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ABSTRACT

An immunochemical sol-gel-based immunoaffinity purification (IAP) method for purification and detection of the pro-
gestin drug medroxyprogesterone acetate (MPA) was developed. A polyclonal antibody (Ab) for MPA was generated,
and two competitive (indirect and direct) sensitive enzyme-linked immunosorbent assays (ELISAs) for its detection
were developed and implemented to determine the recovery and efficiency of the sol-gel based IAP method. The detec-
tion limits of the assays were 1.4 = 0.2 ng'mL™" (n = 4) and 4.0 £ 0.4 ng'mL™" (n = 25) for the indirect and direct
ELISAs, respectively. The Abs did not exhibit cross-reactivity with any other progestin or steroid hormone, with the
exception of megestrol acetate, with which the Ab exhibited 76% cross-reactivity. The sol-gel IAP method successfully
eliminated serum interference to a degree that enabled ELISA analysis of spiked serum samples. This method was also
found fully compatible with subsequent chemical analytical methods, such as liquid chromatography followed by mass
spectrometry (LC-MS/MS). The approaches developed in this study form a basis for analysis of MPA in biological
samples and may be further used to study population exposure to MPA and to monitor MPA contamination in water

samples.
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1. Introduction

Studies in the past decade have shown that exposure to
environmental chemicals influences human developmen-
tal and reproductive endpoints (for review see [1,2] and
references therein). Hitherto, most studies on adverse
health effects of environmental contaminants have fo-
cused mainly on agricultural pesticides, heavy metals,
and toxic industrial waste [3,4]. One large class of che-
micals that has received little attention for many years
comprises residues of pharmaceutical products (PPs) that
are used in human and veterinary medicine in quantities
comparable to those of agrochemicals.

In recent years the presence of PP residues in food and
the environment, and inadvertent exposure of populations
to those substances via contaminated food have raised
public and scientific awareness to the problem. This,
together with the extensive food-safety legislation that
limits drug residue levels in food, stimulated studies that
focus on occurrence of PPs in food and the environment,
and on possible correlations between food and environ-
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mental contamination and their adverse health effects.
These studies revealed that numerous PPs and their me-
tabolites do, indeed, contaminate aquatic environments
(for review see [1,5-10] and references therein). However,
currently there is very little information on the environ-
mental fate of these substances, and our understanding of
the possible transmission of PPs into the food chain and
of potential human exposure is also very limited. Even
less is known regarding whether and how such contami-
nants, once ingested, affect human health.

In order to evaluate the extent of the problem it is ne-
cessary to carry out large-scale monitoring programs that
will enable determination of small quantities of PP resi-
dues in environmental, food, and biological samples. In
the past few years we have conducted, within an EU-
FP-6 project on Food and Fecundity (F & F), a detailed
review of pharmaceuticals that have the potential to af-
fect human fecundity by exposure via the human food
chain. Pharmaceuticals were reviewed, especially with
regard to mechanisms of action, production and use,
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volumes, persistence in the environment, and severity of
identified adverse health effects in humans. In light of an
extensive literature survey, eight potentially endocrine-
disrupting PPs were selected (for review see [8]); they
comprised: four steroid hormones, i.e., levonorgestrel
(LNG), ethinylestradiol (EE2), nortestosterone (NT), and
medroxyprogesterone acetate (MPA, Figure 1(a)), which
are the main components of contraceptive drugs and are
also used as anabolic steroids; a representative non-
steroid anti-inflammatory drug (NSAID)—indomethacin
(IMT); a representative selective serotonin re-uptake
inhibitor (SSRI)—fluoxetine (FLX); the antibiotic, tri-
methoprim (TMP); and the beta-blocker atenolol (ATL).
All of these compounds exhibit high stability in the en-
vironment, are used in large amounts and, most impor-
tantly, have been reported to affect fecundity [8].

In previous studies we developed enzyme-linked im-
munosorbent assays (ELISA) and immuno-affinity puri-
fication methods for the steroid hormone, LNG [11,12]
and the NSAID, IMT [13]. In the present study we fo-
cused on the progestin drug, MPA. So far, there is very
limited information available about the occurrence, fate
and bioaccumulation of MPA in the environment or in
the food chain, but its massive current use, and its high
environmental stability and consequently long environ-
mental half-life raise the possibility that it potentially
could pose a high risk to human health.

MPA is a synthetic hormone and is the main ingredient
of a long-acting hormonal contraceptive used by millions
of women in over 90 countries worldwide since 1967
[14]. The primary contraceptive action mechanism of
MPA is inhibiting secretion of gonadotropins—follicular
steroid hormone, (FSH) and luteinizing hormone releas-
ing hormone (LHRH)—thereby blocking follicular de-
velopment and ovulation, and reducing ovarian produc-
tion of estradiol [15]. MPA is also effective in treatment
of endometriosis [16], and is used in veterinary medicine
as an anabolic steroid.

Similarly to many other drugs, MPA elicits side effects:

several studies have found it associated with a variable
increase in insulin levels, particularly in diabetic or obese
women; it reduces high-density lipoproteins and changes
the elasticity of the arterial endothelium; and, through its
hypoestrogenic affect it causes imbalance between bone
resorption and formation which results in bone-mineral
density decline (for review see [17]). A recent study
demonstrated that use of MPA results in impairment of
endometrial capillary integrity, because of its apoptotic
effect on endometrial endothelial cells [18]; MPA also
has been known for many years as an inducer of mam-
mary cancer (for review see [19]). The adverse health
effects of MPA, the obvious effect it has on women’s
fertility, and the prohibitions that have been issued by the
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European Commission, China, and other countries on its
use as an anabolic steroid in veterinary medicine, all in-
dicate the need to maintain accurate identification and
monitoring of small amounts of MPA in environmental,
water, and food samples, in order to prevent exposure of
“non-target” populations to the drug.

Currently, the most common methods for determina-
tion of MPA are high-performance liquid chromatogra-
phy (HPLC) or gas chromatography (GC) (which re-
quires analyte derivatisation) followed by tandem mass
spectrometry (MS/MS) for example see ([20-22] and
references therein). These methods were used to monitor
MPA in wastewater and surface water, as well as in mus-
cle tissue and kidney fat (which represent to a good ex-
tent presence of the synthetic hormone in food of animal
origin).

Sample-preparation methods for the above analyses
involve combinations of multistep analytical procedures
that include hydrolysis, extensive solid/liquid extraction
(SLE) and/or liquid/liquid extraction (LLE), followed by
defatting of the resulting extracts, and final cleanup by
various solid-phase extraction (SPE) procedures. Addi-
tional reported procedures include accelerated solvent
extraction (ASE) and supercritical fluid extraction (SFE)
[20-22] and references therein. Application of the above
procedures results, in many cases, in very low recovery
of the analyte.

