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The accessibility of particle-coupled antibodies is important for many analytical applications, but compre-
hensive data on parameters controlling the accessibility are scarce. Here we report on the site-specific
accessibility of monoclonal antibodies, immobilized on magnetic nanoparticles (500 nm) by the widely
used covalent EDC coupling method, with the variation of four key coupling parameters (surface acti-
vation and immobilization pH, crosslinker and antibody concentration ratios). By developing quantitative
radio-labelled assays, the number of immobilized antibodies, the Fab domain accessibility (in a sandwich
immunoassay), and the Fc domain accessibility (in a Protein G assay) were determined. For sub-monolayer
surface coverage, the observed numbers of accessible Fab and Fc domains are equal and scale linearly
with the antibody density. For above monolayer coverage, the fractions of accessible Fab and Fc domains
decrease, in an unequal manner. The results show that the antibody accessibility is primarily determined
by the antibody surface density, rather than by chemical reactivity or the charge state, and that crowded
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Introduction

The ability of antibodies to bind to target proteins at solid-
liquid interfaces is at the core of many in vitro diagnostic
assays and in vivo therapeutics. The activity of an immobi-
lized antibody, i.e. its target binding capability, finds its
origin in its Fab domain that is (i) accessible, i.e. has an
outward orientation from the interface, and (ii) is biologi-
cally active, i.e. has a molecular conformation with a low dis-
sociation constant (Ky) for the target molecule. The target-
binding activity of antibodies immobilized at a solid-liquid
interface has been studied as a function of immobilization
strategy, molecular orientation, surface crowding of the anti-
bodies, and solid surface properties." ™ It has been estab-
lished that the activity of immobilized antibodies varies sen-
sitively between different immobilization chemistries and
that antibodies with more accessible Fab domains exhibit
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conditions affect Fab and Fc accessibility in an unequal manner.

higher activity than randomly immobilized antibodies.””’
However, data on how the accessibility of antibodies
depends on the chemical coupling conditions within a given
immobilization strategy are scarce and the underlying
mechanisms are not yet well understood.

On planar surfaces, several techniques® ' have been used
to determine the activity, accessibility and orientation of
immobilized antibodies: atomic force microscopy,®® neutron
reflection,'® spectroscopic ellipsometry'’ and mass spec-
trometry,'*> with focus on the quantification of the immobi-
lized layer thickness and density. From these studies, the
picture arises that non-directional coupling on planar surfaces
yields predominantly side-on oriented antibodies at low den-
sities, and more end-on orientation at high densities. The
molecular arrangement of antibodies at higher concentrations
leads to a tightly packed antibody layer with a heterogeneous
distribution of orientations.">""!

On nanoparticles, the abovementioned experimental
methods are not well applicable, so other techniques have
been developed.”®® The activity and accessibility of anti-
bodies on nanoparticles have been studied for example by
enzyme activity mediated colorimetric assays'®'* and mag-
netic particle based sandwich optical and electrochemical
assays.'®'> However, these techniques do not give precise
quantitative information and the studies were not focused on
an in-depth understanding of the influence of immobiliz-
ation parameters. In a previous paper,'® we have developed a
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supernatant immunoassay to study the Fab domain activity of
nanoparticle-coupled  anti-troponin  antibodies, which
showed a decrease of antigen-capturing activity around
monolayer coverage, studied for a single chemical coupling
condition.

Here, we address the question how covalent chemical
coupling conditions influence the Fab domain as well as the
Fc domain accessibility of nanoparticle-coupled antibodies,
quantified over a broad range of antibody surface densities
using radio-labelled assays. In situ accessibility and orien-
tation is a key factor as it directly relates to the immobilized
antibody activity for capturing biomarkers and further per-
formances in affinity-based assays. We studied the dependen-
cies of covalent antibody immobilization using the hetero-
crosslinker  1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), which provides a stable bond between a carboxyl
group on one end and a primary amine on the other end.
Among the covalent immobilization strategies,"”*® the immo-
bilization strategy with EDC was chosen because of its exten-
sive use in biofunctionalization for research and commercial
purposes, due to its robustness and minimal need for chemi-
cal modification.

