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DNA tetrahedrons modified silver nanoparticles (AgNPs) are
achieved via amino-silver chemistry for the first time, which are
applied in a colorimetric biosensor for detecting HIV-related
DNA. Target DNA initiated strand displacement polymerization
and nicking endonuclease aided cycles are involved to link DNA
tetrahedron modified AgNPs, reporting colorimetric responses.
This developed method shows excellent specificity and sensitivity.
A wide linear range from 1 to 15000 nM is achieved with a limit
of detection of 0.84 nM. Moreover, it has been successfully applied
to determine DNA in blood serum samples.

Acquired deficiency syndrome (AIDS) is a tremendously lethal
infectious disease induced by human immunodeficiency virus (HIV),
which destroys the immune system of human beings.* HIV is a kind
of RNA virus which owns two RNA chains in the genome.? CD4
lymphocytes are the main targets in the immune system for attacking.®
After invaded in host cells, RNA will be transcribed into DNA for
further gene expression. AIDS patients are susceptible to various
diseases and malignant tumors may be developed. The mortality rate
of AIDS is extremely high. Therefore, there are urgent needs to
develop accurate and convenient methods for the detection HIV-
related DNA for the purposes of early diagnosis and clinical therapy
of AIDS.*

Currently, a number of traditional techniques have been applied
for DNA detection such as flow cytometry, northern blotting analysis,
microarray and so on. However, these methods cannot meet the
requirements of point-of-care (POC) testing due to the requirements
for skilled operation, expensive equipment, complicated reagents and
time-consuming procedures. Development of novel biosensors is
much essential. During the past years, a diversity of DNA assay
methods have been proposed utilizing techniques including
fluorescence,> chemiluminescence,”? electrochemistry,1°
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photoelectrochemistry!! nanopore-based assay,'? and colorimetry.13
Among them, colorimetry has attracted extensive attention due to its
easy operation, low cost, and intuitive display.** Gold nanoparticles
(AuNPs) and silver nanoparticles (AgNPs) show wonderful localized
surface plasmon resonance (LSPR) properties, which are excellent
materials for colorimetric biosensors.!®> The colors of the colloidal
systems always rely on their sizes, morphologies, capping molecules,
and distribution states. AgNPs are gaining more and more attention
since they possess higher extinction coefficients, facile synthesis and
functionalization properties.6-%7

However, the sensitivity of colorimetric sensor is always limited,
which requires the involvement of signal amplification. So far, a
diversity of amplification strategies have been adopted in biosensors.
PCR is the most widely used technique with well-behaved sensitivity.
To simplify the testing system, isothermal reactions are excellent
alternatives, such as rolling circle amplification (RCA),'® exonuclease
aided target recycling,’® “click” chemistry,?® hybridization chain
reaction (HCR),? strand displacement amplification (SDA),? and
catalyzed-hairpin-assembly (CHA) amplification.?> Furthermore,
polymerization/nicking machinery always achieves higher sensitivity
with cascade amplification.?*?> For instance, Willner’s group
developed an autonomous isothermal DNA biosensor with
replication/nicking processes and the displacement of a DNAzyme to
generate the emission of fluorophore.?® Similarly, Ye’s group also
coupled DNA polymerase with nicking endonuclease for amplified
detection of RNA in complex biological samples.?” The generated
products opened the molecular beacon for fluorescence readout. Ge et
al. designed a label-free homogeneous electrochemical system to
achieve DNA logic gates by the employment of
polymerization/nicking machines.?® Qu et al. performed strand
displacement polymerization and nicking reactions on quantum dot-
encoded silica bead for visual analysis of RNA.? Huang et al.
designed a graphene oxide-based fluorescent biosensor platform with
target-induced  polymerization/nicking  reactions  for  signal
amplification.3°
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Scheme 1. Illustration of (A) Target DNA-induced cascade strand
displacement amplification; (B) AgNP@DNA tetrahedron based
colloid system for sensitive detection of DNA.

