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ABSTRACT: Therapeutic monoclonal antibodies (mAbs) provide effective treatments for many diseases including cancer,
autoimmune disorders, and, lately, COVID-19. Monitoring the concentrations of mAbs is important during their production
and subsequent processing. This work demonstrates a 5-minute quantitation of most human immunoglobulin G (IgG) anti-
bodies through capture of mAbs in membranes modified with ligands that bind to the fragment crystallizable (Fc) region. This
enables binding and quantitation of most IgG mAbs. Layer-by-layer (LBL) adsorption of carboxylic acid-rich polyelectrolytes
in glass-fiber membranes in 96-well plates allows functionalization of the membranes with Protein A or a peptide, oxidized
Fc20 (oFc20), with high affinity for the Fc region of human IgG. mAb capture occurs in <1 minute during flow of solution
through modified membranes, and subsequent binding of a fluorophore-labelled secondary antibody enables quantitation of
the captured mAbs using fluorescence. The intra- and inter-plate coefficients of variations (CV) are <10% and 15%, respec-
tively, satisfying the acceptance criteria for many assays. The limit of detection (LOD) of 15 ng/mL is on the high end of com-
mercial enzyme-linked immunosorbent assays (ELISAs) but certainly low enough for monitoring of manufacturing solutions.
Importantly, the membrane-based method requires <5 minutes, whereas ELISAs typically take at least 90 minutes. Mem-
branes functionalized with oFc20 show greater mAb binding and lower LODs than membranes with Protein A. Thus, the
membrane-based 96-well-plate assay, which is effective in diluted fermentation broths and in mixtures with cell lysates, is
suitable for near real-time monitoring of the general class of human IgG mAbs during their production.

quality control during their manufacture.# The most common
strategy for mAb quantitation employs enzyme-linked im-
munosorbent assays (ELISAs),>8 which are highly sensitive,
providing a lower limit of quantitation (LLOQ) at the ng/mL° or
even pg/mL level.10 Researchers also used ELISAs extensively
to detect and profile human antibodies targeting the SARS-CoV-
2 spike proteins,1.12 thus providing insights on designing anti-
bodies for COVID-19 treatments. However, ELISAs usually take
more than an hour, sometimes overnight, with the majority of
the time spent in long incubation steps.8 13

INTRODUCTION

This paper describes a method for analysis of most human or
humanized IgG monoclonal antibodies (mAbs) in <5 min. The
process exploits rapid mAb capture in membranes containing
ligands that bind to the mAb Fc region, which makes the tech-
nique applicable to most human IgG subclasses. Binding of a
fluorescently labelled secondary antibody to the captured mAb
yields a concentration-dependent fluorescence signal. This ap-
proach enables rapid analysis of mAb concentrations during

fermentation and processing. In addition to ELISAs, industrial scientists employ liquid chro-

matography coupled with tandem mass spectrometry (LC-
MS/MS) to quantify mAbs.8 14 Many studies reported capture
of mAbs or antibody-drug conjugates (ADCs) on functionalized
magnetic beads, digestion of the captured antibodies, and
quantitation of surrogate tryptic peptides using multiple reac-
tion monitoring (MRM).7- 15-17 Mu et al. used this strategy to

Monoclonal antibodies are remarkably successful therapeutics
that both alleviate symptoms and prolong patients’ survival
time. The global mAbs market was estimated at nearly $200 bil-
lion in 2022,! and it will continue to grow with the approval of
more mAbs.2 3 Bioanalysis of mAbs is an important part of



quantify a mAb combination that targets SARS-CoV-2-spike
protein.18 The technique effectively analyzed the mAb combi-
nation extracted from the nasal-lining fluids and sera of pa-
tients. Although this method is effective and possesses a sub-
microgram per mL LLOQ, the assay takes hours for sample
preparation prior to injection into the LC-MS/MS system.19 Ad-
ditionally, the assay requires synthesis of stable isotope-la-
belled internal standards, and recovery and ion suppression
need to be well characterized during method validation.20 Mon-
itoring of mAb production should occur in near real-time to en-
able management of process parameters,2! so both ELISAs and
LC-MS/MS are not ideal for this purpose.

Other simpler and quicker approaches have been employed,
each with limitations. Swartz and Chen introduced a method
for mAb quantitation using elastin-like-polypeptides on nano-
particles. Nanoparticle aggregation upon mAb binding creates
turbidity, so the light scattering signal at 600 nm depends on
the antibody concentration. The method takes a few minutes
buthas a LLOQ of 100 pg/mL.22 23 Cheng et al. reported a paper-
based ELISA for protein quantitation.24 Although the time cost
is significantly shorter than in traditional ELISA, the method
still required ~1 h to obtain results. They employed photoli-
thography to create a 96-well format. A simple and rapid quan-
titative analysis using affinity membranes may better monitor
mAb manufacturing.

Membranes serve as an important tool in biotechnology pro-
cesses such as protein purification25 26 and polishing.27.28 Qur
group developed several methods to quantify protein concen-
trations using membranes containing highly specific peptide
ligands.29 30 Flow-induced mass transport in membrane pores
rapidly brings proteins to ligands immobilized on the pore sur-
face, and vertical flow through the porous membrane should
allow thorough washing. Thus, affinity membranes can capture
biomolecules in residence times as short as milliseconds. Incor-
poration of the membranes into microfluidic devices and spin
columns further facilitates the detection and capture of biomol-
ecules.31 32

