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a b s t r a c t

GST-tagged proteins are important tools for the production of recombinant proteins. Removal of GST tag
from its fusion protein, frequently by harsh chemical treatments or proteolytic methods, is often
required. Thus, the monitoring of the proteins in tag-free form requires a significant effort to determine
the remnants of GST during purification process. In the present study, we developed both a conventional
enzyme-linked immunosorbent assay (ELISA) and an immuno-polymerase chain reaction (IPCR) assay,
both specific for detection of recombinant GST (rGST). rGST was expressed in Escherichia coli JM109, using
a pGEX4T-3 vector, and several anti-rGST monoclonal antibodies were generated using hybridoma
technology. Two of these were rationally selected as capture and detection antibodies, allowing the
development of a sandwich ELISA with a limit of detection (LOD) of 0.01 mg/ml. To develop the rGST-IPCR
assay, we selected “Universal-IPCR” format, comprising the biotin-avidin binding as the coupling system.
In addition, the rGST-IPCR was developed in standard PCR tubes, and the surface adsorption of antibodies
on PCR tubes, the optimal neutravidin concentrations, the generation of a reporter DNA and the con-
centration effect were studied and determined. Under optimized assay conditions, the rGST-IPCR assay
provided a 100-fold increase in the LOD as well as an expanded working range, in comparison with rGST-
ELISA. The proposed method exhibited great potentiality for application in several fields in which
measurement of very low levels of GST is necessary, and might provide a model for other IPCR assays.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Affinity tags have become essential tools for the production of
recombinant proteins in a wide variety of settings, from academic
research to high-throughput structural biology as well as in in-
dustrial applications [1]. One of themost used tags is Glutathione S-
transferase (GST), a naturally occurring 26 kDa protein found in
eukaryotic cells. The GST gene from the parasitic helminth Schis-
tosoma japonicum was used in the development of the pGEX vec-
tors, becoming a versatile system for the expression, detection and
purification of GST-tagged proteins produced in bacteria, yeast,
insect cells, and mammalian expression system [2,3].

Removal of the GST tag is often necessary to obtain a pure
protein, for instance to perform biophysical studies and structure
determinations of the target protein. The tag is usually removed by
harsh chemical treatments or proteolytic methods (e.g., thrombin
and factor Xa) [4,5]. Regardless of the method used to remove the
tag, a high level of purity is usually required. Thus, it becomes
essential to determine the amount of GST that remains in the
fraction of purified protein [6e8]. A variety of methods have been
designed to estimate both the relative level of expression and pu-
rity of the protein purified, such as SDS-PAGE, Western Blot,
enzyme immunoassay (EIA) and enzymatic activity methods
among others. For instance, the enzyme-linked immunosorbent
assay (ELISA) is a class of immunoassay able to detect the presence
of a target substance using an antibody, suitable for rapid and
simple analysis of a target protein [9]. Although ELISA techniques
have displayed adequate sensitivity in several applications, it is
highly valuable to develop methods that contribute with a higher
sensitivity and remains operationally simple [10].
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In 1992, Sano et al. [11] created a new technique called the
immuno-polymerase chain reaction (commonly referred to as
immuno-PCR or IPCR), in which they replaced the detection
enzyme in ELISA with a biotinylated reporter DNA [12]. This re-
porter DNA is then amplified by PCR for signal generation, being the
number of PCR amplicons produced proportional to the initial
quantity of antigen to be detected [13]. Since Sano et al. created this
technique, different strategies have been applied to link antibodies
with DNA templates [14e16] and several IPCR methods have been
developed for the detection of several antigens [12,17,18], including
viral antigens [19e21], bacterial antigens [22], prions [23,24],
toxins [25,26], tumor markers [27], cytokines [28], polycyclic aro-
matic hydrocarbons [29e31], and hormones [32,33] as well as for
immunogenicity testing [34]. Together, these and other studies
have shown that the IPCR is able to reach a 10- to 10000-fold higher
detection limit than an ELISA. Here, we developed an IPCR assay for
the detection of recombinant GST (rGST) expressed from pGEX-
transformed Escherichia coli. We showed that IPCR permits a
robust detection of low concentrations of rGST, with a higher
sensitivity than ELISA. The IPCR assay described here is based on
what is known as a “Universal” format of IPCR, and was performed
in standard PCR tubes without pretreatment. These characteristics
support its potential usefulness for target protein purification
monitoring.

