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A high-capacity, multimodal cation exchange (MMC) chromatographic membrane was developed by conjugating
a multimodal ligand — 2-mercaptopyridine-3-carboxylic acid (MPCA) - on a polybutylene terepthalate (PBT)
nonwoven fabric. The membrane features an equilibrium binding capacity of ~ 1000 mg of human polyclonal
IgG (IgG) per g of membrane and dynamic binding capacities (DBCyq¢,) ranging from 77.5 to 115.1 mg/mL
(residence times of 1 and 5 min, respectively); these values are 2-to-3-fold higher than those of commercial MMC
adsorbents. The effects of buffer composition, pH, conductivity on the binding behavior of the MMC-MPCA
membrane were investigated in detail. As a moderate cation exchange binder, MPCA enables effective protein
elution using buffers with mild pH (8.0-9.0) and conductivity (=13 mS/cm), thus circumventing the harsh
conditions often needed in multimodal chromatography. The MMC-MPCA membrane was evaluated for product
capture in bind-and-elute mode on a Chinese hamster ovary (CHO) cell culture harvest containing therapeutic
monoclonal antibodies, using commercial multimodal (Capto MMC and MX-Trp-650M) and affinity (AF-rProtein
A HC-650F) resins as controls. The MMC-MPCA membrane outperformed the multimodal resins in terms of
binding capacity as well as clearance of host cell proteins (HCPs) and aggregates. The membrane was then
evaluated by polishing the mAb from a Protein A eluate in bind-and-elute mode. The MMC-MPCA membrane
reduced the level of high molecular weight components from 11% to 4% and the HCP content from 1319.7 ppm
to 48.7 ppm (LRV of 1.4). Most notably, proteomics analysis of the product demonstrated the clearance of a
significant fraction of persistent, high-risk HCPs from the Protein A eluate.

1. Introduction processing accounting for over 50% of mAb production costs [4,5],

significant efforts are devoted to the development of compact and

With the growing demand for accessible biotherapeutics, the accel-
erating emergence of novel therapeutic modalities, and increasing
competition from biosimilars, the biopharmaceutical industry is seeking
to transform manufacturing processes to increase productivity, flexi-
bility, and adaptability to different products and scales, while reducing
costs and time to market [1-3]. Therapeutic monoclonal antibodies
(mAbs) remain the dominant class of biopharmaceuticals in terms of
production volume and variety of applications. With downstream

affordable purification processes [6]. In this context, a key role is played
by innovating chromatographic technologies [7], particularly the design
of novel ligands with improved separation orthogonality and novel
substrates that grants high flowrate operations.

On the front of ligand chemistry, special attention is dedicated to
multimodal ligands (e.g., Capto™ Adhere and MEP HyperCel™), that
combine hydrophobic, hydrogen binding and electrostatic interactions
and provide orthogonal separation mechanisms, complementing the
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affinity or the conventional ion exchange or hydrophobic chromatog-
raphy [8-11]. Many multimodal ligands exhibit a salt-tolerant char-
acter, where the binding capacity is relatively independent of solution
conductivity [12,13]. Salt tolerance reduces the need for buffer ex-
change or dilution to adjust pH and conductivity, enabling significant
reductions in operating costs and processing time [7,12]. Moreover,
multimodal chromatography has been found to be effective in the
removal of product- and process-related impurities — such as aggregates,
protein fragments, host cell proteins (HCPs) and DNA - following the
mADb product capture step by Protein A chromatography [5,8,11]. For
instance, Zhang et al. demonstrated that multimodal cation exchange
chromatography employed in bind-and-elute mode can successfully
isolate mAb monomers from aggregates [5]. An additional advantage of
multimodal chromatography is the ability to capture the product
directly from unconditioned recombinant fluids [14,15]. For example,
MEP HyperCel™ has been used to capture full mAbs and single-chain
fragments from cell culture fluids [16,17]. These applications are
being considered as effective alternatives to the expensive, and less
stable, Protein A and protein L chromatography for the purification of
whole antibodies and Fab fragments [16,18].

On the front of novel substrates, membranes are emerging as a viable
alternative to resins to increase productivity and flexibility. While
characterized by lower surface areas per unit volume and hence lower
binding capacity than chromatographic resins, membranes have much
larger flow permeabilities and their dynamic binding capacity is essen-
tially independent of flow rate due to the absence of diffusional limi-
tations. This allows membrane adsorbers to operate at a much shorter
residence times, thus increasing productivity [19,20]. With recent de-
velopments in surface chemistry and fabrication techniques leading to
higher binding capacities and opening the route to affordable single-use
(or disposable) devices, membranes are poised to acquire a preeminent
role in downstream bioprocessing [2,21,22].

It is therefore surprising that there has been little work reported on
the use of multimodal ligands in membrane chromatography. Ma et al.
screened four multimodal ligands including 2-mercaptobenzimidazole,
2-mercapto-1-methylimidazole, 2-mercaptopyridine, and 4-mercapto-
pyridine on a cast microporous regenerated cellulose membrane sup-
port modified by the ring-opening polymerization of diethylene glycol
diglycidyl ether [23]. The 2-mercaptobenzimidazole ligand membrane
had a high dynamic binding capacity (DBC) of 65 mg/mL of membrane
for human polyclonal IgG at a residence time of 0.1 min. Wang et al
developed a salt-tolerant cation exchange membrane, also based on a
cast porous regenerated cellulose membrane, but with 4-mercaptoben-
zoic acid as ligand [13]. This membrane had a DBC of 38-47 mg IgG/
mL at NaCl concentrations from O to 150 mM and residence times
shorter than 0.1 min [13]. However, the strong hydrophobic binding by
the phenyl and benzimidazole rings of these ligands combined with the
high ligand densities required elution from both membranes to be
conducted at low pH (pH 2.5) and high concentrations of chaotropic salt
(e.g., sodium isothiocyanate) [13,23]. Such harsh elution conditions
raise the risk of aggregate formation and mandates rapid buffer ex-
change of the eluates (lower the salt concentration or increase pH) to
curb product degradation [24,25].

