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Abstract

The free sulthydryl groups of the hinge region of monovalent antibody fragments (rIgG) allow the
orientation of rIgG on functionalized surfaces in immunosensors. To evaluate the contribution of
reduction and orientation on signal enhancement we compared the performance of whole antibodies
and their rIgG in ELISA performed on polystyrene or maleimide-functionalized microplates.
Monoclonal anti-horseradish peroxidase (anti-HRP) and monoclonal anti-fPSA antibodies (1mg/ml)
were reduced with 2-mercaptoethylamine (53mM). Western blot confirmed the presence of rIgG as
a band at 75 kDa, detectable only by anti-heavy chain but not by anti-light chain antibodies,
suggesting a possible folding rearrangement. Using anti-HRP we confirmed the retention of the
antigen binding capacity of rIgG. Moreover, we observed a signal enhancement for rIigG even if
randomly absorbed on polystyrene [linear regression slope (95%CI): rIgG 0.524 (0.434-0.614), 1gG
0.370 (0.430-0.399); P=0.0016] suggesting that chemical reduction might affect the antigen binding
capacity of antibodies. ELISA with anti-fPSA rIgG coated on polystyrene confirmed these
observations. Oriented anti-fPSA rIgG on a maleimide surface showed comparable signals to the
assay performed on polystyrene for each analyzed concentration of antigen (Panova=0.1980),
anyway, with a significant improvement of the repeatability likely providing a more homogeneous
capturing surface (SD rIgGmaleimide-TI€Gpolystirene: TPSA 0.725ng/ml:0.74-2.89; 1.45ng/ml:1.56-8.69;
3.625ng/ml:3.52-15.03; 7.25ng/ml:7.78-18.44).
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1. Introduction

Among the receptors currently used in biosensors, antibodies are designed by nature to be a sensor
with high specificity and affinity for their targets. Inmunoglobulins G (IgG) consist of two identical
heavy polypeptide chains and two identical light chains. The latter are each paired with a single
heavy chain linked by a disulfide bridge, the so-formed dimers are then linked by disulfide bridges
located in the hinge region to obtain a symmetric and flexible Y-shaped tetramer. The two antigen
binding sites formed by the association of the heavy and light chain variable domains are located at
the tips of the “Y”, giving a theoretical divalent binding capacity to the antibodies [1].

Physical absorption of primary antibodies on the solid surface is the main method used by in vitro
diagnostics manufacturers to produce immunosensors. However, physical absorption has important
drawbacks: (i) random orientation and non-uniform distribution of the bound antibodies, (ii) loss of
their functionality due to the denaturation caused by the proximity of the hydrophobic surface, (iii)
poor reproducibility of the results, (iv) and low signal-to-noise ratio [2-7]. In recent years, the
Research & Development (R&D) departments of in vitro diagnostics (IVD) companies and
researchers have studied new techniques for the orientation of antibodies on a solid surface to be
applied to diagnostic immunoassays based on immobilized antibodies. These methods include the
covalent binding of antibodies by their carboxylic groups on chemically modified polymeric
surfaces [8], or their capture via protein G or A, two bacterial receptors of the Fc fragment [9-13].
Another interesting method is the orientation of half fragment monovalent antibodies (rIgG)
obtained by reducing the disulfide bridges located in their hinge regions. These specific disulfide
bridges can be reduced to free sulthydryl groups so rIgG, which retain the antigen binding capacity,
can be immobilized on a solid surface bearing gold, maleimides, pyridyl disulfides etc. [14-17]. In
the literature, a number of immunosensors based on rlgG are described suggesting that this
technique is suitable for the development of sensitive and accurate assays. Indeed, Sharma and
Mutharasan [18] found that rIgG are more efficient in binding the antigen than native molecules
oriented by protein G. Finally, the coating of rIgG is rapid, convenient, inexpensive and enables the
formation of a well-oriented antibody layer [19-20]. Since then, studies on the reduction of
antibodies have multiplied and the deep interest in this topic and in the comprehension of the
chemistry of IgG in general is demonstrated by the number of articles published by biotech and IVD
industries [21-24]. Since little is known about the mechanism that underlies the signal enhancement
in oriented immunosensors, the aim of this study was to compare the performance of whole
antibodies and their corresponding rIgG in ELISA tests performed on polystyrene or maleimide-
activated microplates. This allowed us to independently evaluate the contribution of reduction and

orientation on the signal enhancement.



