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ABSTRACT: In this study, we exploit a facile, one-pot
method to prepare MCM-41 type mesoporous silica nano-
particles decorated with silver nanoparticles (Ag-MSNs). Silver
nanoparticles with diameter of 2−10 nm are highly dispersed in
the framework of mesoporous silica nanoparticles. These Ag-
MSNs possess an enhanced antibacterial effect against both
Gram-positive and Gram-negative bacteria by preventing the
aggregation of silver nanoparticles and continuously releasing
silver ions for one month. The cytotoxicity assay indicates that
the effective antibacterial concentration of Ag-MSNs shows
little effect on human cells. This report describes an efficient
and economical route to synthesize mesoporous silica nanoparticles with uniform silver nanoparticles, and these nanoparticles
show promising applications as antibiotics.
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■ INTRODUCTION

Silver nanoparticles (Ag NPs) have shown efficient and broad-
spectrum antibacterial activity compared to other metal
materials.1−4 Nevertheless, practical applications of Ag NPs
are often hampered by oxidization of these nanoparticles, which
may cause aggregation and loss of antibacterial activity.5−7 To
solve these problems, several inorganic carriers, such as zeolite,8

titanium dioxide,9,10 activated carbon,11 and montmorillonite,12

have been investigated as silver-carrying antibacterial agents.
Silver can be added to these carriers by electrostatic binding,
physical adsorption, or cation exchange. Such composites can
effectively enhance the antibacterial activity and reduce
preparation cost. However, unfavorable biocompatibility, large
size, and low dispersity of these composites limit their practical
applications.13−16

Since Beck et al.17 reported their pioneering work in 1992,
MCM-41 type mesoporous silica nanoparticles (MSNs) have
attracted great attention for their uniform porous structure,
tunable porous diameters between 2 and 50 nm, high chemical
and thermal stability, and large surface area. In particular,
applications of these nanoparticles in biomedicine have been
widely investigated.18−26 Owing to the biocompatibility22 and
the functional versatility of MCM-41 type MSNs21,27

(simplicity in modifying both particles and pores), these
materials have been successfully used for drug delivery

applications,23,28 controlled release systems for drugs,24 and
antimicrobial carriers (encapsulated antibacterial agents).29

As Ag NPs can be easily embedded within silica nanoparticles
to form Ag-containing materials which can protect Ag NPs
from aggregation and can slowly release Ag ions, these materials
are predicted to have a more effective application in
antibacterial field than conventional Ag NPs. Recently, some
efforts focused on the development of core−shell structures by
using silicon to coat Ag NP cores.30,31 These core−shell
systems can effectively protect active Ag NPs and achieve
superior antibacterial activities.25 Another strategy to load Ag
NPs is to directly deposit them on the surface of silicon
materials.32 The supporting matrix can prevent Ag NPs
aggregation and the composites can release Ag ions to realize
antibacterial effects.33 In the Si−Ag systems, the steady release
of silver ions from silver nanoparticles is a critical factor to the
antimicrobial function of Ag NPs, so the uniform distribution of
silver nanoparticles with small sizes on silicon substrate should
be considered prior to synthesis.34 But in most of the previous
studies, Ag NPs were either completely wrapped in the cores or
just dispersed on the surface of mesoporous silica. The
antibacterial ability of Ag NPs in core−shell Ag-silica composite

Received: February 20, 2014
Accepted: July 22, 2014
Published: July 22, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 12038 dx.doi.org/10.1021/am5026424 | ACS Appl. Mater. Interfaces 2014, 6, 12038−12045

www.acsami.org


material cannot be fully utilized due to its slow Ag ion release
rate. Ag NPs, which are just loaded on to the surface of the
silica, may be quickly consumed, resulting in a rapid decrease of
antibacterial activity due to the weak binding or chemical
erosion. In addition, in most of these cases, the decorated Ag
NPs require a separate synthesis, so the preparation of the Si−
Ag system needs at least a two-step synthesis. In addition, Ag
NPs with smaller size are proven to exhibit higher antibacterial
activity. However, the size of Ag NPs in many Si−Ag systems is
larger than 20 nm. Hence, it is necessary to design a convenient
synthetic method and a new structure of Ag-silica composite to
get better antibacterial performance.
In the present study, we focus on the facile preparation of