In this work, we developed a multimodal salt tolerant cation ex-
change membrane by coupling 2-mercaptopyridine-3-carboxylic acid
(MPCA) to a polybutylene terephthalate (PBT) nonwoven fabric modi-
fied by UV grafting of glycicyl methacrylate (polyGMA) [26,27].
Nonwoven fabrics offer great promise as disposable chromatographic
membranes owing to their low pressure drops at high flow rates,
affordable scalability, flexible and rapid production as well as high
binding capacity after functionalization with ligands [2,28]. To our
knowledge, this is the first work on the preparation of multimodal
membranes based on nonwoven fabrics and the use of such membranes
for product capture and product polishing in the purification of bio-
therapeutics. The same MPCA ligand, has been linked to vinylsulphone-
activated agarose gel and nanoparticles in previous studies obtaining a
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low IgG binding of 3-4 mg/mL in the isolation of IgG from human serum
via thiophilic interactions [29,30]. In our study, MPCA is conjugated on
the membrane by reaction with the epoxy group in the polyGMA and the
purification mechanism is mainly reliant on charge-charge interactions.
The resulting multimodal cation exchange membrane (MMC-MPCA)
was characterized in terms of equilibrium and dynamic binding capacity
for human IgG at a variety of residence times, and reusability over
multiple cycles. The binding mechanism between the ligand and IgG was
investigated by studying the effects of buffer pH, composition, and
concentration (conductivity) on protein binding and elution. The
membrane’s separation performance was tested by purifying a mono-
clonal antibody (mAb) from a clarified CHO cell supernatant using two
different methods: (1) as a product capture membrane, and (2) as a bind-
and-elute polishing step following a Protein A column. The results ob-
tained for mAb capture with the membrane were compared with the
results using one affinity Protein A resin (AF-rProtein A HC-650F) and
two commercial multimodal ligand resins (Capto MMC and MX-Trp-
650M) under similar conditions. Proteomic analysis of the polished
product was carried out to evaluate the ability of the membrane to
reduce the level of high-risk host cell proteins co-eluting with the mAb
from the Protein A resin.

2. Experimental
2.1. Materials

Poly(butylene terephthalate) (PBT) nonwoven membranes (basis
weight 52 g/m?, mean fiber diameter 3.0 pm, 85% porosity, and mean
pore size 8.0 + 0.5 pm) were provided by Macopharma (Tourcoing,
France). Glycidyl methacrylate (GMA) was purchased from Reagent
World (Ontario, CA, USA). Benzophenone (BP) and MPCA were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The organic solvents
used for membrane preparation and chemicals for buffer preparation
were purchased from Fisher Scientific (Fairlawn, NJ, USA). Human
polyclonal IgG (IgG) was purchased from Athens Research & Technol-
ogy, Inc. (Athens, GA, USA). Capto MMC resin and 5 mm-diameter
columns to pack chromatographic resin particles were purchased from
Cytiva (Marlborough, MA, USA). The MX-Trp-650M resin and AF-
rProtein A HC-650F resin were purchased from Tosoh (Tokyo, Japan).
The CHO supernatant (2.2 mg/mL mAb, ~0.66 mg/mL HCPs, pH 7.5)
was generously provided by Fujifilm Diosynth Biotechnologies
(Durham, NC, USA). The ratio of HCP to product is 0.3 mg HCP/mg of
mAb, which in parts per million (ppm) of HCP per mass of mAb corre-
sponds to 3 x 10° ng/mg.

2.2. Preparation of MMC-MPCA membrane

UV grafting of GMA on PBT nonwoven was conducted using the
procedures described in previous publications [26,28]. The grafting
time was adjusted to obtain different GMA degrees of grafting, as
measured by the percentage weight gain (WG) of the original PBT
sample:

W

Wi =Wo 1009 @

WG(%) =~

Wherein W) is the weight (g) of the original PBT sample and W7 is the
membrane weight (g) after UV grafting of GMA. Grafting times of 14-22
min were employed to obtain weight gains in the range of 11.5%-25%.

PolyGMA grafted PBT samples (17-18% WG, average 17.5% WG)
were soaked in MPCA solutions for ligand coupling at 60 °C in a water
bath for 16 h. The solutions contained 0.5-20 mg MPCA/mL, corre-
sponding to molar ratio of epoxy/MPCA of 1:0.5-1:21.5. This step was
followed by 0.1 M sulfuric acid treatment at 50 °C for 16 h to hydrolyze
unreacted epoxy groups in the polyGMA. The prepared cation exchange
MPCA membranes (MMC-MPCA) were washed three times with pure
water. The optimal molar ratio of epoxy/MPCA was determined by
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measuring the dynamic binding capacity of the membranes for IgG at
10% breakthrough (DBC; ) (method described in Section 2.4.2). Once
the optimal epoxy/MPCA ratio was determined, the GMA grafting de-
gree (11.5%-25%) was then optimized to obtain MMC-MPCA mem-
branes with the highest protein DBCj .

2.3. Membrane characterization

The ligand density was determined by quantifying the sulfur content
of the modified MPCA nonwoven membrane with a PE 2400 CHN
elemental analyzer (PerkinElmer Inc., Waltham, MA, USA). The mem-
brane zeta potential at pH 2.5-11.0 was measured with a SurPASS 3
electrokinetic analyzer (Anton Paar, Graz, Austria). For flow perme-
ability measurements, 50 layers of MMC-MPCA membrane were packed
into an Omnifit column of 1.0 cm diameter from Diba Industries, Inc.
(Cambridge, UK). The resulting membrane bed height for these flow
experiments was 1.3 cm (1.0 mL column volume) and the column
pressure was measured at various flow rates using an AKTA™ pure
system (Marlborough, MA, USA) using 50 mM acetate buffer pH 5.5 as
the mobile phase with superficial velocities ranging from 229.2 to 763.9
cm/h (corresponding to 0.1-0.33 min RT). The pressure drop AP across
the membrane layers (kPa) was estimated by subtracting the pressure
drop of the empty column from that of column with the membranes to
get a pressure drop per unit bed length (AP/L) where L is the height of
membrane packed bed (cm). The flow permeability of the membrane
was calculated using Darcy’s law:

v=k— 2)

Where v is the superficial velocity in the column and y is the viscosity
of the aqueous solution.

2.4. Membrane performance for protein binding and elution

2.4.1. Equilibrium binding capacities and isotherm for human IgG

The equilibrium binding capacity of the membrane was measured by
immersing 15 mg membrane samples in 3.0 mL 50 mM acetate buffer pH
5.5 with 150 mM NaCl (hereafter referred as binding buffer) containing
human IgG for 16 h at room temperature. The binding capacity was
calculated as the mass of bound protein (the difference of protein mass
in the solution before and after incubation) divided by the weight of the
membrane. A range of IgG initial concentrations from 0.5 to 12.5 mg/mL
for binding experiments was employed for studying the equilibrium
adsorption isotherm. The Langmuir isotherm was used to fit the exper-
imental adsorption data:

que‘l (3)

Geq = cq + Ky

Wherein g, is the measured amount of IgG adsorbed on the mem-
brane at equilibrium while c,q is the IgG concentration in solution at
equilibrium. The values of the Langmuir parameters, g, the maximum
binding capacity, and Ky, the dissociation constant, were determined by
fitting the experimental data using Eq. (3). The same procedure was used
for measuring the adsorbed IgG on the membrane in different buffers
(adjusting 50 mM acetate pH 5.5 with 1.0 M NaOH, 1.0 M HCl and other
salts), for investigating the influence of pH (4.5-7.0 with added 150 mM
NaCl), salt concentration (0-450 mM NacCl), and salt type (50 and 150
mM NacCl, NaCitrate, NasSO4, MgCly) on protein adsorption. The initial
IgG concentration of IgG binding studies using the above buffers was 5.0
mg/mL.

