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Detection of proteins released in the bloodstream from
tissues damaged by disease can promote early detection
of pathological conditions, differential diagnostics, and
follow-up of therapy. Despite these prospects and a pleth-
ora of candidate biomarkers, efforts in recent years to
establish new protein diagnostic assays have met with
limited success. One important limiting factor has been
the challenge of detecting proteins present at trace levels
in complex bodily fluids. To achieve robust, sensitive, and
specific detection, we have developed a microparticle-
based solid-phase proximity ligation assay, dependent on
simultaneous recognition of target proteins by three an-
tibody molecules for added specificity. After capture on a
microparticle, solid-phase pairs of proximity probes are
added followed by washes, enabling detection and iden-
tification of rare protein molecules in blood while consum-
ing small amounts of sample. We demonstrate that single
polyclonal antibody preparations raised against target
proteins of interest can be readily used to establish as-
says where detection depends on target recognition by
three individual antibody molecules, recognizing sepa-
rate epitopes. The assay was compared with state-of-
the-art sandwich ELISAs for detection of vascular endo-
thelial growth factor, interleukin-8 and interleukin-6, and
it was found to be superior both with regard to dynamic
range and minimal numbers of molecules detected. Fur-
thermore, the assays exhibited excellent performance in
undiluted plasma and serum as well as in whole blood,
producing comparable results for nine different anti-
gens. We thus show that solid-phase proximity ligation
assay is suitable for validation of a variety of protein
biomarkers over broad dynamic ranges in clinical
samples. Molecular & Cellular Proteomics 9:327–335,
2010.

Analyses of the plasma proteome, its protein content, their
modifications, and interactions, hold great promise to improve
detection, classification, and prognostication of pathological
conditions such as cancer (1). The attraction of serum or

plasma biomarkers lies in their potential to reveal disease
processes throughout the body and to guide selection of
therapy and follow-up using minimally invasive blood
sampling.

This optimism is tempered by the molecular complexity of
plasma and the fact that the abundance of known plasma
proteins varies over at least 12 orders of magnitude (1), posing
great challenges for immunoassays used to investigate the
plasma proteome. Thus, new assay formats are needed that
can offer improved sensitivity and specificity over a broad
dynamic range with good precision to assess new protein
biomarkers for analysis in plasma, serum, or whole blood.

The proximity ligation assay (PLA),1 first described by
Fredriksson et al. (2) in 2002, is an immunoassay for detection
of protein molecules via DNA ligation and amplification, offer-
ing high specificity and sensitivity. In PLA, pairs of affinity
probes directed against the same target molecule are modi-
fied by attaching short single-stranded DNA molecules, cre-
ating so-called PLA probes. Upon proximal binding of a pair
of PLA probes to a target molecule, the DNA strands are
brought in close proximity and allowed to hybridize to a
connector oligonucleotide. The DNA strands can then be
joined by enzymatic ligation, forming a reporter DNA mole-
cule. This new DNA sequence can be quantified by sensitive
and specific nucleic acid detection techniques, such as quan-
titative real time PCR (q-PCR). The first form of PLA was a
homogeneous-phase assay where the antigen was recog-
nized by DNA aptamers in solution before ligation and ampli-
fication with real time detection. The assay has also been
performed on solid supports by immobilizing antibodies di-
rectly on the walls of PCR tubes (2) or by immobilizing biotin-
ylated antibodies on the surface of streptavidin-coated tubes
(3). The PLA technique has been implemented for a wide
variety of applications, including to visualize proteins in situ
(4), to reveal infectious agents (3) and protein-DNA interac-
tions (5), and for biomarker detection in both singleplex (6, 7)
and multiplex (9, 10).
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Microparticles are commonly used as solid supports in
immunoreactions (11, 12) to capture and separate target mol-
ecules. Here, we report the development of a generally useful
solid-phase PLA protocol (SP-PLA) (Fig. 1) based on para-
magnetic microparticles for robust and highly sensitive pro-
tein detection in complex biologic material. We used this
solid-phase PLA to detect nine different proteins in plasma
and serum, demonstrating very low limits of detection and
broad working dynamic ranges. In addition, we compared
the performance of SP-PLA with that of homogenous-phase
PLA and state-of-the-art sandwich ELISAs. The sensitivity
of detection of SP-PLA was shown to be clearly superior to
that of ELISA. When compared with the homogenous-phase
PLA described previously (9) where proteins are detected in
solution by a pair of oligonucleotide-labeled antibodies
without solid support capture, SP-PLA performed equally in
terms of minimal numbers of VEGF molecules detected
while exhibiting a broader dynamic range. In addition, we
evaluated the performance of SP-PLA for the detection of
the cardiac marker protein GDF-15 in clinical samples ob-
tained from two groups of patients, each consisting of 20
individuals, and from 20 healthy controls. The assay exhib-
ited very good interassay correlation and agreement with
available clinical data as measured in a conventional ELISA.
Furthermore, the levels of the protein were shown to differ
significantly between patient and control samples, support-
ing the value of this protein as a marker of coronary artery
disease. Accordingly, SP-PLA is excellently suited for anal-
yses of proteins present at low concentrations in complex
biologic material such as undiluted plasma or serum or
whole blood.

