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Selective DNA extraction is immensely useful for the isolation and
detection of low-abundance sequences. Oligonucleotide-modiﬁed
substrates are often used to capture sequences of interest for
downstream analysis. In this study, we explore the chemical modiﬁcation of commercial-available polyacrylate solid-phase microextraction ﬁbers for selective DNA analysis using carbodiimide
crosslinker chemistry. Reproducible modiﬁcation conditions are found
and the ﬁbers were subsequently applied for selective DNA analysis.
Several experimental parameters such as stir-rate, desorption time,
and buﬀer-type are optimized. The developed method was able to
selectively extract the target DNA sequence (260 bp) in the presence
of 100-fold excess interfering salmon testes DNA.

Introduction
Nucleic acids are essential biopolymers responsible for the
storage, transfer, and regulation of genetic information within
biological systems. In addition, nucleic acids represent valuable
diagnostic molecules for the detection and identication of
diseases.1,2 Biomolecular techniques such as quantitative polymerase chain reaction (qPCR) can provide detailed information
regarding nucleic acid sequences present within a sample.
However, these methods use highly sensitive enzymes that are
susceptible to inhibition by molecules native to biological
matrices.3 Therefore, to enable successful analysis of these
essential biomarkers, they must rst be isolated in suﬃcient
quantity and purity.
Total nucleic acid extraction methods typically rely on
adsorption to silica particles4 or liquid–liquid extraction
(phenol/chloroform extraction).5 While these methods can
isolate large amounts of nucleic acid, they fall short in
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applications targeting specic and/or low-copy number
sequences. In circulating tumor DNA analysis, these valuable
sequences oen comprise a small percentage of the total
nucleic acid present (<1%) within a sample.6 Moreover, traditional detection methods such as qPCR can suﬀer from amplication bias, where the most abundant sequence is
preferentially amplied leading to false negatives and inconsistent quantication.7 These issues can be overcome through
the use of digital PCR,8 which is expensive and not easily
accessible, or through the upstream enrichment of target
sequences.9,10
Methods for the isolation of specic sequences leverage the
natural ability of nucleic acids to recognize complementary
sequences through Watson–Crick base pairing interactions. A
popular platform for this process is performed using biotinmodied oligonucleotides.11 These probes can hybridize to
their complementary sequence and be subsequently enriched
using streptavidin-coated magnetic beads. However, beads are
expensive, notoriously prone to aggregation,12,13 and require an
external magnetic eld for their recovery.
An alternative preconcentration technique to magnetic
beads is solid-phase microextraction (SPME).14 Several studies
have utilized SPME for the isolation of DNA and RNA from
biological matrices.15,16 In particular, Nacham et al. demonstrated the ability to use carbodiimide coupling chemistry to
functionalize commercially-available polyacrylate bers (PA)
with amine-functionalized oligodeoxythymine 20 (dT20) to
develop a selective sorbent for mRNA extraction.17 However, it
was observed that signicant ber-to-ber diﬀerences existed
when the modication chemistry was performed. The bers
were found to contain between 20 and 40 ng of oligo dT20
following the modication procedure.17
In this study, we optimize the coupling chemistry in order to
increase the ber-to-ber reproducibility of modied PA bers.
We also apply for the rst time modied PA bers for the
selective extraction of DNA. Experimental parameters such as
stir speed, buﬀer composition, and desorption time were optimized. The modied PA bers were found to selectively extract
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the target DNA sequence while maintaining selectivity in the
presence of 100-fold excess interfering DNA.
The coupling reaction and quantication assay were performed as previously described.17 Further experimental details
can be found in the ESI.† Conditions and a representative
illustration of the quantication assay are shown in Fig. 1. In
brief, a dual-labeled oligonucleotide containing an amine group
and a uorescein (FAM) uorophore was reacted with the PA
bers, washed multiple times with deionized water to remove
unreacted oligo, and subjected to DNase I treatment. The
resulting solution was analyzed with a plate reader and the
amount of uorophore in free solution quantied using an
external calibration curve (Fig. S1†). All DNA sequences used in
this study can be found in Table S1 within the ESI.†

Results and discussion
Initially, the eﬀect of conditioning bers at 280  C for 30 min on
the loading of the oligo was explored. Two previously conditioned and two unconditioned bers were subjected to carbodiimide crosslinker chemistry, multiple wash steps to remove
unreacted oligo, and then the DNase assay. Table S2† shows
that multiple washes over a 24 h period of time were required to
remove residual oligo not bound to the bers. Results showing
the mass of bound DNA on the bers obtained aer modication and DNase treatment are shown in Table 1. These results
indicate that ber conditioning did not improve the reproducibility of the modication. It was previously hypothesized that
the loading eﬃciency was inconsistent due to lot-to-lot variation
in the PA bers.17 This variation could result in a diﬀerent
number of acid groups available for the coupling reaction.