The prior membrane-based devices focused on binding one
specific mAb or other protein, so they enabled analyses in com-
plex matrices such as serum.33 Development of a membrane
with affinity for any human IgG has the potential to yield a de-
vice that allows analysis of a wide range of new and existing
mAbs. In practice, fermentation broths typically contain only
one target mAb, so the affinity ligand does not need to distin-
guish among mAbs. This work aims to create a broad mAb-
quantitation method by modifying membranes with Protein A
or a cross-linked affinity peptide. Both of these biomolecules
have affinity for the Fc region of IgG and thus bind to most IgG
subclasses.34-37 Protein A was originally discovered in bacteria
that use this protein for binding IgG.38.39 Resins containing Pro-
tein A are an industrial staple for harvesting mAbs from cell-
culture supernatant with high yield and purity.40-42 With a
newly designed Protein A resin (20-25 um beads) with lower
cross-linking, Fedorenko et al. showed improved mAb purifica-
tion productivity and a decrease in buffer use.43 Gong et al. dis-
covered a short peptide, Fc-111-4C, with very high affinity for the
human IgG Fc region (dissociation constant of 2.5 nM).44 This
high affinity along with the small size of this peptide relative to
Protein A could significantly enhance IgG capture in mem-
branes. Immobilization of Protein A and Fc-1II-4C in mem-
branes in 96-well plates should enable selective capture and
fast analysis of most IgG subclasses. Compared to established,
routine ELISAs, the technical advance in this work is the

development of a general assay for quantitative analysis of IgG
mAbs in under five min. This could provide insights into opti-
mization of mAb production and purification in near real time.

EXPERIMENTAL SECTION

Materials. Glass-fiber membranes (A/C Glass Fiber 1 pm pore,
25 mm diameter, 254 um thickness) and AcroPrep Advance 96
well plates (350 pL well volume, each well contains 660 um
thick glass-fiber membranes with a membrane volume of 0.033
cm3 and nominal 1 pm pores) were acquired from Pall Corpo-
ration. Poly(acrylic acid) (PAA, average Mw ~250 kDa, 35%
aqueous solution), Polyethylenimine (PEI, branched, Mw = 25
kDa), N-hydroxysuccinimide (NHS), Tween 20, Ziptips with 0.6
uL C18 resin, a-cyano-4-hydroxycinnamic acid, sodium phos-
phate monobasic monohydrate, sodium phosphate dibasic
heptahydrate, sodium chloride, sodium hydroxide, Tris-HCl
and 0.22 pm vacuum filter units were purchased from Sigma-
Aldrich. N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hy-
drochloride (EDC), LB broth (E. coli culture media), CHO cell
culture media, biotinylated F(ab')2-goat anti-human IgG (H+L),
bovine serum albumin (BSA), Eppendorf deep-well 96-well
plate, human total IgG ELISA kit, PureLink™ Expi endotoxin-
free maxi plasmid purification kit, ExpiCHO-S cells, ExpiFec-
tamine CHO transfection kit, and ExpiCHO expression medium
were purchased from ThermoFisher Scientific. E. coli cell lysate
(MG1655 strain, 1.15 mg/mL total protein concentration as de-
termined by BCA assay) was a gift from the Champion lab at the
University of Notre Dame. Lyophilized Protein A was pur-
chased from Novus Biologicals. Fc20 peptide
(KGSGSCDCAWHLGELVWCTC) in reduced form was synthe-
sized by Genscript with a purity of 95.2%. Trastuzumab (Kan-
jinti, Amgen), Bevacizumab (Avastin, Genentech), Rituximab
(Rituxan, Genentech), and Nivolumab (Opdivo, Bristol Myers
Squibb) were stored and used in their formulation buffers. Pre-
adsorbed goat anti-human IgG (H+L) labelled with Cy5, pre-ad-
sorbed goat F(ab')z anti-human IgG - F(ab')z labelled with
Dylight650, streptavidin-coated gold nanoparticles (SA-GNP,
20 nm diameter, 10 OD) and Anti-HER2 ELISA kit were ac-
quired from Abcam. HiTrap Protein A HP column 5 mL was pur-
chased from Cytiva Life Sciences. Ultrafiltration centrifugation
columns with 10 kDa exclusion limit were acquired from Sar-
torius. The CR3022 vH and vL sequences (GenBank: DQ168569
and DQ168570, respectively) subcloned into (pFUSEss-CHIg-
hG1 and pFUSEss-CLIg-hk, respectively) for transient expres-
sion were obtained from BEI repository (reagents were pro-
duced under HHSN272201400008C and obtained through BEI
Resources, NIAID, NIH: Plasmid Set for Anti-SARS Coronavirus
Human Monoclonal Antibody CR3022, NR-53260). Solutions
were prepared using analytical grade chemicals and deionized
(DI) water (Milli-Q, 18.2 MQ cm).

Immobilization of Protein A or oxidized Fc20 peptide in a
25 mm-Diameter Glass-Fiber Membrane. Fc20 peptide (2
mg) was dissolved in 2 mL of 20 mM phosphate buffer (pH 7.4
in 150 mM NaCl, Buffer A), and the pH of the solution was ad-
justed to 9.0 with 1 M NaOH. The solution was incubated over-
night at room temperature with the cap left ajar to allow mild
oxidation44. The disulfide-bond composition of oxidized Fc20
(oFc20) was elucidated using matrix-assisted laser desorp-
tion/ionization-time of flight (MALDI-TOF) mass spectrome-
try. Protein A was dissolved in Buffer A at a concentration of 1
mg/mL with no further treatment.

A 25 mm-diameter glass-fiber membrane was first cleaned
with UV/Os treatment (Jelight, model 18) for 10 min.