EXPERIMENTAL PROCEDURES

Proteins and Oligonucleotides—Antigens, affinity-purified polyclonal
antibodies, and their biotinylated forms for VEGF, IL-6, IL-8, IL-4, TNF�,
PSA, p53, ICAM-1, and GDF-15 were purchased from R&D Systems.
The oligonucleotide-streptavidin conjugates SLC1 (5�-CGCATCGCCC-
TTGGACTACGACTGACGAACCGCTTTGCCTGACTGATCGCTAAATC-
GTG-3�) and SLC2 (5�-TCGTGTCTAAAGTCCGTTACCTTGATTCCCC-
TAACCCTCTTGAAAAATTCGGCATCGGTGA-3�) were purchased from
Solulink (San Diego, CA).

Forward primer (Biofwd) (5�-CATCGCCCTTGGACTACGA-3�), re-
verse primer (Biorev) (5�-GGGAATCAAGGTAACGGACTTTAG-3�),
and connector oligonucleotide (5�-TACTTAGACACGACACGATTTA-
GTTT-3�) were obtained from Biomers. A TaqMan probe labeled with
the FAM flourophore (5�-FAM-TGACGAACCGCTTTGCCTGA-quenc-
her-3�) was from Applied Biosystems.

Clinical Samples—Plasma samples were collected from 20 patients
within 24 h after onset of unstable angina or minor myocardial infarc-
tion (group A) or collected upon arrival at the hospital from 20 patients
with sudden total thrombotic occlusion of a coronary artery as evi-
denced by electrocardiographic ST segment elevation, motivating
reperfusion therapy (group B). A further 20 samples were collected
from age-matched individuals with no signs or symptoms of coronary
disease.

Preparation of PLA Probes—Before being combined with the
antibodies, a 100 nM concentration of each of the streptavidin-
oligonucleotide conjugates was separately mixed with 100 nM

streptavidin from Streptomyces avidinii (Sigma-Aldrich) at a 1:4
volume ratio of conjugate to streptavidin followed by incubation at
65 °C for 30 min to dissociate the streptavidin tetramers before
these reformed upon return to lower temperatures (supplemental
Fig. S1a). This was done to reduce the number of oligonucleotide
moieties per streptavidin tetramer. The above treatment allowed us
to use 4-fold less streptavidin-oligonucleotide conjugates while
maintaining assay performance. Heat-treated oligonucleotide-
streptavidin conjugates could be stored at 4 °C for several months
without negatively affecting assays.

For preparation of PLA probes and capture antibodies, biotinylated
polyclonal antibodies were each divided in three aliquots. One aliquot
was immobilized on streptavidin-coated microparticles to serve as
capture antibody (see below). The other two were separately mixed
with 100 nM heat-treated streptavidin-conjugated oligonucleotides
SLC1 or SLC2 at a ratio of 1:1 (supplemental Fig. S1b). The mixtures
were incubated for 1 h at room temperature (RT) to allow anti-
bodies to bind streptavidin-oligonucleotide conjugates. Prior to use,
the pairs of PLA probes were then combined in the PLA probe mixture
at a final concentration of 250 pM for each probe.