In order to be able to perform large-scale monitoring
and to be able to detect small amounts of analytes it is
necessary to develop simple, fast and cost-effective di-
agnostic methods, and also sample-preparation protocols
that provide high recovery. This is especially true for
environmental and food samples, which contain, in most
cases, components that might interfere with the analysis
—either chemical or immunochemical. Indeed, a wide
variety of immunochemical methods have been devel-
oped and used to monitor MPA in human and animal
serum, animal muscles, kidney and fat tissue. They in-
clude: radio-immunoassays (RIAs, [23,24]); and ho-
mologous and heterologous ELISAs that use polyclonal
or monoclonal antibodies (Abs), and a variety of report-
ing methods (colorimetric, luminescent, gold nanoparti-
cles [25-28]); time-resolved fluoroimmunoassays (TR-
FIA, [29]); capillary electrophoresis immunoassays [30];
and quantum dot fluoroimmunoassays [31]. However,
the problem of sample preparation has not been resolved.
Although immunochemical methods are more tolerant to
matrix interference than instrumental chemical methods,
it is still necessary to purify the analyte from the samples
before it can be tested by ELISA, and in all of the above
studies multistep extraction and sample cleanup were
employed. Thus, it is urgently necessary to focus on sim-
ple, fast, and cost-effective sample preparation methods
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that will be applicable to both chemical instrumental
(LC-MS) and immunochemical analysis (e.g., ELISA).

For many years immunoaffinity purification (IAP) has
been regarded as one of the leading technologies for pu-
rification, concentration and isolation of chemical and
biological compounds. In the past two decades our labo-
ratory has developed an IAP method that uses Abs en-
trapped in a SiO, ceramic matrix. This method has been
successfully applied by many laboratories, including ours,
for purification of many compounds in the analysis of a
variety of environmental, food, and biological samples.
For review see [11-13,32-44]) and references therein.

In the present study we developed a sol-gel-based IAP
for MPA. A polyclonal Ab was generated, and two sensi-
tive and highly specific ELISAs were developed. The
antiserum was used to develop a sol-gel-based IAP me-
thod for purification and concentration of MPA, and se-
veral sol-gel formats, containing various amounts of an-
tiserum, were examined under diverse experimental con-
ditions. The sol-gel-IAP method was tested for its capa-
bility to eliminate serum interference with ELISA, and its
compatibility with chemical analytical procedures was
tested by means of LC-MS/MS. The approaches devel-
oped in this study form a basis for determination of MPA
in biological samples in order to monitor their pharma-
cokinetic properties, and these approaches could be fur-
ther used to study population exposure to MPA and also
to monitor the occurrence of MPA contamination in food,
soil, and other environmental samples.

2. Materials and Methods
2.1. Immunochemical Methods

2.1.1. Antiserum

Polyclonal anti-MPA antiserum was generated in rabbits
by using MPA conjugated to bovine serum albumin
(BSA) (Sigma, St. Louis, MI) as an immunogen, as de-
scribed in Section 2.1.2., below (Figure 1(c)). Each in-
jection was carried out with 0.93 mg/0.5 mL of the
MPA-BSA conjugate.

2.1.2. Preparation of MPA-BSA Conjugate for
Immunization

The 4-pregnen-16a-methyl-17-0l-3,20-dione acetate-3-car-
boxymethyloxime (MPA-3-CMO; Figure 1(b)) (Ster-
aloids, Newport, RI, USA) was first converted to its ac-
tive ester form as follows: 30 mg (60 pmol) of MPA-
CMO were mixed with 34 mg (300 umol) of N-hydrox-
ysuccinimide (Sigma) and 124 mg (600 umol) of N’,N’-
dicyclohexylcarbodiimide (DCC) (Sigma), and dissolved
in 2600 pL of dimethylformamide (DMF) (Labscan,
Dublin, Ireland). The reaction was allowed to proceed at
room temperature for 4 h and then was further incubated
at 4°C for 12 h. The mixture was centrifuged at 4000 x g
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Figure 1. Structures of MPA (a); MPA-3-CMO (b); and
MPA-BSA conjugate used for immunization (c). OVA and
HRP were coupled to MPA in the same position as BSA.

at room temperature (25°C) for 15 min, and 2460 puL of
supernatant, containing 30 mg of activated MPA, i.e.,
12.2 mg'mL™", were recovered. Ten milligrams (820 pL)
of the active ester were added, drop-wise, to 10 mg of
BSA dissolved in 4.5 mL of 0.13 M NaHCO; at pH 8.5.
The reaction was allowed to proceed for 1 h at room
temperature and the solution was then dialyzed against 4
L of 0.13 M NaHCO; at pH 8.5 for 3 days at room tem-
perature. The solution was changed three times daily.
The hapten MPA-BSA conjugate was stored as aliquots
at —20°C pending injection into rabbits.

Prior to immunization, 0.5 mL of the conjugate was
mixed with Complete Freund’s Adjuvant (1% injection)
or with incomplete Adjuvant (2™ to 4™ injections). Two
rabbits were injected at each time point. Bleeds were
collected after each boost and were tested for activity
with checker-board experiments. The 3™ and 4™ bleeds
were almost equally active towards the antigen, but only
the 3™ bleed was used for ELISA and sol-gel IAP ex-
periments.

2.1.3. Preparation of MPA-OVA Coating Antigen
The method was similar to that described above for
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preparation of the MPA-BSA conjugate, except that 4.16
pL of the supernatant, containing 50 pg (0.11 pmol) of
activated MPA, was added, drop-wise, to 5 mg (0.11
pmol) of ovalbumin from egg white (OVA) (Sigma),
dissolved in 750 pL of 0.13 M NaHCO; at pH 8.5 (i.e.,
hapten:carrier-protein molar ratio of 1:1). The reaction
was allowed to proceed at 4°C for 1 h, and the unbound
hapten and other small-molecular-weight components
were separated from the protein/hapten conjugate by size
exclusion with a Centricon 30 (Amicon, Millipore, Bil-
lerica, MA). The reaction mixture was spun at 4000 x g
at room temperature for 20 min, and washed twice with
0.75 mL of 0.13 M NaHCO; at pH 8.5. The final volume
was adjusted to 750 pL by adding 0.13 M NaHCO; at pH
8.5, and the mixture was then kept at —20°C pending use.
Protein content of the MPA-OVA conjugate was deter-
mined by means of the Bradford reaction and was found
to be 3 mg-mL .

2.1.4. Preparation of MPA-HRP Conjugate

The method was similar to those described in the pre-
vious two subsections, except that 4.16 pL of the super-
natant, containing 50 pg (0.11 pmol) of activated MPA,
were added, drop-wise, to 0.5 mg (0.011 pmol) of horse-
radish peroxidase (HRP) dissolved in 750 uL of 0.13 M
NaHCO; at pH 8.5 (i.e., carrier protein:hapten molar
ratio of 1:10). The reaction was allowed to proceed at
room temperature for 1 h, and the unbound hapten and
other small-molecular-weight components were sepa-
rated from the protein/hapten conjugate by size exclusion
as described in Section 2.1.3., above. The final volume
was adjusted to 750 pL by adding 0.13 M NaHCO; at pH
8.5, and 750 pL of ethylene glycol (Sigma) were added
to the conjugate solution, which was then kept at —20°C
pending use.

2.1.5. MPA-Competitive ELISA

Two competitive ELISAs were developed (indirect and
direct formats). All of the experiments in the present stu-
dy used a standard MPA compound prepared from stock
solution dissolved in ethanol at 1 mg-mL™".

