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ABSTRACT: Quantum dots (QDs) as potent candidates
possess advantageous superiority in fluorescence imaging
applications, but they are susceptible to the biological
circumstances (e.g., bacterial environment), leading to
fluorescence quenching or lose of fluorescent properties. In
this work, CdTe QDs were embedded into mesoporous silica
nanospheres (m-SiO, NSs) for preventing QD agglomeration,
and then CdTe QD-embedded m-SiO, NSs (m-SiO,/CdTe
NSs) were modified with Ag nanoparticles (Ag NPs) to
prevent bacteria invasion for enhanced anticounterfeit

Si0, NSs m-Si0, NSs m-Si0,/CdTe NSs m-Si0,/CdTe/Ag NSs

applications. The m-SiO, NSs, which serve as intermediate layers to combine CdTe QDs with Ag NPs, help us establish a
highly fluorescent and long-term antibacterial system (i.e,, m-SiO,/CdTe/Ag NSs). More importantly, CdTe QD-embedded m-
SiO, NSs showed fluorescence quenching when they encounter bacteria, which was avoided by attaching Ag NPs outside. Ag
NPs are superior to CdTe QDs for preventing bacteria invasion because of the structure (well-dispersed Ag NPs), size (small
diameter), and surface charge (positive zeta potentials) of Ag NPs. The plausible antibacterial mechanisms of m-SiO,/CdTe/Ag
NSs toward both Gram-positive and Gram-negative bacteria were established. As for potential applications, m-SiO,/CdTe/Ag
NSs were developed as fluorescent anticounterfeiting ink for enhanced imaging applications.
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B INTRODUCTION

Quantum dots (QDs) as new fluorophores have provoked
increasing intensive research interests in the past few decades.
QDs have been distinguished from traditional fluorescent
materials for their various potential applications.” Unlike the
organic dyes, QDs can endow outstanding merits, e.g., broad
absorption/narrow emission, high fluorescence efficiency, large
effective Stokes shift, long fluorescence lifetime, composition/
size tunability, and high stability to lights and chemicals.® These
merits underline their superiority in fields of fluorescence
imaging, for example, fluorescent anticounterfeiting applica-
tions. Despite amazing advances in the development of QDs,
there remains broad research space for this nascent topic. In
particular, the practical applications of QDs have to overcome
their vulnerability in the biological environment.* Exploring
alternative routes to widen their applications are still highly
required. Surface modification is deemed to be a trustworthy
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technique for their practical applications.” One key promising
approach is incorporating QDs in porous silica matrix, which
provide them better physical and chemical stability.® Porous
silica is considered to be one of the most potent porous
structures as it generally possesses good biocompatibility and
ease of surface modification that provides reservoirs for loading
various functional molecules and active sites for linking other
targeted molecules by covalent association.” Therefore, QD-
embedded porous silica may not only prevent QD agglomer-
ation but also offer the quantum confinement effect to take
advantage of the superior properties of both QDs and porous
silica.® Despite exciting improvement achieved from porous
silica, the embedded QDs are still susceptible to the biological
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Scheme 1. Formation Schematics of m-SiO,/CdTe/Ag NSs
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environment and easily lose their fluorescence because of their
biological activity.” In particular, bacterlal invasion can pose a
serious threat to stability of the QDs.”

Recent studies implied that silver nanoparticles (Ag NPs)
draw interest for their unique and powerful antibacterial
capabilities against a wide spectrum of bacteria.'® Ag NPs have
been widely employed to prevent bacterial infection for medical
purposes.'’ It was acknowledged that the biocidal materials
constituting Ag NPs are more popular compared with other
metallic nanoparticles. 12 Nevertheless, practical applications of
Ag NPs are often hampered by oxidization reactions, Wthh
may cause aggregation and even loss of antibacterial activity."®
In response to these problems, inorganic carriers, e.g., porous
silica, have been developed as Ag NPs carrying antibacterial
agents."* One effective strategy for loading Ag NPs is to deposit
them on the surface of porous silica by chemical binding
method.'> Because Ag NPs containing silica agents are easily
achieved, they are predlcted to be more potential candidates
than conventional Ag NPs.'® Porous silica matrix can protect
Ag NPs from aggregation, and the products can release Ag ions
slowly and continuously to realize long-term antibacterial
activity.'”

