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Abstract

As upstream product titers increase, the downstream chromatographic capture step

has become a significant “downstream bottleneck.” Precipitation becomes more attrac-

tive under these conditions as the supersaturation driving force increases with the

ever-increasing titer. In this study, two precipitating reagents with orthogonal mecha-

nisms, polyethylene glycol (PEG) as a volume excluder and zinc chloride (ZnCl2) as a

cross linker, were examined as precipitants for two monoclonal antibodies (mAbs), one

stable and the other aggregation-prone, in purified drug substance and harvested cell

culture fluid forms. Manual batch solubility and redissolution experiments were per-

formed as scouting experiments. A high throughput (HTP) liquid handling system was

used to investigate the design space as fully as possible while reducing time, labor, and

material requirements. Precipitation and redissolution were studied by systematically

varying the concentrations of PEG and ZnCl2 to identify combinations that resulted in

high yield and good quality for the stable mAb; PEG concentrations in the range 7–

7.5 wt/vol% together with 10 mM ZnCl2 gave a yield of 97% and monomer contents

of about 93%. While yield for the unstable mAb was high, quality was not acceptable.

Performance at selected conditions was further corroborated for the stable mAb using

a continuous tubular precipitation reactor at the laboratory scale. The HTP automation

system was a powerful tool for locating desired (customized) conditions for antibodies

of different physicochemical properties.
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1 | INTRODUCTION

In an effort to increase monoclonal antibody (mAb) manufacturing pro-

cess throughput and reduce costs, the biomanufacturing industry has

achieved upstream titers on the order of 5 g/L and above by high-pro-

ductivity cell line selection, growth media optimization, and bioreactor

engineering.1 As a result, the manufacturing bottleneck has shifted

toward downstream processes, which can constitute up to 80% of total

manufacturing costs.2-4 For example, the performance of the capture

step of the platform mAb purification process, protein A chromatogra-

phy, has been challenged by the high titers achieved in the upstream

process.5 As mAb titer increases, higher binding capacity, hence higher

protein A ligand densities, and larger column volumes, are required to

accommodate the additional antibody molecules, adding to the operat-

ing costs via increased media costs. Further, higher titers result in more

viscous process streams, leading to larger pressure drops and less effi-

cient mass transfer within the column, both of which complicate column

operation. Dilution of the inlet stream before a protein A capture step is
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an option, but the added volume would require either additional chro-

matography runs or larger column volumes and defeats much of the

purpose of achieving higher titers in the first place.

As the titer of recombinant protein drugs starts to approach the

typical concentrations of the major plasma proteins, for example, albu-

min at 35–45 g/L and gamma globulins at 7–15 g/L6, it makes sense

to consider some of the purification tools that have been developed

for the plasma fractionation industry, in particular target precipita-

tion.7 Indeed, target protein capture via precipitation has generated

increased interest over the past few years as an attractive alternative

to conventional chromatographic capture.8-12 In target precipitation,

higher titers translate to larger supersaturations, which is defined as

the ratio of the target concentration before precipitation to the equi-

librium solubility or steady-state concentration afterward, leading to

increased yields for given precipitation conditions. Further, in the tar-

get precipitation scenario, since the target is less soluble than the

impurities, the purity will also increase with higher titers and the asso-

ciated higher precipitate yields. Other bulk separation techniques,

such as crystallization13 and aqueous two-phase extraction14 also

become more attractive under these conditions.

Precipitation occurs when solution conditions or the surface

chemistry of proteins are altered in some way, for example, by the

change of temperature, pH, or dielectric constant, or by addition of

salts, polymers, or cross-linking species.15,16 It is important that the

precipitants be nondenaturing and reversible toward the target pro-

teins, so that the recovered product retains activity. Precipitates can

be generated in simple equipment, such as stirred tanks or tubular

reactors with static inline mixers, using either batch or continuous for-

mats.15,16 Precipitate slurries are dewatered by passage through a

solid/liquid separator, such as a centrifuge or a filter, to remove the

supernatant and capture the target protein in a concentrated slurry

form. This concentrated slurry can then be washed to further remove

residual supernatant and adsorbed impurities. Finally, the washed pre-

cipitate is redissolved to recover purified protein.

Among possible precipitants and precipitant combinations, the

addition of nonionic polymers and metal ions stands out because they

are relatively inexpensive, effective at low dosage, form reversible

precipitate solids that are easy to redissolve and do not denature the

protein during precipitation and redissolution. Polyethylene glycol

(PEG) induced protein precipitation has been studied extensively and

the general consensus is that the protein solubility follows a log-linear

behavior with respect to the concentration of PEG.17-19 Divalent zinc

cations are very effective as reversible protein cross-linkers at low

concentration compared with cobalt, copper, and other multivalent

transition metal cations.20,21 More importantly, using both reagents

together can result in a synergistic rather than additive effect on low-

ering protein solubility. This means low concentrations of PEG and

ZnCl2 combined can achieve high precipitation yields.22,23

However, it can be challenging to identify the desirable concen-

trations of PEG and ZnCl2 for the precipitation of mAb products. Pre-

viously, batch experiments were used to determine protein solubility

with respect to individual precipitants.18 These experiments are easy

to set up, but require at least a few grams of mAb product to cover a

wide range of precipitant concentrations. Conversely, high throughput

(HTP) methods in a 96-well plate format using programmable robotic

liquid handling systems are gaining popularity in studying precipitation

and crystallization.24-26 Knevelman et al.27 used HTP experimentation

to explore more than 1,000 conditions with less than 1 g of mAb for

PEG-based precipitation of an IgG4 mAb. In fact, the application of

HTP methods early on during process development for bio-

pharmaceuticals is more common in both upstream and downstream

sections due to the pressure to optimize the manufacturing process as

early as possible to ensure rapid clinical entry and an accelerated

pathway to licensure.28 The ability to carry out many miniature exper-

iments in parallel enables exploration of an expanded design space in

a controlled and consistent manner using only milliliter or microliter

volumes of high-value molecule solutions.

Moreover, it is critical to locate the optimal operating region for pre-

cipitation early on in process development. Because the concentration of

target therapeutics in the inlet stream for the capture step is typically not

constant due to variations between batches or different growth phases in

a continuous perfusion bioreactor, the design space that needs to be

explored must also consider the variation in product titer. Exploiting a

HTP method early on can build the database needed for design, control,

and optimization of scaled-up pilot and commercial processes.

In this work, we explored the use of a HTP method to determine

the solubility, precipitation, and redissolution behaviors of two mono-

clonal antibodies (mAb) in HEPES buffer and in their respective

harvested cell culture fluid (HCCF) by systematically varying PEG and

zinc chloride concentrations in a combined precipitation method. The

objective was to narrow down the appropriate precipitation conditions

for subsequent exploration in an integrated continuous precipitation-fil-

tration reactor system.29 Because continuous processes can consume a

great deal of target material at even small laboratory scales, precipitant

scoping studies using a continuous format are impractical. We also

determined postprecipitation impurity contents in terms of low and high

molecular weight species for selected conditions that provided high

mAb yield from harvested cell culture fluids (HCCF). This was done to

address concerns that precipitation could decrease product quality by

increasing aggregate levels and as a point of performance comparison

with the typical capture processes via protein A chromatography. Batch,

HTP, and continuous precipitation formats gave consistent mAb solubil-

ity behaviors based on yield and overall performance metrics.

