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ABSTRACT: Quantitation of therapeutic monoclonal antibodies (mAbs) in human serum could ensure that patients have adequate
levels of mAbs for effective treatment. This research describes the use of affinity, glass-fiber membranes in a 96-well-plate format
for rapid (< 5 min) quantitation of the therapeutic mAb trastuzumab and a mAb against the SARS-CoV-2 spike protein. Adsorption
of a poly(acrylic acid)-containing film in membrane pores and activation of the —-COOH groups in the film enable covalent-linking
of affinity peptides or proteins to the membrane. Passage of mAb-containing serum through the affinity membrane results in mAb
capture within 1 min. Subsequent rinsing, binding of a secondary antibody conjugated to a fluorophore, and a second rinse yield
mAb-concentration-dependent fluorescence intensities in the wells. Calibration curves established from analyses on different days
have low variability and allow determination of mAb levels in separately prepared samples with an average error <10 %, although
errors in single-replicate measurements may reach 30%. The assays can occur in diluted serum with physiologically relevant mAb
concentrations, as well as in undiluted serum. Thus, the combination of 96-well plates containing affinity membranes, a microplate

reader, and a simple vacuum manifold afford convenient mAb quantitation in <5 min.

INTRODUCTION

This paper demonstrates selective and fast (<1 min) capture of
monoclonal antibodies (mAbs) using 96-well plates containing
glass-fiber membranes modified with a mimotope (a peptide
that mimics an antibody epitope) or a SARS-CoV-2 antigen.
Subsequent binding of fluorescently labeled secondary antibod-
ies allows quantification of captured mAbs in minutes, even
from undiluted serum. Thus, this research offers a simple, rapid
method for immunoassays, which are fundamental analytical
tools for clinical diagnostics,"? food testing,>* therapeutic drug
monitoring,>® and clinical pharmacokinetics studies for drug
discovery.”® The global market for immunoassays was $18 bil-
lion in 2018 and should grow due to increases in chronic and
infectious diseases worldwide.’

Immunoassays are ubiquitous, but they often require hours to
complete.'®!2 Enzyme-linked immunosorbent assays (ELISAs)
are extremely successful and offer very low detection limits.
For example, commercial kits have detections limits as low as
16 pg/mL for human TNF alpha'® and 8 pg/mL for human
VEGF.!! However, these kits typically require at least 2 hours
for analyses. Bead-based ELISAs and automated instrumenta-
tion enable such analyses in about 1 hour,'*"!* although the tech-
niques are labor intensive or require specialized instrumenta-
tion. He et al. recently developed miniaturized 96-well plates
that require only 5 pL of sample for each well and minimal
equipment (a pipette and a magnet).'® ELISA using streptavidin
beads in femtoliter-sized wells improves the limit of protein de-
tection to sub-attomolar concentrations, but analysis times are
still 2 hours."”

Determination of the concentration of therapeutic mAbs is
important for the development and manufacturing of immuno-
therapeutic drugs,'®!® and for monitoring the levels of these

mAbs in patients.?*?> One challenge in mAb therapies is high
patient-to-patient variability; the levels of mAbs in patients may
differ four- to ten-fold between individuals at the same time af-
ter drug administration.?>*?* Low mAb concentrations lead to
ineffective treatments, whereas high levels may cause side ef-
fects in some cases.”*?>2>2¢ Hence, a rapid, inexpensive immu-
noassay could potentially enable better control of mAb dosing
for maximized efficacy.

This paper describes assays developed for two model mAbs:
trastuzumab and a mAb against SARS-CoV-2. Trastuzumab is
a mAb that targets human epidermal growth factor receptor 2
(HER?2) in tumors such as breast cancer, metastatic gastric can-
cer, and gastroesophageal junction adenocarcinoma.?’?° In clin-
ical settings, trastuzumab has a trough concentration range of
20 — 440 pg/mL in patient plasma*®® with a desired value of > 20
pg/mL.3"32 The variations in concentrations among patients de-
pend on the number of metastatic sites, the concentration of
HER2, and body weight.**** Yang et al. showed that a higher
trastuzumab trough concentration correlates with longer patient
survival.®®

Like drugs for metastatic cancers, mAbs against coronavirus
disease 2019 (COVID-19) could improve patient survival in
this deadly pandemic. Despite the massive scale of the COVID-
19 pandemic, the U. S. Food and Drug Administration (FDA)
approved only a few therapeutic drugs under Emergency Use
Authorization (EUA). These drugs include Remdesivir (an an-
tiviral drug),’*® bamlanivimab/etesevimab (anti-SARS-CoV-2
mAbs),* and convalescent plasma,*®*! which refers to transfu-
sion of plasma collected from individuals who recovered from
COVID-19 into recently infected COVID-19 patients. A rapid
assay for SARS-CoV-2 antibodies would aid in selecting serum
donors with high levels of antibodies for efficient treatment.