Monoclonal anti-troponin antibodies were covalently and
non-directionally coupled to magnetic nanoparticles, with the
variation of four chemical coupling parameters. Cardiac tropo-
nin I is a key biomarker for the diagnosis of myocardial infarc-
tion;"® hence it is very relevant for applications in rapid diag-
nostic testing. The method requires the presence of carboxyl
or amine groups on the solid surface. We used 500 nm mag-
netic nanoparticles with a carboxyl-functionalized polystyrene
shell. Superparamagnetic nanoparticles (MNP) are widely
applied in diagnostics and bio-separation applications due to
their controllable magnetic separation.”® The rationale behind
the chosen coupling parameters is as follows (see also
Scheme 1A and Table 1). The carboxyl groups on the nano-
particle surface were activated by the hetero-crosslinker EDC
and the excess EDC was washed off. The solution pH of this
reaction and the EDC to carboxyl group ratio are important for
the intermediate ester bond formation and for the number of
activated groups on the particle surface. A higher amount of
EDC leads to more activated carboxyl groups which can result
in a higher density of immobilized antibodies. Next, antibody
molecules were incubated with the surface activated nano-
particles, covalently binding the antibodies to the nanoparticle
surface via their primary amine groups. The coupling pH
controls the charge state of the antibody molecules and
thereby the strength of the electrostatic repulsion between
deprotonated antibodies and negatively charged surface car-
boxyl groups, with higher repulsion expected to occur at a
higher pH. Finally, the molar ratio of antibody molecules to
the total nanoparticle surface area is an important parameter
for coupling effectiveness. For reasons of sensitivity and pre-
cision, the number of immobilized antibodies and their site-
specific accessibility were determined by radio-labelled assays
as developed, using antigen (troponin I), antibodies for a sand-
wich assay, and protein G.

4248 | Analyst, 2017, 142, 4247-4256

View Article Online

Analyst

Experimental
Materials

Superparamagnetic carboxylic acid coating (prototype par-
ticles, average diameter of 500 nm), with 1 wt% particle con-
centration in the stock solution (specific surface area 25.0 m”> g™),
was kindly provided by Thermo Fisher Scientific (former
Life Technologies, Oslo, Norway). The density of the carboxylic
group on the nanoparticle surface was 0.7 mmol per 1 g of
nanoparticles as provided by the supplier. The surface poten-
tial (zeta potential) of the nanoparticles at pH 7.4 was —44.2 +
1.4 mV, as measured using a Malvern Zeta sizer. For zeta-
potential measurement, the nanoparticles were diluted to
0.05 wt% in 10 mM phosphate buffer (pH 7.4) and were soni-
cated briefly before use. Cardiac troponin I (c¢Tnl, in the form
of troponin ITC complex, molecular weight 26 kDa) and mono-
clonal anti-troponin I antibodies mAb1 and mAb2, designed to
bind a single ¢Tnl per antibody molecule (mouse IgG, mole-
cular weight 150 kDa), were purchased from Hytest Ltd
(Finland). The recombinant protein G molecules (bind to the
Fc domain of IgG, without the albumin and cell surface
binding domain, molecular weight ~21.6 kDa) in lyophilized
form were purchased from Thermo Fisher Scientific (Product
No. 21193). The crosslinker EDC [(1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride)] was purchased
from Thermo Fisher Scientific. The '*°I radionuclide (in a
stock of 5 mCi/185 MBq, specific activity 17 Ci per mg or 629
GBq per mg), used for labelling of biomolecules, was obtained
from PerkinElmer. The iodination tubes for the labelling of
biomolecules with '*’I were purchased from Thermo Fisher
Scientific.

Labelling of proteins with *>°I and characterization

The direct radiolabelling of the mAb1, mAb2 and protein G
with *°I was carried out using the iodination tubes, coated with
an iodination reagent (or ‘Iodo-gen’: 1,3,4,6-tetrachloro-
3a,6a-diphenylglycouril) from Thermo Fisher Scientific (Cat.
No. 28601). For each set of labelling experiments, about 2 MBq
of radio-labelled *°I was added per 20 pg of proteins (mAb1,
mADb2, protein G). Briefly, 20 pg protein solution in phosphate
buffer (pH 7.4) was added to the iodination tubes. A diluted
stock of the "I radionuclide was made by adding 0.8 pl of the
stock solution to the 50 pl phosphate buffer, pH 7.4 (total
activity 12.8 MBq). From this diluted stock, 8 pl was added to
20 pg of protein solution in the iodination tube, and the final
volume was made up to 100 pl with phosphate buffer (end con-
centration of 1.3 pM and 6.4 pM for mAb1/mAb2 and protein G,
respectively). The iodination reagent pre-coated tubes can
provide efficient labelling compared to the solution-based
methods, which involves the much higher possibilities of oxi-
dation. Typically, the sodium iodide was converted to the acti-
vated form of iodine by the pre-coated iodination reagent, and
subsequently interacted with the certain amino acid side
chains, for e.g. tyrosine (incorporated into the ortho position of
the hydroxyl groups of tyrosine) of the protein molecules. The
reaction mixture was incubated at room temperature for 15 min