For the indirect ELISA, transparent F96 Maxisorp mi-
crotiter plate wells (Nunc, Roskilde, Denmark) were
coated with 100 pL of MPA-OVA conjugate, diluted
1:6000 (i.e., containing 0.5 ug'mL™") in 0.5 M carbonate
buffer, pH 9.6. Six wells (designated as background—
Bg-wells) were coated with an equivalent amount of OVA,
and served as controls to determine nonspecific binding.
After incubation overnight (ON) at 4°C, the wells were
washed three times with 0.05 M phosphate buffer con-
taining 0.15 M NaCl and 0.1% Tween-20 (PBST). Then
50 uL of each of 12 serial dilutions of MPA (in PBS +
20% ethanol—PBS-E) ranging from 0.049 to 100 ng per
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50 uL were added to the wells, together with 50 pL of
anti-MPA antiserum diluted 1:2500 (final dilution of
1:5000) in PBS-2 x T (i.e., PBS containing 0.2% Tween
20, pH 7.2). All the additions were made in duplicate.
The Bg wells and another six wells received only PBS-E
without MPA, and served to determine nonspecific bind-
ing, or maximal binding (designated as 100%) in the ab-
sence of competing analyte. The plates were incubated
overnight at 4°C and washed as above with PBST, and
100 pL of secondary Ab conjugated to HRP (goat anti-
rabbit HRP conjugated; Sigma), diluted 1:30,000 in
PBST were added to the plates. The plates were incu-
bated for 2 h at room temperature, rinsed with PBST, and
tested for HRP activity by addition of 100 pL of colori-
metric 3,3°,5,5’-tetramethyl benzidine (TMB) substrate
(Chromogen, Dako North America Inc. Carpenteria, CA,
USA). The color reaction was stopped after 10 min by
addition of 50 pL of 4 M H,SO,, and the absorbance was
measured with an ELISA reader at 450 nm.

The tolerance of the assay to various concentrations of
organic solvents was tested similarly, except that the
MPA standard was made up in PBS or (PBS + 20% me-
thanol), and the Bg and maximal-binding wells were
tested in the presence of each of these solvents instead of
PBS-E.

For the competitive direct ELISA, transparent F96
Maxisorp microtiter plate wells (Nunc, Roskilde, Den-
mark) were coated with 100 pL of protein A (Sigma) at 1
pg per 100 pL, made up in 0.5 M carbonate buffer, pH
9.6, and were incubated overnight at 4°C. The plates
were washed three times with PBST, and 100 pL of
anti-MPA antiserum, diluted 1:8000 or 1:16,000 in 0.5 M
carbonate buffer, pH 9.6, were added to the plates, which
were then incubated overnight at 4°C. The plates were
washed three times with PBST, and 12 serial dilutions of
MPA standard diluted in PBS-E at concentrations rang-
ing from 0.0049 to 10 ng/50 uL or any other tested com-
pound or sample (i.e., tap water, normal human serum,
NHS or low fat milk diluted in PBS-E) were added to the
plates, together with 50 uL. of MPA-HRP conjugate di-
luted 1:1000 (i.e., a final dilution of 1:2000) in PBS-2 x
T. The whole procedure was performed in duplicate. Six
wells which were not coated with the primary Ab, and
received just PBS-E, served as a reaction Bg control.
Other six wells, that were coated with the primary Ab
with no competing MPA (to which 50 pL of PBS-E were
added), served to determine maximal binding (designated
as 100%). The reaction was incubated for 2 h at room
temperature, the plates were washed three times with
PBST, and 100 pL of a colorimetric TMB substrate was
added. The color reaction was stopped after 10 min by
addition of 50 uL of 4 M H,SO,, and the absorbance at
450 nm was measured with an ELISA reader.

JEP



628 Development of Immunochemical Methods for Purification and Detection of the Steroid Drug
Medroxyprogesterone Acetate

The tolerance of the assay to various concentrations of
organic solvents was tested similarly, except that the
MPA standard was made up in either PBS or (PBS +
50% ethanol), and the Bg and maximal-binding wells
were tested in the presence of each of these solvents in-
stead of PBS-E.

Cross reactivity (CR) of the Abs with a variety of ste-
roid hormones was determined by adding the MPA or the
tested compounds at 12 serial dilutions in PBS-E, all
ranging from 0.0049 to 10 ng per 50 pL, and testing their
ability to compete with the MPA-HRP conjugate for
binding to a limited amount of the MPA antiserum ad-
sorbed to the microplate. All these additions and tests
were performed in duplicate.

2.1.6. Sample Preparation and Analysis

Samples comprising 1 mL of tap water, low-fat (3%)
milk, or NHS were spiked at 50 ng'mL™" with MPA
made up in PBS-E. The MPA content in the samples was
tested with the competitive direct ELISA as described
above, using five successive twofold dilutions, ranging
from 1:4 to 1:64, made up in each respective matrix (di-
luted 1:1.3 in PBS-E). The Bg and maximal-binding
wells received 50 pL of the un-spiked matrix (tap water,
milk, or NHS diluted 1:1.3, in PBS-E) instead of PBS-E.
The MPA content in tested samples was determined by
reference to an MPA calibration curve, after linearization
of the data by transformation to a logit-log plot by means
of the Origin software, Version 6.0 (Microcal Software,
Northampton, MA, USA). Slopes of the curves obtained
for all the samples were tested for parallelism with the
standard curve by testing for homogeneity of regression
slopes, according to Sokal and Rohlf [45].

2.2. Sol-Gel IAP

2.2.1. Sol-Gel Entrapment of Anti-MPA Antiserum

Entrapment involved a two-step procedure in which hy-
drolysis was followed by polymerization of tetramethyl-
silane (TMOS; Aldrich) as described previously [46].
Briefly, an acidic silica sol-solution was obtained by
mixing TMOS with 2.5 mM HCI in double-distilled wa-
ter (DDW) at a molar ratio of 1:12 (unless otherwise in-
dicated). The mixture was stirred for 1 min until a clear
solution was obtained; it was then sonicated for 30 min
in a Model T-460/H, 285 W, 2.75-L ultrasonicator bath
(ELMA, Singen-Hohentwiel, Germany). The reaction
was performed under a well-ventilated fume hood. Anti-
MPA antiserum (125 pL of 4 x concentrated antiserum—
equivalent to 28 mg protein—unless otherwise indicated)
was premixed with 50 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid buffer (HEPES, 99.99%, Sigma)
at pH 7.6, to a final volume of 0.5 mL, and added to 0.5
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mL of the prehydrolyzed TMOS mixture. Other formats
(1:8, 1:6, and 1:4) were made up similarly with different
TMOS:HCI ratios. In cases where gels were prepared in
the presence of polyethylene glycol (PEG) 10% of PEG-
400 (Merck, Darmstadt, Germany), with average mole-
cular weight of 400 g'mol”', corresponding to approxi-
mately seven methylene units in the chain, was added to
the TMOS:HCI mixture. Gels in which no antiserum was
entrapped (termed “empty”’) were prepared by mixing 0.5
mL of hydrolyzed TMOS with 0.5 mL of HEPES buffer,
pH 7.6. The solution was mixed quickly for 5 s, and ge-
lation occurred within 1 - 2 min. After 30 min, the gels,
each of total volume of 1 mL, were washed with 2 mL of
HEPES buffer at pH 7.6 and stored wet under 2 mL of
HEPES at 4°C, pending use. The gels exhibited high sta-
bility and could be used more than a month after prepara-
tion; however, in most cases they were used within 24 h.