2. Materials and methods

2.1. Expression and purification of rGST

The GST gene from the parasitic helminth Schistosoma japoni-
cum was used to develop pGEX vectors [2]. rGST was expressed in
E. coli JM109 (Stratagene) using a pGEX4T-3 vector (GE Healthcare;
GenBank accession no. U13855). The protein was obtained ac-
cording to protocols previously described [35]. Briefly, E. coli JM109
transformed with pGEX4T-3 were cultured overnight and then
diluted 1: 20 in 400 ml of fresh medium and grown for 2 h at 37 �C
before adding 80 ml of IPTG 0.5 M. After a further 3 h of growth, cells
were pelleted and resuspended in PBS. Cells were lysed on ice by
mild sonication and after adding Triton 20% (Sigma-Aldrich) were
subjected to centrifugation at 14000 rpm for 10 min at 4 �C. Then,
supernatant containing rGST was purified by affinity chromatog-
raphy using prepacked columns with Glutathione Sepharose
(GSTrap™ HP; GE Healthcare), in accordance with the manufac-
turer's protocols. Briefly, the column was equilibrated with 5 col-
umn volumes of binding buffer (PBS, pH 7.3). 20 ml of supernatant
containing rGST was applied to a flow rate of 0.2e0.5 ml/min.
Elutionwas performedwith 5e10 column volumes of elution buffer
(50 mM Tris-HCl, 10 mM reduced glutathione, pH 8.0) at a flow rate
of 0.5 ml/min. Finally, the purified recombinant antigen was eval-
uated by SDS-PAGE analysis.

2.2. Generation of hybridoma cells and purification of monoclonal
antibodies (MAbs)

Hybridomas were established from spleen cells from BALB/c
mice, following immunization with E. coli-derived rGST, using a
standard fusion protocol [36]. Two BALB/c mice (8 weeks old) were
immunized with pure rGST by subcutaneous injection. For the first
injection, 50 mg of the immunogen was emulsified with complete
Freund's adjuvant (SigmaeAldrich). Two subcutaneous booster
injections consisting of 50 mg of the immunogen in incomplete
Freund's adjuvant (SigmaeAldrich) were given every 3 weeks. One
week after the last immunization, blood was collected by a vertical
incision of the tail vein and antibody levels were measured by in-
direct specific ELISA, using 96-well microtiter plates (Greiner Bio-
one) coated with rGST. The rGST antigen was first diluted (1 mg/
ml) in coating buffer (0.05 M NaHCO3 and 0.05 M Na2CO3, pH 9.6).
Then, 100 ml of antigen solution was pipetted into each well on the
plate. Plates were incubated overnight at 4 �C to accomplish the
immobilization. After washingwith PBS containing 0.05% Tween 20
(PBS-T), 200 ml of the blocking buffer PBS containing 1% (w/v)
bovine serum albumin (PBS-BSA) was added into each well and the
plate was left at 37 �C for 1:30 h to block the free sites on the plate.
Subsequently, plates were washed 5 times with PBS-T and serial
dilutions of mouse sera (starting from 1:500) in PBS-T containing
0.1% (w/v) BSA (PBS-T-BSA) were added and incubated for 1 h at
37 �C. After washing, peroxidase-labeled rabbit anti-mouse im-
munoglobulins (Dako) diluted 1:2000 were added to the wells and
incubated for 1 h at 37 �C. After washing, 100 ml of tetrame-
thylbenzidine (TMB, Sigma- Aldrich) substrate was added to each
well and the plates were incubated at room temperature (RT) in the
dark. After 10 min, the reaction was stopped with 100 ml of stop
solution (12% H2SO4) added to each well. The Optical Density (OD)
was measured at 450 nm in a microplate reader (Thermo Scientific
Multiskan EX).

Three days before the cell fusion, mice were intraperitoneally
boosted with 20 mg of rGST without any adjuvant [37,38]. Stimu-
lated spleen cells were fused with NS0 myeloma cells at a 10:1 ratio
in 50% (w/v) polyethylene glycol 3350 (Sigma-Aldrich). Hybrids
resulting from hypoxanthine/aminopterin/thymidine selection
were screened by indirect specific ELISA in 96-well microplates
coatedwith 100 ng of rGST. Positive hybridomaswere cloned by the
limiting dilution method and the selected clones were expanded in
25- and 75-cm2

flasks (Greiner Bio-One), using 10% (v/v) fetal
bovine serum (FBS)-supplemented culture media (DMEM, high
glucose, pyruvate; Gibco). The clones were then harvested and
cryopreserved in FBS 90% and dimethylsulfoxide (DMSO, Sigma-
Aldrich) 10%. The MAbs were purified from culture supernatants
using prepacked columnswith protein G (GE Healthcare), following
the manufacturer's protocols. The concentration of the purified
MAbs was calculated by absorbance at 280 nm and immunoreac-
tivity was examined by ELISA, using serial dilutions of purified
MAbs by indirect specific ELISA in 96-well microplates coated with
100 ng of rGST.

