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Abstract This study demonstrates a novel, facile and one-pot approach to synthesize silica

nanoparticles with silver at core and crust (SiNP-AgCC). A modified Stöber method was used to

make SiNP-AgCC. A significant reduction in the size of SiO2 nanoparticles was seen, with

2–5 nm AgNPs being uniformly distributed on the surface and 10–20 nm AgNPs in the center. A

typical mesoporous SiO2 particle (SiNP) produced using the Stöber method was transformed to

nanoporous SiO2 by this modified Stöber method. Nanoporous SiO2 particles with silver in the

center are advantageous for slow and consistent Ag+ release, which was confirmed by Ag+ ion

release test. Antibacterial activities of the samples were tested to evaluate the disinfection

performance of the samples on gram-negative bacteria (Escherichia coli) using disk diffusion and

the LB-agar method. SiNP-AgCC showed prolonged silver release for more than 20 days and

improved antibacterial properties even after five days of incubation.
� 2019 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Silver nanoparticles (AgNPs) have shown effective and wide
range antibacterial activity compared to other metal materials

[1–5]. Silver and silver-containing materials such as silver
nanoparticles (AgNPs) and Ag+ ions are known to be strong
antimicrobial agents. Specifically, Ag+ ions in aqueous solu-

tion have shown pronounced antimicrobial activity, and their
antimicrobial mechanism has been studied extensively. Ag+

ions interact with the proteins on bacterial membranes and
can infiltrate bacterial cells, where they interact with DNA

and RNA. However, practical applications of AgNPs are often
hindered by oxidization of these nanoparticles [6,7], which may
cause aggregation and rapid depletion of the source [8–10],

ultimately resulting in a loss of antibacterial activity. To solve
these problems, inorganic carriers such as zeolite [11], gra-
phene oxide [3], titanium dioxide [12], activated carbon [13]

and silica [14] have been investigated as silver-carrying antibac-
terial agents. Silver can be added to these carriers by electro-
static binding, physical adsorption, or cation exchange.

Scheme 1 provides a general schematic diagram for the forma-
tion of silica-silver nanoparticles (core and crust).

Silica has attracted great attention as a potential carrier due
to its uniform porous structure. SiO2 nanoparticles have pore

diameters ranging from 20 to 100 nm, and have high thermal
and chemical stability and large surface area. Silica’s porous
structure has been investigated widely for controlled drug

release in biomedicine [15]. In this study, nanoporous SiO2

with silver on the surface and in the core was synthesized using
the modified Stöber method. The nanoporous structure helps

slow the release of Ag+, increasing the life of this antibacterial
material.

2. Materials and methods

2.1. Materials

Ammonium hydroxide NH4OH (Dae-Jung Chemical and
Metal Co. Ltd, Korea, 28.0–30.0%), Tetraethyl orthosilicate
(TEOS, Sigma-Aldrich, 98%), 3-(amino propyl) trimethoxysi-

lane (APTMS, Sigma–Aldrich, 97%), formalin (formaldehyde,
Sigma–Aldrich, 37% solution in 10–15% methanol), AgNO3

(Sigma–Aldrich, >99.0%), and ethanol (Dae-Jung Chemical,

99.9+%) were purchased and used without further
purification.
Scheme 1 Schematic illustration of the formation
2.2. Synthesis of SiNP-AgCC

The seeded polymerization method with a sol–gel reaction [3]
was used for silica coating of AgNPs, while AgNPs were pre-
pared following previously described methods [3], with appro-

priate modifications to reduce the particle size. Initially, 1 mL
of AgNP stock solution was added to 5 mL of 14.8 M NH4OH
(aq.) solution in ethanol and stirred for 30 min at room tem-
perature. Next, 1 mL TEOS was added to the above solution

and stirred for an additional 5 h. Upon completion of the reac-
tion, the solution was diluted with de-ionized water; 0.05 mL
of APTMS solution in ethanol and 0.5 mL of 0.004 M AgNO3

were added to the resulting solution, and were stirred for an
additional 2 h. Finally, 5 mL of 0.5 M formalin was added to
the mixture as the reducing agent. The resulting solution was

centrifuged and thoroughly washed with de-ionized water
and dried at 60 �C in a vacuum oven for 12 h.

