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1. Abstract  

The proximity ligation assay (PLA) is a molecular technique that enables sensitive detection 
of individual or complexes of proteins. Two or more affinity binders, such as antibodies, with 
attached DNA oligonucleotides are applied in current PLA as so called PLA probes. When 
two PLA probes bind to the same target protein or protein complex, the oligonucleotides are 
in close proximity to each other and can be joined by ligation. The ligation product will serve 
as a reporter molecule that can be amplified and detected by standard nucleic acid methods, 
such as quantitative PCR and rolling circle amplification. So PLA strongly depends on quality 
of the PLA probes – the affinity and specificity of the affinity binders and the feasibility of 
attaching oligonucleotides to those binders. For this project, bifunctional linker sulfo-SMCC 
was applied as covalent conjugation strategy. Antibody and adaptor oligonucleotides (8-24-
mer) were covalently conjugated and then ligated to specific arm oligonucleotides to form 
conjugates by ligation. The robust protocol and ratios in conjugation and ligation were 
confirmed considering various cost performances. Conjugates by ligation were tested in 
solution phase PLA, solid phase PLA with different biologically relevant matrices, whose 
performances were equally good and reproducible as normal covalent PLA probes. In the 
application, conjugates by ligation gave good and reliable results in the duplex assay, 
hopefully they could be applied successfully in a multiplex assay to create an easier and 
efficient way for generating PLA probes for large multiplex projects. As it is hard to conjugate 
long oligonucleotides to small affinity binders, conjugation by ligation could also be applied 
with small binders, as adaptor oligonucleotides are much shorter. 8-mer and 10-mer adaptors 
were firstly tested in solid phase PLA using antibody as affinity binder.  
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2. Abbreviations 

ATP                                         Adenosine triphosphate 

BSA                                        Bovine serum albumin 

Cbl                                         Conjugation by ligation 

Ct                                           Cycle threshold 

DARPins                                Designed ankyrin repeat proteins 

DMSO                                   Dimethyl sulfoxide 

DNA                                      Deoxyribonucleic acid 

DTT                                       Dithiothreitol, the formula is C4H10O2S2 

LOD                                      Limit of detection 

Mer                                       Length unit of oligonucleotides, means bases 

MWCO                                 Molecular weight cut off 

PCR                                      Polymerase chain reaction 

PLA                                      Proximity ligation assay 

QPCR                                   Quantitative real time PCR 

Rh  VEGF                             Human vascular endothelial growth factor     

RP-HPLC                             Reversed-phase high-performance liquid chromatography 

Sulfo-SMCC                        Sulfosuccinimidyl 4-(N-maleimidomethyl)                                                                       

                                             cyclohexane-1-carboxylate 

TCEP                                   Tris (2-carboxyethyl) phosphine, C4H10O2S2  
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3. Introduction 

3.1 Various Methods of Protein Detection and Quantification 

Proteins play a crucial role in all organisms and participate in almost every process within a 
cell, such as enzymes in metabolic reactions, receptors in cell signaling, antibodies in immune 
responses and so on. Proteomics, which refers a wide study of proteins, including their 
concentration, functions, structures, secondary modifications, localizations and co-
localizations in cells and tissues as well as interactions with other biomolecules, was coined in 
1996 (Wilkins, et al., 1996). The technologies of protein detection and quantification have 
developed fast and there has been a dramatic increase of available methods in the past 30 
years. 

The most commonly used methods are the immunoassays, which rely on specific affinity 
between antigen and antibody, including homogenous and heterogeneous immunoassays 
(reviewed in Gustafsdottir., 2006). In homogenous immunoassays, signals, labels or 
detectable substances are generated by the recognition of antigen and antibody in 
homogenous solution without immobilized antigen or antibody or other analytes, such as 
scintillation proximity assay (Bosworth, et al., 1989). This assay is also used to choose drug 
candidates applying ligand-receptor interactions (Gustafsdottir., 2006). Analytes are 
immobilized and detected in different phases in heterogeneous immunoassays. ELISA is one 
of the most famous heterogeneous immunoassays, target antigen is detected by primary and 
enzymatically labeled secondary antibodies while capturing the antigen on a solid-surface 
(Engvall, et al., 1971).  

Another analysis method is protein arrays that measure and detect proteins with their 
interactions with target antigens, antibodies and other biomolecules immobilized on the solid 
phase (Zhu, et al., 2003). One distinguished improvement of protein detection is the 
combination of mass spectral analysis (Aebersold, et al., 2003) with 2-dimensional gel 
electrophoresis (Gorg, et al., 2000). Other methods of separating proteins can also be 
combined with mass spectral analysis, such as capillary electrophoresis (reviewed in Skoog, 
et al., 2007) and liquid chromatography. 

3.2 Proximity Ligation Assay (PLA) 

The proximity ligation assay (PLA) is a recently-developed molecular technique to detect a 
single protein (Fredriksson, et al., 2002) or sets of interacting proteins and it can determine 
their concentrations, interactions and secondary modifications with high sensitivity and 
specificity. PLA can be classified into in situ PLA by applying RCA as readout (Söderberg, et 

al., 2006) and in vitro PLA with standard nucleic acid detection methods (Fredriksson, et al., 
2002). 

Two or more PLA probes (Gullberg, et al., 2004), including affinity binders and unique DNA 
oligonucleotides, are used to bind single target protein or different members in protein 
complexes. The two oligonucleotides are brought in proximity by the affinity binders' 
recognition of the target molecules, and ligated to each other which generate a ligated DNA 
product that serves as a reporter and be amplified by PCR. 

3.2.1 Solid Phase PLA 
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Streptavidin coated magnet beads are used as solid support to capture biotinylated antibodies, 
which could capture and separate target protein or macromolecule in the solution (Ericsson, et 

al., 2008). PLA probes are applied to bind to the target proteins simultaneously and 
specifically. When two or more PLA probes recognize the epitopes on the target protein, 3' 
free oligonucleotides and 5' free oligonucleotides are close enough to be ligated to each other 
by hybridizing to a connector oligonucleotide. The DNA ligation product will serve as a 
reporter and template to be amplified and quantified by QPCR (Fredriksson, et al., 2002). 
Figure 1 shows the schematic process of solid phase PLA. 

Solid phase PLA has a lower LOD and higher dynamic range comparing to solution phase 
PLA, as solid support can capture the target proteins effectively and washing steps can get rid 
of the redundant regents inhibiting the reactions (Gustafsdottir., 2006). In various biologically 
relevant matrices, such as serum and plasma, solid phase PLA shows high sensitivity and 
specificity. It has been also shown to be superior to ELISA in LOD and dynamic range 
(Darmanis, et al., 2010).  

