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Abstract

We have generated a single chain antigen binding protein (scFv) recognising morphine.Variable regions of heavy (V ) andH

light (V ) chain antibody genes isolated from a murine immune repertoire were connected via a glycine–serine linker andL

cloned into the expression vector pAK 400. The scFv was produced inEscherichia coli JM83 yielding a functional protein
of approximatelyM 30 000. Immunoaffinity chromatography using M3G–BSA–Sepharose column proved most effectiver

for scFv purification. Purity was monitored by SDS–PAGE and Western blotting and the scFv characterised using ELISA
TMand BIAcore . The scFv was capable of specifically binding free morphine in solution and was applicable to real sample

analysis in saliva. In order to express a bivalent ‘‘minibody’’ the scFv gene was recloned into a vector containing a gene
encoding a helix for dimerisation. The scFv was expressed as a protein ofM 75 000 and retained its antibody bindingr

capabilities. Cloning the scFv gene into a vector containing the bacterial alkaline phosphatase gene produced a bifunctional
molecule, which retained the binding activity of the parental scFv along with the enzymatic activity of alkaline phosphatase.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction Traditional methods of detection for these com-
pounds include thin-layer chromatography (TLC),

Heroin was first introduced in 1898 [1] and still gas chromatography (GC), high-performance liquid
remains one of the most frequently abused drugs chromatography (HPLC) and capillary electropho-
today. This, along with a steady increase in the abuse resis (CE) [2]. Although effective, these analytical
of prescription opiates like morphine, has meant that techniques prove time-consuming, expensive and
increased attention is being focussed on the develop- require skilled personnel to carry out the analysis.
ment of simple, rapid, sensitive detection methods Since the advent of the immunoassay, increased
for drug monitoring in treatment centres, forensic attention has been focussed on using antibodies as
investigations, in the workplace and on the roadside. detection agents for low molecular mass molecules

as an alternative to ‘‘standard’’ analytical techniques.
Immunoassays have been proven in their sensitivity,*Corresponding author. Fax:1353-1-7005-412.
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quality of the assay is entirely dependent upon the tion with thelac promoter eliminates background
availability of high quality antibodies for detection. expression prior to induction. The primers for the
Previous immunoassays for heroin metabolites have construction of the variable regions encode a shor-
predominantly used polyclonal or monoclonal anti- tened version of the FLAG sequence (DYKD),
bodies [4,5]. However, there is still a demand for which may be used as a handle for detection/purifi-
simpler, faster detection methods and assay formats cation [12]. The pAK 400 vector contains a much
that are more amenable to on-site monitoring. Re- stronger Shine Dalgarno sequence (SDT7g10) for
combinant antibody technology has revolutionised increased expression and a C terminal hexahistidine
the field of immunoanalysis, allowing the generation tag for purification using immobilised metal affinity
of an immortal repertoire of antibody fragments with chromatography (IMAC) [13–15] or for detection
a defined affinity and specificity towards target using an anti-his tag antibody. The pAK 500 vector
molecules [6]. It also offers the possibility of altering contains a single chain double helix (scdHLX) for
the antibody’s affinity and specificity [7] if desired. dimerisation. This consists of a C-terminal flexible
However, although the literature may suggest that hinge isolated from murine IgG3 and a helix 1-turn-
obtaining such functional antibodies is straightfor- helix 2 followed by a pentahistidine tag. The re-
ward, this is not necessarily the case [8,9]. In order sultant homodimerised minibody is reported to have
to circumvent some of these problems, Krebber et al. increased antigen affinity [16]. The pAK 600 vector
[10], have engineered an optimised phage display encodes the bacterial alkaline phosphatase gene to
system for the generation of single chain antibody enable direct detection and facilitate dimerisation by
fragments (scFvs). The system was optimised for scFv–AP fusions [15,17]. Our aim was to generate
robustness, vector stability, tight control of scFv- novel genetically derived antibody fragments for use
Dgene III expression, primer usage for PCR amplifi- in a rapid test for morphine, a metabolite of heroin.
cation of variable genes, scFv assembly strategy and
subsequent directional cloning using a rare single
cutting restriction enzyme. A compatible vector

2 . Materials and methodsseries to aid purification, detection, multimerisation
and modification is also described. The Krebber

2 .1. Reagentssystem [10] has been employed for the generation of
specific scFvs with high affinity for the major