Herein, we focus on a simple approach to immobilize Ag
NPs onto CdTe QDs embedded mesoporous silica nano-
spheres (m-SiO, NSs) by a three-step process for enhanced
anticounterfeit application (Scheme 1). Using m-SiO, NSs as
intermediate layers to combine CdTe QDs with Ag NPs can
help us construct fluorescent anticounterfeiting candidates with
long-term antibacterial capabilities. Moreover, the intermediate
m-SiO, NSs might not only solve the problems of lattice
mismatch and chemical dissimilarity between these two
components but also somehow protect CdTe QDs from
fluorescence quenching by Ag NPs. Given that Ag NPs can
prevent CdTe QDs from bacterial invasion, we believe that this
approach could offer a potential possibility for developing
enhanced fluorescent anticounterfeiting systems such as
security of tickets, certificates, money, checks, bank notes,
trademarks, invoices, etc.

B EXPERIMENTAL SECTION

Materials. All the chemicals used in this work were of analytical
grade and were used without further purification. Tetraethyl
orthosilicate (TEOS) was obtained from Tianjin Guangfu Fine
Chemical Research Institute. Anhydrous ethanol, ammonium hydrox-
ide (25 wt % NHj in water), and sodium hydroxide (NaOH, 96.0%)
were purchased from Beijing Chemical Company. Cadmium chloride
(CdCl,, 99%), 3-mercaptopropionic acid (MPA, C;H,0,S, 99%), and
sodium tellurite (Na,TeOj;, 97%) were available from Aladdin Reagent

Company. Sodium borohydride (NaBH,), silver nitrate (AgNO3), and
glucose were provided by Sinopharm Chemical Reagent Co. Ltd.

Synthesis of m-SiO,/CdTe/Ag NSs. The synthesis of m-SiO,/
CdTe/Ag NSs was accomplished via a three-step process. In a typical
procedure, about 1.0 g of SiO, NSs (prepared from the stober method
as shown in the Supporting Information) were dispersed in 100 mL of
water followed by addition of 4.0 mL of NaOH solution (0.1 g/mL).
The mixture was vigorously stirred in a closed flask for 12 h to obtain
m-SiO, NSs. About 0.5 g of m-SiO, NSs was dispersed in 50 mL of
water followed by addition of 2.0 mL of MPA-capped CdTe QD
solution (0.1 g/mL, synthetic procedure is shown in Supporting
Information). The mixture solution was mechanically stirred at room
temperature for 6 h to embed CdTe QDs into m-SiO, NSs. About 0.2
g of m-Si0,/CdTe NSs was mixed with 30 yL of TSD and 25 mL of
ethanol, and the mixture was mechanically stirred at 40 °C for 12 h.
About 0.1 g of TSD-modified m-SiO,/CdTe NSs was dispersed in 50
mL of AgNO; solution (0.1 mol/L), which was stirred by a mechanical
stirrer at room temperature for 1 h, and then SO mL of glucose
solution (0.1 g/mL) was added into the mixture solution with 1 h
stirring. The as-synthesized m-SiO,/CdTe/Ag NSs was centrifuged,
water-washed three times, and dried under vacuum.

Characterizations. Morphology, microstructure, and size distri-
bution were examined by scanning electron microscopy (SEM,
Shimadzu SSX-550), high resolution transmission electron microscopy
(HRTEM, JEM-200CX), and transmission electron microscopy
(TEM, JEM-200CX). The energy-dispersive X-ray (EDX) was
performed during the scanning electron microscope measurements.
The zeta potentials were measured using a multifunctional zeta PALS
potential and particle size analyzer (Brookhaven Instruments
Corporation). The XRD patterns were obtained with a Siemens
model DS000 diffractometer equipped with a copper anode producing
X-rays with a wavelength of 1.5418 A. FTIR spectra were recorded by
using a Thermo Nicolet (Woburn, MA) Avatar 370 FTIR
spectrometer. A nitrogen adsorption instrument (Micrometritics
ASAP2020) was applied to study the Brunauer—Emmett—Teller
(BET) surface area and the porosity. UV—visible absorption spectra
were collected with a Hitachi U-3900H spectrophotometer over the
wavelength range from 300 to 700 nm. The amount of silver and
cadmium were determined using a PerkinElmer optima 2100
Inductively Coupled Plasma-Optical Emission (ICP-OES) spectrom-
eter. The fluorescence microscopy images were taken by an Olympus
IX-71 and Nuance multispectral imaging system (Cambridge Research
& Instrumentation, Inc.). The fluorescence spectra were recorded
using a Hitachi F-4500 fluorescence spectrophotometer.

