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ABSTRACT: In this work, a fluorescent hybrid core−shell
nanoparticle was prepared by coating a functional polymer
shell onto silver nanoparticles via a facile one-pot method. The
biomolecule poly-L-lysine (PLL) was chosen as the polymer
shell and assembled onto the silver core via the amine-reactive
cross-linker, 3,3′-dithiobis(sulfosuccinimidylpropionate). The
fluorescent anticancer drug, doxorubicin, was incorporated into
the PLL shell through the same linkage. As the cross-linker
possesses a thiol-cleavable disulfide bond, disassembly of the PLL shell was observed in the presence of glutathione, leading to
controllable doxorubicin release. The silver core there provided an easily modified surface to facilitate the shell coating and
ensures the efficient separation of as-prepared nanoparticles from their reaction mixture through centrifugation. Cell assays show
that the prepared hybrid fluorescent nanoparticles can internalize into cells possessing excellent biocompatibility prior to the
release of doxorubicin, terminating cancer cells efficiently as the doxorubicin is released at the intracellular glutathione level. Such
properties are important for designing smart containers for target drug delivery and cellular imaging.
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■ INTRODUCTION

Research on nanostructured materials over recent decades has
gained much attention because of the ability to tailor the
chemical and physical properties by simply varying their size,
composition, and structural order. Therefore, considerable
effort has been devoted to the design and fabrication of
nanocomposites with desired functionalities.1−9 Among them,
hybrid nanocomposites with core−shell structures have
attracted much interest for their unique advantages that can
combine diverse functionalities of materials (the core and the
shell) into one entity. Moreover, such core−shell materials
usually exhibit features that are different to the individual
entities, and in some cases the synergy is superior to their
single-component counterparts.10−12 To fabricate a core−shell
structured nanoparticle, one typical procedure involves
encapsulating a colloidal core (i.e., organic, inorganic, or
metal nanoparticle) with a special shell, so as to modify the
surface properties of the core component.13−22

An abundance of materials can be adopted to fabricate the
shell. Polymer shells possess advantages for their synthetic
versatility and the flexibility of the polymer chain. In regard to
polymer-shell-coated nanoparticles, there has been a wealth of
research in relation to functionalization of the polymers in
addition to the permeability of the polymer shells.23−26

Polymer-shell permeability typically depends on the nature of
the polymers, especially when stimuli-responsive polymers are
used. For example, by fabricating the polymer shell with weak
and strong polyelectrolytes via “layer-by-layer” self-assembly,
the permeability of the polymer shell can be tuned by changes
in environmental factors such as pH and ionic strength.27−30

Furthermore, synthesis of thermoresponsive polymers cross-

linked onto nanoparticles result in tailoring of the permeability
of the as-prepared polymer shell as a function of temperature.
Thus, controllable permeability of polymer shells can be
achieved by employing various stimuli-responsive poly-
mers.31−34

Meanwhile, the stimuli are not restricted to the above-
mentioned common triggers. Additional stimuli can be
extended to biomacromolecules and small molecules (e.g.,
glucose, enzymes, and glutathione (GSH)) that are inherently
present in biological systems.35−38 Polymer particles and
capsules constructed by these functional polymers have been
intentionally designed as specific biosensors and smart delivery
vehicles for controlled drug storage/release applications.39−43

However, such materials are only formed via time-consuming
synthesis and separation processes.
In this work, we reported a facile one-pot method to fabricate

a fluorescent core−shell structured nanoparticle composed of a
silver (Ag) nanoparticle core and a biocompatible polymer
shellthe biomolecule poly-L-lysine, (PLL). The PLL
molecules were cross-linked and assembled onto silver
nanoparticle surfaces by a primary amine-reactive cross-linker
3,3′-dithiobis(sulfosuccinimidylpropionate) (DTSSP). At the
same time, the commonly used fluorescent anticancer drug,
doxorubicin (DOX), was incorporated into the PLL shell via
the same linkage. As DTSSP contains a thiol-reducible disulfide
bond, when stimulated in the presence of GSH, the disulfide
bond is cleaved. This leads to a gradual disassembly of the PLL
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molecules and the release of DOX, allowing this controllable
release process upon GSH stimuli to be detected via
monitoring the fluorescence change of DOX.
The silver core was premodified with amino groups to