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic representation of the reaction steps and experimental approach. (A) Reaction steps of covalent immobilization of antibody
molecules via a primary amine on the carboxylic acid-functionalized nanoparticle surface using the hetero-crosslinker EDC. The carboxyl modified
nanoparticle surface was first activated with EDC to form an intermediate ester. Furthermore, the antibody molecules were conjugated via their
surface-exposed primary amines to the nanoparticle surface. Four parameters were varied: EDC to surface carboxyl group ratio, nanoparticle
surface activation pH, antibody to nanoparticle surface ratio, and coupling pH. (B) Experimental set up for analyzing the influence of these chemical
parameters on immobilization density and site-specific accessibility. Monoclonal anti-troponin antibody (mAb1, *2°| labelled) was immobilized with
different chemical parameters and quantified. Two different assays were used to analyze the site-specific accessibility of the immobilized antibodies.
To quantify the accessibility of the antigen binding site (Fab domain) of the immobilized antibodies, a target molecule capture mediated sandwich
assay was used with a second *?° labelled antibody (mAb2). The Fc domain accessibility of the nanoparticle-coupled antibodies was quantified using

23] labelled recombinant protein G (containing the Fc binding domain).

Table 1 Coupling conditions used for the immobilization of mAbl on
magnetic hanoparticles

Parameters Variation

PH of nanoparticle surface
activation buffer (15 mM MES
buffer) (pH,)

EDC added to the COOH

pH 5.0-6.0

0.5-2.0 mol eq. ratio of EDC to

nanoparticles COOH groups per 1 mg of
nanoparticles
pH of antibody coupling buffer pH 5.5-6.5

(15 mM MES buffer) (pH,)

Antibody added to nanoparticles
(mAb1)

20-100 pg antibody per 1 mg of
nanoparticles (0.1-0.6 nmol m™2,
and 1.6 x 107*-8.1 x 10~ mol eq.
ratio of mAb1/COOH groups on

the particle surface)

This journal is © The Royal Society of Chemistry 2017

under continuous stirring. The completion of the reaction was
analyzed by thin layer chromatography (TLC) by withdrawing a
small volume (~1 pl) of the reaction mixture. The reaction
mixture spots on TLC silica plates were analyzed in a phosphoi-
mager (PerkinElmer) for the '*°I labelled proteins and free '*°I
(ESI, Fig. S17). Furthermore, the labelled proteins were purified
by size-exclusion chromatography using a Biosep-SEC-S 3000
column, attached with a radioactive flow detector. Furthermore,
the purified labelled proteins were analyzed by SDS-PAGE in
homogeneous 7.5% ‘Phast Gel’ (GE Healthcare). The bands in
the SDS-PAGE were scanned in the phosphoimager and optical
imaging. Finally, 100% radio-labelled protein solutions were
mixed with the same un-labelled protein solutions, to make a
homogeneous final solution with a known required concen-
tration. This mixing was needed to work in the detectable range
of the Gamma Counter (PerkinElmer). The concentration of this
homogeneous solution of labelled and un-labelled proteins was

Analyst, 2017, 142, 4247-4256 | 4249
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quantified using a NanoDrop and subsequent radioactivity was
measured (from a known concentration solution) in an auto-
matic Gamma Counter.

