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Traditionally monoclonal antibody (MAb) titer is determined by indirect enzyme-linked immunosorbent assay
(ELISA), which is primarily used to evaluate the quality of MAbs. In this study, the titer and affinity of a group
of MAbs against ovalbumin (OVA) were tested by indirect ELISA and the ELISA method reported previously.
Data showed that there may be great differences between the indirect ELISA antibody titer and affinity value of
MAbs. For the first time, a simple and effective reverse direct ELISA (RD-ELISA) was established for the
detection of high-affinity MAbs. Among the group of MAbs to OVA, a certain proportion of antibodies with
high affinity but low indirect ELISA titer do exist and can be clearly and efficiently detected by RD-ELISA. This
study demonstrates that RD-ELISA is an effective method for high-affinity MAb screening.

Introduction

M Abs play very important roles in many scientific
disciplines such as immunology, histology, and tumor

pathology.(1) It is therefore crucial for a researcher to screen
for a readily available antibody of superior quality. Con-
ventionally an antibody of superior quality was selected by
the antibody titer, which, in spite of a high degree of dilution,
yielded a positive result.(2)

In this study, our results indicate some discrepancy be-
tween the titer and affinity of MAbs; some MAbs existed with
a lower titer but higher affinity. This was easily missed by
antibody titer determination by the traditional method.
Therefore, it is necessary to improve the efficacy of screening
high-affinity MAbs by ELISA. For this purpose, a new format
of ELISA was developed by employing a horseradish perox-
idase (HRP)-conjugated antigen reactor with a coating of
MAbs at constant dilutions. The results of the RD-ELISA
correlated well with antibody affinity.

Materials and Methods

Reagents

Freund’s incomplete adjuvant, Freund’s complete adju-
vant, Tween-20, 3,3’,5,5’-tetramethyl-benzidine dihydro-
chloride hydrate (TMB), and horseradish peroxidase (HRP)
were purchased from Sigma (St. Louis, MO). PEG 4000 was
purchased from Merck (MW 4000; Darmstadt, Germany).
SBA Clonotyping System was purchased from Southern

Biotech (Birmingham, AL). Ovalbumin (OVA, Grade VII) was
purchased from Sigma. Fetal bovine serum (FBS) was pur-
chased from Gibco (Invitrogen, Grand Island, NY). 0.05%
Tween-20 (v/v) in phosphate-buffered saline (PBS) was used
as the washing buffer. PBS containing 10% FBS (v/v) and
0.05% Tween-20 (v/v) were applied as blocking buffer. PBS
containing 10% FBS (v/v) and 0.05% Tween-20 (v/v) were
used as dilution buffer. TMB solution containing 2.5 mg TMB,
10 mL of 3% H2O2, and 10 mL substrate buffer was applied as
ELISA color development substrate. RPMI 1640 (HyClone,
Logan, UT) was also used in this study.

Apparatus

The ELISA plate was purchased from Corning-Costar
(Corning, NY). A microplate reader (Bio-Rad, Hercules, CA)
and Fast Protein Liquid Chromatography (FPLC) system
(Amersham, Buckinghamshire, United Kingdom) were used
in this study.

Production of MAbs

OVA MAbs were generated using a conventional protocol
in our laboratory.(3–6) Briefly, female BALB/c mice (8 weeks
old) were treated in accordance with the Guide for Care and
Use of Experimental Animals approved by the Animal Care
Committee of The Fourth Military Medical University, and
immunized with 20mg OVA antigen in complete Freund’s
adjuvant by subcutaneous (s.c.) injection. Subsequent immu-
nizations were carried out twice with 20 mg OVA antigen in
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incomplete Freund’s adjuvant by s.c. and intraperitoneal (i.p.)
injection at 3-week intervals, respectively. Ten days after the
third immunization, blood sera titers were determined by
indirect ELISA. The mouse with the highest serum titers was
boosted with 20mg OVA. At 72 h, splenocytes were isolated
from the boosted mice and were fused with Sp2/0 murine
myeloma cells in the presence of PEG 4000. The positive hy-
brids were selected by indirect ELISA with OVA as coating
antigen and then subcloned three times using limiting dilu-
tion method. MAbs were produced from ascites of BALB/c
mice and purified by Q Sepharose Fast Flow ion-exchange
chromatography column connected to a Fast Protein Liquid
Chromatography (FPLC) system. The immunoglobulin class
and subclass of each MAb was determined by the isotype kit
following the manufacturer’s recommendations.