2.3. Determination of the isotype and the affinity constant (Kaff)

The isotypes of the MAbs were determined by ELISA, using 96-
well microtiter plates coated with goat anti-mouse IgG1, IgG2a,
IgG2b, IgG3, IgA and IgM (Sigma-Aldrich) at 1:1000. The superna-
tant of the selected clones (100 ml) was added to each well, and
ELISAwas performed according to the protocol described above. On
the other hand, the affinity constant (Kaff) of MAbswas determined
by competitive ELISA [39,40]. Briefly, different concentrations of
rGST (10 mg/ml e 100 ng/ml) were preincubated overnight at RT
with a constant amount of each MAb. Then, an aliquot of each
mixture was added in microtiter plates previously coated with 100
ng/well of rGST. The plates were incubated for 2 h at 37 �C and, after
washing, further incubated for 1 h at 37 �C with peroxidase-labeled
rabbit anti-mouse immunoglobulins (Dako) diluted 1:2000 with
PBS-T-BSA. The plates were washed and incubated in the dark with
TMB. The assay was performed in triplicate.

2.4. Biotinylation of MAbs and rGST

rGST and selected MAbs were biotinylated using EZ-Link Sulfo-
NHS-LC-Biotin (Thermo Scientific) according to the technical
manual. Briefly, 2 mg of protein (antibody or rGST) was dissolved in
1 ml of 50 mM bicarbonate buffer, pH 7.5. Next, 2 mg of EZ-Link
Sulfo-NHS-LC-Biotin was added to 360 ml of distilled water, and
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then 13.5, 27 or 54 ml of solution was added to the antibody solu-
tion. The reaction mixture was incubated for 30 min at RT. After
centrifuging the product at 1000 � g for 30 min using Centricon-10
(Amicon, Inc.), the sample was completed with 0.1 M sodium
phosphate, pH 7.5, until its original volume. The concentrations of
antibodies were determined by absorbance at 280 nm and stored at
4 �C. The immunoreactivity of the biotinylated antibodies was
examined by indirect specific ELISA.

2.5. Mapping of rGST-derived epitopes by competitive binding assay

A solid-phase ELISA using biotin-labeled rGST and non-
biotinylated MAbs was used, according to the method described
by Oggero and colleagues [41]. Briefly, microtiter plates coated (100
ml/well) with each purified MAb (1 mg/ml diluted in coating buffer)
were incubated for 1:30 h at 37 �C with PBS-BSA to block non-
specific binding. After washing with PBS-T, the plates were incu-
batedwith a constant amount of biotinylated rGST (50 ng/ml) in the
presence of increasing amounts of a soluble homologous or heter-
ologous competitor MAb (from 0.1 to 100 mg/ml) diluted in PBS-T-
BSA. In this way, homologous antibodies (the same antibody used
as immobilized and soluble reagent) completely competed for the
probe while heterologous MAbs showed different competition
patterns. After incubating for 2 h at 37 �C and washing with PBS-T,
the plates were incubated with peroxidase-labeled streptavidin
(Sigma) diluted 1:1000 with PBS-T-BSA (1 h at 37 �C). The plates
were washed and incubated with the substrate solution as
described above.

2.6. Sandwich ELISA: calculation of the limit of detection (LOD)

The capture MAb was diluted in coating buffer [0.05 M car-
bonate buffer (pH 9.6), 0.01 M phosphate (pH 7.4), or 0.01 M citric
buffer (pH 4.8)] and incubated in microtiter plates (100 ml/well)
overnight at 4 �C or for 2 h at RT. After washing with PBS-T, non-
specific binding sites were saturated with PBS-BSA 1% or PBS-milk
1%, for 2 h at 37 �C or overnight at 4 �C. After washing with PBS-T,
different concentrations of rGST antigen (500e0.01 ng/ml) diluted
in PBS-T-BSA were added to each well. After incubation for 1 h at
37 �C, the microplate was washed with PBS-T. The biotinylated
detection antibody was pipetted into each well and incubated for
1 h at 37 �C. The wells were washed again with PBS-T, and
peroxidase-conjugated streptavidin (Sigma) diluted 1:2000 in PBS-
T-BSA was added and incubated for 30 min at 37 �C. Peroxidase
activity wasmeasured adding TMB. The reactionwas left to develop
for 10 min in the dark at RT, and stopped by the addition of 12%
H2SO4. The absorbance was determined at 450 nm in a microplate
reader (Thermo Scientific Multiskan EX). All blanks, negative con-
trols, and standards were loaded in triplicate. Linear regressions of
the standard curve and correlation equations were analyzed. The
precision of the assay was tested by determination of the intra- and
inter-assay coefficients of variation (CVs) with different concen-
trations of rGST [42].