facilitate the PLL shell coating, and the heavier mass of the
silver core increases the separation efficiency of the prepared
nanoparticles from their reaction mixture via centrifugation.
The size of the prepared core−shell nanoparticles are suitably
tailored to ensure rapid internalization into cells, as evidenced
by cellular imaging assaying. Furthermore, both the release and
cell viability assays show that the as-prepared nanoparticles
possess good biocompatibility before the release of DOX at low
GSH concentrations, and at increased concentrations terminate
cancer cells efficiently. Such properties are important for
designing smart containers for specific drug-delivery applica-
tions and cellular imaging.

■ EXPERIMENTAL SECTION
Materials and Measurements. Cystamine dihydrochloride and

GSH were purchased from J&K Chemical Co. Silver nitrate, DOX, and
DTSSP were purchased from Sigma-Aldrich. PLL (Mw = 30 000−
70 000) was purchased from Beijing Biodee Biotechnology Co. Other
reagents used in the experiments were purchased from J&K Chemical
or Sigma-Aldrich, and were used without further purification, unless
otherwise stated. Distilled water was used. Ultraviolet−visible (UV−
vis) absorption spectra were collected on a Hitachi U-3900H
spectrophotometer. Fluorescence spectra were obtained using a
Hitachi F-7000 fluorescence spectrometer equipped with a xenon
lamp excitation source. The morphology of the Ag and Ag@PLL-DOX
nanoparticles were observed using a TEM (Hitachi H-7650B) at an
acceleration voltage of 40 kV, the Ag@PLL-DOX sample was stained
with phosphotungstic acid for 15 min before TEM observation. The
fluorescence images of the prepared hybrid nanoparticles and the cells
were recorded using a confocal laser scanning biological microscope
(CLSM; Olympus FV1000-IX81). Cell viability was detected using a
Spectra MAX 340 PC plate reader.
Synthesis of Ag Nanoparticles. Ag nanoparticles were

synthesized according to the literature.44 Ten milliliters of freshly
prepared 1% [Ag(NH3)2]NO3 was added to 10 mL of 2% tannic acid
solution at room temperature with vigorous stirring. After 30 min, the
resulting Ag colloids were collected and purified three times by
centrifugation at 8600 × g for 20 min prior to being redispersed in 20
mL of distilled water.
Synthesis of Amine-Modified Ag Nanoparticles. The prepared

Ag nanoparticles were first modified with amino groups. One hundred

microliters of Ag nanoparticles was added to 4 mL of a cystamine
dihydrochloride solution (0.25 mg/mL) under constant stirring
maintaining the reaction for 5 h. Thereafter, the amino-modified Ag
nanoparticles were washed and purified three times by centrifugation
at 8600 × g for 20 min, and redispersed in 1 mL of distilled water.

Synthesis of Ag@PLL-DOX Nanoparticles. Two hundred
microliters of a 5-mM DOX solution was first mixed with 4 mL of a
5-mg/mL PLL solution under gentle stirring. One milliliter of the
amino-modified Ag nanoparticle solution was added dropwise into the
mixture followed by 500 μL of a DTSSP solution (2.5 mg/mL). The
pH value was adjusted between the range of 9−10 with NaOH (1 M)
and the mixture stirred at room temperature for 12 h. The obtained
Ag@PLL-DOX nanocomposites were separated from the reaction
mixture by centrifugation at 8600 × g for 20 min, and redispersed in
100 μL of distilled water. The concentration of DOX was 1 mM,
which was calculated by monitoring the absorption of the supernatant
liquid.

