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A B S T R A C T

1-naphthol (1-NAP) is the main metabolite of pesticide carbaryl and naphthalene, and is also a genotoxic and
carcinogenic intermediate in the synthesis of organic compound, dyes, pigment and pharmaceutical industry. In
this work, two novel haptens were designed and synthesized for developing a competitive indirect enzyme-
linked immunosorbent assay (ciELISA) method for 1-NAP in urine samples. The assay showed a limit of detection
of 2.21 ng/mL and working range from 4.02 ng/mL to 31.25 ng/mL for 1-NAP in optimized working buffer. The
matrix effect of samples was eliminated via 15-fold dilution of optimized working buffer. Good average re-
coveries (102.4%–123.4%) with a coefficient of variation from 11.7% to 14.7% was obtained for spiked urine
samples. Subsequent instrument verification test showed good correlation between the results of ciELISA and
high-performance liquid chromatography. The developed ciELISA is a high-throughput tool to monitor 1-NAP in
urine, which can provide technical support for the establishment of biological exposure level for the exposure to
carbaryl, naphthalene and other related pollutants.

1. Introduction

1-naphthol (1-NAP, Fig. 1) is the main metabolite of naphthalene or
carbaryl. Naphthalene is used extensively as raw material for plasti-
cizer, dyes, surfactants, pesticides, drugs, spices, rubber (Zhao et al.,
2019; Zhou et al., 2016), while carbaryl also is the widely product in
agriculture of many countries due to its inhibitory effect on acet-
ylcholinesterase (Barr, 2008; Jeon et al., 2013; Zhang et al., 2008).
However, as an environmental pollutant, naphthalene and carbaryl are
toxic to human health, including mutagenicity, teratogenicity, carci-
nogenic effects (Preuss et al., 2003; Zhao et al., 2019) and nervous is-
sues (Schreiner, 2003), as well as carbaryl (Beard et al., 2013; Bjorling-
Poulsen et al., 2008; Costa et al., 2008; Piel et al., 2018; Weichenthal
et al., 2010; Wesseling et al., 2010). Workers, farmers, consumers and
ordinary resident might be exposure to naphthalene or carbaryl by
smoking (Preuss et al., 2005), aqua environment (Huang et al., 2012),
work place (Marczynski et al., 2005), petrol exhaust (Lofgren et al.,

1991), lawns and food residues (Meeker et al., 2007). Carbaryl can be
metabolized in human body rapidly metabolized and 70–80% is ex-
creted in urine within 24 h (Berman et al., 2016; Esteve-Romero et al.,
2012; Sancho et al., 2003), while 1-NAP is the metabolite which exist in
urine as a biomarker (Maroni et al., 2000; Serdar et al., 2008). For
naphthalene, it can preferentially accumulate in fat depot of humans
and animals due to the high lipophilicity (Viravaidya and Shuler, 2002)
and also can be metabolized to 1-NAP and excreted in urine (Ayala
et al., 2015; Preuss et al., 2003; Schreiner, 2003). In addition, re-
searches have reported that 1-NAP exhibited genotoxicity, re-
productive, and protein toxicity, with a LD50 value of 1700–3300 mg/
kg body weight (Huang et al., 2012). Hill et al. (1995) reported that 1-
NAP was detected in 86% of subjects in 1000 samples from adults living
in USA, with the concentration ranged up to 2500 μg/L. Shafik et al.
(1971) measured the concentration of 1-NAP ranging from 0.07 to
1.7 mg/L in the urine of agricultural workers who used carbaryl. These
data show that the exposure of naphthalene and carbaryl has become a
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serious problem. Thus, for assessing exposure of these pollutants, it is
necessary to develop rapid, sensitive, low-cost, high-throughput
method for monitoring of 1-NAP in urine.