The LOD, expressed as the concentration, CL, or the quantity, QL,
is derived from the smallest measure, XL, that can be detected with
reasonable certainty for a given analytical procedure. The value of
XL is given by the equation XL ¼ Bbi þ KSbi, where Bbi is the mean of
the blank measures, Sbi is the standard deviation (SD) of the blank
measures, and K is a numerical factor chosen according to the
confidence level desired [43]. Thus, we calculated the LOD as equal
to the negative control (NC) þ 3SD.

2.7. IPCR

The sensitivity of an IPCR assay depends on both the method
itself and a series of experimental parameters. The experiments
designed to optimize these parameters are discussed below.

2.8. Adsorption of capture antibodies onto standard PCR tubes

The adsorption of the capture antibody was evaluated in stan-
dard 0.2-ml PCR polypropylene tubes (Nest Biotechnology). Both
the antibody concentration (1 mg/ml e 20 mg/ml) and different in-
cubation buffers (bicarbonate pH 9.6, PBS pH 7.5, and borate pH 8.2)
were evaluated. The capture MAb was diluted in the different
coating buffers and incubated (50 ml/tube) in standard PCR single
tubes and PCR 8-strip tubes (Nest Biotechnology) overnight at 4 �C.
After washing with 150 ml of PBS-T, non-specific binding sites were
saturated with PBS-BSA (100 ml/tube) and incubated for 2 h at RT.
The wells were washed again and peroxidase-labeled rabbit anti-
mouse immunoglobulins (Dako) diluted 1:2000 in PBS-T-BSA was
added to each tube and incubated for 30 min at RT. After five
washes with PBS-T, peroxidase activity was measured by chromo-
genic reactionwith TMB. The reactionwas left to develop for 10min
in the dark at RT, and was stopped by the addition of 12% H2SO4.
Results were analyzed by visual inspection. Controls containing no
capture MAb were included (negative control). In addition, the ef-
ficiency of capture of the antigen was qualitatively evaluated by
performing sandwich ELISAs in PCR 8-strip tubes in comparison
with conventional ELISA microplates, using the same capture and
detection antibodies. The antigen was assayed at concentrations
ranging from 0.01 to 100 mg/ml.

2.8.1. Determination of the optimal neutravidin concentration for
IPCR

To determine the optimal neutravidin concentration, we next
studied the inhibitory effect of different neutravidin concentrations
on sandwich ELISAs performed on microtiter plates. The assay was
carried out following the same steps described for the indirect
specific ELISA until the addition of the biotinylated detection
antibody. Next, the plate was washed to remove the unbound
biotinylated detection antibody, serial dilutions of neutravidin
(2 mg/ml) in PBS-T-BSA were added, and plates were incubated at
RT for 30 min. After washing with PBS-T, peroxidase-conjugated
streptavidin (Sigma) diluted 1:2000 in PBS-T-BSA was added to
each well and incubated for 30 min at RT. Then, peroxidase activity
was measured by chromogenic reaction (TMB). The reaction was
left to develop for 10 min in the dark at RT and then stopped with
12% H2SO4. The absorbance was determined at 450 nm in a
microplate reader.

2.8.2. Concentration of reporter DNA
Reporter DNA was generated as a biotinylated double-strand

DNA by PCR amplification of plasmid Bluescript SK- (Stratagene)
with a 5�-biotinylated M13 (�20) forward primer (biotin-50-
GTAAAACGACGGCCAGT-30) and a non-biotinylated M13 reverse
primer (50 GGAAACAGCTATGACCATG-30). PCR was performed in a
real-time PCR cycler (Rotor-Gene, Qiagen) under the following re-
action conditions: Eva Green qPCR Mix Plus 20% (Solis BioDyne,
Biocientífica), 20 pM of each primer, 5 pg of pBluescript and water
in a total volume of 20 ml. The temperature profile was as follows:
initial denaturation at 95 �C for 15 min and 40 cycles of denatur-
ation at 95 �C for 15 s, annealing at 55 �C for 15 s, extension at 72 �C
for 15 s, and final extension at 72 �C for 5 min. The product purity
was confirmed by dissociation curves, and the 227-bp PCR product
was checked by electrophoresis on a 1.5% agarose gel with DNA gel
stain (SYBR Safe; Thermo Fisher Scientific). The 227-bp PCR prod-
ucts were purified with the QIAquick PCR purification kit (Qiagen).

