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Upconversion-Linked Branched DNA Hybridization Assay
for the Detection of Bacteriophage M13

Julian C. Brandmeier, Saara Kuusinen, Zdeněk Farka, Tero Soukka, and Hans H. Gorris*

The demand for highly sensitive methods of pathogen detection drives
the development of new diagnostic assays. While nucleic
acid amplification methods such as PCR are very sensitive and remain widely
used, they may be limited in complex sample matrices due to the presence of
polymerase inhibitors. On the other hand, the direct detection of nucleic acids
by DNA hybridization assays is simple but typically less sensitive. This work
combines a branched DNA (bDNA) hybridization assay with upconversion
nanoparticle (UCNP) labels to enhance the sensitivity of DNA detection. The
anti-Stokes emission of UCNP labels enables measurements without optical
background interference. The bDNA assay relies on a series of oligonucleotide
probes creating a branched structure with several binding sites for
biotinylated amplification probes and streptavidin-conjugated UCNPs. Several
configurations of the bDNA assay are investigated to achieve the highest signal
amplification and the lowest background signal. The optimal configuration
of bDNA assay yields a limit of detection (LOD) of 5.9 × 104 cfu mL−1 for the
target DNA of the bacteriophage M13. The upconversion-linked bDNA assay is
easily adaptable to other target DNAs by adjusting the oligonucleotide probes.

1. Introduction

The Covid-19 pandemic demonstrated that highly sensitive and
easily adaptable bioanalytical methods are crucial to surveille,
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manage, and control the outbreak of viral
diseases.[1] The demands of the method, in-
cluding fast turnaround times, high speci-
ficity, exceptional sensitivity, and low cost,
however, are very hard to achieve together.
Conventional detection methods for viruses
can be divided into two main classes:[2,3]

The detection of viral proteins by im-
munoassays, such as enzyme-linked im-
munosorbent assay (ELISA) or lateral flow
immunoassay, is fast, cheap, and suitable
for point-of-care testing, but these assays
are typically not sensitive enough for all
applications.[4] On the other hand, the de-
tection of viral RNA or DNA based on
amplification by polymerase chain reaction
(PCR) or other target amplification tech-
niques is more sensitive, but also more
complex, requires longer turnaround times,
and is relatively expensive.[5,6]

The branched DNA assay (bDNA as-
say) for the direct—, i.e., without tar-
get amplification—detection of viral RNA
or DNA target strands is an important

alternative for PCR-based methods.[7] bDNA assays are di-
vided into three generations. In all cases, oligonucleotides (cap-
ture probes) immobilized on a solid surface capture the tar-
get DNA/RNA via hybridization.[8] First-generation bDNA assays
use label extender oligonucleotides that hybridize to the target
and a branched DNA amplifier molecule. The amplifier then
binds to several signal generation elements such as enzyme la-
bels. Second-generation bDNA assays involve an additional de-
tection step after the label extenders: 1) a preamplifier that con-
tains repeating hybridization sites for binding 2) several ampli-
ficant probes. This kind of branched detection system strongly
amplifies the detection signal and improves the assay sensitivity.
Finally, third-generation bDNA assays employ non-natural nucle-
obases such as isoMeC and d-isoG for all oligonucleotides not
involved in target hybridization to avoid nonspecific hybridiza-
tion of the probes. The reduction of nonspecific hybridization to-
gether with a higher degree of signal amplification afforded by
the second-generation assay strongly improved the detection of
HIV and HCV.[9,10]

For viral diagnostics, bDNA assays offer several advantages:
Unlike PCR, bDNA assays do not require expensive equip-
ment such as thermocyclers and avoid contamination issues re-
lated to target strand amplification and detection, as well as
PCR inhibitors. They are also advantageous when amplification
bias needs to be minimized.[11] As bDNA assays are a truly
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quantitative detection method, they provide accurate and repro-
ducible information on the viral load, disease progression, and
treatment, even in samples with a limited amount of starting
material.[12] Their performance is robust even in complex bio-
logical matrices, including blood, serum, plasma or other body
fluids, which are often encountered in clinical settings. This ver-
satility has been useful for the detection of a wide range of viral
diseases such as HIV, hepatitis viruses, herpesviruses, and respi-
ratory viruses.[8,13–15] bDNA assays are particularly suitable for the
detection of viruses with single-stranded genome because they
only require a chemical rather than a thermal lysis. While bDNA
assays are most common for the detection of viruses,[16] they have
also been used for the detection of bacteria, parasites, and cancer
cells.[7,17,18]

