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Self-Assembled Nanocomposite Film with Tunable Enhanced
Fluorescence for the Detection of DNA
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ABSTRACT: In this study, a simple and environmentally
friendly, silver nanocomposite film was prepared via the in situ
reduction of silver ions in self-assembled chitosan (CS)/
sodium alginate film matrixes. Negatively charged DNA
containing the fluorescent intercalator acriflavine (Acf) was
assembled on the surface of the silver nanocomposite film, to
facilitate the detection of DNA. A tunable fluorescence
enhancement was achieved for the Acf in the silver
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nanocomposite film simply by changing the thickness of the interlayer between the DNA and the silver nanocomposite film.
Using the interlayer prepared by an assembly of poly(acrylic acid) and CS, a significant enhancement in the fluorescence of Acf
was obtained. Owing to the ability of Acf to intercalate into DNA, this hybrid system with an enhanced Acf fluorescence could be
used to monitor the template-independent DNA elongation process in a facile, high-efficiency, label-free fashion.
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B INTRODUCTION

The detection of fluorescence is an important technique in the
chemical and biological fields, because of the high sensitivity
and the high efficacy that it is possible to achieve.'”® The
fluorescent intensity of a fluorophore plays a crucial role in the
detection of fluorescence; the sensitivity of detection is related
to the fluorescent intensity of a fluorophore. As a result, much
effort has been devoted to the modification of fluorophores or
the preparation of novel fluorophores, with the aim of obtaining
a high fluorescence intensity;g_12 however, these efforts can be
labor intensive and time-consuming. Recently, an efficient
method, metal-enhanced fluorescence (MEF), was employed to
increase the fluorescence intensity and stability of fluoro-
phores.>™'

MEF typically occurs as a result of the near-field interaction
of excited fluorescence with surface plasmon resonance (SPR)
from adjacent metallic nanostructures.'®'” To produce MEF,
therefore, a suitable metallic nanostructure that supports SPR
should be fabricated first. In MEF studies, nanostructured Ag is
typically applied as the metallic nanostructure, because of its
intense SPR."®"** Nanostructured Ag can be prepared via the
reduction of Ag ions in the presence of surfactants or polymeric
matrixes.”> >’ Layer-by-layer (LbL) multilayer films, which can
act as good matrixes for the in situ formation of metal
nanoparticles, have attracted much attention.”*>° The
polyelectrolyte components in LbL multilayer films can provide
abundant binding sites for Ag ions. Nanostructured Ag films
that induce MEF have thus been fabricated in an in situ fashion
via the selection of appropriate polyelectrolytes with reducing
abilities.>”>* The magnitude of the effect of MEF on
nanostructured Ag film surfaces is distance dependent.*>~%
LbL multilayer films, whose thickness can be accurately
controlled,>”™° can be used to fine-tune the distance between
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the fluorophores and the metal nanostructures; controllable
MEF eftects could therefore be realized easily using the self-
assembly technique.

DNA polymerase-catalyzed DNA synthesis is an important
process in replicating, recombining, and repairing DNA.***' As
a template-independent DNA polymerase, terminal deoxynu-
cleotidyl transferase (TdT) can add random nucleotides to
single-stranded DNA to form random genes, a process that is
meaningful for genomic immunoassays;‘n_44 it is therefore
necessary to be able to monitor the TdT-catalyzed DNA
elongation process. Compared with traditional gel electro-
phoresis, the detection of DNA on solid surfaces has become
increasingly important, because of the advantages of these
techniques in terms of their high efficiency and good
stability.* ™ Tt is therefore desirable to develop new solid
detection platforms to meet the demand for DNA detection.