   

                                                                                                                                                            
Figure 1. A. The target protein (red) is incubated with paramagnetic microparticles (brown) with immobilized 
capture antibodies. B. The molecules that are not captured by the antibodies are washed away. C. PLA probes are 
incubated with captured target protein and then unbound PLA probes are washed away. D. Two PLA probes in 
close proximity are ligated with the help of connector oligonucleotides and a ligase, and then amplified and 
quantified by QPCR program. 

3.2.2 Solution Phase PLA 

Homogenous phase PLA is more like a mixture of PLA probes, samples containing target 
molecules and related reagents, without solid support or capture antibody in the solution. 
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Figure 2 shows the schematic process of solution phase PLA. 

It is a convenient way for protein detection as its easy and quick handle. The first 
homogenous phase PLA was developed in 2002 with the recognition of antigen by DNA 
aptamers (Fredriksson, et al., 2002). The sensitivity of solution phase PLA is also promising. 
In detecting of PDGF-BB (Platelet-Derived Growth Factor B-chain) with solution phase PLA, 
it showed a very low LOD of 10-20mol compared to 10-16mol from ELISA (Fredriksson, et al., 
2002). 

 

Figure2. A. PLA probes are incubated with target protein (red). B. Then 3’ free PLA probe and 5’ free PLA probe 
ligate to each other by connector oligonucleotides and ligation products are amplified and quantified by QPCR. 

3.2.3 PLA Probes 

PLA is a molecular tool to convert protein detection to DNA detection. In preparation of PLA 
probes, purified monoclonal or polyclonal antibodies are often used as affinity binders, as 
antibodies are commonly used in antigen-recognition and with a high specificity to the target 
proteins. Assays with DARPins and Affibodies as alternative affinity binders have also been 
developed for in situ PLA. DARPins are derived from natural ankyrin proteins which contain 
3-5 repeats of ankyrins (Binz, et al., 2004). Affibodies are formed by three alpha-helices lack 
of disulfide bonds (Nord, et al., 1995, Wikman, et al., 2004). Both of them are scaffold 
proteins which have a high affinity to target proteins and a stable structure that can cope with 
high temperature as well as rigid environments (Stoevesandt, et al., 2007).   

Small binders have advantages in binding with small molecules as they have less steric 
hinderance compared to antibodies. But the affinity of small binders is not as good as that of 
antibodies (Stoevesandt, O., et al., 2007).   

There are two main strategies of conjugation of affinity binder to DNA oligonucleotide, one is 
covalent conjugation with modifications on both affinity binders and oligonucleotides or one 
of them; the other is a non-covalent strategy, such as streptavidin-biotin interaction (Green. 
1990). In this way, streptavidin modified oligonucleotides can be coupled to biotinylated 
antibodies (Gullberg, et al., 2004). 

3.2.3.1 Covalent Conjugates 

There are several strategies for making covalent conjugation depending on different 
crosslinkers and modifications on affinity binders and oligonucleotides.  

http://en.wikipedia.org/wiki/Ankyrin
http://en.wikipedia.org/wiki/Ankyrin_repeat
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Sulfo-SMCC is one of the most commonly used crosslinkers for preparation of covalent PLA 
probes (Söderberg et al 2006). Firstly, stable amide bonds are formed between the amine-
reactive N-hydroxysuccinimide (NHS) ester of the Sulfo-SMCC and the primary amines of 
antibodies at pH 7-9. Then thioether bonds are formed by reactions of the maleimide of the 
SMCC and the sulfhydryl groups of oligonucleotides at pH 6.5-7.5. So sulfo-SMCC is 
suitable for conjugating antibody and thiol-modified oligonucleotides together. Figure 3 
shows the schematic reaction (Thermo scientific).  

Figure 3 NHS ester of sulfo-SMCC first reacts with primary amines of the antibody. Then excess reagents are 
washed away. The maleimide-activated antibody then reacts with thiol-modified oligonucleotides to form 
antibody-oligonucleotides conjugates (modified from figures from Thermo scientific’s instructions). 

3.2.3.2 Conjugates by Ligation 

Conjugation by ligation PLA probes includes affinity binders, adaptor oligonucleotides, Cbl 
splints and specific arm oligonucleotides. Affinity binders are first conjugated to adaptor 
oligonucleotides (8-24-mer) common for all different binders to be conjugated and ligated to 
specific arm oligonucleotides (60-70-mer), with a specific DNA sequence for each binder, 
with the help of the connector oligonucleotides Cbl splint. 

The idea of conjugation by ligation has two initial purposes, one is to make the preparation of 
PLA probes for large multiplex projects much easier. Adaptor oligonucleotides are universal, 
can be covalently conjugated to different antibodies and stored for a long time. When needed 
in large multiplex assays, different specific arm oligonucleotides for detecting different target 
proteins are ligated to the adaptor-antibody conjugates. The other aim is to apply conjugation 
by ligation to small affinity binders, as it is hard to conjugate small binders to normal length 
oligonucleotides. Figure 4 indicates the schematic process of preparing conjugates by ligation. 



 

9 
 

 

                   A                                                                                         B 

Figure 4. A. The antibody first reacts with sulfo-SMCC and then connects with thiol-modified adaptor 
oligonucleotides. B. Adaptor-antibody conjugates are ligated with specific arm oligonucleotides with a Cbl splint. 
Conjugates by ligation or adaptor-antibody conjugates could be store at 4℃ for at least three months. 

3.3. Quantitative Polymerase Chain Reaction (QPCR) 

In vitro PLA often uses QPCR as readout. QPCR refers to real-time polymerase chain reaction, 
it is also called quantitative real time polymerase chain reaction. It is a method widely used in 
molecular biology to amplify and simultaneously quantify a certain DNA sequence (reviewed 
in VanGuilder, et al., 2008).  

In order to quantify PCR products, two common approaches are applied for QPCR. One is 
using unspecific fluorescent dyes, like SYBR Green which can bind to all double stranded 
DNA (Spackman, et al., 2008). Once the fluorescent dye binds to the double strands of DNA, 
they can fluoresce; when there are enough amplified double strands DNA, the intensity of the 
fluorescent will be detected. The other method is to apply sequence-specific DNA probes, 
such as the TaqMan probe which is an oligonucleotide modified with a fluorofore in one end 
and a quencher of this fluorofore in the other end. The free TaqMan probe will not fluoresce 
since the fluorofore is quenched. (reviewed in VanGuilder, et al., 2008). During real-time 
PCR the TaqMan probe will bind to the DNA being amplified and when the polymerase get to 
the TaqMan probe on the strand being amplified it will remove the TaqMan probe base by 
base.  The base with the fluorescent group is relieved and emits fluorescence which can be 
measured by a laser detector.  

