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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.
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■ 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 4NC l ) 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.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am5083057
ACS Appl. Mater. Interfaces 2015, 7, 1021−1029

1024

http://dx.doi.org/10.1021/am5083057


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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