Membrane modification employed a custom membrane holder,
a peristaltic pump, and a single membrane. The O-ring in the
holder reduces the exposed diameter of the membrane to 2 cm
(effective bed volume of 0.080 cm3). Five mL of DI water was
passed through membrane at 1 mL/min (the flow rate is the
same for all subsequent steps). Ten mL of 2 mg/mL branched
PEI (pH 3.0, no salt) was then circulated through the membrane
for 20 min, followed by passage of 10 mL of DI water. Ten mL
of 1.1 mg/mL PAA (pH 3.0, 0.5 M NaCl) was then circulated
through the membrane for 20 min before passage of 10 mL of
DI water. The PEI/PAA deposition process was repeated a sec-
ond time to generate (PEI/PAA): bilayers. Five mL of 0.1 M
EDC/NHS solution (equimolar) in water was next circulated
through the membrane for 1 hour. After circulation, the mem-
brane was rinsed with 10 mL of DI water, followed by circula-
tion of 1 mL of 1 mg/mL Protein A or oFc20 solution for 1 hour.
Finally, 10 mL of Buffer A was passed through membrane to re-
move unbound Protein A or oFc20.

The concentrations of Protein A or oFc20 in the load, permeate
and washing solutions were determined from the intrinsic flu-
orescence of the ligand (tyrosine for Protein A and tryptophan
for oFc20)45 using a Synergy H1 microplate reader. Permeate
solutions were diluted 10-fold (v:v) using Buffer A to minimize
any absorbance from NHS-esters dissociated from activated
membranes.*6. 47 A series of analyte standards were made by
diluting stock solution using Buffer A. Tyrosine was excited at
276 nm, and fluorescence was monitored at 304 nm, whereas
tryptophan was excited at 280 nm, with emission monitored at
348 nm.

Immobilization of Protein A and oFc20 in Porous Glass-fi-
ber Membranes in 96-well Plates. The procedure for immo-
bilization of affinity ligands in glass-fiber membranes in 96-
well plates includes three parts, deposition of polyelectrolyte
layers, chemical activation of functional groups, and the cova-
lent linking of affinity ligands to glass-fiber membranes. 100 uL
of 2 mg/mL branched PEI was added into each well for a 5-min
incubation. Then the solutions were pulled vertically through
the glass-fiber membranes using a vacuum manifold (see Fig-
ure S1 for the configuration) at a flow rate of ~5 mL/min. The
PEI incubation was repeated another three times, followed by
pulling 1 mL of DI water through the well. 100 pL of 1.1 mg/mL
PAA in 0.5 M NaCl were added into each well for a 5-min incu-
bation before solution was pulled through the well by vacuum
at a flow rate of ~5 mL/min. After another three rounds of PAA
incubation, 1 mL of DI water was pulled through the mem-
brane. PEI and PAA deposition steps were repeated an addi-
tional time to create two PEI/PAA bilayers.

Carboxylic acid groups in adsorbed PAA were activated by add-
ing 100 pL of solution containing 0.1 M EDC and 0.1 M NHS into
each well for a 10-min incubation. After pulling the solution
through the membranes using vacuum at a flow rate of ~5
mL/min, the incubation was repeated for another five times,
followed by passage of 1 mL of DI water through the mem-
brane.

Finally, to allow covalent linking between activated -COOH
groups and ligands, 100 pL of 100 pg/mL Protein A solution
were added into each well for a 10-min incubation. The solu-
tion was pulled through the membrane at ~5 mL/min, followed
by another five Protein A incubations. The wells were finally
rinsed by passing 2 mL of Buffer A followed by 1 mL of 20 mM
phosphate containing 500 mM NaCl (pH 7.4, Buffer B) through
the well. 0Fc20 was immobilized in membranes in 96-well

plates following the same procedures, except 50 pg/mL oFc20
was used instead of 100 pg/mL Protein A.

Measurement of Trastuzumab Breakthrough Curves in
Ligand-Modified Glass-Fiber Membranes. Using the custom
holder,3° a single 25 mm-diameter (20 mm exposed diameter
in the holder) Protein A-modified glass-fiber membrane was
first rinsed with 5 mL of Buffer B at 1 mL/min. Subsequently, 8
mL of 50 pg/mL Trastuzumab in Buffer B was passed through
the membrane at 0.5 or 2.5 mL/min. Permeate aliquots were
collected in pre-weighed tubes, and the volume of the permeate
aliquot was determined based on the increase in mass. The con-
centration of Trastuzumab in each aliquot was determined by
measuring the intrinsic tryptophan fluorescence using a Syn-
ergy H1 microplate reader. For oFc20-modified glass-fiber
membranes, 12 mL of 50 pg/mL Trastuzumab solution was
passed through the membrane. Otherwise, the procedure was
the same.

Quantitation of Trastuzumab in Buffer Using Ligand-Modi-
fied Membranes in 96-well Plates. A series of Trastuzumab
standards (0, 0.5, 1, 2, 4, 6, 8, 10 ug/mL) were prepared by di-
luting stock Trastuzumab solution with Buffer B. Flow rates
through the plate were adjusted using test solutions in other
wells by opening or closing the vacuum valve. Figure 1 sche-
matically shows the experimental workflow for 96-well plate.
Initially, 1 mL of Buffer B was passed through the well at the
maximum vacuum (~5 mL/min) to equilibrate the membranes.
Next, 0.5 mL of Trastuzumab standards were passed through
the well at ~0.5 mL/min. After solutions were pulled through
membranes, 2 mL of Buffer B was passed through the mem-
brane at the highest vacuum to remove nonspecifically bound
material. At a flow rate of 1 mL/min, 0.5 mL of 10 ug/mL goat
anti-human IgG secondary antibody was passed through each
well, followed by 2 mL of washing at ~5 mL/min with 20 mM
phosphate containing 500 mM NaCl and 0.1% (v:v) Tween 20
(pH 7.4, Buffer C). The secondary antibody used for Protein A-
modified membranes was Cy5-labelled pre-adsorbed goat anti-
human IgG (H+L), and for oFc20 modified membranes the an-
tibody was Dylight650-labelled pre-adsorbed goat F(ab')2 anti-
human IgG-F(ab')2. The 96-well plate was inserted in the plate
reader for on-membrane fluorescence measurement (Cy5: ex-
citation 645 nm, emission at 670 nm; Dylight650: excitation
650 nm, emission 675 nm). The calibration curve was estab-
lished based on the fluorescence intensity of fluorophores
linked to secondary antibodies as a function of the concentra-
tion of Trastuzumab in the loading solution. A set of independ-
ent Trastuzumab samples (theoretical concentration of 1.5, 3,
5 and 7 pg/mL Trastuzumab) were also prepared, and passed
through ligand-modified membranes, followed by Buffer B
rinsing, secondary antibody loading and Buffer C washing, as
described above. The fluorescence emission intensity was
measured, and the experimental concentration was