2.2.2. Binding and Elution of MPA from Sol-Gel IAP
Columns

Wet gels were thoroughly crushed with 2 mL of 50 mM
PBS, pH 7.2 and packed into 20-mL (1.5 X 12) cm,
Econo-Pac disposable chromatography columns (Bio
Rad, Philadelphia, PA, USA). These sol-gel columns
were washed with 50 mL of PBS, pH 7.2, prior to sample
application. To ensure optimal binding, the columns were
kept under buffer at all times during the experiment.
Aliquots of 1000 ng of MPA standard were spiked into 1
mL of PBS, pH 7.2, or 10 mL of NHS (diluted 1:10 in
PBS, pH 7.2) and kept for 1 h at room temperature. Sam-
ples were applied to “empty” sol-gel columns or to col-
umns doped with 500 pL of anti-MPA antiserum (unless
otherwise indicated). The eluate was collected and ap-
plied to the column once again to ensure better binding.
Unbound MPA was removed by washing the columns
with 20 mL of DDW. Elution was performed with 10 mL
of PESTI-S absolute ethanol (Bio-Lab, Jerusalem, Israel).
The eluted fraction was subjected to vacuum evaporation
to remove the eluting solvent, and the eluate was recon-
stituted in 1000 pL of PBS-E for ELISA. Binding ex-
periments were performed with pairs of sol-gel columns,
comprising (A) an experimental column containing anti-
MPA antiserum (total binding), and (B) an empty control
column without antiserum (nonspecific binding). Spe-
cific binding was defined as the difference between total
and nonspecific binding. The MPA content in sol-gel
IAP ecluates was determined by means of the direct
ELISA. All samples were tested in duplicate at five suc-
cessive twofold dilutions in PBS-E that were within the
range of the standard curve. The dilutions are listed in
detail in the legend of each Figure or Table. Aliquots of
50 pL of the tested sample were added to the wells, to-
gether with 50 pL of MPA-HRP conjugate diluted 1:1000
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(i.e., a final dilution of 1:2000) in PBS-2 % T, in dupli-
cate, as described above for the direct ELISA (Section
2.1.5). The MPA content in tested samples was deter-
mined by reference to an MPA calibration curve, after
linearization of the data by transformation to a logit-log
plot by means of the Origin software, Version 6.0 (Mi-
crocal Software, Northampton, MA, USA). Slopes of the
curves obtained for all the samples were tested for paral-
lelism with the standard curve as described above in Sec-
tion 2.1.6.

2.2.3. Solid-Phase Extraction (SPE): Sample
Application and Elution

Solid-phase extraction was carried out when the sol-gel
eluates were further subjected to LC-MS/MS analysis.
Oasis SPE columns (Waters, Milford, MA, USA) were
preconditioned by two consecutive washes with 10 mL
of PESTI-S absolute ethanol (Bio-Lab, Jerusalem, Israel),
followed by 10 mL of DDW. Sol-gel eluates (10 mL of
absolute ethanol) were diluted 1:10 with DDW to bring
the ethanol concentration in the sample to 10% before it
was applied to the SPE columns. Sol-gel-eluted samples
were loaded onto the columns, which were then washed
with 10 mL of 10% ethanol. Elution was carried out with
1 mL of absolute ethanol, and the eluted fraction was
subjected to vacuum evaporation to remove the eluting
solvent. Samples were kept dry at —20°C, pending use.

2.3. Chemical Analytical Methods

LC-MS/MS Analysis

An LC-MS/MS method was developed, to assess the
compatibility of sol-gel IAP with chemical analyses. This
was done by determining the precision with which MPA
content in spiked sol-gel/SPE eluates could be deter-
mined. Empty sol-gel columns (1:6 format) and columns
doped with 300 pL of anti-MPA antiserum were loaded
with 1 mL of un-spiked DDW (instead of MPA) and the
“samples” were eluted with 10 mL of ethanol and then
diluted with DDW to 10% ethanol and passed through an
SPE column as described in Section 2.2.3. All samples
were vacuum evaporated and were reconstituted, prior to
LC-MS/MS analysis, with 150 pL of the diluent alone,
which comprised 30% acetonitrile (ACN; J.T. Baker,
Phillipsburg, N.J), made up in HPLC-grade DDW puri-
fied with the MiliQ system. Eluates from doped and
empty columns were then spiked with MPA at 10
ng'min_' and subjected to LC-MS/MS analysis. Eluates
from doped columns were also spiked with MPA stan-
dard made up from a stock solution of MPA in methanol
at a series of concentrations ranging from 1 to 100
ng'mL™" made up from a stock solution of MPA in
methanol at 100 pg'mL™" (J.T. Baker, Phillipsburg, N.J).
These samples were used to generate a calibration curve.
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Samples were analyzed by LC-MS/MS multiple reac-
tion monitor (MRM) detection in the positive-ion mode,
after separation on a reverse-phase C-18 column, at-
tached to an Alliance model 2795 HT HPLC system
(Waters, Milford, MA). The liquid chromatographic
separation was carried out on a Gemini C-18 column (50
x 2.0) mm, 3 um particle size, 110 A pore size (Phe-
nomenex, Torrance, CA), with an injected volume of 10
pL. Solvent A comprised 10% aqueous ACN containing
0.1% of ammonium hydroxide (J.T. Baker, Phillipsburg,
NIJ, USA); solvent B comprised 90% aqueous ACN con-
taining 0.1% of ammonium hydroxide. For the analysis
the solvent initially comprised 65% A and 35% B; after
0.5 min, the solvent was modified over 5 min, according
to the Waters linear program, to 100% B; the flow rate
was 0.3 mL-min'; the MPA retention time, tg was 4.1
min. Following the LC analysis, all samples were ana-
lyzed with a Micromass Quattro Pt triple-quadrupole
mass spectrometer operating in the electrospray ioniza-
tion mode. The data were processed with Masslynx v. 4.0
and Quantlynx v.4.0 software. The amount of MPA in
the samples was determined by comparison with calibra-
tion curves based on the spiked samples, and constructed
by plotting the concentrations in the spiked samples
against the peak areas found in their chromatograms.

2.4. Statistics

Differences between the average values were subjected
to Tukey-Kramer one-way ANOVA at p < 0.05 (95%).

3. Results and Discussion
3.1. Development of MPA ELISAs

3.1.1. Optimization and Sensitivity Determination

The present study focused on the development of a sol-
gel-based TAP method for purification and concentration
of the progestin drug, MPA. For this purpose a poly-
clonal Ab for MPA was generated, and immunochemical
assays for evaluation of the efficiency of the sol-gel
based IAP method were developed. The immunochemi-
cal detection assays were based on a microplate ELISA.
Our previous experience in development of ELISAs re-
vealed that different ELISA formats resulted in differing
sensitivities and cross-reactivity patterns, and that dif-
ferent formats reacted differently to the presence of in-
terfering factors in “real world” samples. Therefore, it is
essential to develop more than one assay format and to
choose the best one for each specific purpose. This is
especially important in cases where biological, food, and
environmental samples are analyzed, because such sam-
ples are not homogeneous; they may contain pigmenta-
tion and other factors that might interfere heavily and in
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differing ways with different assay formats. In light of
the above considerations two immunochemical assays
(competitive indirect and direct ELISAs) for monitoring
the MPA were developed. In the competitive indirect
ELISA microplates were coated with a hapten-carrier
protein (OVA) conjugate and the analyte competed with
the hapten conjugate adsorbed to the microplate for
binding to a limited amount of Abs. In the competitive
direct ELISA Abs were adsorbed onto the microplate via
Protein A, and the analyte competed with a hapten-en-
zyme conjugate (HRP) for binding to a limited amount of
the adsorbed Ab. Development of the MPA ELISA in-
volved two sets of experiments: the first set was intended
to determine the optimal dilutions of the coating conju-
gate MPA-OVA (indirect format), the MPA-HRP conju-
gate (direct format), the antiserum and the secondary Ab
(checkerboard tests); the second set was intended to ge-
nerate a standard curve, to determine the Iso value and the
limit of detection (LOD, I,) of the assay, the tolerance of
the Abs to organic solvents, and their cross-reactivity
with other progestins and steroid hormones.

