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ABSTRACT

Nanocomposites based on silver (Ag) and organically-modified silicate (Ormosil) were prepared by an in
situ reduction method, in which silver nitrate, tetraethoxysilane (TEOS) and aminosilanes with different
amine groups acted as precursor, linker and colloidal suspension stabilizers, respectively. The objective of
the study was to develop and evaluate aminosilanes-modified silicate impregnated with Ag nano-
particles, in which Ag dispersion is stabilized, to create a composite that protects against biological
warfare agents. The physical properties of the Ormosil/Ag nanocomposites were examined using NMR,
ESR and SEM spectroscopy, the results of which indicated that the extent of the reduction reaction
increases with aminosilanes with a higher number of amine groups. The number of amine groups in the
aminosilane has also a strong effect on the size of the resulting Ag particles. The antibacterial effects of
the Ormosil/Ag nanocomposites were assessed by the zone of inhibition and plate-counting methods,
and an excellent antibacterial performance was discovered.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Organically-modified silicates (Ormosils) are hybrid organic—
inorganic materials formed through by hydrolysis and condensation
of organically-modified silanes with traditional alkoxide precursors.
Ormosil materials represent an important area of research in
materials science, as they have already been found to have many
promising applications in the fields of optics, electronics, ionics,
mechanics, energy, environment, biology and medicine [1-3]. Such
versatility arises from combining the benefits and desirable prop-
erties of both constituents, inorganic (e.g., mechanical and thermal
stability) and organic (e.g., flexibility and functionality) [4].
Ormosils have been shown to be excellent hosts for trapping
nanoparticles of metals and semiconductors [5—8] because of
their ability to act as stabilizers or surface capping agents. When
nanoparticles are embedded or encapsulated in an Ormosil, the
Ormosil terminates the growth of the particles by controlling
nucleation [9].

Silver-based antimicrobials are a subject of much attention, not
only because of the non-toxicity of active Ag" to human cells [10],
but also because of their novel properties as long-lasting biocides
with high-temperature stability and low volatility. The antimicrobial
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activity of silver ions has been well established [11]. Silver ions are
significant antimicrobials by virtue of their antiseptic properties
[12], with only a few bacteria being intrinsically resistant to this
metal [13], and silver is well known as a significant resource for
topical therapy owing to its beneficial antimicrobial properties in
medical devices such as catheters, cannulae, etc. [14,15]. In addi-
tion, nanosilver has excellent properties of conformational entropy
in polyvalent binding [16,17], which make attachment to flexible
polymeric chains of antibiotics easy. Moreover, nanosilver exhibits
chemical stability and is of an appropriate size, with well-
developed surface chemistry.

In order to obtain high-performance materials, it is extremely
important that the particle size and structure can be controlled.
One significant approach is to synthesize materials in the presence
of a porous solid, such as alumina, polymer matrices and meso-
porous silica. There have been a number of reports of the synthesis
of silver nanoparticles in polymers, rendering variation in physical,
chemical and optical properties possible depending on the polymer
itself. The protection of silver nanoparticles by polymers such as
poly(vinylalcohol) (PVA) [18], poly(vinylpyrolidone) (PVP) [19],
polystyrene (PS) or poly(ethyleneimine) (PEI) [20], poly(ethylene
glycol) (PEG) [21], polyurethane (PU) [22], polyaniline (PANI) [23]
and poly(vinylalcohol)/poly(ethyleneimine) (PVA/PEI) [24] has
been extensively reported, but though there have been several
reports [6,9,25,26] of silver-doped classical sol—gel silicate glass,
research into the silver-doping of Ormosils, in which tetraethoxysilane
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(TEOS) and aminosilanes act as the inorganic and organic compo-
nents, respectively, remains scarce.

In this study, we developed a simple method for immobilizing
Ag in an aminosilanes-modified silicate hybrid to facilitate trans-
port of Ormosil/Ag through membranes and investigated the
microstructure, physical properties and antibacterial activity of the
resulting composites. Ag nanoparticles were obtained by chemical
reduction of AgNO3 in hydrazine using aminosilanes as colloidal
suspension stabilizers. The reaction was performed using amino-
silanes with different amine groups in water in order to achieve
nanoparticles isolation and a stable colloidal suspension, and to
control the size. Zone of inhibition testing and the plate-counting
method were used in this study to examine the antibacterial
activity of the Ormosil/Ag nanocomposites against Gram-negative
Escherichia coli (E. coli) and Pseudomonas aeruginosa (P. aeruginosa),
and Gram-positive Staphylococcus aureus (S. aureus) and Bacillus
subtilis (B. subtilis).