determined using the calibration curve.
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Figure 1. Scheme of the experimental workflow for mAb anal-
ysis with 96-well plates containing functionalized membranes.
The procedure includes selective capture of mAbs, binding of
fluorescently labelled secondary antibodies, and determina-
tion of the mAb concentration by fluorescence detection.

Quantitation of Trastuzumab from Diluted Cell Culture Me-
dia, Supernatant or Cell Lysate. Chinese hamster ovary
(CHO) celllines are widely used for mAb production due to high
yields and the possibility for post-translational modifications
(PTMs).48 49 To obtain relevant cell culture media concentra-
tions at 10 pg/mL mAb levels, CHO cell culture media was
spiked into the Trastuzumab standards and independent
Trastuzumab samples at a volume ratio of 1:1000. We also de-
liberately added E. coli cell lysate to simulate contamination
that would occur for proteins expressed in E. coli. In our exper-
iments, we employed 150 pg/mL of E. coli cell lysate protein in
solutions containing 0.5-10 pg/mL Trastuzumab (lysate pro-
tein was also added to the blank). Thus, the Trastuzumab con-
stitutes 0.3 to 7 wt% of the total protein.

Binding of Gold Nanoparticles to Secondary Antibodies.
Protein A- or oFc20-modified membranes in 96-well plates
were loaded with 0.5 mL of 10 pg/mL Trastuzumab in Buffer B
prior to rinsing and passage of 0.5 mL of 10 pg/mL biotinylated
goat F(ab")2 anti-human IgG (H+L). The wells were rinsed with
2 mL of Buffer C. Finally, 0.5 mL of 1:50 (v:v) diluted SA-GNPs
(20 nm diameter) was passed through each well prior to rins-
ing with 2 mL of Buffer C and 2 mL of DI water. Membranes
were removed from wells before sputter coating with ~5 nm
gold/palladium and imaging using a ThermoFisher Helios G4
Ux instrument.

RESULTS AND DISCUSSION

The analytical procedure includes immobilization of ligands
(Protein A or oFc20) in glass-fiber membranes, capture of a
mADb, binding of a fluorophore-labelled secondary antibody,
and measurement of the fluorescence from the membrane (Fig-
ure 1). The ligands bind to the Fc region of IgG to enable analy-
sis of a wide range of human-IgG mAbs. In this section, we first
describe quantitation of ligand immobilization on polyelectro-
lyte-modified glass-fiber membranes and examine their
Trastuzumab binding capacity. Second, we investigate the cap-
ture and detection of Trastuzumab using ligand-modified
membranes in 96-well plates. This process takes <5 min. Lastly,
we quantify other IgG antibodies, including an anti-SARS-CoV
antibody expressed in CHO cells.

Immobilization of Ligands in Glass-Fiber Membranes. To
effectively bind IgGs, the Fc20 peptide must consist of mono-
mers that contain two disulfide bonds. Thus, initially, we used
MALDI-TOF MS to verify the peptide structure. As Figure S2
shows, after mild oxidation of Fc20 at room temperature, the
mass spectrum of the peptide exhibits one peak corresponding
to a singly charged species with a monoisotopic mass of
2150.851 Da. This mass is consistent with the loss of four hy-
drogens from a monomeric peptide during the formation of
two intra-chain disulfide bonds. A peak for the doubly charged
peptide also appeared, with no other observable peaks. Thus,
after overnight oxidation, the Fc20 peptide was oxidized into a
double cyclic monomer (oFc20) with two disulfide bonds. A
prior study shows that the disulfide bonds are not scrambled.44

After elucidating the structure of oFc20, we studied the immo-
bilization of Protein A or oFc20 in glass-fiber membranes. Pro-
tein A has long served as the standard for antibody purifica-
tion, 40,50 but oFc20, which consists of only 20 amino acids, has
a higher affinity for human IgG than Protein A. The dissociation
constant for the oFc20-human IgG complex is 10-fold lower
than that for the Protein A-human IgG complex.34 44 To immo-
bilize the ligands, we first create a high density of -COOH
groups in the membrane through adsorption of (PEI/PAA)2
films. EDC/NHS chemistry then allows reaction of amine
groups with active esters to immobilize Protein A or oFc20 to
the (PEI/PAA)2 film. Crosslinking of PEI to PAA also likely oc-
curs via EDC/NHS coupling to stabilize the coating.

To quantitatively study Protein A and oFc20 peptide immobili-
zation, we coated a 25-mm diameter (the O-ring reduces its ex-
posed diameter to 2 cm) glass-fiber membrane with
(PEI/PAA): bilayers using a customized membrane holder and
a peristaltic pump that circulated solutions through the mem-
brane.2930 Then, a 1 mg/mL affinity-ligand solution was circu-
lated through the membrane for 1 hour at 1 mL/min. The load,
permeate and wash solutions were collected to determine the
affinity-ligand concentration based on intrinsic fluorescence
and to calculate the amount of immobilized affinity ligand. The
results suggest immobilization of 14+1 mg of Protein A and 8+1
mg of oFc20 per mL of membrane. Uncertainties are the stand-
ard deviations from three replicate membranes for each ligand.
Functionalization of 96-well plates requires a modified proce-
dure because we could not circulate solutions through the
wells. Instead, we derivatized (PEI/PAA):-modified mem-
branes in 96-well plates using repeated incubation in solutions
containing 100 pg/mL Protein A or 50 pug/mL oFc20. This
might lead to decreased ligand immobilization in the mem-
brane within the 96-well plates compared to the flowthrough
method.33 As described in Section S3, we determined
immobilization of 1.0+0.1 mg of Protein A and 0.7+0.06 mg of
oFc20 per mL of membrane in wells in 96-well plates. Lower
ligand immobilization in the plate may stem from the lower ligand
concentrations used in the modification solutions for the plates due
to the ligand cost. However, the membrane in the plate is 2.6-fold
thicker than the 25-mm membrane, which may aid in capturing
antibodies.

