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a b s t r a c t

The nucleotide binding site (NBS) is an under-utilized, highly conserved binding site found within the
variable region of nearly all antibody Fab arms. Here, we describe an NBS specific UV photocrosslinking
biotinylation method (UV-NBSBiotin) for the oriented immobilization of antibodies to streptavidin-coated
surfaces, such that the antigen binding activity remains unaffected. An optimal UV exposure of 1 J/cm2

yielded an average conjugation efficiency of ∼1 biotin per antibody resulting in significant immobilization
efficiency while maintaining maximal antigen binding activity. With the continued push for miniaturization
of medical diagnostics to reduce cost and increase patient accessibility the ever shrinking on chip detection
areas necessitate the highest level of immobilized antibody activity to maximize assay detection capabilities.
The UV-NBSBiotin method yielded surfaces with significantly enhanced antigen detection capabilities,
improved antigen detection sensitivity and the highest amount of active surface immobilized antibody
when compared to other common immobilization methods including: ε-NH3

+ surface conjugation,
NHS–Biotin, and direct physical adsorption. Taken together, the UV-NBSBiotin method provides a
universal, site-specific immobilization method that is amenable to any available assay detection modality
with potential significant implications in the development of miniaturized medical diagnostics and lab
on a chip technologies.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The nucleotide binding site (NBS) is an under-utilized, highly
conserved binding site found within the variable region of nearly
all antibody Fab arms. This paper describes a method for the
oriented immobilization of antibodies to streptavidin coated
surfaces by the site-specific UV photocrosslinking of biotin to
antibody NBS, such that the antigen binding activity is preserved.
Antibodies are often utilized as surface immobilized capture
proteins for many immunosensor-based applications including
screening of pathogens, disease detection, point-of-care clinical
analysis and various medical diagnostics (Caygill et al., 2010;
Leonard et al., 2003; Liu et al., 2008; Warsinke, 2009). The
oriented immobilization of antibodies to surfaces is particularly
critical when antibodies are utilized as detection molecules in
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microfluidic based miniaturized medical diagnostics and for micro-
array applications. Medical diagnostics utilizing micro and nano-
fluidic channels are becoming more prevalent and allowing for
increased patient accessibility and reduced cost through miniatur-
ization (Kim et al., 2012; Hu and Li, 2011; Mohammed and
Desmulliez, 2011; Ng et al., 2010). The significantly reduced on chip
detection areas necessitate the highest level of antibody activity to
ensure that each immobilized antibody is capable of binding antigen
to provide for improved assay detection capabilities.

The current standard methods of immobilizing antibodies
to surfaces involve either non-covalent physical adsorption to
detection surfaces through nonspecific hydrophobic interactions
(physical adsorption method) or through covalent modification of
lysine side chain amino groups present throughout the antibody
surface (Ghani et al., 2011; Li et al., 2008; Moelans et al., 2011;
Shephard, 2008; Xiong and Ge, 2011; Yotsumoto, 2008). Conjuga-
tion to these amino groups is commonly carried out with
N-hydroxysuccinimide (NHS) activated affinity tags, such as NHS–
Biotin to immobilize to streptavidin coated surfaces, or through direct
reaction of antibody amino groups to amine reactive surfaces
(ε-NH3

+ method) (Byeon et al., 2010; Faye et al., 2012; MacBeath
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and Schreiber, 2000; Mendoza et al., 1999; Patel et al., 1997). These
methods, however, result in disordered antibody molecules on the
detection surface and yield o10% active antibody due to steric
blocking of antigen binding sites on the heterogeneous antibody
coated surface (Butler et al., 1992, 1993; Kausaite-Minkstimiene
et al., 2010; Peluso et al., 2003; Vijayendran and Leckband, 2001).
Despite resulting in a significant loss of antibody activity, these
methods remain the most commonly implemented methods of
antigen detection due to their simplicity of execution and availability
of common reagents.