2 | MATERIALS AND METHODS

2.1 | Materials

We investigated two mAbs, both in purified drug substance (DS) and

HCCF forms, provided by Boehringer Ingelheim Pharmaceuticals, Inc.

(Fremont, CA). These mAbs were expressed in different CHO host cell

lines, therefore the impurity profiles in the HCCFs were different. In

addition, the two mAbs have different isoelectric points (pI); specific

values cannot be disclosed. Cedex BioHT (Roche CustomBiotech, Indi-

anapolis, IN) analyses of the total protein and IgG content of the

2 of 14 GU ET AL.



HCCFs prior to precipitation indicated that the mAbs accounted for

about 50% or less of the total protein.

PEG of molecular weight 3,350 g/mol (88276), 100 mM ZnCl2

solution (39059), and 1 M HEPES buffer (H3537) were purchased

from MilliporeSigma (St. Louis, MO). Nunc™ 96 DeepWell™ plates

(Z717274), MultiScreenHTS GV filter plates with 0.22 μm PVDF

membranes (MSGVS2210), and Greiner UV-Star® 96 well plates

(M3812) were also purchased from MilliporeSigma. MicroAmp™ Opti-

cal Adhesive (4313663) was purchased from Thermo Fisher Scientific

(Waltham, MA). All solutions were prepared with deionized water with

a resistivity greater than or equal to 18 mΩ�cm and were sterile fil-

tered using Millipore SteriCup® Filters with 0.22 μm PES membranes

(SCGPU11RE) obtained from MilliporeSigma (Burlington, MA).

2.2 | Buffer and stock solutions preparation

All mAb DS precipitations were conducted in 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer. HEPES buffer was cho-

sen because of its buffering capacity near neutral pH and its negligible

complexation of Zn2+ ions in solution, which should minimize the for-

mation of zinc hydroxychloride complexes that could deplete Zn2+

before mAb precipitation.30 Other buffers, such as 3-

morpholinopropane-1-sulfonic acid (MOPS) also fit these criteria but

were not chosen as HEPES was already used in later polishing steps in

existing platform downstream processes for these mAbs. We note

that other common neutral pH buffers, such as tris and phosphate, are

particularly poor choices due to extensive complexation with divalent

metal cations.

To make 50 mM HEPES buffer at pH 7, 1 M HEPES stock solu-

tion was diluted with DI water to 80% of the final volume. The pH of

the diluted HEPES solution was adjusted to 7 by adding 1 M NaOH

and then brought to the final volume and sterile filtered. The final

buffer solutions were stored at room temperature. All stock solutions

of PEG-3350 and ZnCl2 were made with 50 mM HEPES buffer, pH 7.

Similarly, 100 mM acetate buffer, pH 5 was prepared by dis-

solving appropriate amounts of sodium acetate and acetic acid; this

was used as a redissolution buffer for both mAbs.

Stock solutions of 50 wt/vol% PEG-3350 were made by dis-

solving appropriate amounts of PEG-3350 powder in 50 mM HEPES

buffer. Zinc chloride solutions of desired concentration were made by

direct dilution of the commercial 100 mM stock solution with HEPES

buffer immediately before each experiment to minimize the formation

of insoluble zinc hydroxychloride complexes.

2.3 | Monoclonal antibody solutions

Antibodies in DS form, generated by pooling product from previous

downstream pilot plant runs, were buffer exchanged by diafiltration

with eight diavolumes of the HEPES buffer using a 30 kDa Amicon®

Ultra-15 Centrifugal Filter Unit. The resulting concentration for the

mAb-1 pool “stock” was 102 g/L; the mAb-2 pool ‘stock’ was 58 g/L.

These solutions were used as is or diluted with HEPES buffer to the

desired concentration.

Antibodies in HCCF were collected from 2 L perfusion bioreac-

tors at peak growth phase. The mAb-1 titer was 2.8 g/L and was used

as is or concentrated by ultrafiltration through 30 kDa Amicon filters.

The mAb-2 HCCF titer was 1.5 g/L and was concentrated using Pall

Cadence single pass tangential flow filtration (SPTFF) modules with

nine stages having 30 kDa PES membranes to achieve a mAb concen-

tration of 22.8 g/L, a roughly 15-fold concentration factor. This mAb-

2 HCCF “stock” was further diluted with HEPES buffer or filtrate from

the SPTFF step to the desired concentrations for batch and HTP solu-

bility experiments. Due to the differing solubility results obtained

using HEPES or SPTFF filtrate, three different dilution buffers were

investigated and compared: original filtrate at pH 8, original filtrate

pH-adjusted to 7, and HEPES buffer at pH 7.

2.4 | Batch precipitation and redissolution
experiments

Batch solubility experiments using PEG-3350 and ZnCl2 were per-

formed to determine the concentration range of PEG and ZnCl2 to

use in subsequent HTP experiments. A range of PEG and ZnCl2 con-

centrations were prepared by combining different volumes of 50 wt/

vol% PEG stock or 40 mM ZnCl2 stock, respectively, and HEPES

buffer. Precipitations were initiated by mixing equal volumes of pro-

tein and precipitant solutions at double the targeted species concen-

trations to compensate for the twofold dilution on mixing. All mAb

titers and precipitant concentrations reported in the context of solu-

bility determinations refer to concentrations after mixing. Here,

600 μl of the mAb solution was added into each microcentrifuge tube

followed by addition of 600 μl PEG or ZnCl2 stock. Solutions were

mixed by repeated gentle pipetting. The resulting mixtures were incu-

bated at room temperature for at least 4 hr before centrifuging at

8,000 rpm for 20 min using an Eppendorf bench-top centrifuge. If the

supernatant was not clear, additional centrifugation in increments of

10 min was used until a clear supernatant was obtained as determined

by visual inspection. Samples of the supernatant, typically 100–

150 μl, were drawn for absorbance measurements at 280 nm using

variable path-length spectroscopy with a SoloVPE system connected

to an Agilent® Cary 60 spectrophotometer. Concentrations were cal-

culated from the Beer–Lambert Law using the path length determined

by the SoloVPE system and the corresponding known extinction coef-

ficients for both mAbs.