Elution was also conducted at a variety of conditions: 50 mM acetate
pH 5.5 with 1.0-2.0 M NaCl, 1.0-2.0 M urea, 20%-30% (v/v) ethylene
glycol, 0.2-1.5 M arginine, 50 mM phosphate buffer pH 8.0 with 0-1.5
M NaCl and 50 mM carbonate buffer pH 9.0 with 150 mM NaCl. The
elution efficiency was calculated as the mass ratio of the eluted protein
to the bound protein.
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2.4.2. Dynamic binding capacities for IgG

The membrane dynamic binding capacity for IgG at 10% break-
through (DBC; ) was measured in flow experiments with 12 membrane
layers (~0.24 mL) packed in the 1.0 cm diameter Omnifit column holder
mentioned earlier using the AKTA™ pure system. The membranes were
equilibrated with 7.2 mL of binding buffer at 0.5 mL/min. Then 3 mg
IgG/mL sample solutions were loaded at residence time (RT) of 1.0, 2.0,
or 5.0 min. The loading process was stopped once the UV absorbance
reached the value corresponding to 10% of the initial feed concentra-
tion. An elution buffer consisting of 7.2 mL of 50 mM carbonate buffer
pH 9.0 with 150 mM NaCl was applied at a flow rate of 0.5 mL/min, if
membrane reuse was needed. The DBC(y, was calculated as follows:

co(Vioz-Vo)

DBCoy = v

4

Wherein g is the initial IgG concentration in the feed (mg/mL); V100,
is the effluent volume when the IgG concentration in the effluent
reached 10% of the initial IgG concentration in the feed (mL); V) is the
void volume (mL), determined in separate experiments using a pulse of
2% acetone, and Vy, is the membrane volume.

2.5. mAb purification from cell culture supernatant in bind-and-elute
mode

2.5.1. Product capture mode

The MMC-MPCA membrane was used for direct capture of a mAb
from a CHO cell culture supernatant and the results were compared with
those obtained using commercial cation exchange resins (Capto MMC,
MX-Trp 650 M) and a Protein A resin (AF-rProtein A HC-650). The
membranes were packed in the 1.0 cm diameter Omnifit column as
described above, while the multimodal Capto MMC, and the MX-Trp
650 M resins were packed in 5.0 mm diameter columns to bed vol-
umes of 0.24-0.25 mL, so that both resins and membrane column vol-
umes were identical. Before the capture experiments, the pH of the CHO
supernatant was adjusted to pH 5.5 or pH 4.5 depending on the media,
followed by filtration with a 0.22 pm membrane. The filtered solution
was used as feedstock. In the separations using Capto MMC, MX-Trp 650
M and MMC-MPCA, 6.0 mL of feed solution (=11 mS/cm) were injected
at 5.0 min RT after column equilibration by 12.5 mL 50 mM acetate
buffer pH 5.5 with added 90 mM NaCl (=11 mS/cm). After sample
loading, the same equilibration buffers were used for washing until the
UV absorbance returned to baseline. Finally, the bound protein was
eluted by 7.5 mL 50 mM carbonate buffer with additional 150 mM NaCl
at pH 9.0 (~17 mS/cm). The equilibration, washing, and elution steps
for the MMC-MPCA membrane were all conducted at 0.5 min RT, while
for the resins the RT in all these steps was 5.0 min. A 0.1 M arginine wash
step was used in one of the MMC-MPCA runs to determine its potential
use to improve HCP removal in the eluate. For the Protein A resin, the
2.0 mL AF-rProtein A HC-650F column was equilibrated with 20 mL
phosphate buffered saline (PBS, pH 7.4), followed by loading with 30 mL
clarified supernatant without any adjustment using 5.0 min RT. After
washing with 30 mL PBS, the bound protein was eluted by 10 mL of 0.1
M citric acid at pH 3.0. The eluate was neutralized by 1.0 M Tris-HCl
buffer at pH 8.0 immediately after elution was completed. The equili-
bration, washing and elution steps in Protein A chromatography were
processed at 2.0 min RT. The DBC during purification was calculated as
the mass of the eluted mAb divided by the volume of membrane or resin.
Recovery was calculated as the mass ratio of the eluted mAb to the mAb
in the loading solution.

The mAD concentrations, HCP concentration and aggregate contents
were measured respectively via analytical Protein G chromatography,
ELISA, and analytical size exclusion chromatography (SEC-HPLC), using
methods described in a prior publication [28]. A Yarra SEC-2000 size
exclusion chromatography column (300 mm x 7.8 mm) purchased from
Phenomenex Inc. (Torrance, CA, USA) was used for analyzing mAb
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aggregates. The Waters Alliance 2690 separation module system and
Waters 2487 dual absorbance detector for HPLC analysis were pur-
chased from Waters Corporation, Milford, MA, USA. The CHO HCP
ELISA Kit (F550) was obtained from Cygnus (Southport, NC, USA).

2.5.2. Polishing a protein A eluate in bind-and-elute mode

The MMC-MPCA membrane was used to polish a Protein A eluate
obtained by feeding the mAb supernatant as described in Section 2.5.1.
The eluate from the Protein A column was immediately adjusted to pH
5.5 by adding 1.0 M pH 8.0 Tris-HCl and the solution was filtered by
0.22 pm membrane before loading to the MMC-MPCA membrane that
was used for the polishing step. The chromatographic procedure was the
same as that used in the product capture studies above except for loading
2.0 mL feed solution. After elution, the membrane was regenerated with
7.5 mL 2.0 M guanidine-HCl and then washed with 12.5 mL 50 mM
acetate buffer pH 5.5.