Additionally, quantitative tests for antibodies against SARS-
CoV-2 may be helpful in evaluating the immunity developed
from a previous infection or vaccination to estimate the protec-
tion of an individual or community from the virus. Finally, as-
says for therapeutic mAbs used in COVID-19 treatment could
prove useful in personalized dosing strategies.

Our group developed nylon membranes modified with pep-
tide mimotopes for capture and analysis of mAbs using spin
columns.*** In general, membrane adsorbers are attractive for
rapid capture of various molecules due to convection and short
radial diffusion distances in micron-sized pores.**” Adsorption
of a poly(acrylic acid) (PAA)-containing film in membrane
pores followed by activation of the film enables immobilization
of affinity groups at high densities.*>*3*%30 Modification of
pores with either polymer brushes*’ or layer-by-layer films*
4351 can create affinity membranes with high binding capacities,
and membrane modification using layer-by-layer deposition of
a few polyelectrolyte layers is very convenient.

Flow through pm-sized pores combined with the high surface
area to volume ratio in mimotope-modified membranes allows
capture of antibodies within minutes. Moreover, the high mimo-
tope density gives extensive mAb capture even with uM disso-
ciation constants for mimotope-antibody complexes. Analysis
of eluted mAbs using native tryptophan fluorescence occurred
in 20 min using spin membranes.*? Separately, our group re-
ported the fabrication of nickel-containing membranes for rapid
polyhistidine-tagged protein purification.*®>' The nickel-func-
tionalized membranes allow convenient immobilization of pol-
yhistidine-tagged proteins in an oriented fashion, which might
be crucial for affinity binding of mAbs.

The present work advances membrane-based mAb analysis
through the use of a fluorescent secondary antibody and glass-
fiber membranes in 96-well plates. Using a vacuum manifold,
flow of antibody-containing serum, rinsing solutions, and a sec-
ondary-antibody solution through a membrane can occur in
around 3 min. Subsequent fluorescence detection on a plate
reader completes the analysis in minutes. Such rapid and quan-
titative assays may prove useful for monitoring antibody levels
during treatment, manufacturing, and research.

EXPERIMENTAL SECTION

Materials. Glass-fiber membranes (Pall Corporation, A/C
Glass Fiber 1 um pores, 25 mm diameter, 254 um thick) were
cleaned in a UV/O3 chamber (Jelight, model 18) for 10 min
prior to modification. AcroPrep Advance 96 Well plates (350
puL well volume, 1 um pores) were acquired from Pall Corpo-
ration. The plates contain 660 um-thick glass-fiber membranes
at the bottom of 0.8-cm diameter wells. The Tral9 peptide
(KGSGSGSQLGPYELWELSH)  was  synthesized by
GenScript with a purity greater than 95%. Poly(acrylic acid)
(PAA, average molecular weight ~250,000 Da, 35% aqueous
solution), polyethylenimine (PEIL, branched, My, = 25,000 Da),
N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochlo-
ride (EDC), N-hydroxysuccinimide (NHS), Tween-20 surfac-
tant, sodium phosphate monobasic monohydrate, sodium phos-
phate dibasic heptahydrate, sodium chloride, No,Na-Bis(car-
boxymethyl)-L-lysine (aminobutyl NTA), imidazole, and hu-
man serum were purchased from Sigma-Aldrich. Deidentified
patient serum samples were purchased from BioChemEd Ser-
vices. Poly(vinyl) alcohol (PVA, 99-100 % hydrolyzed, ap-
proximate molecular weight 8600 Da) and nickel (II) sulfate
hexahydrate were acquired from Acros Organics. Trastuzumab
(Genentech) was used from its therapeutic formulation. Anti-
SARS-CoV-2 Spike RBD (receptor binding domain) Antibody
(Chimeric mAb, Human IgG1 (SIN-M130)) was purchased

from AcroBiosystem and SARS-CoV-2 Spike RBD protein
(his-tagged at the C-terminus, CHO-expressed) was purchased
from GenScript. Goat Anti-Human IgG H&L (Cy5 ®) pread-
sorbed was acquired from Abcam. Buffers were prepared using
analytical grade chemicals and deionized water (Milli-Q, 18.2
MQ cm).