Immobilization of antibodies (mAb1) on magnetic
nanoparticles

The covalent immobilization of anti-troponin I antibody mAb1
on 500 nm magnetic nanoparticles was performed under four
different chemical parameters (summarized in Table 1). The
antibody coupling experimental design with the variation of
these different chemical parameters (i.e. activation and coup-
ling pH of 15 mM MES buffer, EDC concentration and mAb1
concentration) was set up using the MODDE design of experi-
ment software. A total of 19 sets of experiments were per-
formed combining different chemical parameters as shown in
Table S1 (ESI}). Briefly, the stock nanoparticle solution was
washed and buffer exchanged to 15 mM MES buffer (2-(N-mor-
pholino)ethanesulfonic acid, pH 6.0), by using magnetic separ-
ation. The nanoparticle surface was then activated by adding
different concentrations of EDC (N-3-(dimethylamino)propyl-
N-ethylcarbodimide hydrochloride); 0.5 to 2.0 mole equivalent
to the COOH groups of nanoparticles), in 15 mM MES buffer
of different pH values (pH 5.0 to 6.0). After incubating for
30 min with EDC and washing with MES buffer, different
amounts of mAb1 (20-100 pg of mAb1 per mg of nanoparticles
or, 0.1-0.6 nmol of mAb1 per 1 m® of the available nano-
particle surface area, calculated from the provided specific
surface area 25.0 m*> g~ ' of the nanoparticles) were added for
coupling with nanoparticles in 15 mM MES buffer of different
pH values (pH 5.5 to 6.5). The antibody-added nanoparticle
solution was incubated at room temperature for 1.5 h, followed
by removal of the supernatant by magnetic separation. The
unbound COOH groups on the particle surface were further
deactivated with 50 mM TBST buffer (Tris buffer saline, 0.05%
tween, pH 7.4), by incubating for 30 min and subsequent three
time washing with TBST buffer. No additional blocking of the
surfaces was performed in order to evaluate only the influence
of the EDC conjugation on the accessibility of antibodies.
Finally, the mAb1 coupled nanoparticles were stored in TBST
buffer at an end concentration of 10 mg ml™", at 4 °C after
brief sonication for further use. The nanoparticle solution was
also sonicated briefly after each magnetic separation step, for
proper resuspension of the nanoparticles. The loss of particles
in several pipetting and magnetic separation steps was negli-
gible. In a later stage of this study, an additional set of coup-
ling experiments were performed with a higher mAb1 concen-
tration (50-500 ug of mAb1 per mg of bead; 6.2 x 10° to 62.2 x
10®> mAb1 per nanoparticle), while keeping the other para-
meter fixed; likely 1.0 mole equivalent EDC, 15 mM MES
buffer of pH 5.5 for surface activation and antibody coupling
(ESI, Table S2t). The same protocol was followed for this set of
experiments as mentioned above.

Quantification of immobilized antibodies (mAb1)

The amount of immobilized mAb1 was directly quantified by
measuring the radioactivity of the labelled mAb1 in an auto-
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matic Gamma Counter (PerkinElmer). A known amount of
mAb1 immobilized nanoparticles in final TBST buffer (after
washing and resuspending from the immobilization steps) was
taken for radioactivity measurement. A stock of different
known concentrations of '*°I labelled mAb1 in solution was
taken as a control, and the radioactivity from the known
amount of mAb1 functionalized nanoparticles was measured
in count per second (cps), from which the immobilized mAb1
(in pg mg™" of nanoparticles) was obtained. The number of
immobilized mAb1 per nanoparticle was calculated initially by
dividing the immobilized amount of mAb1 (in ug mg™") by the
nanoparticle specific surface area (in m* g™'); further calculat-
ing the number of antibody molecules per m> from antibody
molecular weight, which was further translated to the number
of immobilized antibodies using the average surface area per
nanoparticle. The experiments were performed in triplicate
and the standard deviation was calculated in each case.

In situ accessibility of immobilized antibodies on
nanoparticles

In situ accessibility of Fab and Fc domains of immobilized
mAb1 on nanoparticles was analyzed by two different accessi-
bility assays. For this purpose, mAbl immobilized nano-
particles from both sets of experiments (according to Tables S1
and S2 in the ESIf) were used in the accessibility assays to
analyze the influence of immobilization conditions on
accessibility.

For the Fab domain accessibility assay, a known amount of
mAb1 functionalized nanoparticles was first incubated with
500 pM of cTnl solution (which is 3 molar excess of the
amount of immobilized mAb1 present in solution) in PBS
buffer (10 mM phosphate buffered saline, pH 7.4) for 1 h. The
molar excess used was sufficient to saturate the available anti-
body domains, and the duration of 1 h was sufficient for the
kinetics to reach a steady state, as obtained from an earlier
study.'® After incubation, the particles were quickly washed
twice with PBS buffer and thereafter, the '*°I labelled mAb2
was added for sandwich assay binding. Similar to cTnl,
around 3 molar excess of mAb2 was added (500 pM, compared
to immobilized mAb1 present in solution) for the sandwich
assay. After incubation for 1 h, the nanoparticle solution was
washed three times with PBS and re-suspended in final 100 pl
of PBS buffer for measuring the final radioactivity (cps) in a
gamma counter. Similar to mAb1, stocks of different known
concentrations of '*°I labelled mAb2 in solution were taken as
a control, and the radioactivity from known amounts of mAb2
bound nanoparticles was measured in counts per second
(cps). The amount of bound mAb2 in the Fab accessibility
assay was then calculated by subtracting the signal of mAb1
immobilized particles from the final signal after mAb2
binding.