To further increase the sensitivity of bDNA assays, we took ad-
vantage of the unique optical properties of photon-upconversion
nanoparticles (UCNPs). These lanthanide-doped nanocrystals
emit shorter wavelength light under near-infrared (NIR) excita-
tion light (anti-Stokes emission) and thus avoid autofluorescence
and light scattering, which typically lead to a high optical back-
ground signal when using conventional labels.[19] As shown in
our previous works, an up to 1000-fold increase in assay sensitiv-
ity is possible by switching the detection label from conventional
enzymes to UCNPs.[20–24]

Here, we present a bDNA assay using UCNPs for the detec-
tion of the filamentous bacteriophage M13. Bacteriophages are
widespread bacterial viruses that have various biotechnological
applications. One of the most commonly used bacteriophages is
M13, which infects Escherichia coli and contains a circular single-
stranded DNA (ssDNA, 6407 bases).[25–27] M13 thus serves as an
ideal model analyte for the detection of other ssDNA viruses,
such as human parvovirus B19 and human papillomavirus.

Figure 1 shows different configurations that are based on the
second-generation bDNA assay. Configuration A involves only
capture probes for the immobilization of the target DNA, which
is then detected by three subsequent hybridization steps: 1) label
extender, 2) preamplifier probe, and 3) amplification probe, and
the final binding of streptavidin-modified UCNPs as detection
labels. This detection scheme was gradually extended: configura-
tion B involves two instead of one label extenders per preampli-
fier and configuration C target capture via capture extenders. The
branched assay structure leads to a strong signal amplification
because many UCNPs bind per target DNA molecule. Further-
more, the UCNP labels can be directly detected on the surface of
the microtiter plate, avoiding another substrate incubation step,
which is necessary for enzyme labels.

2. Experimental Section

2.1. Materials and Buffers

DNA oligonucleotides were obtained from Integrated DNA Tech-
nologies (Coralville, IA, USA). Upon arrival, the lyophilized
oligonucleotides were resuspended to a concentration of 100 ×
10−6 m in TE buffer (10 × 10−3 m Tris, 0.1 × 10−3 m EDTA, pH
7.5) and stored at 4 °C. All oligonucleotide sequences are listed
in the Supporting Information. Polyethylene glycol, MW 3000,
(PEG3000) was from Carl Roth, Germany. SuperBlock in TBS and
microtiter plates (Nunc Immobilizer Amino) were purchased

from Thermo Fisher (Waltham, MA, USA). Kaivogen wash solu-
tion was obtained from Uniogen Oy (Turku, Finland). Core/shell
UCNPs (NaYF4: 18% Yb, 2% Er/NaYF4, 58 nm in diameter)
were synthesized, characterized and the UCNPs were further sur-
face modified with click reactive streptavidin (SA-PEG-UCNPs)
as described in the previous work and Figure S1 (Supporting
Information).[23] The conjugation of the Eu chelate to streptavidin
is described in the Supporting Information. Escherichia coli XL-1
blue cells and VCS M13 phage were obtained from Agilent Tech-
nologies (Santa Clara, CA, USA).

All buffers were prepared using double-distilled water fil-
tered through a 0.22 μm membrane (Magna Nylon, GVS, Zola
Predosa, Italy) followed by sterilization via a steam autoclave.
Buffers used in this work included phosphate-buffered saline
(PBS; 50 × 10−3 m NaH2PO4/Na2HPO4, 150 × 10−3 m NaCl,
pH 8.0), phosphate-buffered saline containing a higher salt con-
centration to promote DNA hybridization (hPBS; 50 × 10−3 m
NaH2PO4/Na2HPO4, 300 × 10−3 m NaCl, pH 7.4), modified
Kaivogen wash buffer (Kaivogen wash solution modified with
300 × 10−3 m NaCl, 1 × 10−3 m KF, and 0.1% (w/v) Tween 20), and
blocking buffer (Kaivogen wash buffer modified with 2% (v/v)
of ethanolamine). DELFIA enhancement solution was obtained
from Revvity (Waltham, MA, USA).

