Analytical Biochemistry 658 (2022) 114923

Contents lists available at ScienceDirect mp—ical

Biochemistry

Methods inthe Biological Scences

Analytical Biochemistry

journal homepage: www.elsevier.com/locate/yabio

ELSEVIER

Check for

Capture, detection and purification of dsDNA amplicons using a DNA ol
binding protein on magnetic beads

Ankur Ruhela, Vasso Skouridou, Lluis Masip

Departament d’Enginyeria Quimica, Universitat Rovira i Virgili, 26 Paisos Catalans, 43007, Tarragona, Spain

ARTICLE INFO ABSTRACT

Keywords:

scCro dsDNA binding protein
DNA sequence-specific binding
Magnetic beads

PCR amplicon detection
dsDNA amplicon purification

Magnetic separation has been widely exploited for capture and detection of nucleic acids, including amplicons.
Streptavidin-magnetic beads (SA-MB) are typically employed for this purpose, as well as in biosensing appli-
cations. However, remaining biotinylated primer in the amplification reaction can compete with labeled
amplicon for binding to the beads. Also, the harsh conditions needed for elution of bound amplicons restrict their
use for purification purposes. Herein we show that a sequence-specific DNA binding protein immobilized on
magnetic beads can serve as an alternative to SA-MB for these applications. This is enabled by the high binding
affinity of scCro DNA binding protein for its specific sequence and its ability to bind dsDNA but not ssDNA. This
specific sequence is easily incorporated in the amplicon during amplification with an extended primer. The
scCro-MB exhibited higher amplicon binding capacity and detection sensitivity compared to SA-MB when both
synthetic and genomic DNA were used as templates for PCR. This resulted not only from increased protein load
on the beads but also from minimized interference of excess labeled primer remaining in the unpurified
amplification reactions. Finally, a proof-of-concept was provided for the use of the scCro-MB for PCR amplicon

purification under mild elution conditions using salt.

1. Introduction

Molecular diagnostics assays are essential for fast, sensitive and
specific detection of nucleic acid sequences [1]. These are typically
based on amplification tests and they find applications in numerous
areas including genetics, infectious diseases, oncology, food safety and
forensics among others [2]. Polymerase chain reaction (PCR) and
real-time PCR have been the gold standards in nucleic acid amplifica-
tion. The technological advances achieved over the last few decades
though have led to the implementation of more effective alternatives
like digital PCR [3], whereas isothermal amplification techniques [4]
have also been developed as non-PCR alternatives more compatible with
point-of-care applications [5]. Generic, end-point detection of the
generated amplicons can be carried out using ultraviolet absorbance and
fluorescence staining (in solution or in a gel matrix) which generate bulk
signals. For specific detection of a particular sequence, hybridization
assays employing oligonucleotides complementary to the target
sequence are performed producing optical or electrochemical readouts
[6]. Typically, amplification reactions are analyzed by agarose gel
electrophoresis, which does not only allow visualization and
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semi-quantification, but also discrimination of dsDNA amplicons ac-
cording to their sizes [7]. It is however instrument-dependent, relatively
time-consuming especially when purifying the amplicons and provides
limited sensitivity.

Magnetic beads (MB) have been extensively used for the separation
and detection of different target molecules including nucleic acids [8,9].
Their applications have expanded further into biosensor development,
due to the several advantages they offer such as fast and easy magnetic
separation, high surface-to-volume ratio and availability of a plethora of
functional groups for conjugation of different molecules [10,11]. MB
can be used to mediate the capture and detection of nucleic acid targets
(especially of low abundance ones) before or after amplification. When
the MB are used prior to amplification, complementary ssDNA probes
are tethered to the surface of beads with different surface functional
groups to capture the target sequence, followed by PCR amplification
and detection [12,13]. When the beads are used post-amplification, the
generated amplicons can be detected after hybridization with comple-
mentary ssDNA probes immobilized on the beads [14,15] or via binding
to streptavidin-coated MB (SA-MB) when a biotinylated primer is used
during amplification [16-19]. SA-MB have been extensively used for
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capturing biotinylated nucleic acids [20,21], and they can also serve as a
solid surface for subsequent detection of bead-bound amplicons. When
the amplification reactions are directly incubated with the SA-MB
without prior purification though, unreacted biotinylated primers can
compete with biotinylated amplicons for binding to the beads, thus
reducing the actual amplicon binding efficiency of the beads. On the
other hand, harsh conditions are required to elute captured amplicons
for downstream applications due to the extremely strong interaction
between streptavidin and biotin (affinity dissociation constant Kp, of ~1
fM) [22]. High temperature and alkaline treatment can be employed for
the elution of biotinylated molecules captured on the beads, however
this can lead to detachment of streptavidin monomers from the surface
of the beads [23,24].