2.6. Proteomic analysis

Proteomic analysis was performed to identify and track HCPs,
including problematic HCPs, which could be deleterious to the product
or cause human immunogenic responses. Samples of the CHO superna-
tant, the Protein A column eluate, and MMC-MPCA membrane eluate
were analyzed. These samples were treated with trypsin for digestion
according to our prior work [31,32], followed by washing with 50 mM
ammonium bicarbonate, drying, and reconstituting in 1 mL aqueous 2%
v/v acetonitrile, 0.1% v/v formic acid (mobile phase A). The samples
were then diluted 1:5 in mobile phase A before injection. Proteomics
analysis by nano LCMS/MS using the method reported in [32] at the
Molecular Education, Technology, and Research Innovation Center
(METRIC) at NC State University. The resulting nano LC-MS/MS data
were processed with Proteome Discoverer 2.4 (Thermo Fisher, San Jose,
CA). The abundance values reported by Proteome Discoverer post
evaluating a match between runs were used to calculate intra-sample
relative abundance and derive inter-sample label-free quantification
analyses after the exclusion of the identified contaminant species
(Porcine Trypsin, Keratin).

3. Results and discussion

3.1. MMC-MPCA membrane equilibrium and dynamic binding capacities
for IgG

Our strategy for ligand conjugation begins with grafting brushes of
poly(glycidyl methacrylate) (polyGMA) on the fibers of a polybutylene
terephthalate (PBT) nonwoven fabric [26,28]: the epoxy ring of GMA
reacts with the thiol group displayed by the ligand — herein, 2-mercap-
topyridine-3-carboxylic acid (MPCA) - forming a stable thioether bond
(Fig. 1; note: unreacted epoxy rings are converted to hydroxyl groups via
hydrolysis with 0.1 M sulfuric acid). As demonstrated previously with
other ligands, the degree of GMA grafting, was measured by the %
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weight gain (%WG) upon grafting, and the ligand concentration used
during conjugation determine ligand density on the membrane and thus
its protein binding capacity [28]. Accordingly, two conditions were
adjusted to obtain a ligand density that promotes protein binding on the
MMC-MPCA membrane. Following estimation of the available epoxy
groups based on the %WG, the molar ratio of MPCA/epoxy during
conjugation was varied to determine its effect on ligand density and
dynamic binding capacity (DBCjgy). Fig. 2 shows that a grafting WG of
17.5% and an epoxy/MPCA ratio of 1:2.2 led to the highest values of IgG
DBCypy (77.5 mg/mL at of 1.0 min RT). Notably, this membrane
featured an intermediate value of ligand density (0.42 pmol/mg),
consistent with most observations in the literature: higher ligand den-
sity, in fact, tends to crowd out the target proteins, while low ligand
densities offer insufficient binding sites, both resulting in lower capac-
ities [33-35]. The remainder of this study was conducted using mem-
branes prepared under these optimized conditions.

The selected membrane was then evaluated via equilibrium
adsorption studies using a panel of IgG solutions with concentrations
varying from 0.2 to 12.5 mg/mL (Fig. 3). The resulting isotherm
adsorption curve fits well the Langmuir model in Eq. (3), returning a
calculated maximum adsorption capacity g, of ~1000 mg/g of mem-
brane, corresponding to 312.2 mg/mL of dry membrane, and a K4 of
1.55 mg/mL (10.3 pM). The value of binding capacity is much higher
than those of multimodal cation exchange resins and membranes re-
ported in the literature [13,23,36], and is rooted in the ligand-
functionalized grafted brushes, which form a 2500 A-thick layer
around the 3 pm-diameter fibers. The grafted layers consist of expand-
able, polymer networks that allow penetration of the proteins, so that
the binding does not rely solely on the surface area of the fiber. The
membrane used in these studies has a measured intrinsic surface area of
about 1 m?/g of fabric. A monolayer of proteins adsorbed to the surface
of the fibers would result in, at most, 5-6 mg IgG/g of membrane. The
measured value of equilibrium binding capacity of ~1,000 mg IgG/g
clearly indicates the formation of multiple layers of IgG adsorbed on the
fibers by penetration through the grafts. With a hydrodynamic diameter
of 100 A, IgG molecules can easily form several protein layers within the
grafts, ultimately leading to remarkable values of equilibrium binding
capacity.

The flow performance of the membrane was then characterized by
measuring the flow permeability and the DBCjqy, at different fluid ve-
locities. The pressure drop per unit length (AP/L) was found to increase
linearly from 16.9 to 118.7 kPa/cm at 229.2 to 763.9 cm/h (corre-
sponding to RT in the range of 0.1-0.33 min RT, as shown in Fig. S1).
The thickness of the membrane adsorber column was approximately
1.25 cm (50 membrane layers). Since the grafted layers can expand and
contract in response to changes in pH (charge) and ionic strength, the
pressure drop in these types of membranes can vary significantly
depending on buffer conditions. These pressure-flow experiments were
conducted at pH 5.5 in which the membrane is negatively charged, and
at low ionic strength (50 mM acetate buffer), so that the grafted layer
should be fully extended, and the pressure drop should be at its

% X
l =
+ i s OH 60°C 16h o SN
<
~
0/\<(‘) N SH Aqueous pH=11 e]:
2-Mercaptopyridine-3- ¥ o

PBT-polyGMA

carboxylic acid (MPCA)

MMC-MPCA membrane

Fig.1. Chemical reaction used for coupling MPCA to polyGMA grafted PBT membranes.
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Fig. 2. (A) Effect of epoxy/MPCA molar ratio in the ligand coupling reaction solution on DBCj g, of MMC-MPCA membranes at 1.0 min RT with an average 17.5 %
WG; (B) Effect of grafted polyGMA %WG on DBC; 9, of MMC-MPCA membranes prepared using 1:2.2 epoxy/MPCA molar ratio at 1.0 min RT.
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Fig. 3. Equilibrium adsorption isotherm of IgG onto MMC-MPCA membrane.
Initial IgG solution: 1.0 to 12.5 mg IgG/mL dissolved in pH 5.5 50 mM acetate
buffer with added 150 mM NaCl (~17.5 mS/cm). Experimental data are
compared with the fitted data based on the Langmuir model.

maximum. The relative permeability of the membrane calculated in
these conditions using Eq. (2) was 2.4 x 10~° cm?. The column pressure
drops (from 16.9 to 118.7 kPa/cm at 229.2 to 763.9 cm/h) measured in
these experiments never went beyond 0.15 MPa (1.5 bars), well within
acceptable pressure ranges for flow devices in downstream operations
(4-8 bars).