While there are a few available site-specific antibody immobi-
lization methods, these are often associated with either compli-
cated chemical procedures, or the conjugation conditions are
detrimental to antibody activity (Kausaite-Minkstimiene et al.,
2010; Peluso et al., 2003; Vijayendran and Leckband, 2001). One
of the most common site-specific immobilization methods is
selective reduction of the disulfide bonds between antibody heavy
chains, making the cysteine side chains accessible as reactive sites
(Brogan et al., 2003; Lee et al., 2005; Vikholm-Lundin, 2005).
Another common method is selective oxidation of antibody
carbohydrate chains to form reactive aldehyde groups that can
be used to selectively couple to hydrazine functionalized surfaces
(Hoffman and Oshannessy, 1988; Quarles, 1985; Zara et al., 1991).
These coupling techniques can have variable outcomes from anti-
body to antibody and often result in reduced antibody activity
through reduction of Fab disulfide bonds or over exposure to
oxidative chemicals, respectively (Kausaite-Minkstimiene et al.,
2010; Peluso et al., 2003; Vijayendran and Leckband, 2001). When
immobilizing an antibody, maintaining its antigen binding activity
is a critical factor that directly effects device fabrication reprodu-
cibility, assay sensitivity, and dynamic range of antigen detection
(Trilling et al., 2013). Therefore, further advances in site-specific
antibody immobilization techniques that provide a practical and
reproducible method of immobilization, while maintaining antigen
binding activity, are necessary.

In a previous report, we addressed this need by developing a
UV-NBS immobilization method that allowed for the oriented
immobilization of antibodies at their NBS through UV photo-
crosslinking to NBS–ligand conjugated surfaces (Alves et al.,
2012). The UV-NBS functionalized surfaces resulted in increased
antigen detection capabilities and increased assay sensitivity
compared to other standard immobilization methods despite the
overall lower antibody immobilization efficiency. Here we describe
an alternate photochemistry based NBS-specific antibody immo-
bilization method that utilizes biotin for oriented immobilization
to streptavidin-functionalized surfaces (UV-NBSBiotin, Fig. 1). We
predicted that site-specifically conjugating a biotin molecule to the
antibody NBS prior to immobilization would allow for nearly 100%
Fig. 1. Schematic representation of the UV-NBSBiotin immobilization method. Antibodies
bond forms between IBA and the antibody. The IBA–EG11–Biotin functionalized antibod
surface. The oriented, site-specific conjugation of the antibody through its NBS preserv
antibody functionalization to overcome the poor immobilization
efficiency of the previously reported UV-NBS method while still
maintaining maximum antibody activity. In earlier publications, we
also extensively characterized the NBS using molecular modeling,
and showed that it is a highly conserved binding pocket located in
the conserved region between the variable light (VL) and variable
heavy (VH) domain of all antibody isotypes (Handlogten et al.,
2011; Rajagopalan et al., 1996). Through an in silico docking
study, indole-3-butryic acid (IBA) was selected as a high binding
NBS-ligand, with experimental Kd values ranging between 1 and
8 mM, depending on the antibody (Handlogten et al., 2011).
The NBS is comprised of amino acid residues with aromatic side
chains [Y/F42 and Y/F103 within the VL; Y103 andW118 within the
VH] (Lefranc et al., 2003) that when exposed to UV light (254 nm)
form reactive radicals that covalently crosslink to other aromatic
moieties (Meisenheimer and Koch, 1997; Alves et al., 2013).
Therefore, the NBS provides a useful site for selective conjugation
of antibodies to small molecule ligands that contain aromatic rings,
such as IBA, which was selected for the application described in
this study.

To demonstrate the utility of the UV-NBSBiotin immobilization
method, a prostate specific antigen (PSA) detection system was
selected to assess the antibody immobilization efficiency, antigen
detection sensitivity, limit of detection (LOD) and the dynamic
range of antigen detection. PSA, also known as kallikrein-3, is a
30–34 kDa glycoprotein enzyme whose serum levels have been
implicated in the early detection of prostate cancer (Sutcliffe et al.,
2012). While PSA screening is no longer recommended by the
United States Preventative Services Task Force based on its limited
aid in the reduction of prostate related mortality, the model
system still provides important validation of new immobilization
techniques applied to diagnostic assays (Moyer and US Preventive
Serv Task Force, 2012; Sutcliffe et al., 2012). A mouse IgG PSA-specific
capture antibody (IgGPSA, Kd≤4 pM) (Washburn et al., 2011), free
PSA, and PSA detection antibody (det-IgGPSA) were selected to
demonstrate the advantages of the UV-NBSBiotin oriented immo-
bilization method compared to ε-NH3