In this work we sought to evaluate the use of a sequence-specific
double stranded DNA binding protein immobilized on MB as an alter-
native to the SA-MB for the specific capture and detection of dsDNA
amplicons. The specific binding of the DNA binding protein to dsDNA
was expected to eliminate any potential interference of unreacted ssDNA
primers with dsDNA amplicon detection. In addition, milder conditions
could be used to elute bead-bound amplicons compared to the harsh
ones required for the SA-MB. To this end, a single-chain homodimeric
variant of the bacteriophage Cro DNA binding protein (scCro) was used,
which binds to a specific 20-bp long dsDNA sequence with high affinity
(Kp =~ 4 pM) [25]. We have previously demonstrated the detection of
PCR amplicons on microtiter plates and on lateral flow strips using scCro
conjugated to horseradish peroxidase (HRP) or carbon nanoparticles
[26-28]. Herein, the target sequence was amplified using a forward
primer extended with the specific Cro binding sequence and a bio-
tinylated reverse primer (Fig. 1A), followed by capture of the
double-tagged amplicon on the scCro-MB and detection with SA-HRP
enzyme conjugate. The performance of the scCro-MB and SA-MB was
compared in terms of binding capacity, effect of the presence of
unreacted primers and sensitivity. A synthetic DNA target sequence
(high-risk human papillomavirus HPV type 16) was initially utilized,
whereas the compatibility of the strategy with other types of PCR tem-
plates was demonstrated with the use of genomic DNA extracted from
chicken meat and primers targeting its cytochrome b gene. Finally, the
scCro-MB were used for the binding and subsequent elution of PCR
amplicon under mild conditions to demonstrate their potential utility in
PCR amplicon purification.

2. Materials and methods
2.1. Materials

Dynabeads M-270 Epoxy and Dynabeads M-270 Streptavidin mag-
netic beads (SA-MB, 10 mg/mL), phosphate buffered saline (PBS; 10 mM
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phosphate, 137 mM NacCl, 2.7 mM KCl, pH 7.4), horseradish peroxidase
(HRP), maleimide activated HRP, skim milk powder, TransformAid
Bacterial Transformation Kit, HisPure Ni-NTA agarose, SP Sepharose
Fast Flow resin, DreamTaq DNA polymerase and dNTPs were purchased
from Fisher Scientific (Spain). Streptavidin-HRP conjugate (SA-HRP),
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) and
hydrogen peroxide were obtained from Merck (Spain). The TMB sub-
strate of HRP (BioFX TMB Super Sensitive One Component HRP
Microwell Substrate) was from Surmodics (USA). The DNA oligonucle-
otides were purchased from Biomers.net (Germany) and their sequences
are shown in Table 1. The sequences of the synthetic DNA target (high-
risk human papillomavirus HPV16) and its corresponding primers were
based on a previous work [29]. The design of the primers targeting the
cytochrome b gene of chicken (Gallus gallus) were reported elsewhere
[30]. For both targets, the binding site for the scCro DNA binding protein
was incorporated on the 5'-end of the forward primers and the biotin on
the 5'-end of the reverse primers. The scCro DNA binding protein was
expressed and purified as described previously [28] and the scCro-HRP
conjugate was prepared as detailed before [31]. All other reagents and
material were obtained from Fisher Scientific (Spain), Merck (Spain)
and Scharlau (Spain). Genomic DNA was extracted from chicken meat
obtained from the local market using the GeneJET Genomic DNA Puri-
fication kit (Fisher Scientific, Spain) according to the manufacturer’s
instructions.

Table 1
Oligonucleotides used in this work. The binding sites for the scCro DNA binding
protein are underlined.