Sample Depletion—Prior to analysis of 100% serum or plasma
samples, we depleted the samples from potentially interfering sub-
stances by preincubation with microparticles coated with nonspecific
goat IgG. 10 pmol of biotinylated goat IgG was added per mg of
Dynabeads� MyOneTM Streptavidin T1 microparticles (Invitrogen) and
incubated for 1 h at RT with constant rotation. The microparticles
were then washed twice with washing buffer (1� PBS, 0.05% Tween
20 (Sigma-Aldrich)) and reconstituted with 200 �l of storage buffer
(1� PBS, 0.1% purified BSA (New England Biolabs)). For depletion of
samples, we used 0.05 �l of the stored microparticles for every �l of

FIG. 1. Schematic description of SP-PLA method. A, samples are incubated with antibodies preimmobilized on microparticles. B, next,
microparticles are washed and incubated with pairs of PLA probes. C, finally, oligonucleotides on PLA probes are ligated upon proximal binding
of a common antigen and addition of a connector oligonucleotide. This is followed by amplification and detection of the ligated products by
quantitative real time PCR, the primers of which are indicated by arrows.
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sample. Microparticles and samples were incubated for 3–5 h at RT
before the microparticles used for depletion were removed.

Antibody Immobilization on Microparticles—To coat microparticles
with specific antibodies, 1 mg of Dynabeads, washed twice with 500
�l of washing buffer, was combined with 200 �l of 50 nM (1.5 �g)
biotinylated antibody and incubated for 1 h at RT under rotation. Next,
the microparticles were washed twice with 500 �l of washing buffer
and reconstituted with 200 �l of storage buffer (1� PBS, 0.1%

purified BSA (New England Biolabs)). Microparticles on which anti-
bodies have been immobilized can be stored at 4 °C for up to 2
months without noticeable loss of activity.

Solid-phase PLA—For every PLA reaction, we used 1 �l of anti-
body-coated microparticles, which corresponds to 5 �g of micropar-
ticles and 7.5 ng of antibody. The storage buffer was removed, and
the microparticles were reconstituted in 5 �l of PLA buffer (1 mM

D-biotin (Invitrogen), 0.1% purified BSA (New England Biolabs),

FIG. 2. Performance of microparticle-based SP-PLA and comparison with tube-based assay. a, comparison of microparticle-based
(squares) and tube-based assay (diamonds) for detection of IL-6 (I), IL-8 (II), and VEGF (III) in buffer. All measurements were performed at least
in triplicates. Error bars indicate SD. b, SP-PLA performance for detection of IL-6 (I), IL-8 (II), and VEGF (III) in buffer (squares), 10% serum
(triangles), and 10% plasma (diamonds) with corresponding CV% values for every data point for buffer (open squares), 10% serum (open
triangles), and 10% plasma (open diamonds). c, 2-fold dilutions of IL-8 in 10% plasma to estimate precision. The y axes display threshold cycle
values of real time PCR assays; the x axes display concentrations of the investigated proteins in pM.
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0.05% Tween 20 (Sigma-Aldrich), 100 nM goat IgG (Sigma-Aldrich),
0.1 �g/�l salmon sperm DNA (Invitrogen), 5 mM EDTA, 1� PBS) prior
to mixing the microparticles with the sample.

Dilution series of antigens were prepared in PLA buffer, 10 or 100%
chicken serum (Invitrogen), 10 or 100% chicken plasma (Rockland),
and 10% chicken whole blood (Innovative Research). 10% chicken
plasma, serum, and whole blood were prepared by diluting 100%
chicken plasma, serum, or whole blood in PLA buffer. Each dilution
series contained a negative control where no protein was included to
determine background noise.

