3H precursor species. It is known from 

the literature that it is preferred for successful templating using neutral block-copolymers, 

when the silica species are neutral as well.98, 99 It can be concluded that there is only a 

narrow pH window for the successful structuration of UKON-2i, when using Pluronics as 

structure directing agents. Better results could be obtained for an amphiphilic poly[(eth-

ylene-co-butylene)-b-(ethylene oxide)] (KLE; Mw = 8.1 kDa; 41% polyethylene oxide), due 

to its lower sensitivity towards proton catalyzed ether cleavage. KLE has already been ap-

plied successfully by others for the preparation of large pore mesoporous silica and metal 

Fig. 3. (a) N2 physisorption isotherms (adsorption 

and desorption) for UKON-2i materials prepared at 

standard conditions (squares), pH= 1.5 (circles), pH= 

1.9 (triangles) and pH= 2.6 (hashes). (b) BJH pore 

size distribution of the UKON-2i material prepared 

at pH= 1.9. 



4.1 Publication 1 49 

oxide materials.100-104 TEM images of UKON-2i prepared with KLE as a structure directing 

agent (S-6, Supporting Information) show a highly ordered PMO material with an average 

pore size of ≈ 15 nm. The latter is in agreement with SAXS data, which indicate a periodic-

ity of 17.2 nm (S-6, Supporting Information). The model used for the simulation of the 

SAXS pattern using the program package 

SCATTER105 is shown in detail in S-6, Sup-

porting Information. However, because 

KLE blockcopolymers are not commer-

cially available, we still concentrate in 

the following on the application of Plu-

ronics as templates. 

TEM investigation of the sample (Fig. 4) 

shows that a mesoporous material has 

formed, in agreement to physisorption 

analysis. Unfortunately, there is a worm-

hole type pore-system with low periodic 

order. 

 

Aerosol synthesis of colloidal UKON nanoparticles 

For the preparation of mesoporous organosilica materials in nanoparticle shape, we found 

that a modified Stöber process cannot be adopted for the UKON system.46-49, 56, 106 This 

can be attributed to two factors: The lower hydrolysis rate of the isopropoxysilyl groups 

(in comparison to ethoxy groups present in common sol-gel precursors) and the enhanced 

hydrophobicity of the precursor due to the aromatic ring hamper the growth of particles 

with defined porosity (results not shown). Therefore, we have decided to test the aerosol-

assisted method presented by Brinker et al.50, 51 A sol containing a prehydrolyzed UKON 

precursor, aqueous HCl, ethanol and an amphiphilic block-copolymer of the Pluronic type 

as a structure-directing agent is prepared (see Experimental Section). 

 

Fig. 4. TEM image of UKON-2i prepared using Plu-

ronic P123 as a template. 
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An aerosol containing small droplets of this mixture is prepared and is passed through a 

tube oven Fig. 5 a). Ethanol evaporates, inducing liquid crystal formation due to the in-

creased concentration of the polymer (evaporation induced self-assembly).107, 108 Poly-

condensation takes place, and the final mesostructured organosilica particles can be sep-

arated. Finally, after template 

extraction one obtains the de-

sired mesoporous nanoparti-

cles. Besides compound 2 (the 

precursor for UKON-2i; see 

Scheme 2) also the sol-gel pre-

cursors for UKON-1, UKON-2a, 

and UKON-2d have been used 

in analogous experiments in or-

der to show the broad applica-

bility of the method. Scanning 

electron microscopy (SEM) in-

vestigation shows that the sam-

ples contain numerous spheri-

cal particles in the size range 

100 nm- 1 μm (see Fig. 5 b). The 

polydispersity is high, which is 

typical for particles obtained 

via aerosol routes.109 All mate-

rials were further characterized 

by TEM, SEM, N2 -physisorption 

analysis and solid-state NMR. 

This set of analytical data is 

summarized in S-7-10, Support-

ing Information. 

 

 

 

 

 

 

Fig. 5. (a) Illustration of the setup used for the preparation of 

mesoporous UKON nanoparticles via an aerosol assisted pro-

cess and (b) SEM image of resulting spherical UKON-2i nano-

particles; scale bar= 2µm. 



4.1 Publication 1 51 

Exemplarily TEM images are shown in Fig. 6. It is seen that all samples can be described 

as mesoporous materials with wormhole pore-system. 

It is important to note that the higher 

temperatures applied during the aer-

osol method (compared to the sol-gel 

process conducted in the liquid 

phase) does not lead to cleavage of 

the S-C bond, proven by the absence 

of Q-type signals in 29Si-NMR (data 

given in S-7-10, Supporting Infor-

mation), and also not to detachment 

of the functional group in 3-position 

proven by 13C NMR, respectively by 

direct comparison to the correspond-

ing data presented before for the (or-

dinary) powder samples. 

 

The latter conclusion is supported by physisorption analysis (S-7-10, Supporting Infor-

mation). The textural data (BET surface ABET are and BJH pore-size distribution maximum 

Dpore) are summarized in Table 1.  

 

 

Table 1. Textural data for the mesoporous UKON spheres. 

sample ABET/ [m2/g-1] Dpore/ [nm] 

UKON-1100 474 3.5 

UKON-2a100 424 4.1 

UKON-2d100 268 7.0 

UKON-2i100 720 3.5 

UKON-2i50 412 3.5 

UKON-2i10 550 3.8 

SiO2 635 5.5 

 

 

Fig. 6. TEM images of mesoporous spheres prepared via 

the aerosol assisted method. (a) UKON-1, (b) UKON-2a, 

(c) UKON-2d, (d) UKON-2i. 
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Properties of colloidal UKON-2i nanoparticles 

In the following, we emphasize some of the advanced properties of the spherical, meso-

porous organosilica particles comprising the bridging benzene sulfonic acid entity (UKON-

2i) (see also Fig. 6 d). 

First, we tested if dispersions of those particles can be prepared in water. As the aerosol 

process affords also particles larger than λvis (= 400-800 nm) (see also Fig. 7 b), these dis-

persions appear turbid, which can be used to follow the sedimentation with the bare eye 

(Fig. 7). Whereas conventional UKON powders (see above) sediment within seconds due 

to gravitational force, the effect is 

much slower for the porous nanopar-

ticles prepared via the aerosol 

method. Furthermore, there is no 

flocculation. The latter observations 

represent good indication for the col-

loidal nature of the aerosol particles. 

The colloidal stability of the particles 

appears to be lower at low pH values. 

A significant amount of particles 

have moved to the bottom of the vial 

within 100 min in a dispersion at pH= 

1. This effect is reasonable, because 

the sulfonic acid becomes partially 

protonated (-SO3H), which reduces 

the charge of the particles and hence 

leads to less electrostatic repulsion/stabilization. After       1000 min only the sample with 

pH= 9 still contains some dispersed particles. Similar effects can also be found for UKON-

2a nanoparticles. 

It is time to characterize the acidity of UKON-2i and in particular the related mesoporous 

nanoparticles in more detail. The results were compared to mesoporous UKON-2a nano-

particles with -COOH groups and pure SiO2 nanoparticles as references. An established 

way for determining the acidity of solid-state acids beyond the Brønstedt window of water 

is to determine the Hammett acidity function H0 by using appropriate indicator dyes (see 

Experimental Section).110-113  

�0 = ��� + log �
���

������
        (eq. 1)  

 

Fig. 7. Photographic images showing the time depend-

ency of the sedimentation of UKON-2i nanoparticles as a 

function of pH value. 
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In essence, one uses pH indicator dyes (D) with known pKa values and investigates in or-

ganic solvents to what extend these dyes are protonated (DH+) if the acidic substance of 

interest is present. For determining the concentration of the protonated species c(BH+) 

and deprotonated species one facilitates optical measurements, followed by application 

of Lambert-Beer law. The measurements performed with 1-fluoro-4-nitrobenzene (FNB) 

(pKa= -12.4) and 1-fluoro-2,4-dinitro-

benzene (FDNB) (pKa= -14.5) are shown 

in Fig. 8 . When UKON-2i is added to a 

solution of FNB one sees that its ab-

sorption band at λmax= 256 nm drops in 

intensity due to protonation of the dye. 

This demonstrates that the acidity of 

UKON-2i is sufficient to protonate FNB 

to certain extend. Application of equa-

tion 1 gives a value of H0= -12.53 for 

the Hammett acidity of the sulfonic 

acid containing PMO material. In com-

parison, the less basic FDNB cannot be 

protonated by UKON-2i. The spectra 

before and after addition of the PMO 

material are identical (Fig. 8). It was 

mentioned before that sulfuric acid (H0= -12) represents an important reference mark. 

Therefore, one can conclude that UKON-2i is slightly more acidic than H2SO4, and thus, 

belongs to the class of superacids. In comparison, UKON-2a (H0= 2.38); see S-11, Support-

ing Information) or unmodified mesoporous silica particles (H0= 3.16) are expectedly 

much less acidic. The results for UKON-2a concerning its weak acidity are in agreement 

with data obtained for tritration with 1 M NaOH performed in aqueous solution (see S-11, 

Supporting Information). 

The amount of available protons per gram of UKON-2i nanoparticles, respectively per sur-

face unit, can be determined via the ion exchange capacity (IEC); see also the experimental 

part.114-116 The maximum IEC value can be obtained for UKON-2i nanoparticles prepared 

using the undiluted PMO precursor (UKON-2i 100; see Table 2). 

 

Fig. 8. Optical absorption spectra of 1-fluoro-4nitroben-

zene before (black squares) and after exposure to 

UKON-2i (black line) and of 1-fluoro-2,4-dinitrobenzene 

before (grey squares) and after exposure to UKON-2i 

(grey line). 
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The proton density can be calculated considering the surface area of the respective ma-

terial (Table 1). The value obtained for UKON-2i (= 1.26 protons per nm2) is in good agree-

ment to the density of functional groups found for other PMO materials (= 1.2 nm2). 34 

However, comparing to the theo-

retical amount of protons that 

should be present in 1 g UKON-2i 

(considering its molecular mass, 

Mw= 260.29 g mol-1), it seems that 

only 40 % of the protons are avail-

able directly. When the sulfonic 

acid functionality becomes di-

luted with non-modified, pure 

SiO2, one sees that a higher ratio of the protons become available, but at the same time 

IEC and proton density drop (see Table 2). It was mentioned in the introduction that po-

rous, solid state acids may have numerous applications, such as in fuel cells or as catalysts, 

or as antifouling agents. Here, we show a first proof-of-principle for the antifouling prop-

erties of the UKON nanoparticles and evidence that the strong acidity of the UKON-2i ma-

terial is mandatory to maximize the (anti-) biological activity. 

The potential antifouling activity of the 

UKON nanoparticles was evaluated as 

the inhibition of bacterial surface colo-

nization on agar plates. Therefore, the 

opportunistic human pathogen and bio-

film model organism Pseudomonas ae-

ruginosa was inoculated onto agar 

plates and examined for its ability to 

grow through a barrier of nanoparticles 

(50 nmol), that is, from the inside of a 

circle of nanoparticles that had been 

placed onto the agar plate, to the out-

side (Fig. 9). Bacterial colonies encircled 

by pure SiO2 nanoparticles grew well 

through the barrier within 24 h, as ex-

pected, but the growth of the colonies 

through the barriers of UKON nanopar-

ticles was retarded, or even prevented. 

Table 2. Ion exchange capacity for UKON-2i samples. 

sample IEC/ [mmolg-

1] 

ΔIEC/[%] H+ density/ 

[H+nm-2] 

UKON-2i100 1.51 40 1.26 

UKON-2i50 0.81 43 1.18 

UKON-2i10 0.31 81 0.34 

SiO2 2.1x10-3 -- 0.002 

 

 

Fig. 9. Representative illustration of the inhibition of 

bacterial colonization as observed on blood agar 

plates ba the application of UKON materials as “bar-

rier” surrounding the bacterial inoculum. (i) UKON-2j 

nanoparticles, (ii) UKON-2a nanoparticles and (iii) 

SiO2 nanoparticles were applied onto plates in a cir-

cular line and Pseudomonas aeruginosa was inocu-

lated into the centre of each circle (see Experimental 

section). Green areas indicate bacterial growth. 
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In particular, UKON-2i nanoparticles showed the strongest effect on bacterial surface col-

onization (Fig. 9). Whereas bacterial growth could be confined using UKON-2a nanoparti-

cles for 36 h, in the case of UKON-2i the bacteria could not cross the barrier even after 48 

h. Hence, these results show promise for future biological studies on the antifouling ac-

tivity of UKON materials, in particular for UKON-2i.  

 

Conclusion 

The generation of novel high surface material with interfaces characterized by a high den-

sity of reactive organic groups paves the way towards advanced applications in various 

areas. In the current paper, we have concentrated on the preparation of materials with 

acidic properties. A novel sol-gel alkoxide silane precursor comprising benzene sulfonic 

acid as a bridging, organic entity was utilized for the preparation of mesoporous organo-

silica materials. A more refined morphology, more precisely spherical nanoparticles, was 

achieved via an aerosol assisted method. These nanoparticles exhibit specific surface area 

of up to 720 m2g-1 and pore-sizes in the range 3.5-5 nm. It could be shown that the men-

tioned, porous solid belong to the class of superacids with a very high surface density of 

1.3 × 1018 acid groups per m2 , respectively 9.4 × 1020 surface acid groups per gram. First 

proof of principles experiments were performed towards antifouling applications. The 

comparison to materials with either none acid groups (mesoporous silica particles) or 

weak acidic groups (mesoporous organosilica particles containing benzoic acid) shows 

that only the strong solid-state acid (with the sulfonic acid) exhibit sufficient inhibition of 

bacterial growth. Further potential applications of the novel material reported herein are 

in the areas of heterogeneous catalysis of for proton conducting membranes. 
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Experimental Section 

All chemicals were received from Sigma-Aldrich. Prior to use they were carefully purified 

and dried, when applicable. All reactions on the precursor state were performed under 

inert conditions using Schlenk technique. The synthesis of 1,3-bis-tri(isopropoxy)silyl-5-

bromobenze (1), 1,3-bis-tri(isopropoxy)silyl-5-aniline and 3,5-bis-ti(isopropoxy) silylben-

zoic acid have been described previously.34, 38, 117 

Synthesis of 1,5-bis-tri(isopropoxysilyl)-benzene-3-sulfonyl chloride (2): tBuLi (7 mL, 1.5 

M , 10.6 mmol) was added dropwise to a solution of 3 g of 1,3-bis-tri(isopropoxy)silyl-5-

bromobenze (7.95 mmol) in 100 mL dry Et2O. The mixture was stirred for 30 min and then 

added slowly to SO2Cl2 in 100 mL dry Et2O. After additional stirring for 10 min at -78 °C the 

solution was warmed to room temperature and the solvent was removed under vacuum. 

100 mL dry pentane were added and non-soluble residues are removed via centrifugation. 

Finally, 1.3 g of product (2) (42 %; 2.22 mmol) are obtained after vacuum distillation at 

140 °C. 1H NMR (400 MHz, CDCl3): δ /[ppm]: 1.19 ( d , 36H, 3 J = 6.1 Hz, iPr-CH3); 4.25 (sept, 

6H, 3 J = 6.1 Hz, iPr-CH); 7.74 (m, 2H, o-arom. H); 7.87 (m, 1H, p-arom. H). 13C NMR (100.61 

MHz, CDCl3): δ /[ppm]: 25.6 (iPr-CH3); 65.4 (iPr-CH); 127.0 (Si-arom. C); 131.9 (p-arom. C); 

136.7 (o-arom. C); 141.7 (S-arom. C). 

Preparation of UKON-2i Under Standard Conditions: A total of 0.5 g of precursor (2) (0.85 

mmol) and structure directing agent (0.39 g Pluronic P123, or 0.21 g KLE-25) were dis-

solved in 1 g EtOH. 0.26 g aqueous HCl (1 M) were added dropwise while stirring. The sol 

was pre-hydrolized for 3 h at 60 °C and aged for 2 days at room temperature. The resulting 

monolithic pieces were dried at 100 °C for 24 h. Template removal occured by liquid ex-

traction using 25 mL of H2O and 25 mL of H2SO4 (conc.) at 90 °C and then 25 mL EtOH and 

25 mL HCl (conc.) at 60 °C within 2-4 days. 

Preparation of UKON-2i under pH Control Using Buffer Systems: The materials were pre-

pared similar to the method described for standard conditions. However, precursor (2) 

and the template were dissolved in 1.5 g buffer solution. 

Aerosol Synthesis of Mesoporous UKON-2a Nanoparticles: 2.84 g of 3,5-bis-ti(iso-

propoxy)silylbenzoic acid (5.4 mmol) were dissolved in 3.52 g EtOH. A total of 0.19 g H2O 

and 2.7 μL HCl (0.1 M) were added and the solution was refluxed at 60 °C for 20 h. The sol 

was diluted with 7.54 g EtOH followed by addition of 0.68 g H2O, 120 μL HCl (1 M) and 0.7 

g Pluronic P123 as surfactant (pH= 2.1). The final reactant mole ratios (prec: EtOH: H2O: 

HCl: P123) were 1: 44: 10: 2.022: 0.0224. The spherical mesoporous nanoparticles were 

obtained using an aerosol reactor (TSI Inc., Model 3076) at a volumetric flow rate of 2.6 L 
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min-1. The aerosol was dried at room temperature for 2.8 s followed by heating at 500 °C 

for 4.5 s and finally collected on a PTFE filter (average pore size 450 nm). The as received 

particles were extracted with 15 mL EtOH and 15 mL HCl conc. at 60 °C for 4 days. Full 

characterization occurred via IR, TEM, SAXS, N2 physisorption, and 13C and 29Si solid state 

NMR (see Supporting Information). 

Aerosol Synthesis of Mesoporous UKON-2i Nanoparticles: 3.02 g of 1,5-bis-tri(iso- 

propoxysilyl)-benzene-3-sulfonyl chloride (2) (5.14 mmol) were dissolved in 3.35 g EtOH 

and 0.18 g H2O. 2.5 μL HCl (0.1 M) were added (pH= 5.2) dropwise and the solution was 

refluxed at 60 °C for 20 h. The sol was diluted with 7.17 g buffer solution pH= 1.8 (EtOH: 

H2O; 4:1) followed by 0.71 g tetra-butylammonium chloride (2.57 mmol) and 0.66 g Plu-

ronic P123 as surfactant (pH = 2.1). The final reactant mole ratios (prec: EtOH: Bu4NCl: 

H2O: P123) were 1: 44: 10: 0.5: 0.0224. According to the procedure described above the 

spherical mesoporous nanoparticles UKON-2i are obtained by using an aerosol reactor 

(TSI Inc., Model 3076) and collected via a PTFE filter system. The volumetric flow rate is 

1.5 L min-1 and the aerosol was dried at room temperature for 0.7 s followed by heating 

at 500 °C for 25 s. The as received particles are extracted with 15 mL EtOH and 15 mL HCl 

conc. at 60 °C. 

Ion Exchange Capacity: To determine the ion exchange capacity (IEC) of the materials a 

classical titration method was used. A small amount of dried material was suspended in 

0.1 M NaCl solution for 48 h. The remaining solution was titrated with 0.01 M NaOH solu-

tion in order to neutralize the exchanged proton. The IEC was calculated according to: 

  

         ��� = �	�	�
�           (eq. 2)  

V is the titrant volume at the equivalent point in mL; M is the molar concentration of the 

titrant (g mol-1); m is the dried sample weight in g. 

Hammett Acidity: To define the acidity strength of the acidic materials the Hammett acid-

ity method was used. Using UV-vis technique in organic solvents the protonation state of 

suitable indicator dyes with different pKa values was monitored. For this purpose, p-

fluoroanilin (pKa= +2.4; weak acid), anthraquinone (pKa= -8.2), p-fluoronitrobenzene (pKa= 

−12.4), and 2,4-ninitrofluorobenzene(pKa= -14.5) were used. The basic indicators were 

dissolved in dry hexane. The absorbance of the pure, non-protonated form was recorded. 

Then, the solid acids, UKON-2a, UKON-2i, and SiO2 (as reference) were added to the indi-

cator solutions. After stirring for 30 min, the solid materials were centrifugated and the 

absorbance of the supernatant was measured. 



4.1 Publication 1 58 

 

Analytical Characterization: NMR-spectra were acquired on a Bruker Avance III 400 spec-

trometer (CDCl3 as solvent). Solid-state NMR spectra were performed on a Bruker DRX 

400 spectrometer. Using a Bruker Esquire 3000 Plus spectrometer with a flow rate of 1 

μgmL-1 the ESI-MS data were recorded. The SEM images and the EDX data were received 

by a Zeiss 249 CrossBeam 1540XB scanning electron microscope. The Zeiss Libra 120 at 

120 kv acceleration voltage performed the TEM images. FT-IR spectra were recorded by 

using a Perkin Elmer Spectrum 100 spectrometer using ATR unit. Small-angle X-ray scat-

tering (SAXS) measurements were carried out with a Bruker SAXS Nanostar. N2-physisorp-

tions measurements were conducted on a Micromeritics Tristar. Acquiring a Varian Carey 

100 spectrometer the as received UV/VIS spectra were recorded. 

Testing the Inhibition of Bacterial Surface-Colonization: The potential antifouling activity 

of the UKON-2a and UKON-2i nanoparticles was tested using the bacterial biofilm model 

organism Pseudomonas aeruginosa PAO1.118 For surface-colonization inhibition testing, 

the UKON material (suspended in aseptic water) was applied onto blood agar plates 

(Heipha) in form of a circular line, and thereafter, strain PAO1 (10 μl cell suspension of an 

outgrown LB-liquid culture) was inoculated to the plates at the centre of the circle, in or-

der to evaluate for the absence of growth of the bacteria from the inside to the outside 

of the circle during incubation (at 37 °C). 
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Supporting Information 

S-1. Synthetic routes towards the desired sulfonic-acid PMO precursor.  
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S-2. Summary of additional characterization techniques for the sol-gel precursor (2). 

1H-NMR: 

 

13C-NMR: 

 

29Si-NMR: 
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ESI-MS pattern of (2) dissolved in iPrOH/H2O:  

 

 

S-3. Chemical Characterization of UKON-2i 

EDX: 
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XPS:  

 

 

 

 

 

 

 

 

 

S-4. TEM micrograph of an UKON-2i sample prepared using standard conditions.
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S-5. Fragmentation of Pluronic blockcopolymer at acidic conditions in presence of ben-

zene sulfonic acid. 

 

  

Time-dependent 1H-NMR spectrum (ether region): 

 

 

S-6. Analytical data for the UKON-2i PMO material prepared using KLE-25 as a structure 

directing template. 

(a) SAXS pattern (black graph ≅ experimental pattern; grey graph ≅ simulation)  
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(b) TEM micrograph of UKON-2i prepared using KLE as a template. 

 

Model used for the simulation of the SAXS-data: 

The experimental data could be fitted using a lamellar system comprising layers of densely 

packed spheres. The lamellar construction can also be guessed from the TEM images.
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S-7. Selected, additional data for mesoporous nanoparticles containing benzoic acid 

(UKON-2a). 

The UKON-2a PMO material in the form of nanoparticles prepared via aerosol synthesis. 

SEM (a); TEM (b); N2 physisorption analysis (c), isotherm (black graph), BJH pore size dis-

tribution function (≅ grey graph); SAXS pattern (d): 
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29Si- solid state NMR: 

 

13C- solid state NMR: 

 

FT-IR: 
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S-8. Selected, additional data for mesoporous nanoparticles containing aniline (UKON-2d). 

 

SEM (a), TEM (b) and N2 physisorption analysis (c); adsorption branch (≅ squares); desorp-

tion branch (≅ circles); BJH pore size distribution function (≅ grey graph): 

 

SAXS: 
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 13C- solid-state NMR: (* ≅ spinning side bands) 

 

29Si- solid-state NMR: 
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S-9. Selected, additional data for mesoporous nanoparticles containing benzene sulfonic 

acid (UKON-2i). 

N2 physisorption isotherm and BJH pore-size distribution function: 

 

29Si- solid-state NMR: 

 

13C- solid-state NMR: black graph ≅ UKON-2i powder, grey graph ≅ UKON-2i np 
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S-10. Selected data for mesoporous nanoparticles containing bromobenzene (UKON-1). 

N2 physisorption isotherm and BJH pore-size distribution function: 

 

 

 13C- solid-state NMR: 
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S-11. Hammett acidity determination for pure silica and UKON-2a as references. 

Optical absorption spectra: 

 

1-fluoro-aniline (pKa = 2.3) as a base before (black squares) and after treatment with mes-

oporous silica (grey circles), UKON-2a (grey triangles), UKON-2i (black hashes). 

 

Titration of UKON-2a in water and pKa determination. 

Titration curve: 
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Abstract 

A superior degree of functionality in materials can be expected, if two or more operational 

entities are related in a cooperative form. It is obvious that, for this purpose, one is seeking 

materials with complex design comprising bi- or multiple functional groups complement-

ing each other. In the current paper, it is demonstrated that periodically ordered mesopo-

rous organosilicas (PMOs) based on co-condensation of sol-gel precursors with bridging 

phenyl derivatives RF1,2C6H3[Si(OisoPr)3]2 allow for rich opportunities in providing high-sur-

face area materials with such a special chemical architecture. PMOs containing high den-

sity of thiol (≅ RF1) and sulfonic acid units (≅ RF2) were prepared as mesoporous nanopar-

ticles via an aerosol-assisted gas-phase method and were tested for biocidal applications. 

Each of the mentioned organic groups fulfills several tasks at once. The selective function-

alization of thiols located at the surface of the particles using click-chemistry leads to du-

rable grafting on different substrates like glass or stainless steel, and the intraparticle -SH 

groups are important regarding the uptake of metal ions like Ag+ and for immobilization of 

Ag0 nanoparticles inside the pores as an enduring reservoir for antibacterial force. The 

superacidic sulphonic acid groups exhibit a strong and instantaneous biocidal acitivity, and 

they are important for adjusting the Ag+ release rate. Biological studies involving inhibitory 

investigation tests (MIC), fluorescence microscopy (Life/Dead staining) and bacterial ad-

hesion tests with Pseudomonas aeruginosa show that the organobifunctional materials 

present much better performance against biofilm formation compared to materials con-

taining only one of the above mentioned groups. 

 

Introduction 

Surface-colonization and bio-fouling is a significant problem in almost every area where 

wet surfaces stay in contact with micro-organisms. Examples are medical devices, biosen-

sors, the food and shipping industry, to name only a few.1, 2 Due to the negative effects of 

microorganism accumulation and their by-products on surfaces, preventing biofilm for-

mation is an important issue and has attracted great attention.3, 4 Bio-fouling starts with 

non-specific adsorption of cells and their biomolecules on surfaces, leading to initial colo-

nization, and after cell proliferation ends up with highly stable networks of microorgan-

isms embedded in extracellular polymeric substances (slime). Different approaches for 

biofouling prevention have been described in literature.1 One can differentiate between 
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two general strategies: Either preventing the initial cell attachment and formation of bio-

films, or degrading and removing pre-established biofilms.  

A key approach for protecting surfaces against fouling processes is the use of biocidal 

agents. Whereas antibiotics are very powerful, their disadvantage is not only the fast de-

velopment of resistances, but regarding surface protection, they are less suitable because 

of their high price, fast leaching and the resulting short effective period. As an alternative, 

silver cations (Ag+) act as an electron donor blocker, can deactivate biological groups con-

taining oxygen, sulphur or nitrogen, and inhibit the respiratory process in cells.5 Thus, sil-

ver nanoparticles represent one of the most popular antifouling materials these days.6 

They are commonly applied in wound dressings, catheters7 and textiles8. Free, respec-

tively dissolved Ag+ originates from oxidative processes in aqueous media (e.g. caused by 

dissolved oxygen) and therefore silver nanoparticles have been recognized to serve as a 

permanent silver ion source. The mentioned oxidation processes take place on the parti-

cle surface, which explains the fact that nanoparticles ranging from    2- 10 nm show the 

strongest biocidal effect due to their high surface area.9 However, silver nanoparticles are 

also discussed controversially because of the risk for the undesired penetration into the 

human body, where they can be harmful.10 Hence, immobilizing silver nanoparticles on 

surfaces becomes necessary. Embedding silver nanoparticles into polymers,11, 12 fibre 

glasses, hydrogels or immobilization on materials like silica13 or carbon nanotubes14 sup-

port the prevention of exposure to the environment and improves the silver ion release 

control.15  

Mesoporous silica materials also possess a great potential for hosting silver nanoparticles 

by offering a well accessible pore-system and a large internal surface area up to 1000 

m2/g.16, 17 Either pre-made Ag-nanoparticles are infiltrated into the pore-system, or Ag+ 

salts are used, followed by reduction with agents like NaBH4,18 glucose,19 hydrogen13 or 

ascorbic acid.20 The great advantage of the latter approach is the direct synthesis of silver 

nanoparticles inside the pores13 leading to non-blocked pore entrances and a homoge-

nous distribution of silver nanoparticles. Both factors favour the control of biocidal activ-

ity21 as well as the stability of the nanometre sized silver nanoparticles.22 A further ad-

vantage of using nanoporous silica materials is the possibility to prepare hybrid materials 

equipped with a wide range of organic functional groups.23, 24 A nice example demonstrat-

ing the relevance of functional groups at the surfaces was published by Wang and co-

workers, who modified mesoporous silica materials using (3-mercaptopropyl)-trimethox-

ysilane. It was seen that the of organic thiols facilitate the adsorption of silver nanoparti-

cles on the surface.25 
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Organically modified, mesoporous silica materials can be obtained via different methods. 

The so-called grafting (respectively post-modification) and co-condensation routes are 

popular functionalization methods, also because a range of organically modified 

alkoxysilane precursors are commercially available.26 However, the major disadvantage of 

the latter two methods is that the modification degree (max. 25%) is relatively low.27 For 

some applications, a higher degree of organic modification is preferred, and in these cases 

the so-called PMO (≅ periodically ordered mesoporous organosilica) approach seems to 

be more suitable. Porous materials with 100% degree in organic modification can be pre-

pared using special sol-gel precursors containing bridging organic groups, ((R'O)3Si-R-

Si(OR')3).28-32 The reader interested in an overview of the PMO field is referred to one of 

the recent review articles.33-35  In our laboratory we developed the UKON PMO system for 

designing porous materials with tailor-made surface properties.36-44 All UKON materials 

are based on special sol-gel precursors with a bridging phenyl entity modified with several 

functional groups RF in the 3-position of the aromatic ring. Lately we described a PMO 

material containing benzene sulfonic acid functionalities, its superacidic properties, and 

its antibacterial properties.44 However, whereas the biocidal property is very pronounced 

in the beginning, it drops as soon as the proton reservoir of the particles is used up. There-

fore, in the current contribution we introduce the concept that two different biocidal fac-

tors operate in one material system. They should not act independent to each other, but 

a certain degree of cooperativity if desired. For this purpose novel organosilica materials 

are prepared containing two different functional groups R-SO3H and R-SH. In general, 

there exist only few examples for materials comprising two different functional entities, 

which are geared to each other, respectively exhibit cooperative effects with each other. 

In the current case, we expect that each of the functional groups could exhibit two func-

tions. The sulfonic acid will act as the first attack against the bacteria,44 but it could, due 

locally enhanced acid environment inside the pores also influence the dissolution of Ag 

and consequently the release of Ag+ (2 Ag0 + 2 H+ → 2 Ag+ + H2). The thiol group is expected 

to interact with the silver species inside the pores, and it will be facilitated for the immo-

bilization of nano/micro sized PMO particles on relevant surfaces like glass, polymers or 

metals. The described goals will be reached by realizing the following steps: 

- Establishing novel PMO materials with thiol groups. 

- Preparation of bifunctional mesoporous particles containing thiol and sulfonic acid groups. 

- Preparation of Ag-nanoparticles inside the mesoporous, bifunctional PMO particles. 

- Immobilization of the resulting particles on solid surfaces and Biological tests for their antibac-

terial activity. 
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Results and Discussion 

Establishing novel PMO materials with thiol groups 

The first, planned step involves the synthesis of the novel UKON PMO material containing 

thiophenol as a bridging organic function (UKON-2j). For this purpose the corresponding 

sol-gel precursor 1,3-bis-tri(isopropoxysilyl)-thiophenol 3 is required. Starting from com-

pound 1 with bromobenzene as a bridging organic entity (see Scheme 1), lithiation affords 

a stable nucleophile that can be attacked by electrophiles. The introduction of the thiol 

functionality (-SH) can be achieved via the reaction with elemental sulphur, in agreement 

to literature procedures de-

scribing the synthesis of or-

ganic thiols45 (see also the 

experimental part). 

Characterization of com-

pound 3 was done by nu-

clear magnetic resonance 

(NMR) spectroscopy (1H, 

13C, 29Si) and electron-spray 

ionization mass spectrome-

try (ESI-MS); data given in 

the supporting information 

S-1. 

Next, the novel sol-gel pre-

cursor 2 was used for the 

preparation of the UKON-2j 

PMO referring to liquid-

crystal templating procedures reported in the literature (see also the experimental 

part).46, 47 After removal of the template the resulting mesoporous silica material was 

characterized by nitrogen physisorption measurements. Fig. 1 a shows the characteristic 

isotherm and hysteresis curve of the corresponding mesoporous material with a narrow 

pore size distribution. According to the Barret/Joyner/Halenda (BJH)48 evaluation of the 

isotherm data, the material is characterized by an average pore-size of 3.9 nm, and its 

surface area, calculated using Brunauer/Emmet/Teller (BET) method is 450 m2/g. TEM in-

vestigation of UKON-2j demonstrates nicely the high periodic order of the material (Fig. 1 

b). The occurrence of a cylindrical, hexagonally ordered pore system was further secured 

using small angle     X-ray scattering (SAXS) given in S-2. The set of scattering signals at 

 

Scheme 1. Synthesis routes towards the required PMO sol-gel pre-

cursors. 
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q10= 0.56 nm-1, S11= 0.94 nm-1 and S20= 1.12 nm-1 are characteristic for the P6/mm space 

group with a periodicity of 11.2 nm. Together with the pore-size determined from N2 phy-

sisorption it can be concluded that the thickness of the pore-walls is of the order of 7 nm, 

which is in good agreement with TEM 

data (Fig. 1 b). The chemical nature and 

composition of UKON-2j was confirmed 

by a combination of several, independ-

ent analytical techniques (see also S-2). 

The presence of sulphur groups was 

proven by energy dispersive X-ray spec-

troscopy (EDX). The EDX spectrum exhib-

its a Si: S ratio of 2: 1, which precisely cor-

responds to the value corresponding to 

the ideal composition Si2O3(C6H3SH). 13C 

solid state NMR is a useful technique by 

comparing the solid state NMR signals of 

UKON-2j directly to the signals received 

from the precursor 3 in solution. The sig-

nal characteristic for the carbon atom at-

tached to the sulphur appears in the pre-

cursor spectra at a chemical shift of 130 

ppm. Consequently the shoulder ob-

served at 129.92 ppm in the NMR spec-

trum of UKON-2j can be assigned to 

thiol-group.  

The method described so far for the syn-

thesis of mesoporous materials affords 

powders consisting of ill-defined parti-

cles (Fig. 1 b). For the modification of sur-

faces one needs much more defined na-

noparticles, which may be dispersed in a 

medium used for evaporation coating 

methods. Therefore, we transferred a 

process originally published by Brinker et al. for SiO2 particles49 to the UKON-2j system 

presented here.  An aerosol assisted route was used for generating highly porous PMO 

nanoparticles in the range of 100 nm- 1 μm (see S-3a). A mixture of the pre-hydrolysed 

 

Fig. 1. (a) N2 physisorption data (black) with BJH pore 

size distribution of UKON-2j (grey). (b) TEM image of 

hexagonally structured UKON-2j; scale bar= 50 nm. 

(c) TEM image of UKON-2j nanoparticles prepared 

via the aerosol-assisted method; scale bar= 100 nm. 
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precursor 3, an aqueous HCl/ KCl buffer, ethanol and a structure-directing block-copoly-

mer of the Pluronic family (see experimental section) is evaporated via an aerosol gener-

ator. Passing the resulting small droplets of the described sol through a tube oven heated 

at 400 °C ethanol evaporates and increase of the Pluronic concentration takes place, and 

this induces the liquid crystal formation. At the same time the condensation of the PMO 

precursor occurs, and this results into the formation of the mesostructured UKON-2j na-

noparticles. The nanoparticles are collected via a filter system and are finally extracted in 

acidic media. It can be clearly seen from TEM measurements shown in Fig. 1c, that highly 

porous, fairly well structured particles could be obtained. Apart from the difference in the 

degree in periodic ordering (see also SAXS measurements in S-3g), all other analytical 

methods (compiled in S-3) indicate that the particulate material is equivalent to UKON-2j. 

 

Preparation of bifunctional mesoporous particles containing thiol and sul-

fonic acid groups 

 In a previous publication, we were able to show that bifunctional materials containing -

NH and -COOH functionalities could be obtained by co-condensation of the two respective 

PMO UKON precursors.38 Because the two functional systems (-SH (3), see above; -SO3H 

(2)44) are available now, we have prepared a series of materials (see Table 1) differing in 

the relative amount of the thiol functionality.  

Due to a significant difference in 

chemical reactivity of the two pre-

cursors, it was realized that a care-

ful control over hydrolysis kinetics 

(see S-4) is crucial for obtaining 

well-structured and homogenous 

materials with bifunctional charac-

ter. Therefore, the first step in-

volved the pre-hydrolysis of two 

solutions containing the precursors 2 and 3 separately. Combination of those two solu-

tions followed by the addition of an ethanolic buffer containing the structure-directing 

agent. The mixture was then stirred until getting a clear and homogenous solution. Poly-

condensation, ageing and template extraction was performed as described before for the 

monofunctional materials. All materials were investigated using the same set of analytical 

techniques and the relevant data are given in S-5. Successful co-condensation of both pre-

cursors can be confirmed using FT-IR spectroscopy by the increase of the dominating O=S 

Table 1. Overview for materials containing different de-

grees of -SH and -SO3H functionalities. 

sample SH amount/ 

[%] 

surface 

area/ [m2g-1] 

pore size/ 

[nm] 

SH100 (3) 100 450 3.9 

SH50 50 660 3.9 

SO3H100 (2) 0 405 3.5 
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vibration band at 1024 cm-1 characteristic for aromatic sulfonic acids50. Mesoporous or-

ganosilica particles with bifunctional character could also be prepared using the aerosol-

assisted method and the relevant data are given in S-5b. The introduction of the sulfonic 

acid entities clearly shows a significant influence on the structure of PMO materials. The 

strong ionic character of sulfonic acid groups hinders the formation of a very good struc-

turing, when neutral block-copolymer such as Pluronic is used.44 The degree of structural 

order decreases by increasing the amount of sulfonic acid entity as seen from TEM and 

SAXS data. In addition nitrogen physisorption data supports the fact that the pore wall 

thickness as well as the BET surface area decreases with higher percentage of SO3H enti-

ties. 

 

Preparation of Ag-nanoparticles inside the mesoporous, bifunctional PMO 

particles 

Next, the potential of the described materials for the adsorption of Ag+ ions was investi-

gated. The particles were suspended in an aqueous AgNO3 solution and were washed af-

terwards thoroughly with water for removing any non-adsorbed silver ions. The amount 

of Ag+ can be compared for different materials using energy-dispersive X-ray spectroscopy 

(EDX) analysis shown in Fig. 2 a. The spectra for the materials SH100, SH50, SO3H100 are 

shown after normalization to the intensity of the SiKα peak for better comparison. The 

SH100 material binds, as expected, a significant amount of Ag+, indicated by the intense 

signals for AgLα,β. However, it can be seen that also the SO3H100 material leads to a com-

parable Ag+ immobilization. For exclusion that surface OH-groups are responsible for the 

interaction with the metal ions,51 a mesoporous material composed of pure silica was in-

vestigated as well. It can be seen that mesoporous silica is not capable of binding Ag+. 

