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A selective and sensitive competitive enzyme-linked immunosorbent assay (ELISA) method was developed
and validated for the quantification of erlotinib in 50 mL of samples of human serum. Anti-erlotinib serum
was obtained by immunizing mice with an antigen conjugated with bovine serum albumin and 3,4-bis(2-
methoxyethoxy)benzoic acid using the N-succinimidyl ester method. Enzyme labeling of erlotinib with
horseradish peroxidase was similarly performed using 3,4-bis(2-methoxyethoxy)benzoic acid. A simple
competitive ELISA for erlotinib was developed using the principle of direct competition between erlotinib
and the enzyme marker for anti-erlotinib antibody, which had been immobilized on the plastic surface of a
microtiter plate. Serum erlotinib concentrations lower than 40 ng/mL were reproducibly measurable using
the ELISA. This ELISA was specific to erlotinib and showed very slight cross-reactivity (6.7%) with a major
metabolite, O-desmethyl erlotinib. Using this assay, drug levels were easily measured in the blood of mice
after oral administration of erlotinib at a single dose of 30 mg/kg. ELISA should be used as a valuable tool for
therapeutic drug monitoring and in pharmacokinetic studies of erlotinib.
& 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Erlotinib (Fig. 1), an epidermal growth factor receptor-tyrosine
kinase inhibitor (EGFR-TKI), is widely used to treat non-small cell
lung cancer and unresectable pancreatic cancer [1,2]. However, it is
associated with a higher incidence of interstitial lung disease than
other anticancer drugs, and many fatal cases have been reported [3].
It also frequently causes acneiform rashes by inhibiting the expres-
sion of EGFR in the stratum basale and skin appendages. These re-
actions are frequently reported as a reason for dose reduction or
interruption of treatment in patients receiving erlotinib [4,5].

Erlotinib is metabolized by CYP3A4, CYP1A2, and CYP3A5 in the
liver, and the induction of CYP3A4 via tobacco smoking has been
shown to decrease the blood concentration of erlotinib by about
50% [6]. Food also influences the absorption of erlotinib. Taking
erlotinib after consuming a high-fat, high-calorie meal has been
shown to increase maximum blood concentrations by about 1.5-
fold and the AUC about 2-fold [7]. The severity of skin damage
caused by erlotinib has been shown to be correlated with the
concentration of erlotinib in the blood [8], which indicates that
therapeutic drug monitoring (TDM) is needed to minimize the
toxicity of erlotinib and improve the response to treatment.
niversity.

on and hosting by Elsevier B.V. Th

.

O-Desmethyl erlotinib is known as a major metabolite in humans
(Fig. 1) [9]. During long-term therapy, the plasma concentration of
O-desmethyl erlotinib is about 10% of that of erlotinib [10]. Therefore,
an analytical method specific to erlotinib must be developed for TDM
or pharmacokinetic studies. Previous TDM and pharmacokinetic
studies of erlotinib have used high-performance liquid chromato-
graphy (HPLC) [11] and liquid chromatography with tandem mass
spectrometry (LC–MS/MS) [12–17]. However, no immunoassay tech-
nique that compares favorably with these analytical methods has
been developed. The reason for this is that it is very challenging to
produce an anti-erlotinib antibody that is not cross-reactive with
O-desmethyl erlotinib, the major metabolite of erlotinib. We pre-
viously created a specific antibody, which is not cross-reactive with
the major metabolite, and changed part of the structure of the drug
to a hapten antigenic structure, by considering the structure of the
major metabolite, to develop an enzyme immunoassay technique
that could be used for pharmacokinetic studies of the antibody
[18–20]. Similarly, we created a specific anti-erlotinib antibody by
changing part of the structure of erlotinib to a hapten antigenic
structure to develop enzyme immunoassay techniques that could be
used for pharmacokinetic studies on erlotinib.

In this study, we successfully developed the first specific and
sensitive competitive enzyme-linked immunosorbent assay
(ELISA) for erlotinib using a polyclonal antibody against part of
the structure of erlotinib and herein report the technique. The
initial application of the assay for the measurement of erlotinib
is is an open access article under the CC BY-NC-ND license
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Fig. 1. Chemical structures of erlotinib and its major metabolite.
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levels in mice demonstrates its usefulness for the assessment of
basic pharmacokinetic parameters.
2. Materials and methods

2.1. Chemicals and reagents

Erlotinib hydrochloride and O-desmethyl erlotinib were obtained
from AdooQ BioScience LLC (Irvine, CA, USA). Ethyl 3,4-bis(2-meth-
oxyethoxy)benzoate (EBMB) was obtained from AK Scientific, Inc
(Union City, CA, USA). 2,4,6-Trinitrobenzene sulfonic acid was
obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
Horseradish peroxidase (HRP) and 3,3,5,5-tetramethylbenzidine
(TMB) were obtained from Boehringer Ingelheim Pharma GmbH
(Ingelheim, Germany). Sodium hydroxide, hydrochloric acid, sulfuric
acid, sodium dihydrogenphosphate dehydrate, disodium hydro-
genphosphate 12-water, sodium azide, tris(hydroxymethyl)amino-
methane (Tris), 1-ethyl-3,3-dimethylaminopropyl carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide, dioxane, ethyl acetate,
N,N-dimethylformamide and bovine serum albumin (BSA) were
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Hydrogen peroxide (30% in water) was obtained from Nacalai Tesque
Inc. (Kyoto, Japan).