The assays were initiated by mixing 45 �l of each sample with 5 �l
of microparticles in microtiter wells followed by incubation for 1.5 h at
RT under rotation. Next, reaction wells with microparticles were al-
lowed to settle on a 96-well plate magnet (PerkinElmer Life Sciences).
The particles were washed twice with washing buffer, and 50 �l of
PLA probe mixture was added to each well and incubated for 1.5 h at
RT while rotating. Thereafter, the microparticles were again collected
on a 96-well plate magnet and washed twice with washing buffer.
Finally, 50 �l of ligation/PCR mixture (1� PCR buffer (Invitrogen), 2.5
mM MgCl2 (Invitrogen), a 0.1 �M concentration of each primer Biofwd
and Biorev, 0.22 �M TaqMan probe, 0.08 mM ATP, 100 nM connector
oligonucleotide, 0.2 mM dNTPs (containing dUTP) (Fermentas), 1.5
units of Platinum Taq polymerase (Invitrogen), 0.5 units of T4 DNA
ligase (Fermentas), 0.1 unit of uracil-N-glycosylase (Fermentas)) were
added to each well followed by detection of PLA DNA ligation prod-
ucts by q-PCR. A dNTP mixture containing dUTP and uracil-N-gly-
cosylase was used to minimize the risk of PCR contamination. The
thermocycling program used includes an initial incubation for 2 min at
95 °C followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. All
q-PCRs were performed on an Mx-3000 instrument (Stratagene).
Solid-phase PLAs using tubes as solid support were performed as
previously described by Ericsson et al. (13).

Sandwich ELISA—The R&D Quantikine� ELISA kits for VEGF, IL-8,
GDF-15, and IL-6 were used according to the manufacturer’s spec-
ifications with the exception that for VEGF, IL-8, and IL-6 ELISAs the
proteins were spiked in 10% calibrator diluents to ensure a fair
comparison between SP-PLA and ELISA. Information regarding limits
of detection (LODs) of ELISAs for ICAM-1, GDF-15, TNF�, IL-4, and
PSA was from R&D Quantikine ELISA kit; information for p53 was
from the Invitrogen immunoassay kit for detection of total p53.

Data Analysis—The q-PCR data were analyzed with MxPro soft-
ware (Stratagene), and the recorded Ct values were exported and
further analyzed with Microsoft Excel software. The statistical signif-
icance of the difference in levels of the GDF-15 protein between
patient group B and healthy controls determined by SP-PLA was
calculated using a two-sample Wilcoxon rank sum test in R.

Definitions of Terms—The LOD was defined as the concentration of
protein corresponding to CtLOD � CtN � 2 � SN where CtN is the
average Ct obtained for the background noise and SN is the standard
deviation of this value. LOD values for the detection of proteins in
plasma and serum are calculated in molar concentrations of the
proteins in 50 �l of 10% plasma or serum.

Coefficient of variation percent (CV%) was calculated for each data
point using the following formula: CV%a � Sa/Ma where Sa is the
standard deviation and Ma is the average number of starting PCR
amplicons for point a. Ct values were converted to numbers of start-
ing PCR amplicons using the equation Ma � 2(38 � Cta) where Cta is the
Ct of point a. This formula assumes that 38 is the number of PCR
cycles required to bring a single amplicon to the threshold for fluo-
rescence detection. Recovery was calculated using the following
formula: Recovery (%) � Measured concentration (molar)/Spiked
concentration (molar).

RESULTS

We compared the microparticle-based protocol with the
use of polycarbonate tubes as described by Ericsson et al.
(13) for detection of VEGF, IL-8, and IL-6. The results dem-
onstrated that the two protocols performed equally for detect-
ing proteins in buffer (Fig. 2a). The LOD of both assays was in
the low fM range for all three analytes, and they exhibited a
broad dynamic range of up to 6 orders of magnitude. The
microparticle-based assay used significantly less antibody,
however, and assays could be completed in 3 h compared
with 6 h when tubes were used as a solid support, probably as
a result of enhanced binding kinetics to microparticles.

To investigate assay performance in more complex matrices,
we used the microparticle-based SP-PLA for detection of the
three analytes, VEGF, IL-8, and IL-6, in dilution series prepared
either in 10% chicken plasma or in 10% chicken serum (Fig. 2b).
Chicken plasma and serum were used to represent the complex
composition of human plasma or serum while ensuring the
absence of the investigated human target proteins. The assay
performance in plasma and serum was comparable to that in
buffer, demonstrating that any interfering substances in such
biological materials could be avoided by target capture on the
particle supports. Assay characteristics in buffer, 10% plasma,
and 10% serum such as LOD, linear range, interassay variation,
recovery, and R2 are summarized in Table I. For all three ana-
lytes, the assays exhibited very low limits of detection and broad
dynamic ranges, suitable to study protein concentrations that
may vary widely among different samples as is often the case in
pathological conditions. Furthermore, we assessed the preci-
sion of the assay by performing 2-fold dilutions of IL-8 in 10%
plasma, ranging from 3.9 to 250 pM. The results shown in Fig. 2c
demonstrate that the assay is readily able to discern concen-
tration differences of the investigated protein of less than 2-fold.

