SEC-ICP-MS and on-line isotope dilution analysis for characterisa-
tion and quantification of immunochemical assays
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ABSTRACT: This study presents a novel method based on size exclusion chromatography-inductively coupled plasma-mass spec-
trometry (SEC-ICP-MS) for the characterisation and quantification of immunoassays employing lanthanide-labelled antibodies. The
addition of oxygen into the dynamic reaction cell improved the detection of sulphur as a marker for the antibodies and target protein
via mass-shifting (LOD=3.7 ng/mL), whilst maintaining sufficient sensitivity for the analysis of the lanthanides. Ultra-high perfor-
mance liquid chromatography (UHPLC) SEC ensured a rapid high-resolution chromatographic method with separation times under
7 minutes of the labelled and unlabelled antibodies, the immunocomplexes, and the unconjugated polymer used to lanthanide-label
the antibodies. SEC calibration estimated the molecular weights of all peaks and provided new insights in immunochemical reactions
and the stoichiometry of the reactants and products. A novel on-line isotope dilution analysis (IDA) enabled absolute quantification
of sulphur and lanthanide signals and the protein of interest. The chromatographic separation of immunocomplexes and labelled
antibodies allowed the simultaneous determination of the antibody/metal stoichiometry and target protein concentration from a single
mass flow chromatogram. An immunoglobulin protein was quantified after incubation with an *53Eu labelled primary polyclonal
antibody. The procedure was validated with direct labelling of the target protein with 1%°Gd for parallel, simultaneous quantification.
The concentration determined via direct labelling of the protein deviated only 1.9% from the immunochemical approach employing

153Ey labelled polyclonal antibodies.

INTRODUCTION

The function of many biological processes relies on the up
and/or down regulation of specific proteins 2. Fundamental un-
derstandings of such processes require accurate determination
of protein levels. Immunochemical assays, where an antibody
is applied to a sample to target a specific epitope on a biomole-
cule, are one of the most widely used techniques for protein
analysis. Fluorescent labels with distinguishable spectral emis-
sion bands allow multiplexed analyses that detect several pro-
teins in a single sample 34, This is particularly important, as a
change in biological response is often the result of changes in
the expression of more than one protein. However, broad emis-
sion bands limit the number of antigens observable, combined
with low dynamic calibration ranges and photobleaching effects
result in poor reproducibility and often inaccurate quantifica-
tion. Early efforts to quantify proteins included the use of radi-
oisotope labelled antibodies 5, leading to many emerging tech-
nologies for improved antibody detection and quantification by
exploiting labels with specific chemical features. In 2001 Zhang
et al. first introduced element-labelled antibodies for analysis
by inductively coupled plasma—mass spectrometry (ICP-MS), a
detector with high sensitivity and selectivity as well as with a
large linear calibration range °. The labelling of antibodies with
heteroatoms permits quantitative ICP-MS analysis ", whilst
multiple antibodies with distinguishable isotopic tags may be
used for simultaneous multiplexed analysis of up to 30 different
immunoassays °. Polymer labels have been synthesised to offer
numerous metal binding sites resulting in antibodies labelled
with up to 200 atoms further enhancing sensitivity 113,