All reagents were of analytical grade and pur-metabolites of heroin [11].
chased from Sigma–Aldrich (Poole, Dorset, UK),The pAK vector series described by Krebber et al.
unless otherwise specified.[10] can be used for phage display or for the

expression of the antibody in a variety of formats.
Each vector consists of a chloramphenicol resistance 2 .2. Morphine-3-glucuronide (M3G) scFv library
gene and a tetracycline resistance ‘‘stuffer’’ gene,
which will be replaced with the genes encoding the A pre-immunised antibody variable domain phage
variable heavy and light genes of the antibody. The display library was obtained from Dr. Paul Dillon,
tetracycline resistance casette is flanked on either endDublin City University [11].
with an SfiI restriction site, a restriction site that is
very rare in antibody sequences, thus eliminating the
possibility of internal digestion.SfiI always cuts two 2 .3. Bacterial strains and plasmids
sites at once, leaving a 3-basepair over-hang, to
prevent self-annealing and facilitate directional clon- E. coli XL1-Blue (Stratagene, La Jolla, CA, USA)
ing. All vectors contain aPel B leader sequence; a were used as a host for cloning andE. coli JM83
lac promoter /operator to allow repression of transla- (DCU, Ireland) were used as a host for protein
tion by the addition of glucose; alac repressor gene expression. Expression plasmids pAK 400, 500 and

¨to ensure independentlac promoter repression; and a 600 were kindly donated by Professor A. Pluckthun
¨ ¨strong upstream terminator (t ), which in combina- (Universitat Zurich, Switzerland).HP
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2 .4. DNA manipulations buffer, pH 9.0. NHS (N-hydroxysuccinimide) and
EDC (N-ethyl-N-(dimethyl-aminopropyl) carbo-

Recombinant DNA techniques were performed diimide hydrochloride) were added to yield final
according to established protocols as compiled by concentration of 0.1 and 0.4M respectively. The
Sambrook et al. [18]. Plasmids were purified using a solution was incubated at room temperature for
Wizard Plus Miniprep kit (Promega, Southampton, 10 min without agitation. Carrier protein (OVA or
UK) and digested usingSfiI (New England Biolabs, BSA), at a molar ratio of 1:100 to M3G, was
Hertfordshire, UK). Gel purification was carried out prepared in 0.2M borate buffer, pH 9.0, and added
using the silica mesh 325 glass beads (Dr. Paul dropwise to the activated solution with stirring. The
Clarke, DCU, Ireland) according to the Gene Clean solution was incubated at room temperature under
method [19]. The scFv fragment was ligated into gentle rotation for 2 h and dialysed against 100
previously digested pAK 500 and 600 plasmids using volumes of PBS overnight at 48C.
T4 DNA ligase (Gibco-BRL, Paisley, UK) according
to the manufacturer’s recommendations, at a vector 2 .6.2. Preparation of immunoaffinity matrix
to insert molar ratio of 1.8:1. Plasmids were trans- Cyanogen bromide-activated sepharose was swol-
formed into expression strainE. coli JM83 using len with 1 mM HCl for 20 min and sucked dry under
chloramphenicol to select for recombinant bacteria. vacuum (Millipore sintered glass filtration unit with

0.22 mm pore size filter). Five to 10 mg/ml of
2 .5. Soluble expression of scFv fragments hapten–carrier conjugate/ml of wet gel was dis-

solved in coupling buffer (0.1M NaHCO , 0.5M3

For periplasmic expression of scFv antibody frag- NaCl, pH 8.3) and added dropwise to the gel with
ments 500 ml of 23TY media, supplemented with stirring. This was incubated overnight with stirring,
25 mg/ml chloramphenicol, was inoculated with an washed with coupling buffer and incubated with 1M
overnight culture ofE. coli JM83 harbouring the ethanolamine, pH 8, for 2 h under gentle rotation to
expression plasmid pAK 400, 500 or 600 containing block unreacted sites. The gel was washed six times
the scFv insert. This was incubated with vigorous alternating between 0.1M acetate buffer, 0.5M
aeration at 378C. Expression was induced when NaCl, pH 4, and coupling buffer. The gel was then
O.D. reached 0.5–0.6 with 1 mM iso- washed with PBS, 0.02% (w/v) azide and stored in550 nm

propylthiogalactopyranoside (IPTG). After 4 h incu- this solution at 48C.
bation at 268C with vigorous aeration (6 h for pAK
500 and 600 expression), the cells were collected by 2 .7. Purification using M3G–BSA–Sepharose
centrifugation and resuspended in 5% (v/v) the affinity column
initial culture volume TES (200 mM Tris–HCl, pH
8, 0.5 M sucrose, 0.5 mM EDTA). This was incu- The affinity column was equilibrated with PBS
bated for 1 h on ice and centrifuged at 4000g for 20 and 2 column volumes of pAK 400 soluble periplas-
min to remove cell debris. The supernatant was mic extract were loaded onto the gel. Contaminants
dialysed against 50 volumes PBS (phosphate-buf- were removed by washing with 4 column volumes of
fered saline, pH 7.4) (Oxoid, Hampshire, UK), PBS, 0.05% (v/v) Tween 20 (PBS/T) and bound
0.02% (w/v) sodium azide, at 48C overnight. antibody fragments were eluted using 0.1M glycine–

HCl, pH 2.2. Fractions were immediately neutralised
2 .6. Immunoaffinity purification with 200 ml 2 M Tris, pH 8.6, pooled and dialysed

against 50 volumes PBS at 48C overnight.
2 .6.1. Preparation of hapten–carrier conjugates

