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Abstract

Proximity ligation assay (PLA) achieves extremely low limits of detection, but requires the
synthesis of antibody-DNA conjugates recognizing multiple target epitopes with appropriate
proximity. In this work, we introduce a more generally-applicable method by replacing antibody-
DNA conjugates with nanoparticles which create ultra-detectable PCR templates by capturing
biotinylated oligonucleotides and catalyzing ligation. A competitive PCR readout was used to
make the assay quantitative. We have demonstrated that NP-PLA can detect and quantitate human
chorionic gonadotropin (hCG) levels as low as 2.6 fM (~ 0.1 pg/mL), nearly 1000 times more
sensitive than the current state of the art ELISA.
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Measuring ultra-low levels of protein biomarkers is essential for early diagnosis, treatment,
and management of many diseases? and is critical for biomedical research. Exponential
amplification processes, such as PCR, already allow the detection of specific nucleic acid
sequences with exquisite sensitivity and specificity, but such direct amplification is not
available for proteins. Efforts have been made to combine PCR and immunoassays for ultra-
low-level protein detection. The first so-called immuno-PCR (iPCR), introduced in 1992,
used a DNA PCR template as the reporter in an immunoassay to detect as few as several
hundred protein molecules.3 Although decades have passed since iPCR was first introduced,
it has not yet become very widely accepted due to two major challenges. First, false-positive
signals are caused by the nonspecific binding of DNA to multiple surfaces*-8 and
biomolecules’®. Second, it requires complex and time-consuming preparation of specific
DNA-antibody conjugated?19. Several approaches?19-11 have been developed to address
these issues, and the proximity ligation assay (PLA) strategy is one of the most successful.
PLA depends on the simultaneous recognition of target molecules by sets of two, three, or
more antibodies conjugated to DNA oligonucleotides, followed by ligation of the DNA
probes to produce PCR-amplifiable DNA products. In contrast with iPCR, the individual
DNA probes in PLA cannot serve as PCR templates; thus, false-positive signals from single
nonspecifically-bound DNAs are eliminated. However, PLA requires specific sets of two or
more antibody-DNA conjugates that recognize different epitopes (with proper separation
distances and angles) of the specific target protein. For later versions of PLA, including
3PLAI2 (with higher sensitivity) and solid-phase PLAL3 (with adjustable sample volume),
sets of three or more antibody-DNA conjugates are required.

Therefore, PLAs are still limited by the availability of proper sets of antibodies to specific
target proteins with appropriately-located epitopes.

The past decade has witnessed extensive development of nanoparticles and their use in
bioassays as molecular-level tools.14-17 In this paper, we report a nanoparticle-based PLA
(NP-PLA) for protein detection, in which a nanoparticle serves as a universal labeling
module to decouple the proximity ligation process from the molecular recognition of targets.
In this proof-of-concept study, protein biomarkers were first captured on the surface of a
microplate (Figure 1A). Biotinylated detection antibodies were bound to the microplate-
captured protein of interest, avidin nanoparticles were bound to the detection antibody, and
finally, the many unoccupied avidins on the bound nanoparticle catalyzed the ligation of a
set of biotinylated DNA oligos. To our knowledge, this is the first time that the advantages of
3PLA and solid-phase PLA have been combined in one single assay, resulting in both higher
detection sensitivity and adjustable sample volume as a result of the NP-PLA decoupling
strategy.

Although exponential amplification of PCR allows ultra-sensitivity with NP-PLA, it also
limits the quantitative precision of the assay.18 To address this issue, we used competitive
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PCR (cPCR) to quantify the NP-PLA results. In cPCR, a known amount of internal standard
competitor oligo using the same primers but with a different melting temperature due to its
different internal sequence is co-amplified with the ligation products. The PCR efficiency of
the competitor oligo is identical to that of the ligation products. Therefore, the ratio of the
amount of competitor amplicon to that of ligation product amplicon is the same as their pre-
PCR ratio (Figure SI)1° and the ratio of the their melting peak areas reflects their ratio in
abundance (Figure S2). To our knowledge, this is the first application of melting curve-based
cPCR (mp-cPCR) in quantitative immunoassays.