Bacterial Growth Conditions. As for antibacterial test, Staph-
ylococcus aureus (S. aureus, ATCC 25923, Gram-positive) and
Escherichia coli (E. coli, ATCC 25922, Gram-negative) were used as
model microorganisms. Bacteria were grown overnight at 37 °C under
agitation (200 rpm) in Luria—Bertani (LB) growth medium. Bacterial
cells were harvested by centrifugation, washed twice with phosphate-
buffered saline (PBS, pH 7.4), and diluted to concentrations of 1 tme
10° colony-forming units/mL (CFU/mL).
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Figure 1. (A) SEM and TEM (inset) of solid SiO, NSs; (B) TEM of m-SiO, NSs; (C) TEM and HRTEM (insert) of m-SiO,/CdTe NSs; (D) TEM
and HRTEM (insert) of m-SiO,/Ag NSs; (E) SEM and high-magnification image of m-SiO,/CdTe/Ag NSs; (F, G) TEM and HRTEM (inset in G)
of m-Si0,/CdTe/Ag NSs; (H) EDX pattern of m-SiO,/CdTe/Ag NSs; (I-P) elemental mapping of m-SiO,/CdTe/Ag NSs.

Plate Counting Method. Antibacterial activities of m-SiO,/
CdTe/Ag NSs were evaluated in LB agar culture plate via the plate
counting method.'® The m-SiO,/ CdTe/Ag NSs (5.0 mg) was
dispersed in 450 uL of sterilized distilled water and vortexed for 10
min. Subsequently,a bacteria suspension (50 xL, 1 X 10° CFU/mL)
was added into the above-mentioned m-SiO,/CdTe/Ag NSs
suspension (450 pL), mixed well, and incubated under constant
shaking. The resulting mixture was serially diluted, and then 100 uL of
each dilution was dispersed onto LB agar plates. Bacterial colonies on
the cultural plates were counted after incubation at 37 °C for 24 h.
The m-SiO, NSs, CdTe QDs, Ag NPs, m-SiO,/CdTe NSs, and m-
SiO,/Ag NSs were used as comparative controls. Time kill assay of m-
SiO,/CdTe/Ag NSs was performed using plate counting method.

Inhibition Zone Study. The antibacterial activities of m-SiO,/
CdTe/Ag NSs were also tested by the inhibition zone study using a
modified Kirby-Bauer technique.19 The m-SiO,/CdTe/Ag NSs
powder (0.3 g) was grinded well and added into a circular mold
with a diameter of 1.0 cm, and then pressed at room temperature using
a tablet machine to obtain the sample disc. The surface of LB agar

plate and tryptic soy agar plate was overlaid with E. coli (500 L, 10°
CFU/mL) and S. aureus (500 uL, 1 x 10° CFU/mL), respectively.
The plates were then allowed to stand at 37 °C. Then the above-
mentioned sample disc was placed onto the surface of the bacteria-
containing agar plate. After incubation (37 °C, 24 h), the inhibition
zone around the product was recorded. The m-SiO,/CdTe NSs and
m-SiO,/Ag NSs were used as well as comparative controls.

B RESULTS AND DISCUSSION

In this work, we detailed a simple synthetic route to produce
fluorescent/antibacterial bifunctional m-SiO,/CdTe/Ag NSs.
The overall synthetic procedure of m-SiO,/CdTe/Ag NSs is
illustrated in Scheme 1. Solid SiO, NSs formed via the stober
process based on the hydrolysis of tetraethyl orthosilicate
(TEOS).*® Using the etching method, the mesoporous silica
(m-SiO,) NSs with mesopores on their wall were obtained.
Introducing m-SiO, NSs as templates not only achieves the
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Figure 2. (A) Photos of m-SiO,/ CdTe/Ag NSs solution under dark, visible light, and 1 = 365 nm UV beam; (B) XRD pattern of m-SiO,/ CdTe/Ag
NSs; (C) UV—vis spectrum of m-SiO, NSs, CdTe QDs, Ag NPs, and m-SiO,/CdTe/Ag NSs; (D) FTIR spectrum of CdTe QDs, m-SiO,/CdTe

NSs, and m-SiO,/CdTe/Ag NSs.

target of enlarging the activated surface area but also realizes
the immobilization of CdTe QDs. 3-Mercaptopropionic acid
(MPA) stabilized CdTe QDs (MPA-CdTe QDs) trapped into
the mesopores by the aid of mechanical stirring to obtain m-
SiO,/CdTe NSs. To attach Ag NPs, the surface of m-SiO,/
CdTe NSs was then modified with N-(amino-ethyl)-amino-
propyl trimethoxysilane (TSD, siliane coupling agent), which
can offer strong chemical binding between m-SiO,/CdTe NSs
and Ag NPs. TSD can prevent CdTe QDs leaching out from
mesopores or/and aggregating on the surfaces. More
importantly, TSD can also serve as the isolating agent, which
can avoid fluorescence quenching induced by the direct
contacting CdTe QDs with Ag NPs. Silver ions (Ag*) can be
easily attached onto TSD decorated m-SiO,/CdTe NSs, and
then reduced to Ag seeds by the well-known silver-mirror
reaction to obtain the target m-SiO,/CdTe/Ag NSs.>' The
synergism between CdTe QDs and Ag NPs can prevent
fluorescent materials from microbial threats, which can enhance
their anticounterfeit applications.

