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a b s t r a c t

Measurement of recombinant protein product titer critically underpins all biopharmaceutical
manufacturing process development, as well as diverse research and discovery activity. Here, we
describe a simple rapid (<2 min per 96 samples) 96-well microplate-based assay that enables high-
throughput quantitation of recombinant immunoglobulin G and Fc-containing IgG derivatives in
mammalian cell culture supernatant over a wide dynamic range of 2.5e80 mg/L, using microplate
fluorescence polarization (FP) spectroscopy. The solution-phase FP assay is based on the detection of
immunoglobulin Fc domain containing analyte binding to FITC-conjugated recombinant Protein G ligand
to measure analyte concentration dependent changes in emitted FP. For ease of use and maximal shelf
life, we showed that air-dried assay microplates containing pre-formulated ligand that is re-solubilized
on addition of analyte containing solution did not affect assay performance, typically yielding an across
plate coefficient of variation of <1%, and a between-plate standard deviation below 1%. Comparative
assays of the same samples by FP and other commonly used IgG assay formats operating over a similar
dynamic range (Protein A HPLC and bio-interferometry) yielded a coefficient of determination >0.99 in
each case.

© 2017 Published by Elsevier Inc.

Introduction

Recombinant biopharmaceuticals have become a dominant
therapeutic platform - 8% annual growth and 7 of the top 8 best
selling drugs in 2014 were biologics with the top 10 best selling
biologics accounting for $70bn in sales in 2013. Recombinant
monoclonal antibodies (MAbs) and MAb variants represent the
largest and fastest growing group of drugs [1]. Engineered MAb
derived therapeutics such as bispecifics and other
immunoglobulin-derived fusion proteins currently occupy an
increasing proportion of industrial development pipelines.

Measurement of recombinant product titer underpins all as-
pects of bioprocess development, from the selection of engineered
clonal cell lines to monitoring of production process performance.
Ideal assay technologies should enable: (i) accurate and selective

measurement of product titer across a wide dynamic range, (ii)
automated, high-throughput operation and (iii) be technically
simple, robust and cost effective. Standard current methods for the
quantitation of IgG are Protein A HPLC [2], ELISAs and Biolayer
interferometry [3]. However, these methods suffer from drawbacks
for the application of high throughput quantitation. Protein A HPLC,
while regarded by many as “industry standard” is relatively low-
throughput and requires specialist technical operation. ELISAs,
while simple, are time consuming and require impractical levels of
sample dilution for standard use. Biolayer interferometry, while
high-throughput, generally incurs a large capital and consumable
expenditure.

Most generic methods (ELISAs, HPLC and biolayer interferom-
etry) for measurement of IgG in solution rely on binding of the
analyte to a specific IgG binding protein, (typically recombinant
staphylococcal Protein A) adsorbed or covalently attached to a solid
phase. In contrast, the assay methodology presented here adopts a
different strategy based on the direct measurement of binding of a* Corresponding author.
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small, highly specific IgG Fc binding protein, Protein G [4] cova-
lently labeled with a fluorophore, to large Fc domain containing
analytes (such as MAbs) in solution using fluorescence polarization
(FP) spectroscopy. This entirely solution phase approach yields a
microwell-based assay that eliminates the need for surface binding,
washing or elution steps, which yields a much simpler and faster
assay approach.

FP spectroscopy indirectly quantifies the relative size of mo-
lecular complexes by measuring their rotational speed (or diffu-
sion) in solution [5]. When fluorophores are excited by polarized
light, they preferentially emit light in the same plane of polarization
when they are immobile. However, rotation of fluorophores in the
time between absorption and emission of the photon (the fluo-
rescence lifetime) has the effect of rotating the plane of the polar-
ization of the emitted light. The more the molecules move in this
time, the more the light is depolarized. As a result of small mole-
cules rotationally diffusing faster in solution than larger molecules,
the size of a molecule, with an associated fluorophore, can be
measured using the degree of light depolarization according to
Equation (1).
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where

f ¼ hV
RT

Equation (1): P is polarization, P0 is fundamental polarization of the
fluorophore, t is the fluorescence lifetime of the fluorophore, f is
the rotational coefficient, h is the solution viscosity, V is the mo-
lecular volume, R is the universal gas constant and T is temperature.