2. Experimental
2.1. Preparation of the Ormosil/Ag nanocomposites

The Ag-doped Ormosil nanocomposites were prepared as
shown in Fig. 1. An acid-catalyzed process, using N-[3-(trimethox-
ysilyl)propyl]diethylenetriamine (ATS), 3-(2-aminoethylaminopropyl)
trimethoxysilane (AES) and tetraethoxysilane (TEOS) as the
precursors, was employed to prepare the Ormosil(ATS) and Ormosil
(AES) solution. The reagents were purchased from Aldrich and were
used as received. TEOS and ATS or AES were placed in a beaker with
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Fig. 1. Experimental procedure for the synthesis of (a) Ormosil(ATS)/Ag and (b)
Ormosil(AES)/Ag nanocomposites.

0.05 M HNOs. Ormosil(ATS) was prepared using 0.02 mol of TEOS,
0.02 mol of ATS, and deionized water, and the sol was stirred for 2
days before the addition of AgNO3 solution. Quantitative AgNO3
(weight ratio 1:0.05 with respect to ATS + TEOS) was dissolved into
50 ml aqueous dispersion solution containing 10 wt.% NHj3. After
stirring for 30 min, dilute aqueous solution of hydrazine mono-
hydrate was introduced to the biamminesilver nitrate ([Ag(NH3)]
NO3) solution in the appropriate quantity (molar ratio 1:1 with
respect to silver nitrate) using a syringe. The resulting solution was
added to the above-described sol solution, and stirring was
continued under an inert atmosphere at room temperature for
another 12 h. The sol solution was then cast onto a polytetra-
fluoroethylene plate and placed in a drying oven at 50 °C for 12 h,
and the Ormosil(ATS)/Ag composite was finally obtained by heat-
treating the dried films at 110 °C for 1 h. Ormosil(AES) hybrid and
Ormosil(AES)/Ag composite films were prepared in the same way.

2.2. Experimental techniques

Phase identification of the samples was performed using X-ray
diffraction with Cu Ko radiation. >C and 2°Si NMR spectra of the
solid-state sample were obtained (MSL-400, Bruker) by the cross-
polarization/magic-angle spinning (CP—MAS) technique. The
nomenclature of T and Q! was taken from Glaser et al. [27]: T' and Q'
denote species that have one and no organic side group, where i
refers to the number of —0O—Si groups bound to the silicon atom of
interest. The ESR spectra of the samples were recorded on a Bruker
EMX-10 electron spin resonance spectrometer operating at the
X-band (v = 9.6 GHz) with 100-kHz field modulations. Diphenyl
picrylic hydrazole (DPPH; g = 2.0036) was used as a field marker.
The morphology of the samples was observed using a scanning
electron microscope (SEM, Hitachi S-800) and a transmission
electron microscope (TEM, Philips CM-200) equipped with an
energy-dispersive X-ray (EDX, Hitachi S-300) microanalysis system.
A Perkin—Elmer thermal gravimetric analyzer (TGA-7) was used to
investigate the thermal stability of the composites. The samples
(about 10 mg) were heated in N, atmosphere from ambient
temperature to 800 °C at a heating rate of 20 °C/min, and the gas
flow rate was maintained at 50 mL/min.

2.3. Test of antibacterial properties

P. aeruginosa (ATCC 27853), E. coli (ATCC 25922), S. aureus (ATCC
25923), and B. subtilis (ATCC 43223) were obtained from the Food
Industry Research and Development Institute, Taiwan, and were
used as the reference strains in antibacterial testing. The antibac-
terial spectrum of the Ormosil/Ag composites was evaluated by
zone of inhibition testing. A standard inoculum of the test organism
with 107 colony-forming units (CFU)/mL was swabbed onto the
surface of a Muller—Hinton (MH) agar plate, and discs of filter paper
impregnated with antibacterial agents (6 mg/mL) were placed on
the agar. The plates were incubated overnight at 37 °C, and the clear
zones around the disc were then measured.