M3G was coupled to either BSA (bovine serum 2 .8. Immobilised metal affinity chromatography
albumin) or OVA (ovalbumin) using standard car- (IMAC)
bodimmide coupling chemistry. Briefly, a 50 mg/ml
solution of M3G was prepared in 50 mM HCl and Three ml of Ni-NTA resin slurry (Qiagen, West
made up to a volume of 5 ml with 0.2M borate Sussex, UK) was washed twice with wash buffer 1
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(50 mM Na H PO ?H O, 300 mM NaCl, pH 8). Colour was developed using 5-bromo-4-chloro-3-in-2 2 4 2

15 ml of pAK 500 periplasmic extract, 50ml 1 M dolylphosphate–nitro blue tetrazolium chloride
MgCl , 200 ml protease inhibitor were added and (BCIP–NBT) reagent (Pierce, Chester, UK) and the2

incubated under gentle rotation at 48C overnight. reaction stopped by the addition of 2 mM EDTA.
The resin was then centrifuged at 4000g for 10 min
and resuspended in 20 ml wash buffer 1, twice. The 2 .11. Immunoblot analysis
resin was resuspended in 3 ml wash buffer 2 (50 mM
Na H PO ?H O, 300 mM NaCl, 10 mM imidazole, Oneml of decreasing M3G-OVA concentrations2 2 4 2

pH 8) and poured into a polyprep support column was dotted onto a nitrocellulose membrane and
(0.834 cm). This was washed twice with 600ml of allowed to dry. The membrane was then blocked
wash buffer 2. The scFv was eluted using 50 mM with 4% (w/v) non-fat milk powder in TBS. Follow-
Na H PO ?H O, 300 mM NaCl, 250 mM imidazole, ing blocking the membrane was washed three times2 2 4 2

pH 8, and antibody containing fractions were with TBS and a 1 in 2 dilution of antibody in 1%
dialysed overnight at 48C against 100 volumes PBS (w/v) non-fat milk powder was added. Bound phos-
0.02% (v/v) sodium azide. phatase activity was visualised using BCIP–NBT

chromogenic substrate.
2 .9. Anti-flag M1 monoclonal antibody affinity gel
purification 2 .12. Standard enzyme-linked immunosorbent assay

(ELISA)
Anti-flag affinity gel purification was carried out

according to the manufacturer’s instructions. pAK Microtitre plates (Nunc, Paisley, UK) (immuno-
600 periplasmic extracts and wash buffers were plate maxisorb) were coated with 100ml /well of 50
supplemented with 10 mM CaCl and eluted using mg/ml M3G-OVA (6.25 mg/ml for dimeric scFv),2

2 mM EDTA. 100 ml /well M3G-OVA in PBS at 48C overnight
and blocked with 150ml /well 4% (w/v) non-fat

2 .10. Sodium dodecyl sulphate–polyacrylamide gel milk powder in PBS for 1 h at 378C. Wash steps
electrophoresis (SDS–PAGE) and Western blot were carried out three times with PBS/T and three
analysis times with PBS. All antibody dilutions were made in

sterile filtered PBS, 1% (w/v) non-fat milk powder at
The molecular masses and purity of scFvs was a volume of 100ml /well and incubations were

monitored by electrophoresis on a 15% (w/v) SDS– preformed at 378C for 1 h. Decreasing concen-
polyacrylamide gel under reducing conditions ac- trations of scFv were added to each well, followed
cording to Laemmli [20]. The gels were stained with by monoclonal anti-flag M1 antibody, peroxidase-
Coomassie Blue staining solution (0.25% (w/v) labelled anti-mouse IgG antibody and detected using
Coomassie blue R250 in 45:45:10 methanol:water: o-phenylenediamine (o-PD). Absorbances were read
glacial acetic acid) and destained under the same after 30 min at 450 nm.
solvent system. Alternatively, proteins were trans-
ferred to a nitrocellulose membrane by electropho- 2 .13. Competitive studies
resis using a Biorad wet blotter. The membrane was
blocked using 4% (w/v) non-fat milk powder in These were performed in the same manner as for
Tris-buffered saline (TBS) (50 mM Tris, 150 mM standard ELISA except decreasing concentrations of
NaCl, pH 7.4) overnight at 48C. The membrane was free morphine (25ml) were incubated with scFv (25
washed five times with TBS/T and five times with ml) on the microtitre plate.
TBS. Bound antibody was detected using mono-
clonal anti-flag M1 antibody (1 in 400 antibody 2 .14. Direct detection of pAK 600 alkaline
dilution) in TBS, 1% (w/v) non-fat milk powder, 1 phosphatase-labelled antibody
mM CaCl , followed by alkaline phosphatase-la-2

belled anti-mouse IgG antibody (1 in 2000 antibody Microtitre plates were coated (3.125mg/ml M3G-
dilution) in TBS, 1% (w/v) non-fat milk powder. OVA) and blocked as for standard ELISA. Alkaline
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phosphatase-labelled scFv (1 in 4 dilution) was 1 min pulse of 10 mM NaOH prior to further
incubated with serial dilutions of free drug for 1 h at injections.
37 8C prior to addition to the microtitre plate. Bound
antibody was detected usingpara-nitrophenyl phos-
phate (pNPP) substrate and absorbance at 405 nm3 . Results
read after 45 min at 378C.