Characterization of Trastuzumab Capture in Glass-Fiber
Membranes Modified with Affinity Ligands. After immobili-
zation of Protein A in 2-cm diameter glass-fiber membranes,
we examined Trastuzumab binding during flow of solutions
through the membrane. Figure 2A shows the breakthrough
curve during passage of 8 mL of 50 pug/mL Trastuzumab
through Protein A-modified membranes at different flow rates.
The largely overlapping Trastuzumab breakthrough curves at



flow rates of 0.5 mL/min and 2.5 mL/min suggest that
Trastuzumab binding to Protein A is fast compared to the resi-
dence times in the membranes.51 52 Summing the products of
aliquot volume and the difference between feed and permeate
concentrations gives a Trastuzumab equilibrium binding ca-
pacity of 0.9+0.2 mg per mL of membrane, where the uncer-
tainty is the standard deviation of experiments with three dif-
ferent membranes using a flow rate of 0.5 mL/min. Figure S3A
shows replicate breakthrough curves for Trastuzumab binding
to Protein A membranes at different flow rates. Breakthrough
curves during passage of BSA solution through the same mem-
branes (Figure S3C) show minimal BSA binding, demonstrating
that Protein A is highly specific for Trastuzumab.
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Figure 2. Breakthrough curves obtained during passage of 50
pg/mL Trastuzumab through 25 mm-diameter glass-fiber
membranes modified with ligands. (A) 8 mL of Trastuzumab
solution passed through Protein A-modified membranes. (B)
12 mL of Trastuzumab passed through oFc20 modified mem-
branes at different flow rates. Blue squares and red triangles
indicate 0.5 mL/min and 2.5 mL/min flow rates, respectively.
The exposed membrane diameter in the holder was 2 cm.

Similarly, we explored Trastuzumab binding during passage of
50 pg/mL Trastuzumab solutions through oFc20-modified
membranes at 0.5 and 2.5 mL/min. As Figure 2B shows,
Trastuzumab breakthrough curves are similar at the different
flow rates, suggesting rapid Trastuzumab capture in affinity
membranes. Figure S3B in the supporting information shows
replicate Trastuzumab breakthrough curves for oFc20-modi-
fied membranes. Comparing to Protein A-modified mem-
branes, oFc20-modified membranes require greater volumes
to achieve saturation. oFc20 membranes show an equilibrium
binding capacity of 2.2+0.1 mg of Trastuzumab per mL of mem-
brane. Figure S3D shows BSA breakthrough curves for oFc20-
modified membranes, where minimal BSA binding appears.

The Protein A-modified membrane captured ~80% of the
Trastuzumab in the first 0.7 mL of solution passed through it as
Figure 2A shows. >80% capture corresponds to permeate con-
centrations <10 ug/mL. The membranes in 96-well plates have
a volume that is 2.4-fold smaller than the volume of the glass-
fiber membranes used to obtain breakthrough curves.

Accordingly, 80% Trastuzumab capture might occur in the first
0.3 mL of solution passed through a membrane in a well. Typi-
cally, we pass 0.5 mL through the wells; therefore, complete
capture likely does not occur. Moreover, the incubation method
for modifying the wells may yield less binding capacity than
flow-through modification. Membranes with oFc20 show
greater capture than membranes with Protein A.

Affinity Membranes in 96-well Plates for Rapid Quantita-
tion of Trastuzumab in Buffer. Next, we examine the quanti-
tation of Trastuzumab in phosphate buffer and various matri-
ces using affinity membranes in 96-well plates. The analysis
procedure begins with passage of 0.5 mL of Trastuzumab solu-
tion through affinity membranes in 96-well plates. After wash-
ing with Buffer B, we pass 0.5 mL of 10 pg/mL fluorophore-la-
belled goat anti-human secondary antibody through the mem-
brane and perform final rinse. The hands-on time for these pro-
cedures is ~2.5 min. Measurement of on-membrane fluores-
cence uses a microplate reader and takes < 1 min, and a plot of
fluorescence as a function of the Trastuzumab concentration in
the loading solution serves as a Trastuzumab calibration curve.
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Figure 3. (A, B) Calibration curves for analysis of Trastuzumab
in Buffer B using (A) Protein A-modified 96-well plates or (B)
oFc20 modified 96-well plates. (C, D) Percent errors in the anal-
yses of independent Trastuzumab solutions using (C) Protein
A-based 96-well plates or (D) oFc20-based 96-well plates. The
Protein-A-based assays employed a Cy5-labelled whole-form
secondary antibody, whereas the oFc20-based assay used a
Dylight650-labelled F(ab’)2 fragment secondary antibody. Er-
ror bars in the calibration curves show standard deviations
from measurements with three different membranes, whereas
error bars in panels C and D represent standard deviations
from measurements using at least six different membranes in
the same 96-well plate. Note that in some cases the symbols ob-
scure the error bars in the calibration curves.