Oligonucleotide Sequence (5’ - 3') Length
(nt)
Hairpin probe Biotin-TTTTTTTTTT GGTTGGTGTG 70
GTTGGTTTTTT TTATCACCGC AAGTGATATT
TTTATCACTT GCGGTGATA
Synthetic DNA target: high-risk human papillomavirus HPV16
Synthetic DNA GCCCATTAAC AGGTCTTCCA AAGTACGAAT 159
template GTCTACGTGT GTGCTTTGTA CGCACAACCG
AAGCGTAGAG TCACACTTGC AACAAAAGGT
TACAATATTG TAATGGGCTC TGTCCGGTTC
TGCTTGTCCA GCTGGACCAT CTATTTCATC
CTCCTCCTC
Forward primer TATCACCGCA AGTGATAGCC CATTAACAGG 38
TCTTCCAA
Reverse primer Biotin-GAGGAGGAGG ATGAAATAGA TGGT 24
Genomic DNA target: chicken cytochrome b gene
Forward primer TATCACCGCA AGTGATAATT CCCTACATTG 36
GACACA
Reverse primer Biotin-TGATAGTAAT ACCTGCGATT GCA 23

SA-HRP

LR

-MB SA-MB

Fig. 1. Amplicon detection using scCro DNA binding protein-magnetic beads. (A) PCR amplification of target DNA with modified primers. (B) Magnetic bead-based
colorimetric assay using scCro-MB and SA-HRP for detection. For comparison, SA-MB were used in parallel as shown on the right.
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2.2. Preparation of scCro DNA binding protein-magnetic beads (scCro-
MB)

The magnetic beads (MB) chosen for the immobilization of scCro
were the Dynabeads M-270 Epoxy. They have a diameter of 2.8 pm and a
hydrophilic surface according to the manufacturer exhibiting low non-
specific binding. The epoxy functional group on the beads readily re-
acts with thiol groups at physiological pH values (7.5-8.5), whereas
amines require moderate alkaline pH (>9) [32]. The native homodi-
meric Cro DNA binding protein contains 8 lysine residues per monomer
but no cysteines. To facilitate its oriented conjugation on the beads and
avoid any possible negative impact to its DNA binding properties, a
unique cysteine residue was added to its N-terminal during the cloning
step. This would result to the coupling of the protein on the
epoxy-functionalized beads via a single tethering point. To perform the
immobilization, the MB (100 pL of 30 mg/mL in dimethylformamide)
were initially washed three times with 100 pL of 0.1 M sodium phos-
phate buffer pH 7.4. Then, they were resuspended in 60 pL of 1.25
mg/mL scCro in PBS and then 60 pL of each 0.1 M sodium phosphate
buffer pH 7.4 and 3 M ammonium sulfate were added. The mixture was
left to incubate overnight at 18 °C under mild rotation followed by the
blocking of unreacted epoxy groups with 200 pL of 1 M of Tris-HCI pH 9
for 2 h at 22 °C under rotation. The scCro-MB conjugate was finally
washed four times with 300 pL of PBS containing 0.05% (v/v) Tween-20
(PBST), resuspended in 100 pL of PBS (final concentration of 30 mg/mL)
and stored at 4 °C until use. The presence of scCro on the magnetic beads
was confirmed with a bead-ELISA using an anti-His-tag antibody spe-
cifically recognizing the C-terminal His-tag added to the protein during
cloning [28] as detailed in the Supplementary Data.

