
Journal of Pharmaceutical and Biomedical Analysis 41 (2006) 1332–1341

Development of an enzyme-linked immunosorbent assay for fentanyl
and applications of fentanyl antibody-coated nanoparticles

for sample preparation

Chi-Liang Mao a, Keith D. Zientek b, Patrick T. Colahan b, Mei-Yueh Kuo c,
Chi-Ho Liu c, Kuo-Ming Lee a, Chi-Chung Chou a,∗

a Veterinary Medical Teaching Hospital and Department of Veterinary Medicine, College of Veterinary Medicine,
National Chung-Hsing University, 250-1 Kuo-Kuang Rd., Taichung, Taiwan

b Racing Laboratory, Department of Large Animal Clinical Sciences, College of Veterinary Medicine,
University of Florida, Gainesville, FL 32610, USA

c The Branch Institute of Animal Drugs Inspection, Animal Health Research Institute, Council of Agriculture, Executive Yuan, Taiwan

Received 31 December 2005; received in revised form 27 February 2006; accepted 2 March 2006
Available online 18 April 2006

A

r
w
(
l
m
(
o
o
c
a
©

K

1

4
N
o
n
h
U
p

0
d

bstract

A sensitive enzyme-linked immunosorbent assay (ELISA) was developed for the detection of fentanyl in serum and urine. The ELISA used an indi-
ect competitive method produced by coating the plate with thyroglobulin conjugated with fentanyl hapten. Antibodies against fentanyl–hemocyanin
ere detected by a goat–anti-rabbit antibody conjugated with alkaline phosphatase. Calibration standard curves ranged from 0.5 ng/ml to 50 �g/ml

IC50 = 10 ng/ml), and the limits of detection were 0.5 and 1.0 ng/ml for serum and urine, respectively. The intra- and inter-assay variations were
ess than 8% and 10%, respectively. The antibody produced against fentanyl completely cross-reacted with p-fluorofentanyl, thienylfentanyl and 3-

ethylthienylfentanyl, cross-reacted highly with carfentanil (85%), but was considered non-cross-reactive with �-methylfentanyl (5%), sufentanil
<1%), alfentanil (<1%) and lofentanil (<1%). Nano-sized iron oxide magnetic particles coated with the developed fentanyl antibody were capable
f specific binding and releasing of fentanyl from urine samples. This enabled the drug to be effectively pre-concentrated and decreased the limit
f detection by approximately one order of magnitude. The analytical background noise was significantly reduced to enable fentanyl detection at
oncentrations originally below chromatographic limit of detection. The change of platform for antibody binding with nanoparticles demonstrated
novel use of antibodies for sample preparation and should facilitate drug screening by traditional ELISA.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The fentanyls are a group of related narcotic analgesics of the
-anilidopiperidine series. The parent drug, fentanyl (N-phenyl-
-[l-(2-phenylethyl)-4-piperidinyl] propanamide), is a synthetic
pioid derivative of meperidine and a potent mu-receptor ago-
ist with 80–150 times the potency of morphine [1,2]. Fentanyl
as been used as an intravenous anesthetic/analgesic agent in the
nited States since 1968 [3]. The superior action for pain relief
rovided by fentanyl has made it a drug with high potential for

∗ Corresponding author. Tel.: +886 4 22840404x219; fax: +886 4 22862073.
E-mail address: ccchou@nchu.edu.tw (C.-C. Chou).

abuse in humans. In animals, the dose-dependent CNS excita-
tion and marked locomotor stimulation along with the analgesic
effects [4,5], have promoted the illicit use of the fentanyls in
athletic events, such as horse racing. Transdermal patches of
fentanyl have been formulated to provide long-lasting continu-
ous relief of moderate to severe post-operative or cancer pain in
humans [6,7] and a number of domestic animals such as dogs,
cats and horses [8,9]. Careful monitoring of fentanyl concentra-
tion was warranted since sudden death associated with fentanyl
transdermal patch residues has recently been reported [10,11].

The pharmacokinetics of fentanyl is characterized by
rapid (2–3 min) onset, large volume of distribution, low
peak concentration (ng/ml range), short plasma half-life
(30–120 min) and extensive biotransformation to active
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metabolites [12,13]. All of these characteristics pointed to a
need for more sensitive detection methods. Biotransformed
metabolites, along with common congeners of fentanyls
(such as alfentanil, lofentanil, sufentanil and carfentanil) have
the potential to be used for illicit purposes. In addition,
the development of many “designer” fentanyl analogs such
as �-methylfentanyl, 3-methylfentanyl, p-fluorofentanyl, �-
methyl-acetylfentanyl, �-methyl-acrylfentanyl, thienylfentanyl,
benzylfentanyl, 3-methyl-thienylfentanyl and �-hydroxy-(3-
methyl)-thienylfentanyl has further complicated detection and
screening and added to the potential for human abuse of fentanyl-
related compounds [14].

In view of the wide diversity of fentanyl analogues avail-
able, the high potential for abuse and the importance to assure
therapeutic safety, there is a need for rapid, inexpensive and
sensitive methods that detect specific members of the fentanyl
group. Various methods have been developed for detection of
the fentanyls in different matrices, including immune-based
radioimmunoassay (RIA) [15–17], enzyme-linked immunosor-
bent assay (ELISA) [18–21], and chromatographic analyses
such as capillary electrophoresis (CE) and high performance
liquid chromatography (HPLC) [22–25]. Gas chromatography
or gas-liquid chromatography with a variety of detectors has
also been reported [26–29]. While most methods shared similar
degrees of sensitivities (1–10 ng/ml for HPLC, LC and <1 ng/ml
for RIA and ELISA), chromatographic analyses were gener-
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2. Materials and methods

2.1. Drugs and chemicals

Fentanyl citrate, carfentanil, lofentanil, alfentanil, sufen-
tanil, �-methylfentanyl, p-fluorofentanyl, 3-methylfentanyl and
thienylfentanyls were purchased from Janssen Life Sciences
(Piscataway, NJ, USA). Norfentanyl was purchased and car-
boxyfentanyl was synthesized by Bio-Mol Research Lab (Ply-
mouth Meeting, PA, USA). N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC) and other chemicals
were purchased from Sigma (St. Louis, MO, USA). Acetoni-
trile (ACN), hexane, triethylamine and methanol were HPLC
grade or better and were purchased from Fisher Scientific
(Pittsburgh, PA). Sodium bicarbonate and sodium carbonate
were purchased from Fisher Scientific. Formic acid (99%) was
purchased from Acros Organics (Geel, Belgium). For liquid
chromatography–mass spectrometry (LC–MS) analysis, fen-
tanyl and deuterated fentanyl (d5) was purchased from the Cer-
illiant Corporation (Round Rock, TX).