2.2. Production of M13 phage

The phage stock (VCS M13) was prepared by amplifying the
phage in Escherichia coli. First, E. coli XL-1 blue cells were in-
oculated from a glycerol preparation into 20 mL of SB medium
(30 g L−1 tryptone, 20 g L−1 yeast extract, 10 g L−1 MOPS, pH 7.0)
with 10 mg L−1 tetracycline, 0.2% glucose, and incubated at 37 °C
(300 rpm shaking) until the optical density at 600 nm (OD600)
reached 0.4–0.6. Then, a 10-fold excess of VCS M13 phage was
added to infect the cell culture. The culture was shaken and the
incubation at 37 °C was continued for 30 min without shaking.
The infected culture (20 mL) was then divided into six flasks,
each containing 250 mL of prewarmed SB medium with 10 mg
L−1 tetracycline and 0.2% glucose. After 1 h of incubation (37 °C,
300 rpm shaking) kanamycin was added to a final concentration
of 70 μg mL−1 to select for the phagemid VCS M13. The culture
was grown for 3 h at 37 °C under shaking (300 rpm) and then
additionally for 15 h at 30 °C under the same shaking conditions.

The next day, the bacterial cells were collected by centrifuga-
tion (10 000 g, 20 min, 4 °C) and the phage-containing super-
natant was transferred to new tubes. One sixth volume of 20%
PEG8000 (Thermo Fisher, Waltham, MA, USA) in 2.5 m NaCl was
added to the supernatant, and the phage was precipitated in a
water-ice bath for 2 h. After centrifugation (10 000 g, 20 min,
4 °C), the supernatant was carefully removed, and the resulting
precipitated phage pellets were resuspended in 50 mL of TBS
(50 × 10−3 m Tris base, pH 7.5; 150 × 10−3 m NaCl). The phage
suspensions of three tubes were combined, followed by centrifu-
gation (10 000 g, 20 min, 4 °C) and transferring the supernatants
to new tubes. For the second precipitation step, one sixth of the
volume of PEG/NaCl was again added, and the suspension was
incubated on ice for 15 min followed by centrifugation (10 000 g,
20 min, 4 °C). The supernatant was discarded, and the pellet was
resuspended in 10 mL of TSA/BSA (TBS with 1% (w/v) BSA and
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Figure 1. Configurations of branched DNA assay: Configuration A) target capture via capture probe and a single label extender per preamplifier. Config-
uration B) target capture via capture probe and two label extenders per preamplifier. Configuration C) target capture via capture extender hybridizing to
capture probe and two label extenders per preamplifier. Letter pairs A-a, B-b etc. indicate complementary sequences and each letter stands for a specific
sequence.

0.02% (w/v) NaN3) and transferred to new tube. After centrifu-
gation (16 000 g, 5 min, 4 °C) the supernatant was transferred to
a new tube and the phage stock was stored at 4 °C. E. coli cells
infected with VCS M13 phage that confers antibiotic resistance
were plated on selective agar (antibiotic selection). The colony
forming units (cfu) of infected cells were counted according to
Sambrook et al.[28] to determine the concentration of the phage
stock solution.

2.3. Selection of Oligonucleotide Probes

Integrated DNA Technologies provided the OligoAnalyzer Tool
for the design of oligonucleotide probes regarding melting tem-

peratures, hybridization energies and the formation of hairpin
structures, self and hetero dimers. To ensure none of the probes
bind to other targets, in particular the genome of the M13 host
organism Escherichia coli, all sequences were run through BLAST
using the blastn suite (https://blast.ncbi.nlm.nih.gov/Blast.cgi;
National Library of Medicine, Bethesda, MD, USA).