+ and physical adsorption
immobilization techniques.
2. Materials and methods

2.1. Materials

IBA, Biotin N-hydroxysuccinimide ester (NHS–Biotin), N,N-Diiso-
propylethylamine (DIEA), were purchased from Sigma-Aldrich
(St. Louis, MO). Streptavidin–HRP and HRP-conjugated IgG Fcγ specific
goat anti-mouse were purchased from Jackson ImmunoResearch
associate with IBA–EG11–Biotin ligand at the NBS, and upon UV exposure a covalent
y then binds to a streptavidin functionalized plate, tethering the antibody to the
es antibody's antigen binding activity.
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(West Grove, PA). Heat shock isolated bovine serum albumin (BSA),
Amicon Ultra centrifugal filters (0.5 mL, 10 K) and Coomassie R-250
were purchased from EMD Millipore (Billerica, MA). Amplex Red
Assay Kit was purchased from Invitrogen (Grand Island, NY). Maleic
anhydride amine reactive 96-well plates and streptavidin coated
96-well plates were purchased from Thermo Scientific (Rockford,
IL). NovaPEG Rink Amide resin, and all other amino acids were
purchased from Novabiochem (Billerica, MA). Fmoc-N-amido-
dPEG2-acid was purchased from Quanta Biodesign (Powell, OH).
Tris–gly running buffer, transfer buffer, and tris buffered saline (TBS)
were purchased from Boston Bioproducts (Ashland, MA). Mouse
anti-PSA (IgGPSA capture antibody, clone: B731M), mouse anti-PSA
(det-IgGPSA detection antibody, clone: 5A6) and purified free
prostate specific antigen (PSA) were purchased from Meridian Life
Science, Inc. (Memphis, TN).

2.2. Photocrosslinking of IBA-conjugated ligands (IBA-ligand) to
antibodies

All antibodies undergoing photocrosslinking were purchased as
purified antibodies with no protein stabilizers. Sodium azide, a
very UV reactive preservative, and other small molecule additives
were removed prior to UV exposure via membrane filtration.
Antibodies were incubated with the IBA-ligands for 1 h prior to
UV exposure at room temperature (RT). Control over the UV
energies delivered to the samples was achieved using a Spectro-
line UV Select Series Crosslinker from Spectronics at a wavelength
of 254 nm.

2.3. Synthesis of IBA–EG11–Biotin

The IBA–EG11-amine ligand was synthesized by coupling IBA to
mono-N-t-boc-amido-dPEG11-amine following HBTU activation in
DMF and DIEA at RT for 3.5 h while agitating. After rotate
evaporating DMF, the t-boc protecting group was removed in a
solution of 4% triisopropylsilane, 4% D.I. water, and 92% trifluoro-
acetic acid (TFA) for 45 min at RT. IBA–EG11-amine was purified via
RP-HPLC on a Zorbax C18 column, and characterized using MALDI-
TOF MS. The calculated exact mass for the IBA–EG11-amine
(C36H63N3O12) was 729.44 Da; found 730.49 Da. Biotin was then
conjugated to the purified IBA-EG11-amine to synthesize
IBA–EG11–Biotin which was also purified via RP-HPLC on a Zorbax
C18 column (Fig. S1 in Supporting information). The yield 70%, and
product purity was confirmed using RP-HPLC on an analytical
Zorbax C18 column to be 495%.

2.4. Synthesis of IBA–FITC

IBA–FITC was synthesized by HBTU activation of IBA in DMF
mixed in equimolar amounts of FITC and L-Lysine. The reaction
was carried out overnight while shaking, purified via RP-HPLC on a
Zorbax C18 column, and characterized using MALDI-TOF MS
(Fig. S2 in Supporting information). The yield was 75%, and
product purity was confirmed using RP-HPLC on an analytical
Zorbax C18 column to be 495%.

2.5. Assessing antigen binding activity, Fc stability, and biotinylation
of the antibody via ELISA

Antigen coated ELISA plates were generated by adsorbing PSA
(10 nM or 0.34 mg/mL) to high binding 96-well ELISA plates in
0.05 M carbonate–bicarbonate coating buffer at pH 9.6 for 2 h at
RT. The plates were washed to remove any unbound components
using an automated plate washer with three cycles of 200 mL PBS
with 0.05% Tween 20 at pH 7.4 (MDS Aquamax 2000). All plate
surfaces were then blocked with BSA blocking buffer (200 mL of 5%
BSA in PBS pH 7.4 with 0.1% Tween 20) for 1 h. Antigen binding
activity and Fc stability: The IgGPSA capture antibody was exposed
to UV in the presence or absence of 300 mM IBA–EG11–Biotin and
was then incubated on the antigen coated plates. The wells were
then incubated with a 1:5000 dilution of HRP–anti-Fc antibody
(1.0 mg/mL stock) in BSA blocking buffer for 1 h to quantify
the total amount of antigen bound antibody (active Fc). IgGPSA