The evidence for the confirmation of products were inferred
from different techniques. TEM image (Figure 1A) shows that
solid SiO, NSs have monodisperse spherical shapes with an
average size of 616.44 nm, which are further confirmed by the
inset TEM in Figure 1A and Figure S1 in Supporting
Information. Most importantly, the surface of SiO, NSs is
quite smooth without any flaws. Upon NaOH etching, some
solid silica matrix on surfaces being converted to soluble silicate
oligomers, and network of the silica particle become porous.”*
TEM images of m-SiO, NSs in Figure 1B and Figure S2 in the
Supporting Information show rough appearance with small
holes and gaps on the surface of the etched particles. The
average diameter decreases to 608.01 nm, whereas the original
spherical shape is still retained (Figure S2A-C in the Supporting
Information). Size distribution graph (Figure S2C in the
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Supporting Information) shows that some smaller particles
appear, which are possibly attributed to the fragment from
etched particles. To further understand the changes induced by
NaOH etching, we performed nitrogen adsorption/desorption
isotherms measurement (Figures S3 and S4 in the ESIT).
Obvious hysteresis loop (Figure S3 in ESIt) indicates that
mesopores are generated in m-SiO, NSs.>* Since the solid Si0,
NSs from stober method are nonporous, the existence of the
mesoporous morphology must be the result of NaOH etching.
Pore size distribution (Figure S4 in ESIT) is rather narrow with
a mean pore size of 11.13 nm. These pores provide enough
spaces for CdTe QDs embedding into the silica network. TEM,
HRTEM, and size distribution of CdTe QDs are shown in
Figure SS in ESIT. The diameter of CdTe QDs (2.64 nm) is
smaller than the pores of m-SiO, NSs, thus CdTe QDs can
facilely be embeded into the deep inside of mesopores without
any steric hindrance. The HRTEM image (Figure SSB in ESIT)
illustrates that CdTe QDs are well crystallized, and the lattice
fringe with a spacing of about 0.34 nm is corresponding to the
interplanar distance of the (200) plane in the cubic CdTe
QDs.** From TEM and HRTEM in Figure 1C, it is found that
CdTe QDs as small dots are well dispersed into m-SiO, matrix.
The m-SiO,/Ag NSs was also synthesized, and their TEM and
HRTEM are given in Figure 1D. The Ag NPs with an average
size of 28.32 nm (Figure S6 in ESIt) scatter sparsely on the
surface of m-SiO, NSs. Interlayer spacing of 0.24 nm (the inset
in Figure 1D) is assigned to the lattice spacing of (111) plane of
Ag NPs.”® On basis of HRTEM evident, we can prove that the
surface attached nanoparticles are composed of Ag NPs. As
shown in Figure 1E-H, the formation of m-SiO,/CdTe/Ag NSs
was confirmed by SEM, TEM, HRTEM, and EDX analysis.
SEM and TEM images present that the as-prepared NSs are
monodisperse and the surface immobilized Ag NPs have
narrow size distribution (Figure 1E-G). Obviously, some relics
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with irregular morphology are visible in Figure 1F, which are
possibly corresponding to the fragment from etched silica
particles. Interlayer spacing of 0.34 and 0.24 nm in HRTEM
(Figure 1G) implies that the NPs are composed of CdTe QDs
and Ag NPs near the surface of m-SiO, NSs. The EDX pattern
(Figure 1H) reveals the presence of CdTe and Ag along with
m-SiO, NSs in the products. Elemental mappings (Figure 11—
P) illustrate the existence of different elements and the
elemental distribution in the products, which further confirms
the successful fabrication of m-SiO,/CdTe/Ag NSs.