Drug-Release Assay. A dose of the Ag@PLL-DOX nanoparticle
solution was added into 1 mL of an aqueous solution containing
varying concentrations of GSH (0−10 mM). The concentration of
DOX was maintained at 100 μM. The fluorescence intensity of the
mixture was detected after 5 min under excitation at 480 nm.

Cell Culture and Cell Imaging Assay. The human lung
carcinoma (A549) cells were grown in a 10% Dulbecco’s modified
eagle medium, (DMEM), and housed inside a humidified incubator at
37 °C under 5% CO2 atmosphere. For cell imaging observation, Ag@
PLL-DOX nanoparticles were incubated with the A549 cells at a
density of 100 000 cells/mL in a 35 mm glass-based dish. The
concentration of DOX was 100 μM. After incubation of 1 h, the
culture media was removed and the cells were washed with phosphate-
buffered saline three times. Each dish was observed by CLSM at 488
nm excitation with the emissions detected in the range of 550−650
nm.

Cell Viability Assay. The cytotoxicity of the nanoparticles were
evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) method. A549 cells were seeded in a 96-well
culture plate at a density of 1 × 104 cells/well and incubated with Ag@
PLL-DOX nanoparticles at 37 °C under 5% CO2 atmosphere for a
determined time. The DOX concentration was maintained at 100 μM.
Subsequently, the medium in each well was removed and 100 μL of
freshly prepared MTT solution (1 mg/mL) was added to each well
and further incubated for 4 h. Next, the supernatant was removed
followed by the addition of 100 μL of dimethyl sulfoxide (DMSO).
The plate was gently agitated for 5 min and the absorbance of the
formed purple formazan at 520 nm was then detected using a Spectra
MAX 340PC plate reader.

Figure 1. TEM micrographs of (a) Ag and (b) Ag@PLL-DOX nanoparticles.
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■ RESULTS AND DISCUSSION

Synthesis and Characterization of Ag@PLL-DOX
Nanoparticles. The Ag@PLL-DOX nanoparticles were
synthesized via a facile one-pot method. Silver nanoparticles
were first synthesized through a tannic acid reduction method
according to previous literature.44 To facilitate the subsequent
shell coating process, cystamine dihydrochloride was first used
to modify the Ag nanoparticles followed by the introduction of
amino groups to the surface of the Ag nanoparticles as a result
of the strong affinity between Ag and the disulfide groups of
cystamine.
The biomolecule, PLL, and anticancer drug, DOX, were

assembled onto the Ag nanoparticle surfaces in one step via the
water-soluble cross-linker, DTSSP. In this work, the two
activated terminal N-hydroxysulfosuccinimide esters were the
reason DTSSP was chosen as the cross-linker. The N-
hydroxysulfosuccinimide ester groups can react rapidly and
efficiently with the amino groups.41 Therefore, the DTSSP
serves as a cross-linking bridge between the amine-containing
PLL molecules and the amine-modified Ag nanoparticle
surfaces facilitating the polymer shell formation. At the same
time, the amino groups in the DOX molecules can
simultaneously cross-link, together with the amino group of
the PLL molecules, via the same linkage.37 Thus, this strategy
offers a facile manner to incorporate DOX into the PLL shell
during the shell formation process via a one-pot reaction.
Additionally, the silver core circumvents the problem of
separation, common among organic nanoparticles because of
their low nanoparticle weight, and hence the free DOX, yet to
be cross-linked, can be efficiently segregated from the as-
prepared Ag@PLL-DOX nanoparticles in the reaction mixture
via centrifugation. Another advantage of this new adopted
method is that as DOX is a fluorescent molecule it offers dual
functionality to the Ag@PLL-DOX nanoparticles with both
fluorescence and anticancer properties.
The morphology of the Ag and Ag@PLL-DOX nanoparticles