Several methods for 1-NAP detection have been reported, including
liquid chromatogram (Sancho et al., 2003; Shealy et al., 1997), gas
chromatogram (Bravo et al., 2005; Gaudreau et al., 2016; Petropoulou
et al., 2006), capillary electrophoresis (Xu et al., 2016), metal-organic
frameworks (MOF) (Qin and Yan, 2018), electrochemistry (Zheng et al.,
2015) and immunoassay (Kramer et al., 1994). In comparison with
instrumental methods, immunoassay exhibited advantages including
rapid, high-throughput, high-sensitive, low-cost, simple and easy-to-
use, which is an ideal screening tool for large number of samples before
instrumental analysis. However, the production of specific antibodies
against 1-NAP was not easy due to its simple structure. In our previous
research (Kramer et al., 1994), we synthesized several 1-NAP haptens
and the subsequent developed ELISA showed the highest sensitivity
(IC50 46.3 ng/mL) by using hapten 7 and hapten 4 (Fig. 2). However,
the synthesis of the hapten was laborious with multistep and low-yield,
and the sensitivity of the developed ELSIA is also not sensitive enough
for the monitoring of 1-NAP.

In this work, two novel haptens were synthesized via introducing a
spacer arm to the No.4 carbon atom of 1-naphthol within one step. The
synthesized haptens were further used to prepare artificial antigen for
animal immunizing and the development ciELISA for 1-NAP in urine
sample. The developed ciELISA was validated by specificity and re-
covery test which comprised with standard high-performance liquid
chromatography (HPLC) method.

2. Materials and methods

2.1. Animals and reagents

Complete and incomplete Freund's adjuvants, keyhole limpet he-
mocyanin (KLH), bovine serum albumin (BSA), polyethylene glycol
solution (Hybri-MaxTM) and 4-hydroxy-1-naphthaldehyde were sup-
plied by Sigma-Aldrich (Shanghai, China). Lactoferrin (LF) from Bovine
Milk was purchased from Fujifilm Wako Pure Chemical Co. Ltd.
(Japan). The 1-naphthol, 1-naphthaldeyhde, 2-naphthaldeyhde, 1-
naphthyloxyacetic acid (hapten 3), 1, 5-dihydroxy naphthalene, 1, 6-
dihydroxy naphthalene, 1, 4-dihydroxy naphthalene, 1, 8-dihydroxy

naphthalene, 1, 7-dihydroxy naphthalene, 2, 6-dihydroxy naphthalene
and phenol were obtained from Energy chemical Co. Ltd. (Shanghai,
China). Carbaryl was purchased from Tanmo reference material
Technology Ltd. (Beijing, China)Carboxymethoxylamine hemi-
hydrochloride was obtained from Tokyo Chemical Industry (TCI) Co.,
Ltd. (Shanghai, China). The 1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), and
3,3′,5,5′-tetramethylbenzidine (TMB) were purchased from Aladdin
Chemical Technology Co., Ltd. (Shanghai, China). HRP-conjugated goat
anti-mouse IgG (secondary antibody) and protein G resin were obtained
from TransGen Biotech Co. Ltd. (Beijing, China). N, N-dimethylforma-
mide (DMF), pyridine (Py), Tween-20, methanol (MeOH) and ethyl
acetate were obtained from Damao Chemical Reagent Co., Ltd. (Tianjin,
China). 96-Well polystyrene microplates were purchased from Xiamen
Yijiamei Industrial Co. Ltd. (Xiamen, China). RPMI 1640 medium, pe-
nicillin-streptomycin solution and pierce™ rapid antibody isotyping kit-
mouse were obtained from Thermo Fisher (Shanghai, China). PEG
(50%, w/v, average mol wt 1450), HAT and HT media supplement
(50 × ) were purchased from Sigma (Shanghai, China). Fetal Bovine
Serum (FBS) was supplied from ExCell Bio. Company (Taicang, China).
Bal b/c female mice were supplied by the Guangdong Medical
Experimental Animal Centre (license: SCXK (Yue) 2018–0002) and
raised at South China Agriculture University Animal Centre (license:
SYXK (Yue) 2019–0136). The animal experiment was carried out in a
laboratory with a license for experiment animal, which was conformed
to the welfare principle (ethical approval number: 2019054, Fig. S1).
All other reagents were of analytical reagent grade or higher purity.