In this work, we have integrated the advantages of colorimetric
system and polymerization/nicking machinery. An amplified
colorimetric biosensor for the detection of HIV-related DNA is
proposed. After target-triggered reactions, numerous DNA strands are
produced, which can be used to link DNA tetrahedron modified
AgNPs for colorimetric responses. This method shows excellent
analytical performances due to the strand displacement
polymerization and nicking endonuclease aided cycles. It can also be
facilely operated and the colloid system is much stable with DNA
tetrahedron modification. Moreover, mismatched DNAs can be
successfully distinguished. Therefore, this method may provide great
potential in the biomedical researches and clinical diagnosis.

Detailed working strategy is shown in Scheme 1. Generally, a
single-stranded Template DNA is designed which contains
complementary sequence of Linker DNA, two target recognition
regions, and two restriction sites of Nb.BbvCl. Target DNA works as
a primer, which partially hybridizes with Template DNA, and is able
to be extended by Klenow fragment polymerase. The formed
complete double-stranded DNA can be cleaved by Nb.BbvCl,
producing two nicks. With continuous polymerase-catalyzed reaction,
Target DNA and Linker DNA probes are displaced. The released
Target DNA can be further used for more cycles of hybridization,
extension, nicking and strand displacement reactions. Compared with
conventional  polymerization/nicking machinery, two target
recognition regions are designed and the efficiency of target recycling
is improved significantly. Therefore, numerous Linker DNA probes
are produced by the cascade SDA. On the other hand, the distribution
state of AgNP@DNA tetrahedron is controlled as colorimetric
response of this DNA biosensor. DNA tetrahedrons are firstly formed
by four single-stranded DNA probes, which can be characterized by
polyacrylamide gel electrophoresis. In the gel image, DNA structures
formed by one, two, three and four strands are clearly shown and their
molecular weights are in good agreement with expected values (Fig.
S1). Since the probes of T-B, T-C and T-D are modified with amino
groups at the 5” terminals, the formed DNA tetrahedrons contain three
amino vertices, which facilitate their immobilization on the surface of
AgNPs via amino-silver chemistry.3* This three-dimensional
immobilization mode shows several advantages over traditional
single-stranded or hairpin-structured immobilization modes. First,
three functional groups at the bottom of DNA tetrahedron make the
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conjugation more stable.®? Second, functionalizatiop,, of..singles
stranded DNA on the surface of nanoparticles4Nvay< P6§{£I54 Osaft
aging” process, which is quite time-consuming.®*3 It can be
eliminated in the case of DNA tetrahedron functionalization. Third,
the proposed DNA immobilization mode provides more efficiency of
accessibility and hybridization.3¢-3 Since the two single-stranded
sequences on top of the two DNA tetrahedron can partially hybridize
with Linker DNA, remarkable aggregation of AgNPs occurs with
plenty of Linker DNA produced by the cascade SDA. In addition, in
the DNA nanostructure formed by Linker DNA and DNA
tetrahedrons, Linker DNA is folded, which is different from
traditional sandwich structure. This design shortens the distance
between two AgNPs for enhanced LSPR effect. Finally, by studying
UV-vis absorption spectra of AgNPs, sensitive analysis of Target
DNA is achieved.

Absorbance (a.u.)

Wavelength (nm)

Fig. 1 (A) UV-vis absorption spectra of (a) bare AgNPs, (b) AgNPs
with salt, (c) AQNP@DNA tetrahedron, (d) AgNP@DNA tetrahedron
with salt, AQNP@DNA tetrahedron colloid systems with salt after
SDA in the (e) absence and (f) presence of Target DNA. (B) Gel
electrophoresis image for different nucleic acids samples: (a)
Template DNA, (b) Template DNA after SDA in the absence of
Target DNA, (c) Template DNA after SDA in the presence of Target
DNA.