2.3. Characterization

X-ray diffraction (XRD) measurements were performed using
a Rigaku rotating anode X-ray diffractometer (D/MAX-2500/
PC, Rigaku, Japan) with a scanning speed of 5�/min from 10�
to 60� equipped with a Cu-Ka radiation source
(k= 0.15418 nm) at an accelerating voltage of 50 kV and cur-
rent of 100 mA. The field emission scanning electron micro-

scopy (FE-SEM, Hitachi S-4800 Japan) with an accelerating
voltage of 15.0 kV was used to study the morphology of the
composite. The FE-SEM was coupled with energy dispersive

spectroscopy (EDAX) to assess the purity and elemental com-
position of the samples that were synthesized in the present
study. The sample was sprinkled lightly with a spatula on a
carbon tape with an adhesive surface and affixed to an alu-

minum stub. The sample was then Pt coated by placing the
stub into a sputter coater for 10 min to allow a thin layer to
form. In addition, Transmission electron microscopy coupled

with scanning transmission electron microscopy imaging
(STEM) (TEM, Jeol JEM 2100F-Korea) was employed for
further study the size and distribution of particles in the sam-

ples. To prepare samples for HRTEM imaging, a drop of the
solution sample was added to ethanol and sonicated for 30 min
before being placed onto a carbon-coated Cu grid (3 nm thick),

dried in air and loaded into the electron microscope sample
chamber. The Brunauer–Emmett–Teller (BET) surface area
and the porosity of the samples were studied by a nitrogen
of Silica-AgNPs@ (Core&Crust)/SiNP-AgCC.



Fig. 1 Comparison between the characteristic properties of SiNP-AgCC and typical Silica nanoparticles (a) XRD (b) UV analysis (c)

Pore size distribution of as-synthesized material and (d) Nitrogen adsorption–desorption isotherm.
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adsorption instrument (Micrometrics ASAP 2020). All the
samples measured were degassed at 200 �C for 2 h prior to
actual measurements. Pore size distribution (PSD) and specific

desorption pore volumes were obtained using the Barrett–Joy
ner–Halenda (BJH) method and desorption branches were
used to determine the PSD.

2.4. Analytical methods

2.4.1. Ag+ ion release

The concentration of Ag released from SiO2-AgNPs was ana-
lyzed using dialysis tube method [14,17]. This method of dial-

ysis tubing (Spectra/Por Biotech; cellulose ester; MWCO
14000) was filled with 20 mg of the powdered product dis-
solved in 10 mL of water, and then immersed in 1000 mL of
ultrapure water. Dialysis was carried out under continuous

stirring at 37 �C. Periodically, 10 mL of the solution outside
the dialysis tubing was removed and the same volume of ultra-
pure water was added. Silver ion leaching was measured with

an inductively coupled plasma optical emission spectrometer
(ICP-OES) with axial and radial viewing plasma configuration
Model Optima 8000 (Perkin Elmer, USA) operating at a

40 MHz. The nebulization system, with a chemical resistant
concentric glass nebulizer coupled to a glass cyclonic spray
chamber was utilized. The polychromatic device, with spectral
range of 160–900 nm and the system was provided with an S 10

auto sampler (Perkin–Elmer). The operating conditions used
are presented in Table S7.
2.4.2. Antibacterial properties (Zone of inhibition Test)

The antibacterial activity of the as-synthesized material was
tested against the gram-negative bacterial strain Escherichia
coli [8]. The gram negative cells were grown in Luria-Bertani
medium (DifcoTM Laboratories, Detroit, Michigan, USA)
acquired from the American type culture collection under the

code ATCC 25922, and was maintained at 37 �C with contin-
uous shaking at 180 rpm for 24 h. The antibacterial properties
of SiNP-AgCC to constrain the growth of bacteria on the sur-

face of mortar disks were evaluated using zone of inhibition/
disk diffusion method (Fig. 5a), using powdered samples
(Fig S3), and LB agar plate tests (Fig. 5b), which are the stan-

dard microbiological protocols previously used to evaluate
antibacterial agents [14]. For the zone of inhibition test, pellets
(3 circular pellets 6 mm in diameter) of as-synthesized material

were prepared. The sample pellets were dried in a vacuum
oven, and 20 mL of the E. coli broth culture was spread on
the solidified nutrient agar. The sample pellets were placed
gently on the agar culture plates and incubated at 37 �C.
Simultaneously, powdered SiNP-AgCC were placed gently in
a separate agar culture plate to test their efficacy. Finally, a
comparative antibacterial test was performed using LB-agar

plates. SiO2 nanoparticles prepared by the typical Stöber
method were used as a control. In this test, 105 CFU/mL of
E. coli was incubated with 100 lg of as-synthesized SiNP-