The Fc domain accessibility assay with the mAb1 immobi-
lized particles was performed in a similar manner, but
now with '*’I labelled protein G molecules. To the known
amount of mAb1 immobilized nanoparticles 3 molar excess of
radiolabelled protein G was directly added and incubated for

This journal is © The Royal Society of Chemistry 2017
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1 h. The protein G molecules can bind to the accessible Fc
domains of the immobilized mAb1l on the nanoparticle
surface. After incubation, the protein G bound particles were
washed, re-suspended in PBS and measured in a gamma
counter for the final radioactivity signal (cps). Similar to
mAb2, the signal from labeled protein G was analyzed from a
separate dose-response curve with different concentrations of
labeled protein G; and the amount of protein G molecules
bound to the nanoparticles was calculated by subtracting the
signal of mAb1 immobilized particles from the final signal
after protein G binding. The control experiment was per-
formed with a known amount of non-functionalized COOH
nanoparticles by incubating a similar amount of labelled
mAb2 and protein G.

The net amount of radioactivity signal (cps) due to the
binding of mAb2 and protein G in the accessibility assays was
further converted to the amount of these biomolecules bound
(in pg) per mg of nanoparticles, and subsequently to the
number of biomolecules bound per nanoparticle, as described
above in the case of mAb1l. These accessibility assay experi-
ments using the mAb1 immobilized nanoparticles from both
the sets (ESI, Tables S1 and S21) were performed in triplicate
and the standard deviation was calculated in each case.

Results and discussion

An experiment based on the parameters outlined in Table 1
was designed with the design-of-experiment software package
MODDE, with three responses: mAb1 immobilization capacity,
the amount of accessible Fab domain and the amount of
accessible Fc domain. A total of 19 experiments (ESI,
Table S1}) were performed (including 3 replicates at center
points) and the results were represented as a four-dimensional
contour graph, see Fig. 1. The graph shows how the mAb1
immobilization, Fab and Fc accessibility scale (expressed as a
mass ratio and as a number ratio) with the four chemical para-
meters. In summary, the mAb1 immobilization scales down
with increased coupling pH, and scales up with added EDC
and mAb1 (towards the top-left corner of Fig. 1A-C), while it is
not significantly dependent on the nanoparticle surface acti-
vation pH (see also ESI Fig. S5t). The data reveal a significant
impact of the coupling parameters on the immobilized
amount, with variations between 2.3 pg and 47.4 pg of mAb1
per 1 mg of nanoparticle, corresponding to a calculated
amount of 0.2 x 10 to 5.9 x 10> mAb1 molecules per nano-
particle. This corresponds to a range between a tenth of a
monolayer and a closely packed high density surface cover-
age.'®*"??> The nanoparticle surface activation pH range
between 5.0 and 6.0 did not have a significant influence on the
mADb1 immobilization (at a pH below 5.0, clustering of nano-
particles was observed). However, the mAb1 immobilization
decreases about 2 fold upon increasing the antibody coupling
buffer pH from 5.5 to 6.5. The reduced immobilization density
at pH 6.5 may be caused by electrostatic repulsion between the
negatively charged carboxylated surface and the deprotonated

This journal is © The Royal Society of Chemistry 2017
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antibody molecules (the isoelectric point of the mAb1 is
around pH 6.0).