MCM-41 type MSNs decorated with silver nanoparticles (Ag-
MSNs) by the co-condensation method in extremely dilute
sodium hydroxide solution, and test the antimicrobial activity of
the materials against bacteria. This straightforward method
does not need prior synthesis of Ag NPs or silica NPs; silica
NPs decorated with Ag NPs can be synthesized by a one-pot
and green synthetic route. This method also makes the small
size of Ag NPs highly disperse in the framework of MCM-41
type MSNs. These nanoparticles can effectively prevent the
aggregation of Ag NPs and continuously release Ag ions,
inducing long-term antibacterial activity against both Gram-
negative and Gram-positive bacteria. Furthermore, the effective
antibacterial concentration of Ag-MSNs exhibits little toxic
effect on human endothelial cells. Given that stable Ag NPs can
readily decorate MCM-41 type MSNs, we conclude that this
process could provide a facile and environmentally friendly
approach to develop antibacterial materials with good
biocompatibility.

■ MATERIALS AND METHODS
Materials. In this study, hexadecyltrimethylammonium bromide

(CTAB), tetraethylorthosilicate (TEOS), sodium hydroxide (NaOH),
silver nitrate (AgNO3), formalin (HCHO, 37%), methanol (CH3OH),
ethanol (C2H5OH), and ammonium nitrate (NH4NO3) were
purchased from Beijing Chemical Plant. Coupling agent N-(amino-
ethyl)-amino-propyl trimethoxysilane (TSD) was purchased from
Aladdin-reagent Company. All chemicals were analytic grade, and used
without further purification. AgNPs were obtained from Sigma-Aldrich
(10 nm particle size, sodium citrate as stabilizer, the measurement
potential is −9 mV). The deionized water (H2O) with an electrical
conductivity larger than 7 MΩ was used as the solvent. Standard
strains of Escherichia coli ATCC 11775, Staphyloccocus aureus ATCC
6538P were purchased from China General Microbiological Culture
Collection Center.
Synthesis of Ag-MSNs. MCM-41 decorated with silver nano-

particles were prepared via a modified Cai reaction35 (Figure 1). In a

typical reaction, solution A (0.3 g CTAB dissolved in 110 mL
deionized water, 1 mL NaOH (2 M) was added with stirring and
heating at 75 °C); solution B (2 mL TEOS dissolved in 10 mL
methanol); and solution C (0.06 g AgNO3 was mixed with 10 mL
deionized water with stirring, 0.5 mL of TSD was added after 10 min)
were prepared. Eight milliliters of solution B was added dropwise into
solution A and reacted for 15 min under vigorous stirring to form
mesoporous silica cores. Solution C and the remaining solution B were
added dropwise into solution A (TEOS and TSD as co-condensation
precursors) (see Figure 1), with stirring for an additional 2 h. Finally, 5
mL of formalin was added dropwise into the mixture with stirring for
an additional 1 h to reduce Ag ions into Ag NPs, collected by
centrifugation, and washed with ethanol. The CTAB extraction was
performed by adding the as-prepared nanoparticles in a solution of
ethanol (100 mL) and ammonium nitrate (0.3 g) followed by stirring
at 60 °C for 10 h. The extracted samples were thoroughly washed with
deionized water.