Figure 2A is the photos of m-SiO,/CdTe/Ag NSs aqueous
solution taken under the dark, visible, and UV lights. A red
fluorescent color is observed by the naked eye, which suggests
that m-SiO,/CdTe/Ag NSs possess fluorescent properties. The
crystalline of m-SiO,/CdTe/Ag NSs was investigated by XRD
analysis (Figure 2B). Three peaks at about 25, 41, and 47.0°
correspond respectively to the (111), (220), and (311) planes,
which are matched with the cubic zinc blende structure of
CdTe crystal.** The peaks at around 39 and 65° assigned to the
(400) and (331) planes of CdTe crystal are too weak to be
detected. The XRD data also show diffraction peaks at about
38, 44, 65, and 78°, which could be assigned to the (111),
(200), (220), and (311) planes of face-centered cubic Ag
NPs.*® The broad XRD reflection broad peak from 15 to 30°
could be attributed to the diffraction of the amorphous
structures of m-SiO, NSs.*® The weakened peak intensities for
CdTe QDs and Ag NPs can be explained by higher content of
m-S$iO, NSs in the products.”” The presence of CdTe QDs and
Ag NPs component were further verified by UV-—visible
absorption spectra (Figure 3C). The absorption peak maxima

30 uym
LLl11]

Figure 3. Fluorescence microscopy image (excitation 4 = 365 nm) of

m-Si0,/CdTe/Ag NSs.

of 572 nm for CdTe QDs and 409 nm for Ag NPs are observed
in UV—vis curve of m-Si0,/CdTe/Ag NSs.*** The m-SiO,
NSs does not show any absorption at all within the whole range
from 300 to 700 nm. FTIR spectra were applied to confirm the
chemical binding of the products (Figure 2D). As for CdTe
QDs, the stretching vibration of —COO-, S—H, and S—C are
the most distinctive bands, which implies that the MPA binds
firmly to CdTe QDs.*® The strong peak at around 3500 cm™
corresponds to the stretching vibration of —OH groups.*' The
intensities of these absorption peaks (—COO—, S—H, and S—
C) are greatly weakened in the spectrum of m-SiO,/CdTe NSs,
which suggests that CdTe QDs are embedded into m-SiO,
NSs. Besides, the peaks attributed to symmetric stretching

vibration of Si—O-Si, stretching vibration of Si—O—H, and
antisymmetric stretching vibration of Si—O—Si, acted as unique
markers for silica component, are clearly detected in m-SiO,/
CdTe NSs.>* Compared to m-Si0,/CdTe NSs, a peak assigned
to N—H stretching vibration from siliane coupling agent TSD
attached to Ag NPs is noticed for m-SiO,/CdTe/Ag NSs.>3 In
Figure 3, the fluorescence microscopy images of m-SiO,/
CdTe/Ag NSs excited by a 365 nm UV beam show small red
dots, which further confirm the loadings of CdTe QDs on the
products.

The Ag NPs loading on m-SiO,/CdTe NSs is key for this
study, endowing the products with the attractive antibacterial
properties. In this report, the loading of Ag NPs on the
products is well controlled by tuning the AgNO;/m-SiO,/
CdTe NSs mass/mass (M/M) ratio. The XRD pattern (Figure
4A) of m-SiO,/CdTe/Ag NSs depicts that peaks for Ag NPs
strengthen as the M/M ratio increases from 8.5/1 to 17/1, then
to 34/1, suggesting that Ag NP content and M/M ratio show a
good linear relationship. To explore the location and size of Ag
NPs, we give SEM image and size distribution graphs of m-
SiO,/CdTe/Ag NSs prepared with different M/M ratios in
Figure 4B-D. At lower M/M ratio of 8.5/1 (Figure 4B-1, C-1,
and D-1), smaller Ag NPs with a higher loading are scattered
uniformly all over the surface. Larger Ag NPs are observed as
M/M ratio increases to 17/1 (Figure 4B-2, C-2, and D-2), but
the loading amount of Ag NPs on the surface decreases and
even some aggregation is detected. Further increasing the M/M
ratio to 34/1 induces serious particle—particle aggregation, and
only a few Ag NPs are sustained on the particle surface (Figure
4B-3, C-3, and D-3). As reported, the aggregated Ag NPs can
release fewer Ag ions than the highly dispersed ones, so they
always result in a loss of or a short time of antibacterial
activity.>* For another, compared to larger Ag NPs, the small
Ag NPs have a faster release of Ag ions, thus displaying higher
toxicity to bacteria. On the basis of a general consideration, m-
Si0,/CdTe/Ag NSs synthesized from lower M/M ratio of 8.5/
1 is advantageous over the others.