2.3. Determination of the binding capacity of the protein-magnetic beads

Two different assays were designed to evaluate the DNA binding
capacity of the protein-magnetic beads. For the first assay, 30 pg of
magnetic beads (1 pL of 30 mg/mL for scCro-MB or 3 pL of 10 mg/mL for
SA-MB) were incubated with 50 pL of 20 nM (~22 ng/pL) of a hairpin
probe containing the binding site of scCro on one end and a biotin on the
other (sequence shown in Table 1). After incubation for 30 min at 22 °C
under rotation, the supernatant was recovered, and the amount of DNA
(unbound) was quantified with SimpliNANO spectrophotometer. Three
replicates were performed for each bead type. The amount of DNA
bound on each bead type was calculated from the difference between
starting solution and unbound fraction. For the second assay, the same
biotinylated hairpin probe (50 pL of 20 nM in PBS) was incubated with
30 pg of each bead type (scCro-MB or SA-MB) for 30 min at 22 °C under
rotation. After washing three times with 100 pL of PBST, the beads were
resuspended in 50 pL of enzyme conjugate (SA-HRP for the scCro-beads
and scCro-HRP for the SA-beads) at varying concentrations (62-500 pM
in PBS) and incubated further for 30 min. Finally, the beads were
washed three times with 200 pL of PBST, resuspended in 50 pL of TMB
substrate and color development proceeded for 2 min. Sulfuric acid (50
pL of 1 M) was then added to stop the enzymatic reaction, the super-
natants were separated with a magnet and transferred to the wells of a
96-well plate for measuring the absorbance at 450 nm. The average
signals were calculated from triplicate measurements and three inde-
pendent experiments.

2.4. PCR amplicon detection using protein-magnetic beads (scCro-MB or
SA-MB)

The DNA target templates were amplified with specific forward and
reverse primers (Table 1) to generate double-tagged dsDNA amplicons,
with the double stranded DNA binding sequence for scCro on one end
and a biotin on the other end. Each PCR reaction (50 pL) contained equal
concentrations of the two primers ranging from 25 to 1600 nM, 200 pM
of dNTPs, 1x DreamTaq polymerase buffer, 1 U of DreamTaq DNA
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polymerase and up to 500 pg/pL of the synthetic or the genomic DNA
templates. Amplification of the synthetic DNA target was performed by
heating initially for 3 min at 95 °C, followed by 20 cycles of 10 s at 95 °C,
10 s at 56 °C and 10 s at 72 °C, and a final extension step for 5 min at
72 °C. For the amplification of genomic DNA, the annealing temperature
was set at 60 °C and a total of 25 cycles were performed for 15 s each
step. The expected size of the resulting amplicons was 176 bp and 144 bp
for the synthetic and the genomic DNA templates, respectively. For
amplicon detection using the protein-magnetic beads, 30 ug of each type
(1 pL of 30 mg/mL for scCro-MB or 3 pL of 10 mg/mL for SA-MB) were
blocked with 100 pL of 5% (w/v) milk in PBST for 30 min at 22 °C under
rotation, followed by washing (3 x 100 pL of PBST). The beads were
resuspended in 50 pL of 1/10 diluted PCR reaction in PBS and incubated
for another 30 min. After washing (3 x 100 pL of PBST), the magnetic
beads were resuspended in 50 pL of 500 pM of either SA-HRP (for the
scCro-MB) or scCro-HRP (for the SA-MB) and incubated for 30 min. After
a final washing step (3 x 100 pL of PBST), 50 puL of TMB substrate were
added and color development proceeded for 2 min. Then, 50 pL of 1 M
sulfuric acid was added to stop the reaction, the yellow-colored solution
was recovered through magnetic separation, transferred to the wells of a
96-well plate and the absorbance at 450 nm was measured.

2.5. Effect of PCR primers concentration on the efficiency of PCR
amplicon detection

The potential interference of primers on the efficiency of direct
detection of amplicons without prior removal via purification of the PCR
reactions was evaluated using two different approaches. In the first one,
the synthetic DNA target (500 pg/pL) was amplified as detailed in sec-
tion 2.4 but using 25-800 nM of each primer (instead of 200 nM). The
detection of the PCR amplicon using scCro-MB or SA-MB was performed
as detailed in the same section. In the second approach, the same
amount of synthetic DNA target was used for amplification (500 pg/pL)
and 200 nM of each primer, but after PCR, the reactions were diluted 1/
10 and extra primers were added (200, 600 or 1400 nM), followed by
detection on the magnetic beads as explained above.