Precipitate redissolution was accomplished by decanting the

supernatant from the pellet, gently withdrawing any residual with a

pipette, and then adding 1,000 μl of acetate buffer. Pellets were

disrupted by gentle pipetting. After 4 hr of incubation at room tem-

perature, the solutions were clear. Nonetheless, the redissolution mix-

tures were centrifuged at 8,000 rpm for 20 min to settle any

undissolved particulate matter. Samples of the redissolved solution,

typically 100–150 μl, were drawn for mAb concentration determina-

tion using the SoloVPE system as described earlier.
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2.5 | HTP precipitation and redissolution
experiments

The HTP workstation used was a Tecan Freedom Evo® 200 robot

equipped with a Liquid Handling (LiHa) arm of fixed steel tips, an

Extended Robotic Manipulator (RoMA) arm, and a Te-Shake™ orbital

shaker with two slots for well plates. The plate reader was a Tecan

Infinite® M200 Pro Nano Quant with a Hettich ROTANTA 460

Robotics centrifuge mounted at the bottom of the workstation. The

system was controlled using the Freedom Evoware® software. A

schematic of the workstation is shown in Figure 1 where the fixed

steel tips are connected to water for cleaning and liquid displacement

using syringe pumps and controlled by commands in Evoware® before

each run.

For precipitation screening experiments, first, a “buffer plate” was

created by pipetting different amounts of HEPES buffer, ZnCl2 and

PEG stock solutions, in this order, from respective reagent troughs

into 8 × 8 wells in a 96-well DeepWell® plate according to a

worksheet. This worksheet was precalculated so that there was a gra-

dient in ZnCl2 concentration across the columns and a gradient in

PEG concentration down the rows of the plate as shown in Figure 2.

The total volume of reagents in each well was 1,000 μl. Mixing of the

PEG and ZnCl2 solutions was achieved by gentle aspiration right after

dispensing the PEG solutions. This mixing prevented the denser and

more viscous PEG stock solutions from settling to the bottom of the

well as a separate layer. Note that for solutions containing PEG or

precipitate solids, the “viscous dispense” method was chosen in the

software, while all other dispense methods were set to “water free

dispense.”

Second, 500 μl of mAb solution (either purified DS in HEPES

buffer or HCCF) was pipetted into each well of a DeepWell ® “reac-

tion plate” followed by addition of 500 μl of PEG/ZnCl2 solution from

the corresponding well of the buffer plate and then gentle mixing by

aspiration. Note again the twofold dilution of both protein and precip-

itants in this precipitation protocol. As above, all mAb titers and pre-

cipitant concentrations reported in the context of solubility

determinations refer to concentrations after mixing the protein and

precipitants. The reaction plate was then sealed by hand and moved

with the RoMA to the orbital shaker for incubation at room tempera-

ture for 2 hr at 900 rpm. After incubation, the reaction plate was ret-

urned to the plate holder and the seal was removed. The precipitation

mixture in each well was mixed by aspiration to ensure even distribu-

tion of solids. Then 200 μl of the mixture was transferred to the filter

plate. This filter plate was placed on top of UV Plate 1 in the Hettich

centrifuge for 30 min at 800 rpm to achieve solid–liquid separation.

For purified mAbs precipitated in HEPES buffer, the collected liquid

fraction in UV Plate 1 was read for volume and concentration. For

mAbs precipitated in HCCF, the collected liquid fraction in UV Plate 1

was read only for volume. After centrifuging the reaction plate for

30 min at 800 rpm, the mAb concentration in the supernatant was

instead measured manually using a Cedex BioHT analyzer as

explained later in this section.

F IGURE 1 Schematic of Tecan® Evo200 workstation
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For redissolution measurements, 200 μl of acetate buffer was

added to the same filter plate carrying the precipitated protein, and

other impurities in the case of HCCF, before being placed on top of

the collection plate on the shaker. The filter plate was then sealed by

hand and incubated for 2 hr at 900 rpm to redissolve the precipitated

protein. The use of a collection plate instead of a UV plate on the

orbital shaker avoided scratches on the bottom of the UV plate.

Similarly, after incubation, the filter plate was unsealed and then

put on top of UV Plate 2 in the centrifuge for 30 min at 800 rpm to

collect redissolved mAbs. UV Plate 2 was also put into the plate

reader for volume and concentration measurements.

2.6 | Volume and concentration determination in
HTP experiments

For mAb from purified DS in HEPES or acetate buffer, the path length

of liquid in each well was determined using a method similar to that

described in Knevelman et al27. In this study, due to instrument limita-

tions, absorbance was measured at 977 nm (instead of 1,000 nm) and

at 900 nm.

The path length was calculated with the following equation using

absorbance measurements of water in a 1 cm cuvette as a standard:

A977−A900ð Þsample in well

A977−A900ð Þwater in 1 cm cuvette
= pathlength cmð Þ ð1Þ

Similarly, the volume of liquid in each well was calculated using

the following equation:

A977−A900ð Þsample in well

A977−A900ð Þ200 μL water in well

×200μl = volume of sample μlð Þ ð2Þ

The concentration of mAb in each well can then be obtained

based on the calculated path length, the known extinction coefficient,

and the measured absorbance at 280 nm using the Beer–Lambert

Law, where A is the absorbance, ε is the extinction coefficient, C is the

concentration, and l is the path length:

A= εCl ð3Þ

For mAb in HCCF, the concentration of mAb in the supernatant

was determined using a Cedex BioHT analyzer with accompanying

IgG (human) assay kits. For each sample, 300–500 μl was used for

measurements. This assay uses an immunoturbidimetric technique

where a specific antiserum binds with human IgG present in the sam-

ple and the evolving absorbance is measured at 340 nm31.

2.7 | Assay for impurities

Size exclusion chromatography (SEC) was used for this assay. The

unsettled precipitation mixture was dewatered by filtration through

0.2 μm microcentrifuge filters at 800 rpm for 30 min using a bench-

top centrifuge. The flow-through supernatant was discarded, 500 μl

of 100 mM acetate buffer at pH 5 was added to the retained, wet

precipitate, and the filter tube was incubated for 2 hr at room temper-

ature. The redissolved solution was then mixed with SEC running

buffer in a 1:1 ratio and centrifuged to remove any particulates. The

impurities, including mAb fragments and aggregates, were determined

using in-house SEC protocols for the corresponding mAbs.

3 | RESULTS AND DISCUSSION

Three stages of screening experiments were performed. The first

comprised manual, small-scale batch experiments with mAb-1 and

mAb-2 DS pool materials in HEPES buffer using only PEG or ZnCl2 to

roughly scope out the effective precipitant concentration ranges as a

function of mAb concentration and simplify supernatant analyses for

F IGURE 2 Left: concentration gradient of ZnCl2 across the columns. Right: concentration gradient of PEG down the rows. Darker colors
represent higher concentrations. Actual plates have gradients in both ZnCl2 (red) and PEG (blue) in the same 96-well plate. PEG, polyethylene
glycol
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residual mAb. The second was also manual, using small-scale batch

precipitations of mAb-1 and mAb-2 in HCCF with PEG and ZnCl2 sep-

arately and combined to identify any synergistic effects of PEG and

ZnCl2 and to understand the impact of contaminant species on mAb

precipitation yields. The last screen used a HTP precipitation and

redissolution format for both mAbs in HCCF and with PEG and ZnCl2

combined to identify optimal solution conditions. The PEG and ZnCl2

concentrations, which resulted in high precipitation yields in each

stage were used to focus the concentration ranges examined in the

next stage.