2.2. Instruments

The concentration of antibody was detected using a NanoDrop
2000c spectrophotometer (Thermo Fisher, Shanghai, China). The ELISA
plates were washed in a Wellwasch™ microplate washer (Thermo
Fisher, Shanghai, China). Absorbance was measured at a wavelength of
450 nm using a Multiskan MK3 microplate reader (Thermo Fisher,
Shanghai, China). HPLC analyses were performed using a Shimadzu LC-
20AT system (Kyoto, Japan) equipped with a Shimadzu RF-20 A
fluorescence detector. Nuclearmagnetic resonance (NMR) spectra were
recorded with either a DRX-400 or DRX-600 NMR spectrometer
(Bruker, Rheinstetten, Germany).

Fig. 1. The schematic of developed ciELISA for 1-NAP.
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2.3. Buffers and solutions

The following buffers and solutions were used in this study: (1)
serial ionic strength phosphate buffer (PBS) of pH 7.4; (2) serial pH
0.01 M PBS; (3) serial concentration Tween-20 in PBS; (4) 0.1 M pH 9.6
carbonate buffer (CB); (5) PBST (0.01 M PBS with 0.05% Tween-20, pH
7.4); (6) 10% H2SO4 (used as the stop reagent). Cell complete medium:
500 mL RPMI 1640 medium was mixed with 100 mL FBS and 6 mL
penicillin-streptomycin solution; HAT medium: 196 mL complete
medium was mixed with 4 mL 50 × HAT medium; HT medium: 196 mL
complete medium was mixed with 4 mL 50 × HT medium.

2.4. Synthesis of 1-NAP haptens

4-hydroxy-1-naphthaldehyde was chosen for the synthesis of two

haptens (homologous and heterologous) for 1-NAP via introducing
carboxymethoxylamine hemihydrochloride as spacer arms to the alde-
hyde group at within one step reaction. The long spacer arm was con-
ducive to expose the antigenic determinant. The synthetic route of 1-
NAP haptens was shown in Fig. 1. The following is a detailed descrip-
tion of the synthetic procedure and characterization of these com-
pounds. The mass and NMR spectrograms are shown in the Supporting
Information (Figs. S2 and S3).

Hapten 1, (E)-2-((((4-hydroxynaphthalen-1-yl) methylene)
amino) oxy) acetic acid. The 4-hydroxy-1-naphthaldehyde (1.032 g,
6 mmol) and carboxymethoxylamine hemihydrochloride (3.81 g,
30 mmol) were added into round-bottom flask. Then methanol (12 mL),
pyridine (3 mL) and ultrapure water (3 mL) were added. All the mixture
was stirred at 50 °C for 6 h. Then mixture was dissolved in 50 mL ethyl
acetate and 0.5 M HCl solution was used for extracting pyridine and

Fig. 2. Comparison of surface electrostatic potential image of 1-NAP haptens between this study and previous study (Kramer et al., 1994).

Z.-J. Chen, et al. Ecotoxicology and Environmental Safety 196 (2020) 110533

3



carboxymethoxylamine hemihydrochloride for three times (50 mL each
time). The organic phase was transferred to a round-bottom flask and
evaporated at 55 °C. Then 15 mL petroleum ether was added to the
round-bottom flask and shook slightly in ultrasound bath. Then the
pure product was recrystallized to white solid. After evaporating pet-
roleum ether, the pure product was obtained. ESI-MS analysis (nega-
tive): m/z 244 [M - H]-; 1H NMR (600 MHz, DMSO) δ 9.24 (d,
J = 8.5 Hz, 1H), 9.15 (s, 1H), 8.79 (d, J = 8.3 Hz, 1H), 8.05 (m, 3H),
7.44 (d, J = 7.9 Hz, 1H), 5.22 (s, 2H).