Figure 3A shows the Trastuzumab calibration curve (0 - 10
ug/mL in Buffer B) obtained using Protein A-modified 96-well
plates. We use a four-parameter logistic fit to describe the data.
As expected, the fluorescence intensity increases as the
Trastuzumab concentration in the loading solution increases
but notlinearly. The amount of Trastuzumab binding to Protein
A likely approaches saturation at the higher concentrations.33
A control experiment with no immobilized Protein A gave little
fluorescence signal (Figure S4A).

Figure 3B shows the Trastuzumab calibration curve obtained
with oFc20-modified 96-well plates. These assays used a



Dylight650-labelled F(ab’)z fragment secondary antibody to
limit non-specific adsorption. The fluorescence intensity is ~6-
fold higher than that obtained in the Protein A-based assay in
Figure 3A. The higher fluorescence intensity with oFc20-modi-
fied membranes likely stems from both the high affinity of
oFc20 towards the human IgG Fc region and stronger fluores-
cence of the Dylight650 fluorophore compared to Cy5.53 The re-
ported dissociation constants for oFc20- and Protein A-human
IgG complexes are 2.5 and 35 nM, respectively.3+ 44 Figure S5
directly compares assays with oFc20 and Protein A membranes
when using the same secondary antibody (F(ab’)2 fragments).
The signal with the oFc20 is still 3-fold greater. A control ex-
periment with no immobilized oFc20 gave little fluorescence
signal (Figure S4B).

To make sure established calibration curves are suitable for
Trastuzumab quantitation, we analyzed a set of independent
Trastuzumab solutions with concentrations of 1.5, 3, 5, and 7
pg/mL Trastuzumab. Percent errors were calculated as the dif-
ference between experimental and theoretical concentrations
divided by the theoretical concentration. Figure 3C shows the
percent error in analyses that employ the calibration curve in
Figure 3A. The average percent errors of the independent solu-
tions are within £10%, indicating that the Protein A-modified
96-well plate gives accurate Trastuzumab quantitation. The
standard deviations of percent errors are also <15%. Such
small error bars indicate the high precision of the assay. We
also examined the accuracy and precision of analyses with
oFc20-modified 96-well plates. As shown in Figure 3D, the per-
cent error of independent Trastuzumab samples exhibited av-
erage percent errors with +10%. The standard deviation in the
percent error of the lowest-concentration solution is <25%,
while other solutions have standard deviations <15%. The high
accuracy and precision of the assay should satisfy the require-
ments for most analyses of Trastuzumab and other mAbs.54-56

The signal at 0 pg/mL Trastuzumab is relatively high in Pro-
tein-A based assays (562+41). This suggests possible non-spe-
cific binding of the goat whole-form anti-human IgG secondary
antibody to Protein A, which reportedly binds weakly with the
Fc region of goat antibodies.5” To minimize non-specific bind-
ing, we began using F(ab’)2 fragment secondary antibodies that
do not contain an Fc region,58 so they should not bind to either
oFc20 or Protein A. As Figure S6A-C shows, using the F(ab’)z
fragment goat secondary antibody with Protein A-modified 96-
well plates decreases the blank signal compared to using the
whole-form goat secondary antibody, even with the high quan-
tum yield of the Dylight650 fluorophore. Additionally, the sig-
nal at 0 pg/mL Trastuzumab is only 178+19 for the oFc20
membranes.

Figure 4. (A) SEM image of a Protein A-modified membrane
from a 96-well plate after capture of Trastuzumab and binding
of a biotinylated secondary antibody and streptavidin-GNP.
(B) Image of an oFc20-modified membrane from a 96-well
plate after the same treatment.

We qualitatively investigated the binding capacity of secondary
antibodies with scanning electron microscopy (SEM). To do
this, we bound biotinylated goat F(ab’)z anti-human IgG (H+L)
to Trastuzumab-loaded membranes, and subsequently passed
0.5 mL of 1:50 (v:v) diluted SA-GNPs (20 nm diameter). Figure
4 shows the SEM images of Protein A- and oFc20-modified
membranes after capture of SA-GNPs. The particles appear
bright due to the reflection of electrons in the back-scattering
mode,> 60 and their diameters match the nominal value of 20
nm. In these and other replicate images (Figure S7A-H), more
GNPs appear on oFc20 modified membranes than on Protein A
modified membranes. The images suggest that oFc20 mem-
branes capture more Trastuzumab than Protein A membranes,
and, hence, secondary antibody binding is also higher with the
high-affinity oFc20 than Protein A. This is consistent with the
breakthrough curves, which show a higher binding capacity
with oFc20 compared to Protein A.

Analysis of Trastuzumab in Matrices Relevant to mAb man-
ufacturing. To examine the possibility of near real-time quan-
tification of mAbs during fermentation, we explored the perfor-
mance of affinity membranes in solutions spiked with CHO cell
culture media. CHO cell lines can produce up to 10 g/L of mAbs
under an optimized fermentation environment.#% 61 To corre-
late with the dynamic range in this work (<10 ug/mL), we per-
formed analysis in 1:1000 (v:v) diluted CHO-culture media in
Buffer B. Figure S8A shows the calibration curve for
Trastuzumab containing 1:1000 diluted CHO-culture media
and analyzed using Protein A-modified 96-well plates. The cal-
ibration curve is similar to that in phosphate buffer (compare
Figure 3A and Figure S8A). Analyses of independent samples
spiked with diluted CHO-culture media show average percent
errors within £10%, while the standard deviation of percent
errors is <15%, as suggested in Figure S8C. Thus, Protein A-
modified 96-well plates exhibit high accuracy and precision for
quantifying Trastuzumab in diluted CHO-culture media. oFc20-
modified membranes show similar agreement between anal-
yses in buffer and buffer spiked with CHO-culture media (see
Figure S8B and S8D).