Nanoparticle screening.

To test the feasibility of detecting avidin nanoparticles with PLA, three commercially
available avidin/streptavidin-coated nanoparticles (streptavidin-coated spherical gold
nanoparticles (EM.STP15, BBI Solutions) with a mean diameter of 15 nm, streptavidin-
coated magnetic nanoparticles (Bio-Adembeads Streptavidin plus 0321) with a mean
diameter of 120 nm, and ANANAS nanoparticles?® (ANANAS nanotech) with a mean DLS-
effective diameter of 120 nm) (Figure 2) were tested using a set of optimized oligos (Table
S1, SI). All three avidin/streptavidin-coated nanoparticles decreased the C; values of the
PLA products in a dose-responsive manner. While the 120-nm magnetic nanoparticles and
120-nm ANANAS nanoparticles showed similar limits of detection (LOD) (approximately
5000 particles) (Figure 2) and similar delta C; slopes, as a function of the number of
nanoparticles, the 15-nm gold nanoparticles showed a 10-fold higher LOD and a flatter delta
Ci/nanoparticle concentration slope, indicating that PLA efficiency was higher with larger
avidin/streptavidin-coated nanoparticles than smaller nanoparticles. Because ANANAS
nanoparticles showed the highest detectability (and lowest variation) with PLA, they were
selected for subsequent development of the NP-PLA. The ligation yield from avidin-coated
nanoparticles was also analyzed (Figure S3). Based on a real-time quantitative PCR (QPCR)
standard curve of the synthetic full-length ligation product, with the current settings, the
ligation yield was constant at approximately 1.5 DNA templates per 120-nm avidin particle.
Further optimization of the NP-PLA system may increase the ligation yield.

Human chorionic gonadotropin (hCG) detection.

We further investigated the feasibility of NP-PLA by detecting human chorionic
gonadotropin, the the most widely used pregnancy marker and also a biomarker for germ-
cell ovarian and testicular cancers.2! To detect hCG, monoclonal antibodies recognizing the
hCG B-subunit were immobilized on the surface of the wells of a microplate. Biotinylated
polyclonal antibodies recognizing the hCG a-subunit were tagged with ANANAS
nanoparticles by biotin-streptavidin linkage via a cleavable disulfide bond. The antibody was
first covalently conjugated to NHS-SS-Biotin and then conjugated to the avidin-coated
nanoparticle. As shown in Figure 3, -delta C; increased logarithmically with the amount of
hCG, with an LOD of 100 fg/mL (Figure S4; signal higher than the blank signal plus 3
standard deviations of the blank signal, 2.6 fM, 100 uL sample volume), thereby
demonstrating the feasibility of NP-PLA. Compared to enzyme-linked immunosorbent
assays (ELISA) using the same assay settings, NP-PLA was more than 100 times more
sensitive.
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Quantification by competitive PCR.

To precisely quantify protein biomarkers at ultra-low levels, we used melting peak-based
competitive PCR (mp-cPCR) to quantify NP-PLA results. PCR product melting curves,
obtained by monitoring fluorescence change while slowly heating to 95°C, are routinely
used to characterize PCR products. Integration of the melting curve peaks is not used to
quantify or compare the amounts of PCR products because of inevitable tube-to-tube
variations in standard PCR, even when performed under the same PCR conditions. However,
because species are amplified in parallel in the same reaction tube during competitive PCR,
the ratio of the peak areas is expected to reflect the ratio of the amounts of the respective
PCR products.1® In our mp-cPCR experiments, we designed a competitor sequence (Table
S1) with the same primer-binding sites but with a melting temperature 10°C lower than that
of the target sequence of the ligation products. Ligation products were co-amplified in the
same PCR tubes with 30 copies of the competitor sequence added as an internal standard.