Chemical modification of antibodies is generally accompa-
nied by an alteration of the antibodies properties 4. Such alter-
ations can range from minor changes in conformation, up to
fragmentation and loss of affinity toward the antigen. Antibod-
ies consist of two main regions, the F¢ (fragment crystallisable
region), and the F (fragment antigen binding region) which
binds to the target epitope on the biomolecule. Most labelling
protocols aim to modify the antibody in the F. region via reduc-
tion of disulphide bridges. The exposed free thiol groups can
subsequently be conjugated to a linker molecule (e.g. malei-
mide) which is connected to the metal label 5. Unfortunately,
the reduction reactions are not entirely selective and may gen-
erate a mixture of antibody fragments and conjugates lacking
affinity or metal label. Such mixtures result in a loss of sensi-
tivity and also affect selectivity, robustness and reproducibility
of the entire method. An on-site, parallel and rapid quality anal-
ysis is therefore required to monitor the integrity of the labelled
antibody, the degree of labelling, and the antibody-antigen af-
finity. Hann et al. used immunoaffinity assisted size exclusion
chromatography (SEC)-ICP-MS for the targeted analysis of
proteins and peptides in complex biological matrices which re-
sulted in improved selectivity and sensitivity 6. Nevertheless,
Hempen and Karst pointed out that the analysis of immunoas-
says with chromatographic methods is limited due technical dif-
ficulties associated with long equilibration times of the station-
ary phase . Terenghi et al. published a method to separate dif-
ferent immunocomplexes from labelled antibodies which of-
fered a foundation for quantification, as it may be used to ac-
count for unreacted antibody 8, However, quantification is only
possible if the stoichiometry between the metal and the antibody
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is known 1%, Mueller et al. described a SEC-ICP-MS method
to characterise a MeCAT-labelled antibody 2°. They added ox-
ygen to a dynamic reaction cell (DRC) to enable the mass shift-
ing of S and lanthanides for the analysis of antibody fragments
generated during the reduction of the disulphide bonds. Mair-
inger et al. employed a similar method and determined the la-
belling degree of antibody fragments by weighting the metal
and sulphur signal of respective peaks with a response factor ’.
Recently, Perez et al. employed SEC-ICP-MS to quantify im-
munoassays of four cancer biomarkers employing monoclonal
antibodies. They calculated the labelling degree by determining
the metal content via ICP-MS and the antibody concentration
via a colorimetric assay using BSA as calibration standard 2.

Although elemental quantification by ICP-MS is straightfor-
ward, the determination of protein concentrations via metal la-
bels attached to antibodies is far from simple as the number of
metals per label, labels per antibody and antibodies per targeted
protein must be taken into account for each immunoassay.
When polyclonal antibodies are used for immunoassays, it has
to be considered that the ratio of antibody to the targeted protein
can exceed a value of one. Sophisticated approaches like LC-
ICP-MS and ESI-MS/MS for external and internal standardisa-
tion have been presented for the quantification of proteins and
are generally transferable to immunoassays 822, Quantification
may be simplified by isotope dilution analysis (IDA), a tech-
nique recognised by CCQM (Consultative Committee for
Amount of Substance: Metrology in Chemistry and Biology) as
a metrological method of the highest quality Z. IDA involves
the addition of an enriched isotopic spike to deliberately alter
the natural abundances, and determining concentration from
these differences 2%, Species un-specific IDA is a technique de-
veloped for LC-ICP-MS analysis, and has been used in immu-
nochemical assays to determine post-column recovery rates ®,
Yan et al. labelled proteins and determined 100% labelling ef-
ficiency via LC-ICP-IDA-MS 2. Unfortunately, this approach
is not suited for the analysis of antibodies as complete labelling
was accompanied with a loss of structural integrity.

Here, we developed an ultra-high performance SEC-IDA-
ICP-MS method for a fast and robust quality analysis of anti-
bodies labelled with MAXPAR® conjugation kits. Oxygen was
added to a DRC to enable the analysis of sulphur in the antibod-
ies, and a double isotope dilution analysis was used to charac-
terise and relate the sulphur and metal content for quantification
of the labelled antibody and analyte.

MATERIALS AND METHODS
Chemicals and Consumables

High purity ICP-MS standard calibration solutions of
10 mg L™ dysprosium, europium, gadolinium and sulphur were
purchased from Choice Analytical (Thornleigh NSW, Aus-
tralia). Enriched %S was obtained from ISC Science (Oviedo,
Spain). The concentration of sulphur in this solution was deter-
mined by reverse isotope dilution analysis with a certified
standard containing sulphur in natural abundance. Ammonium
acetate (99.999% purity) used to prepare the SEC eluent was
purchased from Sigma Aldrich (Castle Hill, NSW, Australia).

Rabbit control 1gG was obtained from R&D systems (Min-
neapolis, USA). A primary goat anti-rabbit polyclonal antibody
and a secondary donkey anti-goat polyclonal antibody were

purchased from Sigma Aldrich. The protein of interest as well
as the primary and secondary antibody were labelled with *3Eu,
1%6Gd and %Dy, respectively, using the MAXPAR® antibody
conjugation kits (Fluidigm; formerly DVS Sciences, San Fran-
cisco, CA) according to the manufacturer's standard protocol
(version 4 06/13).