We also explored Trastuzumab analysis in solutions spiked
with E. coli cell lysate to demonstrate selectivity. E. coli cells ex-
crete limited amounts of the protein of interest to the cell cul-
ture fluids, so purification of recombinant proteins typically in-
cludes cell lysis. A total protein concentration of 150 mg/mL
was reported for E. coli cells at 109 cells/L.62 We spiked diluted
E. coli cell lysate into Trastuzumab solutions to generate a total
protein concentration of ~150 pg/mL. In this case, the protein
of interest is 6.7 wt% of total protein at most, which is a rea-
sonable estimate for protein expression in E. coli cell lines. Fig-
ure S9A shows the Trastuzumab calibration curve in spiked E.
coli cell lysate when using Protein A-modified plates, and Fig-
ure S9B shows the error analyses of independent samples us-
ing this calibration curve. Figure S9C and S9D show similar re-
sults for oFc20 plates. The small average errors and low stand-
ard deviation of independent samples in both assays indicate
high assay accuracy and precision. Notably, with spiked E. coli
cell lysate, we observe the lowest standard deviation of inde-
pendent samples among all of the matrices. Thus, ligand-modi-
fied 96-well plates are suitable for quantifying Trastuzumab in
diluted E. coli cell lysate.

Quantification of various mAbs. To demonstrate that our as-
say can quantify various mAbs, we examined membrane-based
analysis of three other therapeutic mAbs in phosphate buffer.
Bevacizumab is a humanized IgG1 antibody, and its Fc region



has the same amino acid sequence as Trastuzumab.63.64 Despite
the differences in the Fab sequences in Bevacizumab and
Trastuzumab, Protein A and oFc20 should enable quantitation
of both mAbs. Rituximab is a chimeric human IgG1 antibody.65
Its Fab region contains mostly murine sequence, but the Fc re-
gion contains the human sequence. However, its Fc sequence is
slightly different than those of Bevacizumab and
Trastuzumab.66 We expect assays using Protein A and oFc20 to
effectively quantify Rituximab through binding to the human-
ized Fc region. Nivolumab is a fully human IgG4 antibody®7, so
it possesses a different Fc region than IgG1. Nevertheless, Pro-
tein A retains its binding affinity towards Human IgG4. Thus,
we expect our affinity membranes to effectively quantify
Nivolumab.

Figure S10A-D in the supporting information shows the cali-
bration curves of Trastuzumab, Bevacizumab, Rituximab and
Nivolumab, respectively. Both Protein A and oFc20-modified
membranes yield fluorescence signals that increase with mAb
concentration for all of these mAbs. Surprisingly, the oFc20-
modified 96-well plates can quantify Rituximab, even though it
possesses a largely murine F(ab’)zregion. The goat anti-human
F(ab’)z secondary antibody used in these analyses targets the
human IgG F(ab’)z region. The fluorophore-labelled secondary
antibody apparently has affinity for the murine F(ab’)2 region,
likely because of sufficient similarity to the human sequence.

Comparison with ELISAs. Due to their high specificity and
sensitivity, ELISAs are among the most popular techniques for
mAb quantitation. Their LOD typically ranges from pg/mL to
ng/mL. To compare our assays using modified membranes in
96-well plates with commercial ELISAs, we first determined
the LOD of our assays. The Trastuzumab calibration curves in
Figure 3A and Figure 3B, give a LOD of 60 and 15 ng/mL for
assays with Protein A- oFc20-modified membranes, respec-
tively. We calculated the detection limit as 3.3 times the stand-
ard deviation of the blank signal divided by the slope of the cal-
ibration curve at the lowest concentrations. To investigate the
quantitation of Trastuzumab at ng/mL levels, we also prepared
a calibration curve using eight standards with concentrations
ranging from 0-1,000 ng/mL. Figure 5A shows the
Trastuzumab calibration curve for Protein A-modified 96-well
plates. Using this calibration curve, we determined the concen-
trations of four independent Trastuzumab solutions with con-
centrations of 1- to 9-times the LOD of 60 ng/mL. Figure 5B
shows that even at concentrations just 3 times the nominal de-
tection limit, we could effectively quantify Trastuzumab. The
average percent errors and standard deviation of percent error
fall within +20% for all independent Trastuzumab samples
with concentrations >180 ng/mL. This is consistent with a
LLOQ that is 3xLOD = 180 ng/mL.

For oFc20-based assays, Figure 5C and 5D demonstrate effec-
tive quantitation even at 45 ng/mL Trastuzumab. Thus, the
LLOQ of this assay is approximately 3xLOD, which is 45 ng/mL.
Moreover, with both Protein A- and oFc20-modified mem-
branes, linear calibration is possible. At these low concentra-
tions, the binding does not approach saturation, so the amount
of captured Trastuzumab varies linearly with concentration.

To compare with ELISAs for mAb quantitation, we performed
anti-HER2 ELISAs and human total IgG ELISAs with commer-
cial kits following the manufacturer’s protocol.68 69 Figure
S11A shows the Trastuzumab calibration curve using anti-
HER2 ELISA. The LLOQ is 0.6 ng/mL, and the manufacturer re-
ports a LLOQ value of 11 ng/mL. The latter value is comparable