3 .1. Construction of expression plasmids for
TM production of novel scFv fragments2 .15. BIAcore analysis

TM The 800-base pair insert encoding the variableAnalysis was performed using Biacore 3000
heavy and light chain variable regions, connected viainstrument and data analysis was performed using
a (gly ser) , was isolated from the expression plas-4 4BIAevaluation 3.0 (BIAcore, St Albans, Hertford-
mid pAK 400 using theSfiI restriction sites, flankingshire, UK). Research grade CM5 sensor chips were
the region. This was ligated into previously digestedemployed and Hepes-buffered saline (HBS) (10 mM
plasmids pAK 500 (4094 base pairs), encoding aHepes, 150 mM NaCl, 3.4 M EDTA and 0.025%
double helix for dimerisation and pAK 600 (5269(v/v) Tween 20) was used as running buffer. This
base pairs), encoding the bacterial alkaline phospha-was filtered (pore size 0.22mm) and degassed using
tase gene (Fig. 1). The ligated plasmids were trans-filtration apparatus (Millipore sintered glass filtration
formed into calcium competantE. coli JM83 cells,unit) immediately before use. All samples were
and recombinant bacteria were identified usingsyringe filtered (0.45mm pore size) to remove any
chloramphenicol resistance as a selection marker.particulate matter.

3 .2. Expression of novel scFvs
2 .16. Immobilisation of hapten–carrier on sensor
surface A single recombinant colony was grown in 23TY

and scFv expression induced with IPTG. The expres-
Immobilisation of conjugate was carried out ac- sion media and length of induction time were

cording to standard amine coupling. Briefly, the optimised for monomeric scFv production (Fig. 2).
carboxymethylated dextran surface was activated by Induction time needed to be increased for expression
mixing equal volumes of 0.1M NHS (N-hydroxy- of larger proteins (dimers and fusion proteins).
succinimide) and 0.4M EDC (N-ethyl-N-(dimethyl- Antibody fragments were isolated from the periplas-
aminopropyl) carbodiimide hydrochloride) and in- mic lysate; however, if large-scale cultivation was
jecting the mixture over the sensor chip surface for required, secretion of scFv into the supernatant could
7 min at a flow-rate of 5ml /min. One hundred be achieved simply by increasing induction time
mg/ml of M3G-OVA in 10 mM acetate buffer, pH further. Monomeric scFvs were purified using affini-
4.3, was injected over the activated surface, at a ty chromatography employing the antigen immobil-
flow-rate of 5ml /min, for 40 min. Unreacted sites ised onto sepharose. The dimeric scFvs produced had
were capped by an injection of 1M ethanolamine, a high functional affinity for the antigen of interest,
pH 8.5, for 7 min. The surface was regenerated five and therefore, could not be easily eluted from the
times with 10 mM NaOH prior to use. affinity resin. For this reason, the pentahistidine tag

on the secreted antibody was employed as a handle
2 .17. Inhibition assay for purification on a Ni-NTA resin. The dimer

showed increased affinity for the resin compared to
Neat antibody was mixed with decreasing con- the monomeric scFv, due to the presence of two

centrations of free morphine in PBS and allowed to histidine tags on each scFv (data not shown). Several
reach equilibrium at 378C for 2 h prior to use. attempts were made to purify pAK 600 lysate on an
Twenty ml of each sample was injected over the anti-flag M1 agarose resin. However, the affinity of
surface, at a flow-rate of 5ml /min for 4 min, in the resin for the scFv proved too weak to bind the
random order. The surface was regenerated with a antibody sufficiently. There are several possibilities
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Fig. 1. Gel showing: (1) DNA ladder (Gibco-BRL); (2) pAK 400 vector containing scFv insert; (3) digested pAK 400 and 800-base pair
scFv insert; (4) undigested pAK 500; (5) digested pAK 500 and 2000-base pair tetracycline insert; (6) undigested pAK 600; and (7)
digested pAK 600 with 2000-base pair tetracycline insert.

Fig. 2. Determination of optimal conditions for scFv expression. 23TY (16 g/ l tryptone, 10 g/ l yeast extract, 5 g/ l NaCl), LB (10 g/ l
tryptone, 5 g/ l yeast extract, 10 g/ l NaC1), SB (20 g/ l tryptone, 10 g/ l yeast extract, 10 g/ l NaC1, 50 mM K HPO ) and Super (25 g/ l2 4

tryptone, 15 g/ l yeast extract, 5 g/ l NaC1) were employed. 23TY media with an induction time of 3–4 h was chosen as optimal for
periplasmic expression.