TABLE I
Summary of SP-PLA performance characteristics for detection of VEGF, IL-8, and IL-6

The measurements were performed in buffer, 10% chicken serum, or chicken plasma.

VEGF IL-8 IL-6

Buffer Serum Plasma Buffer Serum Plasma Buffer Serum Plasma

LOD (fM) 1.9 10.7 5.2 2.8 20 15.6 8.9 20 11
Linear range 106 105 105 106 106 106 106 106 106

Intra-assay variation (CV%) 21.3 7.8 10.6 24.8 16.1 21 16 7.5 13.8
R2 0.998 0.986 0.996 0.988 0.990 0.989 0.999 0.984 0.997
Recovery (%) 105.6 100.1 94.8 99.4 107.6 107.1 100.7 113 102.4
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In addition, we validated the assay for detection of VEGF in
undiluted (100%) chicken plasma and serum. Here, we used
an initial depletion step to remove unknown interfering agents
that had been shown to give rise to increased background in
bodily fluids but without removing the antigens of interest
from the sample (data not shown). Prior to analysis, samples
were incubated with microparticles coated with unspecific
IgG from goat. The assay performance in 100% plasma and
serum was very similar to that in 10% dilutions with LODs of
25 and 28 fM for plasma and serum, respectively (Fig. 3a), and
excellent recovery for both plasma and serum. It is also of
interest to ascertain whether the assays can perform well in
whole blood, such as when there is a need for rapid proce-
dures with minimal sample preparation, for example in point-
of-care applications. To investigate the effect of whole blood,
we measured VEGF in 10% whole chicken blood. The volume
of blood used was 5 �l, �1⁄10–1⁄20 of that obtained from a
finger prick. We found that the assay performance was not
affected by the presence of whole blood, and VEGF was
detected with an LOD of 10 fM (Fig. 3b).

We furthermore validated the technology by comparing it
with state-of-the-art ELISAs. The results are summarized in
Fig. 4. SP-PLA was capable of detecting �100 times lower
concentrations of each of the three investigated antigens
compared with sandwich ELISAs and with a broader dynamic
range by up to 2 further orders of magnitude. Moreover,
SP-PLAs only required 5 �l, whereas the corresponding
ELISAs consumed up to 100 �l of sample.

We demonstrated the assay performance for detection of
an additional six proteins in serum and plasma: p53, ICAM-1,
GDF-15, PSA, TNF�, and IL-4. Results confirmed that the
assays perform equally well for a number of protein targets
using polyclonal antibodies raised against the whole proteins
(Fig. 5 and Table II). SP-PLA exhibited an LOD in the fM range
for all nine different proteins, and the dynamic ranges of all
assays extended over 5 or 6 orders of magnitude.

To investigate the SP-PLA test in a practical application, we
evaluated the performance of the assay for detection of
GDF-15 in human plasma samples obtained from 40 patients
belonging to two different patient groups (A and B) and from
20 healthy controls. GDF-15 has emerged as a blood biomar-
ker for recurrence of myocardial infraction and increased mor-
tality in patients with non-ST elevation acute coronary syn-
drome (14). We first estimated the levels of GDF-15 in the 20
patients belonging to group A on two separate occasions
(assay 1 and assay 2). The intra-assay CV% for the two
experiments was 15–16%. The linear correlation coefficient
(R2) between the two measurements of GDF-15 for the 20

FIG. 3. Performance of SP-PLA in complex biological samples.
a, comparison of performance of SP-PLA in 100% serum (open
triangles) and plasma (open diamonds) and 10% serum (triangles) and
plasma (diamonds) for the detection of VEGF. b, detection of VEGF by
SP-PLA in whole blood. Error bars indicate SD.
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samples of patient group A was 0.89 (Fig. 6a), reflecting a
good agreement between the two data sets. The interassay
CV% for the two experiments was found to be 35%. To
assess the validity of the results generated by SP-PLA, we
compared the results with those obtained by ELISA for patient
group A. The linear correlation coefficient (R2) between the
measured values in the two types of assays was between 0.89
and 0.95 (Fig. 6, b and c), verifying the validity of the values
measured by SP-PLA. We then used SP-PLA to assess the

concentration of GDF-15 in 20 samples from patient group B
and 20 healthy controls. The GDF-15 was found to be signif-
icantly elevated (p � 0.001, two-sample Wilcoxon rank sum
test) in patient group B compared with the healthy control
group as shown in Fig. 6d.