The immobilized mAb1 amount scales with an increase of
the molar equivalent of EDC to the available carboxyl groups
from 0.5 to 2.0, which can be attributed to a higher amount of
activated surface carboxyl groups. As EDC couples antibody
molecules via their primary amine groups, a higher amount of
activated surface carboxyl groups can also facilitate the for-
mation of multiple bonds with the antibody molecules. At
both higher mAb1 concentration (100 pg mg~' MNP) and
higher EDC concentration (EDC to carboxyl group molar ratio
2.0), a very high immobilized amount of 4000-5000 mAb1/
MNP was observed (Fig. 1A, left-top corner). This amount is
close to the theoretical side-on monolayer coverage on 500 nm
magnetic nanoparticles."®

However, the influence of EDC is not significant at a coup-
ling pH of 6.5 (Fig. 1A, right column). At elevated pH, the anti-
body and the particle surface acquire a stronger negative
charge, so electrostatic repulsion is probably the cause of the
reduced antibody immobilization density. At pH 6.5, a higher
mAb1 concentration results in an increased immobilization
amount from around 500 to 1000 mAb1/MNP (Fig. 1A, right
column from bottom to top), but the amount remains signifi-
cantly lower than at lower coupling pH (pH 5.5).

Given the immobilization strategy via the amine group on
the antibody molecules, a heterogeneous distribution of bond
formation between the antibody molecules and nanoparticle
surface is expected, which raises the question about the site-
specific accessibility of the immobilized antibody domains.
The domain specific accessibility of the immobilized mAb1
was assessed by the mAb2 binding sandwich assay (for the
Fab domain) and the protein G binding assay (for the Fc
domain) as described above. The absolute amount of bound
mAb2 and protein G was quantified in these assays and ana-
lyzed as a function of mAb1 immobilized conditions (contour
graph, Fig. 1B and C respectively). The data show, in the entire
immobilized mAb1 regime, that the accessible amounts of Fab
and Fc domains were limited to a molar ratio range of around
0.2 to 0.3 of immobilized mAb1 (corresponds to the absolute
amount of 0.2 x 10° to 1.0 x 10> bound mAb2 or protein G per
nanoparticles, respectively). Compared to the data on the
amount of mAb1 (Fig. 1A), the data on the accessibility of Fab
domains (Fig. 1B) and Fc domains (Fig. 1C) show rather weak
dependencies on the coupling conditions. The relative fraction
of the accessible Fab and Fc domains and the dependencies
on individual chemical parameters are shown in Fig. S6 and
S7 in the ESIL} The Fab accessibility sensitively depends on
coupling parameters. Interestingly, the left column of Fig. 1A-
C (at coupling pH 5.5) shows similar dependencies in the
mAb1 immobilized amount, and in the Fab and Fc domain
accessibilities. In particular, these parameters all scale with
the EDC concentration in a similar way.

The similar influence of immobilization conditions on the
mAb1l amount and on the accessible Fab and Fc domains
suggests the analysis of the site-specific accessibility as a func-
tion of the immobilized mAb1 density, as plotted in Fig. 2.

Analyst, 2017, 142, 4247-4256 | 4251
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Fig. 1 Results of the experiments for different coupling parameters, presented as a 4D contour graph: (A) immobilized amount of mAbl on mag-
netic nanoparticles, under different coupling conditions (cross-linker concentration, antibody concentration, activation and coupling pH). (B) Fab
domain accessibility assay: amount of bound mAb2 antibodies in a cTnl sandwich assay; (C) Fc domain accessibility assay: amount of bound protein
G molecules, in a direct binding assay. Accessibility assays were performed with the same set of nanoparticles used for immobilization. The scales
show the amount of immobilized or bound biomolecules (i.e. mAbl, mAb2 or protein G) in two different units: in the number of biomolecules per
nanoparticle, and in pg of biomolecules per mg of nanoparticles. All the graphs are plotted as a function of four different mAbl coupling conditions.
Primary X axis: nanoparticle surface activation pH (pHa), primary Y axis: cross-linker (EDC) added in molar equivalence of COOH groups on the
nanoparticle surface (0.7 mmol of COOH groups per 1 g of nanoparticles, as specified by the supplier), secondary X axis: antibody coupling pH, sec-
ondary Y axis: amount of mAbl added in pg per mg of nanoparticle for immobilization. The numbers are expressed as a number ratio. These plots
were also validated using experimental versus predicted data (see ESI, Fig. S4+).
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Fig. 2 Accessibility assays as a function mAbl surface coverage: (A)
absolute amount of mAb2 bound and protein G bound per nanopatrticle,
in a sandwich assay and in a direct assay, respectively; (B) molar ratio of
bound mAb2 and protein G to immobilized mAbl per nanoparticle, from
the accessibility assays. All the data points represented here have more
than 2 times higher signal than the background. Vertical dashed line (i)
represents the calculated maximum monolayer coverage of immobilized
mAbl in a ’‘side-on’ orientation; line (i) represents the calculated
maximum monolayer coverage of immobilized mAbl in an ‘end-on’
orientation. The blue bars in between the graphs represent two sets of
experimental data along the x-axis, the left bar shows the range of the
data points with the particles from different mAbl immobilization con-
dition experiments (Table S17), and the right bar represents the data
points with the particles where only the mAbl concentration was varied
during immobilization (Table S271). Inset B: Expanding the data points in
a lower antibody surface density regime (having less than 2 times higher
signal than the background), which were not considered for accessible
molar ratio calculation and were not included in the main part of (B).