Hapten 2, (E)-2-(((naphthalen-1-ylmethylene)amino)oxy)acetic
acid. Other than using 1-naphthaldeyhde instead of 4-hydroxy-1-
naphthaldehyde, the synthesis method for hapten 2 was the same as
that for hapten 1. ESI-MS analysis (negative): m/z 228 [M - H]-; 1H
NMR (600 MHz, DMSO) δ 8.95 (m, 1H), 8.64 (dd, J = 16.4, 8.3 Hz,
1H), 8.01 (dd, J = 14.7, 7.9 Hz, 2H), 7.81 (t, J = 7.1 Hz, 1H), 7.60 (m,
3H), 4.75 (s, 2H).

2.5. Simulation of molecular surface electrostatic potential

The energy minimization structure of 3D (three dimensional) of 1-
NAP and related compounds and haptens was constructed using Sybyl
8.1 program package (Tripos Inc.) running on a HP xw6600 work-
station with an Intel Xeon E5430 2.66 GHz processor. These structures
were sketched and then geometry optimized to global low energy
conformations using the standard Tripos force field with an 8 Å cutoff
for nonbonded interactions in conjunction with Gasteiger-Hückel
charges, a 0.005 kcal/(molÅ) termination gradient, and a dielectric
constant of 1.00. The surface electrostatic potential of the obtained
structures was created by MOLCAD surface program of Sybyl 8.1 using
Gasteiger-Hückel charges.

2.6. Synthesis of immunogens and coating antigens

Hapten 1 was conjugated to LF as immunogen and all then haptens
(hapten 1, 2 and 3) were conjugated to BSA for coating antigens using
the active ester method. Briefly, hapten (0.025 mmol), EDC
(0.0375 mmol) and NHS (0.0375 mmol) were dissolved by 0.6 mL of
DMF and stirred at for 4 h. Then the mixture was added to 50 mg
protein (dissolved in 5 mL CB) and adjusted pH to 9.6 by 3 M NaOH.
The solution and stirred overnight. Then the solution was dialyzed by
0.01 M PBS (5 L) for 3 days, and finally stored at −20 °C until use.
UV–vis spectral data was used to confirm the structure of the final
conjugates (Fig. S4).

2.7. Production of monoclonal antibody

All the female Bal b/c mice were housed and maintained at the
South China Agriculture University Animal Centre (license: SYXK (Yue)
2019–0136). All the animal experiments were performed incompliance
with the protective and administrative laws for laboratory animals of
China and conducted with the approval of the Institutional Authority
for Laboratory Animal Care (ethical approval number: 2019054), South
China Agricultural University, Guangzhou, China.

For the first immunization, each mouse (7-week-old) was in-
tradermally and intramuscularly immunized with 0.1 mL of an emul-
sion containing 0.5 mL of an immunogen in PBS (1 mg/mL) and 0.5 mL
complete Freund's adjuvant. The following four booster immunizations
using the same amount of immunogen emulsified in incomplete
Freund's adjuvant were every three weeks. One week after the fourth
booster injection, the serum was collected from the tail tip from each
mouse for ciELISA. After serum characterized and coating antigen
screening, the mouse that exhibited the best inhibition (%) for 1-NAP
was chosen as the donor of spleen cells for hybridoma production.
Serum was collected from the tail tip from each mouse prior to the first
immunization and used as the negative controls.

Hybridoma preparation was studied in our previous work (Chen

et al., 2019). Briefly, the mouse spleen cells and the SP2/0 murine
myeloma cells were wash by RPMI 1640 medium for three times. Then
the spleen cells and the SP2/0 cells were mixed (5: 1) and fused to
hybridomas by 1 mL PEG at 37 °C. Then the RPMI 1640 medium was
added for stopping fusion. The hybridoma cells were cultured in five
96-well plates with HAT medium and half change to HT medium on the
5th day. The medium of each well was preliminary screened by ciELISA
on the 10th day. The well which exhibited highest titer and inhibition
was chosen for limit dilution. Briefly, the chosen cell group was sub-
cloned five times by limiting dilution (0.6 cell per well) with lower
concentration of 1-NAP in each sub-cloning (from 1 to 0.01 μg/mL).
The obtained hybridoma was used for ascites preparation. The anti-1-
NAP monoclonal antibody (mAb) was separated and purified from as-
cites by protein G resin. The obtained mAb was stored at −20 °C after
measuring the concentration by Nanodrop. The subtype and the affinity
of the obtained mAb was IgG1 (Fig. S5) and 6.03 × 109 L/mol (Fig.
S6).