To determine the optimal concentration of reporter DNA and
reduce the background signal, we studied serial dilutions of DNA



Fig. 1. Detection of rGST by sandwich ELISA and calculation of LOD. The antigen was
assayed at concentrations ranging from 0.1 to 500 ng/ml. The absorbance, measured at
450 nm, is plotted on the ordinate and the antigen concentrations (0.01e500 ng/ml)
are plotted on the abscissa.
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probes. We performed sandwich IPCR pilot assays with the capture
antibody immobilized on standard PCR tubes (10 mg/ml), detection
MAb (1 mg/ml) and rGST (1 mg/ml). The working concentration of
neutravidin was 1 mg/ml and the serial dilutions of DNA probes
evaluated were: 1:500, 1:1000, 1:2000, 1:5000 and 1:10000.

2.8.3. Sandwich IPCR assay. Calculation of the LOD for rGST-IPCR
The IPCR assays for rGST were performed with the same capture

and detection antibodies (MAb 8G6 and biotinylated MAb 3E12,
respectively), based on the general method described by Niemeyer
et al. (2007) but with some modifications. The procedure was car-
ried out in standard polypropylene PCR tubes (Nest Biotechnology).
PCR tubes were coated overnight at 4 �C, using 50 ml/well of the
capture MAb (10 mg/ml) in bicarbonate pH 9.6. After washing with
150 ml PBS-T, non-specific binding sites were saturated with PBS-
BSA, for 2 h at RT. After washing with PBS-T, solutions covering a
working range of 1e1.10�6 mg/ml of the antigen (rGST) were pre-
pared in PBS-BSA-T and incubated in PCR tubes for 1 h at RT. Then,
the tubes werewashed and the biotinylated detection antibodywas
incubated for 1 h at RT. The tubes were washed to remove the
unbound biotinylated detection antibody, and 1 mg/ml neutravidin
in PBS-BSA-T was added and incubated at RT for 30 min. The tubes
were washed and then the biotinylated reporter DNA diluted in
PBS-BSA-T was bound with neutravidin and incubated at RT for
30 min. At each step, the incubation volume was 50 ml. The plate
waswashed five times with PBS-T and 10 times with distilled water,
and then subjected to PCR using a real-time PCR cycler (Rotor-Gene,
Qiagen). PCR was carried out under the following reaction condi-
tions: 20% Eva Green qPCR Mix Plus (Solis BioDyne, Biocientífica),
20 pM of detection forward primer (50-TATAGGGCGAATTGGGTA-30)
and detection reverse primer (50- GCTATGACCATGATTACGC-30),
75% water in a total volume of 50 ml. The temperature profile was as
follows: initial denaturation at 95 �C for 15 min, 40 cycles of
denaturation at 95 �C for 15 s, annealing at 56 �C for 15 s, and
extension at 72 �C for 30 s.

Amplification curves were analyzed with sequence detection
system software (Qiagen). The product purity was confirmed by
dissociation curves, and the PCR products were analyzed by elec-
trophoresis on a 1.5% agarose gel with DNA gel stain (SYBR Safe;
Thermo Fisher Scientific). Distilled water and biotinylated reporter
DNA were used as negative and positive controls, respectively, for
the PCR.

The cycle threshold (Ct) values obtained in real-time PCR were
inversely proportional to the antigen concentrations. Thus, to allow
comparison of the data obtained from the IPCR and conventional
ELISA, we calculated delta Ct (DCt) values by subtracting the Ct
values obtained for individual samples from the total number of
cycles carried out in the experiment (DCt ¼ 40 - Ct), according to
Niemeyer and colleagues [16]. This mathematical conversion
allowed us to compare the data of the IPCR and the ELISA and thus
estimate the performance of the IPCR. Then, we calculated the LOD
as explained (NC þ 3 SD).