Characterization of Ag-MSNs. Sample morphology, micro-
structure, and distribution of Ag NPs were examined by scanning
electron microscopy (SEM, HITACHI S-4500 scanned electron
microscope, Japan), high resolution transmission electron microscopy
(HRTEM, JEM-200CX transmission electron microscope operated at
200 kV, Japan), transmission electron microscopy (TEM, JEM-200CX
transmission electron microscope operated at 200 kV, Japan), and
high-angle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM, Tecnai G2 F20 U-TWIN field emission
transmission electron microscope, America). Zeta potential of the
sample is analyzed by a Zetasizer Nano ZS (Malvern Company,
England). For TEM analysis, specimens were prepared by dispersing
the as-obtained powder in alcohol and then dipping a drop of the
suspension on a copper grid coated with transparent graphite, followed
by drying. To investigate the position of the loading Ag NPs, a cross-
section of Ag-MSNs was prepared. The samples were embeded in
epoxy and ultrathin sections of Ag-MSNs were microtomed with a
diamond knife. The cross sections of Ag-MSNs were collected on
copper grids for TEM observation. To investigate the structure and
crystallinity of the samples, the powders were further analyzed with an
X-ray powder diffractometer (XRD, Rigaku D/max-rA diffractometer
with Cu Kα radiation (λ = 1.5418 Å) at 40 kV, 200 mA, Japan). The
sample was scanned from 0.6° to 10° (2θ) with a step size of 0.02° and
a count time of 1 s at each point. A nitrogen adsorption instrument
(Micrometritics ASAP2020) was applied to study the Brunauer−
Emmett−Teller (BET) surface area and the porosity of the samples.
The UV/vis spectra were measured with UV2450 spectrophotometer
(Shimadzu) over the wavelength range from 300 to 800 nm.
Measurement of ICP-MS provided quantitative evidence that the Ag
content in Ag-MSNs is about 4.2%.

Antibacterial Properties. Escherichia coli (E. coli) and Staph-
yloccocus aureus (S. aureus) were selected as model Gram-negative and
Gram-positive bacteria to study the antibacterial activity of Ag-MSNs.
Bacteria were cultured in the Luria−Bertani (LB) medium (10 g/L
casein tryptone, 5 g/L yeast extract, and 10 g/L NaCl, pH = 7) at 37
°C on a shaker bed at 200 rpm.

Figure 1. Formation schematics of Ag-MSNs by the co-condensation of TEOS and TSD in extremely dilute sodium hydroxide solution.
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Bacterial Kinetic Test. Ag-MSNs with different concentrations
(0−320 μg/mL) were prepared in each sterilized flask and inoculated
with 1 × 106 CFU/mL bacteria suspension. Commercial Ag NPs and
PBS were used as controls. The initial time of adding bacteria
suspension to each sample was taken as zero, and fractions of
suspension (100 μL) were withdrawn from the flasks at set time
intervals. Immediately, these aliquots were transferred to a Corning
96-well plate for the determination of OD600 nm using Tecan infinite
200 multimode microplate readers to count bacterial colonies.
Cultures were prepared in triplicate, and all experiments were repeated
twice. The pictures of bacteria treated with 0−320 μg/mL Ag-MSNs at
different time points were photographed with an Olympus digital
camera (S320) and commercial Ag NPs, AgNO3, and PBS were used
as controls.
LB-Agar Plates. The Ag-MSNs nanoparticles were mixed with

molten LB-agar medium at various final concentrations (0−320 μg/
mL). Commercial Ag NPs, AgNO3, and PBS were used as controls.
After the agar was cooled to room temperature, serial dilution (1/104)
of late log phase bacteria were then plated onto the above agar plates
and incubated at 37 °C. The bactericidal activity of Ag-MSNs was also
determined by LB-agar plates. 1 × 106 CFU/mL E. coli or S. aureus was
incubated with 80 or 320 μg/mL Ag-MSNs, followed by plating 100
μL of the complex onto the agar plate at intervals and counting the
number of bacterial colonies after 24 h incubation.
Characterization of Bacteria after Treatment with Ag-MSNs

or Ag NPs. The size and morphology of Ag-MSNs or Ag NPs
incubated with bacteria were examined by TEM and STEM. Prior to
microscopy analysis, bacteria samples were treated using standard
procedures for fixing and dehydrating biological samples, which are
described in previous literature.36,37