2.8. Optimization of ELISA conditions

To improve the assay performance, the ciELISA was optimized by
several parameters, including antibody dilution/coating concentration
and working buffer (concentration of Tween 20, ionic strength, and
pH). The ciELISA calibration curve was constructed as follows: 1-NAP
was serial diluted by artificial urine buffer and were added 50 μL/well
as the competitor. Then the calibration curve was generated using
Origin pro 7.5 software (OriginLab Corp., Northampton, MA, USA).

2.9. Recovery test

For ciELISA, spiked urine sample (50 μL/well) was diluted by op-
timized working buffer and added as competitor. High-performance
liquid chromatography with fluorescence detection (HPLC-FLD) was
used to validate the results of ciELISA. The HPLC system consisted of a
Shimadzu LC-20AT system equipped with a Shimadzu RF-20 A fluor-
escence detector. Chromatographic separation was achieved using an
XBridge™ C18 chromatographic column (150 mm × 4.6 I.D., 5 μm
particle size; Waters Co. Ltd., Ireland). The flow rate was 1.2 mL/min at
35 °C, and the injection volume was 40 μL. The excitation wavelength
was 228 nm and measured at 425 nm, with the retention time of
6.45 min (Fig. S7). Spiked urine sample was purified by C18 SPE
column. Briefly, C18 SPE column was activated by 9 mL methanol and
9 mL 0.01 M HCl. Then 10 mL urine sample was adjusted to pH 1–2 by
HCl and purified by SPE column with the speed of 2–3 mL/min.
Analytes was eluted by 10 mL of methanol and filtrated by 0.22 μm
membrane.

3. Results and discussion

3.1. Hapten design

As a small organic molecule, hapten design for 1-NAP is the key role
in the development of immunoassays. In our previous ELISA study for
1-NAP, highest sensitivity was observed by using hapten 7 (Fig. 2) for
immunization (Kramer et al., 1994). However, introducing of a short
spacer arm to hapten was not a good strategy for producing high spe-
cificity and sensitivity antibodies. The short spacer arm against the
recognition between animal immune system and characteristic struc-
ture of the hapten because of the steric hindrance of carrier protein
(Song et al., 2010). To well understand and compare the influence of
hapten design on the specificity of produced antibody from the two
studies, molecular surface electrostatic potential simulation was ap-
plied. For previous study, Fig. 2 show that the strong negative amide
group formed by conjugation was very close to 1-NAP part and there-
fore became a decisive recognition site of hapten for antibody. Fur-
thermore, the strong negative of amide also influences the charge
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distribution of 1-NAP part, thereby hapten immune characteristics
cannot be maintained very well. Thus, the chance to obtain specific
antibody was decreased due to the affection of the amide (Xu et al.,
2011). In this work, to avoid the influence of amide, novel immunized
hapten was synthesized via introducing a longer spacer arm to 4-hy-
droxy-1-naphthaldehyd. The longer linker spaces the amide from 1-
NAP and therefore reduced the affection of amide, as well as the charge
distribution of 1-NAP part. Moreover, the hapten shared a C]N double
bond of spacer arm which might provide a rigid support when coupled
to carrier protein (Xu et al., 2010), which can make antigenic de-
terminant exposing on the surface of carrier protein as possible. In
addition, synthesis route of hapten 1 was easier. In genal, hapten 1 was
more reasonable and has potential to produce a higher sensitivity and
specificity antibody for 1-NAP.