2.9. Reconstitution experiment

In order to test the usefulness of the rGST-IPCR assay, we
measured rGST in presence of a highy purified protein of pharma-
cological interest. To that end, we prepared solutions of rGST and
recombinant human growth hormone (rhGH). rhGH is a single
polypeptide chain of 191 amino acids with a molecular weight of
22 kDa, mostly produced in E. coli expression system [44,45]. The
ultrapure rhGH, used for biotherapy, was generously provided for
Zelltek S.A (Lot: 16-6HOR-146-099). Different quantities of rGST
were added to a constant amount of rhGH. Briefly, solutions
covering a working range of 0.1e100 ng/ml of the antigen (rGST)
were prepared in PBS or PBS-rhGH (1 mg/ml) and incubated in PCR
tubes for 1 h at RT. rGST was quantified following the protocol
described for the Sandwich rGST-IPCR assay (see above). All sam-
ples, blanks and negative controls were loaded in triplicate. PBS
was used as negative controls for the IPCR. The product purity was
confirmed by dissociation curves.
3. Results and discussion

3.1. Production and characterization of the anti-rGST MAb

As described in the Materials and Methods section, rGST was
expressed in E. coli JM109 using a pGEX4T-3 vector, following
protocols previously described [35]. After immunization, the levels
of anti-rGST antibodies in the mouse sera were measured by indi-
rect specific ELISA. Due to the higher titer of rGST-specific antibody
observed in mouse M1 (see Supplementary data, Fig. 1), this mouse
was selected for hybridoma production.

After fusion between spleen cells frommouse M1 and NS0 cells,
supernatants of growing hybridoma cells were screened based on
reactivity with rGST by indirect ELISA. Ten positive hybridomas
were selected and cloned by limiting dilution. Taking into account
the capacity to bind to rGST coated to plastic plates and the IgG
immunoglobulin isotype, six MAbs were selected after the cloning
procedure. These six MAbs belonged to the IgG1 subclass and had
an affinity constant of at least 108 M�1 (Fig. 2 in Supplementary
data show the immunoreactivity of the selected antibodies).

On the other hand, the epitope specificity of each MAb in terms
of analogous or overlapped epitopes (identity) or different epitopes
(non-identity) was analyzed by a solid-phase mutual competition
assay [41,46]. Biotin-labeled rGST was used as a probe to detect the
ability of immobilized and soluble antibodies to compete for anti-
gen binding. The labeling with biotin was previously evaluated and
did not modify the antigeneantibody binding properties (data not
shown). As described in M&M, an increasing amount of competitor
antibody (soluble) was assayed with respect to a fixed amount of
coated MAb and the probe [41]. Competition experiments between
antibodies were useful to delineate two non-overlapping rGST
epitopes (Table 1), designated as A and B.



Fig. 2. Evaluation of the adsorption of the capture antibody to the surface of poly-
propylene PCR tubes, using different sensitization buffers. [A]: bicarbonate pH 9.6, [B]:
PBS pH 7.5 and [C]: borate pH 8.2. Positive control: tubes coated with MAb 8G6 10 mg/
ml. Negative control: tubes sensitized with the corresponding coating buffer in the
absence of antibody.
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3.2. Optimization of the sandwich ELISA and LOD

Sandwich ELISA requires two specific antibodies: the capture
and the detection antibody. Based on the mapping of rGST-derived
epitope by competitive binding assay, three MAbs (3E12, 1D12 and
1H7) were labeled with biotin to select a MAb as detection anti-
body. It is known that excess biotinylation may inactivate a bio-
logical molecule and that, in contrast, insufficient biotinylationmay
lead to low amplification effect. Hence, we studied the effect of
biotinylation on the conjugate activity. Biotin solution (27 ml, with
an amount of 20-fold molar excess against the MAb concentration)
was selected and used in the subsequent optimization tests. The
immunoreactivity of the biotinylated MAbs was compared by
specific ELISA. This showed that MAb 3E12 had the highest
immunoreactivity (see Supplementary data, Fig. 3).

To select the capture antibody, conditions for adsorption of
antibodies as well as some experimental procedures were evalu-
ated. These parameters are discussed below.
Table 1
Reciprocal competitive binding assays using biotinylated rGST. Three competition pattern
probe binding); and þ no competition (more than 80% of probe binding). Two different
The solid phase condition determines the sensitivity of an assay
to a great extent. The buffers frequently used for coating are 0.05 M
carbonate buffer (pH 9.6), 0.01 M phosphate (pH 7.4), and 0.01 M
citric buffer (pH 4.8). The results of the reciprocal competitive
binding assay showed a non-competition pattern between MAbs
3E12 and 8G6. Thus, MAb 8G6 was selected as potential capture
antibody. Then, 8G6was dilutedwith different buffers to determine
the effect of the coating buffer on immobilization. When 0.05 M
carbonate buffer was used, absorbance was the highest among the
three aforementioned coating buffers with the same MAb con-
centration, exhibiting maximum amount of MAb immobilization
(data not shown).