The first set of experiments revealed that for the com-
petitive indirect ELISA dilutions of 1:6000 for the
MPA-OVA conjugate and 1:5000 (final) of the anti-MPA
antiserum resulted in high binding and a low background,
i.e., nonspecific binding. In the direct ELISA dilutions of
1:8000 or 1:16,000 for the coating Ab and of 1:2000 (fi-
nal) for the HRP-hapten conjugate resulted in a good
signal-to-background ratio (data not shown). The second
set of experiments determined the working ranges of the
assay, i.e., 0.1 - 25 and 0.1 - 10 ng per 50 pL for the in-
direct and direct ELISAs, respectively (Figures 2 and 3),
and the Isy and Iy values for both assay formats. Basi-
cally, there were no marked differences between the
working ranges of the respective formats, and both ex-
hibited high affinities and low detection limits, with Is
and I,, values of 34.0 £ 154 ng~mL_l and 1.4 = 0.2
ng'mL™" (n = 4), respectively, in the indirect ELISA, and
202 + 1.6 ng'mL ™" and 4.0 + 0.4 ng'mL™" (n = 25), re-
spectively, for the direct ELISA (Table 1). The inter- and
intra-assay accuracies were 93 and 87%, respectively.
Because of the very low solubility of MPA in neutral
aqueous buffers both assays were carried out in the pres-
ence of 10% ecthanol. The presence of ACN or acetone
(at 10%), or higher percentages (25%) of ethanol in the
direct ELISA did not have a marked effect on either
value. Methanol (at 10%) in the indirect ELISA slightly
improved both values, and a similar trend was obtained
in the absence of organic solvents (Table 1). Since the
reproducibility of the direct ELISA in the presence of
10% ethanol in PBST was slightly better than that of the
indirect ELISA, the direct format and this buffer were
chosen for all subsequent experiments. The tolerance of
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Figure 2. Representative standard curves of MPA in indi-
rect competitive ELISA format. The assay was carried out
in PBST, and PBST containing 10% ethanol (EtOH) or
10% methanol (MetOH). Assay conditions: 1:6000 dilution
of the coating antigen and 1:5000 (final) dilution of the
primary Ab.
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Figure 3. Representative standard curves of MPA in com-
petitive direct ELISA format. The assay was carried out in
PBST, or PBST containing 10% or 25% ethanol (EtOH).
Assay conditions: 1:16,000 dilution of the coating primary
Ab and 1:2000 (final) dilution of the MPA-HRP conjugate.

Table 1. I5y and detection limit (I,y) values of indirect and
direct ELISA formats.

Format  Reaction buffer Iso (ng'mL™") I (ng-mL™)

Indirect PBST 8.0+£0.04(n=2) <0.25(n=2)

PBST+ 10% EtOH 34.0+154 (n=4) 14+0.1 (n=4)
PBST + 10% MetOH 7.6 +0.6 (n=2) 04=0.1 (n=2)

Direct PBST 23.042.4 (n=13) 4.0+0.6 (n=13)

PBST + 10% EtOH"  20.2 £ 1.6 (1 =25) 4.0+ 0.4 (n = 25)

PBST + 10% EtOH  23.4£2.0 (n=25) 9.0 3.8 (n=25)

PBST+25%EtOH 18.0+£1.0(n=2) 2.5+0.6(n=2)
PBST +10% ACN  35.0£2.0(n=2) 5.6=2.0(n=2)
PBST + 10% Acetone 31.0£12(n=2) 54+12(n=2)

"Ab dilution: 1:8000; All values were determined using 1:6000 dilution of
the coating antigen and 1:5000 (final) dilution of the primary Ab (indirect
ELISA); and 1:16,000 dilution of the coating Ab and 1:2000 (final) dilution
of the MPA-HRP conjugate (direct ELISA). Values represent means + SEM.
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the assay to both of these organic solvents was an impor-
tant finding. The low solubility of MPA in aqueous buf-
fers necessitates its extraction and analysis in the pres-
ence of organic solvents, therefore the immunochemical
assays used to monitor it must tolerate the presence of
such solvents.

3.1.2. Cross-Reactivity (CR)

Once the assay had been optimized and the sensitivity
determined, the ELISA was used to characterize the an-
tiserum for specificity and CR with other progestins and
steroid hormones (Table 2). The CR with all of the listed
compounds was determined by means of the direct
ELISA format. As indicated in Table 2, under the tested
conditions the MPA antiserum cross-reacted only with
megestrol acetate, to an extent of 76%; no CR was de-
tected with any of the other tested compounds. Thus, the
results demonstrated high affinity towards MPA, with
CR with only one other progesterone derivative.

Several immunoassays for monitoring MPA were re-
ported previously [23-31], of which three were in an
ELISA format [26-28]. All of these three assays were
developed in the indirect competitive ELISA format (in
which the coating antigen is adsorbed to the plate) and
were carried out in PBS or PBST as the reaction buffer.

Table 2. Cross reactivity of the anti-MPA antiserum with
various progestins and steroid hormones.

Compound Cross reactivity (%)
Medroxyprogesterone acetate (MPA) 100
Megestrol acetate 76
17a-Hydroxyprogesterone <8
19-Nortestosterone <8
Ethinylestradiol <8
[-Estradiol <8
Testosterone <8
Aldosterone <8
Progesterone <8
Hydrocortisone <8
Medroxyprogesterone <8
Diethylstilbestrol <8
Pregnenolone <8
Levonorgestrel <8

Cross reactivity represents the ratio (as a percentage) between the concentra-
tion of free MPA that caused a decrease of 50% in the binding of MPA-HRP
conjugate (final dilution 1:2000) to an anti-MPA antiserum (diluted 1:16,000)
adsorbed to the microplate (direct ELISA), and the concentration of a tested
compound that caused the same inhibition.
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These studies exhibited I5, and LOD values in the ranges
of 1.8 - 2.0 and 0.08 - 0.3 ng'mL ™", respectively, similar
to those obtained in our present study (i.e., 8.0 and <0.25
ng-mL~", respectively) in the indirect competitive ELISA
format (when PBST was used as the reaction buffer, Ta-
ble 1). Other immunoassays, based on capillary electro-
phoresis [30] or on the use of gold nanoparticles as a
reporting system [25] exhibited similar detection limits
(0.25 - 0.3 ng/ml). No other study used a competitive
direct ELISA format, which offers the advantage of in-
volving fewer steps in its performance, and no study
demonstrated tolerance of the ELISA to organic solvents,
which, as indicated above, offers an important advantage
in monitoring MPA, which is only sparingly soluble in
water. Only two studies [27,28] evaluated the CR, and in
both cases the Abs (whether polyclonal or monoclonal)
exhibited CR of 62% and 65% with megestrol acetate,
similar to the value of 76% obtained in the present study
(Table 2).