2.4. bDNA Assay

2.4.1. Configuration A

A 96-well microtiter plate (Nunc immobilizer amino, Thermo
Fisher) was coated for 1 h at room temperature (RT) with 40 μL
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of amine-modified capture probes (0.1 × 10−6 m each, probes
1–6; Table 1) in PBS according to the manufacturer’s instruc-
tions. The plate was washed twice with 200 μL of modified Kaivo-
gen wash buffer, blocked for 1 h with 150 μL of blocking buffer,
and again washed twice. Serial dilutions of bacteriophage M13
were prepared in microtubes containing hPBS and label exten-
der probes (0.1 × 10−6 m each; probes 13–16), and lysed for 5 min
at 95 °C under shaking in a thermomixer. After the lysis, the
samples were cooled to RT using a thermomixer, and 100 μL of
each sample was added to the wells and incubated for 1 h under
shaking at RT. After two washing steps, either the biotinylated
preamplifier (probe 29, 0.4 × 10−6 m) in hPBS (100 μL) or a mix-
ture of preamplifier (probe 25; 0.2 × 10−6 m) and amplification
probe (probe 28, 0.8 × 10−6 m) in hPBS (100 μL) were added for
1 h. The microtiter plate was washed twice, and SA-PEG-UCNPs
(100 μL, 6.5 μg mL−1) in hPBS were added and incubated for
1 h. The plate was then washed twice and left to dry before the
readout.

2.4.2. Configuration B

The Nunc immobilizer amino microtiter plate was coated for 1 h
at RT with 40 μL of amine-modified capture probes (0.1 × 10−6

m each, probes 1–6; Table 1) in PBS. The plate was washed twice
with 200 μL of modified Kaivogen wash buffer, blocked for 1 h
with 150 μL of blocking buffer, and again washed twice. Serial di-
lutions of bacteriophage M13 were prepared in microtubes con-
taining hPBS and two sets of label extenders (probes 13–16 and
17–20; 0.1 × 10−6 m each). After lysis at 95 °C for 5 min under
shaking, the samples were cooled to RT, and 100 μL of each sam-
ple was added to the wells and incubated for 1 h under shaking
at RT. The microtiter plate was washed twice and incubated for
1 h with 100 μL of a mixture of preamplifier probe (0.2 × 10−6

m, probe 26) and amplification probe (0.8 × 10−6 m, probe 28)
in hPBS at RT. The preamplifier (probe 26) contained an addi-
tional sequence for the binding for the second set of label exten-
ders. The microtiter plate was washed twice, and SA-PEG-UCNPs
(100 μL, 6.5 μg mL−1) in hPBS were added and incubated for 1 h.
The plate was then washed twice and left to dry before the read-
out.

2.4.3. Configuration C

The Nunc immobilizer amino microtiter plate was coated with an
amine-modified capture probe (probe 30, 0.5 × 10−6 m in 40 μL

PBS). After two washing steps the plate was blocked for 1 h with
150 μL of blocking buffer and washed again twice. Serial dilutions
of bacteriophage M13 were prepared in microtubes containing
hPBS (with 1% (w/v) PEG3000)*, capture extender (probes 7–12,
0.1 × 10−6 m each) and two sets of label extender (probes 13–16
and 17–20; 0.1 × 10−6 m each). After lysis at 95 °C for 5 min un-
der shaking, the samples were cooled to RT, and 100 μL of each
sample was added to the wells and incubated for 1 h under shak-
ing at RT. After two washing steps, either a mixture of preampli-
fier (probe 26; 0.2 × 10−6 m) and amplification probe (probe 28,
0.8 × 10−6 m) in hPBS (with 1% (w/v) PEG3000)* or the biotiny-
lated preamplifier (probe 29, 0.4 × 10−6 m) in hPBS (with 1%
(w/v) PEG3000)* were added. Both preamplifier probes contained
an additional sequence for the binding for the second set of label
extender. The microtiter plate was washed twice, and SA-PEG-
UCNPs (100 μL, 6.5 μg mL−1) in hPBS were added and incubated
for 1 h. The plate was then washed twice and left to dry before the
readout.

*PEG3000 was added only in the final optimized protocol.

2.4.4. Reference Assay

The reference was conducted as described for configuration
C, but the SA-PEG-UCNP label was replaced by an SA-Eu la-
bel (100 μL, 1.5 × 10−9 m). After the preamplifier/amplification
probes and two washing steps, 100 μL of the SA-Eu label (1.5 ×
10−9 m) in hPBS was added and incubated for 1 h at RT. After
two washing steps, 100 μL of DELFIA enhancement solution was
added and incubated for 15 min under shaking.

2.5. Luminescence Readout and Data Analysis

A multi-mode microtiter plate reader (UPCON S-Pro, Labrox,
Turku, Finland) served for the readout of upconversion lumines-
cence and time-resolved fluorescence.