The plate-counting method was used to further investigate the
antibacterial effects of the composites [28]. Approximately 107 CFU/
mL of S. aureus were cultured on MH agar plates supplemented
with the Ormosil/Ag composite. An Ormosil/Ag-free MH plate
cultured under the same conditions was used as a control. The test
process was as described as follows: 10—50 mg of the Ormosil/Ag
composite was added to 3 mL of MH broth containing 107 CFU/mL
bacteria. The mixture was aerobically incubated at 37 °C under
agitation for 24 h, and 30 pL of the above suspension was then
cultured on an agar plate and incubated at 37 °C for 18 h. The
bacterial concentrations were determined by measuring optical
density (OD) at 600 nm. Then the OD values were changed into
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concentration of S. aureus cells. The tests of zone of inhibition and
plate-counting method were performed three times for each strain,
and results in agreement on two or more occasions were adopted as
the result of the strain. The counts on the three plates corre-
sponding to a particular sample were averaged.

3. Results and discussion
3.1. Structure characterization

X-ray diffraction, solid-state 13C and 2?Si NMR, and ESR provided
evidence of the formation of Ormosil/Ag composites. Fig. 2 shows
the XRD patterns of the Ormosil(AES)/Ag and the Ormosil(ATS)/Ag
composites. The broad diffraction peaks near 26 = 12° and 23° were
due to the amorphous phase of Ormosil. The XRD spectra of the
Ormosil/Ag composites were in good agreement with the values for
silver nanoparticles in the literature [29]: prominent peaks at 26
values of about 38, 44, 65 and 77 represented the (111),(200),(22
0) and (3 1 1) Bragg reflections of face-centered cubic crystalline
silver. Furthermore, increasing the number of amine groups in
aminosilanes induced the obvious enhancement of the character-
istic peaks of silver, implying the development of larger and highly
crystalline silver nanoparticles. The size of the nano-Ag grains
(20 = 38°) was estimated using Scherrer’s formula, D = 0.9/fcosd,
where D is the crystallite size in nm, A is the radiation wavelength
(0.154056 nm for Cu K;,), B is the bandwidth at half-height and 4 is
the diffraction peak angle [30], and the calculated crystallite sizes
were in the range of 10—30 nm.

13¢ and 2°Si CP—MAS NMR spectra were obtained for the
Ormosil and the Ormosil/Ag composites as shown in Figs. 3 and 4.
Distinct peaks were observed for Ormosil(AES) in the 3C NMR
spectra at 11.7 (Si—CH,CHjp), 24.2 (Si—CH,CH,CH,), 42.6 [Si—
(CH3)3sNHCH,CH,NH;] and 53.2 ppm [Si—(CH3),CH,NHCH,CH,NH: .
The Ormosil(ATS) in the '3C NMR spectra were observed at 11.7
(Si—CH,CHy), 22.9 (Si—CH,CH,CH,), 41.4 (Si—CH,CH,CH,NH), 49.3
[Si—CHz(CH2CH2NH)2CH2CH2NH2] and 51.8 ppm [Si—(CH2)3NHCH2
CH,NH(CH,),NH,]. The signals in the 3C NMR spectra of the
Ormosil(AES)/Ag and Ormosil(ATS)/Ag composites partially over-
lapped, and the intensities were weakened by the incorporation of
Ag. The result was due to dipolar interactions between >C nuclei
and the paramagnetic Ag, which provided efficient NMR relaxation
sinks. Moreover, two new characteristic peaks were observed at 30
and 32 ppm, indicating that the local environments of the C atoms
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Fig. 2. XRD spectra of (a) Ormosil(AES)/Ag and (b) Ormosil(ATS)/Ag nanocomposite.
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Fig. 3. 3C and 2°Si CP/MAS NMR spectra of (a) Ormosil(AES) and (b) Ormosil(AES)/Ag
nanocomposite.

in the Ormosil/Ag composites had changed. This result is very
important because it proves that Ag particles formation on the
amine groups in aminosilane occurred, which produced chelation
or adsorption on the surface of aminosilane (CH,NH...Ag).
Distinct peaks of the silica network units in the Ormosil(AES)
and Ormosil(ATS) were observed at —59.0 (T%), —67.4 (T3), —90.9
(Q%), —100.4 (Q%) and —110.3 ppm (Q*). T2, T2, Q% Q> and Q* denote
R—Si(0Si)2(OH), R—Si(0Si)3, Si(OSi)2(OH),, Si(0Si)3(OH) and Si
(0Si)y, respectively. Moreover, the structural characterization of the
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Fig. 4. 13C and 2°Si CP/MAS NMR spectra of (a) Ormosil(ATS) and (b) Ormosil(ATS)/Ag
nanocomposite.
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Fig. 5. ESR spectra of the Ormosil and the Ormosil/Ag nanocomposites obtained at
room temperature.
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Ormosil/Ag composites were in agreement with the Ormosil
hybrids expected from the 2?Si NMR spectra. However, the intensity
ratios of Q*/Q> and T3/T? of the Ormosil(AES)/Ag composite (Q%/
Q3 = 0.915; TP/T?> = 2.628) were larger than those of the Ormosil
(AES) (Q%Q® = 0.754; T3/T> = 2.282). The Ormosil(ATS)/Ag
composite has also the same results. These results indicate that the
Ag nanoparticles were coordinated with silica network units
(Si—OH...Ag) and the intensity ratios of Q* and T> were therefore
enhanced.