2.2. Preparation of immunogen and antibody production

To prepare for the immunogen, carboxyfentanyl was con-
jugated to hemocyanin by use of the carbodiimide method. A
mixture solution of 50 mg carboxyfentanyl, 100 mg of hemo-
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lly limited by expensive instrumentation. The RIA method had
he disadvantages associated with handling radioactive materials
nd detecting only single fentanyl. The ELISA has the advantage
f being simple, sensitive, inexpensive and capable of detecting
etabolites. A sensitive ELISA is described here that differs in

pecificity from previously reported immunoassays. In view of
he semi-quantitative nature of ELISA, it is imperative to facil-
tate the confirmation of positive samples screened by ELISA

ethods; therefore, we propose to utilize the developed antibody
n combination with nano-sized particles to selectively extract
nd pre-concentrate fentanyl for subsequent chromatographic
nalysis. The concept of using nanoparticles for detection and
urification purposes has been reported previously [30,31] but
he applications were limited to column-packed cartridges. Syn-
hesis was typically achieved by coating the nanoparticles with
iocompatible molecules such as dextran, polyvinyl alcohol
PVA) and phosopholipids [30,32]. The use of nanoparticles for
imilar applications in biology or medicine was focused on the
io-detection, separation and purification of pathogens, cells or
ellular components (proteins, nucleic acids, DNA and RNA)
33–35]. To the knowledge of the researchers, there were few
ttempts using antibody-coating for selective binding of drug
olecules. Previous studies have shown that nanoparticles pro-

ided ubiquitous characteristics, such as minimal diffusional
imitations. The extremely high surface area per unit mass and
ighly effective loading for proteins [36] made nanoparticles an
ttractive material for separation and purification purposes [34].
herefore, the goal of the second part of this study was to inves-

igate the application of nanoparticle-immobilized antibody in
ample preparation to facilitate the detection and confirmation
f minute concentrations of fentanyl in biological matrices.
yanin and 200 mg of l-ethyl-3(3-dimethylaminopropyl) car-
odiimide were prepared in 22 ml of deionized water. The
olution was permitted to react for 48 h at 4 ◦C before it was
ialyzed against 4 l of phosphate-buffered saline (PBS), pH 7.4,
or 72 h at 4 ◦C. Lowry protein determination was performed
n the product to confirm the presence of the conjugate. Two
dult New Zealand White rabbits were immunized with 0.25 ml
f carboxyfentanyl–hemocyanin conjugate in 1.0 ml of PBS and
mulsified with an equal volume (1.25 ml) of Freund’s complete
djuvant. Intradermal injections were given along both sides of
he back and booster immunizations were carried out every 4–6
eeks. Blood samples were collected from the central ear artery
week after each booster injection and tested for the presence

f antibodies to fentanyl by the Coat-A-Count fentanyl radioim-
unoassay (Diagnostic Products Corporation, Los Angeles, CA,
SA).

.3. Fentanyl ELISA

To establish the assay, carboxylfentanyl–thymoglobulin con-
ugate was first prepared. Carboxylfentanyl (120 mg) was dis-
olved in 40 ml of dioxane containing 75 �l of tributylamine
nd 42 �l of isobutylchloroformate. The mixture was stirred
or 30 min at 20 ◦C before a cooled (4 ◦C) thymoglobulin solu-
ion (260 mg in 100 ml deionized water, pH 8.5) was slowly
dded to the mixture. The resultant solution was left to react
or 4 h at 20 ◦C. Thereafter, the final volume was reduced
sing pressure filtration (Amicon filtration/nitrogen gas) and
ialyzed against 4 l of PBS for 4 days at 4 ◦C. Formation of
arboxylfentanyl–thymoglobulin conjugate was confirmed by
V spectroscopy in combination with capillary electrophoresis.
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Optimal antibody and antigen concentrations were deter-
mined by Checkerboard ELISA. In brief, a 96-well
polystyrene microtiter plate (Nunc, Denmark) was coated
with 200 �l/well of various dilutions of the prepared
carboxylfentanyl–thyroglobulin across rows and kept at 4 ◦C
overnight. Plates were then rinsed with PBS in an auto-
matic microplate washer (Bio-Rad Model 1550). Antisera
(200 �l/well) were added at various dilutions down columns and
plates were incubated for 1 h at 37 ◦C. After washing the plates
with PBS, GARGAP (goat–anti-rabbit IgG conjugated with
alkaline phosphatase 1:5000, Pierce) was added at 200 �l/well
and allowed to incubate at 37 ◦C for an additional hour. The plate
was immediately washed and 200 �l of p-nitrophenyl phosphate
substrate solution (1 mg/ml, Sigma) was added to each well to
initiate a color change. The plate was read at 15–20 min after
color initiation. It was determined that that was the optimal
length of time to allow the color formation reaction to reach
equilibrium, eliminating the need for an acid solution to stop the
process. A microplate reader (Bio-Tek Instruments) was used to
measure optical density at 405 nm. The antibody–antigen com-
bination that resulted in absorbance of approximately 1.0 within
15 min was selected to be used in the construction of standard
curves in subsequent experiments.