Measurement of Released Ag Content in Ag-MSNs. The
concentration of released Ag from Ag-MSNs was tested using dialysis
tubes. A mass of 0.3 g of the powdered product was dissolved in 5 mL
water and this solution was filled in a dialysis tube (Spectra/Por
Biotech; cellulose ester; MWCO 14000). This dialysis tube was
immersed in 900 mL of ultrapure water. The process of dialysis was
carried out under continuous stirring at 37 °C. At selected intervals, 5
mL solution outside the dialysis tube was taken out and the same
amount of water was added. The Ag content in the samples was
measured using inductively coupled plasma−mass spectrometry (ICP-
MS, Elan5000, PE-Sciex, America). The release of Ag from Ag-MSNs

and commercial Ag NPs in LB culture medium is similar to the above
method, and water changed to LB medium.

Cellular Toxicity Evaluation. The in vitro cytotoxicity was
evaluated by cell counting kit (CCK). Human umbilical vein
endothelial cells (HUVECs) were purchased from American Type
Culture Collection (ATCC, USA). Cells were seeded into a 96-well
plate at a concentration of 1 × 104 cells/well in 100 μL DMEM culture
medium supplemented with 10% FBS, 100 U/mL penicillin, and 100
μg/mL streptomycin. Twenty-four hours postseeding, all samples (80,
320, and 476 μg/mL Ag-MSNs, 20 μg/mL Ag NPs, 31 μg/mL
AgNO3, and 476 μg/mL MSNs) were added to each well (five wells
for each sample). Cells without any treatment were used as the
control. The CCK assays were performed after a culture time of 24, 48,
and 72 h. After 4 h incubation at 37 °C, the absorbance at 450 nm
(with reference wavelength of 620 nm) of each well was measured by
Tecan infinite 200 multimode microplate readers. Each experiment
was repeated three times, and the results were expressed as the mean
percentage of cell viability relative to untreated cells.

■ RESULTS AND DISCUSSION

Characterization of Ag-MSNs. Ag-MSNs were prepared
by a one-step synthesis, compared with previous work; there
was no need for prior synthesis of Ag NPs, making it a facile
and convenient method.25,38,39 After decorating with Ag NPs,
the UV absorbance of MSNs at 411 nm was enhanced and the
zeta potential became positive (Supporting Information (SI)
Figure S1 and S4), which indicated the successful modification
of Ag NPs in MSNs. The typical morphology of Ag-MSNs was
revealed distinctively through SEM. The synthesized Ag-MSNs
are spherical particles with 150−300 nm in diameter (Figure 2a
and SI Figure S3a). The EDX elemental analysis of Ag-MSNs
was acquired using a component attachment of TEM
instrument. Peaks of Ag and Si were recorded in Figure 2b,
which confirmed the presence of Ag in Ag-MSNs.
HRTEM analysis was performed to study the nanostructures

of Ag-MSNs at the lattice plane level. A long-range ordered
streak structural feature and hexagonal array, which is the
typical mesoporous structure of MCM-41 type MSNs, were
observed in as-prepared Ag-MSNs (Figure 2c), and the

Figure 2. Characterization of Ag-MSNs: (a) SEM image of Ag-MSNs. Scale bar: 500 nm. (b) Pattern of EDX elemental analysis of Ag-MSNs. (c)
HRTEM images of the as-prepared Ag-MSNs and extracted Ag-MSNs, and cross-section TEM images of Ag-MSNs. Scale bars: left (50 nm); middle
(50 nm); right (100 nm). The picture inside the white box showed that Ag-MSNs still contain parallel channels after removal of CTAB. Scale bar: 20
nm.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5026424 | ACS Appl. Mater. Interfaces 2014, 6, 12038−1204512040