Immobilization of Tral9 in Porous Glass-Fiber Mem-
branes in 96-well plates. The procedure for immobilization of
a peptide mimotope in glass-fiber membranes includes modify-
ing the membranes with a (PEI/PAA), film, activating the —
COOH groups of PAA, and allowing these groups to react with
the free amine groups of Tral9. To deposit the first layer of PEI,
100 pL of 2 mg/mL branched PEI at pH 3 was added to the
desired wells in a 96-well plate containing 1-um-pore glass-fi-
ber membranes. After a 5-min incubation, the solution was
pulled through the membrane using a vacuum manifold. This
procedure was repeated twice more with a fresh PEI solution to
increase the PEI coverage, and the wells were washed with 1
mL of water with applied vacuum. Next, 100 pL of 1.1 mg/mL
PAA in 0.5 M NaCl, pH 3 was added to each well, incubated
for 5 min, and pulled through the membrane using vacuum. This
PAA adsorption procedure was repeated twice more with a
fresh solution to increase the coverage with PAA, and the wells
were each washed with 1 mL of water. Additional PEI and PAA
layers were deposited similarly.

Activation of the carboxylic acid groups of PAA to N-hy-
droxysuccinimidyl esters employed addition of 100 pL of 40
mM EDC, 40 mM NHS to each well, incubation for 10 min, and
removal of the solution with vacuum. The procedure was re-
peated five more times with a fresh EDC/NHS solution and
each well was then washed with 2 mL of water. Finally, 100 pL
of 1.5 mg/mL Tral9 in water at pH 9 (pH adjusted with NaOH)
was added to each well, incubated for 10 min, and pulled
through the membrane. The Tral9 solution was recovered from
the vacuum manifold trough and 100 pL. was added back to
each well for 10 min of incubation. (We observe loss of 10-20%
of the solution after vacuum filtering. The recovered solution
volume was compensated with more stock solution to give 100
pL for re-incubation). This incubating and passing of the Tral9
solution through the well were performed a total of six times.
Finally, the wells were rinsed with 2 mL of water using vacuum.
Crosslinking of the PEI/PAA films due to reaction of some of
the amines of PEI with active esters likely increases film stabil-
ity.

Immobilization of Tral9 in a 2 cm-Diameter Glass-Fiber
Membrane. Using a membrane holder and a peristaltic pump,*?
5 ml of 2 mg/mL branched PEI at pH 3 was circulated through
the membrane for 15 min at 1 mL/min, and the membrane was
washed with 10 mL of water. Subsequently 5 mL of 1.1 mg/mL
PAA in 0.5 M NaCl, pH 3 was circulated through a 2 cm diam-
eter glass-fiber membrane at 1 mL/min for 15 mins, followed
by a 10-mL water wash. Then, another bilayer of PEI/PAA was
deposited as described above. Activation of the membrane for
Tral9 immobilization involved circulating 5 ml of 40 mM
EDC, 40 mM NHS for 1 hour at 1 mL/min. After a 10-mL water
rinse, 1 mL of 1 mg/mL Tral9 in pH 9 water (pH adjusted with
NaOH) was circulated through the membrane for 1 hour at 1
mL/min. A final 10-mL water rinse was employed to remove
unbound Tral9. The load, permeate, and washing solutions dur-
ing Tral9 immobilization were collected, and the intrinsic tryp-
tophan fluorescence of the peptide was measured using a Syn-
ergy H1 microplate reader by exciting at 280 nm and measuring
emission from 300-400 nm, with peak emission at 348 + 2 nm.
A calibration curve was established using standards of Tral9 at
pH 9 to determine the Tral9 concentration in the load,



permeate, and washes. We diluted the permeate aliquots 20-fold
with water prior to fluorescence measurements so absorbance
due to liberated NHS would not interfere with the analyses.

To mimic the modification of membranes in 96-well plates,
we also modified the 2-cm membranes using incubation, pas-
sage of the solution through the membrane at 5 mL/min using a
peristaltic pump, and recycling of the Tral9 solutions for sub-
sequent repeat incubations. This procedure employed the same
incubation times and five-times the solution volumes used for
the modifications of the 96-well plates. The increased volume
approximately correlates with the higher surface area of the 2-
cm membranes.