After washing the AgLα,β signals are missing. Interestingly, the SH50 material shows the 

highest capacity for Ag+ uptake. This fact can be explained by the high BET surface area as 

well as the large pore diameter compared to SH100 (UKON-2j) and SO3H100 (UKON-2i). 

Quantitative evaluation of the EDX data allows to determine the    S: Ag ratio (1: 0.8), and 

this indicates that almost every functional group in SH50 contributes to Ag+ coordination. 

Thermogravimetric anaysis (TGA) was applied as an independent technique for quantify-

ing the uptake of silver (Fig. 2 b). Considering SH50 as an exemplary case, two decompo-

sition steps with maxima at 250 °C and 567 °C can be observed for the starting material. 

After infiltration of Ag+ (≅ Ag+@SH50) the thermal stability of the material has changed. 

Whereas the position of the first step remains unchanged, the second step is shifted t0= 

455 °C and has become narrower. This points to a potential catalytic role of Ag+ during the 
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thermal decomposition of UKON materials. Sim-

ilar observations have been made for SH100 

(UKON-2j) and SO3H100 (UKON-2i); see S-6. 

However, much more direct evidence for the fill-

ing of pores with silver comes from difference in 

remaining mass at the very end of the thermal 

decomposition (47 % for SH50 and 55 % for 

Ag+@SH50). The behaviour regarding the re-

lease of the loaded silica materials is of pivotal 

importance for the anticipated biocidal applica-

tions. The leaching of Ag+ from the loaded mate-

rials was monitored using a silver ion selective 

electrode (AgISE) measurement. Because it was 

already seen that the differing surface area of 

the materials (see Table 1) has an influence, in 

order to achieve comparable data, normaliza-

tion to the specific surface area was done. The 

results are shown in Fig. 2 c for three different 

materials. It can be seen that the equilibrium 

level of Ag+ in solution can be controlled via the 

composition of the (bi-) functional organosilica 

particles. The more thiol groups are present, the 

lower is the equilibrium concentration of silver 

ions. After 9 days EDX spectroscopy (shown in S-

6) shows that the porous particles are still con-

taining significant amount of silver, which means 

that in Fig. 2 c in fact an equilibrium concentra-

tion is shown and not the total release of the 

metal cations from the pore system. This desired 

behaviour is of course due to the interaction of 

the functional surface groups with Ag+.  

Next, ascorbic acid was used as a reducing agent 

for the synthesis of Ag0 nanoparticles inside the 

 

Fig. 2. (a) EDX spectra measured after ad-

sorption of Ag+ in different mesoporous ma-

terials. Red graph≅ SH100; black graph≅ 

SH50; blue graph≅ SO3H100; grey graph≅ 

SiO2. (b) TGA curves for SH50 (black graph) 

and Ag+@SH50 (grey graph). (c) The time 

dependency of the surface normalized re-

lease concentration of silver ions (csurf(Ag+)) 

obtained via ISE measurements for samples 

Ag+@SH100 (squares), Ag+@SH50 (trian-

gles) and Ag+@SO3H100 (circles). 
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pores of the organosilica materials. Again 

SH50 is discussed as an exemplary case a ma-

terial with bifunctional character. It can be 

seen from TEM images given in Fig. 3 a, that 

a large number of nanoparticles with high 

electronic contrast in the size range 5-10 nm 

are now present in the SH50 organosilica 

spheres. Powder X-ray diffraction (given in S-

7) proves that these particles are indeed me-

tallic silver. The size of the Ag0 particles fits 

perfectly to the range needed for biocidal na-

noparticles.9 Additionally N2-physisorption 

data (see S-8) of Ag0@SH50 PMO nanoparti-

cles confirms nicely the presence of porosity 

with a BET surface area of 340 m2/g . A po-

tential biocidal application of the shown par-

ticles implies that sufficient release of Ag+ 

takes place. The mentioned properties were 

studied again using ISE measurements 

shown in Fig. 3 b. Typically, there is a very 

short induction period of only 2 hours, until 

the Ag+ reaches a sufficiently high level.  

 

Immobilization of the resulting particles on solid surfaces 

One of the outstanding characteristics of our bifunctional material is the selective use of 

the thiol functionalities on the outer surface of the particles, which can be used for exter-

nal modifications. In the current work we apply thiol-ene click chemistry 52, 53 for the im-

mobilization of those particles on different surfaces like glass or stainless steel. After fixa-

tion of the particle via UV radiation at 365 nm, we tested the stability of the coating by 

shaking the glass slides for 3 days by 200 rpm in H2O. Scanning electron microscopy images 

were taken before and after the washing process and are shown in    Fig. 4. It can be seen 

that the particle size distribution is polydisperse, which is typical for particles prepared via 

aerosol-assisted methods.54 Nevertheless, the particles have formed a monolayer on the 

substrate, and the film is fairly dense (Fig. 4 a). The film features remain unchanged after 

washing (Fig. 4 b), which demonstrates the effectiveness of the immobilization method. 

 

Fig. 3. (a) TEM micrograph of one Ag0@SH50 

PMO nanoparticle; scalebar≅ 200 nm. (b) Ag+ 

release from Ag0SH50 investigated by ISE meas-

urements. 
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Comparison to analogous experiments using SO3H100 or pure SiO2 particles proves the 

necessity for the thiol functionalities being in place. As expected, neither SO3H100 nor 

SiO2 particles are capable 

for the click-reaction, and as 

a consequence they are 

quantitatively removed 

from the substrate (see S-9). 

The mentioned procedure 

can also be transferred to 

other surface systems such 

as stainless steel, which is 

relevant in marine field (see 

S-10). The procedure estab-

lished before for the synthe-

sis of Ag0 nanoparticles inside the mesoporous organosilica hosts was now adopted for 

the prepared films. TEM measurements show that the loading of SH50 immobilized on 

glass substrates is successful (as an example; see S-11). 

Biological tests for anti-bacterial activity. First, we checked the properties of the different 

particles when being freely suspended in bacterial culture fluid (LB medium), and when 

employing the so-called MIC (minimum inhibitory concentration) test.55 The MIC is de-

fined as the minimum concentration of a biocidal compound/material that inhibits the 

growth of, here, a representative biofilm-forming opportunistic pathogen, the bacterium 

Pseudomonas aeruginosa (strain PAO1). The nutrient broth was supplemented with 

Ag0@SH50 in different concentrations (0.1 - 1 mg particles per mL of culture fluid), inocu-

lated with P. aeruginosa pre-culture (1% v/v), incubated for 24 h (shaking), and evaluated 

for planktonic growth (turbidity) in comparison to untreated controls. The MIC for 

Ag0@SH50 was determined at 0.5-0.25 mg/ml (see S-12), which is a very low value for 

materials based on silver as an biocidal agent.56, 57 Importantly, the MIC for Ag0@SH100 

nanoparticles was significantly higher (>1 mg/ml; see S-11), which nicely demonstrates 

the additional antibacterial influence of the super acidic groups in Ag0@SH50.  

Second, we investigated the effect of the different UKON PMO surface coatings on the 

viability/survival of attached bacterial cells. Therefore, the surfaces were deliberately 

‘contaminated’ with bacteria (Pseudomonas aeruginosa) and afterwards imprinted on nu-

trient agar plates (see Fig. 5) (more details on the experimental procedure are given in the 

experimental section). Pure SiO2 particles exhibited no biocidal performance     (Fig. 5 a) 

and were used as a reference. Only minor colonization was observed for the Ag0@SH100 

 

Fig. 4. SEM images of mesoporous SH50 particles immobilized on 

glass substrates via thiol-ene click chemistry before (a) and after 

washing for three days (b). Scalebars ≅ 5 µm. 
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system (Fig. 5 b), and complete suppression of bacterial growth was seen for Ag0@SH50 

particles (Fig. 5 c). The latter observation arguments clearly for a high antibacterial activity 

and large anti-fouling potential of the materials with bifunctional character (-SO3H + -SH). 

Finally, the fate of P. aeruginosa cells on the glass slides with and without Ag0@SH50 mes-

oporous organosilica particles was investigated by staining and microscopy (Fig. 6). Alive 

and dead bacteria (i.e. bacteria with undisturbed or disturbed membrane integrity, re-

spectively) could be distinguished by 

staining with ‘Live/Dead’ stain in 

combination with fluorescence mi-

croscopy. Two effects were ob-

served. First, the overall density of 

bacteria is much lower for the 

Ag0@SH50 coating   (Fig. 6 b) in com-

parison to the bare glass slide (Fig. 6 

a), which indicates that the bacteria 

could not attach that well to the par-

ticle-coated surface. Second, almost 

all of the few bacteria on the 

Ag0@SH50 film were stained as being dead (Fig. 6 b).  

                      

Fig. 5. Representative illustration of agar plates that were locally inoculated through imprinting a sur-

face-coated glass slide that had deliberately been ‘contaminated’ with bacteria (Pseudomonas aeru-

ginosa), each after 18 h of incubation and in dependence on the surface-coating used. The areas of blue-

green color indicate undisturbed growth of a dense lawn of P. aeruginosa (a); SiO2 particles, control), 

whereat only minor colonization was observed for the imprint of the ‘contaminated’ Ag0@SH100-

coated surface (b), and no growth for the Ag0@SH50-coated surface (c). 

 

Fig. 6. Representative fluorescence microscope images of 

bacterial cells on bare glass slides (a) and on glass slides 

coated with Ag0@SH50 particles (b). Green≅ live-stained 

bacterial cells; red≅ dead-stained bacterial cells. scale 

bar= 20 µm. 
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Conclusion 

The results presented in the current paper can roughly be divided into two parts. First, 

novel mesoporous organosilica materials with a complex structural and chemical archi-

tecture were presented. Then, these materials were developed into effective coatings of 

glass surfaces, and these surfaces tested for their potential as anti-fouling coating. 

A novel periodically ordered mesoporous organosilica material comprising a high density 

of thiol groups (-SH) could be presented. The availability of the thiol groups enables much 

more possibilities than presented in the current paper, for instance for the intra-pore im-

mobilization of species (e.g. enzymes) via disulphide bridges, to name only one example. 

The new organosilica material could not only be prepared in the form of conventional 

powders, but an aerosol-assisted method allowed for the generation of spherical particles 

with mesoporous substructure in the nano/micro-meter range. 

A secondary, superacidic function (-SO3H) with additional biocidal activity was introduced 

by a co-condensation method. Ag0 nanoparticles were produced inside the pores of the 

mesoporous particles as an extra level of chemical hierarchy and an additional source for 

biocidal activity. It could be shown that the presence of the two different functional 

groups at once is not only beneficial but even mandatory for granting an optimum perfor-

mance of the materials. The thiol groups are mandatory for the immobilization of the par-

ticles on different surfaces like glass or stainless steel, and at the same time contribute to 

the Ag+ release behaviour studied by ion-selective electrodes. Via the amount of sulfonic 

acid functionality, one can adjust the release of silver ions, and it grants an instantaneous 

anti-bacterial activity whilst the Ag+ concentration is not yet sufficient. It seems as if the 

presence of both groups exhibits a cooperative effect in the sense that surfaces protected 

by these particles are better protected against colonization by bacteria. 
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Experimental Section  

Materials. Chemicals were received from Sigma-Aldrich and prior to use they were care-

fully purified and dried, when applicable. Glass slides were purchased from Marienfeld; 

15 x 15 mm. Using the Schlenk technique all reactions on the precursor state were per-

formed under inert conditions. The synthesis of 1,3-bis-tri(isopropoxy)silyl-5-bromobenze 

and 3,5-bis-ti(isopropoxy)silylbenzene-3-sulfonyl chloride have been described previ-

ously. For UV irradiation we used a handlamp (Peschl ultraviolet; 250 W) model SwiftCure 

HL-250. Silver ion detection was performed by silver ion selective electrode (Cole Parmer 

combination ion selective electrode Ag+/S2-). 

Synthesis of 1,5-bis-tri(isopropoxysilyl)-benzene-3-thiol (3). To a solution of 1.5 g 1,3-bis-

tri(isopropoxy)silyl-5-bromobenze (2.65 mmol) in 50 mL dry Et2O tBuLi (3.5 mL, 1.5 M, 5.3 

mmol) was added dropwise at -78 °C. The mixture was stirred for 30 min. Then 85 mg of 

S8 (2.65 mmol) was added and stirred for another 30 min at -78 °C. Afterwards the colour-

less solution was warmed up to room temperature and stirred for 1.5 h. Then the reaction 

was hydrolysed with 30 mL of dry isopropanol. After removal of the solvent a yellow oil 

can be obtained. For further purification column chromatography was applied (silica gel 

60; CH2Cl2/ pentane 2/1). Finally 0.65 g (1.25 mmol; 47%) of a colourless oil were obtained. 

1H NMR (400MHz, CDCl3): δ/[ppm]: 1.21 (d, 36H, 3J= 6.1 Hz, iPr-CH3); 3.45 (s, 1H, SH); 4.24 

(sept, 6H, 3J= 6.1 Hz, iPr-CH); 7.62 (m, 2H, o-arom. H); 7.77 (m, 1H, p-arom. H). 13C NMR 

(100.61 MHz, CDCl3): δ/[ppm]: 25.6 (iPr-CH3); 65.6 (iPr-CH); 129.7 (C-SH); 133.5 (Si-arom. 

C); 137.4 (p-arom. C); 138.7 (o-arom. C). 

Preparation of UKON-2j under pH control using buffer systems. A total of 0.4 g of pre-

cursor 3 and 280 mg Pluronic F127 were dissolved in 1.6 g buffer solution (pH 1.9). The 

mixture was prehydrolyzed for 3 h at 60 °C and aged for 7 days at room temperature. 

Afterwards the resulting monolithic pieces were dried at 100 °C for 24 h. The template 

was removed by liquid extraction with 25 mL of ethanol and 25 mL HCl (conc) at 60 °C 

within 2-4 days. 

Preparation of bifunctional PMOs containing thiol and sulfonic acid groups. The materi-

als were prepared similar to the method described for UKON-2j. However after prehydro-

lysing the precursors separately (for precursor 2 :1 h and precursor 3: 3 h the solutions 

were combined and aged for 4 days. Different ratios of the sol-gel precursors 1,5-bis-

tri(isopropoxysilyl)-benzene-3-sulfonyl chloride and 1,5-bis-tri(isopropoxysilyl)-benzene-

3-thiol were used. As structure directing agents are applied Pluronic P123 (for 0.5 mmol 

precursor mixture 260 mg P123 is used) as well as pluronic F127. The composition of the 
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resulting, mesoporous organosilica materialscan be described as UKON (SH-PhSi2O3)1-

x(SO3H-PhSi2O3)x. 

Aerosol synthesis of mesoporous UKON-2j. 2.66 g (5.1 mmol) of 1,5-bis-tri(isopropoxysi-

lyl)-benzene-3-thiol 3 were dissolved in 3.35 g ethanol. 0.18 g H2O and 2 µL HCl (1 M) were 

added dropwise (pH 5.0) and refluxed for 18 h at 60 °C. The sol was diluted with 5 g buffer 

solution pH 1.9 (EtOH: H2O; 4: 1) and 0.6 g Pluronic P123 as surfactant (pH 3). The final 

reactant mole ratios (prec: EtOH: H2O: P123) were 1: 4: 10: 0.0224. The spherical meso-

porous nanoparticles were obtained using an aerosol reactor (TSI Inc., model 3076) at a 

volumetric flow rate of 1.7 L min-1. The aerosol was heated up to 400 °C for 6.2 s and 

finally collected on a PTFE filter (average pore size 450 nm). Template removal was per-

formed by liquid extraction with 15 mL EtOH and 15 mL HCl conc. at 60 °C for 4 days. Full 

characterization occurred via IR, TEM, SAXS, N2 physisorption and solid state NMR (see 

SI). 

Aerosol synthesis of bifunctional mesoporous nanoparticles containing thiol and sul-

fonic acid groups. The materials were prepared similar to the method described for 

UKON-2j nanoparticles. However different ratios of the sol-gel precursors 1,5-bis-tri(iso-

propoxysilyl)-benzene-3-sulfonyl chloride 2 and 1,5-bis-tri(isopropoxysilyl)-benzene-3-

thiol 3 were used. The prehydrolysis step was performed separately. UKON precursor (2) 

was prehydrolyzed for 5 h and precursor (3) for 18 h at 60 °C. The sol was diluted with 

buffer solution (pH 1.9), 0.6 g Pluronic P123 followed by tetra-butylammonium chloride 

(pH 3.1). The final reactant mole ratios (prec: EtOH: H2O: P123: Bu4NCl) were 1: 44: 10: 

0.0224: 0.25. The aerosol synthesis including the parameters: volumetric flow rate of 1.7 

Lmin-1, 400 °C heating temperature and heating time of 6.2 s was performed as described 

for UKON-2j as well as the liquid extraction method. The composition of the resulting, 

mesoporous organosilica nanoparticles can be described as UKON (SH-PhSi2O3)1-x(SO3H-

PhSi2O3)x. 

Silver nanoparticle synthesis on UKON PMO materials and PMO nanoparticles. 0.2 mmol 

of UKON PMO materials or UKON PMO nanoparticles were stirred in 4 mL aqueous AgNO3 

solution (0.1 M) at room temperature for 4 h. Afterwards the materials were intensively 

washed with 20 mL H2O to remove none- coordinated silver ions. Then the Ag+@UKON 

materials were suspended in 70 mL H2O dest. and 4 mL of a freshly prepared solution of 

ascorbic acid (0.005 M) was added dropwise. After 30 min the reaction was completed. 

The Ag0@UKON PMO materials/ Ag0@UKON PMO nanoparticle were centrifugated and 

washed with 50 mL H2O dest. 
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Preparation of UKON nanoparticle coating on glass. Firstly commercial glass slides were 

activated by dipping them into a piranha solution (H2SO4 : H2O2; 2: 1 v/v) for 1 h at room 

temperature. Then the glass slides were rinsed with destilled water and dried at 80 °C for 

4 h. To a 50 vol% solution of allyltrimethoxy silane and dry THF was added 0.4 vol % HCl 

conc. The silane containing solution was spin coated on the glass slide with a speed of 20 

rps and then baked at 150 °C for 3 h. Sequential washing with CH2Cl2, hexane and acetone 

was performed afterwards. Finally the glass slides were dried at 80 °C for 1 h. For the 

nanoparticle coating the as-prepared glass slides were placed in a suspension of UKON 

nanoparticles (10 w %) in isopropanol. Then the solvent was removed at 60 °C under at-

mospheric pressure. Afterwards the glass slides were dried at 80 °C for 2 h. For detailed 

characterization see supporting information. 

Preparation of UKON nanoparticle coating on stainless steel. According to the procedure 

above commerially available stainless steel plates have been modified and coated with 

UKON PMO nanoparticles. Characterization of the coated plates is given in the supporting 

information. 

Immobilization of UKON nanoparticles on glass via click chemistry.  For the click reaction 

the coated glass slides were irradiated for 1 h at 365 nm without further treatments. For 

testing the stability of the coating the glass slides were shaken in H2O dest. for 3 days at 

250 rpm. SEM investigations before and after the shaking process were made. 

Silver nanoparticle synthesis on UKON nanoparticles covalently bound to glass surfaces. 

The materials were prepared according to the method described below. However the par-

ticle coated glass slides were put into 1 mL of aqueous AgNO3 solution (0.1 M) at room 

temperature for 4 h. Then washed with H2O dest.. Finally the slides were transferred into 

5 mL of H2O dest. and shaken at 70 rpm. 0.3 mL of ascorbic acid (o.oo5 M) was added 

dropwise. The reaction mixture was shaken for 30 min at 70 rpm, washed with H2O dest. 

and dried on air. 

Minimum inhibitory concentration (MIC) for UKON np@Ag. 2 mL of aqueous Ag0@UKON 

PMO nanoparticles solution with different concentrations (1, 0.75, 0.5, 0.25, 1 mg/mL) 

were added to 2 mL bacteria suspensions of Pseudomonas aeruginosa (concentrations 5 

x 109 CFU/mL). The mixture was incubated at 37 °C for 24 h with shaking speed of 200 

rpm. The turbidities of bacteria were observed after 24 h and the minimal concentration 

of Ag0@UKON PMO nanoparticle in the tube remaining clear is MIC. The MIC experiment 

was performed with Ag0@SH50 PMO nanoparticle and Ag0@SH100 PMO nanoparticle.  

Bacterial survival test. The prepared Ag0@UKON PMO nanoparticle films on microscope 

glass slides, as well as pure, uncoated glass slides, were sterilized via UV irradiation for 15 
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min. Then, a 20-μL portion of Pseudomonas aeruginosa PAO1 cell suspension (app. 5 x 109 

CFU/mL) was placed on each film. After incubation for 2 h at room temperature and rins-

ing with 1 mL sterile H2O, the slides were placed on nutrient agar plates (LB medium) with 

the bacterial-contamination side down for further 30 min. Then the slides were removed 

and the agar dishes incubated for 18 h at 30 °C, and evaluated for formation of a homog-

enous bacterial lawn in dependence of the surface coating used. 

Live/Dead staining and fluorescence microscopy. Ag0@UKON PMO nanoparticle films on 

microscope glass slides were sterilized by UV irradiation and then ‘contaminated’ (inocu-

lated) with Pseudomonas aeruginosa as described above. Live/Dead staining of attached 

bacteria was done following the manufacturer’s instructions (LIVE/DEAD® BacLight™ Bac-

terial Viability Kit for microscopy, Life Technologies), and the stained cells were visualized 

under a fluorescence microscope equipped with the appropriate filter sets. 
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Supporting Information 

S-1. Characterization of the novel PMO precursor 3 1,3-bis-tri(isopropoxysilyl)-thiophe-

nol. 

1 H NMR in CDCl3 

 

 

13C NMR in CDCl3 

 

29 Si NMR in CDCl3 
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ESI-MS data 

 

 

 

 

S-2. Additional analytical data for the novel PMO material UKON-2j. 

SAXS  

 

 

 

 

 

 

Black: Experimental data and Grey: Simulated spectrum for 1,3-bis-tri(isopropoxysilyl)-

thiophenol 3 
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EDX data 

 

29Si MAS NMR 

 
13C MAS NMR 
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S-3. Collected data for UKON-2j nanoparticles prepared via the aerosol-assisted route. 

(a) Experimental set-up used for the EISA preparation of mesoporous particles of the 

UKON-type. 

 

 

 

 

(b) N2 physisorption data of UKON-SH np; BET 670m2/g; pore diameter: 3.4 nm. 
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(c) TEM data of UKON-2j np; scale bar= 100 nm 

 

 

 

(d) SEM data of UKON-2j; scale bar= 1µm 
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(e) IR data of UKON-2j np 

 

 

(f) EDX data of UKON-2j np: Si:S 2:1 

 

(g) SAXS data of UKON-2j np 
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(h) 29Si- solid state NMR data of UKON-2j np 

 

 

S-4. Investigation of the pre-hydrolysis using NMR spectroscopy. 

1 H NMR data in MeOD of 1,5-bis-tri(isopropoxysilyl)-thiophenol 3 

 

Black: before hydrolysis 

Grey: after 3 h of hydrolysis 
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1 H NMR data in MeOD of 1,5-bis-tri(isopropoxysilyl)-benzene-3-sulfonyl chloride 2 

 

Black: before hydrolysisin MeOD ( MeOD hydrolyzed compound 2 within minutes!) 

Grey: after 10 min of hydrolysis 

 

S-5. Collected analytical data for bifunctional, mesoporous organosilica materials. 

(a) PMO materials in powder form. 

TEM data of UKON (SH-PhSi2O3)0.5(SO3H-PhSi2O3)0.5 

 

 



4.2 Publication 2 102 

FT-IR data of UKON (SH-PhSi2O3)0.5(SO3H-PhSi2O3)0.5 

 

Black: UKON-2j np 

Light grey: UKON-2i np 

Dark grey: of UKON (SH-PhSi2O3)0.5(SO3H-PhSi2O3)0.5 

SAXS data  

UKON (SH-PhSi2O3)1-x(SO3H-PhSi2O3)x synthesized with Pluronic P123 

 

(a) UKON-2j 

(b) UKON (SH-PhSi2O3)0.75(SO3H-PhSi2O3)0.25 

(c) UKON (SH-PhSi2O3)0.5(SO3H-PhSi2O3)0.5 

(d) UKON (SH-PhSi2O3)0.25(SO3H-PhSi2O3)0.75 

(e) UKON-2i 
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UKON (SH-PhSi2O3)1-x(SO3H-PhSi2O3)x synthesized with Pluronic F127 

 

(a) UKON-2j 

(b) UKON (SH-PhSi2O3)0.75(SO3H-PhSi2O3)0.25 

(c) UKON (SH-PhSi2O3)0.5(SO3H-PhSi2O3)0.5 

(d) UKON (SH-PhSi2O3)0.25(SO3H-PhSi2O3)0.75 

(e) UKON-2i 

 

 

N2 physisorption  

UKON (SH-PhSi2O3)1-x(SO3H-PhSi2O3)x synthesized with Pluronic P123 

 

(a) UKON (SH-PhSi2O3)0.75(SO3H-PhSi2O3)0.25 

(b) UKON (SH-PhSi2O3)0.5(SO3H-PhSi2O3)0.5 

(c) UKON (SH-PhSi2O3)0.25(SO3H-PhSi2O3)0.75 
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UKON (SH-PhSi2O3)1-x(SO3H-PhSi2O3)x synthesized with Pluronic F127 

 

(a) UKON (SH-PhSi2O3)0.75(SO3H-PhSi2O3)0.25 

(b) UKON (SH-PhSi2O3)0.5(SO3H-PhSi2O3)0.5 

(c) UKON (SH-PhSi2O3)0.25(SO3H-PhSi2O3)0.75 

 

 

EDX of bifunctional PMO: 

 
UKON (SH-PhSi2O3)0.75(SO3H-PhSi2O3)0.25 (light grey)  Si:S 2:1 

UKON (SH-PhSi2O3)0.5(SO3H-PhSi2O3)0.5 (grey)   Si:S 2:1.1 

UKON (SH-PhSi2O3)0.25(SO3H-PhSi2O3)0.75 (black)  Si:S 2:0.9 
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(b) Nanoparticles obtained via the aerosol approach. 

SH100 material (UKON-2j): see S-3 

SH50 material:  

N2
 physisorption data: BET 350 m2/g; pore diameter: 8.6 nm 

 

 

 

TEM data; scale bar= 100 nm 
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29Si- solid state NMR  

 

 

 

 

SO3H100 material (UKON-2i):44 

TEM 
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N2 physisorption isotherm and BJH pore-size distribution function: 

 

29Si- solid state NMR: 

 

13C- solid state NMR: black graph ≅ UKON-2i powder/grey graph ≅ UKON-2i nanoparti-

cles 
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S-6. Silver ion Ag+ loading and release. 

TGA UKON-2i np  

UKON-2i (black) remaining mass 45%  

UKON-2i @Ag+ (grey) remaining mass 55% 

 

 

TGA UKON-2j np 

UKON-2j (black) remaining mass 52% vs 

UKON-2j @Ag+ (grey) remaining mass 61% 
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Table of Ag+ content on different PMO materials 

 

EDX of bifunctional PMO hosting Ag+: 

EDX spectra after adsorption of Ag+ in different mesoporous materials: stirring in water 

for 9   

 

red graphj ≅ Ag+ @ UKON-2j  

black graph ≅ Ag+ @ SH50  

blue graph ≅ Ag+ @ UKON-2i 

 

 

 

 

SH/ [%] SO3H/ 

[%] 

S: Ag 

day 0 

S: Ag 

day 5 

Ag re-

lease via 

EDX/ [%] 

Ag release 

via ISE/ 

[mg/l*m2] 

100 

 

0 1: 0.9 1: 0.8 22 0.2 

75 25 1: 0.65 1: 0.35 56 0.03 

50 50 1: 0.6 1: 0.3 50 1.8 

25 75 1: 0.8 1: 0.3 63 2.5 

0 100 1: 0.95 1: 0.1 90 12.04 
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S-7. PXRD measurement of Ag0@SH50 

 

black graph ≅ experimental pattern (background corrected) 

grey bars ≅ diffraction signals expected for metallic silver (Ag0) 

The broad signal at 32° 2θ originates from the amorphous organosilica matrix. 

 

 

S-8. N2 physisorption data of Ag0@ UKON-SH np; BET 340m2/g; pore diameter: 2.4 nm. 
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S-9. SEM data for immobilization experiments on glass surfaces (reference systems). 

SO3H100 before washing; scale bar= 10 µm 

 

 

SO3H100 after washing; scale bar= 10 µm 
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SiO2 particles before washing; scale bar= 2 µm 

 

 

SiO2 particles after washing; scale bar= 2 µm 
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S-10. SEM/EDX data for immobilization of SH50 particles on stainless steel surfaces. 

 

  

F

S O 

C

C S 
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S-11. TEM micrograph of surface immobilized SH50 nanoparticles loaded with Ag0 nano-

crystals scale bar= 100 nm 

 

 

S-12. Biological experiments. Pictures of MIC test  

Ag0@SH50 nanoparticles 

 

Ag0@SH100 nanoparticle 
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Abstract 

Colonization of surfaces by microorganisms is an urging problem. In combination with the 

increasing antibiotic resistance of pathogenic bacteria, severe infections are reported 

more and more frequently in medical settings. Therefore, there is a large demand to ex-

plore innovative surface coatings that provide intrinsic and highly effective antibacterial 

activity. Materials containing silver nanoparticles have been developed in the past for this 

purpose, but this solution has come into criticism due to various disadvantages like nota-

ble toxicity against higher organisms, the high price and low abundance of silver. Here, we 

introduce a new, sunlight-mediated organosilica nanoparticle (NP) system based on silver-

free antibacterial activity. The simultaneous release of nitric oxide (NO) in combination 

with singlet oxygen and superoxide radicals (O2
.-) as reactive oxygen species (ROS) leads 

to the emergence of highly reactive peroxynitrite molecules with significantly enhanced 

biocidal activity. This special cooperative effect can only be realized, if the ROS-producing 

moieties and the functional entities releasing NO are spatially separated from each other. 

In one type of particles Rose Bengal as an efficient singlet oxygen (1O2) producer was co-

valently bound to SH functionalities applying thiol-ene click chemistry. "Charging" the sec-

ond type of particles with NO was realized by quantitatively transferring the thiol groups 

into S-nitrosothiol functionalities. We probed the oxidation power of ROS-NP alone and 

in combination with NO-NP using sunlight as a trigger. The high antibacterial efficiency of 

dual-action nanoparticles was demonstrated using disinfection assays with the patho-

genic bacterium Pseudomonas aeruginosa. 

 

Introduction 

Pathogenic microorganism are the second largest cause of death worldwide with 17 mil-

lion annual victims.1 In particular colonization of bacteria on surfaces in medical facilities 

and accidental infections represents a severely increasing problem. In order to address 

this issue, two main strategies currently exist. Considerable effort is made to either inac-

tivate the pathogenic microorganisms or kill them, e.g. by application of new types of an-

tibiotics.2, 3 A second strategy for controlling pathogenic infections is by means of prevent-

ing the settlement, growth and colonization of microorganism on bio-relevant surfaces.3-

5 Systems based on silver nanoparticles still represent the most popular antibacterial 

agent platform,6 but there are serious reasons, why there is a need for alternatives. Be-

sides the antibacterial activity of silver, it shows unacceptable toxic effects on human 

health (argyria) and environment.7 With a natural abundance in the earth crust of only 
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0.075 ppm it belongs to the rare elements, which aggravates its application in mass tech-

nology. A promising alternative for antibacterial surface protection was introduced very 

recently: Photodynamic therapy (APDT).8 This unique approach is based on the use of 

photoactive substances, respectively photosensitizers (PS), which by absorbing visible 

light lead to the generation of reactive oxygen species (ROS) like hydrogen peroxide, hy-

droxyl radicals, superoxide radicals or singlet oxygen.9 These reactive states of oxygen re-

act with a large number of biological substrates like DNA, RNA and proteins.10 The conse-

quence is harmful damage to the cell membrane and cellular walls, finally ending up in 

cell death.  

The efficiency of APDT strongly depends on the quality of the applied PS. A high absorp-

tion coefficient, high photo-stability and no toxicity in the dark characterize an efficient 

aPDT-PS.11 Rose Bengal (RB) is known as an excellent PS as its absorption bands are lo-

cated in the visible range between 480- 550 nm and its singlet oxygen production yield is 

very high (Φ(1O2) = 0.75).11, 12 Via incorporation of RB in materials like polymers13, metals14 

or silica11, 15 its photo-stability can increase tremendously.16 Regarding NO storage, the 

work of Schoenfisch et al. on different NO donors covalently bound to surfaces is worth 

mentioning.17-19 

Recent reports show that mesoporous silica nanoparticles (MSN) possess a vast potential 

for applications in biological systems,20 which is attributed to their very high internal sur-

face area (1500 m2/g) as well as their potential of being modified with a broad range of 

organic functionalities.21 By grafting or co-condensation a variety of organic entities can 

be introduced, and the reader is referred to the recent review articles covering this field.22, 

23 Materials with much higher degree of organic functionalization (up to 100 %), so-called 

PMOs (periodically mesoporous organosilica) can be obtained, when special sol-gel pre-

cursors with bridging organic groups ((R'O)3Si-R-Si(OR')3) are used.24-27 Unfortunately, the 

number of examples of MSNs of the PMO type is very low and restricted to precursors of 

very limited chemical functionality.28, 29 Therefore, it is highly desirable to produce PMO-

MSNs containing functional groups in the materials.30 To address this issue we recently 

presented organosilica materials with bridging, functionalized phenyl derivatives, the so-

called UKON materials.31-35 The materials were also tested concerning their potential for 

antibacterial applications.36, 37 In this context we showed that     100 % functionalization 

is indispensable to prevent fouling. 

The limitation of all systems presented in literature until now is the low density of func-

tional groups, which are capable of covalently binding photosensitizers as well as NO. 

Hence, it can be expected that the application of the PMO technology to this field would 
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be very beneficial, and in particular PMO-MSNs with thiol groups38 are promising candi-

dates for the incorporation of ROS- and NO- functions.39-41 Therefore, our research pro-

gram for the current paper is defined as follows: Our first goal was to establish the Stoeber 

method for the generation of thiol-containing PMO-MSNs. Then, we wanted to study the 

modification of these novel PMO particles with ROS-producing and NO-binding function-

alities and characterize their photochemical properties. However, an even more challeng-

ing goal should be realized. We want to explore potential cooperative effects resulting 

from the combination of the two mentioned functional entities. 

 

Results and Discussion 

Preparation of thiol functionalized PMO nanoparticles via a modified Stoe-

ber method. 

In our previous study, the synthesis of highly porous thiol PMO nanoparticles in the range 

of 100 nm – 1 µm was performed by an aerosol-assisted route using a novel sol-gel pre-

cursor ((PrOi)3Si)2PhSH (1).42 Similar to the results of Brinker et al., who have originally 

introduced the spray method for mesoporous particles made of pure silica, there is an 

enormous polydispersity regarding particle size.43 Without further fractionation it is very 

difficult to prepare homogeneous nanoparticle films, and further disadvantages of the 

method are that the overall yield of particles is low. Redispersing the particles in water is 

hard due to reduced colloidal stability. These problems do not occur for mesoporous silica 

particles prepared from solution via a modified Stoeber method, as for instance nicely 

shown by Bein et al.44  Therefore, it would be highly desirable to adapt the Stoeber 

method for the preparation of thiol-containing PMO nanoparticles.45 The modified Stoe-

ber process reported in the literature, using a single surfactant as a structure directing 

agent,46 was adapted using (1) as a PMO precursor. Unfortunately, none of the literature 

procedures could be used for the successful preparation of PMO-MSNs, which is com-

pared to TEOS presumably due to the altered hydrolysis rates of the isopropoxysilyl 

groups in (1) and differences in polarity because of the slightly hydrophobic character of 

the thiophenyl group. Cetlytrimethylammonium bromide (CTAB) as a surfactant leads to 

a polydisperse sample of spherical particles, but neither via transmission electron micros-

copy (TEM) nor N2-physisorption measurements, any porosity could be detected; see sup-

porting information (SI) S-1a. Some porous structures with ill-defined pore-systems and 

ill-defined particles could be obtained, when using the non-ionic Brij-56 surfactant (see SI 

S-1b). Consequently, an adjustment of the Stoeber process is necessary, and finally a two-
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step, two surfactant strategy was successful. In the first step the precursor (1) is hydro-

lyzed in an acidic isopropanol/water solution (pH= 1.5) by heating for several hours. Then, 

the warm solution was poured into a buffered surfactant containing solution and aged for 

5 days. Interestingly, already a very low amount of CTAB has a significant effect. Formation 

of some spherical particles (see SI S-2a) with internal cavities occurs. The latter results 

indicate that CTAB is mainly responsible for 

the stabilization of the growing, colloidal par-

ticles. The CTAB to Brij ratio was optimized to 

2.6. The entire organosilica material is pre-

sent in the form of particles having the de-

sired meso-structure seen in TEM (see also SI 

S-2b). The latter experiments indicate how 

complex it is to establish an adequate synthe-

sis for PMO nanoparticles. The structure di-

recting agent was removed via liquid-liquid 

extraction and the resulting, porous particles 

(UKON-2jNP) were characterized in further 

detail. The data are summarized in Fig. 1 and 

SI S-3. Nanoparticles with diameters between 

70-120 nm are present with a fairly narrow 

the size-distribution function as also seen 

from scanning electron microscopy (SEM) im-

ages (SI S-3a) and dynamic light scattering 

(DLS) data (Fig. 1c). The particles form stable 

dispersions in water (SI S-3b). The high poros-

ity of the nanoparticles is nicely demon-

strated in TEM (Fig. 1a). However, compared 

to other materials prepared using CTAB or 

Brij-56, which have pore-sizes in the range ≈ 

3 nm,47, 48 we find that the pores of our mate-

rial are smaller (Dpore ≈ 2 nm). This is sup-

ported by N2-physisorption measurements 

given in SI S-3c. The isotherm is in agreement 

with the so-called supermicroporous regime 

with pore-sizes in the range 1.5 – 2 nm. In ad-

dition, in small angle X-ray scattering (SAXS) 

 

Fig 1. (a) TEM image of UKON-2j nanoparticles 

prepared via a modified Stoeber process; scale 

bar= 50 nm; (b) Small-angle X-ray scattering 

(SAXS) data of UKON-2j nanoparticles; (c) dy-

namic light scattering analysis of colloidal stable 

UKON-2j nanoparticle solution. 
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(Fig. 1b) one sees a signal at q = 2.08 nm-1, which corresponds to a value for the pore-to-

pore distance of only 3.1 nm. We assume that the hydrolyzed form of the precursor (1) 

might have slight amphiphilic properties, and that this could influence the hydrophilic-

hydrophobic balance of the liquid crystalline structure necessary for the formation of the 

pores. However, a large advantage of the small pores combined with the high porosity is 

that the material is characterized by an extraordinarily high internal surface area (ABET = 

1400 m2/g). The chemical composition of the nanoporous UKON-2j particles was deter-

mined by a combination of methods (see SI S-3), also solid-state NMR. The Si to S ratio, 

detected via EDX measurements (SI S-3d), fits perfectly to the value expected for UKON-

2j (2:1) and also the FT-IR spectrum is in full agreement to UKON-2j.42 The amount of 

chemically accessible thiol groups in UKON-2jNP is determined by using the so-called 

Ellman assay protocol. In a typical reaction the Ellman reagent (5,5’-dithiobis-(2-nitroben-

zoic acid)) reacts with free thiol functionalities by cleaving its disulfide bond to give 2-

nitro-5-thiobenzoate (TNB), which has a yellow color. Quantification of TNB is performed 

by UV/VIS measurements and Beer-Lamberts law (ε(TNB)= 1.415×104 M-1cm-1). As a result 

(see also SI S-4), we can 

conclude that   78 % of all 

thiol groups in the mate-

rial are accessible and 

available for further 

chemical modification. 