diameter of decorated Ag NPs is 2−10 nm (SI Figure S3b),
smaller than most of those previously reported.21,38 The CTAB,
which plays the role of template and surfactant, has to be
removed to avoid cellular toxicity in biological applications, and
the circumfluence extraction method using chlorohydric acid
and ammonium nitrate was applied to remove CTAB. This
method is mild and allows Ag NPs to still remain dispersed in
MSNs. After the removal of CTAB, the ordered porous
structure of Ag-MSNs and uniformly dispersed Ag NPs in the
framework could still be observed by HRTEM (Figure 2 b,c).
Compared to the commonly used method (calcination for
CTAB remove), circumfluence extraction can maintain the
morphology of Ag NPs on the surface of MSNs when removing
CTAB (SI Figure S5). Therefore, Ag NPs can be protected
from agglomeration and release Ag ions steadily over an
extended period.
XRD pattern exhibits at least four sharp Bragg peaks ((100),

(110), (200), and (210)), and the strong peak around 2.2°,
indicating that the ordered mesoporosity is maintained after Ag
NP decoration (Figure 3a). The full width at half-maximum
intensity (fwhm) is related to the order of the mesoporous
materials. In this case, the fwhm of the pattern is 0.40°, which is
larger than that in XRD of MSNs (0.16°). The results show
that the Ag-MSNs maintain ordered structure, but the order is
decreased.
The mesoporous structures of Ag-MSNs are further

confirmed by nitrogen adsorption and desorption isotherms
(Figure 3c), which can be classified as type IV isotherms
according to the IUPAC nomenclature.40,41 A linear increase of
absorbed volume at low pressures is followed by a steep
increase in nitrogen uptake at relative pressures in the range
between 0.2 < p/p0 < 0.3, which is due to capillary
condensation inside the mesopores. The long plateau at higher
relative pressures indicates that pore-filling is restricted to the
inflection point at p/p0 = 0.3. A second steep increase occurs in
nitrogen uptake and an adsorbed hysteresis loop appears at the
relative pressure between 0.9 < p/p0 < 1.0. The corresponding
pore size distribution curve (inset in Figure 3c) obtained by the
Barrett−Joynerr−Halenda (BJH) method using the adsorption
branch of the isotherm is centered at about 2 nm, which should
result from the removed CTAB template and corroborate with
the TEM results. The extracted Ag-MSNs sample has a
Brumauer−Emmet−Teller (BET) specific surface area of 753
m2g−1 and a single point adsorption total pore volume of 0.55
cm3 g−1 estimated from the single-point amount adsorbed at P/

P0 = 0.99. The specific surface area and pore volume of Ag-
MSNs are lower than those of purified MCM-41 (1146.495 m2

g−1, 0.85 cm3 g−1, Figure 3b),35 which may provide evidence
that Ag NPs are in the interior of MCM-41.

Antibacterial Activity. Silver is well-known for its strong
inhibitory and bactericidal effects.42,43 To detect the anti-
bacterial effect of Ag-MSNs, the growth kinetics of Gram-
negative bacteria E. coli and Gram-positive bacteria S. aureus in
liquid media was studied (Figure 4). Bacterial growth was

monitored by measuring the optical density at 600 nm (OD600)
based on the turbidity of the cell suspension. For these
experiments, bacteria were grown to an OD600 = 0.1, and then
mixed with various concentrations of the Ag-MSNs. Ag-MSNs
(Ag content is 0.84 μg/mL) at a concentration of 20 μg/mL
could slightly slow down the growth of E. coli within several
hours, 40 μg/mL of Ag-MSNs (Ag content is 1.68 μg/mL) can
significantly inhibit the growth of E. coli in 24 h and before the
bacteria starts to grow. When the concentration of Ag-MSNs
reached 80 μg/mL (Ag content is 3.36 μg/mL), the growth of
E. coli can be completely inhibited (99.99% of E. coli was killed
by the first 2 h, SI Figure S7). As S. aureus has a thicker cell wall
than Gram-negative bacteria E. coli, it requires higher Ag dose
to inhibit the growth of S. aureus.44 In our experiment, the
growth of S. aureus significantly decreased when the
concentration of Ag-MSNs reached 160 μg/mL (Ag content
is 6.72 μg/mL). When the concentration of Ag-MSNs
increased to 320 μg/mL (Ag content is 13.44 μg/mL), the
growth of S. aureus can be completely inhibited (99.99% of S.
aureus is killed in the first 2 h, SI Figure S7). In our study, the
effective concentration of Ag-MSNs is lower than that of