3.2. MPA Sol-Gel-Based IAP

The Abs that were developed in the present study were
also used in development of a sol-gel-based IAP method
for purification and concentration of MPA. For many
years IAP has been regarded as one of the leading tech-
nologies for purification, concentration and isolation of
chemical and biological compounds, and recently, [AP
was revealed to be a very useful and reliable method for
purification and concentration of agricultural and envi-
ronmental residue samples [47-52]. The practical sim-
plicity of the IAP method and its potential for reducing
the levels of organic solvents that are often used to ex-
tract the tested analyte make IAP suitable for agricultural,
environmental, and epidemiological applications.

Most studies of MPA monitoring in food or biological
samples, e.g., animal tissue or human serum, found that
such samples must undergo extensive multistep extrac-
tion and cleanup processes (e.g., liquid/liquid extraction,
defatting, SPE) prior to analysis, to eliminate matrix in-
terference, and this applies to both immunochemical and
chemical instrumental analysis (for example see [20-22]
and references therein). Employment of such protocols
results in analyte loss, impairs accuracy, and limits the
scope for employment of these methods in large-scale
monitoring; these disadvantages highlight the general
need to improve and simplify sample preparation me-
thods and, simultaneously, to reduce their cost. Applica-
tion of IAP to agricultural and environmental samples,
e.g., food, soil extracts, effluent water, etc., and even to
biological samples, e.g., human serum or breast milk,
requires, among other things, the ability to protect the
Abs against denaturing factors or organic solvents that
are present in extracts of the tested samples and that
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might impair the activity of the Abs.

One of the main goals of the present study, therefore,
was to develop a method that satisfies these requirements
and is also highly effective in purification of the analyte
obtained from biological, environmental and food sam-
ples, and to that end, we have focused on and developed
an effective sol-gel-based IAP method for purification
and concentration of MPA. The ability of the sol-gel-
entrapped Abs to bind the analyte was tested with several
different sol-gel formats. The amounts of MPA reco-
vered from the sol-gel columns were determined with the
direct ELISA. The column binding capacity was exa-
mined with various amounts of entrapped Abs, ranging
from 100 to 500 pL of antiserum (equivalent to 5.6 - 28
mg protein), in a 1:12 sol-gel format. Binding of MPA
was dose dependent, gradually increasing to a maximum
at an amount of 400 uL. Abs (Figure 4).

The sol-gel composition and preparation conditions
are known to greatly influence the structure of the poly-
mer. Previous studies have shown that the properties of
the biocomposite, i.e., a sol-gel in which a biomolecule is
entrapped, can be drastically affected by changes in the
TMOS:HCI ratio, and also by involvement of additives in
the sol-gel process. Such additives include hydrophobic
moieties; e.g., polyethylene glycol (PEG), glycerol, poly-
vinylimidazole, etc.; surfactants; liposomes; organic sol-
vents, e.g., cyclohexane; polysaccharides, e.g., dextran,
cellulose, or chitosan; cofactors, e.g., redox modifiers; or
even biological or synthetic materials. These additives
may alter the physical properties of the gel, e.g., its rigi-
dity, mechanical stability, pore size, and optical or elec-
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Figure 4. Dose response of MPA binding to various amounts
of sol-gel-entrapped antiserum, ranging from 100 to 500 pL.
(equivalent to 5.6 - 28 mg protein). The sol-gel format used
was 1:12. Binding in the absence of entrapped antiserum (0
pL, “empty” column) indicates nonspecific binding. Binding
was tested with 1000 ng of MPA. Amounts of eluted MPA
were determined with the direct ELISA format using five
successive twofold dilutions, ranging from 1:2 to 1:32, in
PBS-E. Each bar represents the mean + SEM of four inde-
pendent measurements. Means with the same letter do not
differ significantly at p < 0.05.
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trochemical clarity; they may affect the interactions of
the gel with the entrapped biomolecules, and alter its
overall activity and stability [53-55]. We therefore have
examined the effects of several different sol-gel formats
on the activity of the entrapped Abs. Four different
TMOS:HCI ratios were used, in the presence and absence
of PEG. Table 3 compares the performance of the va-
rious formats with regard to total binding, nonspecific
binding (i.e., to columns that did not contain Abs, empty
columns), and net binding. Examination of the nonspe-
cific binding revealed relatively high values, some of
which exceeded 20% of the applied analyte. Comparison
of the levels of net binding in the presence and absence
of PEG revealed significantly higher binding of MPA to
the entrapped Abs in the absence of the porogen in the
1:4 and 1:6 formats. Similar results were obtained at 1:8
although the values did not differ significantly, because
of high variability. At 1:12, binding in the presence and
absence of PEG did not differ significantly. In almost all
of our previous studies PEG significantly improved the
binding capacity of a variety of analytes and reduced
their nonspecific binding [56-58]. The exception was
IMT, for which addition of PEG did not improve the
binding capacity [13]. In general, all sol-gel formats were

Table 3. Effects of various sol-gel formats on the activity of
entrapped anti-MPA antiserum.

MPA eluted (ng)
Sol gel
format NOI}SP?CIﬁC Total binding Net binding
binding
1:4 246+4(n=5) 659+27(m=5) 413+27 (n=>5)
1:4+PEG 189+7(n=5) 448+25(n=5) 259+25((n=5)
1:6 121+5(0=5) 675+39(n=5) 554+ 39 (n=5)
1:6+PEG 16213 (n=5) 352+53(n=5) 190+ 53 (n=5)"
1:8 154 £2(n=5) 481 = 73(n=5) 327+72(n=>5)"
1:.8+PEG 137+7(n=3) 312+13(n=3) 175£13 (n=3)"
1:12 80+3(n=5) 336+x13(n=35) 256+17(n=>5)"

1:12+PEG 216+4(n=5) 505+12(n=>5) 28916 (n=>5)

MPA at 1000 ng'mL™" was loaded on sol-gel columns that had been pre-
pared with various TMOS:HCI ratios and doped with 100 pL (1:8 and 1:12
+ PEG formats) or 500 uL (1:4 and 1:6 + PEG formats) of anti-MPA an-
tiserum. Amounts of eluted MPA were determined with the direct ELISA
format using five successive twofold dilutions in PBS-E. Dilution ranges
were 1:2 to 1:32 for empty columns and 1:4 to 1:64 for Ab-doped columns
with the 1:4 and 1:6 + PEG formats; and 1:5 to 1:80 for empty and doped
sol-gel columns for the 1:8 and 1:12 + PEG formats. Nonspecific binding
represents amounts of MPA that bound to ‘empty’ columns; total binding
represents amounts of MPA that bound to antiserum-doped columns; and net
binding represents the difference between total and nonspecific binding.
Each value represents the mean £ SEM of three to five measurements. Sta-
tistical analysis compared MPA binding in the presence and absence of PEG
for each sol-gel format separately. Means with the same superscript letter do
not differ significantly at p <0.05.
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highly effective in binding the analyte, although large
amounts of antiserum (500 pL) were required for the 1:4
and 1:6 formats, compared with the 1:8 and 1:12 formats,
in which, one-fifth of the amount of antiserum was en-
trapped (100 pL) and resulted in efficient binding of
MPA which was only 1.2 to 1.7 or 1.6 to 2.1 lower than
the amounts bound by the 1:4 and 1:6, respectively.

