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Abstract

Effective monoclonal antibody (mAb) therapies require a threshold mAb concentration in patient
serum. Moreover, the serum concentration of the mAb Bevacizumab should reside in a specific
range to avoid side effects. Methods for conveniently determining the levels of mAbs in patient
sera could allow for personalized dosage schedules that lead to more successful treatments. This
work utilizes microporous nylon membranes functionalized with antibody-binding peptides to
capture Bevacizumab, Rituximab, or Panitumumab from diluted (25%) serum. Modification of
the capture peptide terminus is often crucial to create the affinity necessary for effective binding.
The high purity of eluted mAbs allows for their quantitation using native fluorescence, and
membranes are effective in spin devices that can be used in any laboratory. The technique is
effective over the therapeutic range of Bevacizumab concentrations. Future work aims at further

modifications to develop rapid point-of-care devices and decrease detection limits.
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Introduction

This paper describes fabrication of peptide-modified membranes that selectively bind the
monoclonal antibodies (mAbs) Bevacizumab, Rituximab, or Panitumumab to enable
determination of their concentrations. The important points in this research include showing the
generality of peptide-based mAb capture in membranes; development of membranes for
Bevacizumab analysis, as the effects of this antibody are particularly sensitive to its
concentration; creation of a spin membrane format for mAb analysis; and demonstration of the

importance of modifying peptide termini to create high affinities for target mAbs.

Monitoring of therapeutic mAb levels in blood is becoming increasingly important with
the widespread adoption of these drugs. There are already more than 70 mAbs approved for
therapeutic applications.!? As examples relevant to this work, physicians use Bevacizumab to
treat certain types of brain tumors or some kidney, colorectal, lung, or breast cancers; Rituximab
for autoimmune disease and lymphoma; and Panitumumab for treating colon cancer.!*~> These
highly versatile mAbs are among the best-selling drugs.® Due to their high specificity, mAb
treatments are often extraordinarily successful, but variations of mAb concentrations in patient
sera may affect their efficacy. Prior studies indicate that the peak and trough concentrations of
therapeutic mAbs in sera may vary 4- to 10-fold in patient populations at the same time point
after injection.”® In some cases, particularly for Bevacizumab, effective treatment depends on the
mAb serum concentration, with high concentrations causing side effects and low concentrations
resulting in ineffective treatments.””*!° Development of methods that can rapidly quantify the
therapeutic mAb concentration in patient serum could lead to personalized dosage regimens and
avoid overprescribing of these very expensive treatments. A rapid mAb quantitation method

could also prove useful when assessing pharmacokinetic profiles during drug development.'!
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Current protocols for determining mAb concentrations include immunosorbent assays
with optical detection, liquid chromatography/mass spectrometry analysis, or radiolabeling of
antibodies.”!!"1> These methods give accurate results, but they are costly and not amenable to
monitoring in the clinic. The mass-spectrometry techniques require expensive equipment,
whereas typical immunosorbent assays require primary and labelled secondary antibodies, and
usually require multiple time-consuming steps.'¢ Recently, multiplexed spatial or suspension-
based assays have become more common for simultaneous measurement of multiple proteins.'”~
19 Multiplexed assays are effective for identifying and quantifying many proteins in one sample,
but the technique faces challenges with cross reactivity and non-specific binding of reagents,
long assays times (~1 h), and often the need for specialized equipment.?®>* Thus, a method
requiring minimal time and few reagents would help to make therapeutic mAb quantitation more

accessible.

This work functionalizes microporous membranes with mimotopes (epitope-mimicking

peptides)**

to rapidly isolate monoclonal antibodies from serum and facilitate subsequent
analysis. Functionalized membranes are attractive in biocatalysis, protein separations, and mAb
purification because short diffusion distances in the membrane pores expedite these processes.?"
28 Prior studies immobilized mimotopes on quartz crystal microbalances or electrodes to quantify
mADbs, but these devices suffer from interferences in serum.>’*! We previously immobilized a
Trastuzumab-binding mimotope in nylon membranes to selectively capture this mAb.*> Here we
extend the development of mimotope-containing membranes to selective capture of Rituximab,
Bevacizumab, and Panitumumab. We selected these mAbs as test analytes because they are

widely used in cancer and autoimmune disease treatment, and because previous papers provide

peptide sequences that should bind to these antibodies.!* Notably, this study demonstrates that
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modifications to the C- or N-terminus of the peptides are often important to increase the binding
affinity.’® Additionally, we show that affinity constants for Bevacizumab binding are similar for
the free and immobilized mimotope. Bevacizumab-binding membranes may prove particularly
important because of the narrow therapeutic window for this antibody, and detection of the
native fluorescence of Bevacizumab enables its quantitation in the therapeutic range. Compared
to our prior study,*? the technical advances in this work include methods for selection and
development of three new epitope-mimicking peptides (an arduous task including terminus
modifications), the addition of spin membranes to make assays more convenient in lab use,>*
testing of the mimotope-modified membranes in sera from several patients, increasing the assay

sensitivity, and monitoring of Bevacizumab at therapeutic levels.