2.5.1. Upconversion Luminescence (UCL)

Er-doped UCNPs were excited by a 976 nm laser (dichroic mir-
ror cut-on: 950 nm) and the emission was recorded using a 540
± 30 nm emission filter. Each well was raster-scanned in an 8 ×
8 matrix with a step size of 300 μm between the spots and a sig-
nal integration time of 0.5 s. The truncated average of the signal
intensity for each well was calculated by discarding the 8 highest
and the 8 lowest values.

Table 1. Variation of the buffer combination used for the optimization shown in Figure 4.

Assay setup Incubation step

Target DNA Preamplifier and
amplification probe

UCNP label Background signal [CPS] LOD [cfu mL−1]

Black curve hPBS + 1% (w/v) PEG hPBS + 1% (w/v) PEG hPBS + 1% (w/v) PEG 4938 3.2 × 105

Red curve hPBS + 1% (w/v) PEG hPBS + 1% (w/v) PEG hPBS 4423 5.9 × 104

Blue curve hPBS + 1% (w/v) PEG hPBS hPBS 4337 8.3 × 106

Green curve hPBS + 1% (w/v) PEG hPBS Modified Kaivogen wash
buffer + 10% SuperBlock

3559 1.1 × 105
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Figure 2. Schematic overview of the hybridization sites of label extender (blue) and capture (extender) (black) to the M13 target genome (red). Numbers
between the different hybridization sites indicate the distance given in number of nucleotides. Numbers in italics indicate the oligonucleotide probes,
whose sequences are provided in the Supporting Information.

2.5.2. Time-Resolved Fluorescence (TRF)

The Eu chelate was excited by a xenon flash lamp using a 340
± 40 nm excitation filter, and after a delay time of 400 μs, the
emission was recorded for 400 μs using a 616± 4.25 nm emission
filter.

For data regression (Origin 2021, OriginLab, Northampton,
MA USA), average signals and standard deviations from three
independent wells were determined, and a four-parameter logis-
tic function was applied to the data:

Y =
Ymax − Ybg

1 +
(

[Target]

EC50

)s + Ybg (1)

where [Target] is the target concentration, Y is the UCL or TRF
signal, respectively, Ymax is the maximum signal, and Ybg is the
background signal. The EC50 value is the target concentration
that reduces Ymax – Ybg by 50% and s is the slope at the inflection
point of the fitted curve. The limits of detection (LODs) were cal-
culated by adding three times the standard deviation of the blank
to the baseline of the regression curve.

3. Results and Discussion

3.1. Selection of Oligonucleotides for the Detection of
Bacteriophage M13

We combined a second-generation bDNA assay with an upcon-
version readout for the detection of bacteriophage M13 as a
model analyte. Oligonucleotide probes were designed to allow for
a substantial degree of freedom in the optimization of the assay
setup. First, the OligoAnalyzer Tool was used to screen the ge-
nomic single-stranded DNA of the phage for appropriate capture
sequences minimizing nonspecific hybridization and hairpin
formation.

Sequences for target capture were designed to be 16–20 nu-
cleotides long with similar melting temperatures in the range
of 60–68 °C. Six capture sequences were selected to enable an
efficient capture of the target DNA. Based on these sequences
the capture probes 1–6 (Table 1) were designed with the termi-
nal amino group coupled via a C6-linker for immobilizing to the
microtiter well plate. Furthermore, four label extenders (probes
13–16, length of 16–19 nucleotides) were designed to bind si-
multaneously to different sites of the phage genome (Figure 2)

and thus amplifying the detection. With a consensus binding
site, all four label extenders hybridized to a preamplifier (probe
25), which also included three repeating sequences complemen-
tary to the amplification probe. Thus, up to three molecules of
the biotinylated amplification probe (probe 28) hybridized to one
molecule of preamplifier (probe 25, 26, or 27, respectively). The
amplification probe contained a long (72 nucleotides) random se-
quence as a spacer to prevent steric hindrance during the final
binding step of UCNP labels. To highlight the difference to the
first-generation bDNA assay, we also designed a biotinylated ver-
sion of the preamplifier (probe 29) that was directly detectable by
streptavidin-coated UCNPs.

