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1 | INTRODUCTION

Precipitation has been the dominant platform for plasma
protein separations since the development of the Cohn
fractionation process in the 1940s (Cohn et al., 1946;
Foster et al., 1986). A number of recent investigations
have demonstrated that precipitation can also be used for
the purification of monoclonal antibodies (mAbs) (Dutra
et al., 2020; Ferreira-Faria et al., 2023; Li et al., 2019;
Pons Royo et al., 2023; Recanati et al., 2023; Recanati
et al., 2024), exploiting the relatively high titers of current
Chinese hamster ovary (CHO) cell cultures (Liang
et al., 2023; Shukla et al., 2017). The precipitated protein
can be effectively dewatered and washed using tangential
flow filtration (TFF), potentially providing a low-cost
platform for the continuous downstream processing of
mADbs (Li et al., 2019; Minervini et al., 2023).

Recent work by Minervini et al. (2024) demonstrated
that it is possible to alter the morphology of precipitated
immunoglobulin G (IgG) by changing the pH, ionic
strength, and specific salt composition of the solution,
enabling significant improvements in the filterability of
the resulting precipitate. The critical flux, that is, the
highest filtrate flux at which membrane fouling remains
negligible, for precipitates formed under different condi-
tions was very well correlated with the packing density of
the precipitate (determined by batch centrifugation). The
highest packing density, and thus the largest critical flux,
was obtained by performing the precipitation using
10 mM ZnCl, and 7 weight/volume (w/v) percent poly-
ethylene glycol (PEG) in the presence of 300 mM CacCl,,
with only slightly lower performance obtained using
300 mM Na,SO,. The improved morphology of the pro-
tein precipitate was due, at least in part, to the slower
precipitation kinetics under these conditions.

There is extensive literature on the effects of different
salts on protein precipitation and the underlying physics
controlling the “salting out” phenomena (Dumetz et al.,
2007; Melander and Horvath, 1977; Shih et al., 1992). High
salt concentrations shield intermolecular repulsive electro-
static interactions, thus decreasing the protein solubility.
However, it is unclear how these changes in solubility affect
the morphology of the precipitate or its packing density,
which appears to be the dominant factor controlling the fil-
terability of the precipitated protein. Instead, it is likely
that the increase in packing density arises from the
presence of increased order within the precipitate,

suggesting that conditions that enhance protein crys-
tallizability might also improve the filterability of the
precipitate.

McPherson (2001) examined the effects of 12 different
salts on the crystallization of 23 proteins including three
mADbs, two chimeric antibodies (human-simian) and one
mouse-derived antibody. Nineteen of the 23 proteins
were successfully crystallized using sodium malonate; the
next most effective salt was only able to crystallize 10 of
the proteins. All three antibodies (two IgG1l antibodies
and one IgG4) could be crystallized out of sodium malo-
nate solutions; the only other salt that was able to crystal-
lize these antibodies was sodium acetate. In addition,
malonate was effective at forming protein crystals at
much lower concentrations than the other salts, in some
cases by as much as a factor of 10. The excellent perfor-
mance of sodium malonate was attributed to its relatively
high charge density (two negatively charged carboxylic
acids at neutral pH) and its action as a kosmotrope in sta-
bilizing the protein structure even at low concentrations
(Collins, 1995; Collins and Washabaugh, 1985; Kaushik
and Bhat, 1999). Sodium malonate is also known to stabi-
lize previously formed protein crystals by acting as a
cryoprotectant (Holyoak et al., 2003).

The objective of this study was to examine the effect of
sodium malonate on the precipitation of human serum
immunoglobulin G (hIgG), which is of interest in immu-
noglobulin therapy and as a model for the behavior of
mADbs. Data were obtained for the precipitation yield as a
function of ZnCl, and PEG concentrations, both in the
presence and absence of sodium malonate, with the struc-
ture and morphology of the precipitate examined using
differential scanning calorimetry, isothermal titration calo-
rimetry (ITC), and bright field microscopy. The critical
flux was evaluated using flux-stepping experiments, with
the data demonstrating a significant improvement in filter-
ability upon the addition of sodium malonate.

2 | MATERIALS AND METHODS

2.1 | Materials

Lyophilized human serum IgG powder was obtained
from Nova Biologics (Oceanside, CA) and stored at 4°C
until use. MES (2-morpholinoethanesulfonic acid) with a
pK, of 6.15 was purchased from Thermo Fisher Scientific
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(Waltham, MA). Zinc chloride solutions (ZnCl,, 0.1 M),
PEG (Mn =~ 3350 Da), dibasic sodium malonate (DSM,
>97.0%), CaCl,, and Na,SO, were all obtained from
Sigma-Aldrich. HCl and glycine, also obtained
from Sigma-Aldrich, were