2.2. Preparation of the immunogen for erlotinib

The erlotinib immunogen was prepared with part of the
structure of erlotinib (EBMB) as shown in Fig. 2. EBMB (10 mg,
33.5 mmol) was dissolved in 500 mL of 1 M NaOH and the resulting
solution was left to stand at 60 °C for 1 h. The resulting EBMB
carboxylate was acidified by the addition of 550 mL of 1 M HCl and
then extracted with ethyl acetate. The organic layer was separated
and evaporated under reduced pressure. The residue was
dissolved in 95% dioxane (1 mL). EDC (12.7 mg, 67 μmol) and
N-hydroxysuccinimide (7.7 mg, 67 μmol) were added to the
dioxane solution, and the solution was left to stand at room
temperature for 2 h. The reaction mixture containing succinimidyl
EBMB was immediately mixed with BSA (20 mg) in 1 mL of 0.1 M
Fig. 2. Scheme showing the preparation of t
phosphate buffer (pH 7.0) and incubated at room temperature for
2 h. The reaction solution was dialyzed in 1 mM phosphate buffer
(pH 7.0) for 24 h. The purified conjugate was lyophilized and used
as an immunogen for erlotinib. The trinitrobenzene sulfonic acid
method was used to determine the primary amine [21], and about
18.1 EBMB molecules were found to be coupled with each mole-
cule of BSA based on the reduction of the primary amine.

2.3. Preparation of erlotinib antibody

Five 5-week-old, female BALB/c mice (Kyudo Exp. Animals,
Kumamoto, Japan) were injected intraperitoneally with 0.1 mg of
EBMB-BSA conjugate emulsified in complete Freund’s adjuvant.
The mice received 3 injections of the con-jugate (0.05 mg) alone at
2-week intervals. Seven days after the final injection, the mice were
euthanized and sera were collected, separated by centrifugation, he-
ated at 55 °C for 30 min, and then stored at �30 °C. The anti-erlotinib
serum obtained was directly used as the anti-erlotinib antibody for
ELISA. The experimental protocol was approved by the Ethics Review
Committee for Animal Experimentation of Sojo University.

2.4. Preparation of the erlotinib-HRP conjugate

Erlotinib was labeled by binding to HRP, essentially by the same
method as that used for the preparation of erlotinib immunogen.
EBMB (10 mg, 33.5 mmol) was dissolved in 500 mL 1 M NaOH and the
solution was left to stand at 60 °C for 1 h. The resulting EBMB car-
boxylate was acidified by the addition of 550 mL of 1 M HCl and then
extracted with ethyl acetate. The organic layer was separated and
evaporated under reduced pressure. The residue was dissolved in
95% dioxane (1 mL). EDC (12.7 mg, 67 mmol) and N-hydro-
xysuccinimide (7.7 mg, 67 mmol) were added to the dioxane solution.
The resulting solution was left to stand at room temperature for 2 h,
and a 50 mL aliquot of the reaction mixture, containing succinimidyl
EBMB, was then added directly to HRP (0.5 mg, 12.5 nmol) in 0.5 mL
of 0.1 M phosphate buffer (pH 7.0), followed by incubation at room
temperature for a further 2 h. The mixture was chromatographed on
a column of Sephadex G-75 (2.0 cm � 30 cm) using PBS containing
0.1% BSA to remove any remaining small molecules. Fractions (4 mL)
he immunogen and enzyme conjugate.



Fig. 3. Standard curve of the developed ELISA for erlotinib in human serum. The
curve shows the bound enzyme activity (%) for various doses of erlotinib (B) as a
ratio to that bound using erlotinib-HRP alone (B0). Each point represents the mean
7 S.D. (n¼3).
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were collected and fractions 8 and 9, corresponding to the main
peaks showing enzyme activity, were used as a label for ELISA.