For assay configuration B, label extenders from configuration
A (probes 13–16) were combined with a second set of label exten-
ders (probes 17–20) specifically designed to bind to an elongated
preamplifier (probe 26) in a cross junction (Figure 1B,C), which
increases the specificity and stability of the preamplifier probe.
Another set of label extenders (probes 21–24) was designed sim-
ilarly as probes 17–20, but binding with a distance of four nu-
cleotides to the first set of label extender (probes 13–16) on the
target genome. To compensate for the four nucleotides replaced
by the spacer (TTTT) between the sequence hybridizing to the
target and the one hybridizing to the preamplifier, label exten-
ders were elongated by four target-complementary nucleotides
at the 3′ end. In this way, we aimed for the same hybridization
efficiency and for increasing the binding flexibility to the pream-
plifier (probe 27). The label extenders with TTTT spacer bind
to the target DNA and the preamplifier with a distance of eight
nucleotides.

For assay configuration C, a different capture probe (probe 30)
was used for the hybridization of a capture extender (probes 7–
12). The combination of a capture probe with a capture exten-
der allowed more freedom in target binding due to an increased
distance to the solid surface resulting in less steric hindrance.
Moreover, the capture extender can hybridize freely to the target
in solution prior to hybridizing to the capture probe immobilized
on the solid surface.[29]

The combination of multiple capture and label extender probes
ensured a highly specific detection of the target genome. Four
target sequences were selected on the target genome for the label
extenders and each preamplifier contained three binding sites for
the biotinylated amplification probes with a long spacer to min-
imize steric hindrance. This branched assay design achieved a
signal amplification effect by binding up to 12 UCNP labels for
each target genome.
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Figure 3. Calibration curves of the bDNA assays using different detec-
tion modes. Blue triangles: configuration A with biotinylated preamplifier
probes (LOD: 1.9 ×108 cfu mL−1), black squares: configuration A with
preamplifier and biotinylated amplification probes (LOD: 1.5 × 107 cfu
mL−1), and red circles: configuration B with preamplifier and biotinylated
amplification probes (LOD: 2.1 × 108 cfu mL−1). The error bars represent
the standard deviations of three replicate measurements.

3.2. Implementation of the bDNA Assay Configurations A and B

Six amine-modified capture probes (probes 1–6) were immobi-
lized on an amine-reactive microtiter plate. We chose small coat-
ing volumes of 40 μL per well to increase the density of the cap-
ture probe and immobilize the target DNA only on the bottom of
the well surface. The detection of the target DNA was first estab-
lished without the branched amplification system using only four
label extenders (probes 13–16), a biotinylated preamplifier (probe
29) and streptavidin-UCNP label, which resulted in an LOD of 1.9
× 108 cfu mL−1 and a relatively high background signal of 3961
CPS (Figure 3, blue curve). The complete (branched) detection
system of four label extenders, preamplifier (probe 25), amplifi-
cation probe (probe 28) and streptavidin-UCNP label improved
the LOD 13-fold to 1.5 × 107 cfu mL−1 and strongly reduced the
background signal below 1000 CPS (Figure 3, black curve).

Configuration B was designed to improve the binding strength
of the detection system to the target DNA: Each of the four label
extenders (probes 13–16) was supplemented by a second label ex-
tender (probes 17–20), which resulted in a cross junction between
the target DNA, a set of two label extenders and an elongated
preamplifier (probe 26). Although the detection system included
again the amplification probes, the overall signal at higher con-
centrations (109 cfu mL−1) was two orders of magnitude lower
(8 × 103 CPS) compared to configuration A (1 × 106 CPS). The
higher number of label extender probes involved in configuration
B may not allow all probes to access the target DNA for specific
hybridization reactions. Consequently, also the LOD (2.1 × 108

cfu mL−1, Figure 3, red curve) was 14-fold higher than in config-
uration A. The very low background signal of less than 1000 CPS
indicates that nonspecific hybridization events or binding of the
UCNP label to the microtiter plate surface did not affect the assay
performance.

The overall low assay performance of configurations A and
B may be a consequence of a limited accessibility of detection
oligonucleotides and UCNP label because the target DNA is lo-
cated too close to the microtiter plate surface. This leads to a
crowded environment on the surface of the microtiter plate.