3.1 | Batch precipitation of mAb DS pool materials
in HEPES

Table 1 summarizes the mAb titers and the PEG and ZnCl2 concentra-

tion ranges investigated in the first stage. The three titers were cho-

sen to represent current and future upstream productivities and to

investigate the impact of preconcentration.

The mechanism of PEG-induced protein precipitation is volume

exclusion/solution depletion.17-19 The corresponding theory provides

the protein solubility as a log-linear function of the PEG concentra-

tion. The intercept represents an extrapolated intrinsic protein solubil-

ity. The slope depends on the hydrodynamic radius of both the

protein and PEG molecules, with more negative slopes and higher pre-

cipitation effectiveness corresponding to larger molecules. In our

study, PEG with a nominal molecular weight of 3,350 g/mol was cho-

sen over other commonly available molecular weights as a compro-

mise between precipitation effectiveness and impact on solution

viscosity.17

Figure 3a,c shows the solubility of mAb-1 and mAb-2 versus PEG

concentration. At all three titers, mAb-1 did not precipitate until the

PEG concentration exceeded 20 wt/vol%. No higher PEG concentra-

tions were investigated because they would be impractical for use

and irrelevant to the combined PEG/ZnCl2 precipitation method. The

solubility of mAb-1 is well above 51 g/L at PEG concentrations below

20 wt/vol%. In addition, the intrinsic solubility of mAb-1 in pH 7

HEPES buffer is greater than 102 g/L, its concentration prior to the

twofold dilution in our precipitation protocol, and no turbidity was

observed. The data point for 51 g/L mAb-1 at 25 wt/vol% PEG is

missing because a nonflowing gel formed that did not settle by centri-

fugation and could not be dewatered with 0.2 μm centrifugal filters.

mAb-2 was much less soluble and exhibited the classic log-linear

solubility behavior with respect to PEG concentration as illustrated in

Figure 3c. More than 50% of the mAb-2 was precipitated by 8.33 wt/

vol% PEG for all three titers and at 8.33 wt/vol% PEG, the solubility

was less than 0.1 g/L in each case. Based on the 29 g/L titer data, the

extrapolated mAb-2 intrinsic solubility is 135 g/L; this is consistent with

the observation that the initial 58 g/L mAb-2 solution prior to twofold

dilution during precipitation was stable and free of precipitates.

The mechanism for ZnCl2 protein precipitation is not as well

established in the literature. The hypothesis is that hydrated Zn2+(aq)

species crosslink surface accessible ligands on the protein by forming

coordination complexes in a ligand exchange process.32 Protein-sup-

plied ligands include nitrogen, oxygen, and sulfur electron donors from

histidine, glutamate, aspartate, and cysteine side chains, as well as the

N-terminus.32,33 A complicating factor is that Zn2+(aq) binding

increases the net charge of the protein and alters the surface distribu-

tion of charged groups.

mAb-1 had complex solubility behavior in ZnCl2 solutions as

shown in Figure 3b. No precipitation was observed at the lowest titer,

2.75 g/L, over the initial 3.33–20 mM ZnCl2 range, so a data point at

50 mM ZnCl2 was added and a slight reduction in solubility was

found. For the medium titer, 5.5 g/L, 20 and 50 mM ZnCl2 yielded 79

and 89% precipitation, respectively. For the highest titer, 51 g/L,

many data points between 8.3 and 33.3 mM are missing due to the

formation of a nonsettleable, nonfilterable turbid phase. This non-

settling behavior has been reported by Sauter et al34 and Zhang et

al35 as part of reentrant condensation phase behavior. They found

that protein in solution forms a turbid mixture when selected multiva-

lent metal ions are added above a critical concentration C*, but that

the supernatant solution becomes clear again above a higher concen-

tration C**. They also found that it took extended periods of time

(many hours to days) for solutions in the turbid, two-phase regime to

clarify: β-lactoglobulin and ZnCl2 solutions near (pseudo-)C** formed

crystals within 24 hr34 while turbid bovine serum albumin and YCl3

solutions eventually precipitated after days.35 In our study, the miss-

ing points at 51 g/L mAb-1 for intermediate ZnCl2 concentrations

would fall in the two-phase region on the phase diagram, though the

samples did not clarify after 24 hr. A distinct precipitate phase was

formed at 50 mM ZnCl2, giving a solubility of 2.2 g/L. At the two

highest ZnCl2 concentrations for the 51 g/L case, protein crystals

formed at the bottom of the tube while precipitate floated at the top.

On the other hand, ZnCl2 precipitation was uniformly effective

for mAb-2. At all three titers, ZnCl2 concentrations greater than 2 mM

reduced the solubility to about 0.01 g/L, representing precipitation

yields greater than 99% for all cases as shown in Figure 3d. The rela-

tive effectiveness of ZnCl2 with mAb-2 at low concentrations com-

pared with mAb-1 might be explained by their difference in pI, which

hints at differences in numbers of surface-available cross-linking

ligands. In addition, mAb-2 was known to be prone to aggregation.

Unlike mAb-1, there was no formation of a nonflowing gel or crystals

for mAb-2 precipitation at intermediate concentrations.

TABLE 1 mAb titers and precipitant concentration ranges

mAb-1 mAb-2

Titers (g/L) 2.75 2.86

5.50 5.73

51.0 29.0

PEG-3350 (wt/vol%) 0 – 25 0 – 25

ZnCl2 (mM) 0 – 50 0 – 5 (DS), 0 – 20 (HCCF)

Abbreviations: DS, drug substance; HCCF, harvested cell culture fluid;

mAb, monoclonal antibody; PEG, polyethylene glycol.
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From the solubility data obtained with the two mAbs at the three

titers studied, the concentration ranges for PEG and ZnCl2 were cho-

sen as 0–25 wt/vol% and 0–20 mM, respectively, for the next stage

of precipitation screening.

3.2 | Batch precipitation of mAb in HCCF

Figure 3a,b shows the solubility behavior of mAb-1 in HCCF com-

pared with mAb-1 in DS pool form in HEPES buffer. For this stage,

the mAb-1 HCCF was concentrated so that the titer during precipita-

tion, 2.29 g/L, would be similar to the 2.75 g/L used in DS form.

Unexpectedly, the same concentrations of PEG or ZnCl2 resulted in

significantly more precipitation and lower solubility for mAb-1 in

HCCF versus the DS form. It may be that the higher pH of the mAb-1

HCCF, 7.5, relative to the HEPES buffer used with mAb-1 in DS form

(pH 7), shifted the net charge closer to its pI and reduced its intrinsic

solubility in the case of PEG precipitation, and perhaps also titrated

surface His residues such that Zn2+(aq) binding was more extensive or

effective in the case of zinc precipitation. We note that zinc ion speci-

ation in solution is a function of pH, with the formation of hydro-

xychloride complexes becoming significant at pH above 7.5,32 and

that this may impact cross-linking effectiveness as well.