To understand the effect of chemical bindings on fluorescent
properties, we excited CdTe QDs, m-SiO,/CdTe NSs, and m-
Si0,/CdTe/Ag NSs by UV light (4 = 365 nm) illumination,
and their fluorescences were recorded comparatively. In Figure
SA, B, no significant reduction is observed in the fluorescence
among them. The fluorescence spectrum (Figure SB) shows a
slight shift in the maximum emission wavelength from CdTe
QDs, to m-SiO,/CdTe NSs, then to m-SiO,/CdTe/Ag NSs,
which can be explained by the change in the ground-state and
excited-state energies along with the change in the surrounding
environments.”> The fluorescence spectra of m-SiO,/CdTe
NSs and m-SiO,/CdTe/Ag NSs before and after contacting
bacteria are given in Figure SC, D. As for m-SiO,/CdTe NSs in
Figure SC, the fluorescence intensity shows drastic reduction
after contacting bacteria, which confirms that CdTe QDs
immobilized on the m-SiO, surface were easily attacked and
consumed by bacteria.*® Although a slight reduction is detected
for fluorescence intensity of m-SiO,/CdTe/Ag NSs when
encountering bacteria. The most possible reason is that the
outer Ag NPs can prevent bacteria invasion to avoid the direct
contact between QDs with bacteria. Accordingly, we can
conclude that immobilizing Ag NPs onto m-SiO,/CdTe NSs
can effectively protect CdTe QDs from bacteria invasion, thus
giving excellent fluorescent property.

To understand the antibacterial capabilities, we performed
the antibacterial test of m-SiO,/CdTe NSs, m-SiO,/Ag NSs,
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and m-SiO,/CdTe/Ag NSs using inhibition zone assay (Figure
6A). S. aureus and E. coli were selected as model bacteria. All
three samples offer visible inhibition rings, suggesting that all
they possess excellent antibacterial capabilities. Interestingly,
the inhibition zone corresponding to m-SiO,/CdTe NSs
mirrors that CdTe QDs can inhibit bacteria growth by
exhausting itself, which might be a suitable explanation for
Figure SC. Besides, we can also notice the differences in
antibacterial activities among these three samples. As widely
accepted, the value for inhibition ring represents the
susceptibility of bacteria toward the antibiotics.’” On the
basis of this viewpoint, we can deduce that m-SiO,/CdTe/Ag
NSs is the most powerful, and m-SiO,/CdTe NSs are the
weakest. To further justify their differences in antibacterial
activity, we quantitatively compared their antibacterial proper-
ties by measuring the viability of bacteria (Figure 6B). The
bacterial suspension treated with the samples were spread onto
LB-agar plates and incubated at 37 °C for 24 h. LB-agar plates
containing no samples and m-SiO, NSs were used as

comparative tests. The viability of colonies for both strains
(E. coli and S. aureus) appears in LB-agar plates. The m-SiO,/
CdTe/Ag NSs completely kill colonies for both types of
bacteria. Similar as the control group, m-SiO, NSs shows turbid
plates, suggesting that m-SiO, NSs have no antibacterial
function at all.*® In contrast, both m-SiO,/CdTe NSs and m-
SiO,/Ag NSs give decreased colony viability, showing visible
bacteria-killing activity. Actually, the antibacterial power is in an
order of m-SiO,/CdTe/Ag > m-SiO,/Ag > m-SiO,/CdTe.
The Ag NPs are easily aggregated in media and resulted in a
loss of antibacterial activity.”” To evaluate the durability of m-
Si0,/CdTe/Ag NSs, we prolonged the incubation time from
24 h to S days, where there was still no E. coli colony (This
results is the same as that in Figure 6B and not shown in
Figures). For comparison, E. coli was also treated with the Ag
NPs (the same silver concentration as m-SiO,/CdTe/Ag NSs)
with incubation time of 24 h and 5 days. As shown in Figure
S7A, B in the Supporting Information, no viability is detected
when incubating 24 h, whereas the S day incubated plate give
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robust growth. It can be concluded that Ag NPs can only delay
bacterial growth within a short time, but m-SiO,/CdTe/Ag
NSs possesses prolonged antibacterial property. We believe that
m-Si0,/CdTe/Ag NSs endow a long-term antibacterial activity
because the supporting matrix m-SiO, can protect the Ag NPs
from aggregation, and thus provide much more active sites on
m-SiO, surfaces for killing bacteria. The Ag NPs without
aggregation enable powerful and continuous antibacterial
behaviors.