One can now proceed to 

attach the desired func-

tional entities as shown in 

Scheme 1. Nitric oxide 

should be immobilized via 

S-nitrosothiol groups 

(leading to the material 

UKON-2jNO), and the 

ROS producing photosen-

sitizer Rose Bengal will be 

attached via thiol-ene 

click-chemistry (UKON-

2jRB). 

 

 

Scheme 1. Schematic representation for the preparation of NO and ROS 

releasing materials. The thiol containing mesoporous nanoparticles 

(UKON-2j) are prepared using the corresponding SH precursor in a 

modified Stoeber process. Post-functionalization of UKON-2j nanopar-

ticles occurs via thiol-ene click reaction for Rose Bengal containing na-

noparticles (UKON-2jRB). NO storage is achieved via S-nitrosothiol en-

tities (UKON-2jNO). At the bottom the combination of both types of 

nanoparticle is shown, resulting in the material UKON-2jRBxNO1-x, 

which can release NO and ROS simultaneously. 
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S-nitrosothiol modification on UKON-2j nanoparticles 

The conversion of UKON-2j to UKON-2jNO 

(see scheme 1) can be achieved very easily 

via the reaction of the thiol groups with 

NaNO2 in acidic solution. Fig. 2 a represents 

the UV/VIS data for the Ellmans experiment 

before and after loading with NO species. 

Within 4h less than 5 % of free thiol func-

tionalities in UKON-2jNP remain. Compared 

to the starting material UKON-2j a new 

band in FT-IR appears at 1632 cm-1 (see SI S-

5). This band can be assigned to the N= O 

stretching vibration of the SNO entities. El-

emental analysis of UKON-2jNO shows that 

the ratio of S: N is 1: 0.7, which is very close 

to the maximum of chemically accessible 

thiol functions. Because the activation en-

ergy needed for the homolytic dissociation 

of the S-NO bond is moderate with around 

150 kJ/mol), depending on the organic rest 

attached to the sulfur atom, different 

routes have been established in literature 

for its cleavage: Thermal, catalyzed by cop-

per or triggered by light.49 By far the fastest 

and most effective way to set the NO radical 

free is the use of light.50 Compared to the 

unmodified thiol, the HOMO-LUMO absorp-

tion band is shifted to the VIS spectral re-

gion.49 Absorption of light leads to the pop-

ulation of antibonding σ* orbitals, bond or-

der decreases leading to dissociation and 

release of NO radicals.51 

Therefore, the next important question is, if 

NO can also be released from UKON-2jNO 

by light. For testing we used a solar-simula-

tor (AM-1.5) to mimic natural light. Due to 

 

Fig 2. (a) UV/VIS spectra of Ellmans reagent before 

(grey bars) and after (black, solid curve) NO binding 

on UKON-2jNP. (b) EPR spectra of solutions con-

taining PBN- radicals resulting from the light-in-

duced release of NO from UKON-2jNO irradiated 

for different time (orange curve: t = 15 min; black 

curve: t = 45 min; blue curve: t = 75 min; rose curve: 

t = 120 min). (c) Comparison of NO release induced 

by sunlight exposure (black triangles) and temper-

ature (35 °C; orange circles); data obtained from 

UV/VIS measurements via Griess assay.  
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the paramagnetic character of NO, its formation can be traced using electron spin reso-

nance (EPR) spectroscopy. The EPR experiment has been performed under physiological 

conditions to gather information about the real-time NO release relevant for the biologi-

cal tests described further below. Because NO is very reactive with a short life-span, phe-

nylbutylnitrone (PBN) has been used as a spin trap molecule. After the reaction with NO 

a group of signals can be observed as a function of time.52 Fig. 2 b illustrates the time-

dependent evolution of this signal. With increasing light exposure time one observes, that 

the intensity of the EPR increases as well.  

The NO release can be quantified more precisely using the Griess assay protocol.53 The 

Griess reagent reacts with NO2
-, which is the major product of nitric oxide deactivation in 

aqueous solutions. The resulting coloration is quantified using UV/VIS spectroscopy and 

one can conclude about the initial concentration of NO (see also SI S-6). Using UKON-2jNO 

nanoparticles, a slight modification has to be made, which is described in detail in the 

experimental section. Our investigations (Fig. 2 c) confirm the results obtained from EPR 

measurements. The UKON-2jNO material is activated effectively by light, accompanied by 

a release of NO. NO release is most pronounced during the first hours of irradiation. This 

is also the most relevant period regarding microbial attachment and initial growth on sur-

faces. The high concentration of biocidal NO at the beginning guarantees an effective ini-

tial attack on microorganism. Compared to the light induced NO release, the temperature 

controlled (T = 35 °C; physiological conditions) pathway is much slower (see Fig. 2 c). How-

ever, the latter experiments underline that the NO release can be tuned with high preci-

sion using a combination of light intensity and temperature. 

The regeneration of UKON-2jNO material regarding is another important issue. Disulfide 

bridges (→ UKON-2jSS) resulting from the liberation of NO from the nitrosothiol groups 

in UKON-2jNO (see Fig. 3 a)54 can be converted back to -SH (→ UKON-2j2) using Clelands 

reagent.55 We monitored the cycle of NO release, S-S cleavage and NO loading by detec-

tion of free SH groups employing the previously discussed Ellman assay. Fig. 3 b shows the 

corresponding UV/VIS spectra in presence of the different materials. The graphs for 

UKON-2j, which is a colorless powder (Fig. 3 b), and UKON-2jNO (green colored solid) are 

shown again for better comparison. As a consequence of NO binding the color of UKON-

2j has changed from white to brown resulting in UKON-2jNO. After the light-triggered NO 

release the color of the resulting material UKON-2jSS is light yellow (UV/VIS data shown 

in SI S-7), whereas the Ellmann assay documents that there is the same, limited number 

of residual SH groups present compared to UKON-2jNO (Fig. 3b). Then, after reaction with 
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Clelands reagent, the color of UKON-2j2 as well as the capacity of free thiols is almost 

identical to UKON-2j, which illustrates the high reversibility. 

 

Rose Bengal modification of UKON-2j nanoparticles via thiol-ene click 

chemistry  

The thiol-ene click reaction offers a fast and effective tool to connect sp2 hybridized car-

bon compounds to SH residues by simply using light irradiation or heat.56 For surface-

attachment of Rose Bengal, it was modified with a 4-vinyl-phenyl (VB-RB)57 group (data 

given in SI S-8) and then reacted with UKON-2jNP. After extensive washing for assuring 

that only covalently linked RB molecules are detected, UV/VIS measurements were per-

formed (see Fig. 4 a). Optical properties of PMO materials can be analyzed very well by a 

method developed by us and described in a different paper.35 The UV/VIS spectrum of VB-

RB is shown as a reference comprising characteristic signals at λmax = 545 nm and a shoul-

der at 513 nm. Because UKON-2jRB has the same spectral signature, it can be concluded 

that the Rose Bengal dye is still intact after immobilization and covalent linkage to the 

thiol groups. According to thermogravimetric analysis data (TGA) seen in Fig. 4 b, 10 % RB 

could be bound on UKON-2j nanoparticles. This value is very high compared to other ex-

amples for surface-bound RB (≈ 0.03 g RB per g material = 3 %).58 The high modification 

degree is additionally confirmed by energy dispersive x-ray spectroscopic data (see SI S-

9a). However, it needs to be noted that the observed RB content is still lower, compared 

 

Figure 3. (a) Illustration of recycling UKON-2j for repeated NO loading and release. (b) UV/VIS data of 

Ellmans assay and photographic images of UKON-2j (black circles), UKON-2jNO (green squares), UKON-

2jSS (blue squares) and UKON-2j2 (orange triangles). 
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to the quantitative conversion of all thiol 

functions present in UKON-2j. Because the 

size of RB can be estimated to be 1.3 nm,59 

which is only slightly smaller than the pore-

size      (≈2 nm), a possibility is that RB 

bound near the exterior surface of the mes-

oporous particle aggravates diffusion of ad-

ditional dye deeper into the particle. Alt-

hough the wormhole pore-system with 

highly interconnected pores     (Fig. 2) is fa-

vorable, the described pore-blocking effect 

cannot be excluded, and there is a remark-

able effect on the porosity of the material 

when RB is immobilized. The corresponding 

N2-physisorption isotherms are shown in 

Fig. 4c. The adsorbed volume is shifted to 

lower values and also the specific surface 

area (800 m2/g) is reduced. The pore-sys-

tem has not been altered by the modifica-

tion with RB proven by TEM and SAXS 

measurements, in which UKON-2jRB (S-

9b,c) is identical to UKON-2j (Fig. 1a,b).  

The disadvantage of free RB is its reduced 

photo-stability (see Fig. 4 d), concluded 

from time-dependent UV/VIS measure-

ments after defined periods of UV light ir-

radiation (see SI S-10). The covalent binding 

of RB on UKON-2jNP nanoparticles extends 

its lifetime significantly and suppresses the 

self-quenching effect of the dye, resulting 

from dye*-dye intermolecular reactions 

which occurs when the distance between 

two RB molecules is short enough.60  The 

capability of UKON-2jRB for ROS produc-

tion can be monitored quantitatively using 

the uric acid degradation (UAD) assay.61 

Fig 4. (a) UV/VIS data of pure VB-RB (black curve) as 

a reference and UKON-2jRB (orange curve). (b) TGA 

data of UKON-2j (black curve) and UKON-2jRB (or-

ange curve). (c) N2-physisorption data of UKON-2j 

nanoparticles (black curve) having the BET surface 

area of 1400 m2/g and Rose Bengal hosting UKON-

2jRB nanoparticles (orange curve) with BET surface 

area of 800 m2/g. (d) Photo-stability of molecular RB 

as a reference (black squares) and immobilized in 

UKON-2jRB (orange triangles) as a function of time. 
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Uric acid is one of the most important, water soluble antioxidants which scavenges oxi-

dants like singlet oxygen, nitric oxides and peroxynitrites.62 Its absorption maximum is lo-

cated at 293 nm and can be monitored by UV/VIS spectroscopy. SI S-11 presents the set 

of UV/VIS data after sunlight exposure for different time periods. The presence of UKON-

2jRB nanoparticles in the UA solution leads to complete disappearance of the uric acid 

signal after 10 min of irradiation with visible light. Rossi et al. introduced the concept of 

1O2 delivery efficiency η expressed by equation 1:63-65 

η (RB-mat)= Φ 1O2 
�(��)

�(������)
            (eq 1) 

where t(RB) is the time for the decrease in absorption of uric acid in the present of free 

RB in a aqueous solution (data given in S-10a, b); t(RB-mat) is the time for the decrease in 

absorption of UA in the presence of immobilized RB on a material in a aqueous solution 

(data given in SI S-11) and Φ is the singlet oxygen quantum yield of RB in a aqueous solu-

tion (Φ= 0.75). This equation takes into account an irradiation wavelength of           540 

nm (λmax(RB)). For UKON-2jRB nanoparticles the 1O2 delivery efficiency η was calculated 

considering sunlight with the emission spectra of a solar-simulator (AM-1.5). The resulting 

1O2 delivery efficiency value (η= 0.68) is in the range of the singlet oxygen quantum yield 

of RB, which is remarkable considering the fact that in our system sunlight is used.  

 

Binary nanoparticle system and synergistic effects  

Initially a 50:50 mixture UKON-2jNO and UKON-2jRB was explored, and the composite 

sample is denoted as UKON-2jRB0.5NO0.5. Fig. 5 a summarizes the ROS reaction rate (de-

termined via the aforementioned procedures) for the latter material and compares it to 

the results of the isolated constituents UKON-2jRB and UKON-2jNO. A cooperative effect 

between UKON-2jRB and UKON-2jNO is clearly observed, which extends beyond a simple 

superposition of the two systems. Although there is less of the ROS producing UKON-2jRB 

in the composite, sunlight exposure of UKON-2jRB0.5NO0.5 leads to a significantly faster 

uric acid degradation compared to UKON-2jRB alone. As it is irrational that more ROS spe-

cies are produced by UKON-2jRB0.5NO0.5, a more effective species compared to the iso-

lated systems must be generated. Superoxide O2
.-, resulting from UKON-2jRB, can react 

with NO released from UKON-2jNO resulting in the peroxynitrite ion (ONOO-).66 For more 
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specific peroxynitrite detection we used 

dihydrorhodamine 123 (DHR) as a non-flu-

orescent molecule, which by oxidation 

forms rhodamine 123 (RH)                          

(λabs= 505 nm).67 Fig. 5 c shows the results. 

No difference can be seen between the 

spectra of DHR irradiated and dissolved in 

aqueous solution as a reference and DHR 

in the presence of UKON-2jNO. Without 

the ROS species produced from UKON-

2jRB no peroxynitrite species are de-

tected. In contrast to this, for UKON-

2jRB0.5NO0.5 presence of peroxynitrite is 

clearly proven by the pronounced signal 

for RH. One tremendous advantage of the 

peroxynitrite anion is its good stability in 

aqueous solutions (half-life time 10-20 

ms). Due to quantitative diffusion through 

cell walls, it is expected that it will destroy 

cellular constituents effectively leading to 

dysfunction of important cellular pro-

cesses and induces cell death.68 Before we 

conduct the biological tests, it is im-

portant to determine which ratio of 

UKON-2jRB to UKON-2NO nanoparticles 

exhibits the best performance (Fig. 5 b). 

Within the investigated series UKON-

2jRB0.25NO0.75 is most effective, and this 

shows that the performance of released 

NO can be maximized by only a little 

amount of UKON-2jRB present. 

 

Evaluation of biocidal activity 

All compounds (NO, ROS, peroxynitrite) 

released from the different materials via light irradiation are expected to exhibit biocidal 

 

Fig 5. (a) ROS rate determined via the UAD essay for 

UKON-2jRB (black squares) and UKON-2jRB0.5NO0.5 

(green circles). (b) Uric acid degradation (%) for the 

binary PMO nanoparticle system UKON-2jRBxNO1-x 

after 4 min of sunlight exposure. (c) UV/VIS spectra 

of Rhodamine 123 (RH) formed by sunlight exposure 

for 1 h and UKON-2jRB0.5NO0.5 (black curve), UKON-

2jNO (orange curve), pure dihydrorhodamine 123 

(DHR) solution (green dots). 
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activity. The mechanism of NO, ROS and peroxynitrite species in tissue damaging pro-

cesses range from protein oxidation and nitration, lipid peroxidation to inactivation of en-

zymes, to mention only a few of them.69 Because their mode of operation is, unlike to 

antibiotics, very broad and no target molecules are specifically addressed, the risk of po-

tential resistance development against one of these highly reactive species is very low. To 

qualitatively evaluate the antibacterial activity of the nanoparticles presented in this 

study, the following experiment was performed: The biocidal properties of nanoparticle 

dispersions were tested in nutrient medium (LB medium), using suspended cells of the 

opportunistic pathogenic bacterium Pseudomonas aeruginosa as a model. 1 mg of pure 

UKON-2jRB or UKON-2jNO 

particles, or a combination 

of both particles (UKON-

2jRB0.25NO0.75), was mixed 

with bacterial cells and nu-

trient medium (1ml). The 

suspensions were exposed 

to simulated sunlight, and at 

time intervals (0, 15, 30, 60, 

120 and 180 min), samples 

were taken, serially diluted, 

and drop-plated onto nutri-

ent agar plates, in order to 

determine colony-forming 

units (CFU) (see Fig. 6). In 

the control experiment, the 

viability (CFU) of the cell 

population remained about 

constant during the experi-

ment, indicating that the light exposure alone had no effect on the bacteria. For the treat-

ments with nanoparticles, the presence of UKON-2jNO was the least effective, followed 

by UKON-2jRB. However, the combination of nanoparticles, UKON-2jRB0.25NO0.75, leads to 

a significant reduction of viable bacteria over time. Therefore, it can be concluded that 

there is not only a synergistic effect through the combination of particles in respect to uric 

acid degradation, as discussed above, but that the simultaneous release of NO and ROS 

species in one system also leads to advanced biocidal activity. However, it needs to be 

marked that the latter experiments represent only a first proof-of-concept, which needs 

 

Fig. 6. Time dependence of biocidal action against suspended cells 

of P. aeruginosa for treatments with simulated sunlight alone as a 

reference (black columns), and for treatments with simulated sun-

light in the presence of suspended nanoparticles of UKON-2jNO 

(orange columns), UKON-2jRB (green columns) and UKON-

2jRB0.25NO0.75 (blue columns) materials. Error bars represent 

standard deviation (n=3). A logarithmic plot is given in SI (S-12). 
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to be complemented by additional tests (see below). A viability of 10 % is yet too high for 

granting sufficient antibacterial protection. For a dispersion of the mesoporous particles 

in water, there is neither the desired, close proximity of the both types of nanoparticles 

to each other, nor a satisfactory proximity of the bacteria to the nanoparticles. As a con-

sequence, the local concentration of peroxynitrite is low. 

Consequently, one needs to check, if the biocidal activity changes for bacteria brought to 

a densely packed film of nanoparticles (see Fig. 7 a and SI S-13). Prior to use, the glass 

slides were cleaned and hydroxylated using peroxo sulfuric acid. The stability of the nano-

particle film was tested after immersing the covered glass slides in water and storage for 

several weeks. No detachment of the nanoparticles was observed, also after washing the 

nanoparticle films with water. For the evaluation of the disinfection efficiency of the na-

noparticles, bacterial cell suspension (P. aeruginosa; 109 CFU/ml) was soaked into the na-

noparticle films, followed by incubation for 1 h under irradiation by simulated sunlight. 

Then, the films were imprinted on nutrient agar plates (LB medium), followed by incuba-

tion of the plates for 24 h at 30 °C in the dark (see Fig. 7 b). 

 

Figure 7. (a) Representative SEM image of PMO nanoparticle films on glass slides; scale bar, 1 µm. (b) sche-

matic illustration of a photo initiated disinfection assay when using UKON nanoparticle films and P. aeru-

ginosa. Nutrient agar plates were locally imprinted with glass slides coated with UKON-2jRB (I), UKON-2jNO 

(II) or UKON-2jRB0.25NO0.75 (III) nanoparticle films, which had been “contaminated” with bacteria (P. aeru-

ginosa); (c) no sunlight illumination of the UKON nanoparticle films after contamination; (d) after illumina-

tion with sunlight for 1 h. 
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Fig. 7 c, d show the resulting agar plates after incubation, indicating bacterial growth as 

macroscopically visible lawns. The antibacterial properties can be switched on and off by 

light, which is an important requisite for an aPDT material. In the absence of light, there 

is strong bacterial growth for all three systems, UKON-2jNO100, UKON-2jRB100
 and UKON-

2jRB0.25NO0.75 (Fig. 7c). However, with only 1 h of irradiation with sunlight            (Fig. 7 d), 

the materials UKON-2jNO100 and UKON-2jRB100 lead to a significant reduction of  bacterial 

growth due to NO and ROS release, respectively, but they did not prevent growth com-

pletely. Only with UKON-2jRB0.25NO0.75 a complete inhibition of bacterial growth was ob-

served.  

 

Conclusion 

In the current contribution four challenges were mastered leading to a novel, silver free 

material with enhanced biocidal activity. First, we were able to adopt the Stoeber process 

for the preparation of highly functional organosilica nanoparticles of the thiol-PMO type 

with narrow size distribution. It could be shown that the thiol groups present inside these 

particles are highly accessible and can be converted to other functional groups almost 

quantitatively. One possibility was to covalently anchor NO, whose release could be trig-

gered by light. Alternatively, Rose Bengal was attached to the pore surfaces of the PMO 

nanoparticles using thiol-ene click chemistry. The photochemical production of reactive 

oxygen species was investigated. In the last step, we could verify that the binary system, 

comprising particles of both types, exhibit a cooperative effect concerning biocidal activity 

tested on P. aeruginosa as a bacterial model system. This unique synergy between the 

two particles is due to the formation of peroxynitrite, which possesses an improved capa-

bility to infiltrate bacterial cells. In the future, it will be important to standardize the data 

obtained here with anti-biofilm experiments known from the literature. Unfortunately, it 

is not possible yet to adapt standard procedures like ASTM E2180 directly, due to the po-

rous and particle-like character of our samples. As cell adhesion on porous surfaces rep-

resents a central issue, separate efforts need to be taken to develop suitable standardiza-

tion techniques for porous films. Herein we adopt the semi-quantitative imprinting 

method reported by Trobos et al.70 They extensively discuss the bacteria-material surface 

interaction regarding the methodological development to evaluate antibacterial effects 

and came to the conclusion that for contact killing mechanism, like the presented mate-

rial, the imprinting method represents the best assay to evaluate antibacterial activity 

taking cell adhesion into account. 
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Nevertheless, in comparison to similar light mediated antibacterial surfaces like TiO2 

films71 or surface bound photosensitizers72, the nanoparticle system discussed in the cur-

rent paper works with VIS-light and at low intensities and, thus, it can be applied using 

ambient light. In medical settings we envision potential utilization for items, which are 

exposed to light, and when rapid and immediate antibacterial protection is required, like 

in bandages, cannulas or other equipment used for infusions. Because unreacted thiol-

groups on the nanoparticles surface can be used for direct surface attachment on differ-

ent surfaces (e.g. stainless steel),42 or the particles can be modified with groups binding 

specifically to certain targets (e.g. cotton, proteins), one can expect that the systems pre-

sented here can be applied for a variety of substrates.  

 

 

Experimental Section  

Chemicals were received from Sigma-Aldrich and they were carefully purified and dried, 

prior to use, when applicable. Glass slides were purchased from Menzel; 15 x 15 mm. All 

reactions on the precursor state were performed under inert gas conditions using the 

Schlenk technique. The synthesis of 1,5-bis-tri(isopropoxysilyl)-benzene-3-thiol has been 

described previously. NMR-spectra were acquired on a Bruker Avance III 400 spectrome-

ter using CDCl3 as a solvent. Solid-state NMR spectra were recorded using a Bruker DRX 

400 spectrometer. For sunlight irradiation a solar simulator (Abet Technologies; model 

10500) was used and UV/VIS spectroscopic analysis was performed by Varian Carey 100 

spectrometer. TEM measurements were performed using a Zeiss Libra 120 and for high 

resolution TEM measurements a JEOL lJEM2200FS was applied. Small-angle X-ray scatter-

ing (SAXS) measurements were conducted with a Bruker AXS Nanostar. N2-physisorption 

measurements were recorded on a Micromeritics Tristar. FT-IR spectra were recorded by 

using a Perkin Elmer Spectrum 100 spectrometer using ATR unit. Cw-EPR measurements 

were performed on continuous wave (cw)-X-band EPR Miniscope spectrometer MS400 

from magnettech at room temperature. 

Synthesis of UKON-2j nanoparticles via the modified Stoeber method. A typical prepara-

tion of UKON-2j nanoparticles was as follows: 300 mg (0.57 mmol) 1,5-bis-tri(iso-

propoxysilyl)-benzene-3-thiol (3) were prehydrolyzed in 3.1 mL 2-propanol and 1.86 mL 

0.1 M HCl at 60 °C for 16 h. Aging solution was prepared by adding 160 mg (0.44 mmol) 

CTAB and 116 mg (0.17 mmol) Brij-56 to 25 mL carbonate buffer pH 9.4 at 60 °C. Finally 
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the prehydrolyzed silica source was transferred quickly into the buffered surfactant solu-

tion and then aged at 60 °C for 5 days under stirring. Template removal was performed 

by liquid extraction with 15 mL EtOH and 15 mL HCl conc. at 60 °C for 4 days. 

Synthesis of 4-vinyl benzyl Rose Bengal. The 4-vinyl benzyl Rose Bengal was synthetized 

in a process described previously 57. In the first step commercially available Rose Bengal 

sodium salt was dissolved in a mixture of deionized water and acetone. In the second step, 

4,-vinyl benzyl chloride was added and the reaction mixture was heated up to 65 °. The 

precipitated product was centrifuged, washed with water and dried under vacuum. 4,-

vinyl benzyl Rose Bengal could be obtained as a deep red solid and was characterized by 

ESI-MS (negative mode). 

m/z: C29H11Cl4I4O5  [M-H]- 1088.55 

Synthesis of UKON-2jRB nanoparticles via click chemistry. 34 mg UKON-2j nanoparticles 

were suspended in 9 mL dimethylformamide. 3.1 mg of 2, 2-Dimethoxy-2-Phenylaceto-

phenon and 258 mg (1.5 eq) 4- vinyl benzyl Rose Bengal were added followed by irradia-

tion (150 W; mercury lamp) at 420 nm for 11 h. After completion of the reaction the as 

received UKON-2jRB nanoparticles were washed with diethylether, dimethylformamide 

and ethanol and dried on air. 

Synthesis of UKON-2jNO nanoparticles. 35 mg (0.18 mmol) UKON-2j nanoparticles were 

suspended in 1.6 mL methanol at 0 °C. 0.8 mL HCL (5 M) and 0.8 mL NaNO2 solution (192 

mg dissolved in 6.4 mL deionized water) were added. The reaction mixture was stirred at 

0 °C for 4 h then warmed up to room temperature. The suspension was centrifuged and 

washed 3 times with 10 mL methanol to remove excessive NaNO2. UKON-2jNO nanopar-

ticles were stored at 10 °C in the dark. 

Reactive oxygen species (ROS) detection via Urea degradation. The following procedure 

was performed for the pure UKON-2jRB and UKON-2jNO nanoparticles as well as for the 

mixtures of both nanoparticles described as UKON-2jRBxNO1-x nanoparticles. 2.1 mg of 

UKON-2jRB nanoparticles were suspended in 3 mL of a 1 mM uric acid solution followed 

by irradiation for a defined amount of time (2 min, 4 min, 6 min, 8 min, 16 min) via solar 

simulator (Abet Technologies; model 10500). After centrifugation of the suspension the 

resulting uric acid concentration of the supernatant was analyzed via UV/VIS measure-

ments by a Varian Cary 100 spectrometer. 

NO detection by Griess reagent. To determine quantitatively the amount of NO released 

from the UKON-2jNO nanoparticles during light exposure (or heating) a modified Griess 
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assay was performed. As the resulting Griess-azo dye strongly adsorbs on the particle sur-

face and cannot be detected in the supernatant, the material has to be completely dis-

solved in 1 M NaOH in order to quantify the amount of azo dye. As the color changes in 

the basic media, first calibration measurements have to be realized and the extinction 

coefficient at 498 nm (pH= 14) was calculated (S-6a).  

For UKON materials: 4 mg of UKON-2jNO nanoparticles (0.016 mmol) were suspended in 

2.9 mL deionized water. 50 µL of 1 % sulphanilamide solution (in 5 % phosphoric acid) and 

50 µL of 0.1 % naphthylethylenediamine dihydrochloride solution were added. The sus-

pension was stirred during exposure to light (solar simulator Abet technologies; model 

10500) or heating (40 °C). To detect the formed azo dye which strongly adsorbed on 

UKON-2jNO nanoparticles, the material was centrifuged and dissolved in 1 M NaOH solu-

tion. UV/VIS measurements were carried out by Varian Cary 100 spectrometer. 

Ellmans test. To quantify accessible thiol functionalities of UKON-2j and UKON-2jRB na-

noparticles we used a standard Ellmans assay: 3 mL of 10 mM 5, 5'-dithiobis-(2-nitroben-

zoic acid) solution (in phosphate buffer pH= 8) were added to 0.0016 mmol UKON nano-

particles. After 30 min stirring at room temperature the suspension was centrifuged and 

the colored supernatant solution was analyzed by UV/VIS measurements (Varian Cary 100 

spectrometer). 

Disulphide bridge cleavage. In order to regenerate UKON-2jNO nanoparticles after NO 

release 1 eq of UKON-2jNO nanoparticles (after sunlight exposure for 24 h) were sus-

pended in PBS buffer pH= 8 containing 1 eq 1,4-Dithioerythritol (Cleland reagent). The 

suspension was stirred over night at room temperature, centrifuged and extensively 

washed with destilled water. 

Peroxynitrite detection with dihydrorhodamine 123 oxidation. Suspensions containing 

0.1 mM DHR and 0.05 mM UKON nanoparticle materials in 3 mL 0.1 M sodiumphosphate 

buffer (pH= 7.4) were irradiated for 1 h with sunlight. After centrifugation the colored 

supernatant was analyzed via UV/VIS spectroscopy. 

Electron Paramagnetic Resonance (EPR) Spectroscopy. Spin trapping measurements of 

nitric oxide radicals were performed on PMO nanoparticles (UKON-2j, UKON-2jNO; 13 mg) 

in 40 µl ethanol with 0.075 mmol N-tert-Butyl-α-phenylnitrone (PBN, Sigma). The suspen-

sion placed in a sealed quartz glass sample tube was irradiated with visible light (solar 

simulator Abet technologies; model 10500).  

Cell viability assay by colony counting method. All glass materials used were autoclaved 

at 121 °C for 60 min to ensure sterility. First, 2 mg of UKON nanoparticle materials were 
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suspended in 1 mL sterilized H2O in glass tubes, and then 1 mL of Pseudomonas aeru-

ginosa PAO1 cell suspension in nutrient medium (LB medium) was added to the nanopar-

ticle suspension (final cell concentration, app. 1.5 ×107 CFU/mL). The suspensions were 

irradiated with light from a solar simulator (Abet technologies; model 10500), and at dif-

ferent time intervals, samples (10 µl) were taken and 1:10-serially diluted in sterilized wa-

ter. For each dilution step, a 20-µl sample was drop-plated onto nutrient agar plates (LB), 

and the plates were incubated at 30 °C for 18 h in the dark. Finally, the numbers of colo-

nies were counted in order to determine colony forming units (CFU), hence, the number 

of viable cells in the undiluted original sample. Each set of experiments was performed in 

triplicate.  

Film preparation. Glass microscope cover slips (Menzel, 15 x 15 mm) were cleaned by 

immersion into piranha solution (H2SO4:H2O2; 2:1 v/v) for 1 h at room temperature, rinsed 

with distilled water, and dried at 80 °C for 4 h. Then, suspensions of the different UKON 

nanoparticles in ethanol were prepared (200 mg/ mL) and applied to the glass slides by 

doctor blading according to the following parameter: height 300 µm; speed 2.5×0.6 mm 

per sec; 4 cycles. The prepared films were dried at room temperature, and the film-cov-

ered glass slides stored at 2 °C in the dark. 

Photoactivated disinfection assay. Prior to use, the UKON nanoparticle films on glass 

cover slips (see above) were sterilized by immersion in 80 % ethanol, and dried under 

sterile conditions in a laminar flow hood. Then, each film was soaked with a 20-μl portion 

of Pseudomonas aeruginosa PAO1 cell suspension (app. 5 ×109 CFU/mL). After sunlight 

irradiation for 1 h at room temperature and rinsing with 1 mL of sterile H2O, the slides 

were placed on nutrient agar plates (LB medium) with the bacterial contamination side 

down for a further 30 min. Then the slides were removed and the agar dishes incubated 

for 18 h at 30 °C and evaluated for formation of a homogeneous bacterial lawn in depend-

ence of the surface coating used. 
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Supporting Information 

S-1: Preparation of organosilica materials using compound 1 (((PrOi)3Si)2PhSH ) as a pre-
cursor and adopting literature-known, modified Stöber methods. 

(a) TEM image of UKON-2j material obtained by using only CTAB as structure directing 

agent.  

(scale bar = 200 nm) 

 

(b) TEM image of UKON-2j material obtained by using only Brij-56 as structure directing 

agent.  

(scale bar = 200 nm)  
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S-2: Two-step, two surfactant strategy; Variation of the CTAB: Brij-56 ratio. 

(a) CTAB: Brij-56 = 1; TEM micrograph. 

(scale bar = 50 nm) 

 

 (b) CTAB: Brij-56 = 15; TEM micrograph. 

(scale bar= 50 nm) 

Arrow highlights well-structured domain. 
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S-3: Additional analytical data for nanoporous UKON-2j particles prepared via the modi-
fied Stoeber method. 

(a) SEM data. 

(scale bar 1 µm) 

 

(b) Photography of a colloidal suspension of UKON-2j nanoparticles. 
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 (c) Nitrogen physisorption data of UKON-2j nanoparticles. 

 

(d) EDX data. 

  

(e) FT-IR data. 
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(f) solid-state NMR: 29Si. 

 

 (g) 13C NMR data. 

 

black: solid-state NMR data 

orange: NMR data of 1,3-bis-tri(isopropoxysilyl)-thiophenol in CDCl3 
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S-4: UV/VIS data of Ellmans test with UKON-2j nanoparticles. TNB signal at 412 nm. 

(a) Signal of pure DTNB in buffer solution pH= 8 before particle addition. 

 

 

 (b) Signal of resulting TNB in buffer solution pH= 8 after reaction with UKON-2j NPs. 
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S-5: FT-IR investigation of the UKON-2jNO nanoparticles. 

 

black curve= UKON-2j nanoparticles as a reference 

orange curve= UKON-2jNO nanoparticles 

 

  

S-6: Griess assay for the detection of released NO of UKON-2jNO nanoparticles. 

(a) UV/VIS spectra: calibration curve of different concentration of azo dye at pH= 14; ab-

sorption maxima at 498 nm; calculated extinction coefficient ε= 943.84 M-1cm-1 
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(b) UV/VIS spectra of Griess reagent: NO release triggered by sunlight irradiation; arrow 

indicates the increase of Griess reagent 

 

15 min: blue curve    120 min: orange curve 

60 min: green curve    240 min: black line 

 

(c) UV/VIS spectra of Griess reagent: NO release triggered by temperature; arrow indi-

cates the increase of Griess reagent 

 

30 min: blue curve   180 min: orange curve 

60 min: green curve   2 d: black curve 
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 S-7: UV/VIS data of UKON-2jNO and UKON-2jSS (reflexion mode). 

 

UKON-2j: green curve; UKON-2jNO: black curve; UKON-2jSS: orange curve 

  

 

S-8: characterization of 4-vinyl benzyl Rose Bengal (VB-RB).  

(a) 1H NMR data of 4-vinyl benzyl Rose Bengal  
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(b) 13C NMR data of 4-vinyl benzyl Rose Bengal  

 

 

 (c) ESI-MS data of 4-vinyl benzyl Rose Bengal measured in negative mode.   

Experimental data (black curve) and simulated spectra for 4-vinyl benzyl Rose Bengal 
(orange areas). 

 

  

 

 

 

 

 



4.3 Publication 3 147 

S-9: characterization of the UKON-2jRB nanoparticles. 

(a) EDX spectra of UKON-2jRB nanoparticles confirming the ratio of Si: S: Cl as 1: 0.4: 

0.06 

 

 

(b) SAXS data of RB hosting UKON-2jRB nanoparticles  
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(c) TEM image of UKON-2jRB nanoparticles; scale bar= 50 nm 

 

 

 

S-10: Photostability of VB-RB. 

(a) UV/VIS spectra of free VB-Rose Bengal irradiated for different time periods.  

 

0 min: black curve    6 min: blue curve 

2 min: orange curve   12 min: red curve 

4 min: green curve 
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(b) UV/VIS spectra of immobilized Rose Bengal (UKON-2jRB) irradiated for different time 

periods. 

 

0 min: black curve    30 min: green curve 

15 min: orange curve   60 min: blue curve 

 

  

S-11: uric acid degradation by different materials: evaluation of biocidal activity.  

(a) UV/VIS spectra of uric acid treated with free VB-Rose Bengal and sunlight exposure 

for different time periods. 

 

1 min: black curve    5 min: red curve 

2 min: orange curve   7 min: grey curve 

3 min: green curve   12 min: black dots 
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4 min: blue curve 

(b) Decay curves for the absorption of UA at 293 nm in presence of free Rose Bengal 

 

 

(c) UV/VIS spectra of uric acid treated with UKON-2jRB nanoparticles and light exposure 

for different time periods; arrow indicates the decrease of uric acid signal 

 

0 min: black curve    7 min: blue curve 

2 min: orange curve   10 min: grey curve 

5 min: green curve 
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 (d) Decay curves for the absorption of UA at 293 nm in presence of UKON-2jRB nanopar-

ticles 

 

 

(e) Time- dependent uric acid degradation (initiated by sunlight exposure) using different 

UKON-2jRBxNO1-x nanoparticles (x= 0.75, 0.5, 0.25) monitored via UV/VISspectroscopy.  

 

(a) UKON-2jRB0.75NO0.25 after t= 0, 2, 4, 6, 8, 10 min 

(b) UKON-2jRB0.5NO0.5 after t= 0, 2, 4, 6 min 

(c) UKON-2jRB0.25NO0.75 after t= 0, 2, 4 min. 
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 S-12: cell viability assay presented as log-reduction plot. 

 

Black curve: control experiment; Orange curve: UKON-2jRB0.25NO0.75 

  

S-13: nanoparticle films obtained via doctor-blading. 

(a) SEM image of (I) UKON-2jRB0.25NO0.75, (II) UKON-2jR0.5NO075 and (III) UKON-

2jRB0.75NO0.25nanoparticle film (scale bar=1 µm). 

 

 

(b) EDX mapping of (I) UKON-2jRB0.25NO0.75, (II) UKON-2jRB025NO075and (III) UKON-

2jRB0.75NO0.25nanoparticle film. 

 

Blue: silica content, Yellow: sulfur content, White: iodine content 
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5. Concluding remarks and outlook 

The focus of the presented work is firmly located in the innovative design of antibacterial 

surface coating which is based on mesoporous silica nanoparticles (MSNs). Therefore, the 

previously established single source PMO precursor system, namely UKON concept, is 

used to create highly, organically modified MSNs. In each publication presented in this 

thesis different ideas are discussed with respect to antibacterial action that originates 

from the UKON MSNs particles.  

 

The materials acidity is the first conception explored herein. The use of acidic groups lo-

cated on UKON MSNs is investigated based on recent reports which describe the toxic 

effect of acidic components on pathogenic bacteria strains.1 Corresponding UKON precur-

sor molecules exist only in terms of 1,5-bis-tri(isopropoxysilyl)-benzoic acid (COOH) which 

builds up the UKON-2a material and has a relatively weak acidity.2 By increasing the acid 

strength of UKON materials the aim is to introduce a stronger acidic entity in MSNs mate-

rial. For this reason, the sulfonic acid comprising UKON precursor 1,5-bis-tri(isopropoxysi-

lyl)-benzene-3-sulfonyl chloride is synthesized in publication 1 (chapter 4.1).3 To build up 

acidic UKON NPs, a gas-phase assisted synthesis strategy was introduced by establishing 

the evaporation induced self-assembly process (EISA) for UKON precursor 1,5-bis-tri(iso-

propoxysilyl)-benzoic acid and 1,5-bis-tri(isopropoxysilyl)-benzene-3-sulfonyl chloride re-

sulting in UKON-2a NPs and UKON-2i NPs. The PMO NPs are ranging from 100 nm- 1 µm 

and reach BET surface areas of 430 m2/g (UKON-2a NPs) and 720 m2/g (UKON-2i NPs) and 

an average pore diameter of 3.5 nm. The acidic character of the NPs was determined by 

the Hammett acidity concept. Using appropriate Hammett indicator molecules, the acidity 

of UKON-2a is specified by H0= 2.38 confirming a weak acidity. In contrast UKON-2i pos-

sesses the Hammett value of H0= -12.53, which belongs to the class of superacids by def-

inition. Consequential, UKON-2i is the first solid superacidic material based on silica chem-

istry ever reported. Based on this insight, UKON-2a NPs and UKON-2i NPs were tested in 

their biocidal activity by the “barrier” experiment. This showed that exclusively super-

acidic UKON-2i NPs are capable to control undesired bacteria growth (Pseudomonas ae-

ruginosa). For the first time in literature, superacidic silica nanoparticles were actually 

used as antibacterial materials that opened the door to a complete new application field 

of silica based systems. 
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Motivated by this outstanding result, publication 2 (chapter 4.2) extends the concept of 

superacidity: a bifunctional material was developed containing superacidic protons and 

immobilized, antibacterial silver NPs. For the coordination of silver NPs the integration of 

thiol modification into UKON-2i NPs was exploited. Therefore, the 1,5-bis-tri(isopropoxysi-

lyl)-benzene-3-thiol precursor was synthesized and co-condensed with previously dis-

cussed 1,5-bis-tri(isopropoxysilyl)-benzene-3-sulfonyl chloride in the EISA process route. 