3.3. Final Assay Configuration C

For configuration C, the direct capture of the target DNA by the
capture probe was replaced by a two-step hybridization process.
Initially, an amine-reactive microtiter plate well was coated with
an amine-modified capture probe (probe 30), which subsequently
hybridized to the capture extender binding the target sequence
(probes 7–12). In the detection system, again a set of two label
extender probes hybridized to a single preamplifier probe as in
configuration B. But here we additionally tested two different
label extender designs 1) without spacer between the oligonu-
cleotide sequence binding to the target DNA and the preampli-
fier and 2) with a short spacer of four oligonucleotides (TTTT)
between these two hybridization regions. The spacer may poten-
tially reduce steric hindrance and improve the binding efficiency
due to its higher flexibility. Figure 4, however, shows that the
spacer in the label extenders also increased the background sig-
nal, which indicates a higher degree of nonspecific hybridization
to capture probes and/or label extenders. This phenomenon may
occur if two shorter oligonucleotides rather than a single longer
oligonucleotide bind with higher energy due to 𝜋-𝜋-stacking.[30]

The higher background also led to a relatively high LOD of 9.8 ×
106 cfu mL−1. By contrast, without a spacer, the LOD of 2.5 × 105

cfu mL−1 was 60 times lower (Figure 4, black curve) as compared
to configuration A.

Figure 4. Calibration curves of assay configuration C. Black squares: with
label extenders (no spacer), preamplifier and biotinylated amplification
probes (LOD: 2.5 × 105 cfu mL−1), red circles: with label extenders
(with TTTT spacer), preamplifier and biotinylated amplification probes
(LOD: 9.8 × 106 cfu mL−1), and blue triangles: with label extenders
(with TTTT spacer) and biotinylated preamplifiers (LOD: 3.1 × 107 cfu
mL−1). The error bars represent the standard deviations of three replicate
measurements.
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Table 2. Comparison of DNA hybridization assays and immunoassays for the detection of M13 bacteriophage.

Method Detection labels LOD Refs.

Hybridization assay (bDNA) UCNPs 5.9 × 104 cfu mL−1 This work

Hybridization assay (bDNA) Eu chelates 1.25 ×107 cfu mL−1 This work

Hybridization assay Switchable lanthanide fluorescence 1.14 × 109 cfu mL−1 [35]

Lateral flow immunoassay Gold nanoparticles 5.0 × 107 pfu mL−1a) [36]

Capillary immunoassay Enzyme-catalyzed chemiluminescence 5.0 × 105 pfu mL−1a) [37]
a)

Plaque-forming units.

When the label extenders including the TTTT spacer were
combined with the biotinylated preamplifier (Figure 4, blue
curve), the background signal was the highest of all tested combi-
nations. Thus, the nonspecific hybridization effects of the TTTT
spacer in the label extenders and the biotinylated preamplifier
seem to add up. Additionally, the overall signals were lower and
the LOD was only 3.1 × 107 cfu mL−1. Therefore, all subsequent
experiments were carried out using configuration C and label ex-
tenders without spacer.

3.4. Influence of Assay Buffers

The assay sensitivity is not only limited by the assay design, the
specific binding of DNA oligomers, and the labeling, but also
by the degree of non-specific binding and the buffer selection.
Lahtinen et al.[31] have previously shown that the addition of
polymers such as polyethylene glycol (PEG) and polyacrylic acid
(PAA) improves the sensitivity of immunoassays. PEG may pre-
vent nonspecific binding and also act as a crowding agent, which
reduces the available volume for oligonucleotides and thereby
increases the rate of specific hybridization.[32–34] Therefore, we
added PEG3000 to the buffers in different steps of the bDNA as-
say to test its effect on the assay performance (Figure 5, Table 2).
Unexpectedly, the background signal was highest when PEG was

Figure 5. Influence of the combination of assay buffers (shown in Table 2)
on configuration C of the bDNA assay. The error bars represent the stan-
dard deviations of three replicate measurements.

added in all assay steps and decreased with less incubation steps
containing PEG.