Breakthrough Curves in Tral9-modified Membranes. Us-
ing a peristaltic pump, a 2-cm diameter Tral9-modified mem-
brane was rinsed with 5 mL of 20 mM phosphate buffer, pH 7.4
in 500 mM NaCl at 1 mL/min prior to passage of 5 mL of 100
pg/mL trastuzumab (in the same buffer solution) through the
membrane at a flow rate of 0.5 or 5 mL/min. Multiple fractions
of permeate were collected in pre-weighed tubes and the per-
meate volume of each fraction was calculated based on mass.
The concentrations of trastuzumab in the permeate fractions
were determined using native fluorescence measured using a
Synergy H1 microplate reader (excitation at 280 nm, emission
at 330 nm=+ 2 nm) with a calibration curve based on trastuzumab
standards in buffer.

Binding of Trastuzumab from Diluted Serum in 96-well

Plates Containing Tral9-modified Membranes. With the
vacuum running, each well was rinsed with 2 mL of wash buffer
A (20 mM pH 7.4 phosphate buffer, 0.5 M NaCl, 0.1 % Tween-
20), and then 0.5 mL of solution containing varied concentra-
tions of trastuzumab (0 —4 pg/mL) in 1% (v:v) human serum in
20 mM phosphate buffer (pH 7.4, 0.5 M NaCl) was loaded in
each well. Subsequently, during vacuum filtration the plate was
washed with 2 mL of wash buffer A in each well. One mL of
10 pg/mL secondary antibody (polyclonal anti-human IgG con-
jugated to Cy-5) in 20 mM phosphate buffer, pH 7.4, 0.5 M
NaCl was then vacuum-filtered through each well, followed by
2 mL of wash buffer A. The concentration of mAb was deter-
mined by measuring the fluorescence of Cy5 bound to the well
(excitation at 645 nm, emission at 670 nm) using a Synergy H1
Microplate Reader and comparing the fluorescence intensity to
a calibration curve obtained using known concentrations of pri-
mary antibody in similar binding experiments.
Experiments followed the same protocol for pooled serum and
individual patient sera. Because the pooled serum purchased
from Sigma-Aldrich was heat-inactivated and filtered, the se-
rum from individual patients was also heat-treated and filtered
following established methods (Gemini Bio).*

Immobilization of RBD-his protein in Porous Glass-Fiber
Membranes in 96-well plates. To capture an anti-spike anti-
body, we immobilized a polyhistidine-tagged form of the
COVID-19 spike RBD protein (RBD-his) in membranes. The
method for adsorption of polyelectrolyte layers in the mem-
brane was the same as described above. After activation with
EDC/NHS solution using the above procedure, 100 pL of 0.1
M aminobutyl NTA in a pH 10.5 solution (pH adjusted with
NaOH) was added to the well and incubated for 10 min before
removing the solution with vacuum. This step was repeated five
more times using recycled solution. Then, 100 pL of 0.1 M
nickel sulfate was added, incubated for 10 min, removed by
vacuum, and this process was repeated five more times using
recycled solution. To immobilize the RBD-his, 100 pL of 0.1
mg/mL RBD-his in 20 mM phosphate buffer, pH 7.4, 150 mM
NaCl was incubated in each well for 10 min, vacuum filtered to
recover the RBD-his solution, and the solution was re-applied

to each well for five more incubation and filtration steps. Fi-
nally, each well was washed with 2 mL of a pH 7.4 solution
containing 20 mM phosphate buffer and 150 mM NaCl. Due to
the high cost of the recombinant RBD-his, we did not quantify
its immobilization.

Binding of anti-spike mAb in Diluted Serum to a RBD-his-
functionalized 96-well Plate. With applied vacuum, the 96-
well plate was rinsed with 2 mL of wash buffer A and 0.5 mL
of diluted serum spiked with different concentration of anti-
spike mAb (0-10 pg/mL anti-spike in serum diluted with 20
mM pH 7.4 phosphate buffer containing 0.5 M NaCl, and 50
mM imidazole) was loaded into each well. This was followed
by 1 mL of wash buffer B (20 mM pH 7.4 phosphate buffer in
0.5 M NaCl, 50 mM imidazole), 1 mL of wash buffer A, 0.5 mL
of 20 pg/mL secondary antibody (polyclonal anti-human IgG
conjugated to Cy-5) in pH 7.4 phosphate (20 mM) buffer con-
taining 0.5 M NaCl, 1 mL of wash buffer B, and 1 mL of wash
buffer A. Finally, the fluorescence of the secondary-antibody-
containing well (excitation at 645 nm and emission at 670 nm)
was measured using a Synergy H1 microplate reader. A calibra-
tion curve was prepared using capture of the anti-spike mAb at
different concentrations, binding of the labelled secondary an-
tibody, and determination of the fluorescence intensity of Cy5
at 670 nm.