2. Materials and Methods
2.1. Chemicals

Mouse monoclonal anti-horseradish peroxidase (anti-HRP) IgG,y, antibody clone 3P-2H11, carrying
kappa light chain, ref 236001, was purchased from antibodies-online.com (Aachen, DE). Polyclonal
HRP-conjugated goat anti-mouse IgG antibody (anti-IgG) was obtained from Merck Millipore
(Darmstadt, DE). Polyclonal HRP conjugated goat anti-mouse kappa light chain antibody (anti-Lc)
was acquired from Southern Biotech (Birmingham, AL, USA). Mouse monoclonal anti-free
prostate specific antigen (anti-fPSA) IgG; carrying kappa light chain antibody, FPSA assay ref
30440 and VIDAS" optical substrate were supplied by bioMérieux Italia (Bagno a Ripoli, Italia).
Sephadex G-25 in PD-10 Desalting Columns was purchased from GE Healthcare (Little Chalfont,
UK). Horseradish peroxidase (HRP), 2-Mercaptoethylamine (2-MEA), Ethylenediaminetetraacetic
acid disodium salt (EDTA), Ca®" and Mg2+ free Dulbecco’s Phosphate Buffered Saline (PBS),
Acetic acid, sodium acetate, o-Phenylenediamine (OPD) were obtained from Sigma Chemical Co.
(St. Louis, MO, USA). Pierce™ Maleimide-Activated Plates (Black) and Nunc MaxiSorp™
microplates were purchased from Thermo Fisher Scientific (Waltham, MA, USA), while Bio-Plex
Pro™ Flat Bottom Plates (black) were acquired from Bio-Rad (Hercules, CA, USA). All solutions

were prepared using deionized water and all reagents were used without further purification.

2.2. Antibody reduction using 2-Mercaptoethylamine (2-MEA)

According to the protocol described by Hermanson [25], two different concentrations of anti-HRP
antibodies were tested for reduction experiments: the IgG were diluted to 0.05 mg/mL or 1 mg/mL
in PBS or PBS with 10 mM EDTA or 100 mM sodium acetate buffer pH 4.5 with 150 mM NaCl
and 10 mM EDTA. A stock solution of 265 mM 2-Mercaptoethylamine (2-MEA) was freshly
prepared before each experiment by adding 30 mg of 2-MEA in 1 mL of buffer. The final reduction
mixtures were prepared by adding 2-MEA of stock solution to obtain final concentrations ranging
between 2.6 mM and 53 mM, and specific volumes of antibodies to dilute them to the final
concentrations of 0.05 mg/mL or 1 mg/mL. The reduction mixtures were incubated for 90 min at
37° C under mild agitation. Then the reducing agent and EDTA were removed using a Sephadex G-
25 in PD-10 Desalting Column (GE Healthcare, Little Chalfont, UK) according to the

manufacturer’s instructions.



2.3. Verification of the reduction products

Western blot analysis is the reference method for the assessment of reduction products. Since the
molecular weight of an IgG is about 150 kDa, we expect to find the monovalent half-antibody
fragments as a band at 75 kDa [21,26].

For western blot analysis, aliquots of the reduction mixtures were separated by non-reducing 8%
SDS-PAGE, and the gels were blotted onto nitrocellulose membranes. Nonspecific binding on the
membranes was blocked with 5% (w/v) non-fat milk solubilized in PBS containing 0.01% Tween-
20 (PBS-T) for 60 min at room temperature. The blots were then incubated for 60 min at room
temperature with HRP conjugated goat antibodies directed against the whole antibody (anti-IgG;
1:1000 in PBS-T) or with HRP conjugated goat antibodies directed against the kappa light chains of
the IgG (anti-Lc; 1:500 in PBS-T). Visualization of the protein bands was obtained using the
chemiluminescent detection system (Roche, Basel, CH) with ChemiDoc apparatus (Bio-Rad,

Hercules, CA, USA)