2.6. Sensitivity of the assay for different concentrations of target DNA

The magnetic bead-based assay was used for the detection of PCR
amplicons when different types and concentrations of target DNA tem-
plates were used for amplification. PCR was performed using 200 nM of
each primer whereas the concentration of the template varied from 2 to
500 pg/pL for the synthetic DNA and 10-500 pg/pL for genomic DNA.
Each template were amplified using its respective modified primers
(Table 1). After amplification, the PCR reactions were diluted 10-fold
and detection was performed as described in section 2.4. Each PCR re-
action was analyzed in triplicate, whereas four independent experiments
were performed in the case of the synthetic DNA target. The concen-
tration of template DNA used for PCR was plotted against the absor-
bance recorded after colorimetric detection on the magnetic beads. The
data was fitted to logarithmic regression models to establish the sensi-
tivity and to calculate the limit of detection (LOD) after interpolation of
the average blank signals plus three times the standard deviation of the
blanks (blank + 3xSDpjank)-

2.7. Capture and release of PCR amplicons using scCro-MB

PCR was performed as detailed in section 2.4 using 20 pg/pL of the
synthetic DNA target. Then, the PCR reaction was diluted in PBS to a
final volume of 50 pL (dilution 1/25) and was incubated with 5 pL of
scCro-MB for 30 min at 22 °C under rotation. The unbound fraction was
recovered and then 50 pL of 1 M NaCl were added to elute the bound
PCR amplicon. After a 5 min incubation with the NaCl solution, the
elution fraction was collected. All samples (diluted PCR reaction, un-
bound and elution fractions) were analyzed by agarose gel
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electrophoresis, while the DNA concentration in each fraction was
quantified with the SimpliNANO spectrophotometer. The experiment
was repeated three times.

3. Results and discussion
3.1. Principle of the assay

The strategy used for amplicon capture on magnetic beads was based
on the use of specifically modified primers for PCR amplification of the
target DNA sequence and magnetic beads functionalized with scCro
DNA binding protein. During the amplification step, a forward primer
extended with the specific site of scCro was used in combination with a
biotinylated reverse primer. The resulting amplicon contained the
dsDNA binding site for scCro on one end and a biotin on the other one
(Fig. 1A). The unique cysteine residue added to the N-terminal of the
scCro protein during the cloning step [28] prevents any direct alteration
of the DNA binding site of the protein due to its immobilization on the
epoxy-functionalized magnetic beads, thus minimizing negative effects
on PCR amplicon binding. After amplification, the PCR reaction was
added directly to the scCro-MB utilizing the biotin on the other end of
the amplicon and SA-HRP enzyme conjugate for detection (Fig. 1B). No
prior purification was needed since remaining primers not consumed
during PCR, especially in the case of low-abundance targets, were not
expected to interact with the scCro-MB. The scCro binds specifically
dsDNA and not ssDNA. On the other hand, in the case of SA-MB, if the
PCR reaction is added directly to the beads for detection, the bio-
tinylated amplicon will be captured but remaining biotinylated reverse
primer can block SA binding sites on the beads (Fig. 1B), therefore
reducing the efficiency of amplicon detection. A purification step would
thus be necessary to remove excess primers and ensure high sensitivity
of detection.

3.2. Preparation and characterization of scCro-magnetic beads

Oriented immobilization of the scCro DNA binding protein on mag-
netic beads was achieved via a unique tethering point as detailed in
section 2.2 and the presence of the protein on the surface of the MB was
verified with a bead-ELISA (Supplementary Data Fig. S1). The perfor-
mance of protein-magnetic beads for any given application greatly de-
pends on their binding capacity for the intended target. And it is
important to use the same method for determining binding capacity of
different types of magnetic beads for comparison purposes [33]. Herein,
to facilitate a direct comparison of the scCro-MB and the SA-MB for PCR
amplicon detection, their nucleic acid binding capacity was evaluated in
parallel using the same methods. The Dynabeads M-270 Streptavidin
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SA-MB were thus used which have similar characteristics as the ones
used for the preparation of the scCro-MB: same diameter (2.8 pm) and
surface properties (hydrophilic due to the carboxylic acid modification
used to tether SA). A common DNA probe was used for both types of
beads, with a biotin modification on one end and the dsDNA binding site
for scCro in the form of a hairpin on the other one. The first assay was
based on the measurement of the amount of tagged DNA before and after
incubation with the magnetic beads. The difference between the mea-
surements was considered as the amount of bound DNA. As shown in
Fig. 2A, the scCro-MB exhibited a binding capacity of 181 + 36 pmol per
1 mg beads, two-fold higher than the SA-MB ones which were able to
bind approximately 88 + 7 pmol per 1 mg beads. According to the
manufacturer, the specific type of SA-MB used in this work have a
binding capacity of approximately 200 pmol of biotinylated ssDNA per
1 mg of beads. Since no information is provided on the length of the
ssDNA or the type of method used for this determination and taking into
consideration that oligonucleotides with increased length can lead to
reduced binding capacity, it is not unreasonable that this difference was
observed.