Here a clear correlation between the surface mAb1 density and
the site-specific accessibility is observed for both the Fab and
Fc domains. Fig. 2A shows that the absolute amounts of the
accessible Fab and Fc domains scale linearly (from 0.2 x 10> to
1.2 x 10> molecules per MNP) with the surface mAb1 density
up to the monolayer coverage (around 6.0 x 10> mAb1/MNP).
Over this range, the molar ratio of accessible Fab and Fc
domains gradually decreases from 0.3 to 0.2 on increasing the
mAb1 amount (Fig. 2B). These values are much lower than
one, which indicates that the domains targeted on the mAb1
are to a large extent inaccessible. This can be attributed to the
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variable orientation of the immobilized antibody molecules,
due to the coupling via the surface exposed amine groups of
the antibody. In addition, partial denaturation may play a role,
caused by the covalent and non-covalent interactions between
the antibodies and the nanoparticle surface.>***

The site-specific accessibility assays of Fig. 2A show a level
of background binding, i.e. a non-zero signal is measured in
the absence of mAb1 on the particles, which is caused by non-
specific binding in the assays. The underlying mechanism is
the binding of reactants to the bare particle surface (binding
of ¢Tnl and/or radiolabelled mAb2 in the case of the Fab acces-
sibility assay; and radiolabelled Protein G in the case of the Fc
accessibility assay). This means that a molar ratio analysis (as
in Fig. 2B) for accessible domains needs to be carried out with
care. At a very low mAb1 surface coverage (<1.0 x 10> mAb1/
MNP), the signals measured in the accessibility assays (Fig. 2A)
are close to the background levels, so no reliable information
about accessible Fab and Fc domains can be extracted.
Therefore, the molar fraction of accessible domains is calcu-
lated and plotted (Fig. 2B) only if the measured signal in
Fig. 2A is at least 2 times higher than the background signal.
For illustration purposes, the inset in Fig. 2B shows the data
points that were not considered for analyzing the molar ratio,
and this clearly results in higher numbers; however these
numbers cannot be interpreted as antibody accessibility as
they contain systematic errors due to the non-specific binding.

The accessible Fab and Fc domains show a strong corre-
lation with the mAb1 surface density from sub-monolayer to
monolayer coverage, irrespective of the underlying immobiliz-
ation conditions. To further investigate the limit of high mAb1
surface densities, mAb1 immobilization was performed with
higher mAb1 concentrations (50-500 pg per mg of nano-
particles, which includes overlap with the mAbl concen-
trations as shown in Table 1) under similar immobilization
conditions. These conditions result in a surface density
ranging from 4.0 x 10° to 10.1 x 10> mAb1/MNP, which goes
beyond the calculated monolayer coverage of mAb1. This rep-
resents a crowded condition where molecular and confor-
mation rearrangements of the antibody molecules occur.>*>°
The data from the accessibility assays with these mAb1 den-
sities are plotted in the right lane (‘Variable: [mAb1]) of
Fig. 2A and B. The fractions of accessible Fab and Fc domains
both decrease at high mAb1 surface density, but they decrease
differently. The fraction of accessible Fab domains decreases
from 0.2 at monolayer coverage (5.0 x 10° mAb1/MNP) to
around 0.1 at higher mAb1 density (10.0 x 10° mAb1/MNP),
while the fraction of accessible Fc domains decreases from 0.2
to approximately 0.05 in this regime. Broadly the data of Fig. 2
can be divided into two sections. In the first section until
monolayer coverage, the accessible Fab and Fc domains
behave very similarly. This demonstrates that the coupling
process maintains the integrity of the antibodies, i.e. the coup-
ling conditions are mild and the immobilization process is
dominated by antibody-surface interactions rather than by
antibody-antibody interactions. This can be understood from
a single dominating coupling mechanism, namely coupling of
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antibodies to the surface via the primary amines on the anti-
body, without a significant presence of antibody immobiliz-
ation by other molecular mechanisms. The accessible Fab
domain analysis also includes the antibodies which are par-
tially oriented with one Fab arm available to capture the target
antigen and can bind to the second antibody (mAb2) in the
sandwich assay. Furthermore, the data show that the average
orientation of the antibodies is not changed by the different
conditions, which implies that the different parts of the anti-
body that conjugate to the nanoparticle surface have a similar
dependence of reactivity on the chemical conditions. In the
second section, beyond mAb1 monolayer coverage (>6.0 x 10°
mAb1/MNP), the accessibility of Fab and Fc domains
decreases, but not in an equal manner. This shows that mole-
cular crowding has a strong effect on the antibodies and their
orientation. The antibodies hinder each other’s accessibility
and furthermore the pertinent antibody-antibody interactions
affect the orientation and maybe even the integrity of the anti-
bodies. The fact that the Fab accessibility reduces less strongly
under crowding than the Fc accessibility may be due to a steric
effect, because coupling of the antibody via the apex of the Fc
fragment (~50 kDa, outward antibody orientation, with Fab
available) requires less surface area compared to an antibody
that is coupled with the F(ab’), site (~110 kDa, inward anti-
body orientation, with Fc available). Furthermore, the binding
site for protein G is at the side of the Fc domain (in between
Cy2 and Cy3 domains),” so a crowding-induced shift of anti-
body orientation from side-on to end-on may severely restrict
the accessibility of the protein G binding sites. Finally, the
lower affinity of protein G-IgG binding (Kp ~ 107°-107"° M)
compared to cTnl-IgG binding (Kp ~ 107" M) may also play a
role in the stronger reduction of the Fe signals in a high mAb1
surface density regime.