2.4. ELISA standard curve and cross-reactivity
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0.01 M PBS, followed by a Sepharose 4 gel column (Pharma-
cia). The binding and elution buffer were 0.02 M, pH 7.0 sodium
phosphate and 0.1 M, pH 2.7 glycine–HCl, respectively. The
eluant was immediately neutralized with 1 M Tris base (pH 8.0)
and concentrated by ultrafiltration before it was lyophilized and
stored at −70 ◦C. One milligram of ultra-small super paramag-
netic iron oxide particles (USPIO-201, NH2-surface modified,
6 nm, i.d., Taiwan Advance Nanotech Inc., Taoyuan, Taiwan)
was mixed with 2 ml of purified fentanyl antibody (2 mg/ml pro-
tein, diluted 200-fold in the coating buffer) and 0.2 mg of EDC
at 25 ◦C and reacted under constant shaking (100 rpm) for 4 h.
This allowed the antibody to bind covalently to the particles.
The coating buffer consisted of nine parts of saline solution
(0.09% NaCl) and one part of 20 mM carbonate–bicarbonate
solution (pH 9.6). The particles were then washed three times
with coating buffer using the TANBead (TANBead, Taiwan
Advance Nanotech Inc.) magnetic base system. This system
is composed of strong magnets which are used to attract and
separate magnetic particles in solution from the liquid compo-
nents. To capture the drug, 1 mg of Ab-P was added to 5 ml
of fentanyl standard at a concentration of 200 ng/ml in normal
horse urine and kept under constant shaking (30 rpm at room
temperature) for 1 h. Following the drug binding, the particles
were precipitated with the TaNBead system and the supernatant
decanted. In the final steps, the bound fentanyl was eluted by
washing the particles with 1 ml of 100 mM glycine–HCl (pH
2
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To establish standard curves, microtiter plates were coated
ith carboxylfentanyl–thyroglobulin and washed as described

bove. Aliquots (10 �l/well) of fentanyl stock standards
10 ng/ml to 50 �g/ml diluted in PBS, normal horse urine or
erum) were added to each well containing 90 �l of PBS and
00 �l of antisera. Plates were incubated at 37 ◦C for 1 h and
ashed, followed by addition of GARGAP and substrate as
escribed previously for the checkerboard. The plate was read at
5 min. Immunologic cross-reactivity between fentanyl and 10
harmacologically or structurally related analogs were assessed
y the ability of the test compound to inhibit the reaction between
he carboxylfentanyl–thyroglobulin and anti-fentanyl antibody.
his was performed by substituting various concentrations of the

est analogs for the fentanyl standards in the above ELISA pro-
edure. In using the developed ELISA, a standard curve for fen-
anyl was generated along with serial dilutions of various analogs
nd the cross-reactivity was determined by comparing the calcu-
ated IC50 (concentration at which 50% fentanyl–thyroglobulin
inding was inhibited). The sensitivity of assay was deter-
ined according to Hayashi et al. [37]. The lowest concentra-

ion in the standard curve that showed less than 30% variation
as determined as the limit of detection (sensitivity) of this

ssay. All experiments were performed in triplicate for five
lates.

.5. Preparation of antibody-coated particle and
nteraction with fentanyl

To prepare antibody-coated nanoparticles (Ab-P), the anti-
erum was first purified by filtration through a Sephadex G25
olumn (Pharmacia, Piscataway, NJ, USA) equilibrated with
.5) and subjected for CE analysis. Similar experiments were
arried out in which 1 mg of Ab-P mass was added to 1 ml of
entanyl PBS solutions at 1 or 20 �g/ml to determine the bind-
ng capacity of Ab-P to fentanyl at these two concentrations and
heir subsequent release from the particles. The Ab-P was pro-
essed and washed as described above and eluted with 10 ml of
00 mM glycine–HCl (pH 2.5). The fentanyl–glycine solution
as then dried under speed vacuum and reconstituted into 1 ml
efore CE analysis. Another experiment was used to estimate
he accumulated binding of fentanyl. Ab-P mass was serially
dded at 1 mg increment into 1 ml of 20 �g/ml fentanyl in
BS. Twenty microliter of the supernatant was removed for CE
nalysis after each addition of Ab-P to estimate for the accumu-
ated binding of fentanyl. All experiments were repeated three
imes.

.6. Analysis of fentanyl by capillary electrophoresis and
C–MS/MS

Capillary zone electrophoresis (CZE) was used to determine
entanyl concentration. The detection was performed on a Beck-
an P/ACE System MDQ (Beckman Coulter, Fullerton, CA,
SA) equipped with a UV/LIF detector and operated by 32 Karat
oftware (Beckman Coulter) for data acquisition. The analytical
onditions were modified from analysis of pethidine reported by
uaglia [38]. Briefly, 35 mM acetate buffer (sodium acetate, pH
.5) was used as run buffer. Separation was carried out in an
ncoated fused-silica capillary (60 cm × 75 �m i.d.) thermoreg-
lated at 25 ◦C, with an applied voltage of 20 kV. The sample
as injected with hydrodynamic pressure (0.5 p.s.i.) for 2 s.
V wavelength was set at 200 nm. The limit of detection (S/N
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ratio > 3) for fentanyl under these conditions was 500 ng/ml.
Paired fentanyl standard solutions at four concentrations (from
10 to 1000 ng/ml) were tested on both the developed ELISA
and CZE (concentrations below CE limit of detection were
pre-concentrated) to evaluate the accuracy of the ELISA as a
semi-quantitative method.