The sensing strategy for Target DNA assay can be directly proved
by the observation of the distribution states of AgNP@DNA
tetrahedron by transmission electron microscope (TEM). The size of
the nanocomposites is estimated to be 5 to 10 nm, which is well-
dispersed in the solution containing salt with high concentration (Fig.
S2). However, after Target DNA initiated cascade SDA, numerous
Linker DNA are produced and obvious crosslinking aggregation of
AgNPs is thus observed (Inset in Fig. S2). More evidences can be
obtained by observing UV-vis absorption spectra or even the solution
colors. As shown in Fig. 1A, a significant peak appears at 400 nm for
bare AgNP (curve a). However, after the addition of certain salt, the
peak disappears, indicating the salt-induced aggregation of
unprotected AgNPs (curve b). However, the peak at 400 nm barely
changes for AQNP@DNA tetrahedron even with the addition of salt,
which is owing to the DNA protection effect (curve c and d). In the
absence of Target DNA, no Linker DNA is supposed to be produced,
thus the UV-vis absorption spectrum is also unaltered (curve e).
However, after Target DNA-triggered SDA, plenty of Linker DNA
probes are generated, which lead to crosslinking aggregation of
AgNP@DNA tetrahedrons. Thus, the peak at 400 nm drops
significantly (curve f). By observing color variations of corresponding
colloid systems, similar conclusions can also be obtained (Inset in Fig.
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1A). To confirm the reactions of DNA hybridization, extension,
nicking and strand displacement, gel electrophoresis is performed. As
shown in Fig. 1B, a bright band is shown in lane a, which is ascribed
to Template DNA. In the absence of Target DNA, SDA cannot occur,
thus the position of DNA band is not changed (lane b). After
hybridized with Target DNA and further SDA reactions, complete
double-stranded DNA and displaced single-stranded DNA are
observed (lane c). The gel experiments have well demonstrated the
SDA reactions.

In order to achieve DNA assay with high sensitivity, we have
performed more experiments to optimize the reaction conditions (Fig.
S3). Linker DNA is synthesized and added to the AgNP@DNA
tetrahedrons with different time durations. The UV-vis absorption
peak gradually decreases, and keeps stable after 90 min. Thereby, 90
min is used for AgNPs incubation in the following experiments.
Different concentrations of enzymes are also tested. With more
enzymes, much obvious peak changes are produced. Considering the
reaction efficiency and cost, 0.3 U/uL Nb.BbvCI and 0.06 U/uL
Klenow fragment polymerase are chosen for SDA. The reaction
temperature is also an important parameter for enzymatic reactions.
After comparing the UV-vis absorption responses in the cases of
20°C, 25°C, 30°C, 37°C, the optimized temperature of 30°C is
selected.

Absorbance (a.u.)

350 75 400 425 450 475 500
Wavelength (nm) Concentration (nM)

Fig. 2 (A) UV-vis absorption spectra of AQNP@DNA tetrahedron
based colorimetric biosensor for the detection of DNA with the
concentrations of 0, 10-°, 108, 1077, 106, 10, 1.5x10°> M (from top to
bottom). (B) Calibration plot reflecting the relationship between
logarithmic DNA concentration and AA/Ao. Error bars represent the
standard deviations of three independent measurements.

UV-vis absorption spectra for the detection of different
concentrations of DNA are recorded to disclose the relationship
between Target DNA concentration and distribution states of the
colloidal system. As shown in Fig. 2A, with the increase of Target
DNA level, the peak drops gradually. Since the absorbance value at
400 nm represents the degree of the aggregation of AgNPs. We have
then studied the relationship between AA/Ao (Ao stands for
absorbance at 400 nm without target, AA represents decreased
absorbance at 400 nm in the presence of Target DNA compared with
Ao) and the concentration of Target DNA. A linear relationship is
established from 1 nM to 15 puM, which is quite wide (Fig. 2B). The
equation is as follows:

y = 0.04214 x+0.03695 (n = 3, R?=0.99564)
in which, y stands for the reduction ratio of absorbance value at 400
nm, x is the logarithm of concentration of Target DNA (nM). The limit
of detection is calculated to be 0.84 nM. Although the analytical