Figure 3. Characterization of Ag-MSNs: (a) the XRD pattern of the sample. (b) Nitrogen adsorption−desorption isotherms obtained at 77 K and
the corresponding pore size distribution of MSNs. (c) Nitrogen adsorption−desorption isotherms obtained at 77 K and the corresponding pore size
distribution of Ag-MSNs.

Figure 4. Concentration effects of Ag-MSNs on the growth of E. coli
and S. aureus. Each data bar represents an average of three parallel
samples and error bars indicate 1 standard deviation from the mean.
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previously reported Ag−Si nanocomposites (which is typically
100−1000 μg/mL for E. coli and 1000−2000 μg/mL for S.
aureus)25,45−47 and commercial Ag NPs (SI Figure S6), the Ag-
MSNs exhibit an excellent antibacterial activity in Gram-
negative bacteria E. coli and Gram-positive bacteria S. aureus.
To further show the advantages of Ag-MSNs, we compared

the antibacterial properties of Ag-MSNs with other two
different Ag-containing materials (commercial Ag NPs and
AgNO3) by measuring the viability of bacteria. Ag MSNs, Ag
NPs, and AgNO3 with the same Ag concentration (3.36 μg/mL
for E. coli and 13.44 μg/mL for S. aureus) were added to the
molten LB-agar media and the mixtures were solidified at room
temperature. LB-agar plates contained no drugs and MSNs
used as controls. The suspension of E. coli or S. aureus was
spread onto these plates and incubated at 37 °C. After 24 h
incubation, the formation of colonies for both strains appeared
in plates containing Ag NPs, AgNO3, and MSNs, as well as
controls. However, the presence of Ag-MSNs in the LB-agar
plates could completely inhibit the formation of colonies for
both types of bacteria (Figure 5). The effect was more

pronounced when the incubation time was prolonged to 3 days,
where there was still no colony for both types of bacteria in the
plate contained Ag-MSNs, but much more formation of
bacterial colonies in plates containing other Ag materials (SI
Figure S8). In our 30-day test (proven to be long enough to
prevent implants from postinfection in the early, intermediate,
and late stages48), the antibacterial ability of Ag-MSNs was
maintained and there was no colony formation. Similar results
were also identified by turbidity measurements. Ag-MSNs,
commercial Ag NPs, and AgNO3 with same Ag content (3.36
μg/mL for E. coli and 13.44 μg/mL for S. aureus) were
incubated with 1 × 106 CFU/mL both types of bacteria in LB
media and the turbidity was measured at different time points.
The samples with MSNs became turbid in 12 h, which is the
same as the control group. Ag-MSNs could completely inhibit
the growth of both E. coli and S. aureus (SI Figure S8). In
contrast, AgNPs and AgNO3 with the same silver content could
only delay bacterial growth in 24 h, and both types of bacteria
proliferated within 48 h. The silver salts or nanoparticles are
easily aggregated in media by interact with the complex
component and resulted in a loss of or a short time of
antibacterial activity.5,45 We believe that the much improved
effect of the Ag-MSNs over time is because the supporting

matrix MCM-41 type MSNs could protect the silver NPs from
aggregation and enables continuous release of Ag ions.