The bifunctional SO3H/SH comprising NPs are characterized by a typical NP size distribu-

tion of 100 nm- 1 µm, a BET surface area of 660 m2/g and pore diameters of 3.9 nm. In a 

following step Ag+ ions were quantitatively loaded onto the porous, bifunctional UKON 

NPs and further reduced to silver NPs. The immobilized silver NPs possess diameters of 5-

10 nm (UKON Ag@SH50). Subsequent ion selective electrode (ISE) studies showed that 

the Ag+ ion release behaviour of hosted silver NPs can be controlled by adjusting the 

amount of sulfonic acid entities integrated into the bifunctional material. The biocidal per-

formance of the bifunctional NPs UKON Ag@SH50 was tested by using different biological 

experiments. First, the determination of the minimum inhibitory concentration (MIC) of 

UKON NPs was performed in the presence of pathogenic bacteria strain, Pseudomonas 

aeruginosa. The MIC value for UKON Ag@SH50 is located at          0.5-0.25 mg/mL. Com-

pared to UKON NPs comprising only silver NPs and no sulfonic acid entity (MIC < 1mg/mL), 

the bifunctional material exhibited a much higher toxic effect on bacteria. Next, a bacteria 

survival test was performed using UKON Ag@SH50 NPs as coating materials to protect 

glass or stainless steel surfaces. To create a better film stability for biological experiments, 

UKON Ag@SH50 NPs were covalently attached on substrates via thiol-ene click chemistry. 

The targeted surfaces were coated with allyl modifications first and then a nanoparticle 

film of UKON Ag@SH50 materials was coated on the surface. Afterwards, free SH groups 

located on UKON Ag@SH50 NPs were addressed by UV light to initiate a thiol-ene reaction 

took place ending up in covalent attachment of bifunctional UKON NPs on the correspond-

ing surface. Finally, the as prepared surfaces were contaminated with Pseudomonas ae-

ruginosa. Live/dead staining tests showed a drastic antibacterial effectivity of UKON 

Ag@SH50 NPs surfaces. Also the imprinting method performed on agar plates confirmed, 

a dual active material                  UKON Ag@SH50 which suppresses the bacterial growth 

on the surface completely. This emphasizes the unique character of the combination of 

SO3H and silver NPs entities.  
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In publication 3 (chapter 4.3) of the presented thesis, the NP synthesis strategy was 

changed from the gas-assisted method to a wet-chemical approach as a narrow particle 

size distribution was aimed (for better colloidal stability). Therefore, we report for the first 

time, a modified Stöber process using a single source PMO precursor molecule comprising 

thiol entities. Applying the previously established UKON precursor 1,5-bis-tri(iso-

propoxysilyl)-benzene-3-thiol in a two-step reaction pathway (in the presence of a surfac-

tant mixture of Brij-56 (non-ionic) and CTAB (ionic) in basic buffered aqueous solution), 

the formation of highly porous organosilica NPs with narrow particle size distribution of 

70- 120 nm, was successfully performed. The obtained UKON-2j NPs exhibit an extraordi-

nary high BET surface area of 1400 m2/g and pore diameters of 2.1 nm. By the Ellman test 

reactionan accessibility of thiol groups of overall 78 % was calculated. An additional ad-

vantage of the UKON-2j NPs is their excellent colloidal stability in aqueous solution that 

gives access to easy film processing formation techniques like doctor. In                   publi-

cation 3 the UKON-2j NPs were used to create a triggerable and long-term active antibac-

terial surface coating material based on a dual-active mechanism. One concept is based 

on reactive oxygen (ROS) producing Rose Bengal (RB) molecules (a photoactive dye in the 

visible region),that were covalently connected to UKON-2j NPs. RB was modified first with 

a vinyl-benzene group that easily reacted with free SH groups of UKON-2j NPs in a thiol-

ene click reaction. The resulting linkage is characterized by a highly stable sulfur-carbon 

bond. As the UKON-2j NPs exhibited maximal density of thiol groups and a very high sur-

face area, the degree of immobilized RB, reported in publication 3, surpassed literature 

known values many times over.4 Hence, RB cleavage under the environmental condition 

is prevented and long-term stability of the RB- silica system     (UKON-2jRB) producing 

biocidal ROS by sunlight irradiation, is ensured. The second strategy exploited in publica-

tion 3, was the quantitative loading of antibacterial active NO species. It is known that S-

nitrosothiol represents good donor compounds for NO release.5 Therefore, surface SH 

groups of UKON-2j were reacted with NO salts resulting in S-nitrosothiol containing 

UKON-2jNO NPs. Next, simulated sunlight irradiation was applied and quantitative NO re-

lease was monitored. When NO was liberated the origin S-nitrosothiol entities reacted 

into disulfide bridges (S-S) within the PMO material. Via the application of Cleland reagent 

(Dithiothreitol, DTT), the disulfide groups were reduced to thiol modifications under very 

mild conditions (room temperature and stirring overnight). Re-loading with NO was per-

formed afterwards. The cycle of NO release, S-S cleavage and NO loading on porous silica 

NPs was firstly reported in publication 3 and underlines the potential of long-term active 

antibacterial properties of UKON-2jNO NPs.  
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Finally the design of the binary system UKON-2jRBNO was realized. The liberation of NO 

and ROS was detected via the oxidation of uric acid (UV-VIS monitoring). The uric acid 

assay demonstrated that the binary system exhibited a strong synergistic effect when NO 

and ROS are released simultaneously. This fact was attributed to the intermolecular reac-

tion of superoxides (ROS) with NO molecules resulting in highly reactive peroxynitrite spe-

cies that show enhanced oxidation potential. The generated peroxynitrite species were 

detected by indicator reagent dihydrorhodamine 123 (DHR). In the final performed disin-

fection assays the dual active UKON-2jRBNO NP system was used to protect glass surfaces 

from bacterial proliferation: a dense packed film of UKON-2jRBNO NPs was irradiated by 

sunlight and highly effective bacterial killing was observed within one hour by imprinting 

method. This novel combination of PMO NPs comprising S-nitrosothiol entities and ROS 

producing compounds, demonstrates the huge potential of the herein presented UKON-

2jRB UKON-2jNO NPs system in detail and the UKON NPs concept in general as antibacte-

rial active materials. With the reported long-term stability (re-loadable) and triggerable 

antibacterial activity novel application areas of PMO NPs have been explored. 

 

The herein reported UKON NPs lay the foundation for future efforts to establish new ap-

plication fields for silica nanoparticles. For example, the sulfonic acid comprising PMO 

NPs, UKON-2i, represent an alternative material for the fluoropolymer Nafion which is 

used as proton exchange membrane material in fuel cells. Compared to Nafion,         UKON-

2i NPs show better thermal stabilities and therefore higher temperatures can be used for 

proton exchange membrane fuel cells (PEMFC) leading to higher efficiencies.6 In addition, 

UKON-2i NPs contain free silanol groups (Si-OH) on the surface that could be used for 

further modifications of the NPs: Attaching dimerize molecules, e.g. cinnamoyl com-

pounds, on the outer sphere of the NPs, particle cross-linking can be realized leading to 

aerogel-like, monolithic proton conductive membranes. 

For material issues located in biological areas, the use of thiol containing UKON-2j NPs is 

favoured as the SH entity represents a modification ubiquitous in nature. In addition, the 

herein established synthesis method for UKON-2j NPs accounts for a mighty tool to design 

monodisperse UKON NPs that are colloidal stable in aqueous media. This property makes 

them highly attractive for in vitro and in vivo applications. In this context, the storage/de-

livery of natural proteins or enzymes immobilized via disulfide groups on UKON-2j NPs, is 

conceivable when the pore structure and size of the NPs can be tailored. For this purpose 

future studies are recommended to control pore- structuring of      UKON-2j NPs via the 

herein established modified Stöber process. Furthermore, the complexity of the UKON-2j 



5. Concluding remarks and outlook 157 

NP concept can be increased: Via thiol-ene click chemistry a second or/and a third organic 

modification (amines, carboxylic acids) can be selectively introduced to mimic enzymatic 

binding pockets in UKON-2j NPs pores. Therefore, tailor-made protein delivery ap-

proaches represent a future objective for UKON-2j NPs. 

 

The presented thesis nicely shows the multiple options to introduce versatility into porous 

silica NPs and the reported NP synthesis strategies, based on the UKON concept, illustrate 

a sound basis for future studies. 

The limitation of UKON NPs applications is not yet defined by material issues rather 

than by imagination nature. 
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6. Zusammenfassung und Ausblick 

Ziel der vorliegenden Arbeit ist die Entwicklung von effizienten, antibakteriellen Oberflä-

chenbeschichtungen auf Basis von mesoporösen Silikatnanopartikeln (mesoporous silica 

nanoparticles; MSNs). Um organisch modifizierte MSNs aufzubauen, die einen Funktiona-

lisierungsgrad von 100 % besitzen, wird auf das bereits etablierte „single source“ PMO 

Präkursor System namens UKON (Universität KONstanz), zurückgegriffen. Die Publikatio-

nen dieser Arbeit behandeln jeweils einen anderen antibakteriellen Wirkmechanismus, 

aus eigens dafür hergestellten UKON MSNs. 

 

Das erste Konzept, das im Rahmen der vorliegenden Arbeit etabliert wurde, basiert auf 

dem Prinzip der Azidität. In der Vergangenheit konnte bereits erfolgreich gezeigt werden, 

dass saure Gruppen, die sich auf Oberflächen befinden, toxisch auf pathogene Bakterien-

stämmen wirken.1 Diese Idee wurde in Publikation 1 aufgegriffen und auf das       UKON 

System übertragen. Hierzu sollten azide, organische Funktionalitäten in UKON Materialien 

sowie in UKON MSNs integriert werden. Mit Hilfe des bereits von A. Kuschel2 etablierten 

UKON Präkursormoleküls 1,5-bis-tri(isopropoxysilyl)-Benzoesäure, konnte der Aufbau des 

carbonsäurehaltigen Materials UKON-2a realisiert werden. Um den schwach sauren Cha-

rakter der UKON Materialien zu erhöhen, wurden entsprechende, organische Funktiona-

litäten eingeführt, die eine hohe Azidität aufweist. Sulfonsäuregruppen sind für ihre stark 

sauren Eigenschaften bekannt und konnten in Publikation 1 über das Präkursormolekül 

1,5-bis-tri(isopropoxysilyl)-benzene-3-Sulfonylchlorid erfolgreich in Silikatmaterialien (U-

KON-2i) eingebaut werden.3 Um sphärische, mesoporöse Nanopartikel herzustellen, wur-

den die jeweiligen UKON Präkusoren 1,5-bis-tri(isopropoxysilyl)-Benzoesäure und 1,5-bis-

tri(isopropoxysilyl)-benzene-3-Sulfonylchlorid in einer kontrollierten Gasphasensynthese 

(evaporation induced self-assembly; EISA) eingesetzt, welche in Publikation 1 etabliert 

wurde. Die Partikeldurchmesser der UKON NP reichen von 100 nm bis 1 µm und die BET 

Oberfläche beträgt bei UKON-2a NP 430 m2/g und bei UKON-2i NP 720 m2/g. Mit Poren-

durchmessern von 4.1 nm (UKON-2a) und 3.5 nm         (UKON-2i) liegt die Strukturierung 

den NPs im mesoporösen Bereich. Die Säurestärke der NP wurde über die Hammettkoef-

fizienten beider Materialien definiert. Mit geeigneten Hammett-Indikatoren wurde die 

Azidität des UKON-2a Materials mit H0= 2.38 bestimmt, das den schwachen Säurecharak-

ter des Materials wiederspiegelt. Im Gegensatz dazu ist das Material UKON-2i mit einem 

Hammettwert von H0= -12.53 eindeutig der Klasse der Supersäuren zuzuordnen und stellt 

somit das erste Silikatmaterial dar, welches sich durch supersaure Eigenschaften auszeich-

net. 
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Auf Basis dieser Ergebnisse wurden die Materialien UKON-2a und UKON-2i auf antibakte-

rielle Aktivität getestet und miteinander verglichen. Dazu wurde ein Barriere-Experiment 

durchgeführt, indem ausschließlich das supersaure UKON-2i Material in der Lage war, das 

Bakterienwachstum (Pseudomonas aeruginosa) erfolgreich einzudämmen. Erstmals in der 

Geschichte der Silikatchemie wurden supersaure MSNs als effektives Wirkmittel gegen 

die Ausbreitung von Bakterien eingesetzt. Dies öffnet die Türen zu einem völlig neuen 

Anwendungsbereich von silikatbasierten, supersauren Systemen. 

   

Motiviert von den oben beschriebenen Ergebnissen, wurde in Publikation 2 das Konzept 

der Azidität mit der antibakteriellen Aktivität von Silbernanopartikeln kombiniert. Dafür 

wurde ein bifunktionelles Material hergestellt, welches sowohl azide Sulfonsäuregruppen 

als auch Silber koordinierende Thioleinheiten trägt. Um Thiolfunktionen in das supersaure 

Material UKON-2i zu integrieren wurde zunächst das entsprechende Präkursormolekül 

1,5-bis-tri(isopropoxysilyl)-benzo-3-Thiol synthetisiert. Zusammen mit dem bereits disku-

tierten UKON Präkursor 1,5-bis-tri(isopropoxysilyl)-benzene-3-Sulfonylchlorid wurde an-

schließend eine Co-Kondensation beider Präkusoren über den EISA Prozess realisiert. Die 

bifunktionellen SO3H/SH NP besitzen eine typische Partikelgrößenverteilung, die von 100 

nm bis zu 1 µm reicht und deren BET Oberflächen bis zu 660 m2/g beträgt mit Porendurch-

messern von 3.9 nm. Anschließend wurden Ag+ Ionen quantitativ an die porösen, bifunk-

tionellen UKON NP koordiniert und in einem weiteren Reaktionsschritt zu elementaren 

Silbernanopartikeln reduziert (UKON Ag@SH50). Die immobilisierten Silbernanopartikel 

weisen einen Durchmesser von 5-10 nm auf. Mithilfe einer ionenselektiven Elektrode (ion 

selectiev electrode; ISE) wurde im Anschluss die Freisetzung von Ag+ Ionen gemessen. Da-

bei stellte sich heraus, dass die Freisetzung der Ag+ Ionen stark mit der Menge an Sulfon-

säuregruppen im Material zusammenhängt und somit durch deren Integrität im bifunkti-

onellen Material gesteuert werden kann. Um die antibakterielle Effektivität des Materials 

UKON Ag@SH50 zu bestimmen, wurden drei voneinander unabhängige, biologische Ex-

perimente durchgeführt. Zunächst wurde die minimale Hemmkonzentration (MHK) der 

UKON NP bestimmt. Der MHK-Wert von          UKON Ag@SH50 liegt bei 0.5-0.25 mg/mL. 

Im Vergleich zu UKON Materialien, die ausschließlich Silbernanopartikel tragen (MHK >1 

mg/mL), zeigt das bifunktionelle Material einen stark erhöhten toxischen Effekt auf die 

Bakterien. Um dieses Ergebnis zu evaluieren, wurde als nächstes ein sogenannter Überle-

bens-Test realisiert, bei dem UKON Ag@SH50 NP als Beschichtungsmaterial eingesetzt 

wurde, um Glass-/Edelstahloberflächen vor bakteriellem Befall zu schützen. Um während 

des Experiments eine erhöhte Stabilität des NP Films zu gewährleisten, wurden UKON 

Ag@SH50 NP kovalent an das jeweilige Substrat gebunden. Die Fixierung erfolgte über 
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den Einsatz der Thiol-ene Klick-Chemie: Dazu wurden die zu beschichtenden Oberflächen 

mit Allyl-Gruppen modifiziert, und anschließend der UKON Ag@SH50 NP Film aufge-

bracht. Durch den Einsatz von UV-Strahlung wurden die verbleibenden, freien Thiolgrup-

pen des UKON Ag@SH50 in einer radikalischen Reaktion mit den Oberflächen-Allyl-Modi-

fikationen zur Reaktion gebracht. Die entstandene kovalente C-S Bindung zwischen den 

NP und der entsprechenden Oberfläche ist chemisch sehr stabil und garantiert somit eine 

erhöhte Langzeitstabilität der Beschichtung. Im letzten Schritt wurden die Oberflächen 

aus UKON Ag@SH50 NP mit Pseudomonas aeruginosa kontaminiert und mittels des 

Live/Dead- Anfärbetests konnte die Abtötung der Bakterien gezeigt werden. Der final 

durchgeführte „Imprinting-Test“ zeigte zusätzlich, dass die Kombination von Silbernano-

partikeln mit supersauren Protonen zur kompletten Inhibierung des Bakterienwachstums 

auf Oberflächen führt. Zusammenfassend lässt sich festhalten, dass eine vollständige Un-

terdrückung des Bakterienwachstums  ausschließlich für das bifunktionelle System UKON 

Ag@SH50 NP beobachtet wurde, was die einzigartige Kombination von SO3H-Gruppen mit 

Silbernanopartikeln unterstreicht. 

 

Da eines der Ziele von Publikation 3 war, eine engere Größenverteilung der UKON NP zu 

erreichen (für bessere Prozessierbarkeit), wurde vom Gasphasenprozess abgesehen und 

ein nasschemischer Prozess entwickelt. Basierend auf dem Prinzip des modifizierten Stö-

berprozesses wurde ein zweistufiger Syntheseweg vorgestellt, bei dem erstmals ein PMO 

Single-Source Präkursor mit SH-Funktionalität (1,5-bis-tri(isopropoxysilyl)-benzo-3-Thiol) 

als alleinige Silikatquelle eingesetzt wurde. Dabei konnten hochporöse Organosilikatna-

nopartikel (UKON-2j NP) erhalten werden, die eine enge Partikelgrößenverteilung von 70 

bis 110 nm aufweisen. Extrem hohe BET Oberfläche von über 1400 m2/g und einem Po-

rendurchmesser von 2.1 nm sind charakteristisch für die synthetisierten supermikroporö-

sen UKON-2j NP. Zusätzlich konnte eine hohe Zugänglichkeit der Thiolgruppen von insge-

samt 78 % ermittelt werden (Ellman Test). Eine weitere positive Eigenschaft der UKON-2j 

NP ist deren exzellente kolloidale Stabilität in wässrigen Lösungen, was die Materialien 

sehr interessant für die gezielte Herstellung dichter Filme über das sogenannte „Doctor 

Blading“-Verfahren macht. Um die Funktionalität der UKON-2j NP zu erhöhen, wurde da-

raus ein langzeitaktives und schaltbares antibakterielles Beschichtungsmaterial herge-

stellt, das sich durch eine duale Aktivität auszeichnen sollte. Eine Komponente ist die 

kovalente Immobilisierung von photoaktiven Bengalrosa (Rose Bengal; RB) Molekülen, die 

als reaktive Sauerstoff Spezies (reactive oxygen species; ROS) Produzenten eingesetzt wer-

den. RB Moleküle wurden mit Vinylbenzol Gruppen modifiziert, die in der anschließend 
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durchgeführten Thiol-ene Klick Reaktion mit freien Thiolgruppen der UKON-2j NP reagier-

ten. Da sich die UKON-2j NP durch eine extrem hohe Dichte an zugänglichen, funktionellen 

Gruppen sowie durch sehr hohe Oberflächen auszeichnen, übersteigt der Funktionalisie-

rungsgrad der erhaltenen UKON-2jRB NP den Literaturwert um ein Vielfaches.4 Des Wei-

teren wurde durch die gebildete, stabile S-C Bindung die Abspaltung von RB Molekülen 

verhindert und somit ein langzeitstabiles, photoaktives Silikatsystem geschaffen. Die 

zweite Strategie, die in Publikation 3 ausgebaut wurde ist die Speicherung und gezielte 

Freisetzung von NO Molekülen, die ausgezeichnete antibakterielle Aktivitäten zeigen.5 

Durch die quantitative Umsetzung von Oberflächen-Thiolgruppen (UKON-2j) mit NO Sal-

zen gelang es S-Nitrosothiolgruppen                     (UKON-2jNO) aufzubauen, die mittels 

Wärme, Licht oder Kupferverbindungen gezielt NO freisetzen. In Publikation 3 wurde si-

muliertes Sonnenlicht eingesetzt und die quantitative NO Freigabe verfolgt. Bei der NO 

Freisetzung reagieren die S-Nitrosothiolgruppen des PMO Materials zu Disulfidbrücken, 

die wiederum durch den Einsatz des Cleland Reagenz (Dithiothreitol, DTT) zu Thiolgrup-

pen reduziert werden können. Anschließend konnte die erneute Beladung mit NO reali-

siert werden. Der eben genannte Zyklus von NO Freigabe, Disulfidbrückenspaltung und 

NO Wiederbeladung wurde erstmals in Publikation 3 diskutiert und unterstreicht das Po-

tential von UKON-2jNO NP als langzeitaktive und regenerierbare Materialien in Zusam-

menhang mit antibakterieller Aktivität. 

Höhepunkt von Publikation 3 ist das dual aktive System UKON-2jRBNO. Die Freisetzung 

von NO und ROS wurde über die Oxidation von Harnsäure mittels UV-VIS Detektion nach-

gewiesen. Der Harnsäuretest zeigte, dass bei simultaner Freigabe von NO und ROS ein 

synergistischer Effekt auftrat. Diese Tatsache lässt sich mit der selektiven Reaktion von 

Superoxiden (ROS) mit NO Molekülen erklären, die zur Entstehung von stark reaktiven 

Peroxynitritspezies führen. Die Generierung von Peroxynitritmolekülen wurde erfolgreich 

über den Indikator Dihydrorhodamin 123 (DHR 123) nachgewiesen. Um die antibakterielle 

Aktivität des binären UKON-2jRBNO NP Systems zu evaluieren wurden Desinfektions-Test 

durchgeführt. Dazu wurde ein dichtest gepackter NP Film auf einem Glassubstrat herge-

stellt, der vor bakterieller Kontamination schützen sollte. Anschließend wurde der bakte-

rienkontaminierte Film mit Sonnenlicht bestrahlt. Der bereits in Publikation 2 vorgestellte 

„Imprinting“-Test zeigte, dass bereits nach einer Bestrahlungszeit von 1 h der UKON-

2jRBNO NP Film die Oberfläche komplett bakterienfrei hält. Diese innovative Kombination 

von S-Nitrosthiolgruppen und ROS produzierende Komponenten zeigt sehr eindrucksvoll, 

welches Potenzial speziell in UKON-2jRBNO NP steckt und welche Möglichkeiten das U-

KON Konzept generell im Bereich antibakterieller Beschichtung leisten kann.  
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In dieser Arbeit konnte erfolgreich gezeigt werden, dass UKON-2i sowie UKON-2j NP eine 

solide und innovative Grundlage für weitere Untersuchungen in vielzähligen Anwen-

dungsbereichen darstellen. Beispielsweise stellt das sulfonsäurehaltige Material               U-

KON-2i eine sehr gute Alternative zu dem bereits in Protonenaustauschmembran-Brenn-

stoffzellen (Proton Exchange Membrane Fuel Cell; PEMFC) verwendete Polymermembran-

material Nafion dar. Im Vergleich zu Nafion besitzen UKON-2i NP eine höhere thermische 

Stabilität was den Einsatz von höheren Temperaturen in PEMFC zulässt und somit höhere 

Effizienten erwarten lässt.6 Ein weiterer, interessanter Aspekt von      UKON-2i NP sind 

freie Silanolgruppen an der Oberfläche, welche für weitere Funktionalisierungen zugäng-

lich sind: Beispielsweise können dimerisierbare Moleküle, wie Cinnamoyl-Gruppen, an die 

äußere Schale der NP gebunden werden um anschließend eine Quervernetzung der NP zu 

erreichen. Damit können aerogelartige, monolithische protonenleitfähige Membranen 

hergestellt werden. 

Um materialwissenschaftliche Fragestellungen im biologischen Kontext zu beantworten, 

bietet sich der Einsatz von thiolhaltigen UKON-2j NP an, da sich die Thiolfunktionalität 

überall in der Natur wiederfindet und von biologischen Systemen akzeptiert wird. Der in 

Publikation 3 vorgestellte nasschemische Prozess für den Aufbau von UKON-2j NP stellt 

ein erfolgsversprechendes Instrument dar, um monodisperse, in wässrigem Medium kol-

loidal stabilisierte UKON NP zu erhalten. Diese Eigenschaft macht die UKON-2j NP sehr 

attraktiv für in vitro und vivo Anwendungen. Vorstellbar wäre in diesem Zusammenhang 

die Einlagerung/Bereitstellung von natürlichen Proteinen oder Enzymen über Disulfidbrü-

ckenbindung. Hierzu müsste es gelingen die Porenstruktur und die Größe der NP zu steu-

ern. Um dafür maßgeschneiderte Materialien zu erhalten, sind weitere Studien zur Struk-

turkontrolle über den etablierten modifizierten Stöberprozess notwendig. Außerdem be-

steht bei den hier diskutierten thiolhaltigen UKON-2j NP die Möglichkeit über die Thiol-

ene Klick-Chemie weitere Modifikationen (Amin-, Carboxyl-, Azidgruppen) einzuführen, 

um die Komplexität der Materialien zu erhöhen. Mit dieser Technik wären ohne großen 

synthetischen Aufwand Enzym-ähnliche Materialien zugänglich. 

 

Die vorliegende Arbeit gibt einen Einblick, wie komplex die Möglichkeiten sind, poröse 

Silikatnanopartikel für gezielte Anwendungsbereiche maßzuschneidern. Die hier gezeig-

ten Synthesestrategien ausgehend vom UKON Konzept stellen eine solide und vielseitig 

anwendbare Grundlage für zukünftige Untersuchungen dar. 

Die Anwendung von UKON NP ist derzeit nicht im materialwissenschaftlichen Kontext 

limitiert. Es ist die Fantasie, die hier die Grenzen setzt. 
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7. Appendix 

7.1 Abbreviations 

°C    Grad Celsius 

Å    1 Ångström = 10-10 nm 

Ag    silver 

aPDT   antimicrobial photodynamic therapy 

APTMS   aminopropyl-trimethoxysillyl 

ATR   attenuated total reflexion 

Bu4 NCl  tetra-butyl-ammonium chloride 

°C    degree Celsius 

cm     centimetre 

cmc   critical micelle concentration 

COOH   carboxyl finctionality 

CTAB   cetyltrimethylammoniumbromid  

CuAAC   copper(I)-catalyzed alkyne-azide cycloaddition 

DNA   deoxyribonucleic acid 

DHR   Dihydrorhodamine 

DTT   Dithiothreitol 

e.g.    exempli gratia 

EISA   evaporation induced self-assembly 

Et    ethyl 

et al.   et alii 

Et2O   diethylether 

eV    electron volt 

Fct    functionality 

FDNB   1-fluoro-2,4-dinitrobenzene 



7. Appendix 165 

Fe2O3   iron oxide 

 

Fig.    figure 

FNB   1-fluoro-4-nitrobenzene 

g    gram 

h    hour 

H2O2   hydrogen peroxide 

HCL   hydrochloric acid 

Hg    mercury 

HR-TEM high resolution transmission microscopy 

i.e.  id est 

IEC  ion exchange capacity 

iPrOH    iso-propanol 

isoPr   iso-propyl 

l    liter 

IEC    ion exchange capacity 

Me    methyl 

MIC   minimum inhibitory concentration 

ms    millisecond 

MSN   mesoporous silica nanoparticles 

NaCl   sodium chloride 

N2    nitrogen 

NO    nitric oxide 

NP(s)   nanoparticle(s) 

1O2    singlet oxygen 

O2
.-    superoxide radicals 

OH    hydroxy functionality; alcohol group 

OH.    hydroxyl radicals  
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ONOO.-  peroxynitrite 

Pb    lead 

PMO   periodic mesoporous organosilica 

PS    photosensitizer 

PSN   porous silica nanoparticles 

R    organic rest 

RB    Rose Bengal; 4, 5, 6, 7-tetrachloro-2´, 4´,5´,7´-tetraiodofluorescein 

Rfct    bridging organic group with organic functionality  

RNA   ribonucleic acid 

ROS   reactive oxygen species 

SAMs   self-assembling monolayers 

SAXS   small-angle x-ray scattering diffraction 

SEM    scanning electron microscopy 

SERS   surface-enhanced Raman spectroscopy 

SH    thiol functionality 

SnO2   tin oxide 

SO2Cl2   sulfurylchloride 

SO3H   sulfonic acid functionality 

S-S    disulfide 

tBuLi   tert-buthyllithium 

TEM   transmission electron microscopy 

TiO2   titania 

UKON   specific name of PMO: University of KONstanz 

UV/Vis   ultra-violet/visible light 

ZrO2   zirconia 

 

 

 



7. Appendix 167 

7.2 Complete Bibliography 

A 

Abel, E. W., Pollard, F. H., Uden, P. C. and Nickless, G., Journal of Chromatography, 1966, 22, 23-&. 
Agnihotri, S., Mukherji, S. and Mukherji, S., Nanoscale, 2013, 5, 7328-7340. 
Akshinskaya, N. V., Kiselev, A. V., Nikitin, Y. S., Petrova, R. S., Chaikina, V. K. and Shcherbakova, K. D., Zhurnal 

Fizicheskoi Khimii, 1962, 36, 1121-1123. 
Al-Banna, N. A., Pavlovic, D., Gründling, M., Zhou, J., Kelly, M., Whynot, S., Hung, O., Johnston, B., Issekutz, 

T. B., Kern, H., Cerny, V. and Lehmann, C., Clinical Hemorheology and Microcirculation, 2013, 53, 
155-169. 

Al-Bataineh, S. A., Britcher, L. G. and Griesser, H. J., Surface Science, 2006, 600, 952-962. 
Alauzun, J., Mehdi, A., Reye, C. and Corriu, R. J. P., Journal of the American Chemical Society, 2006, 128, 

8718-8719. 
Alberti, S., Soler-Illia, G. J. and Azzaroni, O., Chemical Communications (Cambridge, England), 2015, 51, 

6050-6075. 
Almeida, J. R. and Vasconcelos, V., Biotechnology Advances, 2015, 33, 343-357. 
Alvaro, M., Ferrer, B., Garcia, H., Hashimoto, S., Hiratsuka, M., Asahi, T. and Masuhara, H., Chemphyschem, 

2004, 5, 1058-1062. 
Antonietti, M., Berton, B., Goltner, C. and Hentze, H. P., Advanced Materials, 1998, 10, 154-+. 
Arata, K., Nakamura, H. and Shouji, M., Applied Catalysis A: General, 2000, 197, 213-219. 
Arata, K., Green Chemistry, 2009, 11, 1719-1728. 
Arkhireeva, A. and Hay, J. N., Journal of Materials Chemistry, 2003, 13, 3122-3127. 
Asefa, T., Maclachlan, M. J., Coombs, N. and Ozin, G. A., Nature, 1999, 402, 867-871. 
Asefa, T., Coombs, N., Dag, O., Yoshina-Ishii, C., Maclachlan, M. J. and Ozin, G. A., Abstracts of Papers of the 

American Chemical Society, 2000, 219, U883-U883. 
Awad, F., British Microbiology Research Journal, 2014, 4, 1219-1234. 
 
B 

Bae, H., Chu, H. H., Edalat, F., Cha, J. M., Sant, S., Kashyap, A., Ahari, A. F., Kwon, C. H., Nichol, J. W., 
Manoucheri, S., Zamanian, B., Wang, Y. D. and Khademhosseini, A., Journal of Tissue Engineering 
and Regenerative Medicine, 2014, 8, 1-14. 

Bain, C. D. and Whitesides, G. M., Science, 1988, 240, 62-63. 
Baleizao, C., Gigante, B., Das, D., Alvaro, M., Garcia, H. and Corma, A., Chemical Communications, 2003, 

1860-1861. 
Baleizao, C., Gigante, B., Das, D., Alvaro, M., Garcia, H. and Corma, A., Journal of Catalysis, 2004, 223, 106-

113. 
Banerjee, I., Pangule, R. C. and Kane, R. S., Advanced Materials, 2011, 23, 690-718. 
Barrer, R. M., Journal of the Chemical Society, 1948, 2158-&. 
Barrett, E. P., Joyner, L. G. and Halenda, P. P., Journal of the American Chemical Society, 1951, 73, 373-380. 
Barthlott, W. and Neinhuis, C., Planta, 1997, 202, 1-8. 
Beck, J. S., Vartuli, J. C., Roth, W. J., Leonowicz, M. E., Kresge, C. T., Schmitt, K. D., Chu, C. T. W., Olson, D. H., 

Sheppard, E. W., Mccullen, S. B., Higgins, J. B. and Schlenker, J. L., Journal of the American Chemical 
Society, 1992, 114, 10834-10843. 

Bergna, H. E. and Roberts, W. O., Colloidal silica : fundamentals and applications, CRC Taylor & Francis, Boca 
Raton, FL, 2006. 

Bharti, C., Nagaich, U., Pal, A. K. and Gulati, N., Int J Pharm Investig, 2015, 5, 124-133. 
Bhaumik, A. and Inagaki, S., Journal of the American Chemical Society, 2001, 123, 691-696. 
Bhushan, B., Philosophical Transactions of the Royal Society of London A: Mathematical, Physical and 

Engineering Sciences, 2009, 367, 1443-1444. 
Blas, H., Save, M., Pasetto, P., Boissière, C., Sanchez, C. and Charleux, B., Langmuir, 2008, 24, 13132-13137. 
Blossey, R., Nat Mater, 2003, 2, 301-306. 
Bogush, G. H., Tracy, M. A. and Zukoski, C. F., Journal of Non-Crystalline Solids, 1988, 104, 95-106. 
Bonduelle, C. V., Lau, W. M. and Gillies, E. R., ACS Applied Materials & Interfaces, 2011, 3, 1740-1748. 
Bonnett, R., Krysteva, M. A., Lalov, I. G. and Artarsky, S. V., Water Research, 2006, 40, 1269-1275. 
Booth, I. R., Microbiological Reviews, 1985, 49, 359-378. 
Bordwell, F. G., Accounts of Chemical Research, 1988, 21, 456-463. 



7. Appendix 168 

Borges, E. M., Journal of Chromatographic Science, 2015, 53, 580-597. 
Börner, M., Noisser, T. and Reichenauer, G., Chemistry of Materials, 2013, 25, 3648-3653. 
Bouchoucha, M., C-Gaudreault, R., Fortin, M. A. and Kleitz, F., Advanced Functional Materials, 2014, 24, 

5911-5923. 
Brezesinski, T., Erpen, C., Iimura, K. and Smarsly, B., Chemistry of Materials, 2005, 17, 1683-1690. 
Brezesinski, T., Fischer, A., Iimura, K., Sanchez, C., Grosso, D., Antonietti, M. and Smarsly, B. M., Advanced 

Functional Materials, 2006, 16, 1433-1440. 
Brinker, C. J. and Scherer, G. W., Journal of Non-Crystalline Solids, 1985, 70, 301-322. 
Brinker, C. J., Lu, Y. F., Sellinger, A. and Fan, H. Y., Advanced Materials, 1999, 11, 579-+. 
Bronsted, J. N., Recueil des Travaux Chimiques des Pays-Bas, 1923, 42, 718-728. 
Bronstein, L. M., Polarz, S., Smarsly, B. and Antonietti, M., Advanced Materials, 2001, 13, 1333-1336. 
Bruhwiler, D., Nanoscale, 2010, 2, 887-892. 
Burglova, K., Noureddine, A., Hodacova, J., Toquer, G., Cattoen, X. and Man, M. W. C., Chemistry-a European 

Journal, 2014, 20, 10371-10382. 
Burkett, S. L., Sims, S. D. and Mann, S., Chemical Communications, 1996, 1367-1368. 
 
C 

Cabiscol, E., International Microbiology, 2010, 3, 3. 
Cademartiri, L., Montanari, E., Calestani, G., Migliori, A., Guagliardi, A. and Ozin, G. A., Journal of the 

American Chemical Society, 2006, 128, 10337. 
Cademartiri, L. and Ozin, G. A., Concepts of nanochemistry, Wiley-VCH ; John Wiley distributor, Weinheim 

Chichester, 2009. Caltagirone, C., Bettoschi, A., Garau, A. and Montis, R., Chemical Society Reviews, 
2015, 44, 4645-4671. 

Cano-Serrano, E., Blanco-Brieva, G., Campos-Martin, J. M. and Fierro, J. L. G., Langmuir, 2003, 19, 7621-
7627. 

Capeletti, L. B., De Oliveira, L. F., Gonçalves, K. d. A., De Oliveira, J. F. A., Saito, Â., Kobarg, J., Santos, J. H. Z. 
d. and Cardoso, M. B., Langmuir, 2014. 

Carpenter, A. W. and Schoenfisch, M. H., Chemical Society Reviews, 2012, 41, 3742-3752. 
Carpenter, A. W., Worley, B. V., Slomberg, D. L. and Schoenfisch, M. H., Biomacromolecules, 2012, 13, 3334-

3342. 
Castellano, J. J., Shafii, S. M., Ko, F., Donate, G., Wright, T. E., Mannari, R. J., Payne, W. G., Smith, D. J. and 

Robson, M. C., Int Wound J, 2007, 4, 114-122. 
Chai, S. H., Wang, H. P., Liang, Y. and Xu, B. Q., Green Chemistry, 2007, 9, 1130-1136. 
Chen, M.-L., Zhang, J., Zhang, Z., Yuan, B.-F., Yu, Q.-W. and Feng, Y.-Q., Journal of Chromatography A, 2013, 

1284, 118-125. 
Chen, M. L., Zhang, J., Zhang, Z., Yuan, B. F., Yu, Q. W. and Feng, Y. Q., Journal of Chromatography A, 2013, 

1284, 118-125. 
Chen, S., Gopalakrishnan, R., Schaer, T., Marger, F., Hovius, R., Bertrand, D., Pojer, F. and Heinis, C., Nature 

Chemistry, 2014, 6, 1009-1016. 
Chen, X. and Schluesener, H. J., Toxicology Letters, 2008, 176, 1-12. 
Chen, Y., Wu, M., Wang, K., Chen, B., Yao, S., Zou, H. and Nie, L., Journal of Chromatography A, 2011, 1218, 

7982-7988. 
Chiang, C.-L., Ma, C.-C. M., Wu, D.-L. and Kuan, H.-C., Journal of Polymer Science Part A: Polymer Chemistry, 

2003, 41, 905-913. 
Chinpa, W., Quemener, D., Beche, E., Jiraratananon, R. and Deratani, A., Journal of Membrane Science, 2010, 

365, 89-97. 
Cho, E.-B., Kim, D. and Jaroniec, M., Langmuir, 2007, 23, 11844-11849. 
Cho, E.-B., Kim, D. and Jaroniec, M., Microporous and Mesoporous Materials, 2009, 120, 252-256. 
Cho, E. B., Kim, D. and Jaroniec, M., Journal of Physical Chemistry C, 2008, 112, 4897-4902. 
Cho, Y.-S., Choi, S.-Y., Kim, Y.-K. and Yi, G.-R., Journal of Colloid and Interface Science, 2012, 386, 88-98. 
Choi, H., Sofranko, A. C. and Dionysiou, D. D., Advanced Functional Materials, 2006, 16, 1067-1074. 
Choi, I. D., Lee, J. W. and Kang, Y. T., Separation Science and Technology, 2015, 50, 772-780. 
Choi, J.-W., Oh, B.-K., Kim, Y.-K. and Min, J., Journal of Microbiology and Biotechnology, 2007, 17, 5-14. 
Cleophas, R. T. C., Riool, M., Quarles Van Ufford, H. C., Zaat, S. A. J., Kruijtzer, J. A. W. and Liskamp, R. M. J., 

ACS Macro Letters, 2014, 3, 477-480. 
Conlon, P. R. and Sayer, J. M., The Journal of Organic Chemistry, 1979, 44, 262-267. 
Corma, A., Das, D., Garcia, H. and Leyva, A., Journal of Catalysis, 2005, 229, 322-331. 