J. Brennan et al. / J. Chromatogr. B 786 (2003) 327–342 333

for this. Firstly the FLAG tag may have been the scFv. This demonstrates the stability of the
inefficiently processed or cleaved during lysis of the aliphatic helix as a dimerisation domain, as a small
periplasm. Secondly the antibody recognition site proportion still remains intact, even under the de-
maybe inaccessible for binding due to steric hin- naturing conditions of SDS–PAGE. The scFv–al-
drance by the enzyme. However, this is not the case kaline phosphatase fusion protein yields a strong,
as the anti-flag M1 antibody was capable of binding specific band atM 85 000.r

the scFv fusion protein in an ELISA situation (data
not shown). Using the FLAG protein as a standard it 3 .4. The scFv–alkaline phosphatase fusion protein
was observed that there were variations in the is bifunctional
binding capabilities of the resin supplied and there-
fore it was not possible to further optimise it for The bifunctional nature of the scFv–AP fusion
purification. protein was analysed by immunoblot (Fig. 4). The

antibody was seen to specifically detect 200, 100, 50,
3 .3. Characterisation 25 and 12.5mg/ml of M3G-OVA conjugate. Mono-

meric scFv gave no detectable reaction product,
The quality of the purified antibody fragments was whereas the scFv–AP fusion protein exhibited a

monitored by SDS–PAGE analysis and subsequent decreasing reaction product with decreasing M3G-
Western blotting of proteins onto nitrocellulose OVA concentration. This demonstrates that the scFv–
membranes (Fig. 3). Monomeric scFv yielded a AP fusion protein is bifunctional, retaining its en-
specific band atM 29 000 in both purified and zymatic activity while bound to the M3G-OVAr

unpurifed samples, indicating that the antibody can conjugate.
be specifically detected even in crude periplasmic
lysate. The dimerised scFv yielded three bands, one 3 .5. Binding characteristics
at M 29 000 representing monomeric scFv, a pre-r

dominant band atM 35 000, representing the re- The functionality of monomeric, dimeric andr

duced monomeric fusion protein and a faint band at alkaline phosphatase-labelled single chain antibody
and M 75 000 representing the dimeric version of fragments was characterised by their ability to bindr

Fig. 3. Western Blot analysis of scFvs. Bound antibody was detected using anti-flag monoclonal Ml antibody and alkaline phosphatase-
labelled anti-mouse antibody, followed by visualisation with BCIP/NBT substrate. Lanes: (1) molecular mass markers; (2) pAK 400
periplasmic lysate; (3) affinity purified pAK 400; (4) pAK 500 periplasmic lysate; (5) IMAC purified pAK 500; (6) pAK 600 periplasmic
lysate.
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Fig. 4. Dot blot of scFv–AP fusion protein. The scFv–AP fusion protein could specifically and directly detect 200, 100, 50, 25 and 12.5
mg/m1 of M3G-OVA in an immunoblot analysis. M3G-OVA was dotted onto a nitrocellulose membrane in decreasing concentrations. Strips
were incubated with scFv–AP fusion protein and monomeric scFv. Bound phosphatase activity was visualised using BCIP/NBT. No
detectable reaction product could be visualised for monomeric scFv (data not shown), whereas bound scFv–AP fusion protein retained
enzyme activity while bound to the conjugate.

free morphine in solution. This was assessed using shown to have a detection range from 6 to 1563
TMELISA and BIAcore analysis. ng/ml (Fig. 5). The antibody was also proved to be

applicable to real sample analysis in saliva as a
3 .6. ELISA characterisation detection matrix, showing the same range of de-

tection (Fig. 6). It was subsequently used to analyse
ELISA conditions for each scFv were optimised real samples and results obtained correlated well

for maximal sensitivity. Monomeric scFv was used with findings using the standard polyclonal immuno-
at a 1 in 8dilution on plates coated with M3G-OVA assay technique [21]. Dimeric scFv showed an
at a concentration of 50mg/ml. The antibody was increase in antigen binding capabilities due to the

Fig. 5. Competitive assay curve for free morphine in PBS solution using monomeric scFv antibody at a 1 in 8 dilution with a M3G-OVA
coating concentration of 50mg/m1. Five replicates were performed and coefficients of variation were all less than 10%. The range of
detection for free morphine was found to be from 6.1 to 1562.5 ng/ml. The normalised absorbance readings were obtained by dividing the
absorbance at each free morphine concentration (A ) by the absorbance at zero free morphine concentration (A ).AG 0
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Fig. 6. Monomeric scFv as used in ELISA analysis for morphine in saliva. Five sets of nine morphine standards from 6.10 to 1562.5 ng/ml
were analysed.

presence of two binding sites. This led to a decrease zyme-labelled antibodies and thereby reducing the
in sensitivity for free morphine as the gain in valency number of steps in the assay.
increased the chance of one arm binding to the