In exponential amplification of QPCR plot, fluorescence intensity is plotted on the Y-axis. 
Logarithmic scale of cycle number is used in X-axis to get a straight line in an exponential 
amplification. The threshold is set at a point where there is exponential amplification.  When 
the fluorescence from the sample reaches the threshold, it will be called cycle threshold, 
abbreviated as Ct. If the Ct value of one sample is low, it means the target DNA amount is 
high and vice versa. 

In PLA data analysis, standard curves are often plotted according to logarithmic of target 
protein dilution series and corresponding Ct values in reversed order. If a concentration of the 
unknown target protein in a sample needs to be detected by PLA, known protein is diluted in 
the same sample condition to that of unknown sample and plotted to standard curve.  

3.4. Aim of the Study 

http://dict.youdao.com/search?q=fluoresce&keyfrom=E2Ctranslation
http://en.wikipedia.org/wiki/DNA_probe
http://en.wikipedia.org/wiki/Oligonucleotide
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My project focused on setting up and optimizing a protocol for creating PLA probes of 
conjugates by ligation. There were two main directions of the project, the first was to set up a 
robust protocol of preparing conjugates by ligation; the other was to explore applications of 
conjugates by ligation.  
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4. Materials and Methods 

4.1. Buffers, Proteins and Oligonucleotides 

1× PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM sodium phosphate dibasic, 2 mM potassium 

              phosphate monobasic ( pH = 7.5).     

PBSE: 1× PBS, 5 mM EDTA ( pH = 7.5).     

Streck buffer: 0.1% BSA (New England Biolabs), 100 nM goat lgG (Sigma-Aldrich), 1 mM 

                       Biotin (Invitrogen), 100 μg/ml salmon sperm DNA (Invitrogen), 4 mM 

                       EDTA, 1× PBS, 0.05% Tween 20 (Sigma-Aldrich) 

Wash buffer: 1× PBS + 0.05% Tween 20  

Bead buffer: 1× PBS + 0.1% BSA (1 mg/ml)  

Binding buffer: 1× PBS + 0.1% BSA (1 mg/ml) 

Storage buffer: 1× PBS + 0.2% BSA (1 mg/ml) + 0.01% NaN3 

10× ligation buffer: Tris-acetate 100 mM magnesium acetate, 500 mM potassium acetate  

                                (pH = 7.5). 

Chemical reagents were supplied by Sigma-Aldrich and prepared in highly purity water. All 
the antigens, antibodies as well as oligonucleotides used are listed table 1-7 in the Appendix. 

4.2. Preparation of PLA probes 

PLA probes were prepared as previously described (Söderberg et al 2006) with some minor 
modificiations. Briefly, sulfo-SMCC (Pierce) was weighed and dissolved in DMSO (Sigma-
Aldrich) to 4 mM. Polyclonal antibody (2 μg/μl) was mixed with 4mM sulfo-SMCC and 
incubated at room temperature for 2 hours. DTT (Invitrogen) was dissolved in PBSE to 100 
mM. 6 μl 100 μM thiol-modified oligonucleotides (See table 3 and 6 in Appendix) were 
reduced in 1.5 μl 100 mM DTT in a 37℃ water bath for 1 hour.  

The reduced oligonucleotides were purified using Microspin G-50 or G-25 columns (G-50 
for >20 bases and G-25 for 10-20 bases; GE Healthcare) according to manufacturer’s 
instructions. 7K MWCO Zeba™ Spin Desalting Column (Pierce) was equilibrated and used to 
remove the redundant sulfo-SMCC mixed with antibody according to manufacturer’s 
instructions. After the column purification, the reduced oligonucleotides and antibody were 
mixed and put in 7,000 MWCO Slide-A-Lyzer® Mini Dialysis Unit (Thermo) and dialysed 
against 3-5L 1× PBS buffer at 4℃ overnight. After dialysis, the concentration of antibody-
oligonucleotides conjugates were calculated, and the conjugation efficiency was validated by 
SDS-PAGE. Briefly, samples were mixed with NuPAGE® LDS Sample buffer (4×) 
(Invitrogen) and heated at 95℃ for 5 minutes before they were loaded on a Native SDS-PAGE 
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gel (GeneGel Exel 12.5/24 Kit, GE Healthcare) according to manufacturer’s instructions. The 
protein amounts of the samples were kept at 0.2 μg/band. Then the DNA silver staining were 
performed with PlusOne DNA Silver Staining Kit (GE Healthcare) by Hoepfer (GE 
Healthcare), an automated gel stainer, according to manufacturer’s instructions. 
The conjugates were diluted in storage buffer to a concentration of 1 μM (based on the 
antibody) and stored at 4 ℃. 

4.3. Concentration Measurement of Antibody and Oligonucleotides 

The concentrations of antibody and thiol-modified oligonucleotides used in conjugation were 
measured separately by NanoDrop™ 1000 Spectrophotometer (Thermo) according to 
manufacturer’s instructions. 

4.4. Conjugates by Ligation 

Antibody-adaptor conjugates were ligated to 1 μM Cbl specific arm, using 1 μM Cbl splint, 
0.5 mM ATP (Fermentas), 0.1 U/μl T4 ligase (Fermentas) in 1× ligation buffer at room 
temperature for 1 hour and the ligated product was kept in storage buffer at 4 ℃. The molar 
concentration ratio between Cbl specific arm and splint and adaptor oligonucleotides was 
1:1:1 and thus the molar concentration ratio between Cbl specific arm and antibody-adaptor 
conjugates was 2.5. 

4.5. PLA 

4.5.1 Microparticle Preparation 

Streptavidin coated Dynabeads® MyOne™ Streptavidin T1 (Invitrogen) were used as solid 
support in solid phase PLA experiment, which were left on magnet rack (Invitrogen) and 
washed by 500 μl wash buffer for three times. Then 100 μl of 50 nM biotinylated antibody 
was added in binding buffer to 0.5 mg Dynabeads to prepare capture microparticles and 
incubated on a rotator at room temperature for 2 hours. After the incubation, the 
microparticles were washed three times in 500 μl wash buffer and reconstituted in 100 μl 
beads buffer, then stored at 4 ℃. 

