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a b s t r a c t
Immunoassay is an important technique to detect the disease biomarkers and pathogenic biological
agents which often present at low levels in clinical samples. To improve sensitivity of the immunoassay,
here we described the DNA-coated, nano-sized micelles in which the DNA strands play a role as signal
generators in an immunoassay. This micelle-based immunoassay was evaluated for quantitation of a liver
cancer biomarker and the sensitivity of the method was compared with those of the conventional
methods.
Ó 2013 Elsevier Ltd. All rights reserved.

Enzyme-linked immunosorbent assay (ELISA) is the conventional immunoassay technique based on a speciﬁc interaction between antigens and antibodies.1,2 This method has been regarded
as a gold standard in detection of disease-relating biomarkers in
clinical area and used for the detection and quantitation of various
biomolecules such as peptides, proteins, antibodies, and hormones.3–6 Despite these wide applications, ELISA is often limited
because of its relatively low detection sensitivity. Recently, we
have developed a microwell plate-based immunoassay, called oligonucleotide-linked immunosorbent assay (OLISA).7 OLISA utilizes
DNA oligonucleotides conjugated on detection antibodies (dAbs)
that mediated the cleavage of ﬂuorogenic RNA probes by RNase
H for generation of the ﬂuorescent detection signal (Fig. 1B, left).
Since the DNA can play a dual role as the signal generator and
the barcode for a detection antibody, OLISA can be used in a multiplexed assay, while ELISA is unable to detect multiple targets in a
microwell. On the consideration that the DNA strand is the template for the signal generation, the increased number of DNA
strands per dAb in the DNA–dAb conjugate would improve the
detection sensitivity. In that regard, nanomaterials having multiple
reactive sites in a restricted surface area are potentially useful
cross-linkers for connecting multiple DNA strands to a dAb, leading
to improved detection sensitivity in immunoassays.8
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Self-assembled constructs made of diacetylene surfactants have
gained popularity since they undergo polymerization via a

Figure 1. (A) The chemical structure of photo-crosslinked PDA micelles. (B)
Schematic presentation of OLISA (left) and micelle-OLISA (right).
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Figure 2. (A) CMC of PDA micelles. (B) The AFM image of PDA micelles. (C) Heights of micelles indicated by circles in Figure 2B.

topochemical 1,4-addition mechanism by UV radiation at 254 nm
to become relatively stable structures (Fig. 1A). This photopolymerized polydiacetylene (PDA) provides various attractive supramolecular structures including vesicles and micelles.9–11 While
conjugated PDA vesicles have been intensively investigated as sensors to detect chemically and biologically interesting molecules,12–
16
the PDA-based micelles have appeared in limited applications.17–20 As an effort to utilize PDA-based micelles in development of an immnoassay, multiple DNA strands were loaded on a
PDA micelle by utilizing multiple carboxylic acid groups on the
surface of the micelle in this study (Fig. 1B, right). This DNA-coated
PDA micelle was further conjugated with a dAb and used in the
OLISA assay for detection of a liver cancer marker, a-feto-protein
(AFP). The detection sensitivity of our micelle-OLISA was examined
carefully in comparison with OLISA and ELISA. Further, the accuracy and reproducibility of the assay were also evaluated by
detecting the target antigen in human sera.

To prepare the PDA micelle, the critical micelle concentration
(CMC) of the monomer (10,12-pentacosadiynoic acid) was determined by following the literature procedure using pyrene as a ﬂuorescence probe.19 After dispersion of the monomer in the presence
of pyrene, the ratiometric values of the ﬂuorescence intensity of
pyrene at two different wavelengths (373 and 383 nm) were plotted versus the concentration of the monomer (Fig. 2A). The CMC
value of the micelles determined from the intersection of two
curves was 20 mg/L or 53 lM. The PDA micelles were thus prepared by dispersion of the monomer at a higher concentration than
the CMC value in NaOH solution (pH 12) and subsequent sonication at 60 °C.21 The structure of micelles was further stabilized
by the photo-crosslinking performed with UV irradiation at
254 nm for 5 h. As the result, yellowish solution of the photo-polymerized micelles was obtained, which was consistent with the previous reports on the photoconjugated PDA micelles (Fig. S1,
Supplementary data).20,22–24 According to the AFM measurement,