Here, we report a simple and environmentally friendly,
hybrid Ag nanocomposite film for the enhancement of the
fluorescence of the DNA-intercalated dye acriflavine (Acf), %0
an enhancement that allowed the detection of DNA. A hybrid
Ag nanocomposite film was prepared via the in situ reduction
of Ag ions in polyelectrolytes matrixes, which were prepared via
the self-assembly of chitosan (CS) and sodium alginate (ALG).
ALG was used as both the reducing and stabilizing agent, so no
further external agent was needed. Negatively charged DNA
containing Acf, which was intercalated into the DNA, was
assembled on the film surface, to allow the detection of DNA. It
was easy to adjust the interaction distance between the DNA
and the Ag nanocomposite film using biocompatible poly-
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Scheme 1. Schematic of the Process Used for the Fabrication of the System Platform and the Chemical Structures of the
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(acrylic acid) (PAA)/CS multilayers, and the MEF effects of
the nanocomposite film on the Acf were controlled by varying
the thickness of the multilayer. By measuring the enhanced
fluorescence intensity of the Acf, the hybrid system could be
used to monitor the TdT-catalyzed DNA elongation process
with improved simplicity and efficiency.

B EXPERIMENTAL METHODS

Materials and Measurements. CS, ALG, PAA (35 wt % aqueous
solution, M, = 30000), polyethylenimine (PEL SO wt % aqueous
solution, M, = 55000), and Acf were purchased from Sigma-Aldrich.
Silver nitrate (AgNO;), ammonium hydroxide solution (NH;-H,O,
25%), and other chemicals and solvents were purchased from Beijing
Chemical Reagent Co. Ltd. and were used without further purification.
The oligonucleotides were purchased from Shanghai Sangon
(Shanghai, China). The DNA concentrations were determined by
measuring the absorbance at 260 nm. GoldView nucleic acid stain was
purchased from Beijing SBS Genetech Co., Ltd. TdT and dNTPs were
obtained from Takara Corporation. Ultraviolet—visible absorption
spectra were recorded on a Hitachi U3900 spectrophotometer. The
fluorescence spectra were recorded on a Hitachi F-7000 spectropho-
tometer under xenon lamp excitation. The morphology of the Ag
nanoparticles in the films was determined using scanning electron
microscopy (SEM, JEOL JSM-7401F). The thickness of each
multilayer film was determined using a surface profilometer (XP-2,
Ambios Technology, Santa Cruz, CA, USA) at room temperature.
Electrophoresis analysis experiments were performed by loading
different DNA samples onto a 3% agarose gel stained with GoldView.
The gel was run at 80 V for 10 min in a 1X TBE buffer (8.9 mmol/L
tris base, 8.9 mmol/L boric acid, 0.2 mmol/L EDTA, pH 7.9). A
photograph was taken using a Molecular Imager ChemiDocXRS
system.

Preparation of Hybrid Ag Nanocomposite Films. Quartz
slides (10 mm X 30 mm) were cleaned via immersion in piranha
solution (H,0,/H,S0, = 1:3 v/v) for 30 min. (CAUTION: “Piranha”
solution reacts violently with organic materials; it must be handled with
extreme care.) The quartz slides were then washed three times with
deionized water under sonication and dried under a gentle stream of
nitrogen. Four bilayers of polyelectrolyte CS and ALG films were
prepared by alternately immersing the slides in oppositely charged CS
(3mL, 1 mg/mL in 0.1 mol/L acetic acid) and ALG (3 mL, 1 mg/
mL) solutions under the same conditions. The outermost layer of the
CS/ALG multilayer films was ALG, to allow for the adsorption of Ag
ions. Prior to the preparation of the Ag nanoparticles, a silver ammonia
solution (Ag(NH,;),OH) was prepared, as follows: a 2% NH;-H,0
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aqueous solution was slowly dropped into 15 mL of a 25 mmol/L
AgNO; solution until the mixture became colorless. The CS/ALG
multilayer-coated quartz slides were then immersed in an Ag-
(NH;),0OH solution at 80 °C for 1 h to reduce the [Ag(NH,),]*
ions. By this method, the hybrid Ag nanocomposite films were
obtained.

Preparation of Ag/Acriflavine Nanocomposite Films. The
hybrid Ag nanocomposite films (ALG-covered) were immersed in a
PEI solution (3 mL, 1 mg/mL) for 10 min and then alternately
immersed in oppositely charged PAA (3 mL, 1 mg/mL) and CS (3
mL, 1 mg/mL in 0.1 mol/L acetic acid) solutions under the same
conditions. In the experiments, one to four bilayers were prepared to
control the thickness of the interlayer films. The CS-covered surface
was allowed to adsorb the negatively charged DNA. Fifty microliters of
a mixture of DNA (1 X 107 mol/L) and Acf (1.5 X 10> mol/L) was
spread on each of the prepared films and then left for 1 h. The slides
were then rinsed using PBS buffer (25 mmol/L, pH 7.4) and dried
under a gentle stream of nitrogen. As a control, the quartz slides were
covered with the same interlayers. The MEF was measured by
comparing the fluorescence intensities of the different samples.