Anti-OVA MAbs (FMU-OVA 1*9) had been prepared
previously by our group.(4)

MAb titer detection

The titer of OVA MAbs was determined by indirect ELISA
employing the conventional protocol.(7) The wells of the
ELISA plate were coated with 2 mg/mL OVA in coating buffer
and incubated overnight at 4�C. After three washings, each
MAb (2 mg/mL) was serially diluted from 1:1 · 103 to
1:1 · 1010 with dilution buffer, added to the wells (100 mL/
well), and incubated for 1 h at 37�C. After washing, 100mL/
well of 1:2500 diluted HRP-conjugated goat anti-mouse IgG
was added into the plates and incubated for 45 min at 37�C.
After a final washing, color development was performed by
adding 100 mL of TMB solution. The plates were incubated for
15 min at 37�C. The reaction was subsequently quenched with
2 M sulfuric acid (50mL/well), and the absorbance at 450 nm
was measured with a microplate reader.

Measurement of MAb affinity

The affinity of MAbs was measured by the method de-
scribed previously.(8) Briefly, the ELISA plate was coated
with 2 mg/mL of OVA. After incubation for a 15 h period at
4�C, the plate was washed three times, then blocked by
adding dilution buffer, and incubated for 1 h at room tem-
perature. At the same time, OVA antigen at various con-
centrations (from 3 · 10–9

M to 1 · 10–7
M) was incubated

with anti-OVA antibodies at constant concentration (de-
duced from preliminary ELISA calibration for each MAb) for
15 h at room temperature and 100 mL of each mixture was
transferred into the wells of the ELISA plate previously
coated with OVA and incubated for 1 h at 37�C. After
washing, 1:2500 diluted HRP-conjugated goat anti-mouse
IgG was added and the plate was incubated for 45 min at
37�C. Finally, the plate was washed five times and then ob-
served with TMB. The dissociation constant (KD) was cal-
culated according to the following formula:

A0

A0�A
¼ 1þ KD

a0
(Eq 1)

RD-ELISA

The microplate was coated with anti-OVA (10 mg/mL)
overnight at 4�C. Next, the microplate was washed three

times with washing buffer, and the HRP-conjugated OVA
(serially diluted from 1:100 to 1:12,800 in dilution buffer) was
added to the wells (100 mL/well). After incubation for 1 h at
37�C and extensive washing, 100 mL/well of substrate solu-
tion containing TMB was added in the plate and incubated for
15 min at 37�C. The reaction was subsequently quenched with
2 M sulfuric acid (50mL/well), and its optical density (OD)
was measured at a wavelength of 450 nm using a microplate
reader.

Statistical analysis

Statistical analysis was done using SPSS 17.0 (SPSS Inc.,
Chicago, IL). For the analysis of correlation between indirect
ELISA antibody titer and affinity and RD-ELISA titer and
affinity, Pearson correlation analysis was used. All data were
representative of at least two separate experiments.