The ESR spectra of the Ormosil/Ag composites were recorded at
room temperature, and the dependence of the number of amine
groups in aminosilanes is shown in Fig. 5. The Ormosil/Ag
composites included single-phase Ag with a crystalline structure,
but in the Ormosil(AES) and the Ormosil(ATS) spectra the peak
corresponding to the Ag phase was not observed. The intensity of
the ESR signal, which is due to unpaired electrons, for Ormosil/Ag
composites increases with aminosilanes with a higher number of
amine groups. The number of amine groups in the aminosilane has
a strong effect on the formation of the resulting Ag particles. Amine
groups can be attributed a key role in the reduction of Ag". And this
may be due to the coordination between N and Ag", which may
decrease the potential of Ag"/Ag (Eagi/ag) and promote the
reduction of Ag* [9].

Fig. 6. SEM photographs of (a) Ormosil(AES), (b) Ormosil(AES)/Ag, (c) Ormosil(ATS) and (d) Ormosil(ATS)/Ag; TEM photographs of (e) Ormosil(AES)/Ag and (f) the Ormosil(ATS)/Ag.
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3.2. Morphological and thermal analysis

SEM and TEM images were used to evaluate the surface
morphology and size distribution of the Ag deposited in the
Ormosil. The SEM image of the Ormosil hybrids exhibited a homo-
geneous morphology and the crosslinking density formed by the
condensation reaction between molecular chains increased (Fig. 6a
and c). On the other hand, it was observed that the Ormosil/Ag
composites consisted of non-agglomerated, uniformly-distributed
Ag particles in the Ormosil matrix (Fig. 6b and d). The TEM images
of the Ormosil/Ag composites showed non-agglomerated, scattered
spherical Ag particles at a high concentration, of sizes in the range
of less than 50 nm (Fig. 6e and f). The electron diffraction pattern of
the Ag nanoparticles demonstrated the superposition of the ring, as
well as a spot pattern, which suggested the presence of both
polycrystals and monocrystals [24]. In comparison with those of Ag
particles, the SEM and TEM images of Ormosil/Ag, Polymer/Ag [24]
and BC/Ag [31] vary greatly. The particle size of Ag in the Ormosil/
Ag composite (<50 nm) was smaller than that in the BC/Ag
(200 nm) and is more uniformly-distributed than that observed in
a polymer (PVA/PEI) matrix [24]. This behavior could be attributed
to the action of aminosilanes-modified silicate (Ormosil) as
a surface modifier that inhibits Ag particle growth and prevents
aggregation.

The weight-loss curves (TGA) and differential thermogravimetry
(DTG) of the Ormosil and the Ormosil/Ag composites, obtained at
a heating rate of 20 °C/min under nitrogen, are shown in Fig. 7. The
degradation process of Ormosil(AES) is similar to that of Ormosil
(ATS). However, the extent of the physical adsorption of water
increased when the number of amine groups is greater in the
aminosilane (ATS). Thus, the rate of scission of the ATS is larger than
that of the AES. The weight loss observed below 200 °C was due to
the physical adsorption and hydrogen bonding of water in the
samples, while that between 200 and 400 °C was attributed to the
decomposition of aliphatic amine segments linking the amino-
silane units to the silica network, and the major mass loss observed
at 400—700 °C was attributed to the decomposition of the silica
network (T' and Q'). Generally, the thermal stability of the Ormosil
was enhanced by the inclusion of Ag nanoparticles. The thermal
decomposition temperatures were enhanced for the Ormosil/Ag
composites, and the Ormosil(AES)/Ag showed better thermal
stability than the Ormosil(ATS)/Ag composite.