Figure 3c,d shows the solubility of mAb-2 in HCCF compared

with that in DS form in HEPES buffer. The original titer of mAb-2

HCCF was 1.38 g/L and it had a pH of 8.0. This solution was concen-

trated to 18.7 g/L and then diluted using 50 mM HEPES, pH 7.0

buffer to give 2.62 g/L during precipitation, similar to the 2.86 g/L

used in DS form. Because the dilution with HEPES buffer shifted the

pH closer to 7, the intrinsic and PEG-dependent solubilities of mAb-2

in the treated HCCF and DS forms were expected to be similar as was

observed. However, ZnCl2 precipitation of mAb-2 in HCCF required

much higher concentrations to achieve solubilities comparable to

those in DS form. A possible explanation is that impurities in the

mAb-2 HCCF might bind with Zn2+(aq) species and act as depletants.

This behavior was markedly different from that of mAb-1 HCCF, pos-

sibly due to differences in their impurity profiles.

Given the increased effectiveness of the individual precipitants

with mAb-1 HCCF, upper concentration limits of 12.5 wt/vol% PEG

and 10 mM ZnCl2 were used for batch precipitations with the com-

bined precipitants. Figure 4a shows the solubility behavior of mAb-1

in HCCF with the dashed curve indicating 95% precipitation yield at

the 2.29 g/L titer. The roughly linear nature of the boundaries

between the colored zones of the solubility heat maps and of the 95%

yield isotherm suggests that the solubility reduction effects of PEG

and ZnCl2 are approximately additive.

For mAb-2 HCCF precipitations, 12.5 wt/vol% PEG and 4 mM

ZnCl2 were chosen as the upper concentration limits with solubility

results shown in Figure 4b along with the 95% yield curve at the

3.02 g/L titer. Note that a new batch of HEPES-diluted mAb-2 HCCF

was prepared from the 18.7 g/L stock solution for this screen. Again,

the solubility-reducing effects of the precipitants were approximately

additive for mAb-2 in treated HCCF.

The data in Figure 4 suggest, as a first approximation, an empirical

expression for protein solubility, S, for the PEG/ZnCl2 system that is

an additive function of precipitant concentration,

ln Sð Þ= β−KPEG PEG½ �−KZn ZnCl2½ �, ð4Þ

F IGURE 3 Batch solubility of
mAb-1 and mAb-2 in DS form in
50 mM pH 7.0 HEPES buffer and in
HCCF form against PEG-3350 and
ZnCl2, respectively. mAb-1: (a,b),
mAb-2: (c,d). Standard deviations for
solubility measurements were
estimated as 0.1, 0.2, and 1.4 g/L for
mAb-1 at 2.75 g/L, 5.5 g/L and

51 g/L, respectively, from data in (a)
for PEG concentrations less than
20 wt/vol%, where no precipitation
occurred. DS, drug substance;
HCCF, harvested cell culture fluid;
mAb, monoclonal antibody; PEG,
polyethylene glycol
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where β is a value that incorporates the protein intrinsic solubility as

well as the impact of protein–protein interactions in solution, which

decrease in solutions with low solubility; [PEG] and [ZnCl2] are the

concentrations of the precipitants; and KPEG and KZn are the sensitivi-

ties of the solubility to the precipitants, analogous to the salting-out

constant in the Cohn-Setschenow equation for salt-induced precipita-

tion.36,37 The log-linear solubility reduction relationship in PEG con-

centration in Equation (1) has a good basis in the excluded volume

precipitation mechanism while that for the ZnCl2 concentration is a

simplification without regard to the more complex binding and cross-

linking precipitation mechanism of divalent transition metal ions. The

95% precipitate yield isotherms correspond to plots of

yield = 95%=
Po−S
Po

ð5Þ

which reflects the solubility required to meet the specified yield for a

given initial protein concentration, Po. Equations (4) and (5) provide a

convenient rubric for the interpretation and comparison of the solubil-

ity maps.

Examining the HCCF solubility behaviors shown in Figure 4,

mAb-1 and mAb-2 are similar in their response to PEG concentration

implying KPEG, mAb1�KPEG, mAb2, while mAb-2 is much more sensitive

to ZnCl2 concentration, with KZn, mAb1 < KZn, mAb2. The similarity in

PEG effectiveness is expected given the dependence on mAb molecu-

lar volume; this is also mirrored by the similarity of the slopes of the

DS solubility curves in Figure 3a,c. There is, however, a constant off-

set in the solubility that may reflect differences in the intrinsic solubil-

ities of the antibodies, suggesting βmAb1 < βmAb2. This offset may arise

from differences in surface chemistry, given the different pI and 0.5

unit difference in the pH of the HCCF. For ZnCl2 precipitation, where

ion binding by target and contaminant species determines behavior,

the combination of differences in mAb surface chemistry, solution pH,

and impurity profiles resulted in significant differences in both the

effectiveness of ZnCl2 as a precipitant as well as in the absolute

amount of ZnCl2 needed to generate precipitates at similar titers. This

is echoed in the solubility data for the antibodies in DS form as shown

in Figure 3b,d.

Curvature in the boundaries between the colored zones of the

solubility heat maps and in 95% yield isotherm, and convex downward

behavior in particular, is indicative of synergistic action between PEG

and Zn2+(aq). Some convex downward curvature is apparent in the sol-

ubility behavior of mAb-2 with increasing ZnCl2 concentration, as

shown in Figure 4b. Synergy is not unexpected as the addition of PEG

will increase the thermodynamic activity of all species in solution and

Zn2+(aq) cross-linking of monomers will increase the excluded volume

of the mAb.

3.3 | Effect of mAb-2 HCCF conditioning on
solubility

Given that the mAb-2 HCCF was conditioned by microfiltration and

dilution with a lower pH HEPES buffer, we further explored the

impact of the solution used for dilution on mAb-2 solubility behavior.

Three solutions were investigated: 50 mM HEPES, pH 7 buffer; the

pH 8 filtrate obtained from the mAb-2 concentration step; and the fil-

trate pH-adjusted to 7 using HCl. For these measurements, a 22.8 g/L

mAb-2 HCCF stock solution was used and diluted to 6 g/L prior to

precipitation. The resulting PEG and ZnCl2 solubility data are shown

in Figure 5. Note that when HEPES buffer was used to dilute the

HCCF, the mAb concentration in some supernatants was below the

0.0101 g/L detection limit of the Cedex BioHT analyzer; in these

instances, 0.0101 g/L was used as an upper bound on the solubility.