AgCC; 50 lg of the complex was spread on the agar plate
and bacterial colonies were counted after 24 h.

2.4.3. Concentration-contact testing

To further confirm the enhanced antibacterial properties of as-
synthesized material, concentration-contact testing or quanti-
tative suspension test method was also performed [16–18]. In

this particular experiment 5 mL of E. coli (OD6000.091/mL
under the code ATCC 25922) suspended Nutrient broth cul-
tures were made in sterile culture tubes. 1 g of SiNP-AgCC
and 1 g of SiO2 sample were suspended in the bacterial cultures
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separately and incubated for 20 min. 100 mL of the culture sus-
pension and four samples were collected at 0th, 5th, 10th and
20th minute of cultivation to investigate the influence of con-

tact time on bacteria. Plating was done with 100, 102 and 104

serial dilutions of the supernatant fractions using nutrient
broth. 10 mL of each dilution was plated, in triplicates, on

Nutrient agar and incubated at 37 �C for 24 h. Number of
colonies formed were counted and converted to CFU/mL.
SiO2 prepared by typical Stöber was used as the control sample

tested under the same procedures.

3. Results and discussion

The chemical reduction technique was used for the homoge-
neous deposition of silver nanoparticles on the surface of silica
nanoparticles (SiNP) [3]. This technique is based on the use of

a chemical reducing agent (formalin) that allows the reduction
of the metal from solution on the surface of the substrate. For
this method, the kinetics of electron transfer should be slow
enough to avoid the reduction of the metal ions and nucleation

in solution (Ag+ to Ag0) [17]. The surface (silica nanoparticle)
acts then as a scaffold to ensure that reduction only takes place
on the surface, so that the metal (Ag0) remains attached. The

XRD patterns of SiNPs prepared by the Stöber method and
SiNP-AgCC prepared by the modified Stöber method are
shown in Fig. 1a. XRD patterns in Fig. 1a (i) exhibit at least
Fig. 2 (a) HRTEM image of SiNP (b) HRTEM image of SiNP-AgCC

of SiNP-AgCC.
three peaks: (1 0 0), (1 1 0) and (2 1 0). The strong peak at
2h= 22� indicates the larger pore size of SiO2 nanoparticles
[14–18]. Low intensity peaks at (1 1 0) and (2 0 0) also are dis-

tinguishable from the instrumental noise [19]. Prominent peaks
corresponding to silver nanoparticles in Fig. 1a (ii) were
observed at 38.1�, 44.3�, 64.5� and 77.5�, which can be indexed

as (1 1 1), (2 0 0), (2 2 0), and (3 1 1) diffraction peaks of Ag
(JCPDS No. 04–0783 ‘‘Joint Committee on Powder Diffrac-
tion Standards”), respectively [3,20]. Fig. 1a (ii) also exhibits

a sharp peak at 220�, indicating SiO2 nanoparticles. These
results confirm the presence of SiO2 nanoparticles along with
AgNPs.

Fig. 1b shows photofluorimetry spectra of SiO2 nanoparti-

cles and SiNP-AgCC. In Fig. 1b (i), no peak is present in the
SiO2 nanoparticles spectra, indicating the absence of AgNPs,
a peak at 405 nm can be observed in the SiNP-AgCC spectra

Fig. 1b (ii), indicating the presence of nano-sized silver parti-
cles [21].