Detection of DNA on Ag/Acriflavine Nanocomposite Films.
Forty microliters of DNA P11 (1 X 1075 mol/L), 20 L of a 5x TdT
buffer, 10 uL of a 0.1% BSA suspension, 10 uL of the dNTPs (1 X
1075 mol/L), 8 uL of TdT (14 U/uL), and 12 uL of deionized water
were mixed in solution and then incubated at 37 °C for 10—60 min. At
10, 20, 30, 45, and 60 min, SO uL of a mixture of the obtained DNA (1
X 107 mol/L) and Acf (1.5 X 107> mol/L) was separately spread on
each prepared film and left for 1 h. The slides were then rinsed using
PBS buffer (25 mmol/L, pH 7.4) and dried under a gentle stream of
nitrogen.

B RESULTS AND DISCUSSION

Preparation and Characterization of Hybrid Ag
Nanocomposite Films. The MEF platform system was
fabricated using the process illustrated in Scheme 1. First,
four layers of the flexible polyelectrolytes CS and ALG were
self-assembled on a quartz substrate, to produce a nanoreactor
for the preparation of the Ag nanoparticles (Ag NPs). Silver
ions were adsorbed on the top anionic ALG layer and then
reduced in situ by the aldehyde groups of the ALG (which
acted as a reducing agent), forming an Ag-PE film.>" A thin
layer of cationic PEI was then deposited, to improve the self-
assembly ability of the structure. Anionic polyelectrolyte PAA
and cationic polyelectrolyte CS were deposited stepwise via
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self-assembly, to form an interlayer. Finally, negatively charged
DNA with fluorescent Acf, which intercalated into the DNA,
was deposited on the multilayer films, to allow the assessment
of the MEF.

The Ag NPs were synthesized in situ in the CS/ALG
multilayer film, using the biopolymer ALG as both a reducing
and stabilizing agent. ALG contains not only negative carboxyl
groups that can adsorb Ag ions but also aldehyde groups that
can act as a reducing agent to reduce Ag ions into Ag NPs.>*
No further external agent was added. The presence of Ag NPs
in the CS/ALG multilayer film was confirmed using ultra-
violet—visible absorption spectroscopy. As shown in Figure 1,
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Figure 1. Ultraviolet-visisble absorption spectra for the Ag NPs in the
Ag-PE film, shown for different reaction times (10—60 min).

when the reaction time reached 10 min, the Ag NPs exhibited a
characteristic absorption peak at approximately at 416 nm,
which was consistent with the SPR band of Ag NPs.>* As the
reaction time increased from 10 to 60 min, the intensity of the
SPR band increased, indicating the continuous reduction of
silver ions. Simultaneously, the maximum in the absorption of
the Ag NPs shifted from 416 to 433 nm, which revealed the
growth of the Ag NPs.>**° The reaction could also be easily
visualized through the color changes in the Ag-PE film (from
transparent to deep brown).

SEM images of the Ag-PE film taken after different reaction
times are shown in Figure 2. The Ag NPs were uniformly and
randomly distributed in all of the multilayer films. As the
reaction time increased to 60 min, the Ag NPs gradually spread
over the surface, and the Ag NPs became larger, results that
corresponded to the findings from the ultraviolet—visible
spectra. The diameter of the Ag NPs obtained after 60 min
was approximately 57 nm, as shown in Figure 2, a size that was
suitable for the generation of MEF effects.’* Dense Ag
structures result in efficient MEF effects;*° therefore, the 60
min Ag-PE film was selected as the metallic substrate to be used
in our study.