To further explore the binding properties of the two protein-bead
types, a second assay was performed exploiting the same biotinylated
oligonucleotide with the dsDNA hairpin binding site for scCro. For this
assay though, the amount bound on the beads was detected colorimet-
rically using an enzyme conjugate. A SA-HRP conjugate was used for the
scCro-MB, and a scCro-HRP conjugate previously described [31] for the
SA-MB ones. The enzymatic activity of the two conjugates was deter-
mined as detailed in the Supplementary Data, and the SA-HRP conjugate
was found to exhibit approximately 90% of the activity of the scCro-HRP
one (Table S1). For the binding capacity determination, the oligonu-
cleotide probe was used at a constant concentration (20 nM), whereas
different concentrations of the two HRP conjugates were used (62.5-500
pM). As it can be observed in Fig. 2B, higher signals were measured for
the scCro-MB, approximately 1.8-fold higher than the ones achieved
with the SA-MB regardless of the concentration of the enzyme conjugate
used for detection. Overall, both assays suggest that the scCro-MB have
almost two-fold higher binding capacity than the SA-MB ones. Consid-
ering that SA is almost four times bigger than scCro (60 kDa versus 17.5
kDa), and that it can bind up to four biotins whereas scCro can bind one
probe, it is reasonable to assume that the higher binding capacity of the
scCro-MB compared to the SA-MB ones might be due to higher protein
load on the beads.

3.3. Effect of excess primers on the efficiency of PCR amplicon detection
with the protein-MB

The main advantage of the scCro-MB is their ability to bind dsDNA

1.5
mscCro-MB
OSA-MB

1.0 |

0.5 |

0.0 |

500 250 125 625 0
HRP conjugate (pM)

Fig. 2. Evaluation of the binding capacity of the protein-magnetic beads using a biotinylated hairpin DNA probe containing the dsDNA binding site for scCro. (A)
Determination of the amount of the probe binding directly to the beads [input(ng DNA) - unbound(ng DNA)]. (B) Detection of the probe binding to the beads using

HRP conjugates (SA-HRP for the scCro-MB and scCro-HRP for the SA-MB).
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PCR products and not free ssDNA primers. Therefore, residual primers in
the PCR reaction, especially in the case of the amplification of low
abundance targets (low amount of template DNA), are not expected to
affect the efficiency of PCR amplicon detection. This is not the case for
the SA-MB. Free biotinylated primers bind to the beads as efficiently at
least as the biotinylated PCR amplicons. Therefore, they can block
binding sites on the beads and are thus expected to decrease the sensi-
tivity of PCR amplicon detection. To confirm this hypothesis, PCR was
performed using a constant concentration of the synthetic DNA target
and different concentrations of primers (25-800 nM each). After
amplification, the PCR reactions were diluted 10-fold and the presence
of the amplicon was verified using the respective HRP conjugate as
detailed earlier. As shown in Fig. 3A, increasing the concentration of the
primers up to 200 nM resulted in elevated signal regardless of the type of
magnetic beads used for detection. The signals achieved with the scCro-
MB though were around 1.5-fold higher than the ones recorded for the
SA-MB. On the other hand, when more than 200 nM of primers were
used, signals obtained with the scCro-MB were not affected, while a
significant decrease was observed in the case of the SA-MB. Although the
increase of primer concentration up to 800 nM improved the efficiency
of PCR (Fig. 52), this was not reflected when the magnetic beads were
used for detection. In the case of the scCro-MB, the beads were appar-
ently saturated with amplicon generated using 200 nM of primers since
further increase of primers concentration did not improve the detection
signals. However, when the SA-MB were used, up to 40% signal decrease
was observed in the case of using 800 nM primers compared to 200 nM.
Apparently, residual primers in the unpurified PCR reactions can bind
efficiently to the beads and limit the available binding sites for amplicon
capture and detection. This is even more evident when additional
primers were added to the diluted PCR reaction (performed with 25 ng
target DNA and 200 nM primers) prior to detection. As shown in Fig. 3B,
addition of even 200 nM primers resulted in 20% signal decrease when
using the SA-MB but only 6% in the case of the scCro-MB. Further in-
crease of added primers had an even more negative impact on amplicon
detection using either type of beads: signals decreased by 35-43% for
the SA-MB and 25-30% for the scCro-MB ones. Biotinylated excess
primers appear to preferentially bind to the SA-MB as commented
above. In the case of the scCro-MB, residual amount of primer containing
the scCro binding site (especially at such high concentrations as > 600
nM) may encourage the formation of half-sites in secondary structures
like self-dimers and hairpins (Fig. S3), to which scCro may bind but with
lower affinity. Nevertheless, such high concentrations of free primers are
not typically present in normal PCR conditions, so no interference is
expected when using the scCro-MB for detection.