Results

Determination of anti-OVA MAb titer and affinity

The titers of 30 MAbs were tested by indirect ELISA (Table 1).
Ten clones with a titer of £ 1 · 10–3 were discarded after

Table 1. Characteristics of Anti-OVA MAbs:

Indirect ELISA Titer, Affinity, and RD-ELISA Titer

Clone Subclass

Titer detected
by indirect

ELISA

Affinity
detected

by ELISA

Titer
detected by
RD-ELISA

25 IgG1(k) 5.0 · 10–7 1.9 · 10–9 7.8 · 10–5

4 IgG1(k) 3.1 · 10–7 2.8 · 10–9 3.1 · 10–5

20 IgG1(k) 2.5 · 10–7 2.6 · 10–8 6.3 · 10–4

1 IgG1(k) 2.5 · 10–7 9.5 · 10–9 3.1 · 10–4

3 IgG1(k) 2.5 · 10–7 3.5 · 10–9 3.9 · 10–5

22 IgG1(k) 2.0 · 10–7 2.1 · 10–8 6.3 · 10–4

24 IgG1(k) 2.0 · 10–7 3.3 · 10–9 3.9 · 10–5

27 IgG1(k) 1.6 · 10–7 2.7 · 10–8 6.3 · 10–4

23 IgG1(k) 1.0 · 10–7 2.7 · 10–9 3.9 · 10–5

19 IgG1(k) 6.3 · 10–8 5.6 · 10–9 3.1 · 10–4

21 IgG1(k) 6.3 · 10–8 4.8 · 10–9 3.1 · 10–4

9 IgG1(k) 5.0 · 10–8 8.9 · 10–9 6.3 · 10–4

12 IgG1(k) 5.0 · 10–8 8.1 · 10–9 3.1 · 10–4

13 IgG1(k) 5.0 · 10–8 1.1 · 10–9 7.8 · 10–5

7 IgG1(k) 2.5 · 10–8 7.8 · 10–10 3.9 · 10–5

17 IgG1(k) 5.0 · 10–9 2.8 · 10–8 6.3 · 10–4

14 IgG1(k) 5.0 · 10–9 6.2 · 10–10 3.9 · 10–5

6 IgG1(k) 3.1 · 10–9 8.7 · 10–10 3.9 · 10–5

5 IgG2b(k) 2.5 · 10–9 3.6 · 10–8 6.3 · 10–4

10 IgG1(k) 1.6 · 10–9 6.2 · 10–10 3.9 · 10–5

2 IgG2b(k) 1.0 · 10–3 ND ND
8 IgG1(k) 1.0 · 10–3 ND ND

11 IgG1(k) 1.0 · 10–3 ND ND
15 IgG1(k) 1.0 · 10–3 ND ND
16 IgG1(k) 1.0 · 10–3 ND ND
18 IgG1(k) 1.0 · 10–3 ND ND
26 IgG1(k) 1.0 · 10–3 ND ND
28 IgG1(k) 1.0 · 10–3 ND ND
29 IgG1(k) 1.0 · 10–3 ND ND
30 IgG1(k) 1.0 · 10–3 ND ND

Titers of 30 MAbs were tested by indirect ELISA, and 20 MAbs
with a titer higher than 1 · 10–3 were selected for the subsequent
affinity and RD-ELISA titer detection.

ND, not detected.
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indirect ELISA titer detection. Depending on the value of in-
direct ELISA titers, the prepared 20 MAbs were divided into
three subgroups. Group 1 has a relative lower antibody titer,
ranging from 5.0 · 10–7 to 1.0 · 10–7; group 2 has a middle level
antibody titer between 6.3 · 10–8 to 2.5 · 10–8; and group 3 has
an antibody titer higher than 5.0 · 10–9.

The affinity of antibody is the attraction force of the reaction
between an antigenic determinant and a combining site on the
antibody.(9) For the affinity detection, antigen at various
concentrations was incubated with a constant amount of an-
tibody in dilution buffer until equilibrium was reached. Then
KD can be evaluated by measuring the slope of the linear
dependence of A0/(A0 – A) upon 1/a0.

Despite the fact that MAbs of groups 1–3 have different
indirect ELISA titer, affinity detection results have no signif-
icant correlation with MAb titer (Table 1). On the other hand,
a part of MAbs like FMU-OVA 20 and FMU-OVA 24 have
the same indirect ELISA titer but different affinity (Figs. 1,
2A). Statistical analysis of the 20 MAbs listed in Table 1 in-
dicate that the correlation coefficient (R2) between indirect
ELISA antibody titers and affinity was 0.206 ( p = 0.2).