2.4. Assessment of the antigen binding capacity of whole and reduced anti-HRP

The antigen binding capacity of whole or reduced anti-HRP was assessed by enzyme-linked
immunosorbent assay (ELISA). Nunc MaxiSorp™ microplates (Thermo Fisher Scientific,
Waltham, MA, USA) were rinsed with 200 pl of PBS-T and were coated with 100 pl of intact or
reduced anti-HRP antibody at the concentration of 50 pg/mL in 10 mM PBS-EDTA. The plates
were incubated for 2 hours and then washed threefold with 200 pl of PBS-T. Nonspecific binding
was blocked with 5% (w/v, 200 pl) non-fat milk/PBS-T for 1 h, and then washed as previously
described. Different amounts of the antigen, the enzyme HRP (0.25 ng; 1 ng; 2 ng in water; 100
pl/well) were incubated for 1 h followed by three washing steps. To assess the nonspecific binding,
one well for each concentration of HRP was not coated with antibodies. The presence of HRP were
revealed using 1 mg/mL OPD in 50 mM phosphate-citric acid pH 5 containing 1 pg/mL of 33%
hydrogen peroxide. Absorbance was detected at 450 nm using the plate reader Multiskan GO
(Thermo Fisher Scientific, Waltham, MA, USA). All incubation steps were carried out at room

temperature. Statistical data analysis of the results was made using GraphPad Prism 8.

2.5. Assessment of the antigen binding capacity of physisorbed or oriented antibodies



The antigen binding capacity of whole or reduced antibodies was tested both on polystyrene and
maleimide-activated microplates by an enzyme-linked fluorescent assay (ELFA). Bio-Plex Pro™
Flat Bottom Plates 96-well microplates (Bio-Rad, Hercules, CA, USA) or Pierce™ Maleimide-
Activated Plates (Thermo Fisher Scientific. Waltham, MA, USA) were rinsed with 200 pl of PBS
containing TWEEN®™ 20 0.01% w/v (PBS-T) and then were coated with 100 pl of 50 pg/mL whole
or reduced anti-FPSA in PBS containing 10 mM EDTA. The plates were incubated for 2 hours, and
excess coating solution was removed by three washing steps with 200 ul of PBS-T. Nonspecific
binding of polystyrene microplates was blocked with 200 pul of 5% (w/v) non-fat milk solubilized in
PBS-T for 1 h, and then washed as described; to inactivate excess maleimide groups, the plates
were then incubated for 1 hour at room temperature with cysteine solution at 10 pg/mL. Cysteine
solution was freshly prepared before each experiment. The calibrator S1 of the VIDAS® FPSA
assay diluted at different concentrations in PBS (0.072 ng/mL; 0.725 ng/m; 1.45 ng/mL; 3.62
ng/mL and 7.25 ng/mL) was used as the antigen source. All the samples were tested in
quadruplicate. After 1 h incubation at room temperature and three washing steps, 100 pl/well of a
secondary antibody conjugated with ALP were added. After a further 1 h incubation, 200 pl/well of
VIDAS" optical substrate were added. The fluorescence generated was measured after 20 minutes
on Fluoroskan Ascent (Thermo Fisher Scientific, Waltham, MA, USA) with 20 msec integration
time, excitation wavelength at 390 nm and emission at 460 nm. All incubation steps were carried

out at room temperature.

3. Results & Discussion

3.1. Set up of the reduction protocol

The reduction protocol was developed using mouse antibodies against the enzyme horse-radish
peroxidase (anti-HRPs, 1gG,p), according to Moreau and colleagues [27]. We verified the binding
efficiency of those antibodies by measuring the activity of HRP bound by them. Anti-HRP
antibodies were reduced to rIgG using the mild reducing agent 2-MEA, in the presence or absence
of the iron-chelator EDTA. The reduction mixtures were then analyzed by non-reducing western
blot, and the reduction products were revealed using an antibody against whole mouse IgG (Figure

1A) or against only light chains (Figure 1B).
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Figure 1. Western blot analysis of anti-HRP (IgG,;,), 0.05 mg/mL or 1 mg/mL) reduced with 2-MEA 2.6 or 53 mM in
PBS with 10 mM EDTA or in 100 mM sodium acetate buffer with 150 mM NaCl and 10 mM EDTA. Lane 1, 0.05
mg/mL Ab 2.6 mM 2-MEA pH 7.4; lane 2, 0.05 mg/mL Ab 2.6 mM 2-MEA pH 7.4 10 mM EDTA; lane 3, 1 mg/mL
Ab 53 mM 2-MEA pH 7.4; lane 4, 1 mg/mL Ab 53 mM 2-MEA pH 7.4 10 mM EDTA; lane 5, 0.05 mg/mL Ab 2.6 mM
2-MEA pH 4.5 10 mM EDTA,; lane 6, | mg/mL Ab 53 mM 2-MEA pH 4.5 10 mM EDTA; lane 7, intact antibody.
A) Nitrocellulose membrane incubated with HRP conjugated goat anti-IgG antibody; B) Nitrocellulose membrane

incubated with HRP conjugated goat anti-Lc antibody.