Experimental Section

Materials

Hydroxylated nylon (LoProdyne LP, Pall, 1.2 pm pore size, 110 pm thick) membranes
were cleaned in a UV/O3 chamber (Jelight, model 18) for 10 min prior to modification.
KGSGSGSWPRWLEN-NH: (Ritl4, “-NH.” indicates amidation of the C-terminus),
KGSGSGSWLEMHWPAHS  (Bevl), WLEMHWPAHSGSGSGSK  (Bev2), Acetyl-
WLEMHWPAHSGSGSGSK (Bevl7), KGSGSGSDTDWVRMRDSAR (Panl),
KGSGSGSDTDWVRMRDSAR-NH; (Pan19), and KGSGSGSQLGPYELWELSH (Tral9) were
synthesized by Genscript with a purity greater than 95%. Poly(acrylic acid) (PAA, average
molecular weight ~100,000 Da, 35% aqueous solution), polyethylenimine (PEI, branched, My =
25,000 Da), N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), Tween-20 surfactant, Tween-80 surfactant, D-(+)-trehalose

dihydrate, and human serum were used as received from Sigma-Aldrich. Deidentified patient
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serum samples were purchased from BioChemEd Services. Poly(vinyl) alcohol (PVA, 99-100 %
hydrolyzed, approximate molecular weight 8600 Da) was purchased from Acros Organic.
Trastuzumab (Genentech), Bevacizumab (Genentech), Rituximab (Genentech), and Panitumumab
(Amgen) were used from their therapeutic formulations. Buffers were prepared using analytical

grade chemicals and deionized water (Milli-Q, 18.2 MQ cm).

Immobilization of Peptide Mimotopes in Porous Nylon Membranes

Membranes were modified with polyelectrolytes following published procedures that
employ a peristaltic pump to flow solutions through the membranes at a rate of 1 mL/min.>? After
treatment of the nylon membranes with UV/O3, 5 mL of 10 mM PAA (in 500 mM NaCl, pH 3,
PAA concentration is that of the repeating unit) was circulated through the membrane for 20 min,
and the membrane was washed with 10 mL of water. A 2 mg/mL solution of PEI (pH 3) was then
circulated through the membrane for 20 min prior to washing with 10 mL of water. A subsequent
layer of PAA was deposited on top of the PEI layer in the same manner as the first PAA layer.
Activation of the membranes for peptide immobilization to the PAA/PEI/PAA film included
circulating 10 mL of 0.1 M NHS, 0.1 M EDC through the membrane for 1 h and washing with 10
mL of water. Subsequently, 2 mL of a 1 mg/mL peptide solution in 0.1 M sodium carbonate (pH
9) was circulated through the membrane for 2 h prior to washing with 10 mL of water. For all
modifications, the membranes had a surface area of 3.1 cm? based on an exposed diameter of 2

cm.

Breakthrough Curves and Adsorption Isotherms for mAb Capture in Peptide-Modified

Membranes
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Using a peristaltic pump to flow solutions through the membranes at a rate of 1 mL/min,
peptide-modified membranes were washed with 10 mL of 20 mM phosphate buffer (pH 7.4)
containing 300 mM NaCl (for Rit14-modfied membranes) or 150 mM NacCl (for Bev17- and
Pan19-modified membranes). To demonstrate membrane affinity and specificity, solutions
containing 0.05 mg/mL of Rituximab or 0.05 mg/mL of Trastuzumab in 20 mM phosphate buffer
(pH 7.4, 300 mM NaCl) were passed through Rit14-modified membranes, and the effluent
solutions were collected. This was repeated with solutions containing 0.05 mg/mL of
Bevacizumab or 0.05 mg/mL of Trastuzumab in 20 mM phosphate buffer (pH 7.4, 150 mM
NaCl) to test Bevl7-modified membranes, and with 0.05 mg/mL of Panitumumab or 0.05
mg/mL of Trastuzumab in 20 mM phosphate buffer (pH 7.4, 150 mM NaCl) to test Pan19-
modified membranes. Effluent aliquots were collected in three 4-drop intervals followed by two
5-drop intervals followed by two 1-minute intervals, and further aliquots were collected in 2-
minute intervals until all solution had passed through the membrane using a flow rate of 0.5
mL/min. The collection tubes were weighed before and after solution collection to determine the
volume in each aliquot. The concentration of the effluent antibodies was determined using
fluorescence spectroscopy (Synergy H1 Microplate Reader) with calibration curves (mAb
standards from 0.00-0.05 mg/mL in binding buffer). The excitation wavelength was 270 nm, and
the wavelength of maximum emission was around 330 nm. Breakthrough curves were plotted as
the effluent concentration versus the total volume of loading solution passed through the
membrane, and the binding capacities were determined using the integral of the difference
between the feed and effluent concentrations in the breakthrough curves. After binding,

membranes were washed with 10 mL of wash buffer containing 20 mM, pH 7.4 phosphate buffer
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in 500 mM NacCl, and the amount of antibody in the wash was subtracted from binding in the

breakthrough curve to calculate the capacity.