The mesoporous structure of the SiO2 nanoparticles pre-

pared by the typical Stöber method and the nanoporous struc-
ture of the SiNP-AgCC were confirmed by nitrogen adsorption
and desorption isotherms (Fig. 1c). A typical type IV isotherm

seen in Fig. 1c (i) confirms the mesoporous structure of silica.
In addition, the corresponding pore size distribution curve
obtained by the Barrett–Joyner–Halenda (BJH) method using
the desorption branch of the isotherm shows a broad peak,
(c) Magnified HRTEM images of SiNP-AgCC (d) STEM images
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confirming the average pore diameter greater than 40 nm in
Fig. 1d (i). However, in Fig. 1c (ii) the adsorption–desorption
curve of SiNP-AgCC possesses a well-defined horizontal pla-

teau at larger relative pressures, with characteristic features
of the type I isotherm, indicating a nanoporous structure.
Additionally, the pore size distribution curve confirms the

presence of nano-sized pores (Fig. 1d (ii)). These results con-
firm that SiO2 nanoparticles made by the modified Stöber
method are nanoporous silica with AgNPs on the surface

and in the core, which is advantageous for slow release of
Ag+ from the particle’s core.

HRTEM images of as-synthesized materials are shown in
Fig. 2. SiO2 nanoparticles made using the Stöber method are

shown in Fig. 2(a). Based on previous reports [22,23], clear
SiO2 nanoparticles of size 150 nm to 250 nm can be seen.
Fig. 2(b) shows an HRTEM image of SiNP-AgCC produced

by the modified Stöber method; notably, AgNPs can be seen
on the surface and inside the SiO2 particle. Using this tech-
nique, dense particles are formed, which also affects the pore

size of SiO2 particles. Clear differences are apparent in the den-
sity of the SiO2 particles in Fig. 2 (a) and (b); this density
change affects the pore size of the SiO2 particles, resulting in
Fig. 3 (a) FESEM images of SiO2 Nanoparticles and (b) SiNP-AgC

resolution image of SiNP-AgCC.
the slow release of Ag+ ions from the AgNPs at the core of
the SiO2 nanoparticle. Highly magnified HRTEM images are
shown in Fig. 2(c). Fig. 2(d) shows STEM images. In both

images, uniformly distributed AgNPs 1 nm to 5 nm in diame-
ter can be seen on the surface of the SiO2 particle, whereas
AgNPs 10 nm to 20 nm in diameter can be seen in the center.

Fig. S1 shows the particle size distribution of AgNPs in and
around SiO2 particles.

Fig. 3 presents the FESEM results of the as-synthesized

SiO2 nanoparticles and SiNP-AgCC. Fig. 3(a) illustrates a
FESEM image of SiO2 particles prepared by the typical Stöber
method, whereas Fig. 3(b) presents a FESEM image of SiNP-
AgCC. As can be seen from Fig. 3(a) and (b), there is a clear

difference in the size of SiO2 nanoparticles and SiNP-AgCC.
SiO2 nanoparticles synthesized by the typical Stöber method
in this study and in recent previous reports [14,22], were

�200 nm in diameter. Also, based on similar recent reports
[14,22], mesoporous SiO2 nanoparticles (Ag-MSN) synthesized
by the Stöber method were �200 nm in diameter. However,

here SiNP-AgCC synthesized by the modified Stöber method
was �100 nm in diameter. This size reduction reduces the pore
size of silica, making it nanoporous, and slowing the release of
C (c) High resolution image of SiO2 Nanoparticles and (d) High



Fig. 4 Silver (Ag+) release and (inset) release rate from SiNP-AgCC at 37 �C during 20 days of continuous dialysis technique.

Fig. 5a Zone of inhibition tests of (i) SiO2 nanoparticles and (ii)

SiNP-AgCC using E. coli bacteria.

Facile, single-pot preparation of nanoporous SiO2 particles (carrier) 833
Ag+ ions from the AgNPs encapsulated in SiO2 particles.
Fig. 3 (c) and (d) show high magnification images of the same

samples, confirming the size reduction achieved using this
modified Stöber method. Fig S2 confirms presence of AgNPs
in SiO2 nanoparticles with the EDAX analysis.