RESULTS AND DISCUSSION

The steps in the analytical procedure include modification of
the membrane with affinity molecules, capture of a specific
mADb, binding of a fluorescently labelled secondary antibody,
and measurement of the well fluorescence (Figure 1). Thus, this
section first describes Tral9 immobilization in glass-fiber
membranes modified with adsorbed polyelectrolyte layers and
examines the trastuzumab binding capacity in these modified
membranes. Subsequently, using 96-well plates with mimo-
tope-modified glass-fiber membranes, the research investigates
the specific capture and detection of trastuzumab (spiked in hu-
man serum) in <5 min (including sample loading, washing, re-
agent binding, and fluorescence detection). Lastly, we assess
the capture and quantification of a mAb against the SARS-
COV-2 spike RBD protein. Those analyses employ a polyhisti-
dine-tagged SARS-CoV-2 RBD protein immobilized in the
membranes of 96-well plates.
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Figure 1. Scheme of a glass-fiber membrane modified with anti-
gen, capture of a primary antibody of interest, and binding of a la-
belled secondary antibody to determine the primary antibody con-
centration using fluorescence.

Immobilization of Tral9 in Glass-Fiber Membranes. The
first step in creating porous membranes to capture specific
mAbs is immobilization of a selective affinity molecule in the
pores. Mimotope peptides are attractive for binding mAbs be-
cause they are relatively small molecules, easy to immobilize,
and highly specific.’3*> In prior work we immobilized 25 + 4
mg of the mimotope Tral9 per mL of a spongy nylon mem-
brane.*> The immobilization method includes adsorption of a
PAA-containing film, activation of the -COOH groups of PAA,



and reaction of primary amines on the mimotope, Tral9, with
active esters. Continuous recirculation of solutions through 96-
well plates is not feasible, so we add solutions to the wells and
allow them to incubate for 5-10 min prior to vacuum filtration.
Re-application of solutions to the wells multiple times mimics
the continuous flow used previously.

To quantify Tral9 immobilization, we employed 2-cm-diam-
eter glass-fiber membranes in a home-built holder using either
continuous circulation of solutions or multiple incubations and
filtrations with reuse of the effluent. The latter procedure is sim-
ilar to that for modifying membranes in 96-well plates, but use
of the 2-cm membranes and a peristaltic pump allows more
quantitative collection of effluent solutions. Analysis of the
Tral9 loading solution before and after multiple incubations
and passes through the membrane suggests immobilization of
2.9 +£ 0.5 mg of Tral9 per mL of membrane. For comparison,
the Tral9 binding capacity is 5.1 = 1.3 mg per mL when circu-
lating solutions through the membrane. Thus, the incubation
method results in approximately 40% less Tral9 immobiliza-
tion. Regardless of the mimotope immobilization procedure, the
mimotope concentration in glass-fiber membranes is nearly an
order of magnitude less than that observed with nylon mem-
branes,*? presumably because of a lower surface area to volume
ratio. Figure S1 in the supporting information presents SEM im-
ages of unmodified nylon and glass-fiber membranes (from
wells), showing notable differences in porosity between the two
substrates. The SEM images in Figure S1B and Figure 2A show
that glass-fiber membranes have a wide distribution of pores
sizes with strands of different thickness.
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Figure 2. SEM images of (A) an unmodified glass-fiber membrane
and (B) a (PEI/PAA):-Tral9-modified glass-fiber membrane ex-
posed sequentially to 4 pg/mL Trastuzumab in 1 % human serum
and fluorescently labelled secondary antibody, with rinsing be-
tween capture of each antibody. Membranes were removed from
the well plate prior to sputter coating with 5 nm of gold/palladium
and imaging using a Thermo Fisher Helios G4 Ux instrument.

Comparison of high-magnification SEM images of unmodi-
fied (Figure 2A) and Tral9-modified glass-fiber membranes
(after antibody capture, Figure 2B) suggests an increase in sur-
face roughness of the glass fibers after modification and anti-
body capture. Figure S2 of the supporting information shows
other SEM images of unmodified and various modified glass-
fiber membranes. Previous studies showed that the thickness of
(PEI/PAA); and related films (deposited under conditions sim-
ilar to this study) on flat substrates is <30 nm.**>® Modification
with Tral9 and capture of antibodies might double the film
thickness, but the total thickness of adsorbed material on a fiber
should be at most 60 nm. However, in Figure 2B and Figure S2,
there are areas where films appear thicker than expected. Im-
mobilization of around 3 mg of Tral9 per mL of membrane sug-
gests that the mimotope should occupy only 0.3% of the mem-
brane volume and have minimal effect on membrane porosity,
which is consistent with the images.