The adsorption isotherms for Rituximab, Bevacizumab, and Panitumumab were
determined from “equilibrium” binding capacities obtained from breakthrough curves at various
feed mAb concentrations (0.005, 0.01, 0.02, 0.05, 0.1, 0.15, and 0.2 mg/mL) in 20 mM, pH 7.4
phosphate buffer. The buffer contained 300 mM NacCl for Rituximab binding and 150 mM NaCl
for Bevacizumab and Panitumumab binding. (The 300 mM NaCl concentration during Rituximab
binding decreased the levels of Rituximab detected during rinsing with 500 mM NaCl. For other
mAbs, 150 mM NacCl was sufficient to give low mAb levels in the rinse. Experiments with diluted
serum did not require 300 mM NaCl when binding Rituximab.) Experiments were repeated with

three different membranes (diameters of ~2 cm) at each concentration.

Capture of mAbs from Human Serum for Gel Electrophoresis or Quantitation using

Fluorescence

Human serum (Sigma-Aldrich) was diluted 1:3 with phosphate buffer (20 mM phosphate,
150 mM NaCl, pH 7.4) and spiked with Rituximab, Bevacizumab or Panitumumab to a mAb
concentration of 50 pg/mL. Subsequently, 500 pL of this spiked serum was passed at 0.1 mL/min
through a stack of membranes with an exposed diameter of 1 cm. To capture essentially all of the
antibody, the stacks contained 2 Rit14-modified membranes, 3 Bev17-modified membranes, or 3
Pan19-modified membranes. Prior to mAb capture, the stacks were washed with 8 mL of
phosphate buffer (20 mM phosphate, 150 mM NaCl, pH 7.4). After mAb binding, the membrane
stacks were washed with 20 mL of 20 mM phosphate buffer containing 500 mM NaCl, 0.5%
polyvinyl alcohol (PVA), and 0.05% Tween-20, at 0.5 mL/min. The captured antibody was then

eluted with three 600 pL aliquots of eluent (100 mM dithiothreitol with 2%, wt/v, sodium dodecyl

7
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sulfate) at 0.1 mL/min. Forty pL from each eluted aliquot was loaded into a 4-20% gradient SDS-
PAGE (polyacrylamide gel electrophoresis) gel. The supporting information describes the method

for analysis of eluates using liquid chromatography/mass spectrometry.

Studies to determine mAb serum concentrations based on the eluate fluorescence employed
a similar procedure. Human serum diluted 1:3 with phosphate buffer (20 mM phosphate, 150 mM
NaCl, pH 7.4) was spiked to concentrations of 0, 5, 10, 25, or 50 pg of a specific mAb per mL.
Also, a negative control experiment was run using 50 pg of the non-specific mAb Trastuzumab
spiked into the previously described dilute human serum, and the control was completed using
Bev17 membranes. Binding and elution occurred as described above, and the first two eluate
aliquots were analyzed using fluorescence spectroscopy where the calibration curve used mAb

standards prepared in the eluent. The third eluate aliquot contained minimal mAb.

Since the pooled sera was heat treated, we decided to also heat treat the individual patient
sera. The serum from individual patients was heat inactivated following the procedure suggested
by Gemini Bio.** This was done for safety reasons and was performed before spiking the serum,
so it should not affect the target mAb unless a denatured protein in the serum causes aggregation
of the mAb. The patient serum was then diluted 1:3 with phosphate buffer (20 mM phosphate, 500
mM NaCl, pH 7.4) and was spiked with Bevacizumab to concentrations of 0, 25, 50, or 75 pg per

mL. The binding, elution, and fluorescent quantitation followed the procedure described above.

Determination of mAb Concentrations Using Spin Membranes

A Bev17-modified or Tral9-modified membrane was cut into discs with diameters of 0.7
cm, and 3 discs were stacked and mounted in a spin column at Takara Bio. Spin columns were