Biotinylation: To assess the degree of UV biotinylation for each sample,
the antigen bound IBA–EG11–Biotin UV exposed IgGPSA antibody
wells were incubated with a 1:10,000 dilution of streptavidin–HRP
(1.0 mg/mL stock) in BSA blocking buffer for 1 h. Amplex red, the HRP
substrate, was added and fluorescent product formation was observed
on a Molecular Devices SpectraMax M5 plate reader (ex. 570 nm, em.
592 nm) for all ELISA assays. Control experiments performed without
IBA–EG11–Biotin were used as background for the biotinylation
detection measurements. The results are reported as relative
fluorescence units (RFU). All data represents means (7SD) of
triplicate experiments.

2.6. Determination of average number of UV Conjugations via size
exclusion chromatography (SEC)

A Tosoh Biosciences G4000SWXL (7.8 mm ID�30 cm) size
exclusion column was used to assess the average number of
IBA–FITC conjugations to the antibody over a range of UV energies
(0–1.5 J/cm2). Antibody samples were prepared as indicated, and
20 mL of each sample were analyzed on the SEC column. Each SEC
run was achieved using a 25 min isocratic gradient of 50 mM PBS
at pH 6.8 with 370 mM NaCl and 0.1% Tween 20. All samples were
analyzed at 220 and 280 nm to detect antibody content and at
494 nm to detect covalently bound IBA–FITC. Each absorbance
spectrum was integrated on Chemstation LC software and used to
calculate total antibody content and total nmoles of covalently
bound IBA–FITC compared to a calibration curve (y¼836.94x,
R2¼0.9876). The nmoles of FITC divided by the nmoles of antibody
gives the average number of IBA–FITC conjugations per antibody.

2.7. Western blot analysis for determination of the photocrosslinking
site

IgGPSA, at 20 mM, was incubated with excess IBA–EG11–Biotin
(300 mM) in PBS buffer at pH 7.4 and exposed to the indicated
amount of UV energy (0–1.5 J/cm2). The samples were run on a 10%
SDS-PAGE gel with a tris–glycine running buffer under reducing
conditions at 110 V for 1 h and were transferred to a nitrocellulose
membrane at 110 V for 90 min in a 10% MeOH transfer buffer.
The membrane was blocked with 10% dry milk in TBS for 1 h and
was then blotted with 1:10,000 dilution of streptavidin–HRP for
1 h at RT. A chemiluminescent HRP substrate was used to detect
the location where IBA–EG11–Biotin was covalently conjugated to
the antibody. The SDS-PAGE gel was coomassie blue stained in a
solution of 10% acetic acid, 20% methanol, 0.15% Coomassie R-250
for 30 min and destained in a solution of 20% acetic acid, 20%
methanol, 60% D.I. water for 1.5 h. Control experiments performed
in the absence of UV exposure, or in the absence of IBA–EG11–Biotin
did not yield any detectable bands.

2.8. UV-NBSBiotin antibody immobilization method

IgGPSA incubated with 300 mM IBA–EG11–Biotin in PBS was
exposed to 1 J/cm2 of UV energy. The unbound IBA–EG11–Biotin
was removed via membrane filtration. The purified, biotinylated
IgGPSA was then incubated on streptavidin coated ELISA plates in
BSA blocking buffer for 2 h at RT. In all cases, unbound antibody
was then washed using an automated plate washer. Antibody
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immobilized wells were then blocked with BSA blocking buffer for
1 h to prevent non-specific adhesion/interactions.