TMimmobilised conjugate. In order to increase sensitivi- 3 .7. BIAcore characterisation
ty M3G-OVA was immobilised at the lower con-
centration of 6.25mg/ml and the scFv concentration scFv binding was analysed in ‘‘real-time’’ using a
used was a 1 in 8 dilution. The antibody exhibited a surface plasmon resonance based biosensor

TMdetection range from 195 to 50 000 ng/ml (Fig. 7). (BIAcore ). In order to optimise immobilisation of
The pAK 600 vector expresses the alkaline phospha- the hapten–protein conjugate onto the dextran sur-
tase enzyme at the carboxy terminus of the antibody face, the conjugate was prepared in a buffer with a
causing the formation of dimerised scFv–AP fusions. range of low ionic strengths and injected over an
This results in the binding characteristics of this inactivated surface. Optimal binding of the conjugate
fusion protein being similar to that of the dimeric was achieved in 10 mM sodium acetate buffer, pH
scFv, when used in a competitive format (data not 4.3. Approximately 6500 RU of conjugate binding
shown). However, if this antibody is used in an could be achieved at this pH, corresponding to a
inhibition format, allowing antibody and free drug to protein concentration on the chip surface of approxi-

2reach equilibrium before addition to the immuno- mately 6.5 ng/mm (Fig. 9). Non-specific binding
plate, a more sensitive assay can be developed. analysis was carried out by injecting the antibody
Using the antibody in this format gave a detection over an OVA and an underivatised surface. This was
range from 6.1 to 12 500 ng/ml, with % C.V.s less found to be negligible (Fig. 10). Regeneration of the
than 11% (Fig. 8). The production of such a labelled monomeric scFv antibody from the sensor chip
scFv offers the possibility of reduced assay times, surface could be achieved using the relatively mild
eliminating the need for the use of secondary en- conditions of a 1 min pulse of 10 mM NaOH. This
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Fig. 7. Competitive assay curve for morphine in PBS using dimeric scFv antibody at a 1 in 8 dilution with a M3G-OVA coating
concentration of 6.25mg/m1. The range of detection for free morphine was found to be from 195 to 50 000 ng/ml.

solution had a minimal effect on the immobilised 4 . Discussion
surface, as 50 regenerations could be performed
without any significant loss in antibody binding (Fig. Heroin is probably the best known of the opiates
11). However, variations in surface binding ability due to its high level of abuse worldwide. Heroin is
were observed during the first five cycles, and the diacetyl derivative of morphine. Upon adminis-
therefore it was necessary to regenerate a new tration, it is rapidly metabolised to 6-acetylmorphine
surface five times prior to use in an assay format. and then to morphine. Morphine undergoes glucu-
Regeneration of dimeric scFvs is currently under ronidation in the liver prior to excretion and elimi-
optimisation. nated from the body mainly as morphine-3-glucuro-

TMA BIAcore inhibition assay was developed to nide (60%) and morphine-6-glucuronide, respective-
determine of the range of detection of monomeric ly.
scFv for free morphine. A range of decreasing Current immunoassay techniques for the detection
morphine concentrations were mixed with purified of heroin focus mainly on polyclonal or monoclonal
scFv and allowed to reach equilibrium at 378C. The antibodies as the detection agent for heroin metabo-
samples were then injected over a M3G-OVA chip in lites in urine and plasma. However, the use of these
random order, followed by regeneration. The range detection matrices suffers from some inherent draw-
of detection was found to be from 381.5 to 781 250 backs. Urine sample collection is an invasion of
pg/ml (Fig. 12). Coefficients of variation (C.V.s) privacy and requires supervision, analysis requires
were between 0.81 and 7.25%. The binding response sample preparation, and the ability of the patient to
of dimeric and AP–scFv fusion proteins is currently provide a specimen on demand is reduced by chronic
being optimised. drug abuse (personal observation). The collection of
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Fig. 8. Inhibition assay curve for free morphine in PBS using dimeric seFv–alkaline phosphatase fusion protein at a 1 in 4 dilution and a
M3G-OVA coating concentration of 3.125mg/m1. The detection range for free morphine was found to be from 6.1 to 12 500 ng/ml.

plasma samples also proves invasive, requiring creasing incubation times so scFv is secreted into the
trained professionals to collect samples. Due to the media (500–1000 ml). An affinity column employ-
potential health risks associated with plasma and the ing M3G-BSA immobilised on a Sepharose resin
extensive sample preparation required before analy- was used as a simple, rapid and economical purifica-
sis, it is a less preferable matrix. Saliva as an tion method. ELISA analysis showed that the anti-
alternative detection matrix overcomes many of these body could be used to specifically detect morphine,
disadvantages. The collection procedure is non-inva- even when used directly in periplasmic lysate. West-
sive and sample preparation is minimal. Studies have ern blot analysis demonstrated that the specificity of
shown morphine levels to be as high as 20mg/ml in the secondary and tertiary antibodies, with no non-
saliva shortly after administration [21,22]. We have specific binding to any proteins in the lysate.
investigated the use of novel recombinant antibody ELISA analysis of the purified antibody proved to
fragments for the detection of morphine, the main be sensitive and specific in the detection of mor-
metabolite of heroin found in saliva. phine. Levels as low as 6 ng/ml in a sample volume