Quantifying Trastuzumab Capture in Tral9-modified
Glass-Fiber Membranes. Subsequently we assessed the

binding of trastuzumab to 2-cm membranes containing the
Tral9 mimotope. Figure 3 shows trastuzumab breakthrough
curves during the passage of 50 pg/mL or 100 pg/mL
trastuzumab solutions through different Tral9-modified glass-
fiber membranes at two flow rates. For passage of the 100
pg/mL solutions, the similar shapes of the curves obtained at
0.5 and 5 mL/min flowrates imply that capture is rapid com-
pared to the residence time in the membrane. The shape of the
curves may stem from the distribution of pore sizes in the mem-
brane, where larger pores saturate first due to high flow rates
and low surface area to volume ratios.

Using breakthrough curves, we determined the binding capac-
ity by summing the products of aliquot volumes and the differ-
ences between the feed and permeate concentrations in each al-
iquot. The supporting information (Figure S3) shows replicate
breakthrough curves with other membranes prepared using in-
cubation or circulation. Breakthrough curves obtained with the
100 pg/mL trastuzumab solution indicate capture of 1.3 + 0.3
mg of trastuzumab per mL of membrane; the breakthrough
curves with a 50 pg/mL solution show similar capacities. This
is about eightfold less trastuzumab binding per volume than in
nylon membranes that have higher surface area per volume.*?
However, the thickness of the glass-fiber membrane in the 96-
well plate is about five times the thickness of nylon membranes.
Thus, for membranes with the same radius, the glass-fiber mem-

branes should bind only 40% less trastuzumab.
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Figure 3. Concentrations of trastuzumab in the permeate passing
through glass-fiber membranes modified using either circulation or
serial incubations of polyelectrolyte, EDC/NHS and Tral9 solu-
tions. 50 pug/mL or 100 pg/mL trastuzumab feed solutions were
passed through the membrane at 0.5 or 5 mL/min. Blue circles —
modification using circulation of solutions and flow of a 100
pg/mL trastuzumab solution through the membrane at 0.5 mL/min.
Orange triangles - modification with serial incubations of solutions
and flow of a 100 pg/mL trastuzumab solution through the mem-
brane at 0.5 mL/min. Gray diamonds - modification with serial in-
cubations of solutions and flow of a 100 pg/mL trastuzumab solu-
tion through the membrane at 5 mL/min. Yellow squares - modifi-
cation using circulation of solutions and flow of a 50 pg/mL
trastuzumab solution through the membrane at 5 mL/min.

Notably membranes modified with Tral9 using circulation of
solutions show the same binding capacity as membranes modi-
fied by repeatedly incubating the membrane in solutions. The
slightly lower amount of Tral9 immobilization with incubation
does not significantly affect the trastuzumab binding. The molar
ratio of bound trastuzumab to immobilized Tral9 is around
1:1500, so an increase in Tral9 density may simply result in
additional mimotopes that are sterically inaccessible to antibod-
ies.

The breakthrough curve at the lower feed concentration in
Figure 3 (50 pg/mL, yellow squares) shows capture of 80% of
the trastuzumab in the first 2 mL of solution passed through the
membrane and ~100% capture during passage of the first mL.
The volume of the 2-cm diameter membrane in these studies is
about 2.5 times that of the membrane in the 96-well plates.
Thus, we estimate that the membranes in the well plates should



capture >80% of the mAb in the first 0.7 mL passed through the
membrane, and experiments employed passage of 0.5 mL
through a well. The capture percentage should increase further
with lower concentrations if the affinity is high. Accordingly,
we expect nearly quantitative capture of antibodies during pas-
sage of 0.5 mL of solution through a membrane in a well when
antibody concentrations are <30 pg/mL. Below we limit anal-
yses to <30 pg/mL, and more concentrated solutions will give
signals outside the calibration range.