7. Appendix 169 

Corma, A. and Garcia, H., Advanced Synthesis & Catalysis, 2006, 348, 1391-1412. 
Corriu, R. J. P. and Leclercq, D., Angewandte Chemie International Edition in English, 1996, 35, 1420-1436. 
Corriu, R. J. P., Angewandte Chemie-International Edition, 2000, 39, 1376-1398. 
Couleaud, P., Morosini, V., Frochot, C., Richeter, S., Raehm, L. and Durand, J.-O., Nanoscale, 2010, 2, 1083-

1095. 
Croissant, J., Cattoen, X., Man, M. W., Gallud, A., Raehm, L., Trens, P., Maynadier, M. and Durand, J. O., 

Advanced Materials, 2014, 26, 6174-6180. 
Croissant, J., Salles, D., Maynadier, M., Mongin, O., Hugues, V., Banchard-Desce, M., Cattoen, X., Man, M. 

W. C., Gallud, A., Garcia, M., Gary-Bobo, M., Raehm, L. and Durand, J. O., Chemistry of Materials, 
2014, 26, 7214-7220. 

Croissant, J., Cattoen, X., Wong Chi Man, M., Dieudonne, P., Charnay, C., Raehm, L. and Durand, J. O., 
Advanced Materials, 2015, 27, 145-149. 

 
D 

Davis, M. E., Nature, 2002, 417, 813-821. 
De La Fuente, R., Sonawane, N. D., Arumainayagam, D. and Verkman, A. S., British Journal of Pharmacology, 

2006, 149, 551-559. 
Deka, J. R., Kao, H. M., Huang, S. Y., Chang, W. C., Ting, C. C., Rath, P. C. and Chen, C. S., Chemistry, 2014, 20, 

894-903. 
Deng, Z., Zhu, H., Peng, B., Chen, H., Sun, Y., Gang, X., Jin, P. and Wang, J., ACS Appl Mater Interfaces, 2012, 

4, 5625-5632. 
Derouane, E. G., Vedrine, J. C., Pinto, R. R., Borges, P. M., Costa, L., Lemos, M. A. N. D. A., Lemos, F. and 

Ribeiro, F. R., Catalysis Reviews-Science and Engineering, 2013, 55, 454-515. 
Deschler, U., Kleinschmit, P. and Panster, P., Angewandte Chemie-International Edition, 1986, 25, 236-252. 
Dickschat, A. T., Behrends, F., Bühner, M., Ren, J., Weiß, M., Eckert, H. and Studer, A., Chemistry – A 

European Journal, 2012, 18, 16689-16697. 
Djojoputro, H., Zhou, X. F., Qiao, S. Z., Wang, L. Z., Yu, C. Z. and Lu, G. Q., Journal of the American Chemical 

Society, 2006, 128, 6320-6321. 
Du, B., Cao, Z., Li, Z., Mei, A., Zhang, X., Nie, J., Xu, J. and Fan, Z., Langmuir, 2009, 25, 12367-12373. 
Du, X. and He, J., Nanoscale, 2011, 3, 3984-4002. 
 
E 

Egger, S. M., Hurley, K. R., Datt, A., Swindlehurst, G. and Haynes, C. L., Chemistry of Materials, 2015, 27, 
3193-3196. 

Esquivel, D., Van Den Berg, O., Romero-Salguero, F. J., Du Prez, F. and Van Der Voort, P., Chemical 
Communications, 2013, 49, 2344-2346. 

 
F 

Fan, J., Yu, C. Z., Gao, T., Lei, J., Tian, B. Z., Wang, L. M., Luo, Q., Tu, B., Zhou, W. Z. and Zhao, D. Y., 
Angewandte Chemie-International Edition, 2003, 42, 3146-3150. 

Fang, W. H., Wang, S., Liebens, A., De Campo, F., Xu, H. L., Shen, W., Pera-Titus, M. and Clacens, J. M., 
Catalysis Science & Technology, 2015, 5, 3980-3990. 

Fantini, J. and Barrantes, F. J., Frontiers in Physiology, 2013, 4. 
Fattakhova-Rohlfing, D., Wark, M., Brezesinski, T., Smarsly, B. M. and Rathousky, J., Advanced Functional 

Materials, 2007, 17, 123-132. 
Feng, Q. L., Wu, J., Chen, G. Q., Cui, F. Z., Kim, T. N. and Kim, J. O., Journal of Biomedical Materials Research, 

2000, 52, 662-668. 
Finklea, H. O., Avery, S., Lynch, M. and Furtsch, T., Langmuir, 1987, 3, 409-413. 
Fleming, A., Journal of Pathology and Bacteriology, 1932, 35, 831-842. 
Fleming, A., British Medical Journal, 1941, 1941, 386-386. 
Forster, S. and Burger, C., Macromolecules, 1998, 31, 879-891. 
Fratzl, P., Journal of The Royal Society Interface, 2007, 4, 637-642. 
Fujishima, A., Zhang, X. and Tryk, D. A., Surface Science Reports, 2008, 63, 515-582. 
Furno, F., Morley, K. S., Wong, B., Sharp, B. L., Arnold, P. L., Howdle, S. M., Bayston, R., Brown, P. D., Winship, 

P. D. and Reid, H. J., Journal of Antimicrobial Chemotherapy, 2004, 54, 1019-1024. 
 
 



7. Appendix 170 

 

 

G 

Gandin, E., Lion, Y. and Vandevorst, A., Photochemistry and Photobiology, 1983, 37, 271-278. 
Ganesan, V. and Walcarius, A., Langmuir, 2004, 20, 3632-3640. 
Gao, C. L., Li, G. Z., Xue, H., Yang, W., Zhang, F. B. and Jiang, S. Y., Biomaterials, 2010, 31, 1486-1492. 
Gatta, G. D. and Lee, Y., Mineralogical Magazine, 2014, 78, 267-291. 
Gehring, J., Schleheck, D., Luka, M. and Polarz, S., Advanced Functional Materials, 2014, 24, 1140-1150. 
Gehring, J., Schleheck, D., Trepka, B. and Polarz, S., ACS Appl Mater Interfaces, 2015, 7, 1021-1029. 
Gianotti, E., Martins Estevao, B., Cucinotta, F., Hioka, N., Rizzi, M., Reno, F. and Marchese, L., Chemistry, 

2014, 20, 10921-10925. 
Gilpin, R. K. and Burke, M. F., Analytical Chemistry, 1973, 45, 1383-1389. 
Glinel, K., Thebault, P., Humblot, V., Pradier, C. M. and Jouenne, T., Acta Biomaterialia, 2012, 8, 1670-1684. 
Goltner, C. G. and Antonietti, M., Advanced Materials, 1997, 9, 431-&. 
Goltner, C. G., Berton, B., Kramer, E. and Antonietti, M., Chemical Communications, 1998, 2287-2288. 
Goltner, C. G., Smarsly, B., Berton, B. and Antonietti, M., Chemistry of Materials, 2001, 13, 1617-1624. 
Goto, Y. and Inagaki, S., Chemical Communications, 2002, 2410-2411. 
Gottenbos, B., Van Der Mei, H. C., Klatter, F., Nieuwenhuis, P. and Busscher, H. J., Biomaterials, 2002, 23, 

1417-1423. 
Groenewolt, M., Antonietti, M. and Polarz, S., Langmuir, 2004, 20, 7811-7819. 
Guan, B., Cui, Y., Ren, Z., Qiao, Z.-a., Wang, L., Liu, Y. and Huo, Q., Nanoscale, 2012, 4, 6588-6596. 
Guan, S., Inagaki, S., Ohsuna, T. and Terasaki, O., Journal of the American Chemical Society, 2000, 122, 5660-

5661. 
Guo, Y. Y., Rogelj, S. and Zhang, P., Nanotechnology, 2010, 21. 
Guthrie, J. P., Canadian Journal of Chemistry, 1978, 56, 2342-2354. 
Guzman, M., Dille, J. and Godet, S., Nanomedicine-Nanotechnology Biology and Medicine, 2012, 8, 37-45. 
 
H 

Haffer, S., Tiemann, M. and Fröba, M., Chemistry – A European Journal, 2010, 16, 10447-10452. 
Hakki, A., Dillert, R. and Bahnemann, D. W., Acs Catalysis, 2013, 3, 565-572. 
Hall, N. F. and Conant, J. B., Journal of the American Chemical Society, 1927, 49, 3047-3061. 
Hamada, T. and Yonemitsu, O., Synthesis-Stuttgart, 1986, 852-854. 
Hammett, L. P. and Deyrup, A. J., Journal of the American Chemical Society, 1932, 54, 2721-2739. 
Hamoudi, S. and Kaliaguine, S., Chemical Communications, 2002, 2118-2119. 
Hamoudi, S. and Kaliaguine, S., Microporous and Mesoporous Materials, 2003, 59, 195-204. 
Hara, S. and Miyayama, M., Solid State Ionics, 2004, 168, 111-116. 
Harmer, M. A., Junk, C., Rostovtsev, V., Carcani, L. G., Vickery, J. and Schnepp, Z., Green Chemistry, 2007, 9, 

30-37. 
Hasan, J., Crawford, R. J. and Ivanova, E. P., Trends in Biotechnology, 2013, 31, 295-304. 
Hatton, B., Landskron, K., Whitnall, W., Perovic, D. and Ozin, G. A., Accounts of Chemical Research, 2005, 38, 

305-312. 
Haul, R., Berichte der Bunsengesellschaft für physikalische Chemie, 1982, 86, 957-957. 
Hauser, C. and Wunderlich, J., Procedia Food Science, 2011, 1, 197-202. 
He, Q., Cui, X., Cui, F., Guo, L. and Shi, J., Microporous and Mesoporous Materials, 2009, 117, 609-616. 
Hetrick, E. M., Shin, J. H., Paul, H. S. and Schoenfisch, M. H., Biomaterials, 2009, 30, 2782-2789. 
Himmel, D., Goll, S. K., Leito, I. and Krossing, I., Angewandte Chemie-International Edition, 2010, 49, 6885-

6888. 
Ho, C. H., Odermatt, E. K., Berndt, I. and Tiller, J. C., Journal of Biomaterials Science, Polymer Edition, 2013, 

24, 1589-1600. 
Hoffmann, F., Cornelius, M., Morell, J. and Froba, M., Angewandte Chemie-International Edition, 2006, 45, 

3216-3251. 
Hoffmann, F. and Froba, M., Chemical Society Reviews, 2011, 40, 608-620. 
Hoyle, C. E. and Bowman, C. N., Angewandte Chemie-International Edition, 2010, 49, 1540-1573. 
Hoyle, C. E., Lowe, A. B. and Bowman, C. N., Chemical Society Reviews, 2010, 39, 1355-1387. 
Hu, J., Chen, M., Fang, X. and Wu, L., Chemical Society Reviews, 2011, 40, 5472-5491. 
Hunks, W. J. and Ozin, G. A., Advanced Functional Materials, 2005, 15, 259-266. 
 



7. Appendix 171 

 

 

I/J 

Imaizumi, S., Matsumoto, H., Ashizawa, M., Minagawa, M. and Tanioka, A., RSC Advances, 2012, 2, 3109-
3114. 

Inagaki, S., Guan, S., Fukushima, Y., Ohsuna, T. and Terasaki, O., Journal of the American Chemical Society, 
1999, 121, 9611-9614. 

Inagaki, S., Guan, S., Ohsuna, T. and Terasaki, O., Nature, 2002, 416, 304-307. 
Janczuk, A. J., Jia, Q., Xian, M., Wen, Z., Wang, P. G. and Cai, T., Expert Opinion on Therapeutic Patents, 2002, 

12, 819-826. 
Janicke, M. T., Landry, C. C., Christiansen, S. C., Kumar, D., Stucky, G. D. and Chmelka, B. F., Journal of the 

American Chemical Society, 1998, 120, 6940-6951. 
Jiang, T., Zhao, Q., Li, M. and Yin, H., Journal of Hazardous materials, 2008, 159, 204-209. 
Jones, E. and Moodie, I. M., Organic Syntheses, 1988, 50-9, 979-980. 
 
K 

Kaegi, R., Sinnet, B., Zuleeg, S., Hagendorfer, H., Mueller, E., Vonbank, R., Boller, M. and Burkhardt, M., 
Environmental Pollution, 2010, 158, 2900-2905. 

Kallrath, G. and Biegler, H., Google Patents1968. 
Kanezashi, M., Matsugasako, R., Tawarayama, H., Nagasawa, H., Yoshioka, T. and Tsuru, T., Chemical 

Communications (Cambridge, England), 2015, 51, 2551-2554. 
Kaushik, A., Kumar, R., Huey, E., Bhansali, S., Nair, N. and Nanir, M., Mikrochimica Acta, 2014, 181, 1759-

1780. 
Kickelbick, G., Angewandte Chemie, 2004, 116, 3164-3166. 
Kim, G., Kim, H., Kim, I. J., Kim, J. R., Lee, J. I. and Ree, M., Journal of Biomaterials Science, Polymer Edition, 

2009, 20, 1687-1707. 
Kim, J., Saravanakumar, G., Choi, H. W., Park, D. and Kim, W. J., Journal of Materials Chemistry B, 2014, 2, 

341-356. 
Kim, J. D., Yun, H., Kim, G. C., Lee, C. W. and Choi, H. C., Applied Surface Science, 2013, 283, 227-233. 
Kiselev, A. V., Nikitin, Y. S., Chuikina, V. K. and Shcherba.Kd, Russian Journal of Physical Chemistry,Ussr, 1966, 

40, 71-&. 
Kiselev, A. V., Nikitin, Y. S., Sarakhov, A. I. and Oganesya.Eb, Colloid Journal-Ussr, 1968, 30, 635-&. 
Klasen, H. J., Burns, 2000, 26, 131-138. 
Knetsch, M. L. W. and Koole, L. H., Polymers, 2011, 3, 340-366. 
Kobler, J., Moller, K. and Bein, T., ACS Nano, 2008, 2, 791-799. 
Kolb, H. C., Finn, M. G. and Sharpless, K. B., Angewandte Chemie-International Edition, 2001, 40, 2004-+. 
Konradi, R., Pidhatika, B., Muhlebach, A. and Textort, M., Langmuir, 2008, 24, 613-616. 
Kresge, C. T., Leonowicz, M. E., Roth, W. J., Vartuli, J. C. and Beck, J. S., Nature, 1992, 359, 710-712. 
Krumm,C. and Tiller, J.C., Nachrichten aus der Chemie, 2014, 62, 984-987 
Kuroki, M., Asefa, T., Whitnal, W., Kruk, M., Yoshina-Ishii, C., Jaroniec, M. and Ozin, G. A., Journal of the 

American Chemical Society, 2002, 124, 13886-13895. 
Kuschel, A. and Polarz, S., Advanced Functional Materials, 2008, 18, 1272-1280. 
Kuschel, A., Sievers, H. and Polarz, S., Angewandte Chemie-International Edition, 2008, 47, 9513-9517. 
Kuschel, A., Drescher, M., Kuschel, T. and Polarz, S., Chemistry of Materials, 2010, 22, 1472-1482. 
Kuschel, A., Luka, M., Wessig, M., Drescher, M., Fonin, M., Kiliani, G. and Polarz, S., Advanced Functional 

Materials, 2010, 20, 1133-1143. 
Kuschel, A. and Polarz, S., Journal of the American Chemical Society, 2010, 132, 6558-6565. 
Kutt, A., Leito, I., Kaljurand, I., Soovali, L., Vlasov, V. M., Yagupolskii, L. M. and Koppel, I. A., Journal of Organic 

Chemistry, 2006, 71, 2829-2838. 
 
L 

Labay, C., Canal, J. M., Modic, M., Cvelbar, U., Quiles, M., Armengol, M., Arbos, M. A., Gil, F. J. and Canal, C., 
Biomaterials, 2015, 71, 132-144. 

Lackner, M., Maninger, S. and Guggenbichler, J. P., Nachrichten Aus Der Chemie, 2013, 61, 112-115. 
Lafuma, A. and Quere, D., Nat Mater, 2003, 2, 457-460. 
Lamberts, J. J. M. and Neckers, D. C., Tetrahedron, 1985, 41, 2183-2190. 
Lansdown, A. B., Journal of Wound Care, 2002, 11, 173-177. 



7. Appendix 172 

Lee, B., Im, H. J., Luo, H. M., Hagaman, E. W. and Dai, S., Langmuir, 2005, 21, 5372-5376. 
Li, G., Zhao, Z., Liu, J. and Jiang, G., Journal of Hazardous materials, 2011, 192, 277-283. 
Li, J., Wang, G. Q., Meng, Q. H., Ding, C. H., Jiang, H. and Fang, Y. Z., Applied Surface Science, 2014, 315, 407-

414. 
Li, Q. L., Mahendra, S., Lyon, D. Y., Brunet, L., Liga, M. V., Li, D. and Alvarez, P. J. J., Water Research, 2008, 

42, 4591-4602. 
Li, R., Yu, F., Li, F., Zhou, M., Xu, B. and Xie, K., Journal of Solid State Chemistry, 2009, 182, 991-994. 
Li, X., Yang, Y. and Yang, Q., Journal of Materials Chemistry A, 2013, 1, 1525-1535. 
Liang, T., Fu, Q., Shen, A., Wang, H., Jin, Y., Xin, H., Ke, Y., Guo, Z. and Liang, X., Journal of Chromatography 

A, 2015, 1388, 110-118. 
Lim, M. H. and Stein, A., Chemistry of Materials, 1999, 11, 3285-3295. 
Lin, C. X., Yuan, P., Yu, C. Z., Qiao, S. Z. and Lu, G. Q., Microporous and Mesoporous Materials, 2009, 126, 

253-261. 
Linares, N., Serrano, E., Rico, M., Balu, A. M., Losada, E., Luque, R. and Garcia-Martinez, J., Chemical 

Communications (Cambridge, England), 2011, 47, 9024-9035. 
Liu, J., Bai, S., Zhong, H., Li, C. and Yang, Q., The Journal of Physical Chemistry C, 2010, 114, 953-961. 
Liu, S., Lu, L., Yang, Z., Cool, P. and Vansant, E. F., Materials Chemistry and Physics, 2006, 97, 203-206. 
Long, F. A. and Paul, M. A., Chemical Reviews, 1957, 57, 935-1010. 
Lopez, P. J., Gautier, C., Livage, J. and Coradin, T., Current Nanoscience, 2005, 1, 73-83. 
Lowe, A. B., Polymer Chemistry, 2010, 1, 17-36. 
Loy, D. A. and Shea, K. J., Chemical Reviews, 1995, 95, 1431-1442. 
Lu, A. H. and Schüth, F., Advanced Materials, 2006, 18, 1793-1805. 
Lu, G. Q. and Zhao, X. S., Nanoporous materials : science and engineering, Imperial College Press, London, 

2004. 
Lu, Y., Fan, H., Stump, A., Ward, T. L., Rieker, T. and Brinker, C. J., Nature, 1999, 398, 223-226. 
Lu, Y., Shah, A., Hunter, R. A., Soto, R. J. and Schoenfisch, M. H., Acta Biomaterialia, 2015, 12, 62-69. 
Lu, Y. F., Fan, H. Y., Doke, N., Loy, D. A., Assink, R. A., Lavan, D. A. and Brinker, C. J., Journal of the American 

Chemical Society, 2000, 122, 5258-5261. 
Luka, M. and Polarz, S., Microporous and Mesoporous Materials, 2013, 171, 35-43. 
Lyon, J. P., Moreira, L. M., De Moraes, P. C. G., Dos Santos, F. V. and De Resende, M. A., Mycoses, 2011, 54, 

e265-e271. 
 
M 

Macquarrie, D. J., Chemical Communications, 1996, 1961-1962. 
Mahltig, B., Swaboda, C., Roessler, A. and Bottcher, H., Journal of Materials Chemistry, 2008, 18, 3180-3192. 
Malinge, J., Mousseau, F., Zanchi, D., Brun, G., Tribet, C. and Marie, E., Journal of Colloid and Interface 

Science, 2016, 461, 50-55. 
Marschall, R., Bannat, I., Feldhoff, A., Wang, L., Lu, G. Q. and Wark, M., Small, 2009, 5, 854-859. 
Martinez-Gutierrez, F., Boegli, L., Agostinho, A., Sanchez, E. M., Bach, H., Ruiz, F. and James, G., Biofouling, 

2013, 29, 651-660. 
Martinez, J. L. and Baquero, F., Upsala Journal of Medical Sciences, 2014, 119, 68-77. 
Martins Estevao, B., Cucinotta, F., Hioka, N., Cossi, M., Argeri, M., Paul, G., Marchese, L. and Gianotti, E., 

Physical Chemistry Chemical Physics, 2015, 17, 26804-26812. 
Mascotto, S., Wallacher, D., Kuschel, A., Polarz, S., Zickler, G. A., Timmann, A. and Smarsly, B. M., Langmuir, 

2010, 26, 6583-6592. 
Matos, J. R., Kruk, M., Mercuri, L. P., Jaroniec, M., Asefa, T., Coombs, N., Ozin, G. A., Kamiyama, T. and 

Terasaki, O., Chemistry of Materials, 2002, 14, 1903-+. 
Matsoukas, T. and Gulari, E., Journal of Colloid and Interface Science, 1989, 132, 13-21. 
Melde, B. J., Holland, B. T., Blanford, C. F. and Stein, A., Chemistry of Materials, 1999, 11, 3302-3308. 
Melero, J. A., Stucky, G. D., Van Grieken, R. and Morales, G., Journal of Materials Chemistry, 2002, 12, 1664-

1670. 
Melero, J. A., Bautista, L. F., Iglesias, J., Morales, G., Sanchez-Vazquez, R., Wilson, K. and Lee, A. F., Applied 

Catalysis a-General, 2014, 488, 111-118. 
Mijnendonckx, K., Leys, N., Mahillon, J., Silver, S. and Van Houdt, R., Biometals, 2013, 26, 609-621. 
Mirodatos, C. and Barthomeuf, D., Journal of the Chemical Society-Chemical Communications, 1981, 39-40. 
Mizoshita, N., Tani, T. and Inagaki, S., Chemical Society Reviews, 2011, 40, 789-800. 
Moan, J. and Berg, K., Photochemistry and Photobiology, 1991, 53, 549-553. 



7. Appendix 173 

Modak, S. M. and Fox, C. L., Biochemical Pharmacology, 1973, 22, 2391-2404. 
Mohanty, P. and Landskron, K., Nanoscale Research Letters, 2009, 4, 1524-1529. 
Möller, K., Kobler, J. and Bein, T., Advanced Functional Materials, 2007, 17, 605-612. 
Morell, J., Wolter, G. and Froba, M., Chemistry of Materials, 2005, 17, 804-808. 
Morell, J., Gungerich, M., Wolter, G., Jiao, J., Hunger, M., Klar, P. J. and Froba, M., Journal of Materials 

Chemistry, 2006, 16, 2809-2818. 
Morones, J. R., Elechiguerra, J. L., Camacho, A., Holt, K., Kouri, J. B., Ramirez, J. T. and Yacaman, M. J., 

Nanotechnology, 2005, 16, 2346-2353. 
Murray, B. E., Clinical Microbiology Reviews, 1990, 3, 46-65. 
Muth, O., Schellbach, C. and Froba, M., Chemical Communications, 2001, 2032-2033. 
 
N 

Nablo, B. J. and Schoenfisch, M. H., Journal of Biomedical Materials Research Part A, 2003, 67A, 1276-1283. 
Nagarale, R. K., Gohil, G. S., Shahi, V. K. and Rangarajan, R., Macromolecules, 2004, 37, 10023-10030. 
Nakajima, K., Tomita, I., Hara, M., Hayashi, S., Domen, K. and Kondo, J. N., Advanced Materials, 2005, 17, 

1839-+. 
Neckers, D. C., Journal of Photochemistry and Photobiology A: Chemistry, 1989, 47, 1-29. 
Nisola, G. M., Park, J. S., Beltran, A. B. and Chung, W.-J., RSC Advances, 2012, 2, 2439. 
Niu, D., Liu, Z., Li, Y., Luo, X., Zhang, J., Gong, J. and Shi, J., Advanced Materials, 2014, 26, 4947-4953. 
Noimark, S., Dunnill, C. W. and Parkin, I. P., Advanced Drug Delivery Reviews, 2013, 65, 570-580. 
Nozawa, K., Gailhanou, H., Raison, L., Panizza, P., Ushiki, H., Sellier, E., Delville, J. P. and Delville, M. H., 

Langmuir, 2005, 21, 1516-1523. 
Nuzzo, R. G. and Allara, D. L., Journal of the American Chemical Society, 1983, 105, 4481-4483. 
 
O 

Oae, S. and Shinhama, K., Organic Preparations and Procedures International, 1983, 15, 165-198. 
Ogihara, H., Xie, J., Okagaki, J. and Saji, T., Langmuir, 2012, 28, 4605-4608. 
Olah, G. A., Suryaprakash, G. K. and Sommer, J., Science, 1979, 206, 13-20. 
Olah, G. A., Prakash, G. S., Sommer, J. and Molnar, A., Superacid chemistry, John Wiley & Sons2009. 
Omenetto, F. G. and Kaplan, D. L., Science, 2010, 329, 528-531. 
Onishchenko, G. G., Kutyrev, V. V. and Utkin, D. V., Žurnal mikrobiologii, ėpidemiologii i immunobiologii, 

2008, 93-97. 
 
P 

Pacher, P., Beckman, J. S. and Liaudet, L., Physiological Reviews, 2007, 87, 315-424. 
Paczkowski, J. and Neckers, D. C., Macromolecules, 1985, 18, 2412-2418. 
Pagliaro, M., Ciriminna, R. and Palmisano, G., Journal of Materials Chemistry, 2009, 19, 3116. 
Panyala, N. R., Pena-Mendez, E. M. and Havel, J., Journal of Applied Biomedicine, 2008, 6, 117-129. 
Parlett, C. M. A., Wilson, K. and Lee, A. F., Chemical Society Reviews, 2013, 42, 3876-3893. 
Pascual, L., Baroja, I., Aznar, E., Sancenon, F., Marcos, M. D., Murguia, J. R., Amoros, P., Rurack, K. and 

Martinez-Manez, R., Chemical Communications (Cambridge, England), 2015, 51, 1414-1416. 
Paul, M. A. and Long, F. A., Chemical Reviews, 1957, 57, 1-45. 
Pauletti, A., Moskowitz, G., Millan, T., Fernandez-Martin, C., Boissiere, C., Gervais, C. and Babonneau, F., 

Pure and Applied Chemistry, 2009, 81, 1449-1457. 
Paze, C., Bordiga, S., Lamberti, C., Salvalaggio, M., Zecchina, A. and Bellussi, G., Journal of Physical Chemistry 

B, 1997, 101, 4740-4751. 
Pejov, L., Ristova, M. and Soptrajanov, B., Spectrochimica Acta Part a-Molecular and Biomolecular 

Spectroscopy, 2011, 79, 27-34. 
Peng, J., Yao, Y., Zhang, X., Li, C. and Yang, Q., Chemical Communications (Cambridge, England), 2014, 50, 

10830-10833. 
Peng, X.-T., Liu, T., Ji, S.-X. and Feng, Y.-Q., Journal of Separation Science, 2013, 36, 2571-2577. 
Polarz, S. and Antonietti, M., Chemical Communications, 2002, 2593-2604. 
Polarz, S. and Smarsly, B., Journal of Nanoscience and Nanotechnology, 2002, 2, 581-612. 
Polarz, S. and Kuschel, A., Advanced Materials, 2006, 18, 1206-+. 
Polarz, S. and Kuschel, A., Chemistry-a European Journal, 2008, 14, 9816-9829. 
Pompe, W., RöDel, G., Weiss, H.-J. r. and Mertig, M., Bio-nanomaterials : designing materials inspired by 

nature, Wiley-VCH, Weinheim, Germany, 2013. 



7. Appendix 174 

Posner, T., Berichte Der Deutschen Chemischen Gesellschaft, 1905, 38, 646-657. 
Q 

Qin, Y. Q., Ji, X. H., Jing, J., Liu, H., Wu, H. L. and Yang, W. S., Colloids and Surfaces a-Physicochemical and 
Engineering Aspects, 2010, 372, 172-176. 

Quang, D. V., Lee, J. E., Kim, J.-K., Kim, Y. N., Shao, G. N. and Kim, H. T., Powder Technology, 2013, 235, 221-
227. 

 
R 

Ragas, X., He, X., Agut, M., Roxo-Rosa, M., Gonsalves, A. R., Serra, A. C. and Nonell, S., Molecules, 2013, 18, 
2712-2725. 

Rai, M., Yadav, A. and Gade, A., Biotechnology Advances, 2009, 27, 76-83. 
Raimondi, F., Scherer, G. G., Kotz, R. and Wokaun, A., Angewandte Chemie-International Edition, 2005, 44, 

2190-2209. 
Rajesh, S., Koshi, E., Philip, K. and Mohan, A., Journal of Indian Society of Periodontology, 2011, 15, 323-327. 
Rana, D. and Matsuura, T., Chemical Reviews, 2010, 110, 2448-2471. 
Rao, G. V. R., Lopez, G. P., Bravo, J., Pham, H., Datye, A. K., Xu, H. F. and Ward, T. L., Advanced Materials, 

2002, 14, 1301-+. 
Rebbin, V., Jakubowski, M., Potz, S. and Froba, M., Microporous and Mesoporous Materials, 2004, 72, 99-

104. 
Rebbin, V., Schmidt, R. and Froba, M., Angewandte Chemie-International Edition, 2006, 45, 5210-5214. 
Redmond, R. W. and Gamlin, J. N., Photochemistry and Photobiology, 1999, 70, 391-475. 
Riccio, D. A., Nugent, J. L. and Schoenfisch, M. H., Chemistry of Materials, 2011, 23, 1727-1735. 
Roach, P., Shirtcliffe, N. J. and Newton, M. I., Soft Matter, 2008, 4, 224-240. 
 
S 

Sahoo, S., Bordoloi, A. and Halligudi, S. B., Catalysis Surveys from Asia, 2011, 15, 200-214. 
Sanchez, C., Julian, B., Belleville, P. and Popall, M., Journal of Materials Chemistry, 2005, 15, 3559-3592. 
Sangvanich, T., Morry, J., Fox, C., Ngamcherdtrakul, W., Goodyear, S., Castro, D., Fryxell, G. E., Addleman, R. 

S., Summers, A. O. and Yantasee, W., ACS Appl Mater Interfaces, 2014, 6, 5483-5493. 
Sasidharan, M. and Bhaumik, A., ACS Applied Materials & Interfaces, 2013, 5, 2618-2625. 
Sawicki, L. A. and Kloxin, A. M., Biomater Sci, 2014, 2, 1612-1626. 
Schachtschneider, A., Wessig, M., Spitzbarth, M., Donner, A., Fischer, C., Drescher, M. and Polarz, S., 

Angewandte Chemie, 2015, 127, 10611-10615. 
Schleheck, D., Barraud, N., Klebensberger, J., Webb, J. S., Mcdougald, D., Rice, S. A. and Kjelleberg, S., PloS 

One, 2009, 4. 
Schmidt-Winkel, P., Glinka, C. J. and Stucky, G. D., Langmuir, 2000, 16, 356-361. 
Schreiber, F., Progress in Surface Science, 2000, 65, 151-257. 
Schubert, U., Huesing, N. and Lorenz, A., Chemistry of Materials, 1995, 7, 2010-2027. 
Schumacher, K., Grün, M. and Unger, K. K., Microporous and Mesoporous Materials, 1999, 27, 201-206. 
Sel, Ö. and Smarsly, B. M., in Hierarchically Structured Porous Materials, Wiley-VCH Verlag GmbH & Co. 

KGaA2011, pp. 41-53. 
Senthilkumar, R., Karaman, D. S., Paul, P., Bjork, E. M., Oden, M., Eriksson, J. E. and Rosenholm, J. M., 

Biomater Sci, 2015, 3, 103-111. 
Sharifi, M., Kohler, C., Tolle, P., Frauenheim, T. and Wark, M., Small, 2011, 7, 1086-1097. 
Sharma, P., Tomar, S. K., Goswami, P., Sangwan, V. and Singh, R., Food Research International, 2014, 57, 

176-195. 
Sharman, W. M., Allen, C. M. and Van Lier, J. E., Drug Discovery Today, 1999, 4, 507-517. 
Shateri Khalil-Abad, M. and Yazdanshenas, M. E., Journal of Colloid and Interface Science, 2010, 351, 293-

298. 
Shi, W., Tao, S., Yu, Y., Wang, Y. and Ma, W., Journal of Materials Chemistry, 2011, 21, 15567. 
Shi, W. Q., Yuan, L. Y., Li, Z. J., Lan, J. H., Zhao, Y. L. and Chai, Z. F., in Radiochimica Acta2012, vol. 100, p. 

727. 
Shimizu, K., Hayashi, E., Hatamachi, T., Kodama, T. and Kitayama, Y., Tetrahedron Letters, 2004, 45, 5135-

5138. 
Shin, J. H., Metzger, S. K. and Schoenfisch, M. H., Journal of the American Chemical Society, 2007, 129, 4612-

4619. 
Shirini, F., Mamaghani, M. and Seddighi, M., Catalysis Communications, 2013, 36, 31-37. 



7. Appendix 175 

Singh, R. J., Hogg, N., Joseph, J. and Kalyanaraman, B., Journal of Biological Chemistry, 1996, 271, 18596-
18603. 

Slowing, I. I., Trewyn, B. G., Giri, S. and Lin, V. S. Y., Advanced Functional Materials, 2007, 17, 1225-1236. 
Smarsly, B., Polarz, S. and Antonietti, M., Journal of Physical Chemistry B, 2001, 105, 10473-10483. 
Snyder, M. A., Lee, J. A., Davis, T. M., Scriven, L. E. and Tsapatsis, M., Langmuir, 2007, 23, 9924-9928. 
Sone, Y., Ekdunge, P. and Simonsson, D., Journal of the Electrochemical Society, 1996, 143, 1254-1259. 
Sortino, S., Petralia, S., Compagnini, G., Conoci, S. and Condorelli, G., Angewandte Chemie International 

Edition, 2002, 41, 1914-1917. 
St. Denis, T. G., Dai, T., Izikson, L., Astrakas, C., Anderson, R. R., Hamblin, M. R. and Tegos, G. P., Virulence, 

2011, 2, 509-520. 
Stein, A., Melde, B. J. and Schroden, R. C., Advanced Materials, 2000, 12, 1403-1419. 
Stöber, W., Fink, A. and Bohn, E., Journal of Colloid and Interface Science, 1968, 26, 62-69. 
Stoeckel, D., Kubel, C., Loeh, M. O., Smarsly, B. M. and Tallarek, U., Langmuir, 2015, 31, 7391-7400. 
Su, B.-L., Sanchez, C. and Yang, X.-Y., in Hierarchically Structured Porous Materials, Wiley-VCH Verlag GmbH 

& Co. KGaA2011, pp. 1-27. 
Su, Y. L., Cheng, W., Li, C. and Jiang, Z. Y., Journal of Membrane Science, 2009, 329, 246-252. 
Sun, J. M., Ma, D., Zhang, H., Liu, X. M., Han, X. W., Bao, X. H., Weinberg, G., Pfander, N. and Su, D. S., Journal 

of the American Chemical Society, 2006, 128, 15756-15764. 
Sun, T., Feng, L., Gao, X. and Jiang, L., Accounts of Chemical Research, 2005, 38, 644-652. 
Sun, T., Zhang, Y. S., Pang, B., Hyun, D. C., Yang, M. and Xia, Y., Angewandte Chemie, International Edition in 

English, 2014, 53, 12320-12364. 
Sutra, P. and Brunel, D., Chemical Communications, 1996, 2485-2486. 
Swihart, M. T., Current Opinion in Colloid & Interface Science, 2003, 8, 127-133. 
Szabo, C., Ischiropoulos, H. and Radi, R., Nature Reviews: Drug Discovery, 2007, 6, 662-680. 
 
T 

Takasaki, A. A., Aoki, A., Mizutani, K., Schwarz, F., Sculean, A., Wang, C.-Y., Koshy, G., Romanos, G., Ishikawa, 
I. and Izumi, Y., Periodontology 2000, 2009, 51, 109-140. 

Tallury, P., Payton, K. and Santra, S., Nanomedicine: Nanotechnology, Biology, and Medicine, 2008, 3, 579-
592. 

Tan, W., Wang, K., He, X., Zhao, X. J., Drake, T., Wang, L. and Bagwe, R. P., Medicinal Research Reviews, 
2004, 24, 621-638. 

Tang, F., Li, L. and Chen, D., Advanced Materials, 2012, 24, 1504-1534. 
Tang, Y., Finlay, J. A., Kowalke, G. L., Meyer, A. E., Bright, F. V., Callow, M. E., Callow, J. A., Wendt, D. E. and 

Detty, M. R., Biofouling, 2005, 21, 59-71. 
Tatsumi, T., Matsuhashi, H. and Arata, K., Bulletin of the Chemical Society of Japan, 1996, 69, 1191-1194. 
Teng, I. T., Chang, Y.-J., Wang, L.-S., Lu, H.-Y., Wu, L.-C., Yang, C.-M., Chiu, C.-C., Yang, C.-H., Hsu, S.-L. and 

Ho, J.-a. A., Biomaterials, 2013, 34, 7462-7470. 
Thallinger, B., Prasetyo, E. N., Nyanhongo, G. S. and Guebitz, G. M., Biotechnology Journal, 2013, 8, 97-109. 
Thommes, M., Smarsly, B., Groenewolt, M., Ravikovitch, P. I. and Neimark, A. V., Langmuir, 2006, 22, 756-

764. 
Thurman, R. B., Gerba, C. P. and Bitton, G., Critical Reviews in Environmental Control, 1989, 18, 295-315. 
Tian, H. J., Feng, Q. Y., Chen, Y. J., Yang, H., Li, X. D. and Lu, P., Journal of Materials Science, 2015, 50, 2768-

2778. 
Trewyn, B. G., Slowing, I. I., Giri, S., Chen, H.-T. and Lin, V. S. Y., Accounts of Chemical Research, 2007, 40, 

846-853. 
Truong, V. K., Lapovok, R., Estrin, Y. S., Rundell, S., Wang, J. Y., Fluke, C. J., Crawford, R. J. and Ivanova, E. P., 

Biomaterials, 2010, 31, 3674-3683. 
Tucker-Schwartz, A. K., Farrell, R. A. and Garrell, R. L., Journal of the American Chemical Society, 2011, 133, 

11026-11029. 
Tuysuz, H. and Schuth, F., Advances in Catalysis, Vol 55, 2012, 55, 127-239. 
 