For LC–MS/MS analysis, working solutions of fentanyl were
prepared by diluting the stock solution (0.1 mg/ml) in HPLC
grade methanol to 1, 0.1 and 0.01 �g/ml. Deuterated fentanyl
was prepared at 1 �g/ml. Solutions of drug and internal standards
were stored in a 3 ◦C refrigerator when not in use. Calibra-
tion (0.05, 0.1, 0.5, 1.0, 3.0, 5.0, 10.0 and 20.0 ng/ml), pos-
itive (0.5 and 5.0 ng/ml) and negative control samples were
prepared in drug free horse serum. A Finnigan LTQ linear
ion trap mass spectrometer (Thermo Electron Corporation, San
Jose, CA) equipped with a Surveyor Autosampler was used
for fentanyl analyses. The analytical column was an Atlantis
dC18 (2.1 × 150 mm × 3 �m particle size, Waters, Milford, MA,
USA). The mobile phase consisted of a mixture of 0.1% (v/v)
formic acid in deionized water and 1% (v/v) formic acid in ACN.
Flow rate was 200 �l/min and the injection volume was 15 �l.
Both the analyte of interest and the internal standard had a mean
retention time of 8.4 min. The molecular ions for fentanyl and d5-
fentanyl were isolated, fragmented, and the resultant full MS/MS
spectra were collected. Product ions at m/z 281.2, 216.2, 188.2
and 105.1 were used for the qualitative identification of fentanyl.
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Fig. 1. Standard curves for fentanyl in phosphate-buffered saline (PBS) in the
absence (circles) or presence of drug-free serum (triangles) or urine (squares).
Data represented mean ± S.E.M. for five plates (n = 5).

the developed ELISA in PBS, serum and urine were determined
to be 0.998, 0.991 and 0.998, respectively (Fig. 2), indicating
the ELISA could be a good candidate for quantitative analysis
at this concentration range.

3.2. Intra- and inter-assay variations

Mean intra- and inter-assay variations were determined
through repeated analyses of five plates with triplicate wells
containing fentanyl at three concentrations (200, 20 and 3 ng/ml)
representing the 75%, 50% and 25% inhibition of binding in PBS
and urine standard curves. For serum, 50 ng/ml (75%), 10 ng/ml
(50%) and 1 ng/ml (25%) were used, respectively. The results
indicated that for PBS and urine, the intra- and inter-assay varia-
tions were all less than 6% and 9%, respectively, while the intra-
and inter-assay variations for serum were less than 8% and 10%
(Table 1).

F
a

roduct ions at 286.2, 221.2, 188.2 and 105.1 were used for
he qualitative identification of d5-fentanyl. The m/z 216.2 and
21.2 product ions from fentanyl and d5-fentanyl, respectively,
ere used for quantitation. Analysis of the raw data was carried
ut using the Xcalibur Qualitative Analysis software (Thermo
lectron Corporation). Blood samples of sequential time points

rom a horse received fentanyl infusion were obtained from
lorida racing laboratory and were analyzed by the LC–MS/MS
ethod. The same serum samples were also analyzed by

he developed ELISA and a commercialized ELISA (Neogen
orp. Lexington, KY, USA) following the manufacture’s

nstruction.

. Results

.1. Sensitivity of assay and correlation to capillary
lectrophoresis

The optimal dilution of the antibody and fentanyl–thyro-
lobulin conjugate, as determined by the checkerboard, was
:1000 and 1:5000, respectively. Inhibition binding of 50%
IC50) was attained at fentanyl concentrations of approximately
0 ng/ml. The sensitivity of the assay was within the range of
–10 pg/well (0.5–1 ng/ml) as illustrated by the standard curve
Fig. 1). Addition of normal horse serum and urine caused no
nterferences; however, addition of normal horse serum caused
slight leftward shift in the standard curve (Fig. 1). Because the

lope of the standard curve was unaffected by drug free urine or
erum, it was concluded that the assay was suitable for detection
f fentanyl immunoreactive compounds in both urine and serum
amples. The coefficient of correlation (R2) between CZE and
ig. 2. Correlations between capillary zone electrophoresis (CZE) and ELISA
t four concentrations (10, 50, 250 and 1000 ng/ml).
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Table 1
Intra- and inter-assay variations for fentanyl analyzed by developed ELISA

Nominal
concentration (ng/ml)

Intra-assay
CV (%)

Inter-assay
CV (%)

PBS
200 5.3 7.2
20 4.5 5.9
3 5.6 7.8

Urine
200 5.2 7.2
20 4.9 5.8
3 5.8 8.6

Serum
50 7.6 8.4
10 6.2 7.6
1 8.0 9.8

Variations were tested on three concentrations representing the 75%, 50% and
25% inhibition of binding of fentanyl standard curves prepared in phosphate-
buffered solution (PBS), normal horse urine and serum, respectively (n = 5).

3.3. Cross-reactivity

Cross-reactivity was calculated as 100 times the con-
centration ratio of a test drug that caused 50% inhibi-
tion of fentanyl–thyroglobulin binding over the fentanyl
concentration required to achieve an equivalent inhibi-
tion (100 × IC50 drug/IC50 fentanyl). Using this ELISA, it was
determined that the anti-fentanyl antibody cross-reacted
completely with thienylfentanyl, p-fluorofentanyl and 3-
methylthienylfentanyl (150%, 165% and 200%, respectively),
cross-reacted highly with carfentanil (85%), cross-reacted mod-
erately with N-methylfantanyl (65%) and norfentanyl (50%),
and cross-reacted very minimal with �-methylfentanyl (4.8%).
Alfentanil, lofentanil and sufentanil showed almost no cross-
reactivity (<1%) with the developed fentanyl antibody (Fig. 3).
The chemical structures of fentanyl and its analogs and their
cross-reactivities are summarized in Table 2.
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3.4. Application of ELISA to fentanyl-containing samples

The use of the developed assay for clinical samples was
validated by comparing the fentanyl concentration–time plot
determined by the developed ELISA to those determined by
a commercial ELISA and confirmed by LC–MS/MS. The
results indicated that the ELISA readings were consistently
higher than those determined by the LC–MS/MS, but the
concentration–time plots changed in a near-parallel fashion indi-
cating good correlations between the developed ELISA and the
LC–MS/MS method (Fig. 4). The concentrations determined
by LC–MS/MS method were expected to be lower because it
detects only the parent drug.