Modified 96-well Plates for Rapid Capture and Quantita-
tion of Trastuzumab in Serum. We next investigated the cap-
ture of trastuzumab and a fluorescently labelled secondary an-
tibody using Tral9-modified glass-fiber membranes in 96-well
plates. Measurement of the captured secondary-antibody fluo-
rescence as a function of trastuzumab concentration in the load-
ing solution yields a calibration curve for determination of
trastuzumab concentrations in human serum. In these experi-
ments, we pass 0.5 mL of trastuzumab-spiked serum (undiluted
or diluted 1:100) through Tral9-modified 96-well filter plates,
wash with buffer, pass anti-human IgG conjugated to CyS5
through the plates, and perform a final wash before a fluores-
cence measurement (Figure 1). With a flow rate of ~5 mL/min
obtained using a vacuum manifold, this entire procedure (in-
cluding loading) requires only 3 min. Quantitation then occurs
in <1 additional min using a microplate reader to detect the flu-
orescence from the captured secondary antibody. Figure 4
shows the resulting calibration curve for trastuzumab (0.01 — 4
pg/mL) spiked in 1% human serum. This concentration range
approximately corresponds to the concentrations found in pa-
tients (0.2 — 4.4 pg/mL after a 1:100 dilution).*® As expected,
the fluorescence intensity increases with the concentration of
trastuzumab spiked in the loading samples. The shape of the
curve suggests that the secondary-antibody binding or fluores-
cence does not increase proportionally to the primary antibody
binding at higher concentrations.*>* The fluorescence intensity
increases when passing additional secondary antibody through
the membrane, so we think that the nonlinear increase in signal
appears because binding of Trastuzumab begins to saturate at
high concentrations.

Although the relationship between fluorescence intensity
from the well and the concentration of trastuzumab in the load-
ing solution is non-linear, a 4-parameter logistic fit allows de-
termination of trastuzumab concentration in serum. Note that
the data show results from 60 different membranes (i.e. 60
wells) modified and examined on 3 different days, with no day-
to-day correction. Thus, the data include well-to-well variabil-
ity. For lot-to-lot variability in the plates, one would likely de-
velop separate calibration curves for each lot. The coefficient of
variation for the different points is at most 23%. The detection
limit, where the signal is approximately 3 times the standard
deviation of the blank plus the blank signal, is 0.05 pg/mL.

We then used the calibration curve to determine trastuzumab
concentrations in separately prepared spiked samples. As Fig-
ure S4 in the supporting information shows, the differences be-
tween the average determined concentrations (from 3 measure-
ments) and the true concentrations are <10 %, even with the
calibration curve and sample measurements taken on different
days. Errors are larger in single replicates. This small error
should be sufficient to determine if patient concentrations are
above the 20 pg/mL value (0.2 pg/mL after dilution) needed for
effective treatments.3323 Effective analysis occurs even with
data obtained on different days. Thus, weekly calibration may
be sufficient. Given the uncertainties in analyses at high con-
centrations, the assay might best serve in demonstrating that
trasuzumab is above a threshold level.
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Figure 4. Calibration curve for analysis of trastuzumab spiked in
1% human serum. Analysis included capture of trastuzumab in a
Tral9-modified 96-well plate, rinsing, binding of a fluorescently
labelled secondary antibody, rinsing, and determination of the well
fluorescence. The y-axis shows the fluorescence intensity of Cy5
(conjugated to the secondary antibody) at 670 nm. Error bars rep-
resent standard deviations from analyses with at least 3 replicate
membranes. The dashed black curve is a 4-parameter logistic fit to
the data. The red vertical line shows the lower limit needed to en-
sure effective therapies. Data show results from 60 different wells
with analyses occurring on 3 different days.

The concentration of trastuzumab in undiluted serum (20-440
pg/mL) is outside of the calibration range in Figure 4 (0-4
pg/mL). Nevertheless, we are interested in examining whether
mADb analysis is possible in the challenging matrix of undiluted
serum. Thus, we loaded 0.5 mL of human serum containing 2
to 30 pg/mL of trastuzumab in wells containing Tral9-modified
glass-fiber membranes and subsequently captured the Cy5-la-
belled secondary antibody. The resulting calibration curve in
Figure 5 shows a clear response to trastuzumab in the undiluted
serum and should allow determination of whether the
trastuzumab level in a patient is above 10 pg/mL. However, the
background signal (0 pg/mL trastuzumab) is 10-fold greater in
undiluted serum than in 1% serum, so detection limits are much
higher in undiluted serum. Unfortunately, at higher concentra-
tions the trastuzumab-binding sites likely become saturated, so
analysis of physiological concentrations is not possible without
dilution.
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Figure 5. Calibration curve for analysis of trastuzumab spiked in
undiluted pooled human serum. Analysis included capture of
trastuzumab in a Tral9-modified 96-well plate, rinsing, binding of
a fluorescently labelled secondary antibody, rinsing, and determi-
nation of the well fluorescence. Error bars show the standard devi-
ations from 3 replicate experiments. The dashed curve is a 4-pa-
rameter logistic fit to the data. Data were obtained with 18 different
wells, three different wells for each concentration, and analyses on
multiple days.