4.5.2 Solid Phase PLA 

Target antigen was diluted in 10-fold dilution series. 1 μl beads/well was used, then the bead 
buffer was removed and the beads were washed twice in 100 μl wash buffer. Then the 
microparticles were re-suspended in 5× bead volume’s streck buffer.  

The microparticles were incubated with 45 μl diluted antigen in the wells of 96-well PCR 
plate (Thermo) on a rotator for 1.5 hours at room temperature. After the incubation, the 
microparticles were washed twice in 100 μl wash buffer in the 96-well PCR plate at plate 
magnet (PerkinElmer Life Sciences). 

Followed by an addition of 50 μl 250 pM PLA probes to the microparticles and an incubation 
for 1.5 hours on a rotator at room temperature. The microparticles were washed twice in 100 
μl wash buffer on a plate magnet and 50 μl ligation and PCR mix were added into each 
microtiter well, which contained 1× PCR buffer (Invitrogen), 2.5 mM MgCl2 (Invitrogen), 0.1 
μM Universal Fwd primer, 0.1 μM Universal Rev primer, 0.1 μM splint, 0.5× Sybr Gold 
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(Invitrogen), 0.08 mM ATP (Fermentas), 0.2 mM dNTP (with dUTP) (Fermentas), 0.03 U/μl 
Taq polymerase (Invitrogen), 0.01 U/μl T4 ligase (Fermentas) and 0.002 U/μl Uracil-DNA 
glycosylase (Fermentas). 

The 96-well PCR plate was put in QPCR machine (STRATAGEN® MX3000P™ from 
Agilent Technologies). The ligation products were amplified by a program of 10 minutes at 
95 °C, followed by 40 cycles of 95 °C for 15 seconds and 60 °C for 1 minute. 

4.5.3 Duplex Solid Phase PLA 

Microparticles were prepared with the two different antibodies immobilized on separate beads. 

Solid phase PLA was performed according to the protocol but with two diluted antigens, 250 
pM of each of the probes of the two probe pairs and two kinds of microparticles. After 
incubations with PLA probes, 50μl ligation mix containing 1× ligation buffer, 0.1 μM splint, 
0.08 mM ATP (Fermentas), 0.01 U/μl T4 ligase (Fermentas) was added to each well, and 
incubated at room temperature for 10 minutes. 

The ligation mix was removed and the microparticles were washed twice in 100 μl wash 
buffer in the 96-well PCR plate on a plate magnet. Microparticles together with ligation 
products were re-suspended in 100 μl wash buffer, divided equally into 4 groups and 
transferred to a new 96-well PCR plate. The wash buffer was removed and 50 μl PCR mix 
were added into each microtiter well, containing of 1× PCR buffer (Invitrogen), 2.5 mM 
MgCl2 (Invitrogen), 0.1 μM specific anti-mouse IgG or anti-human VEGF Fwd primer, 0.1 
μM specific anti-mouse IgG or anti-human VEGF Rev primer, 0.5× Sybr Gold, 0.08 mM ATP 
(Fermentas), 0.2 mM dNTP (with dUTP) (Fermentas), 0.03 U/μl Taq polymerase (Invitrogen) 
and 0.002 U/μl Uracil-DNA glycosylase (Fermentas).  

The 96-well PCR plate was then put into the QPCR machine and the ligation products were 
amplified by the same program used in singleplex solid phase PLA (Page 12). 

4.5.4 Solution Phase PLA 

In solution phase PLA, the antigen was serially diluted in binding buffer. 2 μl of antigen 
sample were mixed with 2 μl 100 pM PLA probes and incubated for 1.5 hours at room 
temperature in 96-well plate. After incubation, 50 μl ligation and PCR mix was added and the 
QPCR was performed with the same program to those in solid phase PLA. 

4.6. Filter Purification 

Filter purification was used to make conjugates by ligation ready for solution phase PLA. 
1×PBS to conjugates by ligation was added to 500 μl and the solution was transferred to 
Amicon® Ultra 0.5 mL 100K Centrifugal Filters (MILLIPORE) and purified according to 
manufacturer’s instructions. The purified and concentrated conjugates by ligation were 
collected and measured to calculate their concentrations. 

4.7. Data Analysis 

The results as well as program setting of QPCR were operated by MxPro software, and then 
exported and analyzed in Excel 2010. The standard curves were made based on the antigen 



 

14 
 

concentrations and corresponding Ct values. The X-axis is the logarithmic scale of target 
protein concentration and the Y-axis is reversed related Ct values to let the standard curves 
increase with the increased concentration of target protein. The dynamic range showed on the 
standard curve is the linear part of the standard curve, which can be used to measure the 
concentration of unknown sample. LOD is the lowest concentration of target protein that 
could be detected by PLA. The ΔCt was defined as the average Ct of negative control which 
was referred as background, minus the average Ct of highest concentration of antigen.  
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5. Results 

5.1 The Feasibility of Conjugates by Ligation (24-mer adaptor oligonucleotides) 

Firstly, the feasibility of products of conjugates by ligation was tested by 24-mer adaptor 
oligonucleotides. There were two important ratios of preparing conjugates by ligation, one 
was the ratio between antibody and adaptor, the other was between adaptor, specific arm and 
Cbl splint. Secondly, conjugates by ligation were applied in solid phase as well as solution 
phase PLA. Last but not least, conjugates by ligation were also tested in solid phase PLA with 
different sample conditions. 

5.1.1 Test Different Ratios in Conjugation and Ligation 

The same batch of goat anti-mouse IgG antibody was used in conjugation. Biotinylated goat 
anti-mouse IgG was applied as capture antibody on the magnetic beads to capture antigen 
mouse IgG in solid phase PLA. Figure 5 shows the result of using these two ratios for 
conjugates by ligation and comparing to in solid phase PLA. The three standard curves 
showed in figure 5 have the same slope and shape, so the conjugates by ligation have the 
same function as covalent conjugates in solid phase PLA. Conjugates by ligation showed 
higher signals to covalent conjugates. 2 times concentration of specific arm gave higher 
signals to those from 1 time’s. The Ct differences between 2 times conjugates by ligation and 
1 time conjugates by ligation were around 1 Ct. However, take costs and standard deviations 
as well as stability of conjugates by ligation into consideration, 1 time conjugates by ligation 
were selected to be applied in future experiments. The LOD, ΔCt and dynamic ranges are 
presented in table 1.  