3.5. Pre-concentration and sample cleaning by
antibody-coated particles

Fig. 5 illustrates the capacity and efficiency of Ab-P to selec-
tively bind fentanyl in an aqueous solution and released the drug
in 100 mM glycine–HCl. Following 1 mg Ab-P particle treat-
ment, the fentanyl concentration in the supernatant was reduced
by 28.3 ± 3.6% from the original 20 �g/ml (Fig. 5, electrophero-
gram A) to an estimated 14.3 ± 1.8 �g/ml (Fig. 5, electrophero-
gram B), indicating that under the current conditions, 1 mg of
Ab-P was able to bind a total mass of 5.7 ± 0.7 �g fentanyl.
After reconstituting the particles with glycine–HCl to release
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ig. 3. Standard inhibition curves depicting cross-reactivity of fentanyl (solid
ine) and selected structural congeners of fentanyl (dashed lines), using condi-
ions described in Section 2.
he bound fentanyl, the fentanyl concentration was determined
o be 5.6 ± 0.8 �g/ml (Fig. 5, electropherogram C), representing
n extraction efficiency >90%. Overall, for 1 mg of immobi-
ized Ab-P, it is possible to extract (binding and releasing) about
.5 �g of fentanyl from a solution containing 20 �g/ml fentanyl.
he fentanyl mass extraction capacity and efficiency for each
g of Ab-P at high (20 �g/ml), medium (1 �g/ml) and low

200 ng/ml) concentrations are summarized in Table 3. Fig. 6
hows the accumulated mass of fentanyl captured by the serial
ddition of 1 mg Ab-P. The total fentanyl mass bound to Ab-P

ig. 4. Fentanyl concentrations analyzed by LC–MS/MS and the devel-
ped ELISA. Serum samples were determined for fentanyl concentrations by
C–MS/MS and a commercial ELISA to validate the results obtained from the
eveloped fentanyl ELISA.
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Table 2
Chemical structures of fentanyl and fentanyl analogs and their cross-reactivity to fentanyl

Drug R1 R2 R3 R4 Cross-reactivity
(%)

Fentanyl H Phenyl H H 100
p-Fluorofentanyl F Phenyl H H 150
Carfentanil H Phenyl H COOCH3 85

�-Methylfentanyl H Phenyl CH3 H 5
Lofentanyl H Phenyl CH3 COOCH3 <1
Sufentanil H 2-Thienyl H CH2OCH3 <1
Thienylfentanyl H Thienyl H H 165
3-Methylthienylfentanyl H Thienyl CH3 H 200
Alfentanil H Oxo-tetrazol H CH2OCH3 <1
Norfentanyl H Ha H H 50
N-Methylfentanyl H CH3

a H H 65

.
a Indicated R2 substitution is directly attached to the nitrogen atom.

Fig. 5. Representative electropherograms of: (A) spiked 20 �g/ml fentanyl in
phosphate-buffered saline and (B) supernatant of (A) after fentanyl extraction
by antibody-particle. (C) Represented the reconstitution of extracted fentanyl.
Buffer and run conditions: 35 mM sodium acetate; pH 6.5; voltage, 20 kV; injec-
tion, hydrodynamic for 2 s; wavelength, 200 nm.

Fig. 6. Accumulated fentanyl mass bound to antibody-particle (Ab-P). Ab-P
was added at 1 mg increment into 1 ml of 20 �g/ml fentanyl in PBS. Twenty
microliter of the supernatant were taken serially for the determination of fentanyl
concentration and estimation of total fentanyl mass bound to the Ab-P.

Table 3
The binding capacity and releasing efficiency of 1 mg fentanyl antibody-bound nanoparticles from urine and phosphate-buffered saline solutions

Starting concentration Mass bound to Ab-P Total mass recovered Final concentration Releasing efficiency (%)

200 ng/mla NA 200 ± 24 ng 1 ± 0.12 �g/ml 100 ± 12
1 �g/mla NA 0.97 ± 0.08 �g 0.95 ± 0.10 �g/ml 98 ± 11

20 �g/mlb 5.7 ± 0.7 �g 5.6 ± 0.8 �g 5.6 ± 0.8 �g/ml 100 ± 14

Values represent mean ± S.E.M. (n = 3). NA, not available due to low supernatant concentration.
a The drug was prepared in normal horse urine.
b The drug was prepared in phosphate-buffered saline.
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Fig. 7. Representative electropherograms of spiked 200 ng/ml fentanyl in: (A)
phosphate-buffered saline and (B) blank normal horse urine. After antibody-
particle (Ab-P) extraction and concentration, the fentanyl became detectable
at 4.34 min with a calculated concentration of 1 �g/ml (C). Note that the back-
ground interferences were absent after Ab-P treatment. Buffer and run conditions
refer to Fig. 4.

reached a plateau at around 17 �g (85% of 20 �g) after the addi-
tion of the 5th mg of Ab-P. Fig. 7 shows the ability of Ab-P
to pre-concentrate samples for chromatographic analysis. At
200 ng/ml there was no detectable fentanyl peak when the drug
was in PBS or in normal horse urine (Fig. 7, electropherograms
A and B). This concentration was below the determined limit
of detection for CZE. After Ab-P treatment and releasing of the
drug in glycine–HCl solution, the peak became detectable at
an average of 1.00 ± 0.12 �g/ml. The baseline noise is greatly
reduced when compared to the normal urine sample (Fig. 7, elec-
tropherogram C). Overall, a five-fold increase in concentration
(from 200 ng/ml to 1 �g/ml) was easily achieved after the Ab-P
treatment process.