2.5. ELISA procedure

ELISA is based on the principle of competition between en-
zyme-labeled and unlabeled drugs for an immobilized antibody,
followed by measurement of the marker enzyme activity of the
immunocomplex bound to the solid phase. Briefly, microtiter plate
wells (Nunc F Immunoplates I; Nunc, Roskilde, Denmark) were
coated with 100 mL of anti-mouse-IgG antibody (2 mg/mL) (Bethyl
Laboratories, Montgomery, TX) in 10 mM Tris-HCl buffer (pH 8.5)
containing 10 mM NaCl and 10 mM NaN3 and left to stand for 1 h
at 37 °C. Plates were washed twice with PBS containing 0.1% BSA
and incubated with 100 mL of anti-erlotinib serum diluted 2000-
fold with PBS containing 1% skim milk for 30 min at 37 °C. The
anti-erlotinib antibody-coated wells were then filled with 50 mL of
either erlotinib-treated samples or PBS containing 0.1% BSA as a
control, followed immediately by 50 mL of the pooled erlotinib-
HRP conjugate (diluted 1:20 in PBS containing 0.1% BSA for erlo-
tinib). The wells were incubated overnight at 4 °C and once again
washed thoroughly with PBS containing 0.1% BSA. The activity of
the enzyme conjugate bound to each well was measured by the
addition of 100 mL of 0.42 mM TMB in 0.05 M acetate-citric acid
buffer (pH 5.5) containing 3% N, N-dimethylformamide and 0.01%
hydrogen peroxide, followed by incubation of the wells at 37 °C for
a suitable period. The enzyme reaction was stopped by the addi-
tion of 100 mL of 2.0 M H2SO4 to each well, and the resulting color
intensity was measured spectrophotometrically at 450 nm using
an ELISA analyzer (ImmunoMini NJ-2300, Nalge Nunc Int. Co., Ltd.,
Tokyo, Japan). Concentrations were calculated from the standard
curve using semi-logarithmic graph paper.

2.6. Pharmacokinetic evaluation

Three 8-week-old female BALB/c mice (Kyudo Exp. Animals;
Kumamoto, Japan) weighing 25–30 g were used in this study. Er-
lotinib was orally administered at a dose of 30 mg/kg using a
sonde after an overnight fast. The drug was suspended in methyl
cellulose (0.5%, m/v water) at 5 mg/mL concentration. Peripheral
blood (5 mL) was collected from the tail vein pre-administration
and at 0.25, 0.5, 1, 2, 4, 8, 12, and 24 h after administration, diluted
25 times with PBS containing 0.1% BSA, and immediately vortexed
for several seconds. Diluted blood samples were centrifuged at
3000g for 10 min at 4 °C, and each resulting supernatant was
stored at �30 °C until the erlotinib concentration was assayed.
The experimental protocol was approved by the Ethics Review
Committee for Animal Experimentation of Sojo University.
Table 1
Recoveries of erlotinib from human serum and precision of ELISA for erlotinib.

Assay Added (ng/mL) Estimated (ng/mL) Recovery (%) CV (%)

Intra-assay 40.0 42.2 7 3.9 105.5 9.2
200.0 197.6 7 10.2 98.8 5.2
1000.0 979.0 7 25.7 97.9 2.6
5000.0 4922.0 7 95.5 98.4 1.9

Inter-assay 40.0 43.1 7 1.8 107.5 4.2
200.0 194.6 7 14.3 97.3 7.3
1000.0 966.4 7 23.6 96.6 2.4
5000.0 4964.4 7 114.5 99.2 2.3

Values represent the mean 7 S.D. (n¼5).
3. Results and discussion

3.1. Preparation of the immunogen and enzyme conjugate for
erlotinib

In long-term therapy, the plasma concentration of O-desmethyl
erlotinib, the major metabolite of erlotinib in humans, is about 10%
of that of erlotinib [10]. Therefore, an anti-erlotinib antibody that
does not show cross-reaction with O-desmethyl erlotinib must be
produced to develop an ELISA that can specifically measure the
concentration of erlotinib in human plasma. Namely, antibodies
against erlotinib must have high affinity for the bis(2-methox-
yethoxy) group, which is the primary site of metabolism. In
general, antibody specificity on the hapten appears to be towards
the group farthest away from the region of conjugation to the
carrier protein in the immunogen structure [22,23]. Therefore,
when creating erlotinib antigens, it must be ensured that the bis
(2-methoxyethoxy) group within the hapten structure is as far
away as possible from the carrier protein binding domain. More-
over, erlotinib has no suitable reactive structure for making
immunogens such as the erlotinib-BSA conjugate. Based on these
findings, erlotinib immunogen was prepared from part of the
structure of erlotinib (EBMB) (Fig. 2). The EBMB carboxylate was
coupled to BSA using the hydroxysuccinimide ester method [24],
and the resulting EBMB-BSA conjugate (erlotinib immunogen),
with about 18 mol of EBMB per mol of BSA, induced the formation
of specific antibodies in each of the five mice immunized. EBMB-
HRP conjugate (as a tracer) was also prepared by the same
procedure. The conjugate was stable for more than 6 months in
eluted buffer (pH 7.0) at 4 °C without any loss of the enzyme or
immunoreactive enzyme activity.