2.9. Non site-specific immobilization methods

Physical adsorption immobilization method: was carried out by
incubating antibody on high bind ELISA plate surfaces in 0.05 M
carbonate-bicarbonate coating buffer at pH 9.6 for 2 h at RT.
ε-NH3

+immobilization method: lysine side-chains present on the
antibody surface were reacted to amine reactive maleic anhydride
96-well plates for 2 h at RT in PBS buffer at pH 8.0. Any remaining
reactive sites were then quenched with 50 mM Tris buffer with
100 mM NaCl at pH 8.0 for 1 h. NHS–Biotin immobilization method:
antibody was biotinylated with NHS–Biotin following the manufac-
turer suggested protocol and unreacted NHS–Biotinwas removed via
membrane filtration prior to incubation on streptavidin coated plate
surfaces in BSA blocking buffer for 2 h at RT. All surfaces were then
washed and blocked using BSA blocking buffer for 1 h.

2.10. Determination of total antibody content of antibody
immobilized surfaces

Quantification of the total surface immobilized antibody for
each of the four immobilization techniques with initial antibody
amounts of 0–50 fmole (0–0.5 nM) were performed using an HRP
conjugated Fc-specific secondary antibody from goat at a 1:5000
dilution (1.0 mg/mL stock) in BSA blocking buffer for 1 h. Amplex
red was used as the enzymatic substrate and the results are
reported as RFU. The resulting antibody immobilization signal at
different starting antibody amounts was fit by linear regression.
The slope of the linear regression line was determined to be the
antibody immobilization efficiency for each of the immobilization
methods. Control experiments performed without immobilized
antibody were used as background.

2.11. Determination of antigen detection capabilities,
assay sensitivity and limit of detection

The antigen detection capabilities for all four immobilization
methods were determined by ELISA. Briefly, IgGPSA immobilized
surfaces (1 or 5 fmole, 0.01 or 0.05 nM, of initial antibody) were
incubated with PSA (0–1000 fmole or 0–10 nM) in 100 mL of BSA
blocking buffer for 1.5 h. Unbound PSA was washed and the wells
were incubated with a 1:2500 dilution of det-IgGPSA (5A6,1.0 mg/mL
stock) in BSA blocking buffer for 1 h. An Fc-specific HRP conjugated
antibody (1:2500 dilution) was then used to detect the presence of
the IgGPSA detection antibody bound to PSA. Amplex red was then
added and fluorescent product formation was observed, results are
reported as RFU. The resulting antigen detection signal vs. amount
of antigen plots were fit by natural log regression. Sensitivity
was determined from the coefficient of the natural log multiplier
from the regression line. The limit of detection (LOD) for each
immobilization method was determined to be the antigen con-
centration at 3 standard deviations to the mean of the zero PSA
standard. Control experiments performed without PSA, and with-
out detection antibody were used as background for the antigen
detection measurements.
3. Results and discussion

3.1. Effect of UV energy on antibody binding activity and
Fc recognition

We first evaluated the effect of increasing UV energies on IBA
photocrosslinking to the antibody by using IBA–EG11–Biotin via an
ELISA assay (Supporting information Fig. S1). UV exposure initiates
the site-specific photocrosslinking of the IBA-ligand to the anti-
body NBS but can potentially have damaging effects to the antigen
recognition site as well as Fc structure. For this reason, the effects
of UV exposure to the IgGPSA were evaluated to ensure antibody
activity was preserved at the UV exposures necessary to utilize
the UV-NBSBiotin method. IgGPSA was exposed to increasing UV
energies (0–5 J/cm2) in the presence and absence of a saturating
concentration of IBA–EG11–Biotin (300 mM) in PBS pH 7.4
(Supporting information Fig. S3). PSA was directly immobilized
onto high binding ELISA plates through physical adsorption. The
UV-exposed IgGPSA was then incubated on the plate surface and
allowed to bind to PSA. Both antigen recognition and Fc stability
were assessed simultaneously by binding of an HRP conjugated
Fc-specific secondary antibody, evaluating the total amount of
antigen-bound antibody at increasing UV energies. In this assay, a
reduction in the signal intensity at high UV energies is indicative
of damage to either the antigen binding sites preventing IgGPSA

from binding its surface immobilized antigen or damage to the
Fc region preventing detection by the Fc-specific HRP conjugated
secondary antibody. Our results demonstrated nearly no observa-
ble reduction in antibody antigen binding activity or Fc recognition
up to UV energies of 2.0 J/cm2, with a slight increase in UV damage
to the antibody in the absence of IBA–EG11–Biotin (Fig. 2A). This
result was expected since the presence of IBA–EG11–Biotin in
solution effectively screens the antibody from full exposure by
partially adsorbing the UV energy. These results demonstrate that
UV energies o2.0 J/cm2 can be utilized during the UV-NBSBiotin

immobilization of IgGPSA as there is minimal impact on both
antigen binding activity and recognition of the antibody Fc by
secondary antibodies at these UV energies.