Soluble scFvs were produced using the expression as small as 25ml could be detected, even in a
vector pAK 400, exploiting the strong Shine Dal- biological matrix such as saliva. Results were exten-
garno sequence for increased levels of protein ex- sively characterised with regards to their reproduci-
pression. Sufficient levels of scFv could be expressed bility over an extended time period with C.V.s all
on a laboratory scale for assay development. How- below 9%.
ever, production could be easily scaled-up by in- Biosensor-based assays were also developed using



338 J. Brennan et al. / J. Chromatogr. B 786 (2003) 327–342

Fig. 9. Immobilisation of 100mg/ml M3G-OVA in 10 mM sodium acetate buffer, pH 4.3. The dextran surface is activated with EDC/NHS.
100mg/ml of M3G-OVA in 10 mM sodium acetate, pH 4.3, is passed over the activated surface, for 40 min, at a flow-rate of 5ml /min. The
surface is then capped using 1M ethanolamine, pH 8.5, to block any unreacted sites. Approximately 6500 response units of conjugate
binding can be seen.

TMthis antibody on BIAcore , an optical-based [24] exhibits a sensitivity of 500 ng/ l of serum for
TMbiosensor. BIAcore works on the principle of morphine and a similar technique reported by Spec-

surface plasmon resonance, which allows visualisa- tor [25], exhibits a detection limit between 50 and
tion of biomolecular interactions in ‘‘real-time’’. 100 pg of morphine in serum. Usagawa et al. [5],
This technology allows rapid, automated detection of have reported an immunoassay using a monoclonal
small molecules with high sensitivity and specificity, antibody directed against morphine capable of de-
and limited sample consumption. Binding charac- tecting concentrations as low as 100 pg/ml. Speckl
teristics of the scFv were monitored using this et al. [26], have employed GC–MS to monitor the
technology. The inhibition assay format employed presence of opiates in the saliva and urine of subjects
proved to be more sensitive than ELISA for the participating in a drug withdrawal programme. The
detection of morphine with a detection range of detection limits for opiates in saliva were found to be
381.25 to 781 250 pg/ml achieved in PBS, and C.V.s 10 ng/ml. The assay developed in our lab for
below 8%. This represents a 20-fold increase in morphine in saliva, using recombinant assay tech-
assay sensitivity. niques, compares favourably with these detection

These detection ranges compare favourably with limits, with minimal sample preparation, requiring
previously published immunoassay techniques. Beike only a simple freeze–thaw step, followed by cen-
et al. [23] have reported an immunoaffinity-based trifugation.
extraction method for the detection of morphine in The main advantage of recombinant antibody
blood with a detection limit of 3 ng/ml and a technology over traditional monoclonal and poly-
quantitation limit of 10 ng/ml for morphine. A clonal antibody technology is the possibility of
radioimmunoassay developed by Steiner and Spratt altering the antibody’s affinity, specificity and phys-
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Fig. 10. Overlay plot demonstrating binding of affinity purified monomeric scFv to immobilised M3G-OVA, OVA and an unactivated
dextran surface. This resulted in negligible binding to the control OVA (—) and dextran surfaces (– –), however, 200 response units can be
seen binding to the immobilised M3G-OVA (• • ) surface. This indicates that the scFv is specific to the M3G portion of the conjugate.

ical characteristics with relative simplicity. Mul- dimeric scFv. This molecular mass is in agreement
tivalency is a phenomenon that occurs in many with the published reports by Rheinnecker et al. [27],
naturally occurring biological structures, such as who used the same helix to dimerise an scFv with a
antibodies, thereby increasing the interaction energy theoretical molecular mass ofM 31 400 and re-r

between biomolecules [7]. The dimerisation of an ported a molecular mass ofM 60 000 for ther

scFv results in increased functional affinity and dimeric version. A similar helix was employed by
thermodynamic stability of the antibody. For this Kerschbaumer et al. [28], who reported a molecular
reason bivalent antibodies are gaining increasing mass ofM 70 000 for their fusion protein and Packr

recognition for their potential role in immuno- et al. [16] reported a similar molecular mass for their
therapy. Aside from this, bivalent antibodies may scdHLX antibody with only an insignificant amount
prove an invaluable tool in immunological detection of monomeric scFv produced.
systems. The use of scFvs in a sandwich ELISA The dimeric scFv exhibited an increase in avidity
format has so far been hampered by the denaturation that was clearly evident in the inability to elute
of the fragments upon immobilisation to a solid functional antibody from the antigen affinity column
support, resulting in a loss of binding activity. In using extreme pH. For this reason the carboxy
contrast, upon immobilisation of a dimeric scFv, one terminal pentahistidine tag was employed as a purifi-
binding site will usually remain functional. cation handle in IMAC chromatography. Although