As shown in Figure 4A, instead of a logarithmic increase, the ratio between the peak areas of
the target sequence and the competitor sequence (T/C) in mp-cPCR increased linearly with
the concentration of hCG in the NP-PLA, demonstrating the utility of using mp-cPCR for
quantification in NP-PLA. As shown in Figure 4B, with mp-cPCR, the LOD remained at
100 fg/mL of hCG (2.6 fM, 100 pL sample volume). At this hCG level, the ratio between the
peak areas of the target and the competitor (1.62+0.13) was significantly higher than the
blank controls (1.45+0.19), proving the feasibility of mp-cPCR for NP-PLA.

In summary, we have demonstrated for the first time that avidin-coated nanoparticles can
catalyze oligonucleotide ligation. We use this to decouple the proximity ligation process
from the recognition of target proteins in PLA, reducing the background in nucleic acid
amplification-based immunoassays, without being limited by the proximity of different
antibody epitopes on the target proteins. Nanoparticle-based PLA also uses simple
biotinylated PLA probes, avoiding the need to prepare antibody-DNA conjugates. The
avidin-coated nanoparticles serve as a separate module in NP-PLA,; the size, geometry, and
spatial distribution of avidins can be freely adjusted for optimal assay performance. In this
proof-of-concept study, as expected we found that larger nanoparticles were more detectable
than smaller ones when used in similar numbers. In the first use of mp-cPCR in an
immunoassay, we demonstrated that melting peak-based competitive PCR (mp-cPCR) is
suitable for precise quantification of ultra-low protein biomarker levels using NP-PLA.
Given their wide applicability to protein biomarkers, ultra-sensitivity, universal design and
simple preparation of the NP-PLA probes, and the possibility of ultra-low-level protein
quantification, combining NP-PLA with mp-cPCR creates a new approach for simple,
sensitive, and quantitative detection of protein biomarkers at ultra-low levels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Schematic of nanoparticle-based proximity ligation assay (NP-PLA). (A) In traditional
immuno-PCR (iPCR), a PCR-amplifiable template oligo is directly used as the reporter.
Non-specifically bound oligos are PCR amplifiable, resulting in nonspecific background
signal. (B) In NP-PLA, avidin-coated nanoparticles serve as reporters. The avidin
nanoparticles bring the two split parts (biotinylated oligo-A and biotinylated oligo-B) of the
PCR template and the biotinylated bridge oligo-C into proximity. Oligo-A and oligo-B are
then ligated, with the resulting oligomer serving as the PCR template. Any non-specifically
bound oligos in NP-PLA cannot be ligated into a PCR-amplifiable template, and nonspecific
background is significantly decreased.
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Detectability of different nanoparticles using proximity ligation assay (PLA). Top, left to
right: streptavidin-coated gold nanoparticles (GNP), streptavidin-coated magnetic
nanoparticles (MNP), and ANANAS nanoparticles. Bottom: Dose-response curves for the
three different nanoparticles by PLA. The -delta Ct values are calculated by subtracting the
Ct value of samples from the Ct value of the blank control and are shown as the mean +
standard deviation; n = 3.
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Figure 3.

Detection of human chorionic gonadotropin (hCG) using nanoparticle-based proximity
ligation assay (NP-PLA), immuno-PCR (iPCR) and ELISA. The -delta Ct values were
calculated by subtracting the Ct value of samples from the Ct value of the blank control and
are shown as the mean + standard deviation; n = 3.; figure S5 includes data for the ELISA up
to 1000 pg/mL.
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Use of melting peak-based competitive PCR (mp-cPCR) to quantify the results of the
nanoparticle-based proximity ligation assay (NP-PLA) for the detection of human chorionic
gonadotropin (hCG). (A) Comparison of the results of NP-PLA for hCG detection with real-
time PCR and mp-cPCR. The dashed lines indicate the linear fitting from 1 pg/mL to 10
pg/mL hCG. Mean + standard deviation; n = 6. (B, top) Melting curves of six independent
blank samples in the cPCR-based NP-PLA for hCG detection. (B, bottom) Melting curves of
six independent samples with 0.1 pg/mL hCG in the cPCR-based NP-PLA for hCG
detection. The dashed lines indicate the baselines used to integrate the peak areas.
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