The 10% breakthrough curves obtained in flow experiments with
polyclonal IgG at different residence times (RTs) are reported in Fig. 4.
The membrane adsorber layer used in these dynamic binding capacity
experiments was 0.3 cm thick (12 membrane layers). When increasing
the RT from 1.0 to 5.0 min, the corresponding DBCq, increased from
77.5 mg/mL to 115.1 mg/mL of column. This is a clear indication that
there are diffusional effects controlling the adsorption of proteins into
the grafted layers. It takes hours for the equilibrium adsorption to occur,
and with a RT of 5.0 min the grafted layers are only able to adsorb
roughly 37% of their maximum or equilibrium capacity (312.2 mg/mL
dry membrane). When the RT is lowered to 1.0 min there is even less
time for diffusion through the grafted layers, and the membranes only
reach 24.8% of their maximum capacity. Nevertheless, when compared
with commercial MMC adsorbents operated under the same conditions
(with ~150 mM NacCl in pH 4.3-6.5 binding buffers), the MMC-MPCA
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= ——— 1.0 min RT
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Fig. 4. Breakthrough curves at different RTs. Experiments performed by
feeding 3.0 mg/mL of IgG on a membrane column of 0.24 mL volume (12
layers, 1.0 cm diameter, ~0.3 cm membrane bed height).

membrane featured significantly higher values of DBCjgy, (Table 1) at
all values of RTs. We also found that the bound IgG can be completely
eluted by 50 mM phosphate buffer at 0.15 M NaCl pH 8.5, which
avoided the high concentrations of chaotropic salt (e.g., NaSCN) used in
multimodal membranes and resins. This is likely due to a combination of
a lower ligand density on the MMC-MPCA membrane (127 mmol/L vs.
340 mmol/L [13]) and the milder hydrophobicity of the pyridine of the
ligand. The elution conditions for MMC-MPCA are also milder than the

Table 1
Comparison of DBCjqe of multimodal cation exchange adsorbents. The IgG
loading solution contained 150 mM NaCl (=17 mS/cm) at pH 4.3-6.5.

Adsorbent RT 1gG DBCj 09
(min)  (mg/mL)

Elution conditions

Capto™ MMC 4-5 50-60 [13] 1.0 M NacCl at pH 6.0 [37]
Impress resin

Nuvia cPrime resin N/A 40 [38] 0.4 M NaCl at pH 7.0 [38]

Toyopearl MX-Trp-650M 1 48 [39] 1.0 M NacCl at pH 7.0 [39]
resin

4-Mercaptobenzoic acid 1 38 [13] 1.0 M NaSCN at pH 8.0
cast cellulose membrane [13]

MMC-MPCA membrane 1-5 77.5-115.1 0.15 M NaCl at pH 8.5

(This study)




J. Fan et al.

pH 2.5 elution used for another multimodal membrane with 2-mercap-
tobenzimidazole as ligand (no cation exchange moiety, 156 mmol/L
[23]).

The MMC-MPCA membrane was designed for single use which re-
quires robust reusability in several chromatographic cycles in one
campaign before disposal. Accordingly, the stability of the membrane
performance was examined by measuring DBC; gy, for IgG in five bind-
and-elute chromatographic cycles (Section 2.4) at 1.0 min RT. The
membrane was cleaned and regenerated with 2.0 M guanidine after
elution in each cycle. These experiments generated five chromatograms
with identical elution peaks (Fig. 5A) and corresponding values of
DBCj gy (Fig. 5B), demonstrating the good reusability of the MMC-MPCA
membrane without loss of performance and 2.0 M guanidine is effective
for membrane regeneration.

3.2. Effects of salt and pH on IgG binding and elution behavior of MMC-
MPCA membrane

To elucidate the salt-tolerant properties of the MMC-MPCA mem-
brane, the protein binding ability was evaluated by varying the NaCl
concentrations in the binding buffer (pH 5.5) from O to 450 mM
(Fig. 6A), while maintaining the IgG concentration in the feed at 5.0 mg/
mL. At low salt concentration (50 mM) the adsorbed IgG on the mem-
brane increased to 731.5 from 470.1 mg/g with no added salts. This is
likely due to strong electrostatic repulsion between charged groups on
the membrane at low salt concentration helping to expand the polymer
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Fig. 5. (A) The chromatogram of five consecutive cycles of DBC; g9, measure-
ment with 12 layers of MMC-MPCA membrane with 10 mm diameter (0.24 mL
membrane volume) at 1.0 min RT (0.24 mL/min flow rate) and (B) relative DBC
(ratio of DBCj o, obtained in subsequent cycle to the one in the first cycle). The
membranes were regenerated with 7.2 mL 2.0 M guanidine-HCl after each cycle
followed by membrane re-equilibration with 12 mL binding buffer before the
next cycle.
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grafts. One the other hand, the added salt enhanced the hydrophobic
interaction, which also contributed to the higher binding capacity
compared to that without added NaCl. This phenomenon differs from
the behavior reported for other salt tolerant resins and membranes,
where the highest protein binding occurs in solutions without any added
salts [40,41]. The binding capacity of the MMC-MPCA membrane
remained essentially constant in the salt concentration range of 50-150
mM, and finally dropped in the range of 300-450 mM, due to a strong
charge screening effect between the ligand and IgG, which was unable to
be offset by the increased hydrophobic interaction. The high binding
capacities in the range of 50-150 mM make the MMC-MPCA membrane
ideal adsorbents for product capture directly from unconditioned
bioreactor harvests. As shown in Fig. 6B, divalent cation and anion salts
(MgCl, and NapSO4) have a stronger impact on protein binding to the
MMC-MPCA membrane than monovalent ions (NaCl) at the same con-
centration. This is expected as the ionic strength increases with the
valency of the ion at a given concentration. As a kosmotropic salt,
NaCitrate enhanced hydrophobic protein-ligand interactions, thus
affording values of IgG adsorption close to those obtained in the NaCl-
supplemented buffer. A similar performance was also observed by
Wang et al. in a study of a multimodal CEX membrane where the IgG
binding capacities in the range from 0 to 1.0 M NaCitrate were almost
identical [42]. There was little change in binding capacity with NaySO4
as the concentration went from 50 to 150 mM, but there was more than a
50% drop when the concentration of MgCl, increased from 50 to 150
mM. These results are likely to vary from protein to protein and from salt
type to salt type, but the observations offer consistent proof of salt
tolerance over a broad range of salt concentrations.