F IGURE 4 Batch solubility map of mAb-1 in HCCF at 2.29 g/L (a) and mAb-2 in treated HCCF at 3.02 g/L (b). The open circles indicate the
conditions where solubility measurements were made. The dashed lines indicate a solubility of 0.11 g/L and 0.15 g/L, for (a) and (b), respectively,
representing 95% precipitation yield isotherms for these titers. Note that the scales for the ZnCl2 concentration axes on the two plots are
different, reflecting the greater effectiveness of ZnCl2 as a precipitant for mAb-2. HCCF, harvested cell culture fluid; mAb, monoclonal antibody;
PEG, polyethylene glycol
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Both the pH of the HCCF and the impurity profile play a significant

role in mAb-2 solubility behavior. All solubilities at comparable PEG

and ZnCl2 concentrations decreased in the order: pH 8 filtrate > pH 7

filtrate > pH 7 HEPES buffer. Comparison of Figure 5a,b indicates that

mAb-2 is generally more soluble at pH 8 than pH 7, suggesting that

βmAb2, pH7 < βmAb2, pH8, while the sensitivities to PEG and ZnCl2, indi-

cated by the values of KPEG and KZnCl2, were similar. Comparison of

Figure 5b,c indicates that dilution with HEPES buffer rather than with

pH-adjusted filtrate results in a significant, across-the-board decrease

in solubility corresponding to the decreased levels of impurities.

Assuming the original mAb-2 HCCF has a mAb:“small” (nominally

<30 kDa) impurities ratio of 1:1, after a 15-fold concentration using

SPTFF and dilution to 6 g/L with HEPES buffer prior to precipitation,

this ratio becomes 4:0.26; after concentration and dilution to 6 g/L

with filtrate the ratio becomes 4:1 for both the pH 8 and pH 7 cases.

We attribute the HEPES dilution effect to increased effective concen-

trations of ZnCl2 at lower absolute impurity concentrations,

manifested as increased sensitivity, that is, KZn, buffer > KZn, filtrate; pro-

teinaceous impurities and DNA fragments as well as any residual che-

lators from the growth media are presumed to deplete Zn2+(aq)

species. This suggests incorporation of a HCCF conditioning step prior

to precipitation may be beneficial. Dilutions with both pH-adjusted fil-

trate and HEPES buffer were carried over into the HTP screening

stage to further explore the differences in solubility behavior.

3.4 | HTP precipitation of mAbs in HCCF

HTP precipitation and redissolution screening of the two mAbs in

HCCF were performed on a Tecan Evo2 liquid handling robot. For

each mAb, two titers were selected to represent current, 2.5–3 g/L

range, and future, 8–15 g/L range, upstream process titers. The

highest concentrations for PEG and ZnCl2 in the HTP experiments

were set to 12.5 wt/vol% and 25 mM, respectively. For mAb-2 HCCF

diluted with HEPES buffer, the maximum ZnCl2 concentration was

reduced to 7 mM, given the greater effectiveness of ZnCl2 for this

conditioning approach.

For the current upstream process titer case, HCCF was used as is.

The resulting titers after twofold dilution during precipitation were

1.41 g/L for mAb-1 and 1.24 g/L for mAb-2. The solubility maps com-

paring mAb-1 and mAb-2 for this case are shown in Figure 6a,c. Note

that PEG concentrations greater than 8–10 wt/vol% and ZnCl2 con-

centrations greater than 15 mM are required to achieve the

�0.06 mg/ml solubilities that give antibody yields of 95% in the pre-

cipitate phase. This makes sense, as this was the lowest titer case

studied. Given supernatant concentration measurement error at these

low solubilities, the behaviors of the two antibodies in the current

titer case are similar.

Pairwise comparisons of the solubility data of the current and

future HCCF titer cases are represented by Figure 6a,b for mAb-1 and

by Figure 6c,d for mAb-2. The future titer case for mAb-1 was pre-

pared by concentration, giving 7.47 g/L during precipitation. Assum-

ing a mAb-1:small impurity ratio of 1:1 for the current titer case, the

future titer case had a ratio of �5.3:1. The future titer case for mAb-2

was prepared by 15-fold concentration and dilution with filtrate to

4.10 g/L during precipitation. Similarly, assuming a mAb-2:small impu-

rity ratio of 1:1 for the current titer case, the future titer case had a

ratio of �5.5:1. As expected, the concentrations of PEG and ZnCl2

needed to achieve solubilities found for the current titer case were

similar to the future titer case and the 95% yield isotherms shifted to

lower precipitant concentrations. The similar solubilities were

expected as changes in titer should not change the parameters in the

solubility relationship suggested in Equation (4), as long as the cross-

linking Zn2+(aq) species are present in comparable stoichiometric

excess with respect to mAb and impurity levels both the cases. As

titer increases, the absolute solubility required to achieve a 95% yield

increases per Equation (5), meaning that lower concentrations of pre-

cipitant are needed. Assuming that typical Zn2+(aq) dissociation con-

stants for coordination of side-chain ligands are �1 mM32 and that

there are roughly 10 Zn2+(aq) binding sites per mAb, with only a subset

of these sites accessible for cross-linking, and also taking into account

the range of mAb titers examined was 20–100 μM, target binding and

precipitation should not significantly deplete the supply of Zn2+(aq)

available over the multimillimolar ZnCl2 concentration ranges studied.

F IGURE 5 Batch solubility map of mAb-2 in HCCF at 3.0 g/L, conditioned by concentration and dilution with three different solutions: (a)
filtrate at pH 8.0, (b) filtrate pH-adjusted to 7.0, (c) 50 mM HEPES buffer at pH 7.0. The open circles indicate the conditions where solubility

measurements were made. The blank regions at lower precipitant concentrations were not examined in this screen. Dashed lines indicate a
solubility of 0.15 g/L, representing a 95% precipitation yield at this titer. HCCF, harvested cell culture fluid; mAb, monoclonal antibody
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The presence of more cross-linkable protein molecules at higher titers

simply enables more cross-linking and precipitation to occur at a given

ZnCl2 concentration.

To follow up on the effects of HCCF conditioning on mAb-2 sol-

ubility behavior, HEPES buffer was also used to dilute the concen-

trated mAb-2 HCCF stock solution to match the current and future

HCCF titer cases, giving mAb-2:small impurity ratios of 0.77:0.05

and 5.31:0.35, respectively. The corresponding solubility behaviors

are shown in Figure 6c,e for the current titer case and Figure 6d,f

for the future titer case. For both cases, ZnCl2 was significantly

more effective when the absolute concentrations of small impurities

were depleted by dilution with HEPES buffer rather than filtrate,

again suggesting KZn, filtrate < KZn, buffer. Curiously, there was some

dependence of solubility on mAb-2 titer when dilutions were com-

pleted with HEPES buffer as shown in Figure 6e,f. The current titer

case was generally less soluble than the future titer case in this

HCCF conditioning approach; this is shown clearly by the shift in

the 95% yield isotherm to lower precipitant concentrations for the

current titer case relative to the future titer case. This is another

indication that the roughly sevenfold lower relative concentration of

small impurities in the current titer case versus the high titer case

resulted in greater sensitivity to ZnCl2 concentration. If PEG/ZnCl2

precipitation were to be used to purify mAb-2, the addition of a

HCCF preconditioning step, such as ultrafiltration/diafiltration or

dilution with buffer immediately before the precipitation step might

be advantageous.