were studied by TEM observation. Figure 1a shows the TEM
micrograph of the as-prepared Ag nanoparticles. A near
spherical morphology is observed with an average diameter of
approximately 30 nm. When compared with the TEM
micrograph of the Ag@PLL-DOX nanoparticles in Figure 1b,
an obvious core−shell hybrid nanoparticle structure can be
observed for all the nanoparticles, with an electron dense (dark
contrast) Ag core and an electron lean polymer shell (light
contrast). The polymer shells are seen to be homogeneous and
uniform with an average thickness of ∼7 nm. Thus, the total
average diameter of the prepared Ag@PLL-DOX nanoparticles
is in the region of 44 nm. The resulting size is beneficial for
further drug-delivery applications as small nanoparticles are
reported to be easier to accumulate at tumor sites and penetrate
deeper into the inner regions of tumor lesions.42,45

The UV−vis absorbance spectra of the Ag@PLL-DOX
nanoparticles dispersed in aqueous solution is shown in Figure
2a. The surface plasmon absorption of pure Ag nanoparticles
and free DOX at the same concentration were also plotted on
the same graph for direct comparison. It can be seen that the
spectrum of Ag@PLL-DOX hybrid nanoparticles was a
superposition of the absorption spectrum of Ag nanoparticles
and the free DOX solution. When compared with Ag
nanoparticles, a red-shift of the plasmon absorption band of
Ag@PLL-DOX can be observed upon the PLL shell coating.
The red-shift of the plasmon absorption band of Ag@PLL-

DOX can be ascribed to the increase of the refractive index
around the Ag nanoparticles after the shell coating. This result
correlates with reported observations and also verifies the
successful coating of the PLL shell.22,46 The successful doping
of DOX into PLL shell was demonstrated by the CLSM image
of Ag@PLL-DOX nanoparticles shown in Figure 2b, from
which red fluorescent faculae could be clearly observed relating
to DOX. Additionally, the CLSM image also indicates that the
nanoparticles are highly dispersed after the drug-doped
polymer shell coating.
To apply the prepared Ag@PLL-DOX nanoparticles in drug

delivery, we studied the stability of them at different pH values
by fluorescence spectrometer. It was reported that the tumor
regions have a slightly acidic pH value as compared with the
physiological pH of 7.4. And even healthy cells express a lower
pH of 5.5−6.0 in endosomes and approached pH 4.0−5.0 in
lysosomes.47 So we incubated the Ag@PLL-DOX nanoparticles
in PBS with different pH values ranging from 3 to 7.4 and
studied their fluorescence intensity changes as a function of
time. The results showed that all the fluorescence intensity of
Ag@PLL-DOX nanoparticles had changed little even after 1 h’s
incubation, which demonstrated the good pH stability of these
nanoparticles in this pH range. It was probably due to the fact
that the PLL shell and DOX were cross-linked through covalent
bonds by DTSSP that ensures the stability of the shell and
minimized the possible leakage of DOX.

Drug-Release Assay. Glutathione is a thiol-containing
tripeptide that can be biosynthesized in the body and can
reduce disulfide bonds formed in the cytoplasm preventing
damage to important cellular components. It has been reported
that the extracellular GSH concentration is ∼2 μM, while the
intracellular GSH concentration is as high as 10 mM. This
dramatic difference in GSH concentration provides an
opportunity for designing intracellular-specific drug-delivery
systems.41,48 As the PLL shell and the anticancer drug, DOX,
were cross-linked by thiol-cleavable disulfide bonds, it is feasible
that the release of the entrapped DOX within the outer shell of
the Ag@PLL-DOX nanoparticles can be easily tailored in the
presence of GSH as a function of its concentration. Therefore,
the Ag@PLL-DOX nanoparticles were incubated in aqueous
solutions containing various GSH concentrations, and the
emission intensity of each studied by fluorescence spectrom-
etry.
Figure 3 exhibits the relative emission intensity change of the