DISCUSSION

A rapidly increasing number of protein molecules are being
identified as potential biomarkers for human disease by in-

FIG. 4. Comparison of SP-PLA with sandwich ELISA for detection of VEGF, IL-6, and IL-8. For SP-PLA, the proteins were spiked in 10%
serum (triangles) and 10% plasma (diamonds), and for ELISA, the proteins were spiked in the 10% calibrator diluent for serum and plasma
provided by the manufacturer (circles). The primary y axes display threshold cycle values of real time PCR for SP-PLA; the secondary y axes
display OD measured at 450 nm for ELISA. x axes display concentration of the analyzed proteins in the 10-fold dilutions of each protein in the
50 �l SP-PLA reactions and the 200 �l ELISAs. All measurements were performed at least in triplicates. Error bars indicate SD.

FIG. 5. Detection of ICAM-1, GDF-15, TNF�, IL-4, PSA, and p53 with SP-PLA in 10% serum (triangles) and 10% plasma (diamonds).
y axes display threshold cycle values of real time PCR assays; x axes display concentration of each antigen in pM.
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vestigating affected tissues using for example immunohisto-
chemistry, mass spectrometry, or other proteomic ap-
proaches or on the basis of the expression of the
corresponding transcripts. This motivates the search for these
same proteins in blood as possible reporters of disease pro-
cesses that may cause their release, but sensitivity of detec-
tion often is found to be insufficient (15). Therefore, methods
are needed that offer high sensitivity and high specificity as
required when dealing with complex biologic material (16, 17).
The aim of this study was to establish a general and straight-

forward method for detecting proteins in complex biological
samples at levels too low to be detected by standard means.
To do so, we combined the advantages of the PLA technique
with those of sandwich immunoassays (11, 16, 17) to create
sensitive and specific immunoassays. We report herein the
development of SP-PLA, a microparticle-based PLA, in which
the solid support allows concentration of target molecules
and removal of excess probes as well as potentially interfering
agents from complex biological samples followed by amplifi-
cation of ligated reporter DNA strands for sensitive protein
detection. The two different solid supports used to perform
SP-PLA performed equally well in singleplex protein detection
performed in buffer. We have preliminary data suggesting that
the microparticle-based protocol presents advantages in mul-
tiplex protein analysis where different antibodies are immobi-
lized on separate microparticles.2 Furthermore, the micropar-
ticle-based protocol can be used to analyze larger sample
volumes if necessary.

SP-PLA consistently exhibited a very low limit of detec-
tion in the low fM range, a broad linear dynamic range of up
to 6 orders of magnitude, and CV% between 7 and 25%. In

2 S. Darmanis and R. Y. Nong, unpublished data.

FIG. 6. Measurements of GDF-15 in patient samples as analyzed in two independent SP-PLA tests and in one sandwich ELISA. a,
GDF-15 was measured by SP-PLA in 20 human plasma samples obtained from patient group A on two separate occasions (SP-PLA1 and
SP-PLA2). Values of GDF-15 in pg/ml obtained in assay 1 are plotted on the y axis, whereas values obtained from assay 2 are plotted on the
x axis. b and c, scatter plots showing the correlation between ELISA and each of the two SP-PLA tests (SP-PLA1 and SP-PLA2) for data from
the same 20 human plasma samples. Values of GDF-15 in pg/ml obtained from SP-PLA are plotted on the y axis, whereas ELISA values are
plotted on the x axis. d, box plots showing differences in levels of GDF-15 in patients belonging to patient group B and in healthy controls. The
p value was calculated using a two-sample Wilcoxon rank sum test.