to the detection limit of the oFc20-based assay. As suggested by
the Trastuzumab calibration using human total IgG ELISA in
Figure S11C, the LLOQ is 0.6 ng/mL, and the manufacturer re-
ports a value of 2 ng/mL. Although the LLOQ of human total IgG
ELISA kits is lower than with either Protein A- or oFc20-modi-
fied 96-well plates, the hands-on time is 80 or 110 min for the
ELISAs but 3 min for the membrane-based methods. The ELISA
kits give approximately the same level of uncertainties in quan-
titation as affinity membrane-based 96 well plates (see Figure
S11B and S11D in the supporting information). The intra- and
inter-plate CVs of the ELISA kits were reported as <15%. We
found an intra-plate CV of 4.7% for anti-HER2 ELISA and 8.6%
for human total IgG ELISA. As Table S1 shows, the ligand-mod-
ified 96-well plates, especially the oFc20-based assay, are com-
parable to the commercial ELISA kits in many aspects, with a
significant reduction in assay time.
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Figure 5. (A) Calibration curve for Trastuzumab (0-1000
ng/mL) analysis with Protein A-modified 96-well plates. (B)
Percent errors in the analysis of independent solutions. The in-
dependent Trastuzumab solutions contain Trastuzumab con-
centrations equal to 1, 3, 6, and 9 times the LOD of 60 ng/mL.
(C) Calibration curve for Trastuzumab (0-1,000 ng/mL) analy-
sis with oFc20-modified 96-well plates. (D) Percent errors in
the analysis of independent solutions. The independent
Trastuzumab solutions contain Trastuzumab concentrations
equal to 1, 3, 6, and 10 times the LOD of 15 ng/mL. All calibra-
tion curves contain data from at least three different mem-
branes. A four-parameter logistic fit was applied for curve fit-
ting. Independent samples contain at least six replicates.

Quantitation of A Monoclonal Antibody Harvested from
Clarified CHO-Culture Supernatant. This section investigates
quantitation of a human IgG1 monoclonal antibody to SARS-
CoV spike protein CR3022 clone (denoted as Ab3022). The sup-
porting information describes procedures for transfection, cell
culture and supernatant collection. CHO-culture supernatant
was collected on day 3 and 7 of cell culture, and supernatant
from a batch of high-density CHO cells (107 cells/mL) cultured
without transfection was also collected and denoted as the
blank. We first determined the concentrations of Ab3022 in
blank, day 3 and day 7 samples using a human total IgG ELISA
kit. Purified Ab3022 was used to prepare standards. Figure S12
shows the ELISA calibration curve for Ab3022. We determined
Ab3022 concentrations of 0, 3.7+0.2 and 56+5.5 pg/mL for
blank, day 3 and day 7 samples, respectively.



To investigate the oFc20-based assay in mAb quantitation in
clarified CHO supernatant, we prepared Ab3022 calibration
curves using eight standards (spiked mAb in 1:9 (v:v) diluted
blank CHO-culture supernatant) with Ab3022 concentrations
ranging from 0-1000 ng/mL. We used this calibration curve to
quantify Ab3022 in the day 3 sample after a 1:9 (v:v) dilution
using Buffer B. Figure 6A shows the calibration curve using
oFc20-modified 96-well plates with four replicate membranes
for each concentration. A four-parameter logistic regression
was applied to fit the curve and used to determine a Ab3022
concentration of 3.9+0.5 ug/mL in the undiluted day 3 super-
natant. We also determined a Ab3022 concentration of
0.03+0.03 pg/mL in the blank supernatant. The black dot in
Figure 6C represents the error analysis of Ab3022 quantitation
in the day 3 sample. The uncertainty bar is the standard devia-
tion of errors from six replicate membranes, and the average
Ab3022 concentration obtained from ELISA served as the the-
oretical concentration. Within experimental uncertainty, ELISA
and the 96-well method give the same concentration.
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Figure 6. Calibration curves for analyzing Ab3022 in (A) 0-
1000 ng/mL and (B) 0-10 pg/mL concentration ranges using
oFc20-modified 96-well plates. Standards were spiked in 1:9
(v:v) diluted blank CHO-culture supernatant. (C) Error anal-
yses of Ab3022 concentrations in 1:9 (v:v) diluted day 3 and
day 7 CHO-culture supernatants. Concentrations determined
from ELISA served as theoretical concentrations for each sam-
ple. Calibration curves include measurements from four differ-
ent replicate wells for each concentration, and the quantitation
of day 3 and day 7 samples employed six replicate wells.

Similarly, we generated an Ab3022 calibration curve with
standard concentrations from 0-10 pg/mL and used it to quan-
tify the day 7 supernatant diluted 1:9 (v:v) with Buffer B. Stand-
ards contain 1:9 diluted blank CHO-culture supernatant as
background. Figure 6B shows the calibration curve, and the
blue square in Figure 6C represents the error analysis of
Ab3022 quantitation in the day 7 sample. The error bar is the
standard deviation of errors from six replicates. We deter-
mined an Ab3022 concentration of 5849 in the CHO-culture su-
pernatant in the day 7 Sample. The low average percent errors
and relatively small error bars in Figure 6C confirm that the
oFc20-based assay can confidently quantify mAb in 10-fold di-
luted CHO-culture supernatant. Importantly, the oFc20-based
assay takes <5 min, whereas the ELISAs require at least an
hour. The oFc20-based assay could provide near real-time
monitoring of mAb manufacturing.

CONCLUSION

This study demonstrates two assays suitable for mAb quantita-
tion in under 5 min, and these assays are appropriate for sev-
eral subclasses of mAbs. Protein A- or oFc20-functionalized 96-
well plates can capture mAbs during the passage of solution
through the plate using vacuum. Fluorophore-labelled second-
ary antibodies enable the detection of captured mAbs. These
assays can occur in various matrices including buffer, diluted
culture media and cell lysate. The detection limit for the oFc20-
based assay is 15 ng/mL, with a working quantitation range
from 50 ng/mL to ~8 pg/mL. Compared to well-established
ELISAs, detection limits are an order of magnitude higher with
the 96-well plates, but CVs are similar. Most importantly, the
membrane-based assays require <5 min, whereas the ELISAs
take more than an hour. Analysis of Ab3022 harvested from
CHO cells demonstrates that the assay is effective under typical
cell culture conditions. Future studies may focus on eluting cap-
tured mAbs for analysis of critical post-translational modifica-
tions using LC-MS/MS. To conclude, these assays may provide
a general method for near real-time monitoring of most IgGs
during production.
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