This journal is © The Royal Society of Chemistry 20xx
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performances are not better than polymerization/nicking, machinerys
based fluorescent sensors, the proposed métRtdOdmits theBUse/ 6T
sophisticated instrument which may have better potential practical
utility. In addition, it is found that this method is more sensitive than
most reported colorimetric methods (Table S1). Moreover, the formed
AgNP@DNA tetrahedron shows high stability owing to the protection
of DNA nanostructures. After stored for 1 month, the color of the
colloid system is unchanged with uniform UV-vis absorption peak at
400 nm.
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Fig. 3 (A) Selectivity investigation of the colorimetric assays to
distinguish mismatched DNA (100 nM) by comparing corresponding
values AA/Ao. (B) Detection of Target DNA in serum samples. The
spiked Target DNA concentration is 1 uM. Error bars represent the
standard deviations of three independent measurements.

To investigate the selectivity of this method, we have displaced
Target DNA by four mismatched DNA strands. The absorbance peaks
at 400 nm are close to the blank curve. While Target DNA triggers
SDA and produces numerous Linker DNA for AgNPs aggregation,
the variation of absorbance value at 400 nm is relatively large (Fig.
3A), demonstrating the high selectivity of the method. To verify the
practical application of this method, Target DNA is firstly spiked in
the human serum samples, the levels of which are then detected by the
proposed method. We have compared the values of AA/Ao. The
results listed in Fig. 3B show excellent consistence with that in
buffered solution, demonstrating that the proposed method is
applicable in complicated biological samples.

Conclusions

In summary, we have developed a novel colorimetric biosensor
for sensitive and selective detection of HIV-related DNA, which
shows remarkable merits. First, we have achieved DNA tetrahedron
modified AgNPs via amino-silver chemistry for the first time. This
structure helps increase DNA probe reactivity and accessibility, which
is superior to single-stranded or hairpin-structured DNA modified
AgNPs. Second, Target DNA induces multiple strand displacement
polymerization reactions, which are aided by nicking endonuclease.
The enzymatic combination contributes to cascade signal
amplification and sub-nanomolar  sensitivity is achieved.
Furthermore, the application of this AQNP@DNA tetrahedron colloid
system is successfully applied for DNA assay in complicated
biological samples. Therefore, this work may have great potential
utility for biomedical searches and clinical diagnosis in near future.
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Experimental

Materials and instruments

Sodium chloride (NaCl), sodium dihydrogen phosphate
(NaH2PQa), dibasic sodium phosphate (Na2HPO4) were purchased
from Aladdin Biological Technology Co., Ltd. (Shanghai, China).
Tris (2-carboxyethyl) phosphine (TCEP), sodium borohydride
(NaBHg4), trisodium citrate, and ethylenediaminetetraacetic acid
(EDTA) were obtained from Sigma (USA). Silver nitrate (AgNO3)
was from Shanghai Jiushan Chemicals Co., Ltd. (Shanghai, China).
All DNA sequence and 4S Red Plus were from Sangon Biotechnology
Co. Ltd. (Shanghai, China). Klenow fragment polymerase, Nb.BbvCl
nicking endonuclease, dNTPs and CutSmart buffer were purchased
from New England Biolabs (Beijing, China). 20 bp DNA Ladder was
obtained from Takara Biotechnology Co., Ltd. (Dalian, China). All
other chemicals were of analytical grade without further purification.
Water used in this work was purified by a Millipore water purification
system with a specific resistance of 18 MQ-cm. UV-vis absorption
spectra were measured by Synergy HT multifunction microplate
reader (BioTek Instruments, Inc., USA). Polyacrylamide gel was
photographed under UV light by GelDoc XR* System (Bio-Rad,
USA). Transmission electron microscopic (TEM) images were taken
by a FEI Tecnai G20 transmission electron microscopy (FEI, USA).