Antibacterial Mechanisms of Ag-MSNs. To explore the
mechanisms of Ag-MSNs with remarkable antibacterial effects,
we compared the morphological changes of Ag-MSNs and
commercial Ag NPs after incubation with bacteria for 1−30
days. After 1 day incubation, the LB liquid media containing
bacteria (either E. coli or S. aureus) and Ag-MSNs (3.36 μg/mL
for E. coli and 13.44 μg/mL for S. aureus, in terms of Ag
element) remained transparent, while the mixtures containing
Ag NPs (the same Ag element to Ag-MSNs) and bacteria
became turbid. STEM images suggested that Ag-MSNs can
adhere to bacteria (either E. coli or S. aureus). In addition, the
decorated Ag NPs are still highly dispersed in the framework of
MCM-41 type MSNs (Figure 6a), and compared to the

primary synthesized Ag-MSNs, there is little morphological
change (SI Figure S2a). More importantly, these highly
dispersed Ag-MSNs can stably release Ag ions over a course
of 30 days (Figure 7). In contrast, although Ag NPs can adhere
to bacteria, they aggregated seriously on the surface of bacteria
or in the media (Figure 6b), their states of dispersion
significantly changed compared to their initial morphology
(SI Figure S2b). In fact, bacteria often carry negative charges
(also proven in our experiments, SI Figure S4), and they can
easily adhere to materials carrying positive charges.49 In
addition, Ag NPs with small size and highly dispersed state
can release large amounts of Ag ions; therefore, they can exhibit
strong antibacterial activity at early stage. However, with the
extension of the time, the leakage of the already dead bacteria
or the complex culture media often causes the aggregation of
Ag NPs. The aggregated Ag NPs release fewer Ag ions than the
highly dispersed ones (SI Figure S10), so the bacteria that
survive at the early stage begin to multiply and cause the loss of

Figure 5. Antibacterial activities of Ag-MSNs, MSNs, commercial Ag
NPs, and AgNO3 after incubation with 1 × 105 CFU/mL bacteria for
24 h. The Ag content of Ag-MSNs, AgNO3, and commercial Ag NPs is
3.36 μg/mL for E. coli and 13.44 μg/mL for S. aureus. Petri dishes with
LB-agar inoculated with (a) E. coli and (b) S. aureus, showing different
numbers of colonies formed when treated with different materials. Figure 6. STEM images of Ag-MSNs and commercial Ag NPs after

incubation with E. coli or S. aureus for 24 h. (a) Small Ag NPs were
highly dispersed in the framework of MSNs after incubation with E.
coli or S. aureus; (b) Ag NPs aggregated when incubated with E. coli or
S. aureus; scale bar = 200 nm. Red dashed circles highlight the bacteria
(either E. coli or S. aureus). Yellow boxes highlight MSNs decorated
with highly dispersed Ag NPs. Blue boxes represent aggregated Ag
NPs.
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antibacterial activity.50,51 In our experiments, the highly
dispersed Ag NPs can sustain at least 30 days (SI Figure
S12) and the Ag ions can be continuously released into media
to inhibit the growth of bacteria.
Our experiments demonstrate that the Ag-MSNs exhibit

enhanced antibacterial activity in both E. coli and S. aureus, and
it is closely related to their structure (uniformly distributed Ag
NPs), surface charge (positive charges), and size (2−10 nm).
Previous studies have summarized several possible antibacterial
mechanisms of Ag NPs:52 Ag NPs will release Ag+ ions which
can interact with thiol groups of vital proteins, which will result
in inactivation of enzyme proteins and disruption of respiration.
This is often considered as the main mechanism of the
antimicrobial activity of Ag NPs. The release rate of Ag+ ions
depends in part on the size of Ag NPs; the Ag NPs with smaller
size might induce faster Ag+ ion release.53 In actual application,
the complex cultural environment and the dead bacteria often
cause the aggregation of Ag NPs, whose larger size reduced the
release of Ag+ ions, leading to the decrease or loss of
antibacterial activity. In our study, the Ag NPs decorated in
MCM-41 type MSNs can effectively prevent aggregation and
thus retain good dispersity in the culture media. The well-
dispersed distribution of Ag NPs makes Ag ions release steadily
from MSNs over a long period and ultimately realize long-term
antibacterial effects. Besides, the positively charged Ag-MSNs
make them adhere to the surface of negatively charged bacteria
easily.54,55 In most cases, the diameter of Ag NPs in silica
materials ranges from 20 to 50 nm;45,56 however, in our study
the Ag NPs in MCM-41 type MSNs carrier is only 2−10 nm,
which contributes their increased antibacterial effects. Com-
pared to larger Ag NPs, they may have a faster release of Ag
ions, thus inducing higher toxicity to bacteria.43