4. Discussion

Misuse of fentanyls in human medicine and racing indus-
try has a long history and has been controlled only partially
by regulatory efforts. Analytical testing for fentanyl in bio-
logical samples is challenging because of the high potency of
fentanyls and the low dose required for this class of drugs.
When a specific drug is found in large numbers in perfor-
mance animals, the use of that drug declines and it starts to
be replaced by new drugs. The appearance of new drugs in rac-
ing animals depends on the availability of new drugs and the
analytical abilities of racing chemists. The development of a
u
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tions as low as 5 pg/well could be detected in urine and serum
samples. The broad spectrum of drugs detected and the high
sensitivity makes this method particularly useful as a screen-
ing technique for fentanyls in biological fluids. The selectivity
of an ELISA is characteristic of the specific antibody raised
against the target compounds, and therefore is of great impor-
tance insofar as it reflects the nature of the substances that are
able to be detected by ELISA tests. Based on our results, it
appears that the developed fentanyl antibody recognized mul-
tiple epitopes on the fentanyl molecules (Table 2). The poly-
clonal nature of this antibody adds additional complexities to
the specificity of the technique. For example, given the signifi-
cant cross-reactivity drop with �-methylfentanyl and lofentanyl,
it appeared that the R3 position was a critical determinant for
antibody recognition. On the other hand, R4 position showed
differential effects in cross-reactivity based on the substitution
group. Carfentanyl, which differed only at R4 substituent with
fentanyl, shared 85% cross-reactivity with fentanyl, indicating
R4 recognition of COOCH3 by this antibody was not signif-
icant. Support for this view also derived from comparison of
the cross-reactivity between carfentanyl (85%) and lofentanyl
(1%), which differed only at R3 but had vastly different cross-
reactivity. However, substitution of R4 by CH2OCH3 (alfen-
tanyl and sufentanyl) resulted in significantly reduced cross-
reactivity (to only <1%) regardless of the identity of the R2
group. These results pointed to a greater recognition of smaller
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seful screening test is therefore a necessary first step to control
he abuse. The incentive to develop an effective ELISA test-
ng procedure is based in part on the speed, sensitivity and low
ost of this technique. Although there are ELISA-based tests
pecifically designed for fentanyl detection [18–21], the ELISA
est for fentanyls described here offered at least an equal or
mproved combination of sensitivity and selectivity compared
ith most previously published assays. Fentanyl concentra-
3 and R4 groups for this antibody. In addition to R3 position,
phenyl structure at the R2 position seemed to be the other

eterminant for antibody recognition. This was supported by
he observation that replacement of the phenyl structure (alfen-
anyl, sufentanyl and thienylfentanyls) by different chemical
unctionalities could greatly change their cross-reactivity in the
LISA assay. The most significant replacement was the thienyl
roup as seen in thienylfentanyl, which has a cross-reactivity
f 165%. 3-Methylthienylfentanyl with a thienyl group at R2
osition is another example of high cross-reactivity. Although
-methylthienylfentanyl also contains a methyl group at R3,
hich may affect the Ab recognition as previously discussed,

he overall structural geometry and the presence of thienyl group
pparently outweighed the influence of the methyl group at R2.
t should be noted that the overall cross-reactivity is the result of
ultiple Ab recognitions at multiple sites with different cross-

eactive significances. Therefore, it may not be explained by
ubstitutions at one or two sites. In addition to the substituents
t R2 and R3 positions, it was clear that the interactions with
entanyl antibodies were also influenced by other additions of
unctional groups. Evidence included the R1 addition of fluo-
ine (p-fluorofentanyl, 150%), which significantly increased the
ross-reactivity. The extent to which position would have the
reatest effect on the cross-reactivity remains to be discussed.
sually the antibodies elicited against a hapten-carrier conju-
ate recognize a partial structure on the hapten molecule that
s remote from the coupling position. The remote carrier is bet-
er than the structure near the coupling site because of better
teric accessibility [39]. From the structural relationship it is
lausible that carboxyfentanyl and hemocyanin conjugates, at
r close to the R4 position, render R3 and R4 less significant
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to recognition by this antibody. These structural analyses are
relevant to the ability of this fentanyl ELISA to detect other
structural related fentanyl analogs as well as known or unknown
fentanyl metabolites. Hammargren reported that oxidative N-
dealkylation of fentanyl is the major metabolic pathway for
fentanyl in human and most animals [3]. The pathway gener-
ates nor-metabolites (norfentanyl and N-methylfentanyl), whose
activities are often an order of magnitude greater than the par-
ent drug in urine samples. The ELISA described here was
capable of detecting the above-mentioned metabolites, although
at reduced sensitivity due to modification at the R2 position.
We expect that more fentanyl metabolites could be detected
with the current method and the fentanyl ELISA assay would
be more applicable to human samples since concentrations of
the drug and metabolites present in the blood and urine of
humans are likely to be much higher than those found in racing
animals.

In the bioanalytical field, sample preparation is often consid-
ered to be the time-limiting step. The development of extraction
supports, allowing the direct and selective binding and releas-
ing of the target compound, is an attractive means to reduce the
sample preparation time and increase sensitivity. Characterized
by quantum size effect, surface little-size effect and grand quan-
tum tunnel effect, nanoparticles have provided desirable features
to the analysts [38]. At dimensions smaller or comparable to
those of a virus (20–450 nm), a protein (5–50 nm), or a gene
(
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Fig. 8. Extractions of amoxicillin (AMX) and sulfamethazine (SMT) from feeds
and urine by antibody-coated particles (Ab-P). AMX and SMT were each spiked
at 20 �g/ml and extracted by 1 mg of Ab-P against the respective drugs. CZE
electropherograms before (B) and after (A) Ab-P extraction in feeds and urine
were shown in order.