3.2. Determination of the optimal UV energy for IBA–EG11–Biotin
photocrosslinking

To determine the photocrosslinking efficiency of IBA–EG11–Biotin
to IgGPSA, photocrosslinked antibody was incubated on plates coated
with antigen and the degree of antibody biotinylation was deter-
mined by quantifying streptavidin–HRP binding. IBA–EG11–Biotin
photocrosslinking efficiency increased with increasing UV energy,
with a maximum antibody biotinylation occurring between 1.0 and
2.0 J/cm2 (Fig. 2B). A plateau in antibody biotinylation was observed
that is indicative of a specific conjugation site becoming saturated.
Since this assay did not depend upon Fc recognition for detection of
antigen bound antibody it was determined that UV damage at the
antibody antigen recognition sites, inhibiting antibody binding to
the surface, was the main contributor to the decline in the
biotinylation signal intensity at UV energies 42.0 J/cm2. Based on
the results presented in these two ELISA assays (Fig. 2A, B) we
determined 0.5–1.5 J/cm2 to be an effective UV exposure range that
can be used for the efficient photocrosslinking of IBA–EG11–Biotin to
IgGPSA, without reducing antigen binding or Fc activity. This UV
range was consistent with our previous results (Alves et al., 2012,
Alves et al., 2013).

3.3. Effect of UV energy on the number of conjugations per antibody

When utilizing the UV-NBS photocrosslinking method we
anticipate a maximum of two IBA-ligand conjugations per anti-
body as there are two NBS per antibody. IBA–FITC was selected
to quantify the average number of conjugations per antibody
(Supporting information Fig. S3). FITC was selected as it has a
maximum absorbance (494 nm) well outside the range of typical
protein adsorption (220 and 280 nm) allowing for accurate quan-
titation of the number of conjugations. IgGPSA was exposed to
increasing UV energies in the presence of saturating levels of



Fig. 2. The effects of UV energy exposure on antigen binding activity, Fc recogni-
tion and biotinylation efficiency as determined by ELISA assays. (A) UV exposed
IgGPSA, in the presence or absence of 300 mM IBA–EG11–Biotin, was allowed to bind
to surface immobilized PSA and the total amount of bound antibody was detected
using an Fc-specific, HRP conjugated antibody. (B) Photocrosslinking efficiency of
IBA–EG11–Biotin to the antibody at the NBS was determined by an indirect ELISA
assay, where the total biotinylation levels of IgGPSA were detected by streptavidin–
HRP after binding to surface immobilized PSA. All data represents means (7SD) of
triplicate experiments.

Fig. 3. The effect of UV energy on the average number, and location, of IBA–FITC
conjugations per antibody. (A) Number of conjugations was determined from
absorbance at 494 nm SEC peak integrations at fixed ligand and antibody
concentrations of 300 mM and 20 mM, respectively. All data represents means
(7SD) of triplicate experiments. (B) Western blot analysis of UV-NBS photo-
crosslinking site on IgGPSA. IBA–EG11–Biotin was photocrosslinked to the antibody
by exposure to UV energy from 0 to 1.5 J/cm2 in PBS buffer. SDS-PAGE was run
under reducing conditions and the proteins were transferred to a nitrocellulose
membrane. The SDS-PAGE gel was stained by coomassie blue. Streptavidin–HRP
was used to probe for covalently conjugated IBA–EG11–Biotin. Blotted film shows
that biotin tag only appears on the antibody light chain.
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IBA–FITC (300 mM), providing for complete non-covalent associa-
tion of IBA–FITC to all NBS prior to UV exposure (Fig. 3A). The
IBA–FITC conjugated antibody was then injected on a size exclusion
column to effectively separate non-conjugated IBA–FITC ligand from
the conjugated antibody. By integrating the 494, 220 and 280 nm
elution profiles and correlating the values to molar calibration
curves, the average number of IBA–FITC conjugations per antibody
was calculated by dividing nmoles of FITC by nmoles of antibody
injected on the column (Fig. 3A). Increasing UV energy resulted in
an increase in the number of conjugations, reaching a maximum of
1.71 conjugations per antibody at 1.5 J/cm2 UV exposure. For
maximum surface immobilization efficiency a single biotin per
antibody was desired and therefore a UV energy of 1.0 J/cm2 was
selected, with an average of 1.2370.02 conjugations per antibody.
Since the antibody biotinylation occurs site-specifically and there
are only two NBS sites that conjugation can occur at, we estimate
that 490% of the IgGPSA possesses at least a single biotin
conjugation at an average of 1.23 biotins per antibody. No cross-
linking was observed in the absence of IBA or in the absence of
UV energy.