Cellular Toxicology Evaluation. Silver salts or nano-
particles can cause damage to mitochondria, DNA, and increase
reactive oxygen species, leading to cell death.45,57 Silica
materials are proven to have good biocompatibility and have
broad applications in biomedicine.58,59 The in vitro cytotoxicity
of the Ag-MSNs was evaluated on human umbilical vein
endothelial cells (HUVEC, a common cell line to evaluate the
cytotoxicity of materials36,60,61) using a CCK kit. The
antibacterial concentration of Ag-MSNs (80 and 320 μg/mL)
showed no obvious cytotoxicity within 24 h, which is similar to
that of MSNs (Figure 8). Even if the concentration of Ag-
MSNs is increased to 476 μg/mL (Ag content is 20 μg/mL),
the cell viability is still more than 90%. The cell viabilities of the
above groups were higher than 60% after 72 h of incubation. By
contrast, Ag NPs and AgNO3 containing the same amount of

silver to Ag-MSNs showed significant toxicology. The viability
of cells treated with Ag NPs was decreased to 79%, while that of
cells treated with AgNO3 was only 30% within 24 h. After the
72 h incubation, the cell viability dropped below 50%. These
results indicated that Ag-MSNs not only have a strong
bactericidal effect on both Gram-negative and Gram-positive
bacteria, but they also have better biocompatibility than
commercial Ag NPs or AgNO3.

■ CONCLUSIONS
We describe the synthesis of Ag-MSNs via the co-condensation
method in diluted sodium hydroxide solution. The Ag NPs
with small sizes have high density and well-dispersed
distribution in the framework of MCM-41 type MSNs. This
structure can protect Ag NPs from aggregation and allow Ag
ions to continuously release from the MSNs vectors. Thus, Ag-
MSNs show long-term antibacterial activity on Gram-negative
and Gram-positive bacteria at a low concentration. More
importantly, these nanoparticles have good biocompatibility. In
summary, Ag-MSNs have great potential application in
biomedicine as multifunctional NPs, especially showing long-
term antibacterial effect for practical applications.

■ ASSOCIATED CONTENT
*S Supporting Information
Characterizations of Ag-MSNs and MSNs with UV−vis
spectrometer and zeta potential are provided. Zeta potential
of E. coli and S. aureus, TEM of Ag-MSNs after calcination,
STEM images of Ag-MSNs and Ag NPs, bactericidal curve of
Ag-MSNs, Ag+ release rate of Ag-MSNs and Ag NPs in LB
medium, STEM images of Ag-MSNs at different time points are
also provided. This material is available free of charge via the
Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Authors
*Tel: +86-10-82545558. E-mail: xingyujiang@nanoctr.cn.
*E-mail: zhangwei@nanoctr.cn.
*E-mail: caiqiang@mail.tsinghua.edu.cn.
Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript. Yue Tian and Juanjuan Qi contributed equally.

Figure 7. Release of silver ions from Ag-MSNs at 37 °C. Ag-MSNs can
continuously release Ag ions. Figure 8. Cytotoxicity of Ag-MSNs on HUVEC. Concentrations of Ag

element in Ag-MSNs (476 μg/mL), Ag NPs (20 μg/mL), and Ag NO3
(31 μg/mL) are 20 μg/mL. Experiments were performed in triplicate;
values represent the relative viability compared to untreated cells as
means ± SEM of one representative experiment (n = 3).
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