Ag@PLL-DOX nanoparticle solutions as a function of GSH
concentration. Fluorescence of the nanoparticles directly
related to the DOX doped within the PLL shell under
excitation at 480 nm. As can be seen from the spectra, when
GSH concentrations are ≤100 μM, the DOX fluorescence

Figure 2. (a) UV−vis absorption spectra of Ag@PLL-DOX nano-
particles (blue line), Ag nanoparticles (green dash), and free DOX
(red dash) (b) CLSM image of Ag@PLL-DOX nanoparticles.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03440
ACS Appl. Mater. Interfaces 2015, 7, 13653−13658

13655

http://dx.doi.org/10.1021/acsami.5b03440


intensity only marginally increases with increasing GSH
concentration when compared with a blank, Ag@PLL-DOX
in the absence of GSH. However, upon further increases of
GSH concentration the fluorescence intensity of DOX
increases dramatically, which can be interpreted as fluorescence
recovery of DOX and ascribed to two main factors. The first
factor relates to the distance-dependent fluorescence quenching
effect of the Ag core. Metal nanoparticles are known to greatly
quench the fluorescence of fluorophores when in close
proximity to their surfaces because of the strong resonant
energy transfer from the fluorophore to the metal.49,50 In the
case of the Ag@PLL-DOX nanoparticles, the thin PLL shell
retains DOX closely to the Ag nanoparticle surface, thus the
resulting DOX fluorescence is greatly quenched by the Ag core
because of the near-field interaction. The second factor may lie
in localized high concentration of fluorophores that lead to
fluorescence self-quenching.51 Once the entrapped DOX is
released, its fluorescence recovery is achieved.
At a low GSH concentration, comparable to the extracellular

level (2 μM), minimal disulfide bonds located at the cross-
linked sites were cleaved by the thiol-containing GSH. In this
case, the PLL shells retain, to a high degree, their cross-linked
state and prohibit the majority of DOX from diffusion into the
solution. Thus, only slight fluorescence recovery of DOX was
observed. However, with increasing GSH concentration, more
thiol groups are available to interact with the disulfide bonds
and therefore become more susceptible to cleaving, releasing
DOX as a consequence resulting in fluorescence recovery, as
observed accordingly as the near-field quenching effect of Ag
and the self-quenching effect was efficiently avoided.
To further verify the release of DOX, we incubated the Ag@

PLL-DOX nanoparticles with a 10-mM GSH solution and
thereafter collected by centrifugation and investigated by TEM
observation. Figure 4a and 4b provide the TEM micrographs of
Ag@PLL-DOX nanoparticles before and after GSH treatment,
respectively. In sharp contrast with the core−shell-structured
Ag@PLL-DOX nanoparticles (Figure 4a), bare Ag nano-
particles were mainly found after the GSH treatment as
shown in Figure 4b. This indicates that a high concentration of
GSH facilitates the cleavage of the shell cross-links. The PLL
molecules as well as DOX molecules were thus disassembled
and dissolved into the solution, yielding bare Ag nanoparticles.
Therefore, the fluorescence increase relates to the release of
DOX molecules from the shell into the solution. This
fluorescence-response behavior provides evidence that GSH
facilitated the release of DOX, and the prepared Ag@PLL-
DOX nanoparticles minimize the release of entrapped drug

molecules before reaching the target tissuea property of great
importance to drug-delivery systems.

Cellular Imaging Assay and Cell Viability Assay.
Because the Ag@PLL-DOX nanoparticles show controlled
release of DOX upon GSH stimuli, it is critical to determine
whether the nanoparticles could internalize into cells, for this
drug-release event is only effective within cells. Therefore, a cell
imaging assay method was employed to study the cell
internalization properties of the Ag@PLL-DOX nanoparticles.
A concentrated Ag@PLL-DOX nanoparticle solution was
added to 1 mL of an A549 culture medium and the mixture
was incubated at 37 °C for 1 h (the final concentration of DOX
was 100 μM). After the designated time, the culture media was
removed and the cells were washed three times with phosphate-
buffered saline buffer. A549 cells cultured without Ag@PLL-
DOX nanoparticles were used as a control experiment.
Fluorescent confocal microscopy images of the A549 cells are
shown in Figure 5, and the fluorescence images were recorded
under excitation at 488 nm.
Compared with the image of the cells without addition of