Since PBS-BSA and PBS-milk are commonly used as reagents to
block the free sites on a solid phase, they were evaluated as
blocking buffers. PBS-milk showed a higher background signal,
resulting in a poor sensitivity of the assay. Hence, PBS-BSA was
chosen as the suitable blocking buffer. The optimum time and
temperature for both the sensitization of microplates with capture
MAb and the blocking of free sites were also studied. Finally, the
microplatewas coated at 4 �C overnight and blocked for 2 h at 37 �C
with PBS-BSA 1%. Based on the assays of optimization described
above, MAb 8G6 and biotin-labeled MAb 3E12 were selected as the
capture and detection antibodies, respectively, and used in the
subsequent optimization tests.

LOD, which is the lowest quantity of a substance that can be
distinguished from the absence of that substance (a blank value)
within a stated confidence limit [43], was determined using serial
dilutions of rGST comprising a working range of 0.01e500 ng/ml
(Fig. 1). The calculated value of LOD was 10 ng/ml (0.01 mg/ml).

A validated assay implies provision of valid test results. It follows
that evaluation of repeatability and reproducibility are essential to
ensure that the assay generates valid test results [9]. To estimate the
precision and reproducibility of sandwich ELISA, wemeasured both
the intra- and inter-assay CVs (see Supplementary data, Table 1),
and based on the values obtained, we concluded that the assay is
operating within acceptable limits [9].

3.3. IPCR

As described in the introduction, IPCR involves the use of nucleic
acid molecules as markers to be amplified by PCR for signal gen-
eration. For the two-sided (sandwich) immunoassay, a specific
s were defined: þ þ þ complete (0%e20% of probe binding); þþ partial (21%e80% of
epitopes were identified: A and B.



Fig. 3. Analysis of optimal neutravidin concentration for the IPCR. The absorbance,
measured at 450 nm, is plotted on the ordinate and the neutravidin dilutions (2 mg/
ml) are plotted on the abscissa. NC þ 3SD refers to the mean of negative control þ3 SD,
displayed as a dotted line. The optimal working concentration selected was 1 mg/ml
neutravidin.
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linkage between the detection antibody and the DNA marker is
necessary to avoid binding of the reagent to the capture antibody.
Owing to the versatility and high affinity of the biotineavidin
binding, many groups have explored this coupling system to
generate IPCR reagents. In fact, the assembly of signal-generating
complexes in situ based on conjugates of biotinylated DNA, bio-
tinylated IgG and avidin has been referred to by Zhou et al. as
“Universal IPCR”, and is still one of the most commonly used for-
mats applied in most IPCR applications published so far [12].
However, because the assembly of signal-generating complexes in
situ comprises successive incubation steps, different parameters
must be optimized. Since our present study involves the conversion
of the sandwich ELISA into an IPCR assay, we assessed several
typical parameters of IPCR procedures. This process of optimization
is described below.

3.4. Adsorption of capture antibodies onto standard PCR tubes

Since one of our goals was to develop the rGST-IPCR assay in
Fig. 4. Detection of rGST by IPCR. (A) The delta Ct (DCt) is plotted on the ordinate and the ant
to the mean of negative control þ 3 SD, displayed as a continuous line. [B] represents the a
dilutions of rGST in the range of 1 mg/ml to 1 pg/ml.
standard PCR tubes, we firstly studied the capability of adsorption
of the capture antibody to the surface of our PCR tubes. To that end,
we evaluated the adsorption of MAb 8G6 (10 mg/ml) in different
incubation buffers (bicarbonate pH 9.6, PBS pH 7.5 and borate pH
8.2) and found that binding was considerably greater in bicarbon-
ate pH 9.6 than in PBS pH 7.5 or borate pH 8.2 (Fig. 2).

Then, sandwich rGST-ELISA was carried out in PCR tubes
simultaneously with ELISA in microplates. The protocol of ELISA
was modified when it was run in PCR tubes, to obtain the same LOD
as in microplates. Results showed a strong similarity between the
sandwich rGST-ELISA performed in ELISA microplates and that
performed in PCR tubes (see Supplementary data, Fig. 4). Besides,
the rGST-ELISA in PCR tubes and the ELISA in microplates showed
the same LOD (0.05 mg/ml).