3.1. Silver ion (Ag+) release

The static release of Ag+ was studied using the immersion

technique [8,14] and samples were analyzed by ICP-OES; the
results are summarized in Fig. 4. XRD and FESEM results
indicated that AgNPs are present in the core and are also well

distributed on the surface of the SiO2 nanoparticles, which act
as the carrier, resulting in Ag+ ion release during dialysis. It
can be seen from Fig. 4 that there was a sudden release of silver
during the first 48 h; subsequently, silver release was gradual

and constant for the next 450 h. The high initial rate in
Fig. 4 (inset) is caused by the release of Ag+ from the AgNPs
attached to the surface of the SiO2 nanoparticles, whereas the

gradual rate that followed may have been caused by silver
leaching from the core of the SiNP-AgCC. HRTEM images
and EDAX graph in Fig. S4(a) evidently shows the presence

of silver nanoparticles on surface of SiNP-AgCC nanocompos-
ite before the start of dialysis test. Whereas, in Fig. S4(b) which
was analyzed after 15 days of continuous dialysis test the silver
nanoparticles on the surface are absent but the presence of sil-

ver nanoparticle in the core is confirmed. Fig. S4 and Fig. S5
explains the high Ag+ ion release during initial 100 h and
gradual release after 100 h. The average release rate over the

20-day study period was 0.0015 lg/h, significantly below the
WHO standard [24]. BET results confirmed the nanoporous
nature of the carrier (silica), adding to the reduced release rate

of silver from the core of the SiO2 nanoparticles.

3.2. Antibacterial properties

Silver is well known for its antibacterial properties [1,3,25,26].
Previous studies have reported that AgNPs �20 nm are highly
effective disinfectants [27]. The nanocomposite produced in
this study was subjected to three types of antibacterial test:
zone of inhibition tests of pellets (Fig. 5a) and powder
(Fig. S3), and LB agar plates (Fig. 5b). The presence of the

inhibition zone (visible to the unaided eye) is indicative of
the antibacterial efficiency of the SiNP-AgCC (Fig. 5a). SiO2

nanoparticles prepared by the typical Stöber method did not
display any antibacterial efficacy, whereas high antibacterial

activity was observed in the SiNP-AgCC test. A clear
3.1 mm zone of inhibition was seen after one day, 3.64 times
increase (11.3 mm) was observed after five days, confirming

the strong bactericidal nature of the as-synthesized material.
Fig. S3 also demonstrates that the zone of inhibition can be
detected by the unaided eye using powdered samples of

SiNP-AgCC. To further show the advantages of this material,
we compared the antibacterial properties of SiO2 nanoparti-
cles, pure AgNPs and as-synthesized SiNP-AgCC using LB

agar plate tests (Fig. S6). This also confirmed the superior
antibacterial efficacy of the SiNP-AgCC.



Fig. 5b Bacterial colony growth after 24 h in the presence of as-

synthesized material (i) Silica nanoparticles (ii) SiNP-AgCC. In

LB-ager inoculated with E. coli.

Fig. 5c The concentration/contact test of E. coli colonies on (i)

SiNPs and (ii) SiNP-AgCC.
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In order to verify the antibacterial properties of material in
this particular study; the rate of bacterial inactivation was
quantified by concentration/contact testing of E. coli colonies

and the results are shown in Fig. 5c. The rate of inactivation
of E. coli was investigated to find out disinfection rate of
SiNP-AgCC. In each test, initially 5 mL of E. coli bacteria

was tested against the samples. SiO2 showed increase in the
count of bacterial colonies which can also be seen in zone of
inhibition test, while SiNP-AgCC showed drastic decrease in
the count of bacteria. These results are in agreement with the

results of zone of inhibition (see Fig. 5a) as anticipated.

4. Conclusions

We describe the synthesis of SiO2 nanoparticles with AgNPs in
the core and uniformly distributed on the surface. The AgNPs
on the surface ranged in size from 2 to 5 nm; those at the core

ranged from 10 to 20 nm. The nanoporous structure of the car-
rier (silica) assisted in the slow and controlled released of Ag+,
which continued for more than 20 days under WHO threshold

concentrations from Guidelines for Drinking-water Quality.
SiNP-AgCC prepared by this method showed strong and per-
sistent antibacterial efficacy, even at very low concentrations.

SiNP-AgCC have great potential applications in polymer
nanocomposite water treatment membranes [17], as they will
not affect the morphology of the membrane; additionally, their
biocompatibility makes them appropriate for biomedical use.
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