first washed with 100 pl of 20 mM phosphate, (150 mM NaCl, pH 7.4) at 350 x g for 30
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seconds. 200 uL of Bevacizumab (5 — 50 pg/mL) or 100 pL of Trastuzumab (10 -120 pg/mL) in
human serum diluted 1:7 (for Bevacizumab) or 1:3 (for Trastuzumab) with phosphate buffer (20
mM phosphate,150 mM NaCl, pH 7.4) was loaded onto the spin column during centrifuging at
350 x g for 2 minutes. This was followed by 6 washes with 400 uL of 20 mM, pH 7.4 sodium
phosphate buffer containing 500 mM NaCl, 0.5 % (wt/v) PVA, 0.05 % (v/v) Tween-20, and then
4 washes with 400 pL of disodium hydrogen phosphate (0.13 M)-citric acid (0.037 M) buffer,
pH 6. Washes were done by centrifuging spin columns at 1200 x g for 1 minute. Finally, four
200 pl aliquots of 2 % (wt/v) SDS, 100 mM DTT were used to elute the spin columns at 1000 x
g for 1 min. The concentration of Bevacizumab or Trastuzumab in eluates was determined by
measuring native fluorescence and comparing with a calibration curve prepared from
Bevacizumab or Trastuzumab standards in the eluent. Three replicates using a new spin column
for each Bevacizumab and Trastuzumab concentration spiked in diluted generic human serum

(Sigma-Aldrich) were carried out.

Results and Discussion

This section first characterizes the immobilization of mimotopes to PAA/PEI/PAA films
in porous nylon membranes. Subsequently, we present breakthrough curves for mAb binding in
buffers to determine values for binding capacities and affinity constants and demonstrate
selectivities for the specific mAbs. Later subsections examine mAb capture from spiked serum.
In those studies, determination of the fluorescence of membrane eluates allows determination of
mAb concentrations. Finally, the last subsection describes the use of mAb-binding membranes in

spin columns.

Mimotope Covalent Immobilization in Poly(acrylic acid)-containing Membranes
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Mimotope linking to the membrane occurs via reaction of immobilized, activated PAA
with amines at the lysine residues or amine termini of the mimotope peptides.>® Prior reflectance
infrared spectroscopy studies show that reaction of PAA with NHS leads to N-hydroxy
succinimidyl esters that subsequently react with primary amine groups to form amide bonds.3>*¢
38 To determine the amount of immobilized mimotope, we measured the fluorescence of the
mimotope loading and rinsing solutions before and after passing them through the activated
membrane. Calibration curves show that the fluorescence increases linearly with mimotope
concentration (Figure S1, Figure numbers beginning with “S” refer to the supporting
information). Based on these analyses, Table 1 shows the amount of immobilization for 6
different mimotopes. Binding capacities range from 30 to 50 mg of mimotope per mL of
membrane. For Bevacizumab capture, the peptide with lysine at the N terminus (Bev1) shows
more immobilization to PAA than the peptides with lysine at the C terminus (Bev2 or Bev17),
but this may vary with the mimotope. In all cases, there is more than enough mimotope to bind
mAbs. Given the high molecular mass of mAbs (~150 kDa) compared to the masses of the
mimotopes (1560 to 2067 Da), even binding of 1 mAb per every 10 mimotopes would yield a
binding capacity of 220-400 mg of mAb per mL membrane. In fact, the mAb binding capacity is

less than 10 mg per mL of membrane (Table 1), so most immobilized peptides do not participate

in mAb binding.
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Table 1. Mimotope-immobilization capacities in activated PAA/PEI/PAA-modified
nylon membranes, and subsequent mAb binding capacities.?

Mimotope mAb
. Binding Binding
Target mAb Mimotope Sequence Capacity Capacity
(mg/mL) (mg/mL)
Rituximab KGSGSGSWPRWLEN-NH: (Rit14) 43+ 6 6.1+0.8

KGSGSGSWLEMHWPAHS (Bevl)

Bevacizumay | WLEMHWPAHSGSGSGSK (Bev2) ;gi ?gigé
Acety-WLEMHWPAHSGSGSGSK 2%,
2844 6.040.3
(Bevl7)
KGSGSGSDTDWVRMRDSAR (Panl) 4oud | 1403
Panitumumab KGSGSGSDTDWVRMRDSAR-NH, 4043 4' g+1 ’ 0

(Pan19)

*mAb binding capacities were determined using a 0.05 mg/mL feed concentration.
Selection of Mimotopes and their Immobilization Chemistry

mADb binding to immobilized peptide mimotopes depends on the peptide composition and
terminus modifications. We selected initial mimotopes based on literature reports of phage-
display or mRNA-display screening of specific peptide sequences.’***! In these processes,
libraries of peptides are initially displayed either on the surface of a bacteriophage or fused to
their own mRNA sequences. Peptides are then selected based on their affinity for their target
mAbs (Rituximab, Bevacizumab, and Panitumumab), and the selected smaller peptide library is
subsequently amplified. Repetition of the process occurs until a few peptides with high affinity
for the target result.*>*" Based on the previously discovered peptides, we selected amino-acid
sequences with a binding region containing as few amino acids as possible to decrease the cost of

synthesis while also displaying high affinity to the target mAb to ensure specific binding. The

11
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peptides we designed also contain a hydrophilic linking sequence (GSGSGS)? and a terminal

lysine to enhance immobilization.