A time-kill assay was employed in our experiment to further
clarify the antibacterial rate and extent of m-SiO,/CdTe/Ag
NSs. Figure 6C, D illustrates the time-kill graphs of m-SiO,/
CdTe/Ag NS suspension with different concentrations (from
0.1 to 5.0 mg/mL) toward E. coli and S. aureus as a function of
contact time ranging from 0 to 360 min. For both two strains,
the bacterial reduction shows faster rising speed first and then
levels off with the aging time. Such a growing trend is in good
agreement with those in the previous literatures.***' The time-
kill assay also shows a concentration-dependent manner of m-
SiO,/CdTe/Ag NSs against two strains. The antibiotic effects
transform from inhibition to killing action when concentration
increases.*” The killing activity is fast-acting at the highest
concentration of 5.0 mg/mL, and its end point is only 10 min
for E. coli and 60 min for S. aureus, while the lowest
concentration of 0.1 mg/mL gives end point of 240 min for
E. coli and 360 min for S. aureus. It is evident that the
concentration of m-Si0,/CdTe/Ag NSs is the decisive factor
for their antibiotic action.

The morphology of m-SiO,/CdTe/Ag NSs after contacting
E. coli for different times (10, 30, 60, 180, 240, and 360 min)
was captured using TEM technique to explore morphological
change (Figure 7A). The carriers m-SiO, NSs retain the
original morphology without any differences among them. But
the loading amount of Ag NPs on the surfaces obviously
decreases with extending contact time. On closer observation,
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the decreasing trend in the sizes of Ag NPs is also found when
contact time extends. The average diameter changes from 28.32
nm for 0 min to 12.27 nm for 360 min (Figure 7B). We
speculate that the release action of Ag ions from m-SiO,/
CdTe/Ag NSs to solution during the antibacterial test is the
most possible explanation for the morphology and size changes.

To further understand reason for the morphology and size
changes, we established the developing trends of Cd and Ag
content in m-Si0,/CdTe/Ag NSs with increasing bacteria-
contacting time using ICP analysis (Figure 7C). Before
contacting bacteria, the Cd and Ag content in m-SiO,/
CdTe/Ag NSs is 3.73 and 4.21 wt %, respectively. It can be
seen that in the region I Ag content decreases drastically when
the contact time increase from 0 to 60 min. Interestingly, when
extending aging time Ag content decreases gradually and even
almost levels off finally in the region IL. Such a tendency of Ag
content is accordance with the changes in morphology and size
in Figure 7A, B. The Cd content gives opposite mode, i.e.,
almost leveling off first (region I) and remarkable decrease
subsequently (region II). Before 60 min, there is no obvious
reduction found in Cd content, which suggests that CdTe QDs
on m-SiO,/CdTe/Ag NSs are not exhausted by contacting
bacteria. Because Ag NPs with higher loading amount prevent
the bacteria touching directly with CdTe QDs. When most of
the Ag NPs are exhausted, Cd content decreases obviously after
60 min. On the basis of these data, we can conclude that CdTe
QDs starts to loss as most of the Ag NPs is exhausted. In other
words, the immobilization of Ag NPs onto m-SiO,/CdTe NSs
could prevent bacteria from invading CdTe QDs.

TEM and ICP analysis verify that Ag NPs are superior to
CdTe QDs when they defend bacteria invasion. To explore the
real cause, the zeta potentials of m-SiO, NSs, CdTe QDs, Ag
NPs, E. coli, and S. aureus were analyzed as shown in Figure 7D
and Figure S8 in the Supporting Information. Except for Ag
NPs, all the others show negative potentials. The negative
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potentials of m-SiO, NSs and CdTe QDs are produced by the
surface silanol groups and the carboxyl groups of the MPA,
respectively. Indeed, both E. coli and S. aureus carry negative
charges, and they can easily adhere to materials carrying
positive charges, which were proven by previous works.*
Smaller Ag NPs highly dispersed on the walls of m-SiO,/CdTe
NSs can release large amount of Ag ions, and thus they can
exhibit positive potentials. Therefore, when the m-SiO,/CdTe/
Ag NS faces with bacteria, the positive charged Ag NPs combat
first against bacteria, and in this way the CdTe QDs can be
protected.

Our experiments demonstrate that m-SiO,/CdTe/Ag NSs
exhibit enhanced antibacterial activity toward both E. coli and S.
aureus, which is closely related to the structure (well-dispersed
Ag NPs), surface charge (positive zeta potentials), and size
(small diameter) of Ag NPs. Previous studies summarized that
the antibacterial mechanisms of Ag NPs can mainly be classified