3.4. Determination of the photocrosslinking site by western blot
analysis

To verify the specificity of IBA for the NBS site on IgGPSA a
western blot analysis was carried out with IBA–EG11–Biotin photo-
crosslinked antibody under reducing conditions. The HRP–streptavidin
probed film established that biotinylation occurred selectively to
the antibody light chain, with the yield of conjugation being
dependent on the amount of UV energy exposure (Fig. 3B). This
result was consistent across all other antibodies that have been
tested (Alves et al., 2012). The IgGPSA antibody was also evaluated
by dynamic light scattering post 1.5 J/cm2 UV exposure to verify
that UV exposure did not cause inter-antibody crosslinking
or effect the global antibody structure (Supporting information
Fig. S4).

3.5. Antibody immobilization efficiency

Having determined the optimal UV biotinylation conditions
for IgGPSA we then compared the UV-NBSBiotin site-specific immo-
bilization method to three other commonly employed antibody
immobilization techniques: NHS–Biotin, lysine side chain immo-
bilization (ε-NH3

+), and physical adsorption. Utilizing the NHS–
Biotin procedure provided by the manufacturer IgGPSA was biotinylated
with an average of 2.63 biotins per antibody, as determined
by comparison of the UV-NBSBiotin biotinylated IgGPSA at 1 J/cm2

UV energy to the NHS–Biotinylated IgGPSA via an ELISA assay
(Supporting information Fig. S5). The NHS–Biotin, ε-NH3

+ and
physical adsorption immobilization techniques result in highly
disordered antibody immobilization through biotinylation or
surface conjugation at random lysine side chains or weak non-
specific hydrophobic surface interactions. We compared these
three commonly used non-site-specific immobilization techniques
to the UV-NBSBiotin method for antibody immobilization efficiency,
antigen detection sensitivity of the functionalized surface, LOD
and dynamic antigen detection range.

96-well plates were functionalized using the four respective
methods with initial antibody amounts ranging from 0 to 50 fmole
(0–0.5 nM) of IgGPSA to generate the antibody coated surfaces.



Fig. 4. Antibody immobilization efficiency of the UV-NBSBiotin method in compar-
ison to NHS–Biotin, ε-NH3

+ and physical adsorption methods using IgGPSA/PSA
(antibody/antigen) system. 96-well plates were functionalized with IgGPSA using all
four methods. Total surface immobilized antibody was quantified using an HRP
linked anti-Fc secondary antibody. X-axis shows the starting amount of antibody
used to generate the surface, 0–50 fmole (0–0.5 nM).

Fig. 5. Antigen detection intensities of the UV-NBSBiotin method in comparison to
NHS–Biotin, ε-NH3

+ and physical adsorption methods using IgGPSA/PSA (antibody/
antigen) system. 96-well plates were functionalized with IgGPSA (5 fmole, 0.05 nM)
using all four methods. Antigen detection sensitivity was determined using
increasing concentrations of PSA, 0–1000 fmole (0–10 nM) as the antigen, det-IgGPSA

and quantified by an HRP linked anti-Fc antibody as the reporter. Data represents
means (7SD) of triplicate experiments.
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The amount of surface immobilized antibody was then determined by
binding of an HRP conjugated Fc-specific secondary antibody to
the immobilized IgGPSA capture antibody. The immobilization
efficiency of IgGPSA, determined by the slope of the antibody
immobilization curve, using the UV-NBSBiotin method demon-
strated a 2.45, 5.24, and 61.12 fold enhancement in antibody
immobilization when compared to the ε-NH3

+, NHS–Biotin and
physical adsorption methods, respectively (Fig. 4). These results
demonstrate that the UV-NBSBiotin method provides an effective
antibody immobilization technique to generate the highest level of
antibody functionalized surfaces.