We also examined the capture of trastuzumab from sera of
individual patients instead of from the pooled serum purchased
from Sigma-Aldrich. The individual sera came from 2 male and
2 female unidentified patients. Figure S5 shows that the Cy5
intensity at 670 nm again increases with the amount of
trastuzumab added. Comparing the trastuzumab calibration



curve obtained with pooled serum and individual patient sera,
the signal due to non-specific binding from serum alone (y-in-
tercept in the calibration curves) increases ~2-fold in the indi-
vidual patient sera. For data points obtained with various
trastuzumab concentrations, we observe a ~1.5-fold increase in
fluorescence intensity in individual patient sera samples com-
pared to the pooled serum samples. The higher background
binding from the individual patient sera could stem from differ-
ent heat and filter treatment of the pooled serum versus the pa-
tient serum. Nevertheless, the calibration curve using data from
all four individual patient sera shows a coefficient of variation
<8 % at all spiked trastuzumab concentrations.

Selective Capture and Quantitation of an anti-spike mAb
from Serum. We also explored the selective capture and quan-
titation of a mAb to the spike RBD protein of the SARS-CoV-
2 virus. These analyses include immobilization of RBD protein
in the 96-well glass-fiber plate and capture of a mAb (raised
against the spike RBD protein). Initially, we attached the RBD
protein to PAA-modified glass-fiber membranes via reaction of
activated PAA with the primary amine groups in solvent-ex-
posed lysine residues in the RBD protein. This method immo-
bilizes the RBD protein in random orientations, likely making
some of the binding sites of the RBD protein inaccessible to the
antibody. To maximize the accessibility of RBD protein to the
anti-spike mAb, we also immobilized this protein in a more ori-
ented fashion using a polyhistidine tag at the RBD C-terminus.
In this case, we first modify the membrane with NTA-nickel
complexes’! to capture the RBD-his.

For analysis of the anti-spike mAb concentration, we captured
it in membranes containing RBD protein and subsequently
bound the Cy5-labelled secondary antibody to generate a signal.
Figure 6 shows the calibration curve for this analysis, which
employed 96-well plates with immobilized RBD-his in glass-
fiber membranes. For comparison, Figure S6 shows the related
calibration curve obtained with covalently immobilized RBD.
The use of both types of immobilized RBD leads to fluores-
cence that increases with anti-spike mAb concentration, but the
signal is 3 times higher when using the RBD-his. The detection
limit is approximately 0.1 pg/mL (or 2 pg/mL before dilution).
Typical analyses of “unknown” spiked samples show errors <
10 % for average concentrations (Figure S7), but errors are of-
ten larger in single-replicate measurements. Importantly, load-
ing of the serum, rinsing, loading of the Cy5-labelled antibody,
rinsing, and determination of fluorescence again requires <5
min.
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Figure 6. Calibration curve for the analysis of anti-spike mAb
added to 5% pooled patient sera. Assays comprise binding of anti-
spike mAD to an RBD-his-modified membrane in a 96-well plate,
rinsing, binding of Cy5-labelled secondary antibody, rinsing, and
measurement of fluorescence at 670 nm. Error bars represent the
standard deviation from 3 replicate experiments. The dashed curve
shows 4-parameter logistic fits to the data. Data were obtained with
24 different wells, three different wells for each concentration, and
analyses on multiple days.

These analyses show the potential for monitoring a mAb-
based COVID-19 therapy. Polyclonal donor antibodies will
likely be more difficult to detect due to a range of affinities.
Future work should examine detection of polyclonal antibodies
to see if the technology could be useful for monitoring immun-
ity. Such studies would need to determine the range of affinities
over which the assay is effective as well as the dependence of
signals on antibody affinity.

CONCLUSIONS

In this study, we successfully applied previous nylon-mem-
brane-modification methods to glass-fiber membranes in 96-
well filter plates. Binding of Cy5-labelled secondary antibodies
to captured mAbs in glass-fiber membranes allows determina-
tion of the primary mAb concentrations based on the fluores-
cence of CyS5. Using Tral9-modified 96-well plates, these as-
says have a trastuzumab analysis range that covers the clinical
trough concentrations found in diluted patient serum.*® Such as-
says can occur in both diluted and undiluted serum, although
therapeutic trastuzumab concentrations in undiluted serum are
outside the range of the technique. 96-well plates with immobi-
lized RBD (part of the SARS-CoV-2 spike protein) allow deter-
mination of the concentration of an anti-spike mAb in diluted
serum. Future studies with polyclonal spike protein antibodies
are needed to examine the robustness of this method. Assays for
both trastuzumab and the anti-spike mAb give average deter-
mined concentrations with an error < 10%, which is sufficient
for many clinical purposes.?®¢!
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