MPA binding was also tested with protein-A-purified
IgG, which had been purified from the whole antiserum
as described previously [56] and entrapped in a 1:8
sol-gel format. The results revealed dose-dependent net
bindings of 45, 10, 169, 272, and 543 ng with 40, 80, 160,
300, and 400 pL of IgGs (equivalent to 80 - 800 pL of
whole antiserum), respectively.

Interestingly, the binding of the purified IgGs was
much lower than that of the whole antiserum, and 300 puL
of the purified IgG bound less than 100 pL of the whole
antiserum. Similar results were obtained previously, when
IgG and whole antiserum of anti-di-nitrophenyl antise-
rum were used [56]. It is possible that the large amounts
of nonspecific protein in the whole antiserum protected
the entrapped IgGs from damage during gel formation.

The method was also optimized with respect to the
eluting solvent. Four solvents were tested for their ability
to dissociate MPA from the sol-gel IAP column: absolute
ethanol, methanol, acetone, and ACN. The results clearly
indicated that ethanol and methanol eluted MPA effi-

ciently, and that the volume needed for full recovery was
5 mL. The other two solvents were ineffective as eluting
solvents and resulted in a recovery of less than 1% of the
applied analyte (data not shown).

3.3. Analysis of Spiked and Un-Spiked Samples

3.3.1. Evaluation of Unpurified Samples by ELISA

In order to test the ability of the ELISA to monitor MPA
in “real world” samples, two sets of experiments were car-
ried out: in the first, various percentages (0.5%, 2%, 4%,
8% and 16%) of un-spiked NHS and low fat milk were eva-
luated for their interference with the direct ELISA; in the
second set, tap water, NHS and low-fat milk were spiked
with MPA at 50 ng'mL™" and the ability of the immuno-
assay to determine the analyte content was monitored.

In the first experiment calibration curves were gener-
ated in the presence of NHS or low-fat milk at percent-
ages of 0.5%, 2%, 4%, 8% and 16%, and the effects of
the matrix on the reaction background (Bg, i.e., nonspe-
cific binding of MPA-HRP to protein A adsorbed onto
the plate), maximal binding, 15y, and detection limit (I,,)
were determined by comparison with a calibration curve
generated in PBST-E alone. The results (Table 4) revealed
no interference of either matrix with the Bg of the ELISA,
and almost no interference of milk content was observed
with the maximal binding (i.e., binding of the MPA-

Table 4. Effect of normal human serum and low fat milk on MPA ELISA.

Reaction buffer Bg (OD) Activity Iso (ng per 50 pL) I (ng per 50 puL)
oD %
Normal human serum (%)
0 0.024 £ 0.002 1.364 +0.025 (12) 100 0.67 +0.03 0.09 +0.01
0.5 0.028 £ 0.005 0.939+0.011 (2) 70 0.68 +0.03 n.d.
2 0.023 £ 0.002 0.953 +0.009 (2) 73 0.69+0.11 n.d.
4 0.005 £ 0.002 0.882+0.013 (2) 60 1.05+0.25 0.16 £ 0.04
8 0.017 = 0.004 1.008 £ 0.011 (2) 70 2.00+0.01 0.63 +0.03
16 0.025+0.012 1.079 £ 0.011 (2) 85 0.80 +0.00 n.d.
Milk (%)
0 0.060 + 0.003 1.439 £ 0.034 (12) 100 1.75+0.74 0.23+£0.16
0.5 0.013 +£0.001 1.358 £ 0.018 (2) 97 0.90+£0.01 0.11+0.01
2 0.025 £+ 0.001 1.570 + 0.006 (2) 111 0.95+0.05 0.03 +0.00
4 0.013 +0.007 1.272 £ 0.062 (2) 109 2.95+0.05 0.41 +0.01
8 0.024 £0.011 1.460 + 0.033 (2) 123 2.35+0.05 0.18 +£0.09
16 0.019+0.012 1.680 + 0.037 (2) 128 1.00 £ 0.00 n.d.

All values were determined from an MPA standard curves, using 1:8000 dilution of coating Ab and 1:2000 (final) dilution of MPA-HRP conjugate in the direct
ELISA format. Milk and NHS samples were made up in PBST + 10% EtOH. “Bg” represents values obtained in control wells that did not contain MPA Abs;
“Activity” represents binding of MPA-HRP to the adsorbed primary Ab in the absence of competing MPA; and activity in presence of NHS or milk is ex-
pressed as the ratio (percentage) between the maximal activities obtained in the presence and absence, respectively, of the tested matrix. All values are pre-
sented as means £ SEM of 2 or 12 independent measurements, as indicated by the numbers in parentheses. n.d.: not detectable.

Copyright © 2012 SciRes.
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HRP conjugate to the Ab adsorbed to the microplate) up
to 16%. The NHS interfered with the immunoassay, and
the maximal binding obtained at the various percentages
of serum dropped by 15% - 40% (Table 4). Evaluation of
the I5y and Iy values indicated similar values in the pre-
sence and absence of the various percentages of milk and
NHS, and, although the values were slightly higher at 8%
serum, the trend was not consistent and the I5, value at
16% serum did not differ from that in the absence of the
matrix. Attempts to monitor spiked MPA in NHS and
milk samples did not succeed because of matrix interfer-
ence, as indicated by inability to obtain a line parallel to
the calibration curve. Tap water also interfered with the
assay to a certain extent, and only 46% of the spiked
amount was recovered (Table 5). It is important to note
that occurrence of little or no interference of a tested ma-
trix with the ELISA, as in the above cases of milk and
serum, does not indicate the ability to evaluate the
amount of spiked MPA in these matrices as the analyte
could adhere to the serum proteins, or micelles or fatty
components of the milk in a manner that does not enable
their accurate determination.

3.3.2. Sol-Gel IAP of MPA from Spiked Human
Serum Samples

The inability to determine MPA in spiked serum and
milk samples indicated the need to purify samples prior
to their immunochemical analysis. Although sample di-
lution is always a possible means of minimizing matrix
interference, it might impair the detection of low levels
of MPA residues in “real world” samples. Therefore, un-
spiked human serum samples and samples spiked with
1000 ng of MPA were applied on “empty” sol-gel co-
lumns and on columns that had been doped with 500 uL
of Abs, and the MPA content of each eluate was moni-

Table 5. Determination of spiked MPA in various matrices.