Table 1. The comparison of LOD, dynamic ranges, ΔCt of two ratios conjugates by ligation and covalent 
conjugates used in solid phase PLA 

Name LOD (pM) Dynamic Range 
(pM) 

ΔCt 

1* conjugates by ligation 0.16 0.16-1000 17.48 
2* conjugates by ligation 1.30 1.30-1000 14.97 

Covalent conjugates 0.07 0.07-1000 17.685 

 

Figure 5. Detection of serial dilution of mouse IgG conjugates by ligation, covalent conjugates as control, 
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different ratios between adaptor/specific arm/Cbl splint in streck buffer in solid phase PLA. The ‘1* conjugates 
by ligation’ indicates the ratio between adaptor/specific arm/Cbl splint =1:1:1 and the ‘2* conjugates by ligation’ 
indicates the ratio among adaptor/specific arm/Cbl splint=1:2:2. The 0.001 pM on X-axis is the negative control 
of no antigen but with PLA probes and the error bars along the Y-axis indicate the standard deviations of the 
triplicate measurements. 

5.1.2 Test Conjugates by Ligation Probes in Solid Phase PLA 

To investigate if there was a difference in the performance of the two different polarities of 
the oligonucleotides used for conjugates by ligation probes, compared to those of the covalent 
conjugates, different combinations of covalent probes and conjugates by ligation probes were 
tested in solid phase PLA. Figure 6 shows the standard curves from the different combinations 
of anti-mouse IgG PLA probes. For the cross usage of PLA probes test, anti-mouse IgG 
conjugates by ligation PLA probes showed higher signals than covalent conjugated PLA 
probes, the covalent conjugates had almost the same standard curve to that of using covalent 
conjugated probe 1 and conjugates by ligation probe 2; the conjugates by ligation probes 
showed a very similar curve to that of conjugates by ligation probe 1 and covalent conjugated 
probe 2. The efficiency of PLA probe 1 affected the final signal more. However shapes and 
slopes of curves were similar and the Ct differences were around 1 Ct. Table 2 shows LOD, 
ΔCt and dynamic ranges of different combinations of PLA probes of anti-mouse IgG.  

Figure 7 shows the standard curves from the different combinations of anti-rh VEGF PLA 
probes. For the goat anti-human VEGF PLA probes showed highly similarity among the four 
different combinations of PLA probes, which proved the conjugates by ligation PLA probes 
and covalent conjugated PLA probes were in the same function in singleplex solid phase PLA. 
Table 3 shows LOD, ΔCt and dynamic ranges of different combinations of PLA probes of 
anti-rh VEGF.  

Table 2. The comparison of LOD, dynamic ranges, ΔCt of different combinations of PLA probes of anti-mouse 
IgG applied in solid phase PLA 

Name LOD (pM) Dynamic Range (pM) ΔCt 
Covalent conjugates 0.02 0.02-1000 17.02 

Conjugates by ligation probe1 + 
covalent conjugates2 

0.25 0.25-1000 16.65 

Covalent conjugates1 + 
conjugates by ligation probe2 

0.024 0.024-1000 18.64 

Conjugates by ligation 0.035 0.035-1000 17.72 
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Figure 6. Detection of serial dilution of mouse IgG with different combinations of goat anti-mouse IgG covalent 
conjugates and conjugates by ligation in streck buffer in solid phase PLA The 0.001 pM on X-axis demonstrate 
the negative control of no antigen but with PLA probes. The error bars along the Y-axis indicate the standard 
deviations of the triplicate measurements. 

Table 3. The comparison of LOD, dynamic ranges, ΔCt of different combinations of PLA probes of anti-rh 
VEGF used in solid phase PLA 

Name LOD (pM) Dynamic Range (pM) ΔCt 
Conjugates by ligation 0.036 0.036-1000 18.67 

Conjugates by ligation probe1 + 
covalent conjugates2 

0.025 0.025-1000 21.45 

Covalent conjugates1 + 
conjugates by ligation probe2 

0.035 0.035-1000 19.8 

Covalent conjugates 0.22 0.22-1000 20.31 

 

Figure 7. Detection of serial dilution of human VEGF with different combinations of goat anti-rh VEGF 
antibody covalent conjugates and conjugates by ligation in streck buffer in solid phase PLA The 0.001 pM on X-
axis indicates the negative control with no antigen but with PLA probes and the error bars along the Y-axis show 
the standard deviations of the triplicate measurements. 

5.1.3 Test Conjugates by Ligation in Solution Phase PLA 
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Target antigens were also detected with conjugates by ligation in solution phase PLA, but 
unpurified conjugates by ligation had very high background in solution phase PLA (data not 
shown), so they were purified by filter before use.  

Figure 8 demonstrates the results from filter purified anti-mouse IgG conjugates by ligation 
applied in solution phase PLA. Table 4 shows LOD, ΔCt and dynamic ranges of anti-mouse 
IgG. Figure 9 shows the results from filter purified anti-rh VEGF conjugates by ligation tested 
in solution phase PLA. Table 5 shows LOD, ΔCt and dynamic ranges of anti-rh VEGF PLA 
probes. Filter purified conjugates by ligation showed lower signals level comparing to those 
of corresponding covalent conjugates, as loss in purification process. But the shapes of 
standard curves and LOD, ΔCt were similar. 

Table 4. The comparison of LOD, dynamic ranges, ΔCt of conjugates by ligation and covalent conjugates of anti-
mouse IgG in solution phase PLA 

Name LOD (pM) Dynamic Range 
(pM) 

ΔCt 

Covalent conjugates 0.16 0.16-1000 6.47 
Conjugates by ligation 0.21 0.21-1000 6.58 

 

Figure 8. Detection of serial dilution of mouse IgG with unpurified covalent conjugates and filter purified 
conjugates by ligation in binding buffer in solution phase PLA. The 0.001 pM on X-axis indicates the negative 
control of no antigen but with PLA probes. The error bars along the Y-axis show the standard deviations of the 
triplicate measurements. 

Table 5. The comparison of LOD, dynamic ranges, ΔCt of conjugates by ligation and covalent conjugates of anti-
rh VEGF in solution phase PLA 

Name LOD (pM) Dynamic Range 
(pM) 

ΔCt 

Covalent conjugates 0.12 0.12-1000 7.33 
Conjugates by ligation 0.05 0.05-1000 7.86 
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Figure 9. Detection of serial dilution of human VEGF with unpurified covalent conjugates and filter purified 
conjugates by ligation in binding buffer in solution phase PLA. The 0.001 pM on X-axis indicates the negative 
control of no antigen but with PLA probes. The error bars along the Y-axis show the standard deviations of the 
triplicate measurements. 