Analytical Methods
Table 1 Mass of dual-labeled oligo bound to conditioned and
unconditioned PA ﬁbers following NHS/EDC modiﬁcation and DNase
treatment. Modiﬁcation measurements were performed on two
unconditioned and two conditioned ﬁbers

PA ber

Total mass (ng)

1a
2a
3b
4b

50.8
113.2
57.2
0

a

Conditioned. b Unconditioned.

To test the reproducibility of the coupling reaction and
DNase assay, a well-characterized support containing carboxylic
acid groups (Supelco DSC-WCX ion exchange resin) was used.
The reaction was performed as previously described on 1.2 mg
of the particles. Following the DNase assay and uorescence
quantication, a total of 98.5 ng of oligo was able to be loaded
onto the particles. Several more reactions were performed
under the same conditions and the loading eﬃciency was found
to have a relative standard deviation (RSD) > 23% (Table 2). This
result indicated that reproducibility issues could be due to the
employed reaction conditions. In particular, the pH of the
coupling solution (pH 9) may aﬀect reproducibility, as previous
reports have utilized 2-(N-morpholino)ethanesulfonic acid
(MES) buﬀer (pH 6) in all steps. Once the coupling reaction was
performed in MES buﬀer, reproducibility was observed to
increase substantially. The RSD of triplicate reactions performed in MES dropped signicantly to 1.2% (Table 2). These
results indicated that the reaction must be performed under the
appropriate conditions in order to achieve high reproducibility.

Fig. 1 (A) Reaction conditions for the NHS/EDC modiﬁcation of PA ﬁbers and (B) representative schematic of the DNase assay used for
quantiﬁcation.

This journal is © The Royal Society of Chemistry 2020

Anal. Methods, 2020, 12, 3200–3204 | 3201

View Article Online

Analytical Methods

Communication

Open Access Article. Published on 09 June 2020. Downloaded on 7/4/2020 10:43:49 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Table 2 Mass of oligo dT20 bound to DSC-WCX particles following
NHS/EDC modiﬁcation and DNase I treatment using either MES or
carbonate buﬀer for the coupling solution

Buﬀer in coupling step

Mass (n ¼ 3)

RSD (n ¼ 3)

Carbonate buﬀer
MES

89.11
110.36

23.44
1.25

Using the previously optimized conditions, reactions were
performed on six PA bers from two diﬀerent lots, as indicated
by the manufacturer. Fiber-to-ber reproducibility was tested by
performing extractions of a 260 bp model sequence, as illustrated in Fig. 2. The extraction performance was monitored
using quantitative polymerase chain reaction (qPCR) which
amplies the target DNA exponentially. An external calibration
curve was prepared using the target DNA (Fig. S2†) and was
found to have an amplication eﬃciency of 102.31%, within the
acceptable limits set by the MIQE guidelines.18 For reference,
a quantication cycle (Cq) value diﬀerence of one is equal to
a two-fold diﬀerence in the amount of DNA present. Higher Cq
values indicate lower amounts of DNA. Fig. S3† demonstrates
the results obtained following DNA extractions and reveal
consistent extraction performance within the same lot.
However, there was lot-to-lot variability observed, as previously
shown.17
One important aspect of the method workow is the
desorption step, as it is necessary to maximize the amount of
DNA recovered and to also reduce carryover eﬀects. To determine the optimal desorption time, serial desorptions were
performed in 10 mL of water in diﬀerent time intervals over
a period of 20 min. A shown in Fig. 3A, 95% of the extracted
DNA could be desorbed aer 10 minutes, with 99% desorption
eﬃciency being attained by 15 min. However, some DNA could
still be detected by qPCR aer 20 min (213 copies of target
DNA).
It was hypothesized that the use of a nuclease could permit
the removal of undesorbed DNA as a means to prevent carryover. To test this, exonuclease III was chosen to selectively

