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& Human serum is a mixture of various proteins which may interact with drugs. Therefore, it is of
interest to investigate the binding kinetics of pharmaceuticals with their corresponding antibodies in
serum. In this article, microarrays and a label-free biosensor were used to study these interactions.
Microarrays provide a high-throughput platform for characterizing biomolecular interactions, and
the label-free oblique-incidence reflectivity difference biosensor avoids the drawbacks of fluorescencebased methods. The experimental results show that the binding affinities between most of the drugs
and their antibodies were reduced in human serum because the bulky proteins block the access to or
reduce the stability of the reaction complexes. Therefore, one should be mindful when in vitro or
in vivo testing the efficiency of potential drugs and their antibodies.
Keywords drug-antibody binding affinity, label-free, microarray, oblique-incidence
reflectivity difference (OI-RD)

INTRODUCTION
Human serum is a mixture of blood proteins with a total concentration
of approximately 70 g=L. The most abundant proteins in human serum
are the albumins, having concentrations of 34–50 g=L (500–750 mM).[1]
Human serum albumin creates osmotic pressure and helps transport lipids,
hormones, vitamins, and metals. The second major class of blood proteins
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are the immunoglobulins. Other blood proteins include regulatory
proteins, a1-antitrypsins, a2-macroglobulins, and lipoproteins. Human
serum proteins, especially albumins, are known to interact with drugs. These
proteins serve as anchors for drugs with poor aqueous solubility, and their
bindings affect both the activity and disposition of these drugs.[2] For
example, human serum albumin has a specific binding site to flufenamic
acids, ibuprofen, and benzodiazepine, and also several non-specific binding
sites to other ligands.[3–5] Therefore, it is of interest to study the properties
and functions of drugs in the presence of human serum.
A microarray is composed of hundreds to tens of thousands of biomolecules arranged in a regular pattern on a solid substrate. It provides a
platform for screening the interaction between a large number of targets
and a single probe in a high-throughput manner. These biomolecular
targets may be DNA, proteins, sugars, small molecules, or cells, and usually
they are immobilized on functionalized glass slides with a spot size of about
100–200 mm. Traditionally, microarrays are detected with fluorescence-based
methods because of their sensitivity. However, it has been reported that
labeling probes change the binding kinetics of probe-target interactions.[6,7] To avoid this drawback, we developed the oblique-incidence
reflectivity difference (OI-RD) technique for real-time, label-free, and
in-situ detection of biomolecular interactions in microarray format. OI-RD,
the most sensitive form of optical elliposometry, measures the differential
changes in the phase and magnitude of the reflectivities for p-polarized and
s-polarized components of monochromatic light.[8] In the past, OI-RD-based
microscopes have been used for studying various protein-protein,[9] sugarprotein,[6] cell-protein,[10] and small molecule-protein interactions,[11,12] as
well as for drug screening[13–15] and micelle characterization.[16]
In this article, six bovine serum albumin-conjugated drugs were immobilized as microarrays and subsequently detected by an OI-RD microscope for
studying their bindings to corresponding anti-drug antibodies in the
presence of human serum. The first drug to be investigated is digoxin, which
is widely used in the treatment of various heart conditions such as atrial
fibrillation and atrial flutter. Anti-digoxin has been applied to treat potentially
life-threatening digoxin and digoxin toxicity.[17] The second drug is
methamphetamine, which is a psychostimulant and sympathomimetic drug.
Mouse-derived anti-methamphetamine monoclonal antibodies were used as
potential pharmacokinetic antagonists.[18] The third drug is morphine,
which is a highly potent opiate analgesic drug. A number of antibodies with
specificity to morphine have been purified and produced.[19,20] The fourth
drug is phenobarbital, which is the most widely used anticonvulsant. An
anti-phenobarbital, antibody-based immunoassay was used in serum.[21]
The fifth drug is tetrahydrocannabinol, which binds to the cannabinoid
receptor located in the central nervous system. An anti-tetrahydrocannabinol
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antibody-based competitive immunoassay with fluorescence quenching was
employed for the determination of tetrahydrocannabinol in saliva.[22] The
last is theophylline, which is a methylxanthine drug used in therapy for
respiratory diseases such as chronic obstructive pulmonary disease or
asthma. The thermodynamic parameters of mouse anti-theophylline monoclonal antibody binding were studied using isothermal titration microcalorimetry.[23] All drug-bovine serum albumin conjugates were commercially
available for immobilization on epoxy-coated glass slides. The anti-drug antibodies mixed with human serum at different dilutions reacted with the drug
microarray to acquire the binding curves. The results show that the binding
affinities were influenced by human serum. For that reason, the combination of microarrays and the oblique-incidence reflectivity difference
microscope may be applicable to characterizing the binding of drugs and
their antibodies in a convenient and high-throughput manner.
Materials and Methods
Drug Targets and Protein Probes
Digoxin-bovine serum albumin conjugate, the monoclonal antibody
to digoxin (mouse), the monoclonal antibody to tetrahydrocannabinol
(mouse), the theophylline-bovine serum albumin conjugate, and the monoclonal antibody to theophylline (mouse) were purchased from OEM
Concepts (Saco, ME). Methamphetamine-N-bovine serum albumin conjugate, monoclonal antibody to methamphetamine (mouse), morphine-bovine
serum albumin conjugate, phenobarbital-bovine serum albumin conjugate,
monoclonal antibody to phenobarbital (raised in mouse), and D8tetrahydrocannabinol-bovine serum albumin conjugate were purchased
from Biodesign (Saco, ME). The monoclonal antibody to morphine
(mouse) was purchased from Fitzgerald (Concord, MA). Figure 1 (A) shows
the chemical structures of six drugs used in the present study. Antibody
probes were dissolved in phosphate buffered saline in the presence of serum
at different dilutions. Human serum was provided by Dr. Kit Lam (UC Davis
Medical Center). All bovine serum albumin conjugates and proteins were
used as received without further purification.
Preparation of Target Microarrays
The drug-bovine serum albumin conjugates were dissolved in phosphate
buffered saline and further diluted into printing solutions with concentrations decreasing successively by a factor of 0.5 from 16 to 1 mM. Duplicates
(in different columns) of each conjugate at each printing concentration
were printed into microarrays on epoxy-coated glass slides (CEL Associates,
Pearland, TX) with an OmniGrid 100 contact-printing arrayer (Digilab,
Holliston, MA). Unmodified bovine serum albumin at a concentration of
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FIGURE 1 (A) Chemical structures of 6 drugs used in this study. (B) OI-RD image of a drug microarray
immersed in phosphate buffered saline buffer. All drug-bovine serum albumin conjugates were printed
at five concentrations as duplicates. Unmodified bovine serum albumin was printed as a negative control.