5.1.4 Test Conjugates by Ligation Solid Phase PLA with Different Biologically Relevant 
Matrices 

In order to demonstrate conjugates by ligation could be applied not only to streck buffer, but 
also in biologically relevant matrices, I used 10% chicken serum (Invitrogen) and 10% 
chicken plasma (Rockland) to verify the function of conjugates by ligation. Figure 10 
indicates the comparison of conjugates by ligation in solid phase PLA with different sample 
conditions and table 6 shows the corresponding LOD, dynamic ranges, ΔCt. 

The results demonstrated that conjugates by ligation did not have much differences compared 
to covalent conjugates in single antigen detection solid phase PLA in this experiment. So 
conjugates by ligation performed similarly to covalent conjugated not only in streck buffer, 
but also in 10% chicken serum and 10% chicken plasma. 

Table 6. The comparison of LOD, dynamic ranges, ΔCt of conjugates by ligation and covalent conjugates in 
solid phase PLA with different biologically relevant matrices  

Name LOD (pM) Dynamic Range (pM) ΔCt 
Covalent conjugates  

In streck buffer 0.11 0.11-1000 12.63 

In 10% chicken plasma 0.13 0.13-1000 12.85 

In 10% chicken serum 0.06 0.06-1000 12.77 

Conjugates by ligation  

In streck buffer 0.09 0.09-1000 14.26 

In 10% chicken plasma 0.125 0.125-1000 15.14 

In 10% chicken serum 0.15 0.15-1000 15.02 
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Figure 10. Application of anti-mouse IgG conjugates by ligation and covalent conjugates in solid phase PLA 
with different conditions, including streck buffer, 10% chicken plasma and 10% chicken serum. The 0.001 pM 
on X-axis is the negative control of no antigen but with PLA probes and the error bars along the Y-axis indicate 
the standard deviations of the duplicate measurements. 

5.2 Duplex Assay in Solid Phase PLA 

Two target antigens (human VEGF and mouse IgG) were detected in streck buffer in duplex 
solid phase PLA. There were four groups, the experimental group was 1nM of both antigens; 
the other groups were 1 nM human VEGF, 1nM mouse IgG and a negative control without 
antigen. The solid support came from the mixture of the two kinds of microparticles and both 
anti-rh VEGF and anti-mouse IgG PLA probes were applied in every group. The ligation 
products of each reaction were split in four prior to qPCR to be able to read out all possible 
combinations of probes taking part in the ligation products. The expectation was to get signals 
from both specific primers for anti-mouse IgG or both specific primers for anti-rh VEGF. The 
other two combinations of one anti-mouse IgG primer and one anti-rhVEGF primer should 
not generate a signal but were used to check error rates and unspecific binding. The 
experiment setting is summarized in table 7a. Conjugates by ligation showed a similar 
performance to that of covalent conjugates in duplex assay, including ΔCt between correct and 
wrong combinations of specific primers in different target antigen groups, which is concluded 
in table 7b. Figure 11a and 11b shows the result from duplex solid phase PLA applying 
covalent conjugates and 24-mer conjugates by ligation PLA. 

Table 7a. Experiment setting for duplex assay 

        Settings 

Group No. 

Target Antigen PLA Probes Specific Primers 

Group1 
(experimental group) 

Mouse IgG 

Human VEGF 

 

 

Covalent conjugates  

Fwd IgG + Rev IgG 
Fwd VEGF + Rev VEGF 

Fwd VEGF + Rev IgG 
Fwd IgG + Rev VEGF 

Group2 Human VEGF Fwd IgG + Rev IgG 
Fwd VEGF + Rev VEGF 

Fwd VEGF + Rev IgG 



 

21 
 

or  

Conjugates by Ligation 

Fwd IgG + Rev VEGF 
Group3 Mouse IgG Fwd IgG + Rev IgG 

Fwd VEGF + Rev VEGF 
Fwd VEGF + Rev IgG 
Fwd IgG + Rev VEGF 

Group4  

(negative control) 

None Fwd IgG + Rev IgG 
Fwd VEGF + Rev VEGF 

Fwd VEGF + Rev IgG 
Fwd IgG + Rev VEGF 

 

Table 7b. The comparison of ΔCt average between right and wrong combinations of specific primers and highest 
signals in different target antigen groups ΔCt AVE indicates average of the signal from right combination of 
specific primers to target antigen minus signals from wrong specific primers. 

               

Group No. 

Covalent conjugates Conjugates by ligation 
ΔCt AVE Highest signal ΔCt AVE Highest signal 

Group 1 
Mouse IgG 4.28 17.595 4.07 15.79 
Human VEGF 6.42 15.44 5.38 14.025 
Group 2 
Human VEGF 12.71 14.935 12.19 13.635 
Group 3 
Mouse IgG 11.6 17.23 10.74 15.585 
Group 4 
None ---- 35.1 ---- 33.815 

 

Figure 11a. Application of covalent conjugates in duplex assay The X-axis refers to target antigens and different 
colors indicates different combinations of specific primers, including right combinations: blue for amplifying 
anti-mouse PLA probes and red for anti-rh VEGF PLA probes; green and purple bars are wrong combinations. 
The error bars along the Y-axis demonstrate the standard deviations of the duplicate measurements. 
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Figure 11b. Application of conjugates by ligation in duplex assay  The X-axis refers to target antigens and 
different colors indicates different combinations of specific primers, including right combinations: blue for 
amplifying anti-mouse PLA probes and red for anti-rh VEGF PLA probes; green and purple bars are wrong 
combinations. The error bars along the Y-axis demonstrate the standard deviations of the duplicate measurements. 

5.3 Application of Shorter Adaptor Oligonucleotides in Solid Phase PLA 

5.3.1 Test Different Lengths of Adaptor Oligonucleotides in Solid Phase PLA 

In order to apply the idea of conjugation by ligation to small binders, shorter adaptors were 
tried in the conjugation. The same batch of anti-mouse IgG covalent conjugates, 24-mer, 14-
mer, 10-mer and 8-mer conjugates by ligation were applied in solid phase PLA. Figure 12 
shows the results from application of different lengths of adaptor conjugates by ligation in 
solid phase PLA. Table 8 indicates LOD, ΔCt and dynamic ranges of different lengths adaptor 
conjugates by ligation applied in solid phase PLA. 