In conclusion, we have studied the accessibility of anti-
bodies for the widely used covalent immobilization method
based on EDC chemistry, and we have developed two radio-
labelled based assays for the precise quantification of the site-
specific accessibility of the immobilized antibodies on nano-
particles over a surface density range from sub-monolayer to
monolayer coverage. Although many techniques are available
to quantify the antibody orientation on planar surfaces (see
the Introduction section), to our knowledge this is the first
report in the literature of a quantitative site-specific accessibil-
ity study of antibodies on nanoparticles as a function of immo-
bilization conditions. Our experiments show that the coupling
parameters (surface activation pH, coupling pH, EDC concen-
tration, and antibody concentration) strongly impact the
immobilization density, and that the site-specific accessibility
of antibodies on the nanoparticles relates primarily to the
immobilized density, irrespective of the immobilization con-
ditions. We find that at sub-monolayer to monolayer coverage,
the fraction of accessible Fab and Fc domains is quite stable
with a molar ratio value between 0.2 and 0.3. At higher surface
densities (beyond monolayer coverage) the accessible fractions
decrease significantly and differently to around 0.1 and 0.05,
for Fab and Fc domains, respectively.
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At sub-monolayer surface coverages, the site-specific acces-
sibility of antibodies is fairly constant, which implies that the
immobilization process is dominated by antibody-substrate
interactions with a stable well-defined chemical pathway, and
that antibody-antibody interactions do not play a role. It will
be interesting to test whether also other immobilization strat-
egies lead to an accessibility of antibodies in the sub-mono-
layer regime that is independent of the coupling conditions.
For non-directional coupling strategies (e.g. using biotin or
azido modified antibodies for surface conjugation)*® we expect
that the same conclusion may be valid, provided that second-
ary immobilization mechanisms are absent, and that the
immobilization conditions maintain the integrity of the anti-
bodies. For directional coupling methods (e.g. using Fc
domain sugar moieties for covalent conjugation, using enzy-
matic reduction of antibodies and thiol group mediated conju-
gation, using proteins having natural affinity for antibodies
and then covalent-crosslinking, etc.)*® the Fab and Fc accessi-
bility may depend on the coupling conditions in case more
than one coupling mechanism is effective. With properly
designed and sufficiently high reactivities, also here we
hypothesize that the site-specific accessibility of antibodies
may be constant over a wide range of immobilization con-
ditions, up to the surface density range where antibody crowd-
ing appears. For research and for assay development, the pre-
sented methodology gives an accurate view into the influence
of coupling parameters on the density and site-specific accessi-
bility of nanoparticle-coupled antibodies, and stresses the
importance of reporting and judging nanoparticle biofunction-
ality as a function of quantified antibody surface density.
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