Instrumentation and Experimental Parameters

SEC was performed using an ACQUITY UPLC SEC column
1.7 um, 4.6x300 mm (Waters, Milford, MA, USA) on a Van-
quish Flex Binary UPLC system (Thermo Fisher, Waltham,
MA, USA) operated by Chromeleon Chomatography Manage-
ment system (Thermo Fisher). An ammonium acetate buffer
(0.1 M, pH 6.8) was used as mobile phase and the flow rate was
optimised to 450 pL/min. The SEC molecular weight calibra-
tion was performed with a protein standard containing thy-
roglobulin (660kDa), Y-globulin (150kDa), chicken albumin
(42.7 kDa) and ribonuclease A (13.7 kDa).

The chromatographic system was coupled to a Thermo iCAP
RQ ICP-MS instrument (Thermo Fisher) which was operated in
CCT-mode. Typical instrumental parameters are listed in Ta-
ble 1. Oxygen was used as reaction gas (ultra-high purity, BOC,
North Ryde, NSW, Australia) and the DRC parameters for
mass-shifting 3*S and %?S were optimised with a 100 ng/mL sul-
phur standard. ICP-MS dwell times were set to 10 ms to obtain
sufficient data due to UHPLC conditions and a relatively large
number of analytes. LOD and LOQ of sulphur were calculated
according to the 3-c and 10-c criterion, respectively.

Table 1. ICP-MS instrumental parameters.

Tune parameter Value
CCT bias -6.2V

D1 lens -349.4V
CCT flow 0.3 mL/min
CCT entry lens -44V

CCT focus lens 15V

CCT exit lens -0V
Nebuliser flow 1.11 L/min
Plasma power 1550 W

Isotope Dilution Analysis

The quantification of sulphur and lanthanide was performed
by post-column isotope dilution analysis. A spike solution was
continuously introduced (at 1.22 mL min™') using a peristaltic
pump (Gilson, Middleton, WI, USA) through a T piece. The
acquisition of transient mass data of the spike solution was re-
ceived via RS-232 and transformed into keystrokes with the
software 232 key (Born, Luxembourg). The spike solution con-
tained an isotope enriched **S standard (500 ng/mL) for IDA of
sulphur integral to antibodies and target protein, and Dy, Eu and
Gd ICP-MS calibration standards (5 ng/g) for reverse IDA of
the enriched MAXPAR® labels. The detector dead time was cal-
culated according to Rodriguez-Gonzalez et al. 2 and compen-
sated by the acquisition software. Mass bias effects were con-
sidered by offline ICP-MS characterisation of the abundance of
the natural and enriched isotopes. Concentrations were obtained
following the integration of the mass flow signals using



OriginPro 2017 software (version b9.42.380, Microcal Soft-
ware Inc., Northampton, MA, USA). The target protein concen-
tration was calculated based on the estimation that the number
of sulphur atoms per IgG was 32 and the molecular mass
153 kDa.

RESULTS AND DISCUSSION
Optimisation of ICP-MS parameters

The sulphur content may be used to calculate the concentra-
tion of an antibody by knowledge of the antibody’s primary
structure, and the 1gG subclass to provide the number of cyste-
ine residues. The high abundance of spectral interferences on
both sulphur isotopes limits the applicability of conventional
ICP-MS in commercially available antibodies because the con-
centration of sulphur present is below typical LODs. These
spectral interferences were avoided by addition of oxygen reac-
tion gas in the DRC to form SO* adducts, resulting in improved
LODs. Consideration was also given to potential mass shifts of
the metal labelled to the antibody, as depending on the redox
potential of the metal, it may itself undergo a mass-shift. Except
for Eu, all lanthanides formed mono-oxygenated species. Fig-
ure 1 a) shows the improvement in sensitivity and the reduction
of background for the analysis of sulphur through mass-shifting
to SO*. The LODs were determined to be 3.7 and 4.4 ng/g for
328160 and %S0, respectively. The analytical figures of merit
are listed in Table 2. Except for Eu, the employment of a DRC
decreased the signal obtained from the lanthanides and required
the analysis of the mass-shifted product (see Figure 1 b).
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Figure 1. a) Improvement in sensitivity and background due to
the employment of a DRC to mass-shift S* to SO*. b) The DRC
favoured the formation of mono-oxygenated lanthanide ad-

ducts.