The overall solubility behaviors of all the systems shown in Fig-

ure 6 were still roughly additive in PEG and ZnCl2 concentration.

There is some evidence for precipitant synergy for mAb-1 at higher

ZnCl2 concentrations.

3.5 | Product quality after redissolution

Precipitation takes advantage of the aggregation and clustering of

protein molecules. Given the potential for activity losses and immuno-

genicity when therapeutic proteins aggregate,38 it is important to con-

sider the redissolution behavior of precipitates when performing

target species precipitation. The precipitants chosen here, PEG and

ZnCl2, generate reversible protein precipitates with facile

redissolution of pelleted material by dilution with neat buffer in the

case of PEG39 and by acidification of the solution in the case of Zn2

+
(aq).

20,33 All dewatered precipitate phases examined in this work were

completely dissolved by resuspension using 1,000 μl of 100 mM ace-

tate buffer, pH 5.0; no residual particulate matter or turbidity were

observed.

In order to verify the antibody quality with respect to high molec-

ular weight impurities (HMWI) and low molecular weight impurities

(LMWI) after precipitation and redissolution, samples from the second

stage manual batch precipitations with greater than 95% yield for

mAb-1 HCCF were assayed via SEC. These results were compared

against mAb-1 samples obtained after a typical protein A purification

F IGURE 6 High throughput
precipitation solubility maps of mAb-1
HCCF at (a) 1.41 g/L and (b) 7.47 g/L,
and mAb-2 HCCF diluted with filtrate
to (c) 1.24 g/L and (d) 4.10 g/L and
mAb-2 diluted with pH 7 HEPES
buffer to (e) 1.15 g/L and (f) 3.98 g/L.
The open circles indicate the
conditions where solubility

measurements were made. The blank
regions near the origin indicate where
the solubility exceeded the titer.
Dashed lines represent 95%
precipitation yields for the titers used
on each solubility map. Note that the
scales for the ZnCl2 concentration
axes in (e) and (f) differ from the
others, reflecting the greater
effectiveness of ZnCl2 as a precipitant
for mAb-2 HCCF diluted with HEPES
buffer. HCCF, harvested cell culture
fluid; mAb, monoclonal antibody
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step used in pilot plant operations in-house. Table 2 shows the HMWI

and LMWI percentages at a titer of 2.29 g/L post redissolution as a

function of the concentration of PEG and ZnCl2 used in the precipita-

tion. The most obvious characteristic is that the precipitated and

redissolved samples contain much more LMWI than the average value

of post-protein A samples. Protein A does not bind to LMWI species

that lack Fc regions while LMWI may be coprecipitated with mAb

monomer.

On a LMWI-free basis, mAb-1 monomer constitutes about 97%

and HMWI 3% of the redissolved precipitate, which is comparable to

that of the post-protein A samples. Thus, PEG/ZnCl2 precipitation and

redissolution did not increase the proportion of HMWI species in

mAb-1. This finding is consistent with prior work in our lab precipitat-

ing bovine serum albumin with PEG and ZnCl2 (unpublished results),

where circular dichroism and SEC analyses of redissolved precipitate

suggested that PEG/ZnCl2 precipitation induced no significant mono-

mer secondary structural change nor aggregation of this aggregation-

prone protein.

Several strategies could be used to clear LMWI in a precipitation

process. In addition to boosting precipitation performance, condition-

ing HCCF by preconcentration would remove LMWI. Further, incor-

poration of dewatering and washing steps between precipitation and

redissolution may remove LMWI to further improve monomer purity.

In our related continuous precipitation process study with mAb-1,29 a

microfiltration-based countercurrent precipitate washing operation

was incorporated to remove impurities, including host cell proteins,

HMWI, and LMWI. In addition, as the precipitate yield increases with

increasing PEG and ZnCl2 concentrations, the monomer purity

decreases demonstrating a tradeoff between product purity and yield

at fixed titer.

For completeness, and despite the lack of availability of in-house

data for protein A purification performance, we conducted a similar

SEC analysis of redissolved mAb-2 quality after precipitation from

HCCF conditioned by dilution to a titer of 5.0 g/L using HEPES buffer;

the results are given in Table 3. In all cases, HMWI levels for mAb-2

were extreme. After redissolution, the purity of the mAb-2 solutions

were estimated to be between 30 and 50%, with about 10% LMWI

and the remaining 40–60% of HMWI. A confounding variable in this

case was that due to competing process analytical priorities, the mAb-

2 samples were stored in a −80�C freezer for about 2 months after

redissolution and before analysis, which might have contributed to

the observed aggregation or degradation behavior; mAb-1 samples

were similarly stored in a −80�C freezer but for a period of only 2–

3 weeks. It was confirmed with the manufacturer that mAb-2 is prone

to aggregation. Therefore, additional precipitation experiments using

PEG and ZnCl2 are needed to confirm the results for mAb-2. If the

low monomer purity is confirmed, pursuit of PEG/ZnCl2 precipitation

for mAb-2 would not be fruitful.

4 | CONCLUSIONS

The PEG and ZnCl2 solubility and precipitate redissolution behaviors

of two commercially relevant mAbs were investigated in DS form in

HEPES buffer and in HCCF form using manual and HTP screening for-

mats. The objective was to determine the appropriate solution condi-

tions for solubility reduction resulting in high precipitation yield and

good quality on redissolution for further study in a continuous tubular

precipitation reactor at laboratory scale.

The manual batch precipitations with DS and HCCF allowed us to

scope out the relevant PEG and ZnCl2 concentration ranges for mAb-

1 and mAb2 for several titers. The solubility of both mAbs was found

to be a roughly additive function of the concentrations of PEG and

ZnCl2 precipitants and a basic empirical solubility relationship was

proposed to serve as a framework for the interpretation of the results.

Both mAbs behaved similarly with respect to PEG concentration,

while mAb-2 was more sensitive to ZnCl2 concentration. mAb-2 solu-

bility was reduced as pH decreased from 8 to 7, presumably by

TABLE 2 SEC results for impurities in batch precipitated and
redissolved mAb-1 in HCCF at 2.29 g/L during precipitation. With
one exception, precipitate yield exceeded 96.5% based on the mAb
supernatant detection limit of 0.08 g/L. For the 7.5 mM ZnCl2 and
7.5 wt/vol% PEG case, the precipitate yield was 94.5%

Zn (mM) PEG (wt/vol%) % HMW % Monomer % LMW

7.5 7.5 1.74 92.45 5.80

10.0 7.5 1.80 92.77 5.43

5.0 10 1.88 92.59 5.53

7.5 10 1.78 91.92 6.30

10.0 10 1.66 92.45 5.89

2.5 12.5 2.16 93.49 4.35

5.0 12.5 1.84 92.01 6.15

7.5 12.5 1.65 91.10 7.25

10.0 12.5 1.58 91.61 6.81

Protein A 3.73 96.11 0.17

Abbreviations: HCCF, harvested cell culture fluid; HMW, high molecular

weight; LMW, low molecular weight; mAb, monoclonal antibody; PEG,

polyethylene glycol; SEC, size exclusion chromatography.