Preparation of AQNP@DNA tetrahedron

Bare AgNPs were synthesized by the borohydride reduction of
AgNOs according to a previous report.®® Briefly, AgNOs and
trisodium citrate solution with independent concentrations of 0.25
mM was firstly prepared. Next, 100 mL of the solution was blended
with 3 mL of NaBHa solution with the concentration of 10 mM. After
intense stirring for half an hour, the solution was stood still overnight
in the dark. AgNPs with bright yellow color were then synthesized.
The AgNPs were further purified by three cycles of centrifugation at
14,000 rpm for 20 min. Then, AgNPs were resuspended with the
concentration of 8 nM.

DNA tetrahedron was self-assembled by simply mixing four
single-stranded DNA strands.*® Two independent tetrahedrons were
formed using two groups of DNA probes (T-Al, T-B, T-C, T-D; T-
A2, T-B, T-C, T-D). Generally, four DNA strands with the
concentrations of 100 uM were prepared with hybridization buffer (10
mM phosphate buffer with 0.2 M NaCl, pH 7.4), respectively. 2 pL of
each strand was added into 192 pL of hybridization buffer. The
mixture was heated to 95°C for 5 min and then cooled to room
temperature gradually. The formed DNA nanostructure was then
mixed with AgNPs with the ratio of 1 : 9. After reacted overnight at
room temperature, DNA tetrahedron could be modified on the surface
of AgNPs via amino-silver chemistry. Afterward, two
nanocomposites (AgNP@DNA tetraheron-1 and AgNP@DNA
tetraheron-2) were purified by centrifugation at 14, 000 rpm for 60
min, respectively.

4| J. Name., 2012, 00, 1-3

In order to calculate the DNA tetrahedron density,,0n AGNESi-a
calibration plot reflecting the relationship befWEefODNA tétranearda
concentration and OD260 was established (Fig. S4). After the
incubation of DNA tetrahedron with AgNPs with the ratio of 1 : 9, the
nanoconjugates were centrifuged and OD260 of the supernatant liquid
was measured (0.087). By comparing with the equation in Fig. S4, the
amount of unconjugated DNA tetrahedron in the supernatant liquid
could be obtained, which accounted for three-tenth of original DNA
tetrahedron level. As a result, the average number of DNA
tetrahedrons on each AgNP was estimated to be 8 to 9.

Colorimetric assay with cascade signal amplification

A series of concentrations of Target DNA were prepared. After
that, they were added to the CutSmart buffer (20 mM Tris-acetate, 10
mM magnesium acetate, 50 mM potassium acetate, 100 pg/mL BSA,
pH 7.9) containing 5 uM Template DNA, 250 uM dNTPs, 0.3 U/uL
Nb.BbvCIl and 0.06 U/uL Klenow fragment polymerase. The
solutions (50 pL) reacted at 30°C for 90 min. Subsequently, they were
heated to 85°C for 20 min so as to terminate the reactions. After cooled
to room temperature, 75 pL of AgNP@DNA tetraheron-1 and 75 pL
of AQNP@DNA tetraheron-2 were added. The mixtures were placed
in 96-well plate and were incubated at room temperature for 90 min.
UV-vis absorption spectra were then recorded. The absorbance values
at 400 nm (Asonm) Were obtained which were related to the
concentration of Target DNA.

Interference investigation and real sample analysis

To verify the selectivity of this method, four DNA probes with
similar sequences were employed instead of Target DNA. After SDA
reactions in the presence of mismatched DNAs (100 nM), UV-vis
absorption spectra were measured. To examine the utility of this
strategy in complicated biological samples, three independent human
serum samples were collected and diluted for 10 times. Afterward,
Target DNA (1 uM) was spiked into these samples. The mixtures were
directly challenged with the proposed colorimetric biosensor.
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Cascade SDA AgNPs aggregation

DNA tetrahedrons modified silver nanoparticles are constructed for colorimetric
analysis of HIV-related DNA with strand displacement polymerization and nicking

endonuclease aided cycles.
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