Concentration [ng/g]

The elimination of the spectral interferences on *2S and S in
the DRC provided selective detection of sulphur signals from
labelled antibody solutions and immunoassay reagents. Anti-
bodies are usually diluted in a stabiliser solution often compris-
ing of high molecular weight sulphur-containing compounds
that contribute to high backgrounds and produce confounding
peaks during the analysis of antibodies via ICP-MS and SEC-
ICP-MS, respectively. Antibody solutions and immunoassay re-
agents should therefore be analysed without dilution with stabi-
lising agents, or the stabiliser previously checked for interfering
compounds.

Table 2. Figures of merit for the analysis of sulphur.

Slope Intercept LOD
Analyte R2 LOQ
[cpsg/ing]  [cps] [ng/g]
3.7
325160 69942 79104903 0.9999 12
4.4
345160 40.4+0.2 577£84.6 0.9998 15

Analysing labelled antibodies by SEC-ICP-MS

SEC-ICP-MS has been used to monitor immunoassays 2,
however limitations in terms of long regeneration times'’ or low
chromatographic resolutions have prevented widespread up-
take. This limitation was overcome by using a UHPLC instru-
ment and column with high flowrates permitting rapid station-
ary phase regeneration and rapid sequential analyses, providing
reproducible separation of the immunocomplexes, labelled an-
tibodies, unlabelled antibodies and unconjugated polymer in
less than 7 minutes with a flow rate of 450 puL/min. These opti-
mal conditions were applied to monitor the antibody-labelling
reaction to identify the degree of labelling and the amount of
metal per label.

The antibody reduction step and the product stability, which
is influenced by storage conditions, pose ongoing challenges to
the quantification of immunoassays. The reduction has a crucial
impact on the degree of labelling as it may affect the antibody-
antigen affinity and requires careful monitoring. Unsuitable
conditions or long-term storage can result in undesirable reac-
tions or conformational changes of the labelled antibody. Both
were observable with SEC-ICP-MS through a change of reten-
tion time (tr), peak shape and peak symmetry. Figure 2 com-
pares the SEC-ICP-MS chromatograms of a labelled antibody
measured directly after labelling (red) and after four months
storage (blue) in an un-stabilised solution. An unspecific reac-
tion and/or conformational changes in the stored antibody was
identified by a heavier or bulkier derivative observable as a
shoulder detected at tz=290 s. SEC-ICP-MS can therefore be
employed to determine the integrity of stored antibodies by
monitoring peak shape and retention. A further signal was ob-
served at t=415 s and was detected in all MAXPAR® labelled
antibody solutions. The signal did not contain any sulphur, ex-
cluding its origin from the antibody (i.e. an antibody fragment).
Spiking experiments with lanthanide-containing polymer iden-
tified the signal as the unconjugated loaded-polymer. The iden-
tification of the degree of unconjugated polymer label is im-
portant in immunohistochemistry assisted LA-ICP-MS as it is
believed to cause non-specific background staining leading to
decreased contrast and false positive results 14, Substantial frag-
mentation of the antibody detected by other groups and re-
viewed by Kretschy et al. 26 was not found in the framework of
this study.
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Figure 2. Comparison of peak shape and intensity of the same
153Ey-labelled antibody batch before (red line) and after long-term
(4 months) storage (blue line).