3.4.1. Optimal neutravidin concentration
As previously described, the universal format of IPCR,

comprising the biotin-avidin binding as coupling system, was
selected. In this approach, sequential coupling of a biotinylated
detection antibody, neutravidin, and a biotinylated DNA marker
assembles a signal-generating immunocomplex [13,47]. To deter-
mine the optimal concentration of neutravidin, different concen-
trations of neutravidin by inhibition ELISAs were tested. Based on
the results displayed in Fig. 3, 1 mg/ml neutravidin was selected as
the working concentration.

3.4.2. Effect of reporter DNA concentration on amplification by IPCR
The concentration of reporter DNAmay have amarked influence

on the background signal [48]. Thus, serial dilutions of reporter
DNA were evaluated. Based on the results, the DNA probe dilution
1:2000 was selected as the appropriate working dilution of re-
porter DNA. In summary, optimal concentrations of reporter DNA
and neutravidin were determined to be 1:2000 and 1 mg/ml,
respectively.

3.4.3. LOD of the rGST-IPCR
The LOD of the rGST-IPCR assay, determined using serial di-

lutions of Schistosoma japonicum rGST covering a working range of
1.10�6 e 1 mg/ml rGST (Fig. 4), was 1.10�4 mg/ml (0.1 ng/ml or
100 pg/ml).

Based on these results, we concluded that the LOD of the rGST-
IPCR was 100-fold lower than that of the sandwich rGST-ELISA.
Fig. 5 shows a graphical comparison of both LODs.
igen concentrations (1.10�6 e 1 mg/ml) are plotted on the abscissa. DCt(NC)þ 3SD refers
nalysis of PCR products by agarose gel electrophoresis. rGST was detected using serial



Fig. 5. Comparison of the LOD of the IPCR and sandwich ELISA specific of rGST antigen,
using the same capture and detection antibodies. The data points represent the relative
signal intensities for increasing amounts of antigen. DCt IPCR is plotted on the left
ordinate, the absorbance measured at 450 nm is plotted on the right ordinate, and the
antigen concentrations (1 mg/ml e 100 pg/ml) are plotted on the abscissa.
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3.5. Reconstitution experiment

The results displayed absence of interference to quantify rGST in
presence of rhGH. Recoveries in the range of 98.5e99.32% were
obtained in all cases (Fig. 6).

Downstream processes include all steps required to purify a
biological product from cell culture broth to final pure product. The
level of purity required in the biopharmaceutical industry, some-
times exceeding 99%, is not easily achieved by traditional methods.
Commonly, to reach the desired purity level, multiple chromato-
graphic steps are required [49,50]. The post chromatography steps
are termed polishing steps and their function is to remove the
remaining impurities such as host cell protein impurities (HCP) or
leached proteins introduced during the purification process [51]. In
general, industry and regulatory authorities set 1e100 ppm
(1e100 ng HCP or leachables per milligram biotherapeutic protein)
as the desirable range limit of impurities in the final product
[52,53]. Whilst there isn't a precise specification about the
adequate level of total impurities content in final therapeutic
Fig. 6. Comparison of detection by IPCR of rGST in PBS or in rhGH solution (1 mg/ml).
The delta Ct (DCt) is plotted on the ordinate and the antigen concentrations
(0.1e100 ng/ml) are plotted on the abscissa. DCt(NC) þ 3SD refers to the mean of
negative control þ 3 SD, displayed as a continuous line.
preparations, the biological products are judged on case-by-case,
considering immunogenicity as the major potential risk of impu-
rities [54,55].

4. Conclusions

GST-tagged proteins are important tools for the production of
recombinant proteins. Removal of the GST is often necessary to
produce a pure protein and, accordingly, different methods have
been applied to measure the remnant amount of GST. The objective
of this workwas to demonstrate the suitability of IPCR to detect low
concentrations of rGST. Thus, we developed an IPCR assay to
measure rGST and compared its analytical performancewith that of
an rGST-ELISA. The method described comprises MAb immobilized
solid phase, the biotinylated MAb, neutravidin and biotinylated
reporter DNA as detection system. Several features make this assay
suitable to measure GST. The sensitivity, easiness to use, and low
cost of IPCR support this technique as a potential platform for the
detection of GST in tag separation. Mainly, the LOD of the method
proposed is 100-fold higher than the LOD of the ELISAs reported by
us or others. In addition, the IPCR method proposed involves a
universal format of IPCR performed in standard PCR tubes. In
contrast to other reports using standard PCR tubes, in our case it
wasn't necessary to perform a pretreatment of PCR tubes. There-
fore, we consider that the present method has great potentiality for
application in several fields in which measurement of GST levels
has demonstrated to be an important tool of analysis.
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