TABLE 3 SEC results of batch precipitated and redissolved mAb-
2 in HCCF at 5.0 g/L after mixing for precipitation. In all cases,
precipitate yield exceeded 98.4% based on the mAb supernatant
detection limit of 0.08 g/L

Zn (mM) PEG (wt/vol%) % HMW % Monomer % LMW

6 10 50.22 40.91 8.87

6 11 49.30 41.57 9.13

6 12.5 48.15 42.74 9.11

7 8 61.16 30.03 8.81

7 10 54.44 36.31 9.26

7 11 43.32 47.46 9.22

7 12.5 35.61 53.66 10.74

Abbreviations: HCCF, harvested cell culture fluid; HMW, high molecular

weight; LMW, low molecular weight; mAb, monoclonal antibody; PEG,

polyethylene glycol; SEC, size exclusion chromatography.
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moving closer to the pI. HCCF titer had little impact on solubility

behavior, excepting those cases where conditioning led to reductions

in the relative amounts of LMWI and ZnCl2 and precipitant effective-

ness was enhanced. It was presumed that low molecular weight spe-

cies exerted their effect by the competitive binding of Zn2+(aq)

species.

Select conditions with high precipitation yields for both mAbs

were repeated, and redissolved mAbs were analyzed for product qual-

ity in terms of the presence of HMWI and LMWI species. It was found

that redissolved mAb-1 contained more LMWI than typical of protein

A-processed mAb-1. The relative proportions of monomer and HMWI

species were similar to, and perhaps even slightly less than that typical

of post-protein A mAb-1 samples. On the other hand, redissolved

mAb-2 showed extensive HMWI content, likely due to its innate ten-

dency to aggregate and possibly aggravated by long-term storage in a

−80�C freezer prior to analysis.

The aggregation and precipitation behaviors of mAb-1 and mAb-2

offer an interesting contrast. For a well-behaved antibody like mAb-1,

precipitates may be based on aggregates that are biophysically distinct

from “stability aggregates.” Stability aggregates may be reversibly

incorporated into precipitate particles without driving formation of

additional stability aggregate. For an aggregation-prone antibody like

mAb-2, the promotion of protein–protein interactions by precipitation

may exacerbate the formation of stability aggregates.

On the HTP platform, two titers of both mAbs were investigated

to represent current and future upstream bioprocess productivity. For

mAb-1, selected conditions were further investigated using a continu-

ous precipitation reactor with a countercurrent multistage precipitate

washing step using microfiltration and results are presented in

another publication.29 For mAb-2, it was found that the conditioning

of the HCCF could affect the solubility and precipitation yield. Two

diluents, pH 7 HEPES buffer and filtrate obtained from concentrating

HCCF, were used to dilute preconcentrated HCCF to enable explora-

tion of titer effects. It was found and confirmed that the absolute

amount of LMWI had a significant impact on the effectiveness of

ZnCl2 as a precipitant for mAb-2. HCCF conditioning in terms of titer,

pH, and impurity profile adjustment is an additional operational lever

that can be manipulated to control target precipitation performance.

The use of multiple precipitants in combination has several

advantages. Additivity in solubility reduction power is helpful as it per-

mits, in the case of the PEG/ZnCl2 system, solution viscosity to be

manipulated independently from target protein solubility which may

reduce the burden on subsequent steps required to remove residual

precipitants. We note that where significant synergy in precipitating

effectiveness exists, it would have great benefits in terms of reduced

precipitant usage, reducing footprint, resources, and cost in purifica-

tion processes. Synergy was observed at higher ZnCl2 concentrations

for both mAbs.

The HTP platform is especially valuable for investigating precipi-

tation and redissolution. Here concentrations of two precipitation

reagents, PEG and ZnCl2, were systematically varied to locate the

optimal conditions for higher precipitation yield of two mAbs. The

number of PEG/ZnCl2 combinations examined at one time was 64,

including a negative control (no PEG or ZnCl2), where each condition

required only 500 μl of mAb HCCF. For HTP experiments at a final

mAb titer of 1 g/L, the total amount of mAb needed per plate was

only 0.064 g. Thus, 1 g of mAb is enough to study 1,000 different

conditions. On the other hand, with the development of HTP liquid

handling platforms, analytical methods need to be adapted into the

HTP format. Routine tests, such as SEC, CHO-HCP, and DNA assays

have different advantages and difficulties when implemented with

HTP. There is specialized equipment for HTP analytics commercially

available, but access to these techniques is still a bottleneck.40 Over-

all, the use of an HTP platform can increase the efficiency of process

development and optimization and can accelerate the commercializa-

tion of a drug product.

This solubility study was run in parallel with a study of a lab-scale

process which integrated target precipitation, precipitate dewatering,

precipitate washing, and redissolution steps in a continuous operation

using mAb-1. Initial results for the optimal precipitant concentrations

were selected29 based on studies of the precipitation of mAb-1 in

three different platforms: batch, HTP, and continuous reactor. Table 4

compares the mAb titer, precipitation conditions, precipitation step

yield, and overall yields obtained in this work with those from a 1-

hour run of the continuous process.29 We note that the batch screen-

ing experiments and the continuous precipitation run used the same

lot of mAb-1 HCCF.

From Table 4 we can conclude that the results from the batch

and continuous formats are consistent and transferrable with the

PEG/ZnCl2 precipitation system. In addition, the HTP format identi-

fied similar conditions that could result in a 95% precipitation yield for

a stream with three times the titer of the original HCCF indicating

ready adaptability to increasing titers. Low titer streams may not have

sufficient concentration for significant precipitation due to low levels

of cross-linking and reduced total excluded volumes. What is more

exciting is the reduced residence time from batch to HTP to continu-

ous format, emphasizing the potential improvement of efficiency by

using HTP in process development to achieve effective HTP pro-

cesses by continuous precipitation.

TABLE 4 Summary of mAb-1 HCCF precipitation conditions and
solubility behaviors across three platforms. mAb-1 HCCF conditioned
by concentration of the original culture fluids in each case

Batch High throughput Continuous

mAb-1 titer (g/L) 2.29 7.47 1.41 2.3

PEG (wt/vol%) 7.5 8 8 7

ZnCl2 (mM) 10 10.5 10.5 10

Residence time 4 hr 2 hr 2 hr 30 s

Observed solubility (g/L) 0.07 0.04 0.49 0.08

Precipitation step yield 97% 95% 65% 97%

Washing step yield — — — 82%

Overall yield — — — 80%

Abbreviation: HCCF, harvested cell culture fluid; mAb, monoclonal anti-

body; PEG, polyethylene glycol.
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