Western blot analysis confirmed the dimeric nature there are many references to this purification tech-
of the scFv, with a band atM 35 000, representing nique cited in the literature [13–15], this does notr

the reduced monomeric fusion protein, and a faint prove as straightforward as is first thought, and may
band at M 75 000, representing the unreduced require extensive optimisation.r
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Fig. 11. Typical regeneration profile for approximately 50 cycles of a 4-min binding pulse of purified monomeric scFv to the surface of a
chip immobilised with M3G-OVA. A 1 in 2 dilution of antibody was used and the surface regenerated with a 1-min pulse of 10 mM NaOH.
The ligand binding capacity was found to be variable for the first five regenerations, for this reason, the surface was regenerated five times
before use in an assay.

An attempt to employ the dimeric scFv in a This technology has been exploited further to
sandwich ELISA format as devised by construct a dimeric scFv–alkaline phosphatase fusion
Kerschbaumer et al. [28], using immobilised dimeric protein, in an attempt to further simplify and reduce
antibody as a capture agent and an enzyme-labelled assay time required for ELISA and Western blot
scFv fusion protein for detection was unsuccessful. analysis. In effect, this has the potential to eliminate
However, this can be explained by the fact that as the need for one or even two detection antibodies
morphine is a small molecule and the epitope once and the washing steps involved. This system has the
bound by one antibody, is inaccessible to the other ability to increase functional affinity of the antibody
antibody. Sensitive assays may be developed using along with substantially decreasing assay time. Im-
this system for molecules that display multiple munoblot analysis demonstrates the bifunctional
epitopes on their surface, e.g., bacteria /viruses. nature of the scFv–AP fusion protein. The antibody

The dimeric scFv against morphine exhibited the can be seen to specifically bind to M3G-OVA, while
expected gain in functional affinity, with an in- retaining enzymatic activity.
creased detection range in a competitive ELISA, Purification of this antibody could not be achieved
ranging from 197 to 50 000 ng/ml. Although high by conventional antigen-affinity chromatography due
sensitivity in ELISA format is generally desirable, it to the extreme conditions required to elute the
is not a fundamental characteristic for an antibody to antibody, which may denature the enzyme. As the
possess. In fact, low sensitivity may be advantageous antibody did not display a histidine tag, IMAC
in an assay format that employs a dynamic on/off purification was impossible. However, the antibody
rate rather than a steady-state equilibrium [9]. Ongo- did display a FLAG tag, which has been extensively
ing work is being carried out to monitor the binding characterised for protein purification [29]. This puri-

TMcharacteristics of this antibody on BIAcore . fication strategy was investigated for the purification
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Fig. 12. BIAcore binding response curve for inhibition assay for free morphine in PBS solution using monomeric scFv antibody. Three
replicates were performed and C.V.s were all below 10%. M3G-OVA was immobilised on the sensor chip surface. The range of detection
was found to be from 381.5 to 781 250 pg/ml. The binding response at each free morphine concentration (R ) was divided by the antibodyAG

response in the absence of free morphine (R ) to give a normalised binding response.0

of the scFv–alkaline phosphatase fusion protein. Lindner et al. [15], who have reported that theE. coli
However, sufficient binding to the anti-flag resin lysate itself acting in conjunction with standard
could not be achieved to separate the antibody from blocking agents to prevent non-specific binding,
impurities in the lysate. Upon further investigation, it eliminating the need for further purification of this
was observed that the column had less than 20% of protein.
the specified binding activity for pure flag protein. The binding capabilities of the scFv–alkaline
Einhauer and Jungbauer [30] have carried out kinetic phosphatase fusion protein were analysed by inhibi-
analysis on the binding of the anti-flag antibody in tion ELISA. The detection range of the antibody
the presence and absence of calcium and have (6.1–12 500 ng/ml) was greatly increased through
revealed no difference on association and dissocia- dimerisation. Although the sensitivity was not in-
tion rates was observed. As this technology relies on creased, the speed in which the assay can be
calcium dependence for efficient purification, this performed, makes the antibody particularly suited to
may explain the lack of affinity of the resin for the drug monitoring in situations where a rapid yes/no
antibody, even with the presence of two flag tags per response is required, for example in road-side test-
antibody. However, immunoblot and Western blot ing. Current limits of detection for confirmatory
analysis shows non-specific binding of contaminating screening employed by the Regional Laboratory of
proteins in the periplasmic lysate to be negligible. Toxicology, UK, is 300mg of morphine per litre of
This compares to similar findings published by urine. The sensitivity of this antibody would easily



342 J. Brennan et al. / J. Chromatogr. B 786 (2003) 327–342

[12] K.S. Prickett, D.C. Amberg, T. P Hopp, BioTechnques 7 (6)meet these criteria and could be potentially applic-
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