Prior studies suggest that blocking the peptide termini (via acetylation of the N-terminus
or amidation of the C-terminus) to remove charged amine and carboxylate groups at these
termini is sometimes useful for mimicking the native epitope, which is part of a larger protein
sequence.*® For a mimotope analogous to Rit14, amidation of the C-terminus increased the
affinity and selectivity for Rituximab binding to a mimotope-modified Au surface.’® Those
results led us to use the C-terminally amidated Rituximab mimotope in our work. Additionally,
when developing Pan19, the Panitumumab binding capacity increased over 4-fold when using a

mimotope with C-terminal amidation (compare Pan19 and Panl in Table 1).

We investigated three different peptides, KGSGSGSWLEMHWPAHS (Bevl),
WLEMHWPAHSGSGSGSK (Bev2), and Acety-WLEMHWPAHSGSGSGSK (Bev17), in the
search for an effective Bevacizumab-binding mimotope. The first two peptides have the linker
and lysine residue on opposite ends of the affinity sequence, WLEMHWPAHS.** The last
peptide has N-terminal acetylation to confine immobilization to the peptide C-terminus. All
three sequences allowed successful mimotope immobilization in membranes (Table 1), but
Bev17 captured the most Bevacizumab. Although Bevl showed the highest amount of mimotope
immobilization, the Bevacizumab binding capacity was only 0.3+0.1 mg of Bevacizumab per
mL of membrane. Compared to Bevl, Bev2 gave a 40% decrease in mimotope immobilization
while also having four times the Bevacizumab binding capacity. This binding capacity was still
low, so we purchased the N-terminal acetylated peptide, Bev17, in hopes of increasing
Bevacizumab capture. Fortunately, this led to a 5-fold increase in the Bevacizumab binding

capacity with a similar amount of mimotope immobilization as Bev2 (Table 1).

12
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Selective Therapeutic mAb Capture Using Mimotope-functionalized Membranes

Ritl14, Bevl7, and Pan19 are mimotopes 0.06 -
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selectively capture these specific mAbs. We
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Figure 1. Breakthrough Curves for
Bevacizumab or Trastuzumab passing through
a Bevl7-modified membrane. The feed
concentration for both mAbs was 0.05 mg/mL,
and the membrane area was 3.1 cm?.

mg/mL antibody solutions in buffer to
investigate the binding capacity of each
mimotope-containing membrane. Separate
breakthrough curves indicate negligible binding of a non-target mAb, Trastuzumab, showing that
the mimotopes have selectivity for the Fab region of the humanized target antibody versus the
humanized Fc region or Fab region of another mAb. Figure 1 shows breakthrough curves for
Bev17-functionalized membranes, and Figures S2A and S2B present similar curves for Rit14-
and Pan19-modified membranes. All of the membranes capture <1 mg of Trastuzumab per mL
of membrane, and even some of this “binding” in the first mL is likely due to the dead volume in
the system and a small amount of nonspecific adsorption, which should decrease in the presence
of other proteins in serum. As Figure 1 shows, the Bev17-functionalized membrane captures
nearly all of the Bevacizumab in the first mL of solution passed through the membrane and
>80% of Bevacizumab in the first 2 mL of solution. The “equilibrium” binding capacity at this
antibody concentration is 6.0+0.3 mg of Bevacizumab per mL of membrane. Similarly, Rit14-
modified membranes capture 6.1+0.8 mg of Rituximab per mL of membrane at “equilibrium”

(Figure S2A) and Pan19-functionalized membranes bind 4.8+1.0 mg of Panitumumab per mL of
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membrane (Figure S2B). Note that these binding capacities are less than the true equilibrium
binding capacity because the permeate concentration never completely reaches the feed
concentration. Binding sites in narrow pores in the membrane likely fill slowly. Hence the
binding capacities represent “equilibrium” only with readily accessible sites, which are most
useful for mAb capture. In all the breakthrough experiments, we limited the feed volume to 9
mL. The use of larger volumes will introduce significant errors due to the uncertainties in the
small differences in feed and effluent concentrations as the membrane approaches true

“equilibrium”.

Adsorption Isotherms and Comparison to Binding in Solution

After demonstrating a reasonable binding capacity and specificity, we determined

“equilibrium” binding capacities at different feed concentrations to develop adsorption isotherms
10

for different membranes. Figure 2 shows the =
£ 8
27
concentration-dependent Bevacizumab binding § 6
8 5
capacity for Bevl7-modified membranes along with ‘Z :
2,
the Langmuir adsorption isotherm fit to the data. "

0 T T T T T

0 0.2 0.4 0.6 0.8 1

Figures S3A and S3B present the corresponding Feed Concentration (M)