nanoparticles (Figure 5a), it is observed that the staining of the
cells possessed a high degree of correlation to the Ag@PLL-
DOX nanoparticles as bright red fluorescence from the DOX
molecules can be clearly seen from Figure 5c, which show the
fluorescence image of the cells treated with Ag@PLL-DOX
nanoparticles. After overlapping the fluorescence image and the
bright-field image of the cells (Figure 5d), it was evidenced that
the vast majority of the nanoparticles were observed in the
cytoplasm, strongly indicating that the Ag@PLL-DOX nano-
particles were internalized by the cells. Additionally, the Ag@
PLL-DOX nanoparticles could be used for efficient cellular
imaging.
As the Ag@PLL-DOX nanoparticles were proved to be able

to internalize into the cells, we further studied their intracellular
drug-release ability via cell viability assay. Ag@PLL-DOX
nanoparticles were incubated with A549 cells. Cell viability was
studied via the MTT assay as a function of incubation time.
The absorbance of MTT at 520 nm is dependent on the degree
of cell activation. Cell viability was expressed by the ratio of
absorbance of the cells incubated with Ag@PLL-DOX
nanoparticles to that of the cells incubated with culture
medium only. The data from the plot in Figure 6 show that
after incubation for 1.5 h, the cell viability was still as high as
93%, showing good biocompatibility of the Ag@PLL-DOX
nanoparticles. This could be because of the fact that during the
first 1.5 h, at the intracellular GSH level, only a minority of the
disulfide bonds (amine-linkage) were broken by the thiol group
of GSH with the PLL shell retaining its cross-linked state that
efficiently entrapped the DOX within. Inherently, the

Figure 3. Fluorescence intensity spectra of Ag@PLL-DOX nano-
particle solutions as a function of GSH concentration.

Figure 4. TEM micrographs comparison of Ag@PLL-DOX nano-
particles (a) before and (b) after GSH treatment.
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biocompatible PLL shell allows the Ag@PLL-DOX nano-
particles to have low cytotoxicity.
With increasing incubating time, further cross-linked sites

were cleaved by GSH resulting in the PLL shell gradually
disassembling in the cells leading to the large release of trapped
DOX. Thus, a dramatic decrease of the cell viability was
observed. Furthermore, the viability ratio reduced to ∼55%
after a short incubation time of 4 h. The results demonstrate
the controlled nature of the drug-release properties of the
prepared Ag@PLL-DOX nanoparticles, which is significant for
its use as an efficient drug-delivery system.

■ CONCLUSION
Core−shell fluorescent nanoparticles of Ag@PLL-DOX were
prepared. The biomolecule PLL, and fluorescent anticancer
drug DOX, were successfully assembled onto the Ag nano-
particle surfaces by a facile one-pot method via the disulfide
cross-linker DTSSP. As the disulfide bond of DTSSP can be
cleaved by the thiol group, GSH-mediated drug-release
behavior of the Ag@PLL-DOX nanoparticles was observed.
The release of DOX upon different GSH concentrations was
detected via the fluorescence-recovering phenomenon of DOX
related to the distance-dependent fluorescence quenching effect
of the silver core. Fluorescence images of the cells proved the
cell internalization ability of the prepared Ag@PLL-DOX
nanoparticles. Cellular viability assaying demonstrated that the
Ag@PLL-DOX nanoparticles possess good biocompatibility
and terminate cells efficiently upon DOX release at the
intracellular GSH concentration. Tailoring such properties
provide promising applications of the Ag@PLL-DOX nano-
particles as a specific drug-delivery system.
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