MEF Effects of an Ag/Acriflavine Nanocomposite
Film. To enhance the fluorescence intensity of fluorophores
using the obtained Ag-PE film, it was crucial to consider the
distance between the Ag-PE film and the fluorophores. Acf was
chosen as the fluorophore, because its absorption spectrum
overlapped well with the absorption spectrum of the Ag in the
Ag-PE film, which indicated that it would promote MEF
(Figure 3).56’57 Moreover, Acf can intercalate into DNA.**7°
DNA, which has multiple charges, could be easily assembled on
the polyelectrolyte surface.
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Figure 3. Normalized absorption spectrum (black) of Ag NPs in the

Ag-PE film; normalized absorption (red) and fluorescence spectra
(blue) of Acf in water upon excitation at 450 nm.

The fluorescence intensity of Acf at different distances from
the surface of the Ag-PE film was studied. A series of PEI/
(PAA/CS), (n = 0—4) interlayers with different thicknesses
were prepared via self-assembly, using electrostatic interactions.
As shown in Figure 4a, the fluorescence intensity of Acf
changed significantly with distance. When the number of PAA/
CS bilayers was increased from one to three, the fluorescence
intensity of Acf exhibited a significant increase. When the
interlayer was formed from three bilayers, the fluorescence
intensity of Acf reached its maximum. Further increases in the
number of PAA/CS bilayers caused the fluorescence intensity
of the Acf to decrease. The thickness of the interlayer was
proportional to the number of PAA/CS bilayers, and the
thickness of each PAA/CS bilayer was approximately 3.4 nm.
The (PAA/CS); interlayer produced the largest MEF effect, so
the optimal interaction distance in our MEF system was
determined to be approximately 10.2 nm.

The adsorption of P11(Acf) was further illustrated in the
absorption spectra shown in Figure 4b. After the mixture of
DNA P11 and Acf was spread on the prepared film, the
absorption spectra (Figure 4b) showed a distinct absorbance
peak at 260 nm, which was attributed to the DNA. However,
the absorption peak for the Ag NPs was red-shifted from 433 to
444 nm after the assembly of the PEI/(PAA/CS); multilayer

Figure 2. TEM image of the Ag-PE film after different reaction times: (a) 10 min, (b) 30 min, and (c) 60 min.

1336

DOI: 10.1021/am507772e
ACS Appl. Mater. Interfaces 2015, 7, 1334—1339


http://dx.doi.org/10.1021/am507772e

ACS Applied Materials & Interfaces

Research Article

a 3 b —_— 7 —Ag-PEs C 1200 —Ag-PEs/P11(Acf)

1000 o 3 6| —— Ag-PES/PEI/(CSIPAA)3 ’51000_ — PEI/(CS/PAA)3/P11(Act)

g 800 % % % 5|  —Ag-PESIPEN(CSIPAA)3/P11(Ach) s —— Ag-PES/IPEI/(CSIPAA)3/P11(Acf)
0 L 2

2 60 ¢/ % % 2 ‘3‘ s

Swl o )| £ g

‘@ 200} 7 8 4] -

£ 300 400 500 600 700 800 475 500 525 550 575 600 625 650
™ Bilayer number Wavelength (nm) Wavelength (nm)

Figure 4. (a) The effect of interlayer thickness on the fluorescence intensity of Acf in an Ag/acriflavine nanocomposite film; (b) ultraviolet—visible
absorption spectra for Ag-PEs, Ag-PEs/PEI/(PAA/CS);, and Ag-PEs/PEI/(PAA/CS),/P11(Acf) film, and (c) fluorescence spectra for Acf on
different substrates. The excitation wavelength was 450 nm. The error bars show the standard deviation determined from three independent

measurements.
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Figure S. (a) Fluorescence spectra of Acf on the Ag-PEs/PEI/(PAA/CS);/DNA(Acf) film in the presence of DNA with different base lengths. (b)
Sequences of DNA with 11, 20, and 35 bases. The excitation wavelength was 450 nm.
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Figure 6. (a) Fluorescence spectra for Acf on the Ag-PEs/PEI/(PAA/CS);/DNA(Acf) film as a function of the TdT incubation time. (b)
Electrophoretic analysis of P11 as a function of the TdT incubation time. [P11] = 4 X 107 mol/L.

film and further to 452 nm after the assembly of P11(Acf). The
band for Acf at 450 nm overlapped with the absorption peak for
Ag. Previous studies demonstrated that the SPR of Ag NPs was
affected by the dielectric properties of the surrounding
medium.**** This red-shift was therefore likely mainly related
to the change in the dielectric environment; this phenomenon
also demonstrated the successful assembly of the PEI/(PAA/
CS);/P11(Acf) multilayer film on the Ag-PE film.