Figure 2. Adsorption isotherm for
Bevacizumab binding to Bev17-modified
membranes. The curve shows the best fit
of the data to the Langmuir adsorption
1sotherm, and error bars are the standard
deviations of capacities from breakthrough
curves on three different membranes. A 1
uM solution is equivalent to ~0.15 mg/mL
of antibody.

figures for specific mAb adsorption in Rit14- and
Pan19-modified membranes. Equation 1 describes
two equivalent forms of the Langmuir isotherm,
where q is the equilibrium binding capacity at a
given mADb feed concentration, q is the saturation
binding capacity, K, is the association constant, K is the dissociation constant and [mAb] is the

equilibrium concentration of the target mAb.*>
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4= 9o 1+Ko[mAb] ~ 10 K4+[mAb]

Table 2 presents the fitted values of gy and K;. The Bevl7-functionalized membrane
shows a q, value of 9.2 mg of Bevacizumab per mL of membrane, and a K; value of 215 nM
(association constant, K, = 1/K,, of 4.6 x 10° M™!). The Rit14-modified membranes have the
highest value of q, (16.5 mg of Rituximab per mL of membrane), whereas saturation binding
capacities for Bevl7- and Pan19-functionalized membranes are 9-10 mg/mL. These qo values
correspond to capture of ~4 x 10'* target antibody molecules per cm? of external surface area. In
contrast, qo for a nonporous well whose base has an area of 1 cm? is at most 1.3 x10'?
antibodies.’! The high internal surface area of the membrane leads to a binding capacity that is
several orders of magnitude greater than that for a similar-sized well. The K, values are 0.2-0.4
uM for all three modified membranes binding to their target antibodies, and typical ELISAs

exploit K4 values between 10~ and 107'? M for antibodies binding to their target antigens.>! >’

15
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Table 2. Dissociation constants for antibody binding to mimotope-modified
membranes (Kg from the Langmuir Isotherm) or free mimotopes (Kq from isothermal
titration calorimetry, ITC), and saturation binding capacities (q,) for antibody binding
to mimotope-modified membranes.

Langmuir
Target mAb Mimotope Isotherm Kd 9o ITC Kq
M (mg/mL) (uM)
(uM)
Rituximab Rit14 0.49+0.11 16.5 16.1+£0.4
Bevl7 0.22+0.04 92 0.354+0.06
Bevacizumab Bevl? - - Not Detectable
Bev2? - - Not Detectable
' ' Pan19 0442011 9.8 1642
Panitumumab
Panl? - - Not Detectable

#Breakthrough curves at a single concentration showed minimal binding (Table 1).

To find out whether peptide immobilization alters binding affinity, we also determined
dissociation constants for complexes of peptides and mAbs in solution (Figures S4 and S5 show
the calorimetry data). Using isothermal titration calorimetry (ITC),>® we obtained the
dissociation constants listed in Table 2. For Ritl14 and Pan19, the K4 was larger in solution than
in the membranes, suggesting that peptide immobilization may increase affinity. Perhaps, the
bivalent antibody binds to two immobilized mimotopes that are in close proximity, thus
increasing the antibody’s affinity for the membrane.’~®! The dissociation constant for free
Bev17 is similar to that for the immobilized peptide. The Bev17 peptide had 30-35% less
immobilization than Rit14 and Pan19, which could explain why the affinity in solution and in the
membrane were similar. Additionally, peptides that showed low mAb binding when

immobilized in membranes (see Table 1) also showed no detectable binding in solution.
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Selective binding of target mAbs from serum

Experiments with mAb binding from diluted
(1:3) human serum (pooled serum from Sigma-
Aldrich) demonstrate selective capture from solutions
containing a large excess of other proteins, including
other antibodies. To visually demonstrate selective
binding, we performed gel electrophoresis of the
spiked serum (before and after passing through the
membrane) and the antibody-containing eluate. Figure
3 shows the SDS-PAGE analysis of Bevacizumab
capture in a Bevl7-functionalized membrane, and
Figures S6A and S6B are images of corresponding gels

for mAb capture in Ritl4- and Panl9-modified

p— — s
— - = — __—
— 2 p— -
— —_ -
— '.-v— A -
b — -
SEYsT =
o = -
- £t ¥ 3 -

-

Figure 3. SDS PAGE analysis of
Bevacizumab capture (from serum) and
elution in Bev17-modified membranes.
Lanes 1,4, and 9 contain the molecular
weight ladder. Lanes 2 and 3 show protein
from the spiked feed (25% serum) and
effluent solutions after a 10-fold dilution.
Lane 5 is a Bevacizumab standard (1.25
ng), and lanes 6-8 are the eluted protein in
30 pL (each) from 3 consecutive 0.6-mL
eluate aliquots. The membrane was loaded
with 0.5 mL of 25% serum containing 0.05
mg/mL Bevacizumab.

membranes, respectively. In these figures, the lane containing the spiked serum shows a high

abundance of many proteins. In contrast, lane 6 which contains protein from the first eluate aliquot

shows dominant bands that appear around 25 and 50 kDa and correspond to the target antibody

light and heavy chains, respectively. Nearly all of the captured mAb elutes in the first eluate

aliquot, and the dominance of the antibody bands shows that the eluted samples are relatively pure.