Changes in pH can impact the ionization of the ligand and the protein
surface, resulting in a wide variation in binding behavior [43,44].
Accordingly, the influence of pH from 4.5 to 7.0 on IgG (average pl ~ 8.2
[28]) binding to MMC-MPCA membrane was studied. Fig. 7 shows that
the IgG adsorption on the membrane increased from 83.6 mg/g at pH 4.5
to 131.0 mg/g at pH 5.0. It reached the highest value at pH 5.5 (754.6
mg/g) then linearly decreased as the pH reached 7.0 (180.9 mg/g). The
pK, of the MPCA ligand is 3.0-4.5, as determined by zeta potential
measurement at pH 2.5-11.0 (data not shown), consistent with the pKa
of carboxyl groups. The lower protein adsorption at pH 4.5 can therefore
be ascribed to the insufficient negative charge on the ligand, despite the
strong cationic character of IgG at low pH. Increasing negative charge of
the ligand from pH 5.0 to 5.5 led to more proteins being adsorbed. On
the other hand, as the cationic character of IgG, and thus the binding
strength, subsides from pH 5.5 to 7.0, IgG adsorption decreases.

To obtain high protein recovery (mass ratio of the eluted IgG to the
bound IgG), the elution efficiency of buffers with different pH and salt
concentrations was investigated. As shown in Fig. 8, the elution effi-
ciency of pH 5.5 buffer reached a plateau of 86% at NaCl concentration
higher than 1.5 M. This implies that the dominant binding force for IgG
on MPCA is electrostatic attraction. This is also evidenced by the poorer
elution performance of buffers formulated with urea, ethylene glycol,
and arginine (Fig. S2), whose chaotropic character is meant to disrupt
hydrophobic interactions, hydrogen bonding, and electrostatic in-
teractions [45,46]. Fig. 8 also shows that the recovery of IgG at pH 8.0
does not reach 100% unless the elution buffer includes high salt con-
centrations (150 mM NacCl). Conversely, at pH 8.5 and 9.0, recoveries
close to 100% are reached with lower salt concentrations of 0.5 M and
0.15 M NacCl, respectively. A possible reason for the better elution per-
formance is the decreased electrostatic attraction between IgG and
ligand at pH greater than 8.0 that is close to the average pI of polyclonal
IgG.

3.3. Capture of a mAb from cell culture harvest using MMC-MCPA
membrane

Mixed mode chromatography is a promising alternative to Protein A
for direct capture of mAbs from cell culture harvest, owing to its salt
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Fig. 7. Effect of pH on IgG adsorption on MMC-MPCA membrane: NaCl con-
centration in 50 mM Na acetate buffer, pH 5.5, adjusted with 1.0 M NaOH or
1.0 M HCL. The initial IgG concentration was 5.0 mg/mL.

tolerance, higher capacity, and lower cost [9,14]. Capto MMC and MX-
Trp-650M are two commonly used multimodal cation exchange resins
that have gained much attention owing to their good binding capacity
and robust separation performance [47,48]. The structures of the

-
N
o

ligands on these resins are shown, together with the structure of MPCA,
in Fig. 9. The salt tolerant behavior of Capto MMC and MX-Trp-650M is
rooted in their hydrophobic phenyl and indole groups, respectively. The
combination of electrostatic, thiophilic, hydrophobic and hydrogen
bonding interactions of these ligands enable both resins to capture mAbs
without the need to adjust the conductivity of the culture harvest. The
mAD capture experiments described here were conducted at pH ranges
between 4.5 and 5.5, at which the mAb was positively charged (pI ~ 7.6)
and adsorbed efficiently on the negatively charged carboxyl moiety of
both ligands. With the pKa of carboxyl groups typically ranging between
3.0 and 4.5 [49], these multimodal ligands operate ideally at pH above
4.5 if the pI of the protein is greater than 4.5. As described above, the
MMC-MPCA ligand containing a carboxyl group and a pyridine ring (less
hydrophobic than the phenyl and indole), exhibited a high protein
binding capacity for polyclonal IgG, and the question remained as to
how it would function in capture a monoclonal antibody in a CHO cell
culture supernatant.

The capture performance of the MMC-MPCA membrane was there-
fore evaluated in comparison to that of Capto MMC, MX-Trp-650M
resins, as well as a Protein A affinity resin (AF-rProtein A HC-650F) in
terms of mAb binding capacity and impurity clearance. Before loading
the mAD solution to the multimodal CEX adsorbents, the cell culture
fluid (=11 mS/cm) was adjusted to pH 5.5 for the MMC-MPCA mem-
brane and Capto MMC and to pH 4.5 for MX-Trp-650M since its binding
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Fig. 8. %IgG desorption from MMC-MCPA membrane with different elution buffers. Before elution, the IgG was adsorbed by MMC-MCPA membrane with an initial
IgG concentration of 5 mg/mL in a 50 mM acetate pH 5.5 with 0.15 M NaCl. The pH was adjusted by adding 1.0 M NaOH, or 1.0 M HCI and the conductivity was

adjusted by adding additional NaCl.
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Fig. 9. Ligand structures on MMC-MPCA membrane (A), Capto MMC (B) and MX-Trp-650M (C).

capacity was very low at pH 5.5 (6.4 mg/mL, Fig. S3); conversely, the
supernatant was loaded without any adjustment on the Protein A affinity
column. In all separations, the sample solution was injected at 5.0 min
RT. As shown in the chromatograms reported in Fig. 10, the salt tolerant
CEX media were first equilibrated with pH 5.5 (or pH 4.5) buffer. After
sample loading, the three media were washed with equilibration buffer,
and protein elution was finally conducted at pH 9.0 with 0.15 M NaCl.
The equilibration, washing, and elution steps for the MMC-MPCA
membrane were processed at 0.5 min RT, while for the resins a 5.0
min RT was used. As shown in Table 2, the MMC-MPCA membrane
obtained a higher mass of the eluted mAb per mL of column volume than
the resins. The MMC-MPCA membrane and Capto MMC resin achieved
similar HCP log removal values, which were better than the HCP
removal by the MX-Trp-650M resin. The MMC-MPCA membrane also
reduced the aggregate levels from 5.4% in the feed solution to 2.5% in
the eluate. This removal performance is slightly better than those of the
resins since the aggregates tend to be more hydrophobic than the mAb
monomer [50] and are likely to adsorb more strongly to hydrophobic
ligands. An additional wash with 0.1 M arginine solution after sample
loading was used to optimize the IgG isolation using the MMC-MPCA
membrane, as shown in Fig. 10D. With an additional 0.1 M arginine
wash, both the HCPs and aggregate clearance were improved. Arginine
is known to weaken hydrophobic interactions between HCPs and mAbs
products bound to resins [51]. As anticipated, the Protein A affinity
column showed a better HCPs removal performance (chromatogram
shown in Fig. 10E), however there were more aggregates (11.9%) likely
generated by the pH 3.0 elution buffer (the collected eluate was
neutralized immediately after elution). Collectively, these results
portray the CEX-MPCA membrane as a viable alternative for capture of
mADbs that are sensitive to low pH.