3.2. Characterization of antisera

Mouse antisera against immunogen were collected and screened for
the titer and inhibition in ciELISA against homologous and hetero-
geneous coating antigens. As shown in Table 1, the ciELISA result ex-
hibited that the highest inhibition was observed by using hapten 2-BSA.
Although the lack of hydroxy did not influence the naphthalene ob-
viously, key interaction between antibody and hapten 2 such as hy-
drogen bond interaction, hydrophilic interaction and electrostatic in-
teraction might be signification reduced. Therefore, the affinity
between antibody and the two heterology coating antigen was de-
creased, while the competitive capacity of 1-NAP to antibody was in-
creased relatively. Furthermore, titer performed by hapten 3-BSA was
obviously lower than that of hapten 2-BSA and hapten 1-BSA, suggested
that the C]N and oxygen atom was the recognition site for antibody.

Previous study also achieved highest sensitivity by using heterologous
hapten (hapten 4). Because of the longer linker, the influence of amide
was reduced, which leading to the increasing of sensitivity though de-
creasing the affinity of coating hapten to antibody. That result indicated
that the amide was the important recognition site which provide polar
interaction, such as hydrogen bond. In general, results from both of the
two studies suggested that removing of key polar group from hapten
can be a feasible heterologous coating strategy for improving inhibition
of 1-NAP.

According to the antisera screening result in study, mouse 3 ex-
hibited the highest inhibition by using hapten 2-BSA and it was sacri-
ficed for fusion.

3.3. Development of mAb-based ELISA

Two cell line (4E2, 4E8) of monoclonal was obtained after hy-
bridoma screening, while cell line 4E8 with best sensitivity was chosen
for ascites preparation and purification. The obtained mAb was used for
ciELISA development with the optimized conditions. The highest sen-
sitivity was achieved when the coating antigen and antibody con-
centration were 250 ng/mL and 1000 ng/mL, respectively, and an ionic
strength of 0. 1 M without Tween-20 and a pH value of 6.4 were the
most suitable for the highest sensitivity (Table S1). The limit of detec-
tion (LOD) for 1-NAP was 2.23 ng/mL and the linear range was
3.40–40.0 ng/mL, with the IC50 of 12.47 ng/mL (Fig. 3). The sensitivity
of the developed ciELISA was higher than the result of previous study
before (Kramer et al., 1994) and indicated that reducing of the polar
hydroxyl of 1-NAP hapten is a better strategy to further decrease the
competitive of coating antigen.

Table 1
Characterization of mice antiserum against 1-NAP with homologous and heterologous coating antigen.

Immunogen (Hapten 1-LF)

Coating antigen Mouse 1 Mouse 2 Mouse 3

Titer ( × 103) a Inhibition b (%) Titer ( × 103) Inhibition (%) Titer ( × 103) Inhibition (%)

Hapten 1 -BSA 16 22 32 44 32 35
Hapten 2 - BSA 8 57 16 24 ·16 76
Hapten 3- BSA <1 NDc 0 ND <1 ND

a Titer is defined as dilution factor of antiserum with the absorbance at 450 nm being situated at about 1.0–1.5 at coating concentration of 100 ng/mL.
b Percentage inhibition was expressed as follow: inhibition (%) = [1 − (B/B0)] × 100. B0 was mean absorbance of the wells in the absence of competitor; B was

mean absorbance of the wells in the presence of certain concentration of competitor.
c ND, no detected.

Fig. 3. Calibration curve (A) and ciELISA (B) calibration curve for determination of 1-NAP in optimized working buffer (n = 6).
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3.4. Specificity of the ciELISA

The cross-reactivity (CR) with related compounds was calculated by
the optimized condition and summarized in Table 2. Low cross-re-
activity (CR) was observed with all the related compounds tested, in-
dicated that the developed mAb showed good specificity for 1-NAP. The
highest CR of related compounds was observed for 1, 5-dihydroxy
naphthalene while the lowest CR was observed for 1, 8-dihydroxy
naphthalene. For explaining the difference between 1-NAP and the re-
lated compounds, surface electrostatic potential images of these com-
pounds were also created. In general, there might be serval factors af-
fect the interaction between mAb and the naphthalene compounds in
docking process, such as cation-π interaction, π-π stacking, hydrogen
bonds, hydrophobic interaction and steric hindrance. Since no sig-
nificant CR difference between carbaryl (positive charge) and other
relate related compounds (negative), indicated that cation-π interaction
was not the main factor affect the recognition difference. For carbaryl,
steric hindrance resulted by carbamate group might be the main reason
that reduced the binding activity from antibody to antigen. For 2-NAP
(2-naphthaldeyhde), although its chemical is highly similar to 1-NAP,
the CR was significantly lower than 1-NAP, even than some related

Table 2
Cross reactivity of the obtained mAb with 1-NAP related compounds (n = 3).