8.3 mM was also printed as a negative control. The microarray-bearing slides
were stored for at least 24 hrs before further processing. Figure 1(B) shows
the OI-RD image of a drug microarray immersed in phosphate buffered
saline buffer. All drug-bovine serum albumin conjugates were printed at
five concentrations with duplicates. The spot size was approximately 100 mm
in diameter, and the center-to-center spacing was about 250 mm.
OI-RD Microscope
The working principles of the OI-RD microscope have been described in
detail in earlier publications.[7,9] The reflectivities for light linearly polarized parallel to the plane of incidence (p-polarized) and perpendicular to
the plane of incidence (s-polarized) are different. When the light has an
oblique angle of incidence and is reflected from a surface, the reflectivities
of its s- and p-polarized components will change disproportionately to the
physical and chemical properties of this surface, such as thickness, mass
density, and dielectric constant. By polarization-modulated nulling, OI-RD
directly measures the difference in reflectivity change (both magnitude
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and phase) between p- and s-polarized components of the laser beam. For
real-time measurements, OI-RD signals from both spots (target pixels)
and bare substrates (reference pixels) were monitored, and the difference
was used as the binding curve.
Experimental Setup and Procedure
Before assembling into the fluidic chamber, a microarray-bearing slide
was immersed in phosphate buffered saline overnight to remove excess
unbound targets and buffer precipitates. After assembly, the slide was
blocked with bovine serum albumin, reacted with blank serum solution
(serum without antibody probes, 1:1000 diluted in phosphate buffered
saline), and then reacted with desired protein probes. The flow rate was
set to 30 mL=min for 10 s and then reduced to 0.01 mL=min for 20 min
(association phase). Subsequently, the probe solution was replaced with
buffer only at a flow rate of 30 mL=min for 10 s and then at 0.01 mL=min
to observe the dissociation of captured probes (dissociation phase). Rate
constants (association rate kon and dissociation rate koff) and equilibrium
dissociation constants (KD  koff=kon) for probe-target interactions were
deduced by globally fitting a set of binding curves, each of which corresponding to a concentration of the probe to the Langmuir two-site
model.[7,11] A larger KD value implied that the reaction had a weaker binding affinity, and a smaller value suggested that the reaction had a stronger
binding affinity. In our experience, the binding between a solution-phase
probe (e.g., antibody) and surface-immobilized target (e.g., drug-bovine
serum albumin conjugates) was better described by treating each target as
having two or more stereochemically different configurations. Therefore,
the binding curve of an antibody-drug reaction was fitted to the Langmuir
two-site model with fitting equations detailed in the literature.[7,11]
RESULTS AND DISCUSSION
The drug microarray was pre-treated with blank serum to avoid competitive binding to the targets between serum proteins and anti-drug antibodies.
The microarray was then reacted with anti-drug antibodies in the presence
of human serum. Figure 2 shows the association-dissociation curves for reactions of the drugs with their corresponding antibodies in the presence of
serum at different dilutions (no serum, 1:10000, 1:5000, and 1:1000 diluted
in phosphate buffered saline). Spots with a printing concentration of 16 mM
were selected. At t ¼ 0, the solution was changed from phosphate buffered
saline or blank serum solution to an antibody solution at a desired concentration. At t ¼ 1200 s, the ambient was restored back to phosphate buffered
saline or blank serum solution for dissociation. The binding curves in each
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FIGURE 2 Association-dissociation curves of (A) digoxin, (B) methamphetamine, (C) morphine,
(D) phenobarbital, (E) tetrahydrocannabinol, and (F) theophylline reactions with their corresponding
anti-drug antibodies in the presence of serum at different dilutions (no serum, 1:10000, 1:5000, and
1:1000 diluted in phosphate buffered saline). Titrated concentrations of antibodies are 50 (black,
bottom), 100 (red), 200 (blue), and 400 (green, top) nM. The curves were fitted globally to the two-site
model (fits are in dashed lines) with fitting parameters listed in Table 1.