TABLE II
Comparison of LOD between SP-PLA and ELISA for detection of

ICAM-1, GDF-15, TNF�, IL-4, PSA, and p53

LOD

ELISA
SP-PLA

Serum Plasma

pM

ICAM-1 1.993421 0.014 0.02
GDF-15 0.071786 0.05 0.06
TNF� 0.091429 0.16 0.08
IL-4 0.714286 0.16 0.08
PSA 1.071429 0.07 0.009
p53 1.162791 0.005 0.0003
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addition, only 5-�l sample aliquots were used in the stand-
ard protocol, a feature that is of great importance in exam-
ining valuable and limited specimens such as biobank ma-
terial. The assays performed equally well for a variety of
target proteins, and we observed a very low LOD for nine
different analytes, ranging from small cytokine molecules to
larger proteins.

Compared with sandwich ELISA, SP-PLA offered around
100-fold greater sensitivity. Similar levels of sensitivity have
been reported for immuno-PCR assays in which a single
oligonucleotide-antibody conjugate is used for detection of
target molecules captured via another antibody (18). We ex-
pect that the requirement for recognition of three epitopes in
SP-PLA can serve to further enhance the detection specificity
by eliminating background signals due to nonspecifically
bound detectable reagents or cross-reactive detection of re-
lated target molecules. The requirement for multiple binding
also facilitates analysis of more complex target structures
such as proteins with posttranslational modification and bi-
nary or ternary protein interactions. Moreover, the require-
ment for specific ligation of the attached DNA strands has the
important advantage of allowing detection reactions to be
restricted to cognate sets of antibodies among large numbers
of reagents added to an assay. Thereby, the assays can avoid
the rapidly increasing risks of cross-reactions between non-
cognate antibody pairs observed when regular sandwich as-
says are multiplexed (19). Accordingly, the PLA approach is
promising for assays where large numbers of analytes are
simultaneously interrogated in one sample. The SP-PLA was
also compared with published data for homogenous-phase
PLA by Fredriksson et al. (9). Although the assays described in
this publication were performed in multiplex, their perform-
ance is similar to that of separate singleplex assays. When
compared with homogenous-phase dual (9) or triple (8) rec-
ognition PLA, SP-PLA performs equally well for detection of
VEGF. Homogenous-phase PLA presents several attractive
features. The assay uses only 1-�l samples compared with 5
�l of sample for SP-PLA, making it highly suitable in applica-
tions where sample amounts are limited; even lower amounts
of antibodies are used compared with SP-PLA; and the assay
is performed without washing steps, thereby simplifying the
procedure and avoiding sources of variability. The distinct
advantages of SP-PLA lies in its suitability for analysis of
complex biologic material such as undiluted plasma or serum
and even whole blood, which could be inhibitory in the case of
homogeneous PLA. In addition, SP-PLA has proven robust
and easy to set up, and new assays can be established well
within a working day starting from a suitable biotinylated
polyclonal antibody preparation. The requirement for target
recognition by three antibody molecules can be conveniently
achieved with a single antiserum raised against the whole
target protein to ensure specific binding of several epitopes
on the target protein. Alternatively, assays can be performed
using proper combinations of sets of three monoclonal anti-

bodies as described previously (8). We have so far established
SP-PLA tests for detection of over 46 different proteins with
excellent results.

SP-PLA was successfully used to estimate levels of a
marker for coronary disease in clinical plasma samples. The
assay exhibited very good reproducibility, low intra-assay
CV%, and a satisfactory interassay CV%. Furthermore, as-
says performed on the same samples on different occasions
correlated very well with one another and with levels mea-
sured for the same samples using ELISA. Nevertheless, fur-
ther development will be required for SP-PLA to be routinely
applied in clinical contexts.

There is room for further improvement of the assay as
presented here, for example to decrease assay time while
retaining sensitivity and to allow the use of considerably larger
volumes of samples when target molecules must be detected
at even lower concentrations. The use of internal controls will
serve to improve reproducibility. Furthermore, as discussed
herein, the SP-PLA approach is promising for high multiplex
immunoassays where large sets of target molecules are si-
multaneously interrogated in minimal sample aliquots for di-
agnostic and research purposes.

In conclusion, we have shown that SP-PLA is a robust and
highly sensitive protein detection technique. It is suitable for
clinical applications where proteins need to be quantified at
low concentrations and for analyzing biobanked samples in
minute sample aliquots. In addition, the SP-PLA mechanism
exhibits excellent potential for development of highly multi-
plexed immunoassays.
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