Fig. 2

remove the remaining DNA from the ber. To prevent hydrolyzation of the probe, a spacer was added to the 30 end to act as
a protecting group. Fig. S4† shows a schematic that demonstrates the proposed mechanism of action of the enzyme within
the system. The process was tested by performing an extraction
and an initial desorption followed by treatment with exonuclease III and a subsequent desorption step. This result was
compared with performing the second desorption without any
previous enzyme treatment. Table S3† shows the ratio of DNA in
the rst desorption to the second desorption. These results
show that treating the bers with exonuclease III was able to
signicantly decrease carryover.
Nucleic acid hybridization has been shown to be highly
dependent on the surrounding environment.19 Therefore, the
buﬀer composition of the sample solution would be expected to
play a role in the selective extraction of the target sequence.
Extractions were performed from ve diﬀerent buﬀers to
determine the composition that yielded the highest capture of
target sequence (Fig. 3B). As expected, the 250 mM NaCl solution yielded higher extraction of DNA compared to the 25 mM
NaCl solution. This is due to higher DNA-duplex stability at
increased ionic strength, resulting in higher melting temperatures of the probe-target complex.19 In contrast, the Tris and
phosphate buﬀers did not yield diﬀerent extraction results from
each other or from the 25 mM NaCl solution. However,
a disadvantage to using phosphate buﬀers is the chelation of
magnesium by the phosphate groups which can cause PCR
inhibition.20
Interestingly, the extractions from citric acid–phosphate
buﬀer yielded much higher quantity of captured DNA compared
to the 250 mM NaCl solution (Fig. 3B). Extractions from the
citric acid–phosphate buﬀer were approximately 16-fold higher
than those from the NaCl solution. However, when extractions
were performed with an unmodied ber from the citric acid–
phosphate buﬀer, a signicant amount of DNA was still detected (approximately 18 000 copies). In contrast, the unmodied
ber in 250 mM NaCl extracted z18 copies, indicating 1000fold lower non-specic DNA extraction than in citric acid–
phosphate buﬀer. These results will be further explored in
future studies, as previous work showed very low nonspecic

Representative schematic of the selective SPME process coupled to qPCR.
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Fig. 4 Extraction performance of modiﬁed PA ﬁbers with and without
interfering salmon testes DNA present.

amount of DNA extracted was observed when the agitation
speed was increased from 650 to 1000 rpm.
Sequence-specic nucleic acid extraction methods are highly
desirable when non-target DNA is present in large amounts
relative to the target sequence. Therefore, these methods must
possess high enough selectivity to isolate the target when
interfering sequences are present. As a proof-of-concept,
extractions were performed as previously described with
salmon testes DNA (average length ¼ 2000 base pairs) present as
the interfering sequence at a concentration of 10 ng mL1. This
concentration is 100 times higher than the target DNA
concentration (10 pg mL1). The extraction results in Fig. 4
show little diﬀerence in the amount of DNA extracted when the
salmon testes DNA is present and compared to an extraction
without interfering DNA. These results demonstrate the high
selectivity of the developed method.

Conclusions
(A) Desorption time analysis following sequence-speciﬁc DNA
extractions showing the percent DNA recovered during each time
period. (B) Eﬀect of buﬀer composition on the DNA extraction eﬃciency (1: 25 mM NaCl, 2 and 7: 250 mM NaCl, 3: 20 mM Tris pH 8.0, 4:
20 mM phosphate buﬀer pH 8.0, 5 and 6: citric acid–phosphate buﬀer
pH 6). (C) Optimization of stir-rate during the annealing step on the
extraction of DNA. For reference, a decrease of 1 in Cq value indicates
a doubling of the DNA present in the qPCR reaction.
Fig. 3

extraction of DNA by PA bers when extractions were performed
from a Tris buﬀer.
The stir-rate was the nal parameter optimized. In traditional SPME, the analysis time can oen be decreased through
the use of agitation. However, stirring had not previously been
explored using hybridization-based SPME. In order to evaluate
the eﬀect of the stir-rate on the extraction of DNA, stirring was
introduced into the hybridization step and varied between 0–
1000 rpm. As shown in Fig. 3C, the amount of captured DNA can
be observed to increase from 0–650 rpm. No diﬀerence in the

This journal is © The Royal Society of Chemistry 2020

In conclusion, the modication of PA bers and their application for selective DNA analysis was explored. Reproducible NHS/
EDC reaction conditions were studied in order to decrease the
ber-to-ber variability. Carryover DNA from previous extractions was able to be minimized using exonuclease III aer the
extraction procedure. A blocking group was added to the DNA
probe bound to the ber to prevent degradation by the exonuclease. The optimal extraction buﬀer and stir speed were also
determined. Extractions of the target DNA were able to be performed in 100-fold excess interfering DNA. Subsequent studies
will focus on further studying the selectivity of the sorbents for
the extraction of single-nucleotide polymorphisms and the
performance of the modied bers in biological matrices. In
addition, this study allows for reproducible modication of PA
bers with other bioactive molecules, such as proteins or antibodies, for the future development of selective sorbents.
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M. Burday, I. Ayakaka, R. D. Mugerwa, B. McMillan,
E. Winn-Deen, L. Christel, P. Dailey, M. D. Perkins,
D. H. Persing and D. Alland, J. Clin. Microbiol., 2010, 48,
229–237.
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