panel were fitted globally to the Langmuir two-site model with reaction rates
ð1Þ
ð2Þ
(konð1Þ , koff for the first site, and konð2Þ , koff for the second site) and relative
coverages (h(1) for the first site and h(2) for the second site) were the global
fitting parameters. The fits are shown as dotted lines in Figure 2 and fitting
parameters are listed in Table 1. The fitting parameters from duplicate
target spots are the same within the standard deviations.
For anti-digoxin reacting with surface-immobilized digoxin, the KD at
the first site increased as the concentration of serum increased (KD ¼ 4.9 nM
without serum, KD ¼ 12 nM with 1:10000 serum, KD ¼ 18.4 nM with 1:5000
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Tetrahydroc-annabinol

No Serum
1:10000
1:5000
1:1000

Phenobarbital

No Serum
1:10000
1:5000
1:1000

Morphine

No Serum
1:10000
1:5000
1:1000

Methamphe-tamine

No Serum
1:10000
1:5000
1:1000

Digoxin

Drug and serum dilution

0.42
0.22
0.62
0.6

0.2
0.31
0.62
0.66

0.25
0.69
0.75
0.77

0.82
0.58
0.41
0.4

h(1)

1.16  104
2.28  105
8.23  106
4.77  106

1.59  106
6.67  106
1.56  105
1.39  104

6.5  105
2.99  106
1.55  107
5.47  106

6.78  106
3.22  106
4.32  106
5.78  106

1
k ð1Þ
on (Ms)

6.15  105
1.01  104
5.46  105
2.14  104

<1.1  105
4.32  105
1.29  104
8.97  105

5.57  105
2.35  106
9.54  107
2.91  104

3.32  105
3.87  105
7.96  105
1.95  104

k off (s)1

ð1Þ

(nM)

0.53  0.04
4.4  0.5
6.6  0.7
44.9  6.2

<6.9  0.5
4.3  0.6
8.1  0.7
0.62  0.04

0.857  0.1
0.793  0.09
6.2  0.8
50.7  6.1

4.9  0.6
12.0  1.1
18.4  3.1
33.8  5.2

ð11Þ

KD

6.7  106
9.58  107
2.45  106
2.84  105

4.81  105
5.69  105
1.55  104
3.03  104

4.72  107
3.87  105
5.8  106
1.74  105

6.31  105
3.22  106
1.61  106
1.42  105

1
k ð2Þ
on (Ms)

<2.8  106
<1.9  106
<3.8  106
<4.6  106

<1.1  106
<2.1  106
<3.1  106
<3.9  106

<1.1  106
<4.1  106
<1.6  106
<3.7  106

1.53  105
3.87  105
<1.2  106
<3.9  106

ð2Þ

k off (s)1

(Continued )

(Continued)

<0.418  0.05
<2.0  0.3
<1.6  0.3
<0.162  0.02

<0.023  0.01
<0.037  0.01
<0.02  0.01
<0.013  0.01

<2.3  0.5
<0.106  0.02
<0.276  0.03
<0.213  0.04

0.243  0.02
12.0  3.2
<0.745  0.09
<0.276  0.02

ð2Þ

K D (nM)

TABLE 1 Fitting parameters and calculated KD values to experimentally measured association-dissociation curves for anti-drug antibodies reacting with
ð1or2Þ
ð1or2Þ
corresponding drug-bovine serum albumin conjugates in the presence of human serum. konð1or2Þ ; koff
; KD
, and h(1or2) are the association rate,
dissociation rate, equilibrium dissociation constant, and relative coverage of the first or second site, respectively
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No Serum
1:10000
1:5000
1:1000