In our previous immunoassay experiments, Kaivogen wash
buffer supplemented with 10% SuperBlock efficiently prevented
nonspecific binding of UCNPs to the microtiter plate.[23] This
effect was also observable in the bDNA assay, because nonspe-
cific binding decreased by nearly 20% (Figure 5, green curve).
Additionally, (weakly bound) nonspecifically hybridized oligonu-
cleotides likely dissociated during the incubation in Kaivogen
wash buffer/SuperBlock without PEG during the incubation of
the UCNP label and subsequent washing steps, which reduced
nonspecific binding while maintaining (strongly bound) specifi-
cally hybridized oligonucleotides.

The LOD of 1.1 × 105 cfu mL−1 obtained with Kaivogen wash
buffer/SuperBlock was, however, worse compared to the incuba-
tion when PEG was only added to the target DNA and the pream-
plifier/amplification probe and the UCNP label was only incu-
bated in hPBS without PEG (red curve, LOD: 5.9 × 104 cfu mL−1).
To further reduce the background, the incubation temperatures,
number of washing steps and the temperature of wash buffer was
varied. This had, however, only marginal effects on the assay per-
formance. Consequently, all subsequent assays were carried out
with these buffer combinations at RT and with two washing steps
after each incubation step.

3.5. Optimal Assay Parameters, Reference Assay, and Cross
Reactivity

The optimized detection protocol for configuration 3 (Figure 6,
black curve), involving the amplification probe as a representa-
tive of second-generation bDNA assays, was compared to the de-
tection using only the biotinylated preamplifier (Figure 6, blue
curve, similar as the first-generation bDNA assay) and a reference
assay based on time-resolved detection of Eu chelates (Figure 6,
red curve). The amplification probes in combination with UCNP
labels increased the signal intensity at the highest target concen-
tration tested almost fourfold (5.0 × 105 CPS vs 1.4 × 104 CPS).
Even more important, the LOD increased over 500-fold because
the biotinylated preamplification probes again led to a high non-
specific hybridization and a high background signal, which ob-
scures the assay response at lower concentrations.

By contrast, the reference assay involving preamplifier, ampli-
fication probe and Eu chelate resulted in a very low background
signal, indicating that nonspecific binding was in general not
a problem when the amplification probes were used. The over-
all signal of the reference assay, however, was also relatively low
leading to an LOD of only 1.25 × 107 cfu mL−1. Consequently,
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Figure 6. Calibration curves obtained with the optimized bDNA as-
say (configuration C) using preamplifier and amplification probe (black
squares LOD 5.9 × 104 cfu mL−1) or biotinylated preamplifier (blue trian-
gles, LOD 3.1×107 cfu mL−1) in comparison to the reference assay using
streptavidin-labeled Eu chelates (red circles, LOD 1.25 × 107 cfu mL−1).

the second-generation bDNA assay in combination with UCNP
labels strongly improved the LOD in comparison to the time-
resolved readout or other DNA hybridization assays using lan-
thanide luminescence (Table 1).

Finally, the cross-reactivity was tested using a non-target
genome from an unrelated bacteriophage (Figure S2, Support-
ing Information). The cross-reactivity of the non-target genome
was only 1% as compared to the M13 target genome, and there
was only a weak signal increase at very high non-target DNA con-
centrations (>1010 cfu mL−1).

4. Conclusions

In this work, we have combined the second-generation bDNA as-
say using a branched amplification probe and UCNP label for
the detection of the M13 bacteriophage. Choosing a wide ge-
nomic range of the target sequence for the capture extender de-
creased the assay susceptibility towards mutations as compared
to immunoassays or PCR. Unlike target amplification based on
PCR, the amplification of the signal enables a more quantitative
detection.

As in our previous works on immunoassays, the UCNP la-
bels strongly improved the LOD to 5.9 × 104 cfu mL−1, which
is an almost 20000-fold improvement over previously reported
DNA hybridization assays. The background signal was very low
as compared to the first-generation bDNA assay that we simu-
lated by using a biotinylated amplifier. The low background signal
can be explained by a very low degree of non-specific hybridiza-
tion reactions. Consequently, there was no need to proceed to
the third-generation bDNA assay, which involves more expen-
sive non-natural nucleotides to reduce nonspecific hybridization.
Furthermore, the bDNA assay is easily adaptable to other target
DNAs/RNAs by only adjusting the part of the oligonucleotide se-
quences of label extenders and capture extenders that bind to the
target.
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the author.
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