In this experiment, covalent conjugates and 24-mer conjugates by ligation were the control 
groups. The standard curves were in similar slopes and shapes in figure 12, the 24-mer 
conjugates by ligation performed best, next came 14-mer, 10-mer and 8-mer conjugates by 
ligation. The shorter the adaptors, the lower signal they got at the same antigen concentration. 
In addition, the shorter adaptor conjugates by ligation showed lower efficiencies, such as 
factors like LOD, ΔCt.  

Table 8. The comparison of LOD, dynamic ranges, ΔCt of different lengths adaptor conjugates by ligation probes 
used in solid phase PLA 

Name LOD (pM) Dynamic Range (pM) ΔCt 
Covalent conjugates 0.008 0.008-1000 16.64 

24-mer conjugates by ligation  0.015 0.015-1000 16.59 
14-mer conjugates by ligation  0.017 0.017-1000 16.17 
10-mer conjugates by ligation 0.63 0.63-1000 14.63 
8-mer conjugates by ligation 0.39 0.39-1000 11.755 
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Figure 12. Application of different lengths of adaptor conjugates by ligation in solid phase PLA. The 0.001 pM 
on X-axis indicates the negative control of no antigen but with PLA probes, the error bars along the Y-axis 
demonstrate the standard deviations of the duplicate measurements. 

5.3.2 Comparison of Different Concentrations of 8-mer Adaptor Oligonucleotides 
Conjugates by Ligation in Solid Phase PLA  

According to the instructions of the MicroSpin G-25 column, they are limited to purify 
oligonucleotides longer than 10 bases. Higher concentrations of adaptor oligonucleotides were 
used to guarantee that there were enough adaptor oligonucleotides conjugated to antibody. In 
the experiment, I applied three concentrations of 8-mer adaptor, 1 μM, which was the usual 
concentration in conjugation, 2 μM, 5 μM. In the conjugation, I tested the concentrations of 
adaptors before and after G-25 columns with NanoDrop™ 1000 Spectrophotometer (data not 
shown). Then the same batch of antibody-adaptor conjugates were ligated to specific arm and 
applied in solid phase PLA. Figure 13 indicates the performances of different concentrations 
of adaptor conjugates by ligation in solid phase PLA. Table 9 indicates LOD, ΔCt and 
dynamic ranges of different concentrations of 8-mer adaptor conjugates by ligation applied in 
solid phase PLA. 

Though different concentrations of adaptor were applied on G-25 columns, similar 
concentration of 2 μM and 5 μM adaptor was received after G-25 column (data not shown). 
And the same result could also be found in figure 13. Although the performance from 2 μM of 
8-mer adaptor was not as well as 24-mer adaptor oligonucleotides conjugates by ligation, but 
better than that from 1 μM and 5 μM. So usage of 2 μM adaptor oligonucleotides was an 
optimized concentration of conjugation with shorter adaptor oligonucleotides. 

Table 9. The comparison of LOD, dynamic ranges, ΔCt of different concentrations of adaptor conjugates by 
ligation probes applied in solid phase PLA 

Name LOD (pM) Dynamic Range (pM) ΔCt 
24-mer conjugates by ligation  0.22 0.22-1000 11.58 

8*5-mer conjugates by ligation  0.09 0.09-1000 9.05 
8*2-mer conjugates by ligation 0.25 0.25-1000 10.35 
8-mer conjugates by ligation 2.11 2.11-1000 7.72 
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Figure 13. Application of different concentrations of adaptor conjugates by ligation in solid phase PLA. The first 
three groups are 5 μM, 2 μM, 1 μM of 8-mer adaptor conjugates by ligation, last is control group of 24-mer 
conjugates by ligation. The 0.001 pM on X-axis indicates the negative control of no antigen but with PLA probes. 
The error bars along the Y-axis demonstrate the standard deviations of the duplicate measurements. 
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6. Discussion 

I couple two different antibodies with different targets to oligonucleotides in order to create 
the PLA probes necessary for solution or solid phase PLA. PLA depends largely on the PLA 
probes, including the quality, stability and design of probes. As a result, the LOD and ΔCt of 
the PLA reflect the quality of PLA probes to a certain degree. 

In my project, short so called adaptor oligonucleotides of 8 to 24 bases were covalently 
conjugated to antibodies and their performances were evaluated in solid phase PLA. The 
longer the adaptors were, the better the results. Main reasons concluded as the minimum 
purification length of G-25 column was 10 bases, so 8-mer and 10-mer adaptor 
oligonucleotides were difficult to purify by G-25. Although antibody and adaptors were 
incubated in tubes for 10 minutes before dialysis, the 7,000 MWCO dialysis unit’s membrane 
size was larger than 8-mer adaptor oligonucleotides. So there was a loss of free shorter 
adaptor that did not conjugate to antibody, which could also explain shallower slopes of 
shorter adaptor conjugates by ligation (figure 13). Last but not least, the hybridization 
between shorter adaptor and Cbl splint is weaker, as the hybridized bases were less. Shorter 
adaptors’ performances were improved by increasing the concentrations of oligonucleotides 
on the G-25 columns. To improve it further other purification methods more suitable for 
purifying small molecules could be applied, like RP-HPLC.  

In the ligation step, I used the same amount of specific arm and Cbl splint to adaptor to make 
sure that more adaptor-antibody conjugates ligated to specific arm. But in real molecular 
ligation, a distribution of various combinations of oligonucleotides will occur: some adaptors 
get a splint, some specific arms get a splint at the same time, then the adaptor and specific arm 
will be blocked from binding to the same splint and thus be blocked from ligating to each 
other. The possible solution might be having a certain order of adding different parts in 
ligation, like adaptor-antibody, Cbl splint, specific arm, or use optimized ratio among adaptor, 
specific arm and Cbl splint. Amp ligase could be tried to improve the ligation specificity.  

In the first tests of the idea of conjugation by ligation, conjugates by ligation (24-mer adaptor) 
performed slightly better than covalent conjugates, sometimes similar, both in solid and 
solution phase PLA with relevant biologically matrices.  

However, sometimes conjugates by ligation showed steeper slopes of standard curves. For 
conjugates by ligation, there were redundant adaptors in conjugation and specific arms and 
Cbl splints in ligation process while redundant oligonucleotides were only applied in 
conjugation for covalent conjugates. So there were more free oligonucleotides existing in 
conjugates by ligation. 

When it comes to the application of conjugates by ligation, there are two main directions, one 
is used in multiplex assays, begin with duplex assay, the other is applying conjugates by 
ligation into in situ PLA with small binders, such as DARPins and affibodies. 