Figure 3. Characterization of DNA-coated micelles. (A) Electrophoresis of reaction mixtures with different blend ratios of DNA and the micelle (lane 1: 20–1, lane 2: 50–1,
lane 3: DNA alone) was performed to estimate the conjugation yield on 3% agarose gel pre-stained with SYBR gold. (B) The AFM image of DNA-coated micelles. (C) Heights of
micelles indicated by circles in Figure 3B.
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the micelles showed a spherical morphology with heights of 2–
3 nm (Fig. 2B and C).
The polymerized micelles were chemically coupled with DNA
strands containing an amine moiety at one end and a biotin unit
at the other end. The amide coupling reaction was performed in
0.1 M MES buffer at pH 5 by using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS). The
conjugation reaction was analyzed by agarose gel electrophoresis.
As shown in Fig. 3A, the DNA-coated micelles (lane 1 and 2) were
moving more slowly than the unreacted DNA strand (lane 3), suggesting that the DNA-coated micelle was successfully prepared.
Although the aggregation number of the micelle was assumed as
100 monomers per one particle according to the literature,25 when
the DNA was used in excess (50 times) compared to the concentration of the micelle, the unreacted DNA strands still remained in the
reaction solution (lane 2). These unreacted DNA strands might
lower the sensitivity of the assay, because these unreacted DNA
strands themselves could also be conjugated with dAbs through
the speciﬁc streptavidin–biotin interaction during immunoassays.
After attempting several different ratios between the DNA and
the micelle, we found the suitable molar ratio between the DNA
and the micelle (20:1) at which all the DNA strands used were coupled with the micelle in the reaction (lane 1). The size of the DNAcoated micelle was estimated as 3–6 nm in height by AFM, which is
slightly larger than that of the plain micelle (Fig. 3B and C).
After preparation of the DNA-coated micelle, OLISA was conducted to quantitatively detect a liver cancer marker, a-fetoprotein
(AFP), in buffer solutions. To evaluate the assay performance of micelle-OLISA, the capture antibody (cAb) for AFP was coated on
wells of black 96-microwell plate, and then serially diluted biomarker solutions were added into each well after blocking with
phosphate buffered saline (PBS) containing 3% BSA. The biotinylated dAb and streptavidin were sequentially added to each well. The
DNA-coated micelle solution was prepared by diluting the assay
buffer (PBS containing 1% BSA and 0.1% Tween 20) to a ﬁnal concentration of 15 nM and incubated for 1 h at room temperature
after being added into each well to conjugate dAb with the DNAcoated micelle via biotin–streptavidin interaction. Then, the RNase
H reaction was carried out with the ﬂuorogenic RNA probe for 1 h
at 37 °C, and ﬂuorescence intensities were measured by a ﬂuorescence microplate reader. As shown in Fig. 4, the ﬂuorescence intensity was linearly proportional to the AFP concentration in the range
from 0 to 10 ng/mL. The limit of detection (LOD) value obtained
from the curve was 0.16 ng/mL.
To compare these results obtained by micelle-OLISA with those
by previous methods, OLISA and ELISA were also performed to construct the quantitation curves, and LOD values were determined as
shown in Table 1. The micelle-OLISA showed approximately four to
ﬁvefold higher sensitivity than OLISA and ELISA. The improved sen-

Table 1
Limit of detection (LOD) of ELISA, OLISA, and micelle-OLISA in AFP detection
Method

LOD (ng/mL)

ELISA
OLISA
Micelle-OLISA

0.77
0.69
0.16

Table 2
Precision (%CV) and accuracy (%recovery) of micelle-OLISA and ELISA

Micelle-OLISA
ELISA

AFP (ng/mL)

20

40

80

%CV
%Recovery
%CV
%Recovery

6.7
89.8
1.2
97.7

3.1
90.1
2.0
99.4

3.9
90.2
5.2
95.3

sitivity was obviously obtained by employing the PDA-micelle as
the carrier of multiple DNA strands of which each strands could
work as a signal generator. The level of improvement in the sensitivity was, however, not as high as expected from the increased
number of DNA strands per dAb (20 strands) in micelle-OLISA compared to that in OLISA (up to 3 strands). We believe that some of
the DNA strands immobilized on the micelle surface might not
be active for the signal generation reaction because of hindrance
by other neighboring DNA strands and the solid phase of the
microwell.
To further test the potential of the micelle-OLISA in clinical
applications, the precision (%CV) and the accuracy (%recovery) values of the method were determined for the biomarker in human
sera. Eighteen healthy human serum samples containing AFP (20,
40 or 80 ng/mL) were analyzed by using micelle-OLISA. As presented in Table 2, the %CV values were less than 10% at all concentrations examined, demonstrating that micelle-OLISA can be
reliable method for clinical uses. The %recovery expressing the
accuracy of the assay ranged from 89.8% to 90.2%, indicating that
the method could be used potentially for practical samples.26
In summary, we have prepared the DNA-coated PDA micelle
and employed the micelle in an immunoassay system, called micelle-OLISA utilizing the PDA-micelle for conjugating dAb with
multiple signal generating DNA strands. Compared with the previous methods such as ELISA and OLISA, the micelle-OLISA showed
improved sensitivity in quantitation of AFP in buffer solution. In
addition, the micelle-OLISA showed acceptable levels of accuracy
and reproducibility that are required for practical applications.
We therefore expect that the micelle-OLISA presented in this study
can be useful for clinical diagnosis as well as research applications.
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Figure 4. Immunoassays of AFP using ELISA (s), OLISA (h), and micelle-OLISA (4).
The detection signals were absorbance for ELISA or ﬂuorescence for OLISA and
micelle-OLISA, respectively.
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