into two types including ion release mechanism and oxidation
mechanism (Scheme 2).** As for m-SiO,/CdTe/Ag NSs, it is
possible that parts of Ag NPs on the surface of m-SiO,/CdTe/
Ag NSs are oxidized by dissolved oxygen to form Ag ions.** It is
acceptable that Ag ions are easily accumulated around the living
bacterial cells because of the special structure of bacteria and
the negative charged bacterial surface.** The adsorbed Ag ions
can interact with thiol group (—SH) of the cysteine chain by
replacing the hydrogen atom to form S—Ag, which can hinder
the enzymatic function of the protein to inhibit bacterial
growth. Parts of Ag NPs can catalyze the dissolved oxygen to
form reactive oxygen species, which have powerful oxidation
capabilities.** On the basis of the plate counting method and
inhibition zone test, we can speculate that the bacterial death
induced by m-SiO,/CdTe/Ag NSs is attributed to the
integration the ion release mechanism with the oxidation
mechanism for attacking bacteria.
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Scheme 2. Possible Antibacterial Mechanisms of m-SiO,/
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Figure 8. SEM images of (A, B) E. coli and(C, D) S. aureus (A, C)
before and (B, D) after treating with 5.0 mg/mL of m-SiO,/CdTe/Ag
NSs for 360 min.

The SEM technique was employed to evaluate the
morphological change in bacteria after treatment with m-
SiO,/CdTe/Ag NSs as shown in Figure 8. Live and dead
bacteria were selected for morphological investigations to reveal
the way of damaging. It is noted that the untreated E. coli and S.
aureus have smooth and intact surfaces without cellular debris.
Healthy E. coli is an obtuse corynebacteria with a smooth cell
surface.*® After contact with m-Si0,/CdTe/Ag NSs, the rodlike
shape of E. coli can no longer keep original integrity. The cell
collapsed and corrugation is visible, giving a rugged surface. In
comparison to intact S. aureus with a grapelike shape and
smooth surface, morphology of the treated S. aureus
significantly changes after the contact with m-SiO,/CdTe/Ag
NSs.*® They present roughening and blebbing surface, and even
some cell content of S. aureus is leaked. These results indicate

that m-SiO,/CdTe/Ag NSs can destroy bacterial surface
structures.

The m-SiO,/CdTe/Ag NSs integrated high fluorescent
properties with powerful antibacterial activities can be applied
in anticounterfeit applications such as security of tickets,
certificates, money, checks, bank notes, trademarks, invoices,
etc. To evaluate the potentials for the anticounterfeit
applications, m-SiO,/CdTe/Ag NSs were incorporated into a
transparent ink to obtain UV light excited fluorescent
anticounterfeit ink. Figure 9 shows the digital photographs of
anticounterfeit labels painted in different modes with m-SiO,/
CdTe/Ag NSs ink under visible light and UV light irradiation.
These paintings were clearly revealed under UV light (Figure 9-
2), which is not quite obvious under visible light (Figure 9-1).
To verify the long-term stability, we stored the paintings in a
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Figure 9. Anticounterfeit labels painted with m-SiO,/CdTe/Ag NSs ink under (A1—-D1) visible light and (A2—D2) UV light excitation. (A3—D3)
Digital photographs of anticounterfeit labels after 6 months storage in 1 m* volume of E. coli dispersed casket under UV light excitation. (A4—D4)
Digital photographs of anticounterfeit labels without Ag NPs component after storage in bacterial atmosphere for 6 months under UV light

excitation.

1.0 m® closed system under bacterial atmosphere for six
months. Notably from Figure 9-3, the fluorescent properties of
m-Si0,/CdTe/Ag NSs have been well preserved for more than
six months without significant changes. For comparison, the
paintings pretreated with “Ag NPs removal” procedure were
also stored under bacterial atmosphere for 6 months. As
expected, the paintings were seriously destroyed, which is
obviously observed under UV irrigation (Figure 9-4). The
experimental data further confirm the enhanced anticounterfeit
applications of m-SiO,/CdTe/Ag NSs.

B CONCLUSIONS

In summary, fluorescent/antibacterial bifunctional nanomateri-
als, ie, m-SiO,/CdTe/Ag NSs, were skillfully designed and
successfully synthesized by the aid of mesoporous silica carriers.
Different techniques were applied to characterize m-SiO,/
CdTe/Ag NSs. Experiments prove that the loadings of Ag NPs
on m-SiO,/CdTe NSs are controllable, which is strongly
related to their antibacterial capabilities. The CdTe QDs on m-
SiO, NSs are vulnerable when encountering bacteria, whereas
Ag NP-loaded m-5i0,/CdTe/Ag NSs can protect CdTe QDs
from bacterial invasion. The real reason for this fact is that the
priority of Ag NPs over CdTe QDs to combat bacteria, which
was explained by the zeta potentials. The most plausible
antibacterial mechanisms of m-SiO,/CdTe/Ag NSs were
investigated. The possibility of using m-SiO,/CdTe/Ag NS
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integrated excellent fluorescent properties and long-term
antibacterial activities for potential in anticounterfeit applica-
tions was proven.
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