Analysing immunoassays with SEC-ICP-MS

As the retention time in SEC is a function of its size, differ-
ences in elution time of labelled and unlabelled antibody, or the
label alone, can be used to estimate the number of metals per
antibody and label. However, it must be emphasised that this
will not deliver accurate molecular weights as the size calibra-
tion range of SEC is limited and the separation mechanisms is
based on the hydrodynamic radius rather than molecular weight
(MW). MW accuracy is further compromised by the logarith-
mic relationship between retention time and MW. The polymer
label detected at tg=415 s (Figure 2) corresponds to a theoretical
average MW of 50 kDa which represents an equivalent of ap-
proximately 90 monomers per polymer. Figure 3 compares the
chromatogram of an unlabelled (a), tg=381 s (MW=110 kDa))
with a labelled antibody (b), tr=343 s (MW=230 kDa)). In this
case, SEC-ICP-MS underestimated the MW of the unlabelled
antibody. The shift in retention time of the labelled and unla-
belled antibody corresponded to a calculated molecular mass
difference of AMW=120 kDa equivalent to an average amount
of 2.4 polymer labels per antibody. This value was consistent
with data reported by Majonis et al., who used similar chemis-
tries to attach metal loaded polymer labels to antibodies .

Depending on the MW of the labelled antibody and the cor-
responding protein target, as well as on the linear range of the
SEC column, SEC-ICP-MS is capable of characterising immu-
nocomplexes and determination of the protein concentration.
Figure 3 c) shows the chromatographic separation of an immu-
noassay. One signal was detected at tg=288 s (theoretical
MW=690 kDa) with a shoulder present at tz=308 s (theoretical
MW=460 kDa) corresponding to an antibody: protein ratio
(APR) > 2:1 and equal 1:1, respectively. The addition of a sec-
ondary antibody (labelled with Dy) resulted in immunocom-
plexes with APRs of at least 2:1 or higher (Figure 3 d)). The
shoulder at tg=308 s (theoretical MW=460 kDa) was not seen
and the immunocomplex signal shifted to tz=281 s. However,
due to a lack of separation power in the higher mass range, im-
munocomplexes with higher APRs cannot be resolved and the
abundance of such complexes is solely visible as a widened flat-
top shaped chromatographic signal. The identified signals are
listed in Table 3 together with the respective retention time and
the calculated MW.

Figure 4 shows the signals of the labelled lanthanides in an
immunoassay with APRs of 2:1 or higher (as shown in Figure
3d)). The target protein was directly labelled with ***Eu (blue),

the primary antibody with *Gd (green) and the secondary an-
tibody with 1Dy (black). The unconjugated polymer was ob-
served at tg=415 s for all three labels. The labelled (unreacted)
antibodies and the immunocomplexes were separated and de-
tected at tz=343 s and trg=281 s, respectively.
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Figure 3. Chromatograms showing the detected sulphur species.
a) Unlabelled antibody, b) labelled antibody, ¢) immunoassay with
excess of labelled primary antibody, d) immunocomplexes with
APRs of 2:1 and above.
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Figure 4. The immunoassay with APRs > 2:1 (compare with sul-
phur chromatogram in Figure 3 d)). APRs with 1:1 were avoided
by spiking an additional labelled (secondary) antibody.

Table 3. Summary of the detected signals. Identification was
carried out by performing size calibration using a protein
standard for SEC-ICP-MS.

Retention Identit calculated

time [s] y MW [kDa]
Immunocomplexes with

>288 APR ratios > 1:1 690
Immunocomplexes with

308 APR equal 1:1 460

343 Labelled antibody 230

381 Unlabelled antibody 110

415 Polymer label (unconju- 50

gated)




Quantification of immunoassays with SEC-IDA-ICP-MS

We have shown that SEC-ICP-MS is a versatile tool to char-
acterise immunoassays qualitatively in terms of estimating
MWs of reactants and products and thus, estimating the degree
of labelling and antibody: protein stoichiometry. However, SEC
does not have the accuracy and precision for a complete char-
acterisation. Absolute quantitative calibration techniques are
necessary to accurately determine the degree of labelling as well
as the (relative and absolute) quantification of antigens, and
therefore the biomolecule.