Theophyllin

No Serum
1:10000
1:5000
1:1000

Tetrahydroc-annabinol

TABLE 1 Continued

0.38
0.58
0.45
0.48

0.59
0.58
0.89
0.58

2.01  105
2.83  105
1.21  105
5.79  106

2.65  106
5.19  106
3.65  106
2.79  106

6.84  106
1.26  105
8.75  105
8.44  105

1.87  105
7.35  105
5.66  105
1.16  104

0.335  0.04
0.447  0.05
7.2  0.9
14.6  2.1

7.1  0.8
14.2  1.2
15.5  2.1
41.6  5.1

8.04  105
3.61  106
8.86  105
6.72  105

3.71  105
5.87  105
4.58  105
3.12  105
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<3.9  106
<2.3  106
<3.6  106
<3.9  106

<2.3  106
<4.1  106
<2.2  106
<2.1  106

<0.049  0.006
<0.637  0.04
<0.041  0.005
<0.058  0.007

<0.062  0.008
<0.07  0.007
<0.048  0.004
<0.067  0.008
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serum, and KD ¼ 33.8 nM with 1:1000 serum). It is clear that the presence of
serum proteins slowed the binding between digoxin and its antibody. At the
second site, the KD did not have clear dependence on the concentration of
serum, and its value was roughly in few hundreds of pM except in 1:10000
serum. For anti-methamphetamine reacting with surface-immobilized
methamphetamine, the KD at the first site increased by a factor of 8 from
no serum (KD ¼ 0.86 nM) or 1:10000 serum (KD ¼ 0.79 nM) to 1:5000 serum
(KD ¼ 6.2 nM), and by a factor of 63 to 1:1000 serum (KD ¼ 50.7 nM). This
indicates that serum proteins slowed the binding of antibodies to methamphetamine targets at a dilutions between 1:10000 and 1:5000. Again, at the
second site, the KD was independent upon the concentration of serum, and
it has values from a few hundreds of pM to few nM.
For anti-morphine reacting with surface-immobilized morphine, the KD
at the first site was in the order of nM for serum concentrations less than
1:5000 (KD < 6.9 nM without serum, KD ¼ 4.3 nM with 1:10000 serum, and
KD ¼ 8.3 nM with 1:5000 serum), but decreased to 0.63 nM in 1:1000 serum.
Serum proteins accelerated the binding of antibodies to morphine targets
at a dilutions between 1:5000 and 1:1000. At the second site, the KD value
was small (in few tens of pM) and independent of the concentration of
serum. For anti-phenobarbital reacting with surface-immobilized phenobarbital, the KD at the first site increased from 0.53 nM without serum to
4.4 nM with 1:10000 serum, 6.6 nM with 1:5000 serum, and even 44.9 nM
with 1:1000 serum. Serum proteins again slowed the binding between
phenobarbital and its antibody. At the second site, the KD, independent
of the concentration of serum, had values ranged from a few hundreds
of pM to a few nM.
For anti-tetrahydrocannabinol reacting with surface-immobilized tetrahydrocannabinol, the KD at the first site increased as the concentration
of serum increased (KD ¼ 7.1 nM without serum, KD ¼ 14.2 nM with
1:10000 serum, KD ¼ 15.5 nM with 1:5000 serum, and KD ¼ 41.6 nM with
1:1000 serum). Similar as the in antibody-digoxin reactions, there was a
clear increase in KD from no serum to 1:10000 to 1:5000 serum, and a
further increase with 1:1000 serum. At the second site, the KD was small
(few tens of pM) and showed no dependence on the concentration of
serum. For anti-theophylline reacting with surface-immobilized theophylline, the KD at the first site increased from roughly 0.4 nM with zero and
1:10000 serum, to 7.2 nM with 1:5000 serum, and to 14.6 nM with 1:1000
serum. At the second site, the KD was less than a few tens of pM except
in 1:10000 serum.
Overall, for all antibody-drug reactions except morphine, the binding
affinities were reduced in the presence of human serum. Increasing the
concentration of serum reduced the rates of the reactions. This phenomenon was likely caused by bulky proteins in the serum that blocked access
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to or reduced the stability of the reaction complexes. In the case of
morphine, the binding affinity increased when human serum was present,
probably because certain proteins or molecules in the serum accelerated
the reaction. The detailed mechanism remains unclear and thus further
investigation is necessary.
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CONCLUSIONS
The effects of human serum on the binding kinetics between anti-drug
antibodies and their corresponding surface-immobilized drug-bovine serum
albumin conjugates were studied. The results show that the binding
affinities were affected when human serum was present. In the morphineantibody reaction, the binding affinity increased, while in digoxin, methamphetamine, phenobarbital, tetrahydrocannabinol, and theophylline
reactions, the binding affinities decreased. This effect should be considered
when testing the efficiency of potential drugs and their antibodies.
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