Compound Structure IC50 (ng/
mL)

CR (%)a

1-naphthol 12.5 100

2-naphthol 1005.0 1.2

Carbaryl 300.7 4.2

1, 3-dihydroxy
naphthalene

178.0 6.9

1, 4-dihydroxy
naphthalene

200.7 6.2

1, 5-dihydroxy
naphthalene

87.4 14.3

1, 6-dihydroxy
naphthalene

502.8 2.5

1, 7-dihydroxy
naphthalen

881.7 1.4

Table 2 (continued)

Compound Structure IC50 (ng/
mL)

CR (%)a

1, 8-dihydroxy
naphthalene

4303.4 0.3

2, 6-dihydroxy
naphthalene

2839.7 n

a CR, cross-reactivity. The percentage of CR was calculated using the fol-
lowing equation: CR (%) = [IC50 (NAP)/IC50 (cross-reactant)] × 100.

Fig. 4. Matrix effect of urine samples on ciELISA performance (n = 6).
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compounds. Steric hindrance, charge repulsion or hydrophobic inter-
action at No.2 position might be the main reason that decrease the
binging activity, as well as the other 1, n-dihydroxy naphthalene
(n = 3–8) related compounds. Hence, the position of hydroxyl on
naphthalene ring might be the key in the docking process. This spec-
ulation will be verified by the computer-assisted simulation by using
the homologous modeling in the following work.

3.5. Recovery test in urine samples

Sample was diluted to four levels (5-fold, 10-fold, 15-fold, 20-fold)
by the optimized working buffer for matrix effect test. As shown in
Fig. 4, matrix effect had been removed until 15-fold diluted. Three le-
vels of 1-NAP (60, 200 and 600 ng/mL) were spiked in sample for
validation of ciELISA. All the spiked samples were analysed by ciELISA
and HPLC and the results are summarized in Table 3. The average re-
coveries of 102.4%–123.4% were observed using the ciELISA method
with a coefficient of variance (CV) ranging from 11.7% to 14.7%. The
average recoveries obtained by HPLC method ranged from 90.8% to
123.9% with CVs between 2.2% and 7.5%. The results showed that the
accuracy of the ciELISA was comparable to that of the HPLC method.
Good correlation and recovery were achieved in this study. However,
the sensitivity of the developed ciELSIA was limited by matrix effects
and the little narrow linear range. Due to the high dilution, the LOD was
increased to 33.15 ng/mL for urine sample. This shortcoming will be
dissolved by the following coating antigen improving and standardized
producing of ciLEISA kit. The developed ciELISA method could be an
ideal tool for screening of urine sample for the monitoring of carbaryl
and naphthalene exposure. In addition, immunochromatography and
more efficient sample pretreatment (such as immunomagnetic separa-
tion) will be developed in the following work for faster detection of 1-
NAP.

4. Conclusion

In this work, a monoclonal antibody with improved sensitivity and
specificity against 1-naphthol was raised by using novel immunizing
hapten and coating hapten. An easy-to-use competitive indirect ELISA
was then developed and used to screen the 1-naphthol residue in urine
samples to reflect the expose of human being to food, water and en-
vironment contaminated by carbaryl and naphthalene. The assay can be
finished within about 90 min by using a simple pretreatment of dilu-
tion, and the limit of detection was 33.15 ng/mL for urine sample. The
recoveries of spiked sample ranged from 102.4 to 123.4%, with a
coefficient of variation below 15%. The validation of ciELISA results by
standard HPLC-MS/MS suggested that the proposed assay was accuracy
and reproducible. It can be used as an ideal tool for the screening of
large number of samples with low-cost and high throughput manner.
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