FP is measured by excitation of a ligand-bound fluorophore in
solution with plane polarized light with measurement of the in-
tensity of light emitted in the plane parallel to the incident light
(polarized proportion) and perpendicular to the incident light
(depolarized portion). The FP is expressed as a normalized differ-
ence of these two intensities [6] which is typically in milli polari-
zation units (mP) according to Equation (2). The mP values for
polarization can theoretically range from �333.33 to 500 units [7]
however for fluorophore molecules freely rotating in solution,
values range from 0 to 500 units [8,9].

mP ¼ ðParallel intensity � Perpendicular intensityÞ � 1000:
ðParallel intensity þ Perpendicular intensityÞ

(2)

Equation (2): Consequently, when fluorescently labeled Protein G
ligand is unbound, it tumbles rapidly and depolarizes the light
more than when it is bound to a significantly larger IgG (or Fc-
containing) analyte. We demonstrate that under the assay condi-
tions described the change in polarization observed upon fluoro-
labeled Protein G ligand binding can be used to accurately mea-
sure the mass of recombinant IgG, or any IgG Fc-containing variant
in clarified cell culture media across a wide dynamic range. Relative
to other methods, the FP-based microplate-based assay is simple,
rapid, cost effective and readily automatable.

Materials and methods

Biological materials

Assay development and optimization was performed on cell-
free culture supernatant samples generated by a range of

recombinant IgG producing and non-producing Chinese hamster
ovary (CHO) cell lines cultivated in suspension in commercially
available (e.g. CD-CHO, Life Technologies, Paisley, U.K.) and pro-
prietary chemically defined growth media using standard labora-
tory procedures as described previously [10]. Prior to analysis, cell
culture samples were centrifuged at 5000�g for 5 min. Recombi-
nant human IgG1 standards, recombinant Protein A, truncated re-
combinant Protein G [11] were purchased from Sigma (Poole, U.K).

Analytical methods

Volumetric titre was calculated using either protein A affinity
chromatography or BioLayer Interferometry. Protein A affinity
chromatography used a protein A ImmunoDetection® sensor car-
tridge (Applied Biosystems, Warrington, UK), coupled to an Agilent
Series 1260 HPLC (Agilent, Berkshire, UK), according to the manu-
facturer's instructions. BioLayer Interferometry used an Octet
384QK with Protein A biosensors (Pall ForteBio Europe, Ports-
mouth) that were used according to the manufacturer's in-
structions. In both methods, a reference standard of purified
product was run alongside the samples for calibration.

FP spectroscopy

Fluorescently labeled Protein G ligand and recombinant IgG
diluted in chemically defined CHO medium in a total volume of
120 mL were incubated for 30 min at room temperature (RT) in 96-
well, half-area, black-walled, non-binding surface microplates
(Corning, New York, U.S.A.) prior to measurement of FP (as mP, Eqn.
(2)) using a PheraStar Plus FP microplate reader (BMG Labtech,
Germany).

Fluorophore conjugation

Recombinant Protein G and Protein A at a concentration of
5 mgmL�1 were covalently labeled at primary amines with varying
concentrations of fluorophores in sodium carbonate-bicarbonate
buffer at RT at varying pH (see results section) Labeled proteins
were subsequently purified using G20 Sephadex desalting columns
(GE, Uppsala, Sweden) equilibrated in PBS prior to concentration
using 10 KDa cutoff Amicon spin concentrator tubes (Merck Milli-
pore, Nottingham, UK). Fluorescein isothiocyanate (FITC) was ob-
tained from Sigma. BODIPY-FL and Alexa647 were both obtained
from Life Technologies. Dye to protein ratios were determined us-
ing A280 and A495 with e0.1% extinction coefficients of 0.95 for
protein G’ (Mw 20 KDa) and 195 for FITC (Mw 389Da). A correction
factor of 0.35*A495 was applied to the A280 reading prior to
calculation.

Results and discussion

Assay design and optimization

For a high precision FP assay, ideally a large polarization signal
shift would occur upon ligand binding to the analyte. This maxi-
mizes both assay resolution and dynamic range, where we define
resolution as ability to significantly differentiate between two
concentrations of analyte. First, based on Equation (1) we hypoth-
esized that a relatively small immunoglobulin binding ligand
would give the largest signal shift upon binding to a typical IgG1
(±150 KDa). We also considered other factors such as amenability
to fluorescent labeling, cost, commercial availability, binding af-
finity, stability and specificity. Moreover, we desired generic
application to a wide variety of IgG or IgG derived molecules
regardless of their target antigen. Similar FP assays have been
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