3.4. Sensitivity and precision of the assay for target DNA detection

The analytical sensitivity of the assay for DNA capture and
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subsequent detection was evaluated. Initially the assay was performed
using different concentrations of the synthetic DNA target for PCR
amplification (2-500 pg/pL, equivalent to 0.04-9.69 fmol/pL) in com-
bination with its corresponding modified primers (Fig. S4A), followed
by colorimetric detection on protein-magnetic beads using reporter HRP
enzyme conjugates. The calibration curves constructed are shown in
Fig. 4A. Higher sensitivity was achieved with the scCro-MB, and the
limit of detection calculated was 0.30 pg/pL (6.1 pM). This was 9-fold
lower than the one achieved with the SA-MB (2.81 pg/pL; 57.2 pM).
The precision of the assays employing the two types of protein-magnetic
beads was also assessed. The intra-assay and inter-assay coefficients of
variation (% CV) were calculated for the analysis of a sample for which
high concentration of target DNA template was used during PCR
amplification and one for low concentration. As shown in Table S2, the
intra-assay CVs were <9% for scCro-MB and <6% for SA-MB, while the
inter-assay CVs were <13% for both types of protein magnetic beads.
Considering that for the acceptable CV values for bioanalytical assays
are <20%, both the reproducibility and repeatability of the assays
employing either type of protein-magnetic beads were considered
satisfactory.

To demonstrate the compatibility of the assay with different types of
PCR templates, a second target was amplified from genomic DNA, again
using a forward primer extended with the Cro DNA binding protein site
and a biotinylated reverse primer. The PCR reactions were performed
using different concentrations of genomic DNA and analysis by agarose
gel electrophoresis (Fig. S4B) revealed only one amplification product of
the expected size (144 bp). This finding suggested that the modification
of the forward primer with the Cro binding site did not interfere with
PCR specificity. Furthermore, as it was the case with the synthetic DNA
target, higher signals were observed when the scCro-MB were used to
detect the amplicons generated from the amplification of eukaryotic
genomic DNA compared to the SA-MB (Fig. 4B). The limit of detection of
the assay, based on the average blank signals plus three times their
standard deviation, was calculated at 11.2 pg/pL genomic DNA when
the scCro-MB were used for detection and 14.6 pg/pL for the SA-MB.
These correspond to 56.2 and 73.1 pg of genomic DNA template
respectively considering that only 5 pL of PCR reaction were required for
the assay. The signals obtained for each genomic DNA template con-
centration with the scCro-MB were consistently 1.3-1.5 fold higher than
the ones observed with the SA-MB, similar to when the synthetic DNA
target was used (1.4-1.7 fold higher signals with the scCro-MB). The
limits of detection achieved with the two different protein bead types
did not differ significantly though in the case of the genomic DNA
template. This could be potentially attributed to the relatively low
concentration of primers used for amplification, considering the length
and sequence complexity of genomic DNA. Nevertheless, the sensitivity
of the scCro-MB-based assay was overall superior compared to the one
using SA-MB even when a complex template was used for amplification,
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Fig. 3. Effect of residual primers on the efficiency of PCR amplicon detection using protein-magnetic beads. (A) PCR was performed using 25-800 nM primers. (B)
Post-PCR addition of primers (200, 600 or 1400 nM) to the diluted PCR reaction prior to detection.
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Fig. 4. Detection of PCR amplicons by a magnetic bead-based colorimetric assay using scCro DNA binding protein or SA. (A) Synthetic DNA and (B) genomic DNA
were used as templates for PCR amplification. The error bars correspond to the standard deviation of at least triplicate samples.

demonstrating the versatility of the proposed assay and its potential use
for amplicon detection regardless of the nature of the template.