The similar intensities of antibody bands in lanes 5 and 6 suggest high recovery of the antibody

from serum, as lane 5 contains the amount of antibody corresponding to 100% recovery. Control

experiments that examined protein binding from unspiked diluted (1:3) serum did not show bands

corresponding to antibody light and heavy chains (Figure S7) or any other significant bands,

implying low amounts of non-specific binding or binding of other antibodies in serum.
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LC/MS data confirm that the
eluted protein is highly pure. Figure
4 shows the chromatogram of
Bevacizumab eluted from a
membrane that was loaded with 0.05
mg/mL Bevacizumab in 1:3 diluted
serum. The chromatogram contains
two dominant peaks, and MS
spectra show that these peaks

correspond to the light and heavy
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Figure 4. Liquid chromatogram (UV detection at 280 nm) of
the eluate from a Bevl7-modified membrane. MS spectra show a
deconvoluted mass of 23451.88 Da for the first peak (36 ppm
difference from the Bevacizumab light chain) and 51166.34 Da
for the second peak (58 ppm mass difference from the GOF
glycan of the heavy chain) to identify the eluted antibody as
Bevacizumab.

chains of Bevacizumab (see Figure S8 in the supporting information).

Target mAb quantitation in human serum

The above results demonstrate selective
capture of specific mAbs and their subsequent
elution. This section examines whether capture and
elution are sufficiently reproducible to enable

determination of mAb concentrations based on the

Bevacizumab Loaded (mg/mL)
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native antibody fluorescence of eluate solutions.

Figure 5. Total Protein Eluted from

Specifically, we passed 0.5 mL of mAb-spiked serum  membranes loaded with serum spiked with

different concentrations of Bevacizumab.

(diluted 1:3 with buffer) through a membrane stack, The total protein was quantified by

determining the fluorescence of the eluates

rinsed the system, eluted with three 0.6-mL aliquots compared to Bevacizumab standards made in

the elution buffer. Error bars represent the

of eluent and determined the fluorescence intensity standard deviation of three replicate

experiments on three different membrane

of the eluate solutions. Based on the breakthrough stacks.
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curves, use of the limited loading volume (0.5 mL) should lead to nearly complete capture of the
mAb in the membrane stack, and the large eluate volume should elute essentially all of the bound

mADb.

As Figure 5 shows, the slope in the plot of Bevacizumab recovered in the eluate versus
the amount of loaded Bevacizumab is 0.82+0.02, suggesting that total recovery of mAb is ~80%,
although the percent recovery was only around 60% with a second batch of the peptide
mimotope, so calibration is necessary with each batch of membranes. Rituximab analysis with
Rit14-modified membranes gave a similar slope of 0.84 = 0.10 (See Figure S9A), but the slope
for Panitumumab analysis was only 0.23+0.02 (Figure S9B), although all three plots are linear.
The responses plateau at concentrations greater than 0.05 mg/mL for Bevacizumab and
Rituximab or 0.1 mg/mL for Panitumumab as the membrane approaches saturation. The low

Panitumumab recovery may suggest interaction of the mAb with other proteins in serum.

The plot in Figure 5 and the corresponding plots for the other antibodies all show a non-
zero y-intercept around 0.006 mg. This likely corresponds to the fluorescence of non-
specifically adsorbed protein that subsequently elutes in the SDS/DTT solution. We tried
extensive washing with buffers containing high salt and surfactant concentrations, but the low
level of non-specific binding persisted. Fortunately, the level of non-specific binding is
consistent, so one can correct for it in the calibration curve. As a negative control, we also
analyzed diluted serum spiked with 0.05 mg/mL of Trastuzumab on the Bev17 membrane. The
amount of protein eluted was 0.006+0.001 mg, essentially the same as the non-specific binding
observed with unspiked diluted serum. A membrane with a non-target mimotope could serve as

a negative control if needed.
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The standard curve in Figure 5 could potentially prove useful in determining

Bevacizumab concentrations in patient sera. Bevacizumab has a narrow therapeutic window

(0.2-0.25 mg per mL of serum),’ and our curve effectively quantifies Bevacizumab below this

range (0.005-0.05 mg per mL of serum). Thus, a 1:9 dilution of serum will put the desired

Bevacizumab level in the middle of the calibration curve, and this will decrease the amount of

patient serum necessary for quantitation. The further dilution may also decrease the amount of

non-specific binding to increase the precision of the measurement.