 
 
 
 
 



7. Appendix 176 

U/V 

Uppal, A., Jain, B., Gupta, P. K. and Das, K., Photochemistry and Photobiology, 2011, 87, 1146-1151. 
Urata, C., Yamada, H., Wakabayashi, R., Aoyama, Y., Hirosawa, S., Arai, S., Takeoka, S., Yamauchi, Y. and 

Kuroda, K., Journal of the American Chemical Society, 2011, 133, 8102-8105. 
Van Buul, L. W., Van Der Steen, J. T., Veenhuizen, R. B., Achterberg, W. P., Schellevis, F. G., Essink, R. T. G. 

M., Van Benthem, B. H. B., Natsch, S. and Hertogh, C. M. P. M., Journal of the American Medical 
Directors Association, 2012, 13, 568.e561-568.e513. 

Van Der Voort, P., Esquivel, D., De Canck, E., Goethals, F., Van Driessche, I. and Romero-Salguero, F. J., 
Chemical Society Reviews, 2013, 42, 3913-3955. 

Vasilev, K., Cook, J. and Griesser, H. J., Expert Review of Medical Devices, 2009, 6, 553-567. 
Virág, L., Szabó, É., Gergely, P. and Szabó, C., Toxicology Letters, 2003, 140–141, 113-124. 
Vittorino, E., Giancane, G., Bettini, S., Valli, L. and Sortino, S., Journal of Materials Chemistry, 2009, 19, 8253-

8258. 
 
W 

Wang, D., Liu, Q., Xiao, D., Guo, T., Ma, Y., Duan, K., Wang, J., Lu, X., Feng, B. and Weng, J., Journal of 
Microencapsulation, 2015, 32, 443-449. 

Wang, J. J., Xiao, W., Wang, J. Q., Lu, J. M. and Yang, J. H., Materials Letters, 2015, 142, 269-272. 
Wang, P. G., Xian, M., Tang, X. P., Wu, X. J., Wen, Z., Cai, T. W. and Janczuk, A. J., Chemical Reviews, 2002, 

102, 1091-1134. 
Wang, R., Han, S., Hou, W., Sun, L., Zhao, J. and Wang, Y., The Journal of Physical Chemistry C, 2007, 111, 

10955-10958. 
Wang, W., Lofgreen, J. E. and Ozin, G. A., Small, 2010, 6, 2634-2642. 
Wang, W. D., Lofgreen, J. E. and Ozin, G. A., Small, 2010, 6, 2634-2642. 
Wang, Y. and Gu, H., Advanced Materials, 2015, 27, 576-585. 
Weir, E., Lawlor, A., Whelan, A. and Regan, F., Analyst, 2008, 133, 835-845. 
Wessig, M., Drescher, M. and Polarz, S., Journal of Physical Chemistry C, 2013, 117, 2805-2816. 
Wessig, M., Spitzbarth, M., Drescher, M., Winter, R. and Polarz, S., Physical Chemistry Chemical Physics, 

2015, 17, 15976-15988. 
Wheatley, P. S., Chlubna-Eliasova, P., Greer, H., Zhou, W., Seymour, V. R., Dawson, D. M., Ashbrook, S. E., 

Pinar, A. B., Mccusker, L. B., Opanasenko, M., Cejka, J. and Morris, R. E., Angewandte Chemie, 
International Edition in English, 2014, 53, 13210-13214. 

White, R. J., Luque, R., Budarin, V. L., Clark, J. H. and Macquarrie, D. J., Chemical Society Reviews, 2009, 38, 
481-494. 

Works, C. F. and Ford, P. C., Journal of the American Chemical Society, 2000, 122, 7592-7593. 
Wu, J. T., Huang, C. H., Liang, W. C., Wu, Y. L., Yu, J. and Chen, H. Y., Macromolecular Rapid Communications, 

2012, 33, 922-927. 
 
X 

Xia, D., Biswas, A., Li, D. and Brueck, S. R. J., Advanced Materials, 2004, 16, 1427-1432. 
Xiong, Y. and Pratsinis, S. E., Journal of Aerosol Science, 1991, 22, 637-655. 
Xue, C.-H., Chen, J., Yin, W., Jia, S.-T. and Ma, J.-Z., Applied Surface Science, 2012, 258, 2468-2472. 
 
Y 

Yadav, G. D. and Nair, J. J., Microporous and Mesoporous Materials, 1999, 33, 1-48. 
Yamanaka, M., Hara, K. and Kudo, J., Applied and Environment Microbiology, 2005, 71, 7589-7593. 
Yan, Y., Yang, H., Li, J., Lu, X. and Wang, C., Textile Research Journal, 2012, 82, 1422-1429. 
Yang, H., Lu, R. and Wang, L., Materials Letters, 2003, 57, 1190-1196. 
Yang, H. and Jiang, P., Langmuir, 2010, 26, 13173-13182. 
Yang, L., Wu, S., Lin, B., Huang, T., Chen, X., Yan, X. and Han, S., Journal of Materials Chemistry B, 2013, 1, 

6115-6122. 
Yang, Y., Niu, Y., Zhang, J., Meka, A. K., Zhang, H., Xu, C., Lin, C. X., Yu, M. and Yu, C., Small, 2015, 11, 2743-

2749. 
Yano, K. and Fukushima, Y., Journal of Materials Chemistry, 2004, 14, 1579-1584. 
Yantasee, W., Warner, C. L., Sangvanich, T., Addleman, R. S., Carter, T. G., Wiacek, R. J., Fryxell, G. E., 

Timchalk, C. and Warner, M. G., Environmental Science & Technology, 2007, 41, 5114-5119. 
Yebra, D. M., Kiil, S. and Dam-Johansen, K., Progress in Organic Coatings, 2004, 50, 75-104. 



7. Appendix 177 

Yi, Z., Dumee, L. F., Garvey, C. J., Feng, C., She, F., Rookes, J. E., Mudie, S., Cahill, D. M. and Kong, L., Langmuir, 
2015, 31, 8478-8487. 

Yin, Y., Lu, Y., Gates, B. and Xia, Y., Journal of the American Chemical Society, 2001, 123, 8718-8729. 
Ying, J. Y., Mehnert, C. P. and Wong, M. S., Angewandte Chemie International Edition, 1999, 38, 56-77. 
Yokoi, T., Sakamoto, Y., Terasaki, O., Kubota, Y., Okubo, T. and Tatsumi, T., Journal of the American Chemical 

Society, 2006, 128, 13664-13665. 
Yoshimoto, K., Hirase, T., Madsen, J., Armes, S. P. and Nagasaki, Y., Macromolecular Rapid Communications, 

2009, 30, 2136-2140. 
Yoshina-Ishii, C., Asefa, T., Coombs, N., Maclachlan, M. J. and Ozin, G. A., Chemical Communications, 1999, 

2539-2540. 
Yu, Q., Wu, Z. and Chen, H., Acta Biomaterialia, 2015, 16, 1-13. 
 
Z 

Zanini, S., Polissi, A., Maccagni, E. A., Dell'orto, E. C., Liberatore, C. and Riccardi, C., Journal of Colloid and 
Interface Science, 2015, 451, 78-84. 

Zeise, W. C., Annalen der Pharmacie, 1834, 11, 1-10. 
Zhang, A. Y., Kuraoka, E., Hoshi, H. and Kumagai, M., Journal of Chromatography A, 2004, 1061, 175-182. 
Zhang, H., Annich, G. M., Miskulin, J., Stankiewicz, K., Osterholzer, K., Merz, S. I., Bartlett, R. H. and 

Meyerhoff, M. E., Journal of the American Chemical Society, 2003, 125, 5015-5024. 
Zhang, S., Ni, W., Kou, X., Yeung, M. H., Sun, L., Wang, J. and Yan, C., Advanced Functional Materials, 2007, 

17, 3258-3266. 
Zhang, W. W., Vinueza, N. R., Datta, P. and Michielsen, S., Journal of Polymer Science Part a-Polymer 

Chemistry, 2015, 53, 1594-1599. 
Zhang, Y. Z. and Singh, S., World J Crit Care Med, 2015, 4, 13-28. 
Zhao, D. Y., Feng, J. L., Huo, Q. S., Melosh, N., Fredrickson, G. H., Chmelka, B. F. and Stucky, G. D., Science, 

1998, 279, 548-552. 
Zhou, S., Sha, H., Ke, X., Liu, B., Wang, X. and Du, X., Chemical Communications (Cambridge, England), 2015, 

51, 7203-7206. 
Zhu, J., Konya, Z., Puntes, V. F., Kiricsi, I., Miao, C. X., Ager, J. W., Alivisatos, A. P. and Somorjai, G. A., 

Langmuir, 2003, 19, 4396-4401. 
Zienkiewicz-Strzalka, M., Pasieczna-Patkowska, S., Kozak, M. and Pikus, S., Applied Surface Science, 2013, 

266, 337-343. 
Zollfrank, C., Gutbrod, K., Wechsler, P. and Guggenbichler, J. P., Materials Science & Engineering. C: 

Materials for Biological Applications, 2012, 32, 47-54. 

 

 

 

 

 

 

 

 

 

 

 

 



7. Appendix 178 

7.3 Publications: Records of contribution and original 

documents 

 

 

Publication 1: 

Aerosol-Synthesis of Mesoporous Organosilica Nanoparticles with Highly Reactive, Super-

acidic Surfaces Comprising Sulfonic Acid Entities. 

J. Gehring, D. Schleheck, M. Luka and S. Polarz; Adv. Funct. Mater., 2014, 24, 1140-1150. 

Record of Contribution  

I did all the experimental work and analytic measurements on my own except the TEM 

imaging which was performed by Martin Luka. The biological experiments were done by 

myself under supervision of David Schleheck. The manuscript was written by Sebastian 

Polarz and me. 

 

 

Publication 2: 

Mesoporous Organosilica Nanoparticles Containing Superacid and Click Functionalities 

Leading to Cooperativity in Biocidal Coatings. 

J. Gehring, D. Schleheck, B. Trepka and S. Polarz.; ACS Appl. Mater. Interfaces, 2015, 7, 

1021-1029. 

Record of Contribution 

The preliminary work for thiol-ene-click reactions were done by Bastian Trepka under 

my supervision during his bachelor thesis. All other experiments including material 

synthesis and analytical measurements were performed by myself. Under supervision of 

David Schleheck, I realized the biological experiments including the bacterial survival test 

and live/dead staining experiments. Together with Sebastian Polarz I wrote the 

manuscript. 

 

 

 



7. Appendix 179 

Publication 3: 

Sunlight-triggered Nanoparticle Synergy: Teamwork of Reactive Oxygen Species and Nitric 

Oxide Released from Mesoporous Organosilica with Advanced Antibacterial Activity. 

J. Gehring, D. Schleheck, B. Trepka, N. Klinkenberg, H. Bronner and S. Polarz.; J. Am. Chem. 

Soc.; DOI: 10.1021/jacs.5b12073. 

Record of Contribution  

All chemical experiments and analytic measurement were performed under my supervi-

sion. In detail: Bastian Trepka (student assistant job) did the preliminary work concerning 

the modified Stöber process of UKON-2j nanoparticles which was optimized by myself. 

Together with Hannah Bronner (bachelor thesis) I did the experimental work building up 

UKON-2jRB nanoparticles including analytic measurements. The synthesis of NO releasing 

nanoparticles UKON-2jNO and their characterisation were done by Nele Klinkenberg (stu-

dent assistant job) and me. All experiments concerning the dual active materials and bio-

logical performance were done by myself. Under the supervision of David Schleheck I did 

the drop plate experiment and imprinting method. Together with Sebastian Polarz I wrote 

the manuscript. 

 

 

 



www.afm-journal.de

F
U
L
L
 
P
A
P
E
R

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1140

www.MaterialsViews.com

wileyonlinelibrary.com

  1   .  Introduction 

 Biological evolution has created some of the most advanced 
functional systems known to date. [  1  ]  The precise knowledge 
about guiding principles of operation is pivotal for transfer-
ring concepts from biology to materials science and technology. 
The latter idea has led to the emergence of the seminal fi eld 
“bionics”, respectively biomimetics. [  2  ]  One of the most promi-
nent cases is represented by the discovery of the construc-
tion principles for the lotus leaf and the resulting signifi cant 
research activities on superhydrophopic surfaces and self-
cleaning coatings in general. [  3  ]  The recognized paradigm is that 
solely the presence of certain chemical entities is not suffi cient 
for granting a desired functionality, but the combination with 

micro-/nanostructured surfaces can be a 
decisive factor. 

 Therefore, in the introduction section 
of this article, we will fi rstly refl ect on 
known methods for preparing high sur-
face area materials furnished with tailor-
made organo-functional groups. Secondly, 
we will discuss properties and potential 
applications of nanoporous materials 
comprising acidic functions. Further-
more, some contemporary approaches for 
antifouling materials as a special case of 
self-cleaning coatings will be addressed 
briefl y. 

  1.1   .  Porous Organosilica Materials 

 The vast majority of inorganic solids com-
prising organically modifi ed surfaces rely 
on silica chemistry. This is, because both 
Si–C and Si–O–Si represent two very 

stable linkages. The application of organosilane sol–gel precur-
sors, for example, R-Si(OEt) 3  is an established technique for the 
preparation of various organic/inorganic hybrid materials, also 
known as ORMOSILs. [  4  ]  Huge activity in this fi eld was driven 
by the development of novel techniques for nanostructuring, 
in particular the possibility to prepare periodically ordered 
mesoporous silica (POS). [  5  ]  A silica sol–gel precursor like 
Si(OEt) 4  is hydrolyzed at certain pH conditions and in the pres-
ence of a structure directing agent (template). Soon attempts 
were made to combine the areas POS and ORMOSILs. [  6  ]  Nice 
overviews were given by Ying et al. [  7  ]  in 1999 and Froeba and 
co-workers in 2006. [  6  ]  Starting from meso-SiO 2 , via grafting or 
co-condensation using suitable organosilanes, one can achieve 
materials comprising up to 25% functionalization degree. [  8  ]  
Much higher content of organic modifi cation (up to 100%) 
accompanied by maximization of the density of the functional 
entities can be reached, when special sol–gel precursors with 
a bridging organic group R f  ((R′O) 3 S-R f -Si(OR′) 3  with R′  =  Me, 
Et, iso Pr) are used for the preparation of the so-called periodi-
cally ordered mesoporous organosilica materials (PMOs). [  9  ]  The 
organic functionality becomes an inherent part of the matrix. 
Since then, it has taken some time until PMOs with advanced 
chemical functionality could be realized. The interested reader 
is referred to one of the following, contemporary review arti-
cles. [  10  ]  Our group has concentrated on the so-called UKON 
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  1.3   .  Antifouling Materials 

 Microbial biofi lms are very serious competitors for keeping 
surfaces clean and fouling of surfaces by microorganisms is 
a serious issue in many medical, biotechnological and food-
technological settings, as well as in the shipping industry. In 
the recent years, a great deal of research has gone into fi nding 
novel chemical strategies (or biological strategies) for keeping 
surfaces clean. Furthermore, the demand for environmentally 
friendly approaches has increased signifi cantly, since the eco-
logical and toxicological issues of organotin compounds were 
taken much more serious. [  26  ]  An overview about chemical 
antifouling coatings and strategies was given by Kane and co-
workers in 2011. [  27  ]  For example, a very promising approach 
comprises the photocatalytic activity of titania surfaces. [  28  ]  It is 
assumed that the photoreaction of TiO 2  with the solvent (e.g., 
water) is responsible for the generation of reactive species (e.g., 
H + , OH·), which then attack all organic species on the surface. 
It is also worth noting that the cytotoxicity of Ag +  ions can be 
used, when silver nanoparticles are immobilized on surfaces 
via suitable anchoring groups. [  29  ]  Furthermore some hydro-
philic polymers such as poly(ethylene glycol) (PEG), [  30  ]  polyoxa-
zoline polymers, [  31  ]  and zwitterion-containing polymers such 
as poly[2-(methacryloyloxy) ethylphosphorylcholine (PMPC) [  32  ]  
have been tested as effective coatings as they suppress protein 
adsorption. 

 Of special relevance for the present work are methods that 
involve chemical surface modifi cation via silica sol–gel coat-
ings. [  33  ]  For instance, Tang et al. describe the antifouling 
behavior of hydrophobic organosilica xerogels in 2005. [  34  ]  Fur-
thermore, Mahltig et al. have demonstrated in 2008 that sur-
face OH groups of wood can be facilitated for an attachment 
of organosilanes via sol–gel chemistry to exhibit antifouling 
properties. [  35  ]  Whereas the focus of these examples was on the 
hydrophobic nature of the surfaces, there is much less known 
whether materials may exhibit antifouling properties via active 
chemical triggers, such as strong acids like –SO 3 H. 

 Herein, we report the synthesis of mesoporous UKON nano-
particles prepared via an aerosol aided synthesis route. Fur-
thermore, a novel precursor comprising benzene sulfonic acid 
is presented. The precursor was used for the preparation of a 
highly acidic PMO material (UKON-2i). Finally, the UKON-2i 
nanoparticles were tested concerning a potential application in 
antifouling.   

  2   .  Results and Discussion 

  2.1   .  UKON Precursor and PMO Powder Preparation 

 The preparation of known sol–gel precursors and the related 
PMO materials containing bridging Ph-Br (UKON-1), Ph-
CO 2 H (UKON-2a), Ph-NH 2  (UKON-2d) is described in previous 
papers. [  11  ]  The pK a  value of benzoic acid is 4.3. This means that 
UKON-2a is expected to be a solid-state acid, but a rather weak 
one. Therefore, it would be highly desirable to have a PMO 
material available with much stronger acidity. Benzene sulfonic 
acid (Ph-SO 3 H) is a promising candidate as a bridging organic 

materials containing a bridging phenyl entity modifi ed with 
various functional groups R in the 3-position of the aromatic 
ring: [  11  ]  R  =  −Br ( ≅  UKON-1), –COOH ( ≅  UKON-2a), –NH 2  
( ≅  UKON-2d), and so forth. 

 One important prerequisite for the application and future 
technological implementation of POS materials is the possi-
bility to allocate processable samples. For this purpose, it is 
benefi cial if a material of interest exists as a colloidal disper-
sion instead of an ill-defi ned powder. There has been some 
effort on the preparation of mesoporous silica in the form 
of colloidal nanoparticles. Two methods have been proven 
to be extremely powerful. One approach is a modifi cation 
of the well-known Stoeber process. [  12  ]  Recently, Bein and 
co-workers presented monodisperse, mesoporous silica col-
loids with particles sizes in the 100 nm regime. [  13a,b  ]  It is also 
worth mentioning the papers by Jaroniec et al. and Froeba 
et al. about PMO nanoparticles generated via a modifi ed 
Stoeber method. [  13c,d  ]  An alternative, highly innovative, aerosol 
assisted approach for the generation of mesoporous silica 
nanoparticles has been introduced by Brinker and co-workers 
in 1999. [  14  ]  Only few papers describe the preparation of PMO 
micro-/nanoparticles using bridging sol–gel precursors. [  9c  ,    15  ]  
To the best of our knowledge there is no report that reports 
about the synthesis of PMO nanoparticles via the aerosol-
assisted route.  

  1.2   .  Porous Solid State Acids 

 Among the various functional groups, it has been shown that the 
preparation of mesoporous solid-state acids is of large interest, 
in particular for materials with strong acids like –SO 3 H. [  16  ]  All 
current PMO materials comprising sulfonic acid have been 
prepared by post-functionalization routes. The direct sulfona-
tion of a phenyl-bridged PMO was described by Inagaki et al. 
in 2002. [  17  ]  The proton-conducting properties of this material 
was reported very recently by Wark and team. [  18  ]  Kondo and co-
workers used the Diels-Alder reaction for the attachment of an 
arylsulfonic acid to the  π  bond of an ethylene-bridged PMO. [  19  ]  
Mehdi and colleagues could convert disulfi de bridges to two 
terminal –SO 3 H functions in 2006. [  20  ]  There is currently no 
example for a PMO material with 100% sulfonic acid derivatiza-
tion content, because this requires the availability of a –SO 3 H 
modifi ed sol–gel precursor. 

 Furthermore, none of the reports mentioned above reports 
about superacidic properties of the respective, porous organo-
silica materials. The term superacid describes a system with 
an acidity greater (respectively a pK a  value smaller) than that of 
pure sulfuric acid. [  21  ]  The number of known solid-state super-
acids is yet quite limited. The most prominent examples involve 
sulfated zircona and some heteropolyoxometalate acids. [  22  ]  Also 
some zeolites exhibit superacid properties. [  23  ]  

 There are manifold potential applications for acidic, and in 
particular superacidic, porous materials. They can act as hetero-
geneous catalyst materials for demanding organic transformat-
ions. [  16b  ,    24  ]  Another interesting fi eld is the application as novel 
proton conducting membranes for future fuel cells. [  25  ]  Further-
more, it is recognized that solid-state acids could potentially 
play a role also for self-cleaning surfaces.  

Adv. Funct. Mater. 2014, 24, 1140–1150



F
U
L
L
 
P
A
P
E
R

1142

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

organosilica material ( Scheme    2  ), accompanied by the forma-
tion of hydrochloric acid. The chemical nature of the resulting 
material was analyzed using a combination of techniques. First, 
solid-state NMR spectroscopy was applied. The  29 S-NMR spec-
trum ( Figure    2  b) contains characteristic three, so-called T-sig-
nals at   δ    =  −65 ppm for (HO) 2 R Si( OSi)  ≅  T 1 , −73 ppm for (HO)
R Si( OSi) 2   ≅  T 2  and −82 ppm for R Si( OSi) 3   ≅  T 3 . [  38  ]  Q-type sig-
nals (  δ    ≈  −110 ppm) indicating the presence of pure silica (SiO 2 ) 
parts are absent. The latter result proves that the S–C bonds of 
the UKON precursor are stable during synthesis conditions.   

 Proving the presence of the –SO 3 H function is much more 
diffi cult. This is because sulfur is hardly accessible via NMR, 
and the chemical shifts of aromatic C’s attached to –SO 3 H are 

entity since its pK a  value is 0.7. In the current manuscript, we 
present the required, novel PMO precursor containing ben-
zene sulfonic acid (Ph-SO 3 H) and the preparation of the cor-
responding mesoporous organosilica for the fi rst time. 

 In analogy to the other systems reported by us in the past, [  11  ]  
the synthesis of the desired PMO precursor utilizes aromatic 
derivatization chemistry starting from compound (1) with 
bromine in 3-position ( Scheme    1  ). Lithiation affords a stable 
nucleophile, which can react further with various electrophiles. 
Different attempts have been made for the introduction of the 
sulfonic acid group. An overview is given in the Supporting 
Information (S-1). Less successful were routes involving the 
oxidation of a thiol-functionalized compound, or the reaction of 
the lithiated species with SO 3 . However, referring to the litera-
ture, [  36  ]  1,5-bis-tri(isopropoxysilyl)-benzene-3-sulfonyl chloride 
(2) could be obtained in gram quantities using sulfuryl chloride 
as an electrophile.  

 Like for most sol–gel precursors, due to the infl uence of 
the alkoxy groups, it has not been possible to grow single-
crystals for X-ray structure determination. The successful 
preparation and purity of (2) was proven by NMR spectroscopy 
( 1 H,  13 C,  29 Si) and is documented in the Supporting Informa-
tion, S-2. In addition, electron spray ionization mass spectrom-
etry (ES-MS) was performed. The ES-MS pattern (given in S-2, 
Supporting Information) contains several fragmentation prod-
ucts, which can all be assigned to (2). The most intense signal 
and the simulated pattern for the corresponding fragment are 
exemplarily shown in  Figure    1  .  

 Next, the novel sol–gel precursor (2) was used for the prep-
aration of PMOs referring to typical true liquid-crystal tem-
plating procedures reported in the literature. [  37  ]  Hydrolysis 
and polycondensation take place under aqueous conditions. 
Thus, it should be noted that in the case of compound (2) as a 
precursor not only the alkoxysilane groups react, but the S-Cl 
entity will also be hydrolyzed, yielding the desired sulfonic acid 

      Figure 1.  Excerpt from the ESI-MS pattern of (2) (black line) and simu-
lated signal (grey) for the [SO 2 Ph(Si(O i Pr) 3 ) 2 ] 

−  species. 

       Scheme 1.  Synthesis of the novel PMO precursor. 

       Scheme 2.  Generation of the sulfonic-acid PMO material. 
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in a similar region (  δ    ≈  135–140 ppm) as the signals of non-
substituted or bromo-substituted aromatic rings. [  11a  ,    39  ]  How-
ever, the direct comparison of UKON-2i to the NMR spectra 
of the precursor (2) and of UKON-1 (as a reference), [  11a  ]  shows 
good evidence that the sulfonic acid group is still present in the 
material. The signal at   δ    ≈  116 ppm characteristic for C arom -Br 
in UKON-1 is missing. Instead, a new signal can be found at 
136 ppm, which is in good agreement to the NMR spectrum 
of the starting compound (2) (Figure  2 a). Similar effects have 
been observed for IR spectroscopy (Figure  2 c). In comparison 
to the spectrum of UKON-1, there is one additional band at 
1024 cm −1  superimposed by the S–O–Si vibration of the matrix 
(1070 cm −1 ). Comparison to information from the literature 
confi rms that this new band can be assigned to the presence 
of the aromatic sulfonic acid. [  40  ]  In addition, energy dispersive 
X-ray spectroscopy (EDX) was performed (data given in S-3, 
Supporting Information). EDX shows that there is signifi cant 
amount of sulfur present. The S:Si ratio equals 0.75:2, which 
is slightly less than expected (1:2), but still is within the error 
of the EDX method (±20%). Furthermore, X-ray photoelectron 
spectroscopy (XPS) was acquired (S-3, Supporting Information). 
The signal found at an electron binding energy of 169.1 eV 
is indicative for sulfur in oxidation state (+VI), in agreement 
to R-S VI O 3 H. [  41  ]  It can be summarized, that the sol–gel process 
has occurred as depicted in Scheme  2 . The composition of the 
organosilica material can be described as Si 2 O 3 (C 6 H 3 SO 3 H). 
Neither C–Si nor C–S bonds were cleaved in course of the sol–
gel process. 

 Successful meso-structuring of the sulfonic organosilica 
matrix required some unexpected, special measures described 
in the following. Initially, we chose a standard procedure which 
is well established for the synthesis of numerous PMO mate-
rials: [  11  ]  The precursor is dissolved in a solution of an amphi-
philic, structure-directing block-copolymer of the Pluronic type 
in ethanol, and an appropriate amount of aqueous HCl (pH  =  
2) is added. Eventually pre-hydrolytic treatment is required (see 
experimental section). After polycondensation and drying one 
removes the template by liquid-liquid extraction. The character-
istics of the pore system is studied by the typical set of ana-
lytical techniques used for mesoporous materials: [  42  ]  Transmis-
sion electron microscopy (TEM), N 2  physisorption measure-
ments and small angle X-ray scattering (SAXS) if appropriate. 

 Other than expected, the physisorption isotherm (type I) [  43  ]  
of the material prepared for those standard conditions is typ-
ical for microporous materials ( Figure    3  a). The latter result 
was confi rmed by TEM micrographs (given in S-4, Supporting 
Information). Neither mesopores nor any ordered pore system 
can be identifi ed. The reason for the missing structuration 
is that fragmentation of the PEO-PPO-PEO blockcopolymer 
( ≅  Pluronic) into polyethylene oxide (PEO) and polypropylene 
oxide partitions has taken place. The latter was shown by time-
dependent  1 H-NMR spectroscopy. The variances in the spectra 
(given in S-5, Supporting Information) are consistent with 
acid-catalyzed ether cleavage reactions. Once PEO and PPO 
are separated from each other, any amphiphilic property is lost 
and the formation of the liquid crystalline template is inhibited. 
Instead, the PEO chains lead to the formation of micropores. [  44  ]  
The described result is a fi rst indication for the enhanced reac-
tivity of the sulfonic acid groups in UKON-2i.  

      Figure 2.  a)  13 C- solid-state NMR spectrum of UKON-2i (black graph) 
compared to the spectrum of UKON-1 (grey graph) and of the precursor 
(2; measured in solution; light grey graph) as references. b)  29 Si- solid-
state NMR spectrum of UKON-2i. c) Fingerprint IR region of UKON-2i 
(black graph) compared to UKON-1 (grey graph) as a reference. 
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material. The diffi culties in templating at higher pH values can 
be explained by the insuffi cient interaction between the neu-
tral blockcopolymer template and the anionic -SO 3  

−  precursor 
species. It is known from the literature that it is preferred for 
successful templating using neutral block-copolymers, when 
the silica species are neutral as well. [  46  ]  It can be concluded that 
there is only a narrow pH window for the successful structura-
tion of UKON-2i, when using Pluronics as structure directing 
agents. 

 Better results could be obtained for an amphiph-
ilic poly[(ethylene-co-butylene)-b-(ethylene oxide)] (KLE; 
 M  w   =  8.1 kDa; 41% polyethylene oxide), due to its lower sensi-
tivity towards proton catalyzed ether cleavage. KLE has already 
been applied successfully by others for the preparation of large-
pore mesoporous silica and metal oxide materials. [  47  ]  TEM 
images of UKON-2i prepared with KLE as a structure directing 
agent (S-6, Supporting Information) show a highly ordered 
PMO material with an average pore size of  ≈ 15 nm. The latter 
is in agreement with SAXS data, which indicate a periodicity 
of 17.2 nm (S-6, Supporting Information). The model used for 
the simulation of the SAXS pattern using the program package 
SCATTER [  48  ]  is shown in detail in S-6, Supporting Information. 
However, because KLE blockcopolymers are not commercially 
available, we still concentrate in the following on the applica-
tion of Pluronics as templates.  

  2.2   .  Aerosol Synthesis of Colloidal UKON Nanoparticles 

 For the preparation of mesoporous organosilica materials in 
nanoparticle shape, we found that a modifi ed Stoeber process 
cannot be adopted for the UKON system. [  13  ,    15e  ,    49  ]  This can be 

 Because the hydrolysis of the S-Cl group in precursor (2) 
induces a signifi cant drop of the pH-value, we checked, if con-
trol of pH using a buffer system leads to an improvement in 
structuring. Indeed, the emergence of an isotherm type char-
acteristic for mesoporous materials (type IV), increased pore-
volume and increased surface area (320  →  360  →  405 m 2  g −1 ) 
has been observed, when pH was adjusted to 1.5, respectively 
1.9 (Figure  3 a). The Barret, Joyner, Halenda (BJH) [  45  ]  pore-
size distribution function is shown for the sample prepared at 
pH  =  1.9 (Figure  3 b). The observed pore-size of 3.5 nm is in 
the mesoporous range, but it is much smaller than for other 
mesoporous materials prepared using Pluronic P-123 as a 
template ( D  pore   =  5–6 nm). TEM investigation of the sample 
( Figure    4  ) shows that a mesoporous material has formed, in 
agreement to physisorption analysis. Unfortunately, there is a 
worm-hole type pore-system with low periodic order.  

 The subtle sensitivity of the UKON-2i system regarding 
pH value during synthesis can also be seen from the N 2  iso-
therm obtained for a material prepared at pH  =  2.6 (Figure  3 a). 
Again a type-I isotherm is seen, representing a microporous 

      Figure 3.  a) N 2  physisorption isotherms (adsorption and desorption) for 
UKON-2i materials prepared at standard conditions (squares), pH  =  1.5 
(circles), pH  =  1.9 (triangles), and pH  =  2.6 (hashes). b) BJH pore-size 
distribution of the UKON-2i material prepared at pH  =  1.9. 

      Figure 4.  TEM image of UKON-2i prepared using Pluronic 123 as a 
template. 
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Scanning electron microscopy (SEM) investigation shows that 
the samples contain numerous spherical particles in the size-
range 100 nm–1  µ m (see Figure  5 b). The polydispersity is high, 
which is typical for particles obtained via aerosol routes. [  51  ]   

 All materials were further characterized by TEM, SEM, 
N 2 -physisorption analysis and solid-state NMR. This set of ana-
lytical data is summarized in S-7–10, Supporting Information. 
Exemplarily TEM images are shown in  Figure    6  . It is seen that 
all samples can be described as mesoporous materials with 
wormhole pore-system. The latter conclusion is supported by 
physisorption analysis (S-7–10, Supporting Information). The 
textural data (BET surface  A  BET  are and BJH pore-size distribu-
tion maximum  D  pore ) are summarized in  Table   1 .   

 It is important to note that the higher temperatures applied 
during the aerosol method (compared to the sol–gel process 
conducted in the liquid phase) does not lead to cleavage of the 
S–C bond, proven by the absence of Q-type signals in  29 S-NMR 
(data given in S-7–10, Supporting Information), and also not to 
detachment of the functional group in 3-position proven by  13 C-
NMR, respectively by direct comparison to the corresponding 
data presented before for the (ordinary) powder samples.  

  2.3   .  Properties of Colloidal UKON-2i Nanoparticles 

 In the following, we emphasize some of the advanced proper-
ties of the spherical, mesoporous organosilica particles com-
prising the bridging benzene sulfonic acid entity (UKON-2i) 
(see also Figure  6 d). 

 First, we tested if dispersions of those particles can be pre-
pared in water. As the aerosol process affords also particles 
larger than   λ   vis  (  =  400–800 nm) (see also Figure  7 b), these dis-
persions appear turbid, which can be used to follow the sedi-
mentation with the bare eye ( Figure    7  ). Whereas conventional 
UKON powders (see above) sediment within seconds due to 
gravitational force, the effect is much slower for the porous 
nanoparticles prepared via the aerosol method. Furthermore, 
there is no fl occulation. The latter observations represent good 
indication for the colloidal nature of the aerosol particles. The 
colloidal stability of the particles appears to be lower at low pH-
values. A signifi cant amount of particles have moved to the 
bottom of the vial within 100 min in a dispersion at pH  =  1. 
This effect is reasonable, because the sulfonic acid becomes 
partially protonated (–SO 3 H), which reduces the charge of the 
particles and hence leads to less electrostatic repulsion/sta-
bilization. After 1000 min only the sample with pH  =  9 still 
contains some dispersed particles. Similar effects can also be 
found for UKON-2a nanoparticles.  

 It is time to characterize the acidity of UKON-2i and in par-
ticular the related mesoporous nanoparticles in more detail. 
The results were compared to mesoporous UKON-2a nano-
particles with –COOH groups and pure SiO 2  nanoparticles as 
references. An established way for determining the acidity of 
solid-state acids beyond the Brønstedt window of water is to 
determine the Hammett acidity function  H  0  by using appro-
priate indicator dyes (see Experimental Section). [  52  ]  In essence, 
one uses pH indicator dyes (D) with known pK a  values and 
investigates in organic solvents to what extend these dyes are 
protonated (DH + ) if the acidic substance of interest is present.

attributed to two factors: The lower hydrolysis rate of the iso-
propoxysilyl groups (in comparison to ethoxy groups present in 
common sol–gel precursors) and the enhanced hydrophobicity 
of the precursor due to the aromatic ring hamper the growth of 
particles with defi ned porosity (results not shown). 

 Therefore, we have decided to test the aerosol-assisted 
method presented by Brinker et al. [  14  ]  A sol containing a pre-
hydrolyzed UKON precursor, aqueous HCl, ethanol and 
an amphiphilic block-copolymer of the Pluronic type as a 
structure-directing agent is prepared (see Experimental Sec-
tion). An aerosol containing small droplets of this mixture is 
prepared and is passed through a tube oven ( Figure    5  a). Eth-
anol evaporates, inducing liquid crystal formation due to the 
increased concentration of the polymer (evaporation induced 
self-assembly). [  50  ]  Polycondensation takes place, and the fi nal 
mesostructured organosilica particles can be separated. Finally, 
after template extraction one obtains the desired mesoporous 
nanoparticles. Besides compound (2) (the precursor for UKON-
2i; see Scheme  2 ), also the sol–gel precursors for UKON-1, 
UKON-2a, and UKON-2d have been used in analogous experi-
ments in order to show the broad applicability of the method. 

      Figure 5.  a) Illustration of the setup used for the preparation of 
mesoporous UKON-particles via an aerosol assisted process, and 
(b) SEM image of resulting spherical UKON-2i particles. Scale bar  ≅  2  µ m. 
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measurements, followed by application of Lambert-Beer law. 
The measurements performed with 1-fl uoro-4-nitrobenzene 
(FNB) (pK a   =  −12.4) and 1-fl uoro-2,4-dinitrobenzene (FDNB) 
(pK a   =  −14.5) are shown in  Figure    8  . When UKON-2i is added 
to a solution of FNB one sees that its absorption band at   λ   max   =  
256 nm drops in intensity due to protonation of the dye. This 
demonstrates that the acidity of UKON-2i is suffi cient to pro-
tonate FNB to certain extend. Application of Equation  1  gives 
a value of  H  0   =  −12.53 for the Hammett acidity of the sulfonic 
acid containing PMO material. In comparison, the less basic 
FDNB cannot be protonated by UKON-2i. The spectra before 
and after addition of the PMO material are identical (Figure  8 ). 
It was mentioned before that sulfuric acid ( H  0   =  −12) represents 
an important reference mark. Therefore, one can conclude that 

H0 = pKa +
c(B)

c(BH+)  
 (1)

     

 For determining the concentration of the protonated spe-
cies  c(BH + )  and deprotonated species one facilitates optical 

      Figure 6.  TEM images of mesoporous organosilica spheres prepared via the 
aerosol assisted method. a) UKON-1, b) UKON-2a, c) UKON-2d, d) UKON-2i. 

      Figure 7.  Photographic images showing the time-dependency of the sedi-
mentation of UKON-2i nanoparticles as a function of pH-value. 

 Table 1.   Textural data for the mesoporous UKON spheres. 

Sample   A  BET / [m 2 g −1 ]   D  Pore / [nm]  

UKON-1 100  
a)   474  3.5  

UKON-2a 100   424  4.1  

UKON-2d 100   268  7.0  

UKON-2i 100   720  3.5  

UKON-2i 50   412  3.5  

UKON-2i 10   550  3.8  

SiO 2   635  5.5  

    a)   The subscript indicates the organic derivatization degree. It is 100, if the bridging 

sol–gel precursor, e.g., compound (2) has been used in pure, undiluted form. 

Lower values indicate, that a mixture of the PMO precursor and Si(OEt) 4  ( → SiO 2 ) 

has been used during aerosol synthesis.   
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SiO 2 , one sees that a higher ratio of the protons become avail-
able, but at the same time IEC and proton density drop (see 
Table  2 ). 

 It was mentioned in the introduction that porous, solid-
state acids may have numerous applications, such as in fuel 
cells or as catalysts, or as antifouling agents. Here, we show 
a fi rst proof-of-principle for the antifouling properties of the 
UKON nanoparticles and evidence that the strong acidity of the 
UKON-2i material is mandatory to maximize the (anti-) biolog-
ical activity. 

 The potential antifouling activity of the UKON nano-
particles was evaluated as the inhibition of bacterial surface 
colonization on agar plates. Therefore, the opportunistic 
human pathogen and biofi lm model organism  Pseudomonas 
aeruginosa  was inoculated onto agar plates and examined 
for its ability to grow through a barrier of nanoparticles 
(50 nmol), that is, from the inside of a circle of nanoparticles that 
had been placed onto the agar plate, to the outside ( Figure    9  ). 
Bacterial colonies encircled by pure SiO 2  nanoparticles 
grew well through the barrier within 24 h, as expected, but 
the growth of the colonies through the barriers of UKON 
nanoparticles was retarded, or even prevented. In particular, 
UKON-2i nanoparticles showed the strongest effect on bacte-
rial surface colonization (Figure  9 ). Whereas bacterial growth 
could be confi ned using UKON-2a nanoparticles for 36 h, in 
the case of UKON-2i the bacteria could not cross the barrier 
even after 48 h. Hence, these results show promise for future 
biological studies on the antifouling activity of UKON mate-
rials, in particular for UKON-2i.    