In the duplex assay, I have tested 24-mer adaptor oligonucleotides conjugates by ligation 
comparing with covalent conjugates. ΔCt average in conjugates by ligation was similar to that 
of covalent conjugates in duplex assay (table 8b). As conjugates by ligation have been applied 
successfully in duplex assay, they are very promising in multiplex assay’s applications.  
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In application with small binders, as the molecular weights of small binders are much less 
than that of a antibody, conjugating long oligonucleotides might affect the function of small 
binders, so conjugating short adaptor oligonucleotides to small binders and then ligating to 
specific oligonucleotides may give an improvement of application of small binders in PLA. 
The shorter adaptors worked well with antibody in solid phase PLA, from which I gained 
experience dealing with shorter adaptor conjugates by ligation. For example, there was a loss 
of shorter adaptor oligonucleotides in G-25 columns in conjugation, so I would like to use 
RP-HPLC to purify DTT/TCEP reduced adaptor oligonucleotides or take other covalent 
strategies of preparing conjugates. 
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9. Appendix 

              Antigen                                                                                Manufacturer 
Mouse IgG  SIGMA 

Human VEGF  R & D 
Table 1: Antigens 
 
           Antibody                    Modification                 Role                   Manufacturer 

Goat anti-mouse-IgG None Probe antibody R & D 
Goat anti-human VEGF  None  Probe antibody R & D 

Goat anti-mouse-IgG  Biotinylated  Capture antibody R & D 
Goat anti-human VEGF Biotinylated  Capture antibody R & D 
Table 2: Antibodies 
 

Cbl Adaptor 
Oligonucleotides 

Sequences  

Adaptor 3' free (24-mer) Thiol-5'-TTT TTT GCG AAG ACC AGC GAA CAC-
3' 

Adaptor 5' free (24-mer) Phosphate-5'- ACA ACA CGT CAG AGG TCC GTT 
TTT- 3'-Thiol 

Adaptor 3' free (14-mer) Thiol-5'-AGA CCA GCG AAC AC-3' 
Adaptor 5 free (14-mer) Phosphate-5'-ACA ACA CGT CAG AG-3'-Thiol 
Adaptor 3' free (10-mer) Thiol-5'-CAG CGA ACA C-3' 
Adaptor 5' free (10-mer) Phosphate-5'-ACA ACA CGT C-3'-Thiol 
Adaptor 3' free (8-mer) Thiol-5'-GCG AAC AC-3' 
Adaptor 5' free (8-mer) Phosphate-5'-ACA ACA CG-3'-Thiol 
Table 3: Cbl adaptor oligonucleotides used in conjugation (Manufactured by Integrated DNA Technologies) 
 

Splint Name Sequences 
Cbl splint 3' free 5'-UGA GAG CGG ACC AUA CGA UCG UGU UCG CUG 

GU C UUC GCA ATT T-3' 
Cbl splint 5' free 5'-ACG GAC CUC UGA CGU GUU GUA CGC ACU GAC 

GAU CAU UCG GTT T-3' 
Splint 5'-TTT AAA GAC ACG ACA CGA AAA AGT TT-3'-

Amine-C6 
Table 4: Splints, including Cbl splints used in conjugation by ligation and splint used in proximity  
ligation (Manufactured by Integrated DNA Technologies) 
 

Cbl Specific Arm 
Oligonucleotides 

Sequences 

3' free specific arm (anti-human 
VEGF) 

Phosphate-5’-GAT CGT ATG GTC CGC TCT 
CAG CGA AAC ATG GTC CGG TAT CGA TCC 
GTG CTT GTT TCC GTC TTT TTC GTG- 3' 

5' free specific  arm (anti-human 
VEGF) 

5'-TCG TGT CTT TCT CGT TTG CGG TTC 
TCA TGG CAG TCA CGT TCT CGA ATC GCC 
GAA TGA TCG TCA GTG CG - 3' 

3' free specific  arm (anti-mouse 
IgG) 

Phosphate-5'-GAT CGT ATG GTC CGC TCT 
CAG CGA AAC ATG GTC CGG TAT CGA TCG 
GTC CGC TTG TCT TGC TTT TTC GTG- 3' 

5' free specific arm (anti-mouse 5'-TCG TGT CTT TGT CTC GGT TTT CCG 
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IgG) CCA TGG CAG TCA CGT TCT CGA ATC GCC 
GAA TGA TCG TCA GTG CGT-3' 

Table 5: Cbl specific arm oligonucleotides used in conjugation by ligation (Manufactured by Integrated DNA 
Technologies) 
 

Covalent Arm 
Oligonucleotides 

Sequences 

anti-human VEGF covalent 3' 
free SH 

Thiol-5'-TTT TGC GAA ACA TGG TCC GGT ATC 
GAT CCG TGC TTG TTT CCG TTC GTT CTG 
CCC TTT TTC GTG-3' 

anti-human VEGF covalent 5' 
free SH 

Phosphate-5'-TCG TGT CTT T C TCG TTT GCG 
GTT CT CAT GGC AGT CAC GTT CTC GAA 
TCG TTT T-3'-Thiol 

anti-mouse IgG covalent 3' free 
SH 

Thiol-5'-TTT TGC GAA ACA TGG TCC GGT ATC 
GAT CGG TCC GCT TGT CTT GTC GTT CTG 
CCC TTT TTC GTG-3' 

anti-mouse IgG covalent 5' free 
SH 

Phosphate-5'-TCG TGT CTT TGT CTC GGT TTT 
CCG CCA TGG CAG TCA CGT TCT CGA ATC 
GTT TT-3'-Thiol 

Table 6: Covalent arm oligonucleotides applied in covalent conjugation (Manufactured by Integrated DNA 
Technologies) 
 

Primers Name Sequences 
Universal Fwd primer  5'-CGA TTC GAG AAC GTG ACT GC-3' 

Universal Rev primer  5'-GCG AAA CAT GGT CCG GTA TC-3' 
Anti-human VEGF Fwd  
Specific primer  

5' - GCC ATG AGA ACC GCA AAC GA - 3' 

Anti-human VEGF Rev 
Specific primer  

5' - TCG ATC CGT GCT TGT TTC CG - 3' 
 

Anti-mouse IgG Fwd 
Specific primer 

5' - GCC ATG GCG GAA AAC CGA GA - 3' 

Anti-mouse IgG Rev Specific 
primer 

5' - GAT CGG TCC GCT TGT CTT GT - 3' 

Table 7: Primers including universal primers and specific primers applied in PCR mix (Manufactured by 
Integrated DNA Technologies) 
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