We then tested the Bev17-based analysis method using sera from different patients rather

than the pooled serum from Sigma-Aldrich. These experiments examined spiked-Bevacizumab

capture from the sera of four different unidentified patients (2 males and 2 females). The amount

of protein eluted increases with the amount of Bevacizumab loaded for all four of the patient sera

(Figure S10). Figure 6 presents the combined data from analyses of all four patient sera and

shows a linear response with a slope of 0.46+0.03.
This suggests a Bevacizumab recovery of ~46% with
these membranes, which is less than in the initial
studies with the serum from Sigma-Aldrich. This
shows the need for calibration. We suspect that the
recoveries differ in part due to different heat-treatment
or other treatment of the sera. Differences in
pretreatment could leave more aggregated proteins in
the patient serum. Additionally, we also added more
salt to the dilution buffer (0.5 M NaCl) for the patient

samples than for the pooled serum (0.15 M NacCl) in

20
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Figure 6. Total Protein Eluted from
membranes loaded with Bevacizumab-spiked
sera from four different patients. The total
protein was quantified by determining the
fluorescence of the eluates compared to
Bevacizumab standards made in the elution
buffer. Error bars represent the 95 %
confidence interval of 12 replicate
experiments (replicates on three different
membrane stacks for each of the four
patients.)
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an effort to decrease non-specific binding. The lower recovery observed in patient samples also
suggests that there might be a matrix effect, which could vary among a large number of patients.
One possibility for overcoming this challenge is to further dilute the serum. The y-intercept in
Figure 6 is 0.0034 mg which is about 40 percent lower than the intercept for the Sigma-Aldrich
serum. Regardless of the differences between patient and commercial serum, there is little
variance in the data when comparing patients. An ANOVA two-way test comparing analyses of
the four patients’ sera spiked with the four feed concentrations gave no statistically significant
variance in the observed data due to the different patients’ sera (Supporting Information section

S11).

The Rit14 and Pan19 analyses based on eluate fluorescence are not sufficient for
therapeutic monitoring because the levels in serum are typically above 0.025 mg/mL for
Rituximab and between 0.0213 and 0.039 mg/mL for Panitumumab.>% After serum dilution,
the assay would not be sufficiently sensitive. However, the method might prove useful for
quantitation of these drugs during production. After proper dilution, broths could be passed
through the membranes, washed, eluted, and quantified with fluorescence to rapidly determine
batch concentrations. Though our native fluorescence detection method is a few orders of
magnitude less sensitive than ELISA methods, we are working to achieve more selective and
sensitive detection methods employing labelled secondary antibodies. Figure S11 suggests that
the use of fluorescently labelled secondary antibodies may decrease detection limits several
orders of magnitude. The increased sensitivity of the assay shown in Figure S11 will allow for
further dilution of patient samples in the future, which may help to overcome possible matrix
effects that vary among patients. Such membrane-based methods may compete with the

sensitivities of ELISA while providing data in less than a third of the time.®*
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mADb quantitation using spin membranes

The setup used in the above experiments requires pumping of solutions through
membranes, which some labs may consider cumbersome and labor-intensive. To make the
process more amenable to a typical biochemistry lab, we embedded membranes in spin filters
and performed the loading, rinsing, and elution steps using centrifugation. As Figure S12 shows,
the Bevacizumab calibration curve is similar for the spin membranes and the peristaltic pump
device. Passing loading, rinsing, and eluate solutions through the membrane requires about 50
min with the peristaltic pump and 20 min with the spin device. Thus, the spin device may prove
more convenient. Moreover, we are working on decreasing rinsing times to decrease analysis

times by a factor of two.

This paper shows some of the promise of the membrane-based mAb capture and analysis,
and current work is focusing on incorporation of such membranes into microfluidic devices. In
addition to extensive clinical testing, which is beyond the scope of this work, development of a
membrane-based point-of-care device will likely require incorporation of the membranes in a
microfluidic system to work with less volume and shorten assay time. Preliminary data suggest
that binding of fluorescent secondary antibodies directly to the membrane can decrease detection

limits several orders of magnitude (see Figure S11).
Conclusions

We previously demonstrated modification of porous nylon membranes through
immobilization of peptide mimotopes to adsorbed poly(acrylic acid) and showed that these
membranes selectively capture the therapeutic mAb Trastuzumab.?? This work expands the range

of mimotopes to capture three additional mAbs and specifically develops a method for analysis
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of Bevacizumab, which has a very narrow therapeutic window. Remarkably, immobilization of
Bev17 had minimal effect on its affinity for Bevacizumab compared to binding to the free
mimotope in solution. However, affinity for a given mAb sometimes increases after acetylating
or amidating the mimotope peptide terminus. Spin membranes may make the process for
capturing, rinsing, and eluting mAbs from membranes more convenient, and determination of the
fluorescence of eluate solutions allows analysis of Bevacizumab concentrations in their
appropriate therapeutic window. Nevertheless, future work should examine methods for
incorporating membranes in automated point-of-care devices with simpler workflows and

detection methods.%’
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