The DTG curves show that Ag weakened the rate of scission of
aminosilane chains in Ormosil(AES)/Ag and Ormosil(ATS)/Ag
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Fig. 7. TGA and DTG thermograms of the Ormosil and the Ormosil/Ag nanocomposites
under nitrogen at the heating rate of 20 °C/min.

Table 1
Zone of inhibition (mm) against bacteria of the Ormosil and the Ormosil/Ag
nanocomposites.

Bacteria Ormosil(ATS) Ormosil(ATS)/Ag Ormosil(AES) Ormosil(AES)/Ag
S. aureus 16.27 17.93 10.86 11.11
B. subtilis 26.39 30.09 8.62 15.03
E. coli 19.39 2947 8.62 10.16
P. aeruginosa 20.68 24.03 8.62 9.32

composites, while the rate of the silica network chains increased in
Ormosil(ATS)/Ag composite. Amine groups played a key role in this
result, possibly due to interaction between —NH groups and Ag
particles. Such a consequence may be due to the enhancement of
heat transfer as a result of the increase in mobility of the Ag, which
leads to a decrease in scission of aminosilane chains, resulting in an
increase in scission within the silica network chains. This result
revealed that there was a greater Ag content of Ormosil(ATS)/Ag
composite, corresponding to the data of the ESR.

3.3. Antibacterial effects

The antibacterial efficacies of the Ormosil/Ag composites against
bacteria were assessed by zone of inhibition testing and the plate-
counting method. Table 1 details the relative retention of activity
(zone of inhibition) of the Ormosil and the Ormosil/Ag composites
against bacteria. The Ormosil and the Ormosil/Ag composites
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Fig. 8. Number of S. aureus colonies as a function of the weight of Ormosil(AES)/Ag
(above) and Ormosil(ATS)/Ag (below) composites put into 10° CFU of bacterial colo-
nies. The inserted photograph of MH plates incubated under the condition in Fig. 8: (a)
10, (b) 20, (c) 30, (d) 40 and (e) 50 mg.
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exhibited significant efficacy against bacteria of Gram class, espe-
cially against B. subtilis. After 24 h of incubation, the zones of
inhibition of the Ormosil(ATS)/Ag composite against bacteria were
significantly greater (17.93—30.09 mm) than those observed for the
Ormosil(ATS) (16.27—26.39 mm), and were larger than that of the
Ormosil(AES)/Ag composite (9.32—15.03 mm). From the above
results, it could be concluded that the extent of coordination of Ag*
ions by ATS was larger than that of the AES.

Fig. 8 shows the number of bacterial colonies grown on MH plates
as a function of the amount of Ormosil/Ag composites when
approximately 107 CFU/mL of S. aureus were applied to the plates.
Bacterial colonies grown on plates with more than 30 mg of Ormosil
(ATS)/Ag particles were significantly smaller, and the antibacterial
performance was greatly improved by increasing the amount of
Ormosil(ATS)/Ag. Moreover, the antibacterial performance of the
Ormosil(ATS)/Ag composite was larger than that of the Ormosil(AES)/
Ag composite. As the high CFU levels applied in this study are rarely
found in real-life systems, it appears that these Ormosil/Ag particles
could possess an excellent biocidal effect and exhibit effectiveness in
reducing bacterial growth. This result may be due to the uniform and
fine distribution of silver particles on the surface of the Ormosil. The
mechanism of the inhibitory action of silver ions on microorganisms
is partially understood. It is believed that DNA loses its replication
ability and cellular proteins become inactivated upon Ag™ treatment
[32]. In addition, it has also been shown that, following catalytic
oxidation of silver ions with nascent oxygen, reaction takes place with
bacterial cell membranes, leading to cell death [33].

4. Conclusions

The aminosilanes-modified silicate (Ormosil) was successfully
used as a novel support for the immobilization of silver nano-
particles, and the effects of amine groups on the synthesis and
antibacterial performance were also investigated. NMR, ESR, SEM,
and TEM studies showed that the Ag particles were distributed
uniformly on the Ormosil matrix. The aminosilanes-modified sili-
cate acted as a superficial modifier and stabilizer of Ag nano-
particles, inhibiting their growth and preventing aggregation.
These Ormosil/Ag composites possess excellent antibacterial abili-
ties: its antibacterial performance against Gram-negative E. coli and
P. aeruginosa, and Gram-positive S. aureus and B. subtilis, was
investigated by zone of inhibition testing and the plate-counting
method, and the results showed that the Ormosil/Ag composites
exhibited strong antibacterial activity against these bacteria.
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