3.2. Validation of method

The optimal quantities and incubation times for each reaction
were established. The standard dose-response curve of erlotinib
obtained in the human serum system is shown in Fig. 3. The ELISA
detection range was 8–25,000 ng/mL of erlotinib. The curve was
essentially linear on a semilogarithmic plot between 40 and
25,000 ng/mL. For practical purposes, the working range was
arbitrarily set to 40–5000 ng/mL based on the findings of precision
and accuracy for the ELISA (Table 1), which showed this ELISA to
be a reproducible technique. The recoveries of four different levels
of erlotinib ranging from 40 to 5000 ng/mL were satisfactory at



Table 2
Percent cross-reactivity of metabolite and analogs measured by ELISA.

Fig. 4. The predicted target areas of the anti-erlotinib antibody. The length of
epitope was approximately 8.5 Å.

Fig. 5. Blood erlotinib levels in mice after a single oral administration of erlotinib.
Three mice weighing 25–31 g were injected with 30 mg/kg erlotinib. At each in-
terval, blood was collected and the levels of erlotinib were measured by ELISA. Each
point represents the mean 7 S. D. (n ¼ 3).
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96.6%–107.5% (n¼5). The coefficients of variation (CV) for intra-
and inter-assays of erlotinib at four different level concentrations
in the range of 40–5000 ng/mL were 1.9%–9.2% and 2.3%–7.3%
(n¼5 for each), respectively. The detection limit of erlotinib in the
ELISA was 40 ng/mL (student’s t-test, n¼3, P o 0.01 compared
with the B0 value). The plasma concentration range for the usual
clinical dose of erlotinib is about 0.6–2.5 μg/mL [25]. Therefore,
this ELISA may be sensitive enough to quantify erlotinib in TDM
and pharmacokinetic studies.

3.3. Specificity

Antibody cross-reactivity was determined by the displacement
of bound erlotinib-HRP by similar compounds. Cross-reactivity
values were defined as the ratio of each compound to erlotinib in
the concentrations required for 50% inhibition of erlotinib-HRP
binding to the antibody. The anti-erlotinib antibody showed 100%
cross-reactivity with EBMB used as a hapten antigen, 6.7% with the
major erlotinib metabolite, O-desmethyl erlotinib, 1.3% with
3-fluoro-4-(2-methoxyethoxy)aniline, and 0.8% with 1,2-diethox-
ybenzene (Table 2). Furthermore, the antibody showed high
affinity for erlotinib and EBMB was used as a hapten antigen.
However, it showed limited reactivity with the major metabolite
O-desmethyl erlotinib and erlotinib analogs. These findings
suggest that the antibody recognizes almost the whole EBMB
structure, and thus is suitably specific to the structure of erlotinib.
In addition, based on the predicted target area of the anti-erlotinib
antibody, we estimated the length of the epitope to be approxi-
mately 8.5 Å (Fig. 4).

3.4. Pharmacokinetic study of erlotinib in mice

To demonstrate the potential of the ELISA, a preliminary
pharmacokinetic study of erlotinib in mice was performed (Fig. 5).
Erlotinib was rapidly absorbed, reached peak concentrations in the
blood of 2987.5 ng/mL 60 min after oral administration, and then
slowly decreased. The erlotinib levels in the blood samples were
similar to those of the LC–MS results reported by Smith et al. [26].
Using the ELISA, erlotinib levels were easily measured in the blood
of mice after a single oral dose of erlotinib. The ELISA determina-
tions may have measured the total amount of erlotinib im-
munoreactivity and included erlotinib metabolites that
cross-reacted with the anti-erlotinib antibody, such as the major
metabolite in humans, O-desmethyl erlotinib [9]. However, during
long-term therapy, the plasma concentration of O-desmethyl
erlotinib is only about 10% of that of erlotinib [10]. Therefore,
considering the specificity of the antibody and the plasma
concentration of O-desmethyl erlotinib, there might not have any
interference. The cross-reactivity of the other metabolites has not
yet been confirmed, and their maximum concentrations detected
in human plasma are relatively low [9]. Therefore, this ELISA may
be specific enough to quantify erlotinib for TDM and pharmaco-
kinetic studies in humans.
4. Conclusion

We have described the preparation of the first antibody against
erlotinib by preparing immunogens from part of the structure of
erlotinib. The generated antibody against erlotinib was used to
develop the ELISA, which was shown to be sensitive, specific, and
adaptable for high-throughput analyses. This ELISA will be a
valuable tool in TDM and pharmacokinetic studies of erlotinib.
Finally, our approach is expected to be invaluable in the devel-
opment of new immunoassays for low-molecular-weight drugs
that produce a variety of metabolites.
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