3.5. Purification of PCR amplicons using scCro-MB

Finally, the scCro-MB were used for the capture and subsequent
elution of PCR amplicons under mild conditions as a proof-of-concept
for their potential use in PCR clean-up and amplicon purification. The
synthetic DNA target was amplified as detailed in section 2.7 and the
diluted PCR reaction was incubated with the scCro-MB and then eluted
after a simple 5 min incubation with a salt solution. A representative
agarose gel showing the analysis of the diluted PCR reaction before and
after incubation with the scCro-MB, as well as of the elution fraction
electrophoresis can be seen in Fig. 5. By measuring the concentration of
the eluted DNA, it was calculated that 6.7 + 0.9 pg of PCR amplicon can
be eluted per mg of scCro-MB, while the recovery is 71.1 + 9.4%. The
simple process (bind-separate-elute), the mild elution conditions as well
as the sole requirement of a magnet are advantages these beads offer
over other PCR clean-up methods based on spin columns requiring
multiple steps and a centrifuge or on specifically modified magnetic
beads with lower binding capacities also requiring multiple steps. The
mild elution conditions are specifically advantageous, since the harsh
conditions required to disrupt the extremely strong streptavidin-biotin
interaction promote the release of streptavidin monomers from the
beads and prevent the use of SA-MB for elution of captured amplicons.
Additionally, the beads could be potentially reused since the mild
elution conditions are not expected to affect the binding properties of

Fig. 5. Purification of PCR amplicon using scCro-MB. PCR: PCR reaction
diluted with PBS before addition to the beads; Unbound: unbound fraction after
incubation with the beads; Eluted: fraction eluted with 1 M NaCl after incu-
bation with the beads.

scCro.
4. Conclusions

SA-MB are commonly employed for enrichment, capture and detec-
tion of biotinylated nucleic acid amplicons resulting from different
amplification techniques, thermal and isothermal. However, residual
biotinylated ssDNA primers in the amplification reaction can interfere
with the specific capture of the biotinylated dsDNA amplicons on the
magnetic beads and their subsequent detection. Prior purification of the
amplification reactions could eliminate this problem, but additional
steps, materials and time would be needed. In this work we demon-
strated that magnetic beads modified with the scCro sequence-specific
dsDNA binding protein can serve as an alternative to the SA-MB for
amplicon capture and detection. The magnetic beads with scCro cova-
lently immobilized on their surface exhibited almost two-fold higher
oligonucleotide binding capacity and approximately nine-fold higher
sensitivity for PCR amplicon detection than commercial SA-MB when
synthetic DNA target was used as a template. The detection assay on the
surface of the scCro-MB beads also exhibited very good reproducibility
and repeatability. The presence of free ssDNA primers in the amplifi-
cation reactions did not interfere with the detection of dsDNA amplicon
when the scCro-MB were used, as opposed to the SA-MB whose perfor-
mance was significantly affected by free primers. Genomic DNA was also
evaluated as a PCR template in combination with modified primers and
amplification resulted in the generation of only one amplicon. The sig-
nals observed after capture of the generated amplicons by the scCro-MB
were consistently higher compared to when the SA-MB were used as it
was the case when synthetic DNA was used as a template. It can be thus
concluded that the assay is not restricted to simple targets like synthetic
DNA but is also compatible with more complex samples like eukaryotic
genomic DNA. Moreover, it was demonstrated that the scCro-MB could
not only serve for dsDNA amplicon capture and detection but also for
purification purposes using a simple process and mild elution conditions
which could potentially permit the reuse of the magnetic beads. Puri-
fication using the scCro-MB would also eliminate the need for centrifuge
spin column-based or other multiple step magnetic bead-based PCR
clean-up approaches. Finally, it is expected that the strategy presented
herein for PCR amplicon capture/detection and purification could be
applied to amplicons generated using different amplification techniques
so long as one primer can be extended with the specific binding sequence
for scCro.
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