Recovery
Matrix
ng %
PBST + 10% EtOH 92+5 100
Tap water 44+5 46
Milk n.d. -

Normal human serum n.d. -

All values were determined from an MPA standard curves, using 1:16,000
dilution of coating Ab and 1:2000 (final) dilution of MPA-HRP conjugate in
the direct ELISA format. One-milliliter samples were spiked with MPA at
50 ng'mL~". MPA in the tested samples was determined by using five suc-
cessive twofold dilutions, ranging from 1:4 to 1:64 (equivalent to 25% -
1.56% sample content). Recovery is expressed as the ratio (percentage)
between the amount of MPA obtained in the presence of the tested matrix
and that of PBST + 10% EtOH. All values are presented as means + SEM of
five measurements. n.d.: not detectable because of matrix interference, i.e.,
curve was not parallel to the standard curve.
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tored by competitive direct ELISA. Spiked serum sam-
ples that had not undergone sol-gel IAP served as con-
trols to monitor the efficiency of the IAP process. The
results presented in Table 6 reveal the high recovery rate
(110%) of MPA from spiked serum samples, and clearly
demonstrate the high efficiency of the sol-gel IAP me-
thod for removing interfering components from undiluted
human serum samples, in a manner that enabled quanti-
tative determination of analyte. Negligible amounts of
MPA were detected in unspiked serum samples that had
undergone IAP, and in spiked and unspiked samples that
had passed through “empty” sol-gel columns. Untreated,
i.e., “before IAP”, samples interfered with the assay, and
the yields that were obtained from those spiked serum
samples were above 3000 ng, which clearly indicated a
false positive result. These findings reveal once again the
high efficiency of the sol-gel method for analyte purifi-
cation in single-step high recovery.

A wide variety of Abs—monoclonal, polyclonal, and
purified I[gGs—have been entrapped in sol-gel polymers,
and their applications in IAP of samples of serum and
other substances have been reported by many laborato-

Table 6. Recovery of MPA from spiked and un-spiked sam-
ples of normal human serum, before and after sol-gel IAP.

MPA Recovery
Sample
ng %

Before IAP

MPA standard 1334 +£37 133

Spiked serum 3400+ 179 340

Un-spiked serum 0 -
After IAP

MPA standard 613 +28 61

Spiked serum 1098 + 135 110

Un-spiked serum 29+9 3
After IAP (empty columns)

MPA standard 8+1 1

Spiked serum 41+6 4

Un-spiked serum 0 0

Samples of normal human serum were spiked with MPA at 1000 ng'mL ™",
and applied on sol-gel columns (1:12 format) that contained 500 pL of
entrapped anti-MPA antiserum. Sol-gel columns without antiserum (empty
columns) served as controls. The MPA content was determined with the
direct ELISA format. All serum samples were tested at five twofold dilu-
tions in PBS containing 10% EtOH. Dilutions of the “before IAP” samples
ranged from 1:5 to 1:80 (equivalent to 20% - 1.25% serum content); those of
the “after IAP” samples ranged from 1:4 to 1:64 (equivalent to 25% - 1.56%
serum). Values represent means + SEM of five measurements. Recovery
was calculated as the ratio (percentage) between the eluted amount and the
amount applied on the column.
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ries, including ours [32,33,35,37]. The overall advan-
tages of the sol-gel technique, and the successful entrap-
ment of a wide variety of Abs, which enables develop-
ment of efficient IAP protocols, indicate the generic na-
ture of the method and the practicability of implementing
it for purification of a wide range of analytes.

Although ELISA is known to tolerate matrix interfer-
ence, even tap-water samples interfered with the immu-
noassay (Table 5), and human serum exhibits a much
higher potential to interfere with the assay by affecting
analyte-Ab interactions and thereby causing false-nega-
tive or false-positive results.

Indeed, the present findings indicate that maximal
binding was affected by a serum content as low as 4%
(Table 4), and MPA could not be detected in samples
with serum contents of 25% or 20% (Tables 5 and 6,
respectively). Pretreatment of the samples by IAP sig-
nificantly reduced matrix interference, eliminated the
need to adjust pH values to ensure compatibility with the
assay, and provided concentrated, ready-to-use samples
that enabled accurate monitoring of MPA (where the
serum content was equivalent to 25%, Table 6). To the
best of our knowledge, there is only one previous report
on employment of ELISA for monitoring MPA in plasma;
however, in that study the sample underwent extraction
with organic solvents prior to analysis [26].

3.4. Compatibility of Sol-Gel IAP with Chemical
Analysis

Sol-gel eluates were also tested for their compatibility
with LC-MS/MS analysis, by examining the extent to
which sol-gel eluates (that had been further concentrated
by SPE) interfered with the analysis. This was done by
spiking the eluates with MPA prior to the LC-MS/MS
analysis and monitoring the accuracy by which the com-
pound can be determined in the tested sample. For that
purpose 1-mL of DDW was applied on empty and doped
sol-gel columns; the eluates were subjected to SPE con-
centration, then spiked with MPA at 10 ng'mL™', and
analyzed by LC-MS/MS. The results revealed high ac-
curacy in determination of the MPA content in the spiked
eluates from both the doped and empty sol-gel columns
(12.09 and 13.60 ng'mL™", respectively), and, as indi-
cated in Figure 5, showed that the MPA in the spiked
eluate of the doped sol-gel column was identical with an
MPA standard, and generated only a single peak with no
impurities. The results indicate that the eluates did not
interfere with the LC-MS/MS analysis, and also that
sol-gel IAP/SPE samples could be analyzed directly by
LC-MS/MS according to the above protocol, without any
further treatment. This finding highlights a major advan-
tage of the sol-gel IAP method over commonly used ex-
traction and purification methods that involve tedious,

Copyright © 2012 SciRes.
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Figure 5. LC-MS/MS analysis of MPA standard in LC run-
ning buffer (a); and sol-gel/SPE eluates (concentrated from
1 mL of tap water) spiked with MPA at 10 ng-mL™" (b).
Sample reconstitution and analysis were carried out as de-
scribed in “Materials and methods”.

long, and expensive multistep processes that may result
in low yields of the tested analyte and production of large
volumes of toxic waste. The sol-gel IAP method de-
scribed and discussed above eliminates the need for all of
these steps, and enables rapid, simple and inexpensive
preparation of high-purity samples that are ready for
chemical analysis. It may very well be that further im-
provement in the sol-gel IAP method will eliminate the
need for the SPE step, as in the case of consecutive
ELISA analysis.

4. Summary and Conclusion

At present, immunochemical assays such as ELISA can
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be developed for almost any compound—artificial or
natural, and they offer many advantages for quick, inex-
pensive, and efficient analysis of large numbers of sam-
ples. However, the ability to use an ELISA in a reliable
manner requires sample purification which eliminates
matrix interference with the assay. The IAP sol-gel based
method developed in this study overcomes most of the
difficulties associated with residue analysis in biological
samples, e.g., serum, and offers many advantages over
the commonly used IAP methods based on Abs that are
entrapped in, adsorbed by, or covalently bound to various
matrixes. The sol-gel method meets the IAP require-
ments for purification of analytes from crude samples,
without the need for any preliminary treatment prior to
the IAP step; it simplifies examination of the samples,
and decreases the analysis time and cost by enabling
sample analysis—by either immunochemical or instru-
mental chemical analytical methods—after only a single
purification step. A combination of both approaches
could provide a basis for analysis of MPA in biological
samples in order to monitor their pharmacokinetic prop-
erties, and implementation of these approaches could be
extended to studying population exposure to MPA and
also to monitoring occurrence of MPA contamination in
food, soil, and other environmental samples.
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