3.4. mAb polishing following protein A chromatography using MMC-
MPCA in bind-and-elute mode

Multimodal cation exchange chromatography has been introduced
into mADb purification as an effective polishing step after the affinity-
based capture step [11,52]. Zhang et al. [5] and Wolfe et al [46]
exploited the unique selectivity of Capto MMC resin, and obtained good
aggregate and HCP removal for mAb polishing in bind-and-elute mode
with model-based process development and optimization of modulators
in the mobile phase. Tang et al. [53] and Zhang et al. [54] processed a
Protein A eluate by Capto MMC ImpRes and Capto MMC resins with
good aggregate removal at 5.0 min RT.

We anticipated that the MMC-MPCA membrane could be used to
process the Protein A eluate not only without the need to reduce the
conductivity, but also by operating at shorter residence times. Accord-
ingly, MMC-MPCA membranes packed in a 0.25 mL column were loaded
with 2.0 mL of the Protein A eluate (6.1 mg mAb/mlL, 1319.7 ppm HCPs,
11.9% aggregates, ~19 mS/cm, pH 5.5, Table 2) using a RT of 2 min for
sample loading and 0.5 min for the washing and elution steps. The
relevant chromatograms are displayed in Fig. 11 and the results are

listed in Table 3. A high mAb recovery of 95% was obtained (calculated
DBC was 52.0 mg/mL). By comparing the DBC of ~53 mg/mL (in
Table 2) obtained in the capture step where feed solution was CHO su-
pernatant (2.2 mg/mL mAb) at the same RT, it indicates the binding
capacity of CEX-MPCA membrane is quite stable and barely affected by
impurities and different concentrations of mAb (2.2-6.1 mg/mL) in the
feed. The aggregate content decreased to 6.7% and the residual HCP
level was 62.4 ppm. The HCPs and mAb aggregates content in the
elution fraction were further reduced by a 0.1 M arginine wash step
following protein loading (Fig. 11 and Table 3). When employing a pH
gradient elution (pH 7.6, 8.3 9.0) and collecting mAb at pH 7.6
(Fig. 11C), a lower titer of residual HCPs of 48.7 ppm was obtained,
corresponding to an LRV of 1.43. In the SDS-PAGE analysis with silver
staining shown in Fig. S4 the removal of HCP was not easily apparent.
According to the Protein G analysis shown in Fig. S5, the purity of the
eluted mAb was close to 100% with no visible impurity peak in the
chromatogram, showing an improvement from the 98.0% purity of the
eluate from Protein A column. The aggregate content was further
reduced to 4.4%. The size exclusion HPLC results in Fig. S6 show that the
aggregates were effectively removed by the pH 7.6 elution, especially
those with higher molecular weight (10-12 min retention time) that
were present in the pH 9.0 eluate, since they are generally more posi-
tively charged compared to the monomeric mAb [5,55]. Overall, ac-
cording to the size exclusion HPLC chromatograms in Fig. S7, the
Protein A column removed a large fraction of the impurities including
small substances, HCPs (20-40 min retention time), larger aggregates
and DNA (10-12 min retention time) from the supernatant. The MMC-
MPCA membrane further cleared larger aggregates (much smaller
peak at 12 min retention time) and HCPs at exhibiting higher retention
times.

3.5. Proteomic analysis

To further assess the effectiveness of the MMC-MPCA membrane in
HCP removal and evaluate the overall clearance performance of the
combination of Protein A resin and the membrane in a bind-and-elute
mode, we analyzed in-process samples using a proteomics approach
(described in Section 2.6). Fig. S8 shows distribution plots of the number
of HCPs encountered at each stage and their distribution of isoelectric
points; cell culture fluid (CCF) that was loaded into the Protein A col-
umn; the pH adjusted and filtered Protein A eluate that was applied to
the MPCA membrane; and finally, the membrane eluate at pH 7.6 in a
pH gradient elution shown in the chromatogram Fig. 11C. The profiles of
pl distribution (4-12) of HCPs in the load CCF, in the Protein A eluate,
and in the membrane eluate, are similar while the overall number of
HCPs identified decreased after Protein A column and was furthered
reduced by the membrane. We detected 1990 HCPs, either secreted or
released by CHO cells, in the load sample (300,000 ppm HCPs) applied
to Protein A column. A list of 32 of these host proteins was then curated
and tracked throughout purification processes, as they have previously
been identified and reported as high-risk and highly prevalent in CHO
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Fig. 10. mAb capture by MMC-MPCA membrane (A), Capto MMC (B), MX-Trp-650M (C), MMC-MPCA membrane with additional 0.1 M arginine in wash step
following sample loading (D), and AF-rProtein A HC-650F (E).

Table 2

Results of mAb capture by MMC-MPCA membrane, Capto MMC, MX-Trp-650M and AF-rProtein A.

Separation media pH Additional wash DBC' Recovery” (%) HCP® (LRV) Aggregates (%)
(mg/mL)

MMC-MPCA membrane 5.5 N/A 52.8 96.4 0.48 2.5

Capto™ MMC 5.5 N/A 35.1 63.9 0.46 3.3

Toyopear]l MX-Trp-650M 4.5 N/A 46.4 93.3 0.23 3.2

MMC-MPCA membrane 5.5 0.1 M Arginine 53.0 96.8 0.67 2.0

AF-rProtein A 7.4 N/A 32.1 93.0 2.3 119

! DBC calculated as the mass of the eluted mAb divided by the volume of membrane or resin.
2 Recovery calculated as the mass ratio of the eluted mAb to the mAb applied in the loading solution.
3 300,000 ppm (ng HCP/mg of mAb) HCP in the feed solution (CHO supernatant).
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2.0 min.

Table 3

Results of mADb polishing by MMC-MPCA membrane with different separation conditions.