Developed RD-ELISA for selection of MAbs

Several methods can be used to measure the affinity
of MAbs, such as immunoprecipitation, surface plasmon
resonance, and ELISA. These methods are complicated, time-
consuming, or expensive compared with antibody titer
detection by indirect ELISA. In order to acquire high-affinity
MAbs conveniently and quickly, we established a simple
method, known as RD-ELISA (Fig. 2B). The titers determined
by RD-ELISA were consistent with the affinity of MAbs
(Table 1). Correlation coefficient (R2) between RD-ELISA titer
and affinity was 0.869 ( p < 0.01; Fig. 3).

Discussion

In this study, a group of anti-OVA MAbs were selected by
indirect ELISA during preparation process; however, a

large proportion (9/20) of MAbs have a relatively lower
antibody titer (group 1). We determined the affinity of all
MAbs by ELISA, and the results indicated that part of the
MAbs that had lower antibody titer showed discrepancy
between antibody titer and affinity. As reported previously,
most antigens adsorbed on polystyrene were partially or

FIG. 1. The antibody titer of purified anti-OVA MAbs determined by indirect ELISA. Antibody titer was defined as the
highest dilution with absorbance value greater than 2-fold of mean negative control value. Representative titer curves (FMU-
OVA 20 and FMU-OVA 24) are shown. The points are given as mean – SD values of triplicate determinations.

FIG. 2. The KD values and titers of anti-OVA MAbs de-
termined by ELISA and RD-ELISA. (A) KD values of (�)[solid
circle] no. 20 and (-)[solid square] no. 24 were 2.6 · 10–8 M
and 3.3 · 10–9 M, respectively, calculated by Eq 1, in which A
is the absorbance measured for the antibody reacting with
different concentrations of antigen, A0 is the absorbance
measured for the antibody in the absence of antigen, and a0 is
the total antigen concentration. (B) The titers of (�)[solid
circle] no. 20 and (-)[solid square] no. 24 were 6.3 · 10–4 and
3.9 · 10–5. The points are given as mean – SD values of trip-
licate determinations.
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largely denatured.(10) Therefore, the process of OVA
coating may affect its binding to anti-OVA MAbs. To
avoid the impact of the coating process to antigen and
MAb binding, we tested a RD-ELISA method. Data
showed that 6 MAbs (FMU-OVA 3, 4, 23, 24, 25) had a
relatively higher affinity but a lower indirect ELISA titer,
indicating the efficacy of RD-ELISA for anti-OVA MAb
screening. Furthermore, affinity and RD-ELISA titer of the
whole 20 MAbs correlate well. In the process of hybrid-
oma cell cloning, each round of limit dilution is followed
by one round of antibody screening, and indirect ELISA
is a popular and convenient screening assay by MAb
detection in cell culture supernatant. Coating induced
antigen denaturation influenced supernatant screening in
the case of MAbs with lower antibody titer or lower an-
tigen coating concentration. In our experiment, when the
OVA coating concentration was changed to 0.2 mg/mL,
MAbs with lower titer but higher affinity (FMU-OVA 3, 4,
23, 24, 25) cannot be detected in the supernatant, whereas
all the MAbs with higher titer (group 3) had positive
results (data not shown). In conclusion, our study dem-
onstrates for the first time that RD-ELISA can yield
quicker results as well as be a powerful tool in the
screening of high-affinity MAbs, and further suggests that
some low titer but high-affinity MAbs may be missed by
indirect ELISA.

Recently, a sandwich-ELISA with very high sensitivity was
successfully established using FMU-OVA 24 as a coating an-
tibody for the detection of OVA (unpublished data). In our
opinion, RD-ELISA is more effective than traditional indirect
ELISA for the selection of MAbs for use as coating antibodies
in the development of sandwich-ELISA since the reaction
conditions of RD-ELISA and sandwich-ELISA are similar
when used as coating antibodies.
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