were specifically extracted from urine and feeds by their respec-
tive Ab-P prepared similarly to the method described in this
study for chromatographical analysis (Fig. 8), suggesting that
this model was potentially applicable to the detection of other
small drug molecules. Furthermore, in view of the high releasing
efficiency (>90%) and the fact that 1 mg of Ab-P was capa-
ble of binding more than 5 �g of fentanyl, it is likely that the
binding sites provided per mg of Ab-P was ample for most ille-
gal adulterations or doping in the animals. This is consistent
to most forensic situations in which the unknown drug con-
centration is usually very low. When Ab-P is applied at mg
level, the amount of Ab-P binding sites (binding capacity) is
expected to be in excess of the drug molecules. Therefore,
good efficiency in releasing the Ab-P bound drugs becomes
the deciding factor for the overall success of the method. On
the three concentrations investigated in this study, the releas-
ing efficiency was all above 90% (Table 3), suggesting a well
dissociation of fentanyl from Ab-P. Whether or not applying
more Ab-P would further increase the pre-concentrating factor
2 nm wide and 10–100 nm long), nanoparticles exhibit many
dvantages over other solid materials such as greater specific
urface area, greater density of surface active centers, higher sur-
ace activity, higher catalytic efficiency and stronger adsorbing
bility [38]. In this study, the Ab-P was designed to specifi-
ally bind drugs for pre-concentration or cleaning of the sample
y reducing the analytical background noise for subsequent
nalysis. This approach was intended to retain the advantages
f solid-phase extraction, while achieving a higher degree of
electivity through the use of a specific antibody. As various
ntibodies are coated to these particles and bind specifically to
heir matching antigen, this approach provides a highly specific
ay to target a particular type of compounds. The concentra-

ion effect under the current ELISA conditions has allowed
rug to become detectable from below the chromatographi-
al limit of detection. The potential advantage of Ab-P over
ther concentration process (such as vacuum or freeze drying)
s that other processes will inevitably concentrate all interfer-
nce compounds in the background while the Ab-P method
ill be more selective in concentrating the specific drug (illus-

rated in Fig. 7, electropherogram B) and greatly eliminating the
ackground noise. The selectivity gained by antibody–antigen
nteractions is generally expected to be higher than solid phase
xtraction (SPE) procedure where extraction is based on the
ifferences in hydrophilicity (or hydrophobicity) between the
nalytes and micro-sized particles. While the purpose of the
tudy precludes making comparisons between Ab-P and SPE,
he ability of Ab-P to selectively bind and release drug for
ubsequent analysis presents a very attractive addition to the
eld of sample preparation. Similar results were obtained in
preliminary study in which amoxicillin and sulfamethazine
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and the detection capacity this method could achieve remained
to be studied. Based on the accumulation study in Fig. 6, it
is likely that additional Ab-P could increase the total mass of
extracted drug. The binding capacity of Ab-P exhibited a non-
linear relationship in which the amount of fentanyl bound per
mg of Ab-P reduced with the addition of more Ab-P. The curve
reached a plateau when 85% of the drug was bound. There-
fore, the binding of fentanyl to Ab-P was likely associated with
drug concentration and/or Ab-P/drug ratios rather than directly
proportion to the total Ab-P mass. Studies regarding the reusabil-
ity of Ab-P, the efficiency of drug-releasing solution, and the
extraction of (multiple) drugs from various matrices warrant
further investigation. It should be noted that this method was
not designed to replace SPE and other sample preparation pro-
cedures, but rather to provide an alternative for samples with
definite drug targets in complex matrices. The specificity of Ab-
P is advantageous in reducing analytical background noise and
can be utilized along with traditional techniques as an addi-
tional cleanup step. This application may also be useful when
unknown metabolites are implicated in the sample because the
polyclonal antibody was capable of binding structurally related
compounds. Use of magnetic separation allows the magnetic
nanoparticles to be easily collected after sample washing. The
cost of Ab-P might be one of the limitations for widespread
adoption or routine application of this method. However, the
cost could potentially be reduced by recycling the Ab-P, since
t
s
w
l

f
o
p
u
c
H
w
h
t
E
a
s
f
c
A
t
t
b
a
i
b
i
p
o
a
f

Acknowledgement

This work was supported by Florida Pari-Mutuel Wagering
and Council of Agriculture, Taiwan.

References

[1] M.G. Papich, Semin. Vet. Med. Surg. (Small Anim.) 12 (1997) 80–
93.

[2] J. Scholz, M. Steinfath, M. Schulz, Clin. Pharmacokinet. 4 (1996)
275–292.

[3] W.R. Hammargren, G.L. Henderson, J. Anal. Toxicol. 12 (1988)
183–191.

[4] P.J. Pascoe, P.M. Taylor, Vet. Anaesth. Analg. 30 (2003) 165–171.
[5] J.D. Harkins, A. Queiroz-Neto, G.D. Mundy, D. West, T. Tobin, J. Vet.

Pharmacol. Ther. 20 (1997) 396–401.
[6] C.A. Kornick, J. Santiago-Palma, N. Moryl, R. Payne, E.A. Obbens,

Drug Saf. 26 (2003) 951–973.
[7] F.B. Sevarino, D. Paige, R.S. Sinatra, D.G. Silverman, J. Clin. Anesth.

9 (1997) 173–178.
[8] K. Wegner, R. Franklin, M. Long, S. Robertson, Proc. Am. Ass. Equine

Practnrs. 48 (2002) 291–294.
[9] P.L. Foley, A.L. Henderson, E.A. Bissonette, G.R. Wimer, S.H. Feldman,

Comp. Med. 51 (2001) 239–244.
[10] A.M. Tharp, R.E. Winecker, Am. J. Forensic Med. Pathol. 25 (2004)

178–181.
[11] M.D. Reeves, C.J. Ginifer, Med. J. Aust. 177 (2002) 552–553.
[12] L.K. Maxwell, S.M. Thomasy, N. Slovist, C.K. Baker, Equine Vet. J.