Separation optimization Loading volume (mL) DBC (mg/mL) Recovery (%) HCP (LRV) HCP content (ppm) Aggregates (%)
Standard conditions 2.0 52.0 95.1 1.32 62.4 6.7
0.1 M arginine wash 2.0 55.9 98.2 1.37 56.6 5.1
0.1 M arginine wash and pH gradient elution 2.0 50.4 92.1 1.43 48.7 4.4

bioprocesses [31,56] in Table 4. Furthermore, a risk class has been
assigned to these proteins based on the nature of risks they have been
associated with, i.e., (1) HCPs that co-elute with mAb products and/or
degrade the mAb, and (2) HCPs identified as immunogenic that pose risk
to patient safety. Individual protein abundances obtained using prote-
omics analyses were utilized to calculate the relative abundance of each
species for perspective analyses and the values were utilized to conduct
statistical significance analyses to determine reduction in HCP levels.
The protein A eluate showed a good reduction in the total number of
HCPs (645 species, remaining corresponding to measured HCP con-
centration of 1319.7 ppm) whose cumulative abundance was found to
make up for <5% of the total sample abundance, compared to those
observed in the load sample (963 species). As seen in Table 4, further
high-risk HCP tracking showed that the protein A step was ineffective in
removing 22 of total 32 high-risk HCPs, with just 31.25% of these spe-
cies significantly reduced, highlighting the need for additional polishing
steps. Implementation of the MMC-MPCA membrane (48.7 ppm residue
HCPs after membrane separation) was successful in further removal of
15 high-risk HCPs and a total, numeric 62.5% of these species through
the combination of protein A and MMC-MPCA membrane,

10

demonstrating the excellent clearance for high-risk HCPs by the novel
membrane. Retained high-risk HCPs mostly consisted of Cathepsin B,
BiP precursor, Matrix Metalloproteinase-19, Peptidyl-prolyl cis-trans
isomerases, legumain, and PLBL-2. These proteins could ‘hitchhike’ with
mAbs during separation or interact with the ligand hence co-eluting
with it. Further investigation into this phenomenon is beyond the
scope of this study. On the other hand, these proteins can alternatively
be depleted using LigaGuard™, a peptide-based technology developed
and reported by our group [30,57]. This work therefore can be extended
to study mADb purification by the combination of inexpensive nonwovens
and peptide-based adsorbents in the future.

4. Conclusions

In this study, a new MMC membrane was developed by attaching
MPCA to the polyGMA grafted PBT nonwoven fabric. It exhibited a high
DBCjgq of 77.5-115.1 mg IgG/mL (1.0-5.0 min RT) which is 2-to-3-fold
higher than those of commercial MMC adsorbents, a good flow perme-
ability of 2.4 x 10~° cm? that makes the pressure drop (<1.5 bar at
0.1-0.33 min RT) well below acceptable pressure ranges for flow devices
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Profile of high-risk HCPs cleared and retained in eluates. These HCPs have been categorized based on their risk class: (1) indicates HCPs observed to affect drug
stability, formulation, or those reported to co-elute and (2) indicates HCPs involved in eliciting unwanted immune responses. The color gradient indicates significantly

removed high-risk HCP (green, p < 0.05) to those not removed (red, p > 0.05).

Accession High-risk HCPs

HR-HCP removal | HR-HCP removal
in Protein-A in MMC-MPCA

eluate compared | eluate compared
to presence in to Protein-A

Load Sample eluate

Risk Category

XP_027270017.1 608 acidic ribosomal protein PO isoform X1

XP_027257976.1 60S ribosomal protein L17

XP_027246095.1 60S ribosomal protein L5

XP_027251387.1 60S ribosomal protein L9

XP_027254100.1 alpha-enolase isoform X2

XP_027247784.1 annexin AS
XP_027246161.1 cathepsin B
XP_027264700.1 cathepsin D
XP_027265420.1 cathepsin L1
XP_027275654.1 cathepsin Z
XP_027246102.1 clusterin

NP_001233668.1 endoplasmic reticulum chaperone BiP precursor

XP_027243453.1 enolase-phosphatase E1 isoform X1

XP_027266901.1 glutathione S-transferase A4

NP_001233649.1 heat shock protein 105 kDa

NP_001233750.1 heat shock protein HSP 90-alpha

XP_027265307.1 histone H2A type 1-H isoform X1

XP_027265357.1 histone H3 isoform X2

XP_027274961.1 legumain

XP_027244681.1 lipoprotein lipase isoform X1

XP_027247933.1 matrix metalloproteinase-19

XP_027265239.1 nidogen-1 isoform X3

XP_027267107.1 peptidyl-prolyl cis-trans isomerase B

XP_027285515.1 peptidyl-prolyl cis-trans isomerase FKBP9

XP_027253977.1

procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 isoform X3

XP_027249169.1 protein S100-A6 isoform X1

XP_027269956.1 putative phospholipase B-like 2

XP_027270674.1 pyruvate kinase PKM isoform X2

XP_027260200.1 serine protease HTRAI isoform X2

XP_027283254.1 SPARC isoform X3

XP_027286179.1 transforming growth factor beta-1 proprotein isoform X2

XP_027261047.1 vimentin

— ===~~~ ]=]~|o|o]—|[—~]|o|—~]~|o]~|—]~=][~|o|[~]|~|[~]~]|~

(4-8 bars), as well as a robust reusability without loss of DBC; o, for IgG
in five repeated bind-and-elute chromatographic cycles. These features
make the membrane a promising alternative to resins for fast and effi-
cient protein purification. The static binding capacity of the membrane
was found to remain high and stable around 700 mg IgG/g at 50-150
mM NaCl in pH 5.5 acetate buffer. This excellent salt tolerance can
enable the membrane to process biological solutions without buffer
exchange or dilution, which are often required in conventional ion ex-
change chromatography, reducing material cost and time. The elution
condition (50 mM phosphate buffer pH 8.5 at 0.15 M NaCl) is much
milder compared to high concentrations of chaotropic salts and low-pH
buffers used for other reported multimodal membranes. In real appli-
cations, the MMC-MPCA membrane achieved a higher mAb binding
capacity and better performance for HCPs and aggregates removal than
commercial multimodal CEX resins in the mAb capture step and fewer
aggregates in the eluate when compared to Protein A resin (while the
Protein A resin had a better HCPs removal with a higher selectivity). In
addition, a fast polishing of Protein A eluate reduced the HCP level to
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48.7 ppm with a LRV of 1.43 - well below the common requirement of <
100 ppm for mAb products. Proteomic analysis confirmed that the MMC-
MPCA membrane further removed 15 high-risk HCPs compared to those
retained in the eluate from the Protein A column. We demonstrated that
the MMC-MPCA membrane could provide an effective alternative to
resin columns and other currently available membranes for improving
production efficiency in mAb biomanufacturing. Future efforts aim at
establishing large productivity and low-cost Protein A-free mAb purifi-
cation by integration of this new single-use nonwoven membrane
adsorber with peptide-based resins for HCP depletion [30,57], devel-
oping continuous or hybrid mAb purification processes, as well as
broadening its applications for purification of pH-sensitive mAbs, other
non-mADb proteins, and viral vectors from various culture fluids.
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