On-line species unspecific IDA via a post-column spike is a
straightforward calibration technique. Quantification of the iso-
tope-enriched labels was performed by reversed on-line IDA
approach where a spike containing metals with natural abun-
dance is added post-column to generate a constant isotope ratio.
Sulphur was quantified as a marker of the antibody and the bi-
omolecule by conventional on-line IDA with an isotopically en-
riched S spike added to the post-column eluent. The isotope ra-
tios changed whenever (enriched) lanthanides or sulphur eluted
from the SEC column. These ratios were translated into a mass
flow [ng/s], and the integration of the mass flow chromatogram
allowed calculation of the concentration of unknown peaks. The
SEC separations shown in Figure 2 and Figure 4 had the reso-
lution to separate the labelled antibody from the unconjugated
polymer, resulting in the direct determination of the ratio of lan-
thanides and sulphur atoms. However, when the antibody binds
to an antigen, the ratio is changed due to sulphur atoms in the
target protein. The concentration of the protein is therefore di-
rectly determinable from a single chromatogram containing the
signal of a labelled antibody and the immunocomplex according
to the following equation:

g, _ MW, inD S
Cantigen[ ] = oo fMFIC

g J MF{¢ | MF,
11T 32,065 Vi

J ME(}

Where, c is the concentration, MW the molecular weight, D
the dilution factor, Vi, the injected volume, N the number of
sulphur atoms per protein, MF the mass flow of sulphur (S) or
metal (M) of the signal derived from the immunocomplex (IC)
or the labelled antibody (LA), respectively. This equation does
not require the stoichiometry between protein and antibody to
be known for quantification — although the average stoichiom-
etry may be readily calculated. Eliminating the need to know
the stoichiometry for quantification allows greater use of poly-
clonal antibodies in immunoassays that may have multiple an-
tigen sites on the biomolecule, resulting in increased ICP-MS
intensity and decreased costs.

Figure 5 shows the mass flow chromatogram of an immuno-
assay where the protein of interest combined with an Eu-la-
belled antibody. Sulphur signals detected between tg=500 s and
tr=600 s were identified as impurities. The labelled antibody
eluted at tz=343 s and integration of the mass flow peak and the
application of Equation given above resulted in an average
number of 2.39 5°Eu atoms per sulphur atom. Assuming an av-
erage number of 32 sulphur atoms per antibody, this ratio would
correspond to an average number of 114 Eu atoms per antibody.
These results are consistent with reports describing a similar la-
belling strategies with 29 and up to 159 lanthanides per anti-
body 2, As this ratio is contained in the immunocomplex, the
increase in sulphur mass of the immunocomplex mass flow
peak is directly transferable to the target protein concentration.

This approach determined the protein’s sulphur concentration
to be 0.0447 nmol/uL corresponding to a protein concentration
of 214 pug/mL. To validate this approach, the protein was di-
rectly labelled with a ***Gd containing polymer (S:Gd=1:3.81)
for parallel quantification. This resulted in a protein sulphur
concentration of 0.0439 pg/mL, corresponding to a total con-
centration of 210 pg/mL protein. Both approaches were in good
agreement with 1.9% deviation.
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Figure 5. The mass flow chromatograms of S, Eu and Gd of an
immunoassay where the protein of interest (IgG) was directly
labelled with '56Gd, and then reacted with an *53Eu-labelled pol-
yclonal antibody.

CONCLUSION

This work presented novel methods for the direct and rapid
analysis of labelled antibodies and immunoassays to ensure in-
tegrity of labelled antibodies and to determine the stoichiometry
between metals, labels, antibodies and biomolecules. Mass-
shifting via the addition of oxygen into the DRC allowed the
analysis of sulphur and lanthanide signals with high sensitivity
and low background. To avoid interferences, analyses were per-
formed without antibody stabiliser that potentially contained
sulphur-based compounds. SEC-ICP-MS was used to demon-
strate changes occurring to labelled antibodies during storage
and to develop a chromatographic separation of labelled and un-
labelled antibodies, immunocomplexes and the unconjugated
lanthanide loaded polymer. To improve the accuracy in deter-
mining the antibody/protein stoichiometry and to quantify the
biomolecule, a novel on-line SEC-IDA-ICP-MS method was
developed which allowed the absolute quantification of an IgG
protein reacted with a polyclonal antibody. The chromato-
graphic separation of the excess labelled-antibody and the im-
munocomplex peaks resulted in the determination of the metal:
sulphur stoichiometry of the labelled antibody. Secondly, the
differences in sulphur between the antibody and the immuno-
complex peak was accounted for and used to calculate the con-
centration of the biomolecule.
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