The optimal reduction was obtained by mixing 1 mg/mL anti-HRP and 53 mM 2-MEA solubilized
in PBS (pH 7.4) containing EDTA 10 mM. Indeed, under this condition only the band at 75 kDa,
likely corresponding to rIgG antibodies, was detectable (figure 1A, lane 4). Instead, bands over 75
kDa were visible when using lower concentrations of both anti-HRP (0.05 mg/mL) and 2-MEA (2.6
mM) (lanes 1-2, figure 1A): they likely correspond to other reduction products thus indicating that
these conditions were not suitable to obtain rIgG. According to literature the acidic pH should
facilitate the formation of rIgG [26] thus we repeated the reduction experiments also at pH 4.5
(lanes 5-6, figure 1A) but under these conditions the yield of rlgG was worse than at pH 7.4.

Surprisingly, the rIgG band at 75 kDa was not visible when developing the blot with the antibody
against light chains (lane 4, figure 1B): this might depend on folding rearrangements following the
reduction of the hinge region that hid or abolished the epitope recognized by the secondary antibody
used. We exclude the non-functioning of the latter since it recognizes light chains whether

associated (150 kDa, lanes 1-3 and 6-7) or not (25 kDa, lanes 2-4, 6) to the heavy chains.



3.2. Verification of the antigen binding capacity of reduced anti-HRP antibodies

Since we showed that the reduction might induce a folding rearrangement in rIigG, we compared the
antigen binding properties of both reduced and whole anti-HRP antibodies by ELISA assay on

polystyrene microplates; the results are summarized in table 1 and figure 2.
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The amount of HRP bound by whole or reduced antibodies was estimated by measuring its
enzymatic activity using a chromogenic substrate. As shown, not only the antigen binding capacity
of reduced antibodies was retained, but the signal generated by these was higher than the signal
generated by HRP bound by the whole antibodies. Statistical data analysis confirmed that the slope
of the linear regression of absorbance detected using reduced antibodies (slope, CI95%: 0.524,
0.434 — 0.614) was significantly different from the one detected using whole antibodies (0.370,
0.340 — 0.399; P = 0.0016). Considering that both whole and reduced antibodies were physisorbed
on the same polystyrene microplates, the enhanced binding efficiency of reduced antibodies may be

ascribed to the chemical reduction.

3.3. Reduction of monoclonal anti-FPSA antibodies

The study conducted on anti-HRP antibodies was repeated in a model of commercial interest, i.e.
the monoclonal anti-fPSA antibody used in VIDAS® FPSA immunoassay (bioMérieux S.A.,
Marcy-L’Etoile, France). The anti-fPSA (IgG,;) were effectively reduced according to the protocol
described in section 3.1 (figure 3A, lane 2). As for anti-HRP, the reduction products were analyzed
by western blot and, also in this case, the rlgG were detected only by the secondary antibody
against whole mouse IgG (figure 3A, lane 2), but not by the antibody restricted to light chains
(figure 3B). These findings strengthened the hypothesis that the chemical reduction might induce



folding rearrangements in rlgG. Furthermore, this experiment also showed that the proposed
reduction protocol was suitable for different IgG subclasses.
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Figure 3. Western blot analysis of reduced anti-fPSA. A) Nitrocellulose membrane incubated with HRP conjugated
goat anti-IgG antibody; lane 1, intact antibody; lane 2, 1 mg/mL Ab 53 mM 2-MEA pH 7.4 10 mM EDTA; B)
Nitrocellulose membrane incubated with HRP conjugated goat anti-Lc antibody; lane 1, 1 mg/mL Ab 53 mM 2-MEA
pH 7.4 10 mM EDTA,; lane 2, intact antibody.

3.4. Effect of reduction and orientation on anti-fPSA antigen binding capacity

To study the effect of antibody orientation, we used a maleimide-activated surface to bind the rIigG
through the free sulfhydryl groups of the hinge region. Thus, anti-fPSA monoclonal antibodies were
reduced and coated on polystyrene to evaluate the effects of the reduction on the antigen binding
capacity, and on maleimide-activated microplates to assess the role of the orientation on the
sensitivity of the immunoassays. As a control, whole anti-fPSA were coated both on polystyrene
and maleimide-activated microplates. The results are summarized in table 2 and reported in figure

4.