3.6. Determination of antigen detection capabilities and assay
sensitivity

Antigen detection and assay sensitivity for the antibody coated
surfaces from each of the immobilization methods was also
assessed. Assay sensitivity (S) is typically determined by the slope
of the linear regression line obtained by plotting detection signal
versus antigen concentration (Han et al., 2010). The assay sensi-
tivity was calculated and compared for all four immobilization
techniques using 5 fmole (0.05 nM) of initial IgGPSA as the capture
antibody, free PSA as antigen, det-IgGPSA and an Fc-specific HRP
conjugated antibody as the reporter. A fluorescent HRP substrate
was employed to determine the antigen-response curve of a range
of standard antigen concentrations from 0 to 1000 fmole
(0–10 nM). These PSA antigen levels were below the limit of
detection for the physical adsorption, and NHS–Biotin immobiliza-
tion methods. The UV-NBSBiotin immobilization method displayed
the highest antigen detection intensities with the highest assay
sensitivity (S¼3,115.0, R2¼0.980) and the ε-NH3

+ immobilization
method demonstrated significantly lower antigen detection inten-
sities with a lower sensitivity (S¼992.2, R2¼0.901) (Fig. 5). From
another perspective, surfaces generated using only 1 fmole
(0.01 nM) of antibody via the UV-NBSBiotin method delivered
comparable antigen detection sensitivity (S¼652.9, R2¼0.960)
when compared to surfaces generated using 5 fold more antibody
via the ε-NH3

+ method (Supporting information Fig. S6). No
antigen detection was observed with 1 fmole (0.01 nM) of starting
antibody utilizing the ε-NH3

+ immobilization method. The difference
in assay sensitivity can best be explained by the enhanced binding
efficiency of the UV-NBSBiotin surface, resulting from improved
immobilization of active antibody. Combined, these results
demonstrate that surfaces generated by the UV-NBSBiotin method
produced a 3.14 fold higher sensitivity in antigen detection than
the ε-NH3

+ method.
3.7. Determination of the limit of detection (LOD) and dynamic
antigen detection range

The exceptional antibody immobilization efficiency achieved
with the UV-NBSBiotin method provided enhanced sensitivity and a
significant improvement to the limit of detection of PSA (3SD to
the mean of the zero standard) compared to the ε-NH3

+ immobi-
lization method (Han et al., 2010). The LOD for the UV-NBSBiotin

method at starting antibody amounts of 1 and 5 fmole (0.01 and
0.05 nM) were comparable at 1.97 and 1.88 fmole of PSA
(∼0.02 nM), respectively. These LOD values signify a 15.63 fold
reduction in the LOD of PSA when compared to the ε-NH3

+ LOD of
29.36 fmole (0.29 nM) with 5 fmole (0.05 nM) of initial IgGPSA.
The UV-NBSBiotin immobilization technique also demonstrated a
4.52 fold broader dynamic detection range for PSA, 1.88–1000 fmole
(0.019–10 nM), compared to the ε-NH3

+ detection range of
29.36–250 fmole (0.29–2.5 nM).
4. Conclusions

By site-specifically conjugating a biotin to the NBS of IgGPSA

prior to immobilization (UV-NBSBiotin method) the low antibody
immobilization efficiency associated with the previously described
UV-NBS method was overcome by ensuring an average of ∼1 biotin
conjugation per antibody while still maintaining the highest level
of antibody activity (Alves et al., 2012). Surfaces functionalized by
the UV-NBSBiotin method displayed significantly enhanced anti-
body immobilization efficiency, heightened antigen detection
sensitivity, reduced LOD, and improved dynamic antigen detection
range resulting in an overall increase in assay sensitivity compared
to other commonly used antibody immobilization methods. Due
to the limited detection area on the ever shrinking medical
diagnostic devices it is critical that every antibody immobilized
on the detection surface is capable of binding its intended antigen.
With high crosslinking efficiencies, the UV-NBSBiotin method
provides for a site-specific covalent conjugation method that does
not impact antigen or Fc binding interactions. By site-specifically
conjugating a biotin molecule to antibodies, oriented immobiliza-
tion can be carried out on any surface that bears streptavidin,
regardless of antigen specificity. Taken together, the UV-NBSBiotin

method provides a universal, site-specific immobilization method
that is amenable to any available assay detection modality with
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potential significant implications in the development of miniaturized
medical diagnostics and lab on a chip technologies.
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