The fluorescence spectra for a PEI/(PAA/CS);/P11(Acf)
film without any Ag nanostructures were measured as a control
experiment. As shown in Figure 4c, a large, 3.4-fold
enhancement was observed for Acf on the Ag-PEs/PEI/
(PAA/CS),/P11(Acf) film, compared with the PEI/(PAA/
CS);/P11(Acf) film. However, the fluorescence intensity of the
Acf decreased when the P11(Acf) was directly attached on the
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Ag-PE film, which proved that an appropriate interlayer was
required in the MEF system. The prepared Ag-PE film could be
used as a metallic substrate to realize MEF, and the fluorescent
properties of the Acf on this substrate were significantly
modified.

Detection of DNA Elongation on an Ag/Acriflavine
Nanocomposite Film. Taking advantage of the enhanced
fluorescence intensity produced in the Acf, we examined the
ability of this hybrid system to monitor the template-
independent DNA elongation process. First, fluorescence
spectra were measured for Acf on the Ag-PEs/PEI/(PAA/
CS);/DNA(Acf) films in the presence of DNA with different
base lengths (Figure Sa). The sequences of the DNA strands
used are shown in Figure Sb. The fluorescence intensity of the
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Acf increased with increasing DNA length, indicating that more
of the Acf was intercalated in the DNA that had more bases.

The Ag-PEs/PEI/(PAA/CS);/DNA(Acf) film was applied
to monitor the elongation of DNA by TdT. DNA P11 with 11
bases was used as a primer in the DNA elongation process,***®
and TdT then added nucleotides to P11, forming longer DNA
strands. The obtained DNA solution was mixed with Acf and
then spread on the Ag-PEs/PEI/(PAA/CS); film, which was
then rinsed with PBS buffer (25 mM, pH 7.4). Figure 6a shows
the fluorescence spectra for Acf as a function of the TdT
incubation time on the hybrid film. When the incubation time
was increased from 0 to 60 min, the fluorescence intensity of
Acf increased gradually, indicating that more of the Acf was
intercalated in the DNA. Therefore, the DNA with more bases
was obtained, and the DNA elongation had occurred. The
elongation of P11 was also confirmed using electrophoresis
analysis experiments, using a 3% agarose gel (Figure 6b). A
solution without P11 was used as a control; in the gel image,
this sample is shown in lane 1, and no band was observed.
When the incubation time was 0 min, a single band
corresponding to P11 was observed in lane 2. When the
incubation time was increased, a series of bands was observed
in lanes 3—7. More bands appeared with increasing incubation
time. The gradually appearing bands indicated that the DNA
that had more bases was obtained, and the P11 primer was
elongated by TdT. The results were corresponding with the
fluorescence spectra shown in Figure 6a. Therefore, in contrast
with gel electrophoresis, the hybrid system described here
allowed the template-independent, TdT-produced, DNA
elongation process to be monitored in a fast, simple, and
label-free fashion.

B CONCLUSION

A simple, environmentally friendly, Ag nanocomposite film was
prepared to enhance the fluorescence intensity of the DNA-
intercalated dye Acf. Biocompatible ALG functioned as
reductant and stabilizing agent in the in situ synthesis of Ag
NPs in CS/ALG multilayer films to form an Ag nanocomposite
film. Negatively charged DNA containing the intercalator Acf
was adsorbed on the film surface to facilitate the detection of
DNA. By varying the distance between the DNA and the Ag
nanocomposite film, the Ag nanocomposite film could be used
to tunably enhance the fluorescence of the Acf. The
conventional self-assembly of PAA and CS was successfully
used to produce a 3.4-fold increase in the fluorescence intensity
of Acf. When the enhanced fluorescence intensity of the
intercalated Acf was exploited, the hybrid system was used to
monitor the template-independent, TdT-catalyzed elongation
of DNA in a facile, highly efficient, and label-free way.
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