35 (2003) 484–490.
[
[
[

[

[
[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

he antibody is covalently bound to the particles. Our preliminary
tudy suggested that the total efficiency (binding and releasing)
as maintained well after three repeated uses of Ab-P (unpub-

ished results).
In conclusion, a sensitive and highly reproducible method

or fast screening of fentanyl and its analogs has been devel-
ped and validated for use in equine urine and serum sam-
les, with potential application in monitoring illegal fentanyl
ses in humans. This method is faster and less costly than
onventional methods, which are based on a combination of
PLC, RIA and gas chromatography/MS analyses. The assay
as also successfully applied to clinical samples collected from
orses, exhibiting very similar concentration–time plot pattern
o LC–MS/MS. Although the concentrations determined by
LISA are higher than those determined by LC–MS/MS, the
ssay suited well as a screening method and gave reasonable
emi-quantitative data. The developed assay had been success-
ully used in conjunction with other methods for screening and
onfirming illegal doping of fentanyls in Florida racing tracks.
n average of 150 suspected serum samples per year were

ested in the past few years with no positive confirmations at
his time. The utilization of the developed anti-fentanyl anti-
ody to covalently bind to magnetic nanoparticles provided an
ttractive addition to the library of techniques used in extract-
ng and pre-concentrating minute concentration of fentanyl
efore subsequent analysis. The limit of detection for fentanyl
n biological matrices was improved through this process. The
rogress in nanotechnology, especially the surface-modification
f nanoparticles, should facilitate further development of
pplications in pharmacology and biotechnology in the near
uture.
13] R.B. Muijsers, A.J. Wagstaff, Drugs 61 (2001) 2289–2307.
14] P.A. Janssen, Opioids in Anesthesia, Butterworth, Boston, 1984.
15] R.J. Woestenborghs, P.M. Timmerman, M.L. Cornelissen, F.A. Van

Rompaey, E. Gepts, F. Camu, J.J. Heykants, D.R. Stanski, Anesthe-
siology 80 (1994) 666–670.

16] G.L. Henderson, M.R. Harkey, A.D. Jones, J. Anal. Toxicol. 14 (1990)
172–175.

17] V.W. Watts, Y.H. Caplan, J. Anal. Toxicol. 14 (1990) 266–272.
18] G.S. Makowski, J.J. Richter, R.E. Moore, R. Eisma, D. Ostheimer, M.

Onoroski, A.H. Wu, Ann. Clin. Lab. Sci. 25 (1995) 169–178.
19] W. Ruangyuttikarn, M.Y. Law, D.E. Rollins, D.E. Moody, J. Anal. Tox-

icol. 14 (1990) 160–164.
20] F.T. Delbeke, M. Debackere, J. Vet. Pharmacol. Ther. 12 (1989) 1–4.
21] T. Tobin, S. Kwiatkowski, D.S. Watt, H.-H. Tai, J.P. Goodman, D.G.

Taylor, T.J. McDonald, S. Wil, C.A. Prange, C.E. Uboh, Res. Commun.
Chem. Pathol. Pharmacol. 52 (1987) 408–417.

22] W.Z. Shou, X. Jiang, B.D. Beato, W. Naidong, Rapid Commun. Mass
Spectrom. 15 (2001) 466–476.

23] J. Lambropoulos, G.A. Spanos, N.V. Lazaridis, J. Pharm. Biomed. Anal.
23 (2000) 421–428.

24] E.J. Portier, K. de Blok, J.J. Butter, C.J. van Boxtel, J. Chromatogr. B
Biomed. Sci. Appl. 723 (1999) 313–318.

25] K. Kumar, J.A. Ballantyne, A.B. Baker, J. Pharm. Biomed. Anal. 14
(1996) 667–673.

26] A.R. Bjorksten, C. Chan, D.P. Crankshaw, J. Chromatogr. B Anal. Tech-
nol. Biomed. Life Sci. 775 (2002) 97–101.

27] C. Paradis, C. Dufresne, M. Bolon, R. Boulieu, Ther. Drug Monit. 24
(2002) 768–774.

28] H.S. Choi, H.C. Shin, G. Khang, J.M. Rhee, H.B. Lee, J. Chromatogr.
B Biomed. Sci. Appl. 765 (2001) 63–69.

29] J. Day, M. Slawson, R.A. Lugo, D. Wilkins, J. Anal. Toxicol. 27 (2003)
513–516.

30] S. Souverain, S. Rudaz, J.L. Veuthey, J. Chromatogr. B 801 (2004)
141–156.

31] H. Lingeman, J.F. Sacha, Hoekstra-Oussoren, J. Chromatogr. B 689
(1997) 221–237.

32] P. Tartaj, M. del Puerto Morales, S. Veintemillas-Verdaguer, T. Gonzalez-
Carreno, C.J. Serna, J. Phys. D: Appl. Phys. 13 (2003) R182–R197.



C.-L. Mao et al. / Journal of Pharmaceutical and Biomedical Analysis 41 (2006) 1332–1341 1341

[33] O.V. Salata, J. Nanobiotech. 2 (2004) 3.
[34] D.F. Emerich, C.G. Thaos, Expert. Opin. Biol. Ther. 3 (2003) 655–

663.
[35] Q.A. Pankhurst, J. Connolly, S.K. Jones, J. Dobson, J. Phys. D: Appl.

Phys. 13 (2003) R167–R181.
[36] H. Jia, G. Zhu, P. Wang, Biotechnol. Bioeng. 84 (2003) 406–414.

[37] Y. Hayashi, R. Matsuda, T. Maitani, Anal. Chem. 76 (2004) 1295–
1301.

[38] C.B. Catherine, S.G. Adam, J. Phys. D: Appl. Phys. 13 (2003)
R198–R206.

[39] Z. Zhao, B.A. Baldo, K.W. Baumgart, D.F. Mallon, J. Mol. Recognit.
14 (2001) 300–307.


	Development of an enzyme-linked immunosorbent assay for fentanyl and applications of fentanyl antibody-coated nanoparticles for sample preparation
	Introduction
	Materials and methods
	Drugs and chemicals
	Preparation of immunogen and antibody production
	Fentanyl ELISA
	ELISA standard curve and cross-reactivity
	Preparation of antibody-coated particle and interaction with fentanyl
	Analysis of fentanyl by capillary electrophoresis and LC-MS/MS

	Results
	Sensitivity of assay and correlation to capillary electrophoresis
	Intra- and inter-assay variations
	Cross-reactivity
	Application of ELISA to fentanyl-containing samples
	Pre-concentration and sample cleaning by antibody-coated particles

	Discussion
	Acknowledgement
	References