  3   .  Conclusion 

 The generation of novel high surface material with interfaces 
characterized by a high density of reactive organic groups paves 
the way towards advanced applications in various areas. In the 
current paper, we have concentrated on the preparation of mate-
rials with acidic properties. A novel sol–gel alkoxide silane pre-
cursor comprising benzene sulfonic acid as a bridging, organic 
entity was utilized for the preparation of mesoporous organo-
silica materials. A more refi ned morphology, more precisely 
spherical nanoparticles, was achieved via an aerosol assisted 
method. These nanoparticles exhibit specifi c surface area of up 
to 720 m 2  g −1  and pore-sizes in the range 3.5–5 nm. It could be 
shown that the mentioned, porous solid belong to the class of 
superacids with a very high surface density of 1.3  ×  10 18  acid 

UKON-2i is slightly more acidic than H 2 SO 4 , and thus, belongs 
to the class of superacids. In comparison, UKON-2a ( H  0   =  2.38); 
see S-11, Supporting Information) or unmodifi ed mesoporous 
silica particles ( H  0   =  3.16) are expectedly much less acidic. The 
results for UKON-2a concerning its weak acidity are in agree-
ment with data obtained for tritration with 1  M  NaOH per-
formed in aqueous solution (see S-11, Supporting Information).  

 The amount of available protons per gram of UKON-2i 
nanoparticles, respectively per surface unit, can be determined 
via the ion exchange capacity (IEC); see also the experimental 
part. [  53  ]  The maximum IEC value can be obtained for UKON-
2i nanoparticles prepared using the undiluted PMO precursor 
(UKON-2i 100 ; see  Table   2 ).  

 The proton density can be calculated considering the surface 
area of the respective material (Table  1 ). The value obtained for 
UKON-2i ( =  1.26 protons per nm 2 ) is in good agreement to the 
density of functional groups found for other PMO materials 
( = 1.2 nm −2 ). [  11a  ]  However, comparing to the theoretical amount 
of protons that should be present in 1 g UKON-2i (considering 
its molecular mass,  M  w   =  260.29 g mol −1 ), it seems that only 
40% of the protons are available directly. When the sulfonic 
acid functionality becomes diluted with non-modifi ed, pure 

      Figure 8.  Optical absorption spectra of 1-fl uoro-4-nitrobenzene before 
(black squares) and after exposure to UKON-2i (black line), and of 
1-fl uoro-2,4-dinitrobenzene before (grey squares) and after exposure to 
UKON-2i (grey line). 

 Table 2.   Ion exchange capacity for UKON-2i samples. 

Sample  IEC 

[mmol g −1 ]  

 ∆  IEC  

[%] a)   

Proton density 

[H +  nm −2 ]  

UKON-2i 100   1.51  40%  1.26  

UKON-2i 50   0.81  43%  1.18  

UKON-2i 10   0.31  81%  0.34  

SiO 2   2.1  ×  10 −3    -   0.002  

    a)    ∆  IEC  was obtained by dividing the experimental IEC value by the amount of protons determined by stoichiometry.   
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  4   .  Experimental Section 

 All chemicals were received from Sigma-Aldrich. Prior to use they 
were carefully purifi ed and dried, when applicable. All reactions on the 
precursor state were performed under inert conditions using Schlenk 
technique. The synthesis of 1,3-bis-tri(isopropoxy)silyl-5-bromobenze 
(1), 1,3-bis-tri(isopropoxy)silyl-5-aniline and 3,5-bis-ti(isopropoxy)
silylbenzoic acid have been described previously. [  11a,b,e  ]  

  Synthesis of 1,5-bis-tri(isopropoxysilyl)-benzene-3-sulfonyl chloride (2) : 
 t BuLi (7 mL, 1.5  M , 10.6 mmol) was added dropwise to a solution of 
3 g of 1,3-bis-tri(isopropoxy)silyl-5-bromobenze (7.95 mmol) in 100 mL 
dry Et 2 O. The mixture was stirred for 30 min and then added slowly 
to SO 2 Cl 2  in 100 mL dry Et 2 O. After additional stirring for 10 min at 
−78  ° C the solution was warmed to room temperature and the solvent 
was removed under vacuum. 100 mL dry pentane were added and non-
soluble residues are removed via centrifugation. Finally, 1.3 g of product 
(2) (42%; 2.22 mmol) are obtained after vacuum distillation at 140  ° C. 
 1 H NMR (400 MHz, CDCl3):  δ /[ppm]: 1.19 ( d , 36H,  3 J  =  6.1 Hz,  i Pr-
CH3); 4.25 (sept, 6H,  3 J  =  6.1 Hz,  i Pr-CH); 7.74 (m, 2H, o-arom. H); 
7.87 (m, 1H, p-arom. H). 13C NMR (100.61 MHz, CDCl3):  δ /[ppm]: 25.6 
(iPr-CH3); 65.4 (iPr-CH); 127.0 (S-arom. C); 131.9 (p-arom. C); 136.7 
(o-arom. C); 141.7 (S-arom. C). 

  Preparation of UKON-2i Under Standard Conditions : A total of 0.5 g of 
precursor (2) (0.85 mmol) and structure directing agent (0.39 g Pluronic 
P123, or 0.21 g KLE-25) were dissolved in 1 g EtOH. 0.26 g aqueous HCl 
(1  M ) were added dropwise while stirring. The sol was pre-hydrolized for 3 h 
at 60  ° C and aged for 2 days at room temperature. The resulting monolithic 
pieces were dried at 100  ° C for 24 h. Template removal occured by liquid 
extraction using 25 mL of H 2 O and 25 mL of H 2 SO4 (conc.) at 90  ° C and 
then 25 mL EtOH and 25 mL HCl (conc.) at 60  ° C within 2–4 days. 

  Preparation of UKON-2i Under pH Control Using Buffer Systems : The 
materials were prepared similar to the method described for standard 
conditions. However, precursor (2) and the template were dissolved in 
1.5 g buffer solution. 

  Aerosol Synthesis of Mesoporous UKON-2a Nanoparticles : 2.84 g of 
3,5-bis-ti(isopropoxy)silylbenzoic acid (5.4 mmol) were dissolved in 
3.52 g EtOH. A total of 0.19 g H 2 O and 2.7  µ L HCl (0.1  M ) were added 
and the solution was refl uxed at 60  ° C for 20 h. The sol was diluted with 
7.54 g EtOH followed by addition of 0.68 g H 2 O, 120  µ L HCl (1  M ) and 
0.7 g Pluronic P123 as surfactant (pH  =  2.1). The fi nal reactant mole 
ratios (prec: EtOH: H 2 O: HCl: P123) were 1: 44: 10: 2.022: 0.0224. The 
spherical mesoporous nanoparticles were obtained using an aerosol 
reactor (TSI Inc., Model 3076) at a volumetric fl ow rate of 2.6 L min −1 . 
The aerosol was dried at room temperature for 2.8 s followed by heating 
at 500  ° C for 4.5 s and fi nally collected on a PTFE fi lter (average pore 
size 450 nm). The as received particles were extracted with 15 mL EtOH 
and 15 mL HCl conc. at 60  ° C for 4 days. Full characterization occured 
via IR, TEM, SAXS, N 2  physisorption, and  13 C and  29 Si solid state NMR 
(see Supporting Information). 

  Aerosol Synthesis of Mesoporous UKON-2i Nanoparticles : 3.02 g of 
1,5-bis-tri(isopropoxysilyl)-benzene-3-sulfonyl chloride (2) (5.14 mmol) 
were dissolved in 3.35 g EtOH and 0.18 g H 2 O. 2.5  µ L HCl (0.1  M ) were 
added (pH  =  5.2) dropwise and the solution was refl uxed at 60  ° C for 
20 h. The sol was diluted with 7.17 g buffer solution pH 1.8 (EtOH: H 2 O; 
4:1) followed by 0.71 g  tetra- butylammonium chloride (2.57 mmol) and 
0.66 g Pluronic P123 as surfactant (pH  =  2.1). The fi nal reactant mole 
ratios (prec: EtOH: Bu 4 NCl: H 2 O: P123) were 1: 44: 10: 0.5: 0.0224. 
According to the procedure described above the spherical mesoporous 
nanoparticles UKON-21 are obtained by using an aerosol reactor (TSI 
Inc., Model 3076) and collected via a PTFE fi lter system. The volumetric 
fl ow rate is 1.5 L min −1  and the aerosol was dried at room temperature 
for 0.7 s followed by heating at 500  ° C for 25 s. The as received particles 
are extracted with 15 mL EtOH and 15 mL HCl conc. at 60  ° C. 

  Ion Exchange Capacity : To determine the ion exchange capacity (IEC) 
of the materials a classical titration method was used. A small amount 
of dried material was suspended in 0.1  M  NaCl solution for 48 h. The 
remaining solution was titrated with 0.01  M  NaOH solution in order to 
neutralize the exchanged proton. The IEC was calculated according to:

groups per m 2 , respectively 9.4   ×   10 20  surface acid groups per 
gram. First proof of principles experiments were performed 
towards antifouling applications. The comparison to materials 
with either none acid groups (mesoporous silica particles) or 
weak acidic groups (mesoporous organosilica particles con-
taining benzoic acid) shows that only the strong solid-state acid 
(with the sulfonic acid) exhibit suffi cient inhibition of bacterial 
growth. Further potential applications of the novel material 
reported herein are in the areas of heterogeneous catalysis of 
for proton conducting membranes.  

      Figure 9.  Representative illustration of the inhibition of bacterial sur-
face colonization as observed on blood agar plates by the application 
of UKON materials as a ‘barrier’ surrounding the bacterial inoculum. 
iI) SiO 2  nanoparticles (control), iii) UKON-2a nanoparticles, and 
i) UKON-2i nanoparticles were applied onto the plates in a circular line 
and  Pseudomonas aeruginosa  was inoculated into the center of each circle 
(see Experimental Section). Green areas indicate bacterial growth. 
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V  is the titrant volume at the equivalent point in mL;  M  is the molar 
concentration of the titrant (g mol −1 );  m  is the dried sample weight in g. 

  Hammett Acidity : To defi ne the acidity strength of the acidic materials 
the Hammett acidity method was used. Using UV-vis technique in 
organic solvents the protonation state of suitable indicator dyes with 
different pKa values was monitored. For this purpose, p-fl uoroanilin (pK a  
 =  +2.4; weak acid), anthraquinone (pK a   =  −8.2), p-fl uoronitrobenzene 
(pK a   =  −12.4), and 2,4-ninitrofl uorobenzene(pK a   =  −14.5) were used. The 
basic indicators were dissolved in dry hexane. The absorbance of the 
pure, non-protonated form was recorded. Then, the solid acids, Ukon-2a, 
Ukon-2i, and SiO2 (as reference) were added to the indicator solutions. 
After stirring for 30 min, the solid materials were centrifugated and the 
absorbance of the supernatant was measured. 

  Analytical Characterization : NMR-spectra were acquired on a Bruker 
Avance III 400 spectrometer (CDCl3 as solvent). Solid-state NMR 
spectra were performed on a Bruker DRX 400 spectrometer. Using a 
Bruker Esquire 3000 Plus spectrometer with a fl ow rate of 1  µ g mL -1  
the ES-MS data were recorded. The SEM images and the EDX data 
were received by a Zeiss 249 CrossBeam 1540XB scanning electron 
microscope. The Zeiss Libra 120 at 120 kv acceleration voltage 
performed the TEM images. FT-IR spectra were recorded by using a 
Perkin Elmer Spectrum 100 spectrometer using ATR unit. Small-angle 
X-ray scattering (SAXS) measurements were carried out with a Bruker 
AXS Nanostar. N2-physisorptions measurements were conducted on a 
Micromeritics Tristar. Acquiring a Varian Carey 100 spectrometer the as 
received UV/VIS spectra were recorded. 

  Testing the Inhibition of Bacterial Surface-Colonization : The potential 
antifouling activity of the UKON-2a and UKON-2i nanoparticles was 
tested using the bacterial biofi lm model organism  Pseudomonas 
aeruginosa  PAO1. [  54  ]  For surface-colonization inhibition testing, the 
UKON material (suspended in aseptic water) was applied onto blood 
agar plates (Heipha) in form of a circular line, and thereafter, strain 
PAO1 (10  µ l cell suspension of an outgrown LB-liquid culture) was 
inoculated to the plates at the center of the circle, in order to evaluate 
for the absence of growth of the bacteria from the inside to the outside 
of the circle during incubation (at 37  ° C).  
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ABSTRACT: A superior degree of functionality in materials can be
expected, if two or more operational entities are related in a cooperative
form. It is obvious that, for this purpose, one is seeking materials with
complex design comprising bi- or multiple functional groups complement-
ing each other. In the current paper, it is demonstrated that periodically
ordered mesoporous organosilicas (PMOs) based on co-condensation of
sol−gel precursors with bridging phenyl derivatives RF1,2C6H3[Si(O

isoPr)3]2
allow for rich opportunities in providing high-surface area materials with
such a special chemical architecture. PMOs containing high density of thiol
(≅ RF1) and sulfonic acid units (≅ RF2) were prepared as mesoporous
nanoparticles via an aerosol-assisted gas-phase method and were tested for biocidal applications. Each of the mentioned organic
groups fulfills several tasks at once. The selective functionalization of thiols located at the surface of the particles using click
chemistry leads to durable grafting on different substrates like glass or stainless steel, and the intraparticle −SH groups are
important regarding the uptake of metal ions like Ag+ and for immobilization of Ag0 nanoparticles inside the pores as an enduring
reservoir for antibacterial force. The superacidic sulfonic acid groups exhibit a strong and instantaneous biocidal acitivity, and
they are important for adjusting the Ag+ release rate. Biological studies involving inhibitory investigation tests (MIC),
fluorescence microscopy (life/dead staining), and bacterial adhesion tests with Pseudomonas aeruginosa show that the
organobifunctional materials present much better performance against biofilm formation compared to materials containing only
one of the above-mentioned groups.

KEYWORDS: mesoporous particles, multifunctional materials, surface immobilization, antifouling, click chemistry

■ INTRODUCTION

Surface colonization and biofouling is a significant problem in
almost every area where wet surfaces stay in contact with
micro-organisms. Examples are medical devices, biosensors, and
the food and shipping industry, to name only a few.1,2 Due to
the negative effects of microorganism accumulation and their
byproducts on surfaces, preventing biofilm formation is an
important issue and has attracted great attention.3,4 Biofouling
starts with nonspecific adsorption of cells and their
biomolecules on surfaces, leading to initial colonization, and
after cell proliferation ends up with highly stable networks of
microorganisms embedded in extracellular polymeric sub-
stances (slime). Different approaches for biofouling prevention
have been described in the literature.1 One can differentiate
between two general strategies: either preventing the initial cell
attachment and formation of biofilms or degrading and
removing pre-established biofilms.
A key approach for protecting surfaces against fouling

processes is the use of biocidal agents. Whereas antibiotics are
very powerful, their disadvantage is not only the fast
development of resistances, but regarding surface protection
they are also less suitable because of their high price, fast
leaching, and the resulting short effective period. As an
alternative, silver cations (Ag+) act as an electron donor
blocker, can deactivate biological groups containing oxygen,

sulfur, or nitrogen, and inhibit the respiratory process in cells.5

Thus, silver nanoparticles represent one of the most popular
antifouling materials these days.6 They are commonly applied
in wound dressings, catheters,7 and textiles.8 Free, respectively,
dissolved Ag+ originates from oxidative processes in aqueous
media (e.g., caused by dissolved oxygen), and therefore silver
nanoparticles have been recognized to serve as a permanent
silver ion source. The mentioned oxidation processes take place
on the particle surface, which explains the fact that nano-
particles ranging from 2 to 10 nm show the strongest biocidal
effect due to their high surface area.9 However, silver
nanoparticles are also discussed controversially because of the
risk for the undesired penetration into the human body, where
they can be harmful.10 Hence, immobilizing silver nanoparticles
on surfaces becomes necessary. Embedding silver nanoparticles
into polymers,11,12 fiber glasses, or hydrogels or immobilization
on materials like silica13 or carbon nanotubes14 supports the
prevention of exposure to the environment and improves the
silver ion release control.15

Mesoporous silica materials also possess a great potential for
hosting silver nanoparticles by offering a well accessible pore
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system and a large internal surface area up to 1000 m2/g.16,17

Either premade Ag nanoparticles are infiltrated into the pore
system or Ag+ salts are used, followed by reduction with agents
like NaBH4,

18 glucose,19 hydrogen,13 or ascorbic acid.20 The
great advantage of the latter approach is the direct synthesis of
silver nanoparticles inside the pores13 leading to nonblocked
pore entrances and a homogeneous distribution of silver
nanoparticles. Both factors favor the control of biocidal
activity21 as well as the stability of the nanometer-sized silver
nanoparticles.22 A further advantage of using nanoporous silica
materials is the possibility to prepare hybrid materials equipped
with a wide range of organic functional groups.23,24 A nice
example demonstrating the relevance of functional groups at
the surfaces was published by Wang and co-workers, who
modified mesoporous silica materials using (3-mercaptoprop-
yl)-trimethoxysilane. It was seen that the use of organic thiols
facilitates the adsorption of silver nanoparticles on the surface.25

Organically modified, mesoporous silica materials can be
obtained via different methods. The so-called grafting
(respectively, postmodification) and co-condensation routes
are popular functionalization methods, also because a range of
organically modified alkoxysilane precursors are commercially
available.26 However, the major disadvantage of the latter two
methods is that the modification degree (max. 25%) is typically
relatively low. Only very recently high organic content
organosilica materials could be obtained via co-condensation.27

For some applications, a higher degree of organic modification
is preferred, and in these cases the so-called PMO (periodically
ordered mesoporous organosilica) approach seems to be more
suitable. Porous materials with 100% degree in organic
modification can be prepared using special sol−gel precursors
containing bridging organic groups, ((R′O)3Si−R−Si-
(OR′)3).

28−32 The reader interested in an overview of the
PMO field is referred to one of the recent review articles.33−35

In our laboratory we developed the UKON-PMO system for
designing porous materials with tailor-made surface proper-
ties.36−44 All UKON materials are based on special sol−gel
precursors with a bridging phenyl entity modified with several
functional groups RF in the 3-position of the aromatic ring.
Recently we described a PMO material containing benzene-
sulfonic acid functionalities, its superacidic properties, and its
antibacterial properties.44 However, whereas the biocidal
property is very pronounced in the beginning, it drops as
soon as the proton reservoir of the particles is used up.
Therefore, in the current contribution we introduce the

concept that two different biocidal factors operate in one
material system. They should not act independent of each other
but with a certain degree of cooperativity if desired. For this
purpose novel organosilica materials are prepared containing
two different functional groups R−SO3H and R−SH. In
general, there exist only few examples of materials comprising
two different functional entities, which are geared to each other,
respectively, and exhibit cooperative effects with each other. In
the current case, we expect that each of the functional groups
could exhibit two functions. The sulfonic acid will act as the
first attack against the bacteria,44 but it could, due to the locally
enhanced acid environment inside the pores, also influence the
dissolution of Ag and consequently the release of Ag+ (2Ag0 +
2H+
→ 2Ag+ + H2). The thiol group is expected to interact with

the silver species inside the pores, and it will be facilitated for
the immobilization of nano-/microsized PMO particles on
relevant surfaces like glass, polymers, or metals. The described
goals will be reached by realizing the following steps

- Establishing novel PMO materials with thiol groups.

- Preparation of bifunctional mesoporous particles con-

taining thiol and sulfonic acid groups.
- Preparation of Ag nanoparticles inside the mesoporous,

bifunctional PMO particles.
- Immobilization of the resulting particles on solid

surfaces.
- Biological tests for their antibacterial activity.

■ EXPERIMENTAL SECTION

Materials. Chemicals were received from Sigma-Aldrich, and prior
to use they were carefully purified and dried, when applicable. Glass
slides were purchased from Marienfeld; 15 × 15 mm. Using the
Schlenk technique all reactions on the precursor state were performed
under inert conditions. The syntheses of 1,3-bistri(isopropoxy)silyl-5-
bromobenze and 3,5-bistri(isopropoxy)silylbenzene-3-sulfonyl chlor-
ide have been described previously. For UV irradiation we used a
handlamp (Peschl ultraviolet; 250 W) model SwiftCure HL-250. Silver
ion detection was performed by a silver ion selective electrode (Cole
Parmer combination ion selective electrode Ag+/S2−).

Synthesis of 1,5-Bistri(isopropoxysilyl)-benzene-3-thiol (3).
To a solution of 1.5 g of 1,3-bistri(isopropoxy)silyl-5-bromobenze
(2.65 mmol) in 50 mL of dry Et2O was added tBuLi (3.5 mL, 1.5 M,
5.3 mmol) dropwise at −78 °C. The mixture was stirred for 30 min.
Then 85 mg of S8 (2.65 mmol) was added and stirred for another 30
min at −78 °C. Afterward the colorless solution was warmed to room
temperature and stirred for 1.5 h. Then the reaction was hydrolyzed
with 30 mL of dry isopropanol. After removal of the solvent a yellow
oil can be obtained. For further purification column chromatography
was applied (silica gel 60; CH2Cl2/pentane 2/1). Finally 0.65 g (1.25
mmol; 47%) of a colorless oil was obtained. 1H NMR (400 MHz,
CDCl3): δ/[ppm] 1.21 (d, 36H, 3J = 6.1 Hz, iPr-CH3); 3.45 (s, 1H,
SH); 4.24 (sept, 6H, 3J = 6.1 Hz, iPr-CH); 7.62 (m, 2H, o-arom. H);
7.77 (m, 1H, p-arom. H). 13C NMR (100.61 MHz, CDCl3): δ/[ppm]
25.6 (iPr-CH3); 65.6 (iPr-CH); 129.7 (C-SH); 133.5 (Si-arom. C);
137.4 (p-arom. C); 138.7 (o-arom. C).

Preparation of UKON-2j under pH Control Using Buffer
Systems. A total of 0.4 g of precursor (3) and 280 mg of pluronic
F127 were dissolved in 1.6 g of buffer solution (pH 1.9). The mixture
was prehydrolyzed for 3 h at 60 °C and aged for 7 days at room
temperature. Afterward the resulting monolithic pieces were dried at
100 °C for 24 h. The template was removed by liquid extraction with
25 mL of ethanol and 25 mL of HCl (conc.) at 60 °C within 2−4 days.

Preparation of Bifunctional PMOs Containing Thiol and
Sulfonic Acid Groups. The materials were prepared similar to the
method described for UKON-2j. However, after prehydrolyzing the
precursors separately (for precursor (2) 1 h and precursor (3) 3 h) the
solutions were combined and aged for 4 days. Different ratios of the
sol−gel precursors 1,5-bistri(isopropoxysilyl)-benzene-3-sulfonyl
chloride and 1,5-bistri(isopropoxysilyl)-benzene-3-thiol were used.
Pluronic P123 (for a 0.5 mmol precursor mixture 260 mg of P123 is
used) as well as pluronic F127 are applied as structure-directing agents.
The composition of the resulting, mesoporous organosilica materials
can be described as UKON (SH-PhSi2O3)1−x(SO3H-PhSi2O3)x.

Aerosol Synthesis of Mesoporous UKON-2j. An amount of
2.66 g (5.1 mmol) of 1,5-bistri(isopropoxysilyl)-benzene-3-thiol (3)
was dissolved in 3.35 g of ethanol, and 0.18 g of H2O and 2 μL of HCl
(1 M) were added dropwise (pH 5.0) and refluxed for 18 h at 60 °C.
The sol was diluted with 5 g of buffer solution at pH 1.9 (EtOH:H2O;
4:1) and 0.6 g of pluronic P123 as surfactant (pH 3). The final
reactant mole ratios (prec: EtOH:H2O:P123) were 1:44:10:0.0224.
The spherical mesoporous nanoparticles were obtained using an
aerosol reactor (TSI Inc., model 3076) at a volumetric flow rate of 1.7
L min−1. The aerosol was heated to 400 °C for 6.2 s and finally
collected on a PTFE filter (average pore size 450 nm). Template
removal was performed by liquid extraction with 15 mL of EtOH and
15 mL of HCl conc. at 60 °C for 4 days. Full characterization occurred
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via IR, TEM, SAXS, N2 physisorption, and solid-state NMR (see
Supporting Information (SI)).
Aerosol Synthesis of Bifunctional Mesoporous Nanopar-

ticles Containing Thiol and Sulfonic Acid Groups. The materials
were prepared similar to the method described for UKON-2j
nanoparticles. However, different ratios of the sol−gel precursors
1,5-bistri(isopropoxysilyl)-benzene-3-sulfonyl chloride (2) and 1,5-
bistri(isopropoxysilyl)-benzene-3-thiol (3) were used. The prehydrol-
ysis step was performed separately. The UKON precursor (2) was
prehydrolyzed for 5 h and the precursor (3) for 18 h at 60 °C. The sol
was diluted with buffer solution (pH 1.9) and 0.6 g of pluronic P123
followed by tetrabutylammonium chloride (pH 3.1). The final reactant
mo l e r a t i o s ( p r e c : E tOH:H 2O:P123 :Bu 4NCl ) we r e
1:44:10:0.0224:0.25. The aerosol synthesis including the parameters,
volumetric flow rate of 1.7 L min−1, 400 °C heating temperature, and
heating time of 6.2 s, was performed as described for UKON-2j as well
as the liquid extraction method. The composition of the resulting,
mesoporous organosilica nanoparticles can be described as UKON
(SH-PhSi2O3)1−x(SO3H-PhSi2O3)x.
Silver Nanoparticle Synthesis on UKON PMO Materials and

PMO Nanoparticles. An amount of 0.2 mmol of UKON PMO
materials or UKON PMO nanoparticles was stirred in 4 mL of
aqueous AgNO3 solution (0.1 M) at room temperature for 4 h.
Afterward the materials were intensively washed with 20 mL of H2O to
remove noncoordinated silver ions. Then the Ag+@UKON materials
were suspended in 70 mL of H2O dest., and 4 mL of a freshly prepared
solution of ascorbic acid (0.005 M) was added dropwise. After 30 min
the reaction was completed. The Ag0@UKON PMO materials/Ag0@
UKON PMO nanoparticle were centrifugated and washed with 50 mL
of H2O dest.
Preparation of UKON Nanoparticle Coating on Glass. First

commercial glass slides were activated by dipping them into a piranha
solution (H2SO4:H2O2; 2:1 v/v) for 1 h at room temperature. Then
the glass slides were rinsed with distilled water and dried at 80 °C for 4
h. To a 50 vol % solution of allyltrimethoxysilane and dry THF was
added 0.4 vol % HCl conc. The silane-containing solution was spin
coated on the glass slide with a speed of 20 rps and then baked at 150
°C for 3 h. Sequential washing with CH2Cl2, hexane, and acetone was
performed afterward. Finally the glass slides were dried at 80 °C for 1
h. For the nanoparticle coating the as-prepared glass slides were placed
in a suspension of UKON nanoparticles (10 w %) in isopropanol.
Then the solvent was removed at 60 °C under atmospheric pressure.
Afterward the glass slides were dried at 80 °C for 2 h. For detailed
characterization see the Supporting Information.
Preparation of UKON Nanoparticle Coating on Stainless

Steel. According to the procedure above commercially available
stainless steel plates have been modified and coated with UKON PMO
nanoparticles. Characterization of the coated plates is given in the
Supporting Information.
Immobilization of UKON Nanoparticles on Glass via Click

Chemistry. For the click reaction the coated glass slides were
irradiated for 1 h at 365 nm without further treatments. For testing the
stability of the coating the glass slides were shaken in H2O dest. for 3
days at 250 rpm. SEM investigations before and after the shaking
process were made.
Silver Nanoparticle Synthesis on UKON Nanoparticles

Covalently Bound to Glass Surfaces. The materials were prepared
according to the method described below. However, the particle-
coated glass slides were put into 1 mL of aqueous AgNO3 solution (0.1
M) at room temperature for 4 h and then washed with H2O dest.
Finally the slides were transferred into 5 mL of H2O dest. and shaken
at 70 rpm. An amount of 0.3 mL of ascorbic acid (0.005 M) was added
dropwise. The reaction mixture was shaken for 30 min at 70 rpm,
washed with H2O dest., and dried in air.
Minimum Inhibitory Concentration (MIC) for UKON np@Ag.

Amounts of 2 mL of aqueous Ag0@UKON PMO nanoparticle
solution with different concentrations (1, 0.75, 0.5, 0.25, and 1 mg/
mL) were added to 2 mL of bacteria suspensions of Pseudomonas
aeruginosa (concentrations 5 × 109 CFU/mL). The mixture was
incubated at 37 °C for 24 h with shaking speed of 200 rpm. The

turbidities of bacteria were observed after 24 h, and the minimal
concentration of Ag0@UKON PMO nanoparticle in the tube
remaining clear is MIC. The MIC experiment was performed with
Ag0@SH50 PMO nanoparticle and Ag0@SH100 PMO nanoparticle.

Bacterial Survival Test. The prepared Ag0@UKON PMO
nanoparticle films on microscope glass slides, as well as pure, uncoated
glass slides, were sterilized via UV irradiation for 15 min. Then, a 20
μL portion of Pseudomonas aeruginosa PAO1 cell suspension (app. 5
×109 CFU/mL) was placed on each film. After incubation for 2 h at
room temperature and rinsing with 1 mL of sterile H2O, the slides
were placed on nutrient agar plates (LB medium) with the bacterial
contamination side down for a further 30 min. Then the slides were
removed and the agar dishes incubated for 18 h at 30 °C and evaluated
for formation of a homogeneous bacterial lawn in dependence of the
surface coating used.

Live/Dead Staining and Fluorescence Microscopy. Ag0@
UKON PMO nanoparticle films on microscope glass slides were
sterilized by UV irradiation and then “contaminated” (inoculated) with
Pseudomonas aeruginosa as described above. Live/dead staining of
attached bacteria was done following the manufacturer’s instructions
(LIVE/DEAD BacLight Bacterial Viability Kit for microscopy, Life
Technologies), and the stained cells were visualized under a
flourescence microscope equipped with the appropriate filter sets.

■ RESULTS AND DISCUSSION

Establishing Novel PMO Materials with Thiol Groups.
The first, planned step involves the synthesis of the novel
UKON PMO material containing thiophenol as a bridging
organic function (UKON-2j). For this purpose the correspond-
ing sol−gel precursor 1,3-bistri(isopropoxysilyl)-thiophenol (3)
is required. Starting from compound (1) with bromobenzene as
a bridging organic entity (see Chart 1), lithiation affords a

stable nucleophile that can be attacked by electrophiles. The
introduction of the thiol functionality (-SH) can be achieved via
the reaction with elemental sulfur, in agreement with literature
procedures describing the synthesis of organic thiols45 (see also
the Experimental part). Characterization of compound (3) was
done by nuclear magnetic resonance (NMR) spectroscopy (1H,
13C, 29Si) and electron-spray ionization mass spectrometry
(ESI-MS); data are given in the Supporting Information S-1.

Chart 1. Synthesis Routes Toward the Required PMO Sol−
Gel Precursors
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Next, the novel sol−gel precursor (2) was used for the
preparation of the UKON-2j PMO referring to liquid-crystal
templating procedures reported in the literature (see also the
Experimental part).46,47 After removal of the template the
resulting mesoporous silica material was characterized by
nitrogen physisorption measurements. Figure 1a shows the
characteristic isotherm and hysteresis curve of the correspond-
ing mesoporous material with a narrow pore size distribution.

According to the Barret/Joyner/Halenda (BJH)48 evaluation of
the isotherm data, the material is characterized by an average
pore size of 3.9 nm, and its surface area, calculated using the
Brunauer/Emmet/Teller (BET) method, is 450 m2/g. TEM
investigation of UKON-2j demonstrates nicely the high
periodic order of the material (Figure 1b). The occurrence of
a cylindrical, hexagonally ordered pore system was further
secured using small-angle X-ray scattering (SAXS) given in
Figure S-2 (SI). The set of scattering signals at q10 = 0.56 nm−1,
q11 = 0.94 nm−1, and q20 = 1.12 nm−1 is characteristic of the
P6/mm space group with a periodicity of 11.2 nm. Together
with the pore-size determined from N2 physisorption it can be
concluded that the thickness of the pore walls is of the order of
7 nm, which is in good agreement with TEM data (Figure 1b).
The chemical nature and composition of UKON-2j was
confirmed by a combination of several, independent analytical
techniques (see also Figure S-2, SI). The presence of sulfur
groups was proven by energy-dispersive X-ray spectroscopy
(EDX). The EDX spectrum exhibits a Si:S ratio of 2:1, which
precisely corresponds to the value corresponding to the ideal
composition Si2O3(C6H3SH).

13C solid-state NMR is a useful
technique by comparing the solid-state NMR signals of UKON-
2j directly to the signals received from the precursor (3) in
solution. The signal characteristic for the carbon atom attached
to the sulfur appears in the precursor spectra at a chemical shift
of 130 ppm. Consequently the shoulder observed at 129.92
ppm in the NMR spectrum of UKON-2j can be assigned to the
thiol group.
The method described so far for the synthesis of mesoporous

materials affords powders consisting of ill-defined particles
(Figure 1b). For the modification of surfaces one needs much
more defined nanoparticles, which may be dispersed in a
medium used for evaporation coating methods. Therefore, we
transferred a process originally published by Brinker et al. for
SiO2 particles49 to the UKON-2j system presented here. An
aerosol-assisted route was used for generating highly porous
PMO nanoparticles in the range of 100 nm−1 μm (see Figure
S-3a, SI). A mixture of the prehydrolyzed precursor (3), an
aqueous HCl/KCl buffer, ethanol, and a structure-directing
block copolymer of the pluronic family (see Experimental
Section) is evaporated via an aerosol generator. Passing the
resulting small droplets of the described sol through a tube
oven heated at 400 °C, ethanol evaporates, and increase of the
pluronic concentration takes place. This induces the liquid
crystal formation. At the same time the condensation of the
PMO precursor occurs, and this results in the formation of the
mesostructured UKON-2j nanoparticles. The nanoparticles are
collected via a filter system and are finally extracted in acidic
media. It can be clearly seen from TEM measurements shown
in Figure 1c that highly porous, fairly well-structured particles
could be obtained. Apart from the difference in the degree in
periodic ordering (see also SAXS measurements in Figure S-3g,
SI), all other analytical methods (compiled in Figure S-3, SI)
indicate that the particulate material is equivalent to UKON-2j.

Preparation of Bifunctional Mesoporous Particles
Containing Thiol and Sulfonic Acid Groups. In a previous
publication, we were able to show that bifunctional materials
containing −NH and −COOH functionalities could be
obtained by co-condensation of the two respective PMO-
UKON precursors.38 Because the two functional systems (−SH
(3), see above; −SO3H (2)44) are available now, we have
prepared a series of materials (see Table 1) differing in the
relative amount of the thiol functionality.

Figure 1. (a) N2 physisorption data (black) with BJH pore size
distribution of UKON-2j (gray). (b) TEM image of hexagonally
structured UKON-2j; scale bar = 50 nm. (c) TEM image of UKON-2j
nanoparticles prepared via the aerosol-assisted method; scale bar = 100
nm.
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Due to a significant difference in chemical reactivity of the
two precursors, it was realized that a careful control over
hydrolysis kinetics (see Figure S-4, SI) is crucial for obtaining
well-structured and homogeneous materials with bifunctional
character. Therefore, the first step involved the prehydrolysis of
two solutions containing the precursors (2) and (3) separately.
A combination of those two solutions was followed by the
addition of an ethanolic buffer containing the structure-
directing agent. The mixture was then stirred until getting a
clear and homogeneous solution. Polycondensation, aging, and
template extraction were performed as described before for the
monofunctional materials. All materials were investigated using
the same set of analytical techniques, and the relevant data are
given in Figure S-5 (SI). Successful co-condensation of both
precursors can be confirmed using FT-IR spectroscopy by the
increase of the dominating OS vibration band at 1024 cm−1

characteristic for aromatic sulfonic acids.50 Mesoporous
organosilica particles with bifunctional character could also be
prepared using the aerosol-assisted method, and the relevant
data are given in Figure S-5b (SI). The introduction of the
sulfonic acid entities clearly shows a significant influence on the
structure of PMO materials. The strong ionic character of
sulfonic acid groups hinders the formation of a very good
structuring, when the neutral block copolymer such as pluronic
is used.44 The degree of structural order decreases by increasing
the amount of sulfonic acid entity as seen from TEM and SAXS
data. In addition nitrogen physisorption data support the fact
that the pore wall thickness as well as the BET surface area
decrease with higher percentage of SO3H entities.
Preparation of Ag-Nanoparticles Inside the Meso-

porous, Bifunctional PMO Particles. Next, the potential of
the described materials for the adsorption of Ag+ ions was
investigated. The particles were suspended in an aqueous
AgNO3 solution and were washed afterward thoroughly with
water for removing any nonadsorbed silver ions. The amount of
Ag+ can be compared for different materials using energy-
dispersive X-ray spectroscopy (EDX) shown in Figure 2a. The
spectra for the materials SH100, SH50, and SO3H100 are
shown after normalization to the intensity of the SiKα peak for
better comparison. The SH100 material binds, as expected, a
significant amount of Ag+, indicated by the intense signals for
AgLα,β. However, it can be seen that also the SO3H100 material
leads to a comparable Ag+ immobilization. For exclusion that
surface OH groups are responsible for the interaction with the
metal ions,51 a mesoporous material composed of pure silica
was investigated as well. It can be seen that mesoporous silica is
not capable of binding Ag+. After washing the AgLα,β signals are
missing. Interestingly, the SH50 material shows the highest
capacity for Ag+ uptake. This fact can be explained by the high
BET surface area as well as the large pore diameter compared
to SH100 (UKON-2j) and SO3H100 (UKON-2i). Quantitative
evaluation of the EDX data allows us to determine the S:Ag
ratio (1:0.8), and this indicates that almost every functional
group in SH50 contributes to Ag+ coordination. Thermogravi-
metric anaysis (TGA) was applied as an independent technique

for quantifying the uptake of silver (Figure 2b). Considering
SH50 as an exemplary case, two decomposition steps with
maxima at 250 and 567 °C can be observed for the starting
material. After infiltration of Ag+ (Ag+@SH50) the thermal
stability of the material has changed. Whereas the position of
the first step remains unchanged, the second step is shifted to
455 °C and has become narrower. This points to a potential
catalytic role of Ag+ during the thermal decomposition of
UKON materials. Similar observations have been made for
SH100 (UKON-2j) and SO3H100 (UKON-2i) (see Figure S-6
(SI). However, much more direct evidence for the filling of
pores with silver comes from the difference in remaining mass
at the very end of the thermal decomposition (47% for SH50
and 55% for Ag+@SH50).