Polystyrene microplate Maleimide-activated microplate
fPSA Red.anti-fPSA anti-fPSA Red.anti-fPSA anti-fPSA
ng/mL Sfluorescence (a.u.) Sfluorescence (a.u.) fluorescence (a.u.)  fluorescence (a.u.)
0.0725 1.51+0.94 0.21 £0.45 2.06 +£0.19 0.22+0.20
0.7250 20.12 +2.89 5.47+1.99 15.00 £ 0.74 093+£0.14
1.4500 22.34 + 8.69 9.42 +3.12 29.34 £ 1.56 2.12+0.21
3.6250 70.61 = 15.03 23.39+£6.87 65.74 +£3.52 4.68 +0.68

7.2500 89.55+18.44 33.89+10.98 110.31 +7.78 7.52+0.82




Table 2. Enzyme linked fluorescent assay for the detection of fPSA using whole and reduced antibodies on polystyrene
and maleimide microplates. Data are represented as mean + SD.
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Figure 4. Enzyme linked fluorescent assay for the detection of fPSA using whole and reduced antibodies.
A) Fluorescent signal generated by different concentrations of fPSA using whole or reduced antibodies coated on polystyrene
microplate; B) Fluorescent signal generated by different concentrations of fPSA using whole or reduced antibodies coated on
maleimide-functionalized microplates. ® Reduced anti-fPSA; AWhole anti-fPSA.

The results achieved on polystyrene microplates corroborated the data obtained with anti-HRP
antibodies described in section 3.2. Indeed, a significant signal enhancement due to the reduction
was observed even if rIgG were randomly adsorbed on the surface, thus suggesting that the folding
rearrangements induced by the reduction might affect the affinity of the antigen binding sites. In
comparison to polystyrene, the orientation of rIgG on the maleimide surface did not further increase
the signal. To verify this, we applied the two-way ANOVA analysis on rIgG data to test the effect
on the fluorescent signals of both fPSA concentrations and of the surface (polystyrene vs.
maleimide) affecting the rIgG orientation. Two-way ANOVA confirmed that the variance of the
results depended on fPSA concentration (p<0.0001) but not on surface nature (p=0.1980). Only for
the highest fPSA concentration (7.25 ng/ml) we found a significant higher fluorescent signal on
maleimide than on polystyrene surface (110.31 + 7.78 ng/ml; 89.55 + 18.44 ng/ml; p=0.01).

A further interesting observation was that data obtained with rIlgG on maleimide surface showed
always lower standard deviations than those detected on polystyrene (Table 2), likely as a
consequence of a more homogeneous capturing surface in terms of antigen binding sites.

Whole antibodies coated on maleimide microplates showed a lower fluorescence intensity
compared to the ones coated on a polystyrene surface. This can be explained considering that whole

antibodies cannot efficiently interact with maleimide since they do not have free thiol groups.



Besides, this finding further confirms that rIgG actually bound maleimide via the newly exposed

thiol groups.

4. Conclusions

The results here presented highlighted a synergy of reduction and orientation on the enhancement of
immunoassay sensitivity with the two affecting different aspects. On one hand, we showed that
chemical reduction of antibodies induces the signal enhancement in immunoassay, probably by
causing a folding rearrangement in the half-antibodies that might influence its affinity for the
antigen. On the other hand, orientation of reduced antibodies greatly improved the repeatability of
signals likely providing a more homogeneous capturing surface.

Currently we are working to explain how chemical reduction of antibodies can be associated with a
signal enhancement in immunoassay. For this purpose, it will be necessary to determine and
compare the affinity constants of whole and reduced antibodies, for example by SPR analysis. The
determination of the tertiary structure of rIgG, by a computational model or X-ray analysis, will be
helpful to understand why the anti-light chain antibody fails to recognize its epitope in rlgG in
western blots. These future determinations, together with the results here disclosed could clarify the

mechanism of sensitivity enhancement in immunoassays based on half-fragment antibodies.
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Highlights

e Monovalent antibody is obtained by reduction of disulfide bridges of hinge region

e Monovalent antibodies maintain antigen binding capacity

e Chemical reduction enhances the antigen binding capacity of monovalent antibodies

e Chemical reduction induces structural rearrangements in reduced monovalent antibodies

e The orientation on monovalent antibodies in ELISA assay improves the reproducibility