Table 1. Overview for Materials Containing Different
Degrees of −SH and −SO3H Functionalities

sample SH amount/[%] surface area/[m2 g−1] pore size/[nm]

SH100 100 450 3.9

SH50 50 660 3.9

SO3H100 0 405 3.5

Figure 2. (a) EDX spectra measured after adsorption of Ag+ in
different mesoporous materials. Red graph ≅ SH100; black graph ≅

SH50; blue graph ≅ SO3H100; gray graph ≅ SiO2. (b) TGA curves for
SH50 (black graph) and Ag+@SH50 (gray graph). (c) The time
dependency of the surface normalized release concentration of silver
ions (csurf(Ag

+)) obtained via ISE measurements for samples Ag+@
SH100 (squares), Ag+@SH50 (triangles), and Ag+@SO3H100
(circles).
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The behavior regarding the release of the loaded silica
materials is of pivotal importance for the anticipated biocidal
applications. The leaching of Ag+ from the loaded materials was
monitored using a silver ion selective electrode (AgISE)
measurement. Because it was already seen that the differing
surface area of the materials (see Table 1) has an influence, in
order to achieve comparable data, normalization to the specific
surface area was done. The results are shown in Figure 2c for
three different materials. It can be seen that the equilibrium
level of Ag+ in solution can be controlled via the composition of
the (bi)functional organosilica particles. The more thiol groups
are present, the lower is the equilibrium concentration of silver
ions. After 9 days EDX spectroscopy (shown in Figure S-6, SI)
shows that the porous particles are still containing a significant
amount of silver, which means that in Figure 2c in fact an
equilibrium concentration is shown and not the total release of
the metal cations from the pore system. This desired behavior is
of course due to the interaction of the functional surface groups
with Ag+.
Next, ascorbic acid was used as a reducing agent for the

synthesis of Ag0 nanoparticles inside the pores of the
organosilica materials. Again SH50 is discussed as an exemplary
case of a material with bifunctional character. It can be seen
from TEM images given in Figure 3a that a large number of
nanoparticles with high electronic contrast in the size range 5−
10 nm are now present in the SH50 organosilica spheres.
Powder X-ray diffraction (given in Figure S-7, SI) proves that
these particles are indeed metallic silver. The size of the Ag0

particles fits perfectly to the range needed for biocidal
nanoparticles.9 Additionally N2-physisorption data (see Figure
S-8, SI) of Ag0@SH50 PMO nanoparticles confirms nicely the
presence of porosity with a BET surface area of 340 m2/g. A
potential biocidal application of the shown particles implies that
sufficient release of Ag+ takes place. The mentioned properties
were studied again using ISE measurements shown in Figure
3b. Typically, there is a very short induction period of only 2 h,
until the Ag+ reaches a sufficiently high level.
Immobilization of the Resulting Particles on Solid

Surfaces. One of the outstanding characteristics of our
bifunctional material is the selective use of the thiol
functionalities on the outer surface of the particles, which can
be used for external modifications. In the current work we
apply thiol−ene click chemistry52,53 for the immobilization of
those particles on different surfaces like glass or stainless steel.
After fixation of the particle via UV radiation at 365 nm, we
tested the stability of the coating by shaking the glass slides for
3 days by 200 rpm in H2O. Scanning electron microscopy
images were taken before and after the washing process and are
shown in Figure 4. It can be seen that the particle size
distribution is polydisperse, which is typical for particles
prepared via aerosol-assisted methods.54 Nevertheless, the
particles have formed a monolayer on the substrate, and the
film is fairly dense (Figure 4a). The film features remain
unchanged after washing (Figure 4b), which demonstrates the
effectiveness of the immobilization method. Comparison to
analogous experiments using SO3H100 or pure SiO2 particles
proves the necessity for the thiol functionalities being in place.
As expected, neither SO3H100 nor SiO2 particles are capable of
the click reaction, and as a consequence they are quantitatively
removed from the substrate (see Figure S-9, SI). The
mentioned procedure can also be transferred to other surface
systems such as stainless steel, which is relevant in marine field
(see Figure S-10, SI).

The procedure established before for the synthesis of Ag0

nanoparticles inside the mesoporous organosilica hosts was
now adopted for the prepared films. TEM measurements show
that the loading of SH50 immobilized on glass substrates is
successful (as an example, see Figure S-11, SI).

Figure 3. (a) TEM micrograph of one Ag0@SH50 PMO nanoparticle;
scalebar ≅ 200 nm. (b) Ag+ release from Ag0SH50 investigated by ISE
measurements.

Figure 4. SEM images of mesoporous SH50 particles immobilized on
glass substrates via thiol−ene click chemistry before (a) and after
washing for 3 days (b). Scalebars ≅ 2 μm.
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Biological Tests for Antibacterial Activity. First, we
checked the properties of the different particles when being
freely suspended in bacterial culture fluid (LB medium) and
when employing the so-called MIC (minimum inhibitory
concentration) test.55 The MIC is defined as the minimum
concentration of a biocidal compound/material that inhibits the
growth of, here, a representative biofilm-forming opportunistic
pathogen, the bacterium Pseudomonas aeruginosa (strain
PAO1). The nutrient broth was supplemented with Ag0@
SH50 in different concentrations (0.1−1 mg particles per mL of
culture fluid), inoculated with P. aeruginosa preculture (1% v/
v), incubated for 24 h (shaking), and evaluated for planktonic
growth (turbidity) in comparison to untreated controls. The
MIC for Ag0@SH50 was determined at 0.5−0.25 mg/mL (see
Figure S-12, SI), which is a very low value for materials based
on silver as an antibiocidal agent.56,57 Importantly, the MIC for
Ag0@SH100 nanoparticles was significantly higher (>1 mg/
mL; see Figure S-11, SI), which nicely demonstrates the
additional antibacterial influence of the super acidic groups in
Ag0@SH50.
Second, we investigated the effect of the different UKON

PMO surface coatings on the viability/survival of attached
bacterial cells. Therefore, the surfaces were deliberately
“contaminated” with bacteria (Pseudomonas aeruginosa) and
afterward imprinted on nutrient agar plates (see Figure 5)

(more details on the experimental procedure are given in the
Experimental Section). Pure SiO2 particles exhibited no
biocidal performance (Figure 5a) and were used as a reference.
Only minor colonization was observed for the Ag0@SH100
system (Figure 5b), and complete suppression of bacterial
growth was seen for Ag0@SH50 particles (Figure 5c). The
latter observation arguments clearly for a high bacteriocidal
activity and large antifouling potential of the materials with
bifunctional character (−SO3H + −SH).
Finally, the fate of P. aeruginosa cells on the glass slides with

and without Ag0@SH50 mesoporous organosilica particles was
investigated by staining and microscopy (Figure 6). Alive and
dead bacteria (i.e., bacteria with undisturbed or disturbed
membrane integrity, respectively) could be distinguished by
staining with “live/dead” stain in combination with fluorescence
microscopy. Two effects were observed. First, the overall

density of bacteria is much lower for the Ag0@SH50 coating
(Figure 6b) in comparison to the bare glass slide (Figure 6a),
which indicates that the bacteria could not attach that well to
the particle-coated surface. Second, almost all of the few
bacteria on the Ag0@SH50 film were stained as being dead
(Figure 6b).

■ CONCLUSIONS

The results presented in the current paper can roughly be
divided into two parts. First, novel mesoporous organosilica
materials with a complex structural and chemical architecture
were presented. Then, these materials were developed into
effective coatings of glass surfaces and these surfaces tested for
their potential as antifouling coating.
A novel periodically ordered mesoporous organosilica

material comprising a high density of thiol groups (−SH)
could be presented. The availability of the thiol groups enables
much more possibilities than presented in the current paper, for
instance for the intrapore immobilization of species (e.g.,
enzymes) via disulfide bridges, to name only one example. The
new organosilica material could not only be prepared in the
form of conventional powders but also an aerosol-assisted
method allowed for the generation of spherical particles with
mesoporous substructure in the nano/micrometer range.
A secondary, superacidic function (−SO3H) with additional

biocidal activity was introduced by a co-condensation method.
Ag0 nanoparticles were produced inside the pores of the
mesoporous particles as an extra level of chemical hierarchy and
an additional source for biocidal activity. It could be shown that
the presence of the two different functional groups at once is
not only beneficial but even mandatory for granting an
optimum performance of the materials. The thiol groups are
mandatory for the immobilization of the particles on different
surfaces like glass or stainless steel and at the same time
contribute to the Ag+ release behavior studied by ion-selective
electrodes. Via the amount of sulfonic acid functionality, one
can adjust the release of silver ions, and it grants an
instantaneous antibacterial activity while the Ag+ concentration
is not yet sufficient. It seems as if the presence of both groups
exhibits a cooperative effect in the sense that surfaces protected
by these particles are better protected against colonization by
bacteria. Furthermore, the presence of both groups seems to
optimize the specific surface area and, thus, the accessibility to
the functional groups at the pore surfaces.

Figure 5. Representative illustration of agar plates that were locally
inoculated through imprinting a surface-coated glass slide that had
deliberately been “contaminated” with bacteria (Pseudomonas
aeruginosa), each after 18 h of incubation and in dependence on the
surface coating used. The areas of blue-green color indicate
undisturbed growth of a dense lawn of P. aeruginosa ((a); SiO2

particles, control), whereas only minor colonization was observed for
the imprint of the “contaminated” Ag0@SH100-coated surface (b),
and no growth for the Ag0@SH50-coated surface (c).

Figure 6. Representative fluorescence microscope images of bacterial
cells on bare glass slides (a) and on glass slides coated with Ag0@SH50
particles (b). Green ≅ live-stained bacterial cells; red ≅ dead-stained
bacterial cells. Scale bar = 20 μm.
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ABSTRACT: Colonization of surfaces by microorganisms is an
urging problem. In combination with the increasing antibiotic
resistance of pathogenic bacteria, severe infections are reported
more frequently in medical settings. Therefore, there is a large
demand to explore innovative surface coatings that provide intrinsic
and highly effective antibacterial activity. Materials containing silver
nanoparticles have been developed in the past for this purpose, but
this solution has come into criticism due to various disadvantages like
notable toxicity against higher organisms, the high price, and low
abundance of silver. Here, we introduce a new, sunlight-mediated
organosilica nanoparticle (NP) system based on silver-free
antibacterial activity. The simultaneous release of nitric oxide (NO)
in combination with singlet oxygen and superoxide radicals (O2

•−) as
reactive oxygen species (ROS) leads to the emergence of highly reactive peroxynitrite molecules with significantly enhanced
biocidal activity. This special cooperative effect can only be realized, if the ROS-producing moieties and the functional entities
releasing NO are spatially separated from each other. In one type of particle, Rose Bengal as an efficient singlet oxygen (1O2)
producer was covalently bound to SH functionalities applying thiol−ene click chemistry. “Charging” the second type of particles
with NO was realized by quantitatively transferring the thiol groups into S-nitrosothiol functionalities. We probed the oxidation
power of ROS-NP alone and in combination with NO-NP using sunlight as a trigger. The high antibacterial efficiency of dual-
action nanoparticles was demonstrated using disinfection assays with the pathogenic bacterium Pseudomonas aeruginosa.

■ INTRODUCTION

Pathogenic microorganisms are the second largest cause of
death worldwide with 17 million annual victims.1 In particular,
colonization of bacteria on surfaces in medical facilities and
accidental infections represents a severely increasing problem.
To address this issue, two main strategies currently exist.
Considerable effort is made to either inactivate the pathogenic
microorganisms or kill them, for example, by application of new
types of antibiotics.2,3 A second strategy for controlling
pathogenic infections is by means of preventing the settlement,
growth, and colonization of microorganism on biorelevant
surfaces.3−5 Systems based on silver nanoparticles still represent
the most popular antibacterial agent platform,6 but there are
serious reasons as to why there is a need for alternatives.
Besides the antibacterial activity of silver, it shows unacceptable
toxic effects on human health (argyria) and environment.7 With
a natural abundance in the earth crust of only 0.075 ppm, it
belongs to the rare elements, which aggravates its application in
mass technology. A promising alternative for antibacterial
surface protection was introduced very recently: antibacterial
photodynamic therapy (APDT).8 This unique approach is
based on the use of photoactive substances, respectively,

photosensitizers (PS), which by absorbing visible light lead to
the generation of reactive oxygen species (ROS) like hydrogen
peroxide, hydroxyl radicals, superoxide radicals, or singlet
oxygen.9 These reactive states of oxygen react with a large
number of biological substrates like DNA, RNA, and proteins.10

The consequence is harmful damage to the cell membrane and
cellular walls, finally ending in cell death.
The efficiency of APDT strongly depends on the quality of

the applied PS. A high absorption coefficient, high photo-
stability, and no toxicity in the dark characterize an efficient
APDT-PS.11 Rose Bengal (RB) is known as an excellent PS as
its absorption bands are located in the visible range between
480 and 550 nm and its singlet oxygen production yield is very
high (Φ(1O2) = 0.75).11,12 Via incorporation of RB in materials
like polymers,13 metals,14 or silica,11,15 its photostability can
increase tremendously.16 Regarding NO storage, the work of
Schoenfisch et al. on different NO donors covalently bound to
surfaces is worth mentioning.17−19
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Recent reports show that mesoporous silica nanoparticles
(MSN) possess a vast potential for applications in biological
systems,20 which is attributed to their very high internal surface
area (1500 m2/g) as well as their potential of being modified
with a broad range of organic functionalities.21 By grafting or
co-condensation, a variety of organic entities can be introduced,
and the reader is referred to the recent review articles covering
this field.22,23 Materials with a much higher degree of organic
functionalization (up to 100%), so-called PMOs (periodically
mesoporous organosilica), can be obtained, when special sol−
gel precursors with bridging organic groups ((R′O)3Si−R−
Si(OR′)3) are used.24−27 Unfortunately, the number of
examples of MSNs of the PMO type is very low and restricted
to precursors of very limited chemical functionality.28,29

Therefore, it is highly desirable to produce PMO-MSNs
containing functional groups in the materials.30 To address this
issue, we recently presented organosilica materials with
bridging, functionalized phenyl derivatives, the so-called
UKON materials.31−35 The materials were also tested
concerning their potential for antibacterial applications.36,37 In
this context, we showed that 100% functionalization is
indispensable to prevent fouling.
The limitation of all systems presented in literature until now

is the low density of functional groups, which are capable of
covalently binding photosensitizers as well as NO. Hence, it can
be expected that the application of the PMO technology to this
field would be very beneficial, and in particular PMO-MSNs
with thiol groups38 are promising candidates for the
incorporation of ROS- and NO- functions.39−41 Therefore,
our research program for this Article is defined as follows: Our
first goal was to establish the Stoeber method for the generation
of thiol-containing PMO-MSNs. We then wanted to study the
modification of these novel PMO particles with ROS-producing
and NO-binding functionalities and characterize their photo-
chemical properties. However, an even more challenging goal
should be realized. We want to explore potential cooperative
effects resulting from the combination of the two mentioned
functional entities.

■ RESULTS AND DISCUSSION

Preparation of Thiol Functionalized PMO Nano-
particles via a Modified Stoeber Method. In our previous
study, the synthesis of highly porous thiol PMO nanoparticles
in the range from 100 nm to 1 μm was performed by an
aerosol-assisted route using a novel sol−gel precursor
((PrOi)3Si)2PhSH (1).42 Similar to the results of Brinker et
al., who have originally introduced the spray method for
mesoporous particles made of pure silica, there is an enormous
polydispersity regarding particle size.43 Without further
fractionation, it is very difficult to prepare homogeneous
nanoparticle films, and further disadvantages of the method are
that the overall yield of particles is low. Redispersing the
particles in water is hard due to reduced colloidal stability.
These problems do not occur for mesoporous silica particles
prepared from solution via a modified Stoeber method, as was,
for instance, nicely shown by Bein et al.44 Therefore, it would
be highly desirable to adapt the Stoeber method for the
preparation of thiol-containing PMO nanoparticles.45 The
modified Stoeber process reported in the literature, using a
single surfactant as a structure directing agent,46 was adapted
using 1 as a PMO precursor. Unfortunately, none of the
literature procedures could be used for the successful
preparation of PMO-MSNs, which is compared to TEOS

presumably due to the altered hydrolysis rates of the
isopropoxysilyl groups in 1 and differences in polarity because
of the slightly hydrophobic character of the thiophenyl group.
Cetlytrimethylammonium bromide (CTAB) as a surfactant
leads to a polydisperse sample of spherical particles, but neither
via transmission electron microscopy (TEM) nor N2-
physisorption measurements could any porosity be detected;
see Figure S-1a. Some porous structures with ill-defined pore-
systems and ill-defined particles could be obtained, when using
the nonionic Brij-56 surfactant (see Figure S-1b). Conse-
quently, an adjustment of the Stoeber process is necessary, and
finally a two-step, two surfactant strategy was successful. In the
first step, the precursor 1 is hydrolyzed in an acidic
isopropanol/water solution (pH = 1.5) by heating for several
hours. The warm solution then was poured into a buffered
surfactant containing solution and aged for 5 days. Interest-
ingly, already a very low amount of CTAB has a significant
effect. Formation of some spherical particles (see Figure S-2a)
with internal cavities occurs. The latter results indicate that
CTAB is mainly responsible for the stabilization of the growing,
colloidal particles. The CTAB to Brij ratio was optimized to 2.6.
The entire organosilica material is present in the form of
particles having the desired meso-structure seen in TEM (see
also Figure S-2b). The latter experiments indicate how complex
it is to establish an adequate synthesis for PMO nanoparticles.
The structure directing agent was removed via liquid−liquid
extraction, and the resulting, porous particles (UKON-2jNP)
were characterized in further detail. The data are summarized in
Figures 1 and S-3. Nanoparticles with diameters between 70
and 120 nm are present with a fairly narrow size-distribution
function as was also seen from scanning electron microscopy
(SEM) images (Figure S-3a) and dynamic light scattering
(DLS) data (Figure 1c). The particles form stable dispersions
in water (Figure S-3b).
The high porosity of the nanoparticles is nicely demonstrated

in TEM (Figure 1a). However, as compared to other materials
prepared using CTAB or Brij-56, which have pore-sizes in the
range ∼3 nm,47,48 we find that the pores of our material are
smaller (Dpore ≈ 2 nm). This is supported by N2-physisorption
measurements given in Figure S-3c. The isotherm is in
agreement with the so-called supermicroporous regime with
pore-sizes in the range 1.5−2 nm. In addition, in small-angle X-
ray scattering (SAXS) (Figure 1b), one sees a signal at q = 2.08
nm−1, which corresponds to a value for the pore-to-pore
distance of only 3.1 nm. We assume that the hydrolyzed form
of the precursor 1 might have slight amphiphilic properties, and
that this could influence the hydrophilic−hydrophobic balance
of the liquid crystalline structure necessary for the formation of
the pores. However, a large advantage of the small pores
combined with the high porosity is that the material is
characterized by an extraordinarily high internal surface area
(ABET = 1400 m2/g). The chemical composition of the
nanoporous UKON-2j particles was determined by a
combination of methods (see Figure S-3), also solid-state
NMR. The Si to S ratio, detected via EDX measurements
(Figure S-3d), fits perfectly with the value expected for UKON-
2j (2:1), and also the FT-IR spectrum is in full agreement with
UKON-2j.42 The amount of chemically accessible thiol groups
in UKON-2jNP is determined by using the so-called Ellman
assay protocol. In a typical reaction, the Ellman reagent (5,5′-
dithiobis(2-nitrobenzoic acid)) reacts with free thiol function-
alities by cleaving its disulfide bond to give 2-nitro-5-
thiobenzoate (TNB), which has a yellow color. Quantification
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of TNB is performed by UV/vis measurements and the Beer−
Lambert law (ε(TNB) = 1.415 × 104 M−1 cm−1). As a result
(see also Figure S-4), we can conclude that 78% of all thiol
groups in the material are accessible and available for further
chemical modification. One can now proceed to attach the
desired functional entities as shown in Scheme 1. Nitric oxide
should be immobilized via S-nitrosothiol groups (leading to the
material UKON-2jNO), and the ROS producing photo-
sensitizer Rose Bengal will be attached via thiol−ene click
chemistry (UKON-2jRB).

S-Nitrosothiol Modification on UKON-2j Nanopar-
ticles. The conversion of UKON-2j to UKON-2jNO (see
Scheme 1) can be achieved very easily via the reaction of the
thiol groups with NaNO2 in acidic solution. Figure 2a
represents the UV/vis data for the Ellmans experiment before
and after loading with NO species. Within 4 h, less than 5% of
free thiol functionalities in UKON-2jNP remains. As compared

to the starting material UKON-2j, a new band in FT-IR appears
at 1632 cm−1 (see Figure S-5). This band can be assigned to the
N O stretching vibration of the SNO entities. Elemental
analysis of UKON-2jNO shows that the ratio of S:N is 1:0.7,
which is very close to the maximum of chemically accessible
thiol functions.
Because the activation energy needed for the homolytic

dissociation of the S−NO bond is moderate (∼150 kJ/mol),
depending on the organic rest attached to the sulfur atom,
different routes have been established in literature for its
cleavage: thermal, catalyzed by copper, or triggered by light.49

By far, the fastest and most effective way to set the NO radical
free is the use of light.50 As compared to the unmodified thiol,
the HOMO−LUMO absorption band is shifted to the VIS
spectral region.49 Absorption of light leads to the population of
antibonding σ* orbitals, bond order decreasing leading to
dissociation, and release of NO radicals.51 Therefore, the next
important question is if NO can also be released from UKON-
2jNO by light. For testing, we used a solar-simulator (AM-1.5)
to mimic natural light. Because of the paramagnetic character of
NO, its formation can be traced using electron spin resonance
(EPR) spectroscopy. The EPR experiment has been performed
under physiological conditions to gather information about the
real-time NO release relevant for the biological tests described
further below. Because NO is very reactive with a short life-
span, phenylbutylnitrone (PBN) has been used as a spin trap
molecule. After the reaction with NO, a group of signals can be
observed as a function of time.52 Figure 2b illustrates the time-
dependent evolution of this signal. With increasing light
exposure time, one observes that the intensity of the EPR
signal increases as well.
The NO release can be quantified more precisely using the

Griess assay protocol.53 The Griess reagent reacts with NO2
−,

which is the major product of nitric oxide deactivation in
aqueous solutions. The resulting coloration is quantified using
UV/vis spectroscopy, and one can conclude about the initial
concentration of NO (see also Figure S-6). Using UKON-
2jNO nanoparticles, a slight modification has to be made,
which is described in detail in the experimental section. Our
investigations (Figure 2c) confirm the results obtained from
EPR measurements. The UKON-2jNO material is activated
effectively by light, accompanied by a release of NO. NO
release is most pronounced during the first hours of irradiation.
This is also the most relevant period regarding microbial
attachment and initial growth on surfaces. The high
concentration of biocidal NO at the beginning guarantees an
effective initial attack on microorganism. As compared to the
light-induced NO release, the temperature-controlled (T = 35
°C; physiological conditions) pathway is much slower (see
Figure 2c). However, the latter experiments underline that the
NO release can be tuned with high precision using a
combination of light intensity and temperature.
The regeneration of UKON-2jNO material is another

important issue. Disulfide bridges (→UKON-2jSS) resulting
from the liberation of NO from the nitrosothiol groups in
UKON-2jNO (see Figure 3a)54 can be converted back to −SH
(→UKON-2j2) using Clelands reagent.55 We monitored the
cycle of NO release, S−S cleavage, and NO loading by
detection of free SH groups employing the previously discussed
Ellman assay. Figure 3b shows the corresponding UV/vis
spectra in the presence of the different materials. The graphs
for UKON-2j, which is a colorless powder (Figure 3b), and
UKON-2jNO (green colored solid) are shown again for better

Figure 1. (a) TEM image of UKON-2j nanoparticles prepared via a
modified Stoeber process; scale bar = 50 nm; (b) small-angle X-ray
scattering (SAXS) data of UKON-2j nanoparticles; and (c) dynamic
light scattering analysis of colloidal stable UKON-2j nanoparticle
solution.
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comparison. As a consequence of NO binding, the color of
UKON-2j has changed from white to brown resulting in
UKON-2jNO. After the light-triggered NO release, the color of
the resulting material UKON-2jSS is light yellow (UV/vis data
shown in S-7), whereas the Ellmann assay documents that there
is the same, limited number of residual SH groups present as
compared to UKON-2jNO (Figure 3b). After reaction with
Clelands reagent, the color of UKON-2j2 as well as the capacity
of free thiols then are almost identical to those of UKON-2j,
which illustrates the high reversibility.
Rose Bengal Modification of UKON-2j Nanoparticles

via Thiol−Ene Click Chemistry. The thiol−ene click reaction
offers a fast and effective tool to connect sp2 hybridized carbon
compounds to SH residues by simply using light irradiation or
heat.56 For surface-attachment of Rose Bengal, it was modified
with a 4-vinyl-phenyl (VB-RB)57 group (data given in Figure S-
8) and then reacted with UKON-2jNP. After extensive washing
for assuring that only covalently linked RB molecules are
detected, UV/vis measurements were performed (see Figure
4a). Optical properties of PMO materials can be analyzed very
well by a method developed by us and described in a different
paper.35 The UV/vis spectrum of VB-RB is shown as a
reference comprising characteristic signals at λmax = 545 nm and
a shoulder at 513 nm. Because UKON-2jRB has the same
spectral signature, it can be concluded that the Rose Bengal dye
is still intact after immobilization and covalent linkage to the
thiol groups. According to thermogravimetric analysis data
(TGA) seen in Figure 4b, 10% RB could be bound on UKON-
2j nanoparticles. This value is very high as compared to other
examples for surface-bound RB (∼0.03 g RB per g material =
3%).58 The high modification degree is additionally confirmed
by energy dispersive X-ray spectroscopic data (see Figure S-9a).
However, it needs to be noted that the observed RB content is
still lower, as compared to the quantitative conversion of all
thiol functions present in UKON-2j. Because the size of RB can

be estimated to be 1.3 nm,59 which is only slightly smaller than
the pore-size (∼2 nm), a possibility is that RB bound near the
exterior surface of the mesoporous particle aggravates diffusion
of additional dye deeper into the particle. Although the
wormhole pore-system with highly interconnected pores
(Figure 2) is favorable, the described pore-blocking effect
cannot be excluded, and there is a remarkable effect on the
porosity of the material when RB is immobilized. The
corresponding N2-physisorption isotherms are shown in Figure
4c. The adsorbed volume is shifted to lower values, and also the
specific surface area (800 m2/g) is reduced. The pore-system
has not been altered by the modification with RB proven by
TEM and SAXS measurements, in which UKON-2jRB (Figure
S-9b,c) is identical to UKON-2j (Figure 1a,b).
The disadvantage of free RB is its reduced photostability (see

Figure 4d), concluded from time-dependent UV/vis measure-
ments after defined periods of UV light irradiation (see Figure
S-10). The covalent binding of RB on UKON-2jNP nano-
particles extends its lifetime significantly and suppresses the
self-quenching effect of the dye, resulting from dye*−dye
intermolecular reactions, which occur when the distance
between two RB molecules is short enough.60 The capability
of UKON-2jRB for ROS production can be monitored
quantitatively using the uric acid degradation (UAD) assay.61

Uric acid is one of the most important, water-soluble
antioxidants, which scavenges oxidants like singlet oxygen,
nitric oxides, and peroxynitrites.62 Its absorption maximum is
located at 293 nm and can be monitored by UV/vis
spectroscopy. Figure S-11 presents the set of UV/vis data
after sunlight exposure for different time periods. The presence
of UKON-2jRB nanoparticles in the UA solution leads to
complete disappearance of the uric acid signal after 10 min of
irradiation with visible light. Rossi et al. introduced the concept
of 1O2 delivery efficiency η expressed by eq 1:63−65

Scheme 1. Schematic Representation for the Preparation of NO and ROS Releasing Materialsa

aThe thiol-containing mesoporous nanoparticles (UKON-2j) are prepared using the corresponding SH precursor in a modified Stoeber process.
Post-functionalization of UKON-2j nanoparticles occurs via thiol−ene click reaction for Rose Bengal containing nanoparticles (UKON-2jRB). NO
storage is achieved via S-nitrosothiol entities (UKON-2jNO). At the bottom the combination of both types of nanoparticle is shown, resulting in the
material UKON-2jRBxNO1−x, which can release NO and ROS simultaneously.
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(RB mat)
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where t(RB) is the time for the decrease in absorption of uric
acid in the presence of free RB in a aqueous solution (data
given in Figure S-10a,b); t(RB-mat) is the time for the decrease
in absorption of UA in the presence of immobilized RB on a
material in a aqueous solution (data given in Figure S-11); and
Φ is the singlet oxygen quantum yield of RB in an aqueous
solution (Φ = 0.75). This equation takes into account an
irradiation wavelength of 540 nm (λmax(RB)). For UKON-2jRB
nanoparticles, the 1O2 delivery efficiency η was calculated
considering sunlight with the emission spectra of a solar-
simulator (AM-1.5). The resulting 1O2 delivery efficiency value
(η = 0.68) is in the range of the singlet oxygen quantum yield
of RB, which is remarkable considering the fact that in our
system sunlight is used.

Binary Nanoparticle System and Synergistic Effects.
Initially a 50:50 mixture UKON-2jNO and UKON-2jRB was
explored, and the composite sample is denoted as UKON-
2jRB0.5NO0.5. Figure 5a summarizes the ROS reaction rate
(determined via the aforementioned procedures) for the latter
material and compares it to the results of the isolated
constituents UKON-2jRB and UKON-2jNO. A cooperative
effect between UKON-2jRB and UKON-2jNO is clearly
observed, which extends beyond a simple superposition of
the two systems. Although there is less of the ROS producing
UKON-2jRB in the composite, sunlight exposure of UKON-
2jRB0.5NO0.5 leads to a significantly faster uric acid degradation
as compared to UKON-2jRB alone. As it is irrational that more
ROS species are produced by UKON-2jRB0.5NO0.5, a more
effective species as compared to the isolated systems must be
generated. Superoxide O2

•−, resulting from UKON-2jRB, can
react with NO released from UKON-2jNO resulting in the
peroxynitrite ion (ONOO−).66 For more specific peroxynitrite
detection, we used dihydrorhodamine 123 (DHR) as a
nonfluorescent molecule, which by oxidation forms rhodamine
123 (RH) (λabs = 505 nm).67 Figure 5c shows the results. No
difference can be seen between the spectra of DHR irradiated
and dissolved in aqueous solution as a reference and DHR in
the presence of UKON-2jNO. Without the ROS species
produced from UKON-2jRB, no peroxynitrite species are
detected. In contrast to this, for UKON-2jRB0.5NO0.5, the
presence of peroxynitrite is clearly proven by the pronounced
signal for RH.
One tremendous advantage of the peroxynitrite anion is its

good stability in aqueous solutions (half-life time 10−20 ms).
Because of quantitative diffusion through cell walls, it is

Figure 2. (a) UV/vis spectra of Ellmans reagent before (gray bars) and
after (black, solid curve) NO binding on UKON-2jNP. (b) EPR
spectra of solutions containing PBN- radicals resulting from the light-
induced release of NO from UKON-2jNO irradiated for different time
(orange curve, t = 15 min; black curve, t = 45 min; blue curve, t = 75
min; rose curve, t = 120 min). (c) Comparison of NO release induced
by sunlight exposure (▲) and temperature (35 °C; orange ●); data
obtained from UV/vis measurements via Griess assay.

Figure 3. (a) Illustration of recycling UKON-2j for repeated NO loading and release. (b) UV/vis data of Ellmans assay and photographic images of
UKON-2j (●), UKON-2jNO (green ■), UKON-2jSS (blue ■), and UKON-2j2 (orange ▲).
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expected that it will destroy cellular constituents effectively,
leading to dysfunction of important cellular processes and
inducing cell death.68 Before we conduct the biological tests, it
is important to determine which ratio of UKON-2jRB to
UKON-2NO nanoparticles exhibits the best performance
(Figure 5b). Within the investigated series, UKON-
2jRB0.25NO0.75 is most effective, and this shows that the
performance of released NO can be maximized by only a small
amount of UKON-2jRB present.
Evaluation of Biocidal Activity. All compounds (NO,

ROS, peroxynitrite) released from the different materials via
light irradiation are expected to exhibit biocidal activity. The
mechanism of NO, ROS, and peroxynitrite species in tissue
damaging processes ranges from protein oxidation and
nitration, lipid peroxidation, to inactivation of enzymes, to
mention only a few of them.69 Because their mode of operation
is, unlike antibiotics, very broad and no target molecules are
specifically addressed, the risk of potential resistance develop-
ment against one of these highly reactive species is very low. To
qualitatively evaluate the antibacterial activity of the nano-
particles presented in this study, the following experiment was
performed: The biocidal properties of nanoparticle dispersions
were tested in nutrient medium (LB medium), using suspended
cells of the opportunistic pathogenic bacterium Pseudomonas
aeruginosa as a model. One milligram of pure UKON-2jRB or
UKON-2jNO particles, or a combination of both particles
(UKON-2jRB0.25NO0.75), was mixed with bacterial cells and
nutrient medium (1 mL). The suspensions were exposed to
simulated sunlight, and at time intervals (0, 15, 30, 60, 120, and

180 min), samples were taken, serially diluted, and drop-plated
onto nutrient agar plates, to determine colony-forming units
(CFU) (see Figure 6). In the control experiment, the viability
(CFU) of the cell population remained about constant during
the experiment, indicating that the light exposure alone had no
effect on the bacteria. For the treatments with nanoparticles,
the presence of UKON-2jNO was the least effective, followed
by UKON-2jRB. However, the combination of nanoparticles,
UKON-2jRB0.25NO0.75, leads to a significant reduction of viable
bacteria over time. Therefore, it can be concluded that there is
not only a synergistic effect through the combination of
particles with respect to uric acid degradation, as discussed
above, but that the simultaneous release of NO and ROS
species in one system also leads to advanced biocidal activity.
However, it needs to be marked that the latter experiments
represent only a first proof-of-concept, which needs to be
complemented by additional tests (see below). A viability of
10% is yet too high for granting sufficient antibacterial
protection. For a dispersion of the mesoporous particles in
water, there is neither the desired, close proximity of the both
types of nanoparticles to each other, nor a satisfactory
proximity of the bacteria to the nanoparticles. As a
consequence, the local concentration of peroxynitrite is low.
Consequently, one needs to check if the biocidal activity

changes for bacteria brought to a densely packed film of
nanoparticles (see Figures 7a and S-13). Prior to use, the glass
slides were cleaned and hydroxylated using peroxo sulfuric acid.
The stability of the nanoparticle film was tested after immersing
the covered glass slides in water and storage for several weeks.

Figure 4. (a) UV/vis data of pure VB-RB (black curve) as a reference and UKON-2jRB (orange curve). (b) TGA data of UKON-2j (black curve)
and UKON-2jRB (orange curve). (c) N2-physisorption data of UKON-2j nanoparticles (black curve) having the BET surface area of 1400 m2/g and
Rose Bengal hosting UKON-2jRB nanoparticles (orange curve) with BET surface area of 800 m2/g. (d) Photostability of molecular RB as a
reference (■) and immobilized in UKON-2jRB (orange ▲) as a function of time.
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No detachment of the nanoparticles was observed, also after
washing the nanoparticle films with water. For the evaluation of
the disinfection efficiency of the nanoparticles, bacterial cell
suspension (P. aeruginosa; 109 CFU/ml) was soaked into the
nanoparticle films, followed by incubation for 1 h under
irradiation by simulated sunlight. The films then were
imprinted on nutrient agar plates (LB medium), followed by
incubation of the plates for 24 h at 30 °C in the dark (see
Figure 7b).
Figure 7c,d shows the resulting agar plates after incubation,

indicating bacterial growth as macroscopically visible lawns.
The antibacterial properties can be switched on and off by light,
which is an important requisite for an aPDT material. In the
absence of light, there is strong bacterial growth for all three
systems, UKON-2jNO100, UKON-2jRB100, and UKON-
2jRB0.25NO0.75 (Figure 7c). However, with only 1 h of

irradiation with sunlight (Figure 7d), the materials UKON-
2jNO100 and UKON-2jRB100 lead to a significant reduction of
bacterial growth due to NO and ROS release, respectively, but
they did not prevent growth completely. Only with UKON-

Figure 5. (a) ROS rate determined via the UAD essay for UKON-
2jRB (■) and UKON-2jRB0.5NO0.5 (orange ●). (b) Uric acid
degradation in % for the binary PMO nanoparticle system UKON-
2jRBxNO1−x after 4 min of sunlight exposure. (c) UV/vis spectra of
Rhodamine 123 (RH) formed by sunlight exposure for 1 h and
UKON-2jRB0.5NO0.5 (black curve), UKON-2jNO (orange curve), and
pure dihydrorhodamine 123 (DHR) solution (green dashed).

Figure 6. Time dependence of biocidal action against suspended cells
of P. aeruginosa for treatments with simulated sunlight alone as a
reference (black columns), and for treatments with simulated sunlight
in the presence of suspended nanoparticles of UKON-2jNO (orange
columns), UKON-2jRB (green columns), and UKON-2jRB0.25NO0.75

(blue columns) materials. Error bars represent standard deviation (n =
3). A logarithmic plot is given in Figure S-12.

Figure 7. (a) Representative SEM image of PMO nanoparticle films
on glass slides; scale bar, 1 μm. (b) Schematic illustration of a photo
initiated disinfection assay when using UKON nanoparticle films and
P. aeruginosa. Nutrient agar plates were locally imprinted with glass
slides coated with UKON-2jRB (I), UKON-2jNO (II), or UKON-
2jRB0.25NO0.75 (III) nanoparticle films, which had been “contami-
nated” with bacteria (P. aeruginosa). (c) No sunlight illumination of
the UKON nanoparticle films after contamination. (d) After
illumination with sunlight for 1 h.
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2jRB0.25NO0.75 was a complete inhibition of bacterial growth
observed.

■ CONCLUSION

In the current contribution, four challenges were mastered
leading to a novel, silver-free material with enhanced biocidal
activity. First, we were able to adopt the Stoeber process for the
preparation of highly functional organosilica nanoparticles of
the thiol-PMO type with narrow size distribution. It could be
shown that the thiol groups present inside these particles are
highly accessible and can be converted to other functional
groups almost quantitatively. One possibility was to covalently
anchor NO, whose release could be triggered by light.
Alternatively, Rose Bengal was attached to the pore surfaces
of the PMO nanoparticles using thiol−ene click chemistry. The
photochemical production of reactive oxygen species was
investigated. In the last step, we could verify that the binary
system, comprised of particles of both types, exhibits a
cooperative effect concerning biocidal activity tested on P.
aeruginosa as a bacterial model system. This unique synergy
between the two particles is due to the formation of
peroxynitrite, which possesses an improved capability to
infiltrate bacterial cells. In the future, it will be important to
standardize the data obtained here with antibiofilm experiments
known from the literature. Unfortunately, it is not possible yet
to adapt standard procedures like ASTM E2180 directly, due to
the porous and particle-like character of our samples. As cell
adhesion on porous surfaces represents a central issue, separate
efforts need to be taken to develop suitable standardization
techniques for porous films. Herein, we adopt the semi-
quantitative imprinting method reported by Trobos et al.70

They extensively discuss the bacteria−material surface inter-
action regarding the methodological development to evaluate
antibacterial effects and came to the conclusion that for the
contact killing mechanism, like the presented material, the
imprinting method represents the best assay to evaluate
antibacterial activity taking cell adhesion into account.
Nevertheless, in comparison to similar light-mediated

antibacterial surfaces like TiO2 films71 or surface bound
photosensitizers,72 the nanoparticle system discussed in this
Article works with VIS-light and at low intensities, and thus it
can be applied using ambient light. In medical settings, we
envision potential utilization for items, which are exposed to
light, and when rapid and immediate antibacterial protection is
required, like in bandages, cannulas, or other equipment used
for infusions. Because unreacted thiol-groups on the nano-
particles surface can be used for direct surface attachment on
different surfaces (e.g., stainless steel),42 or the particles can be
modified with groups binding specifically to certain targets (e.g.,
cotton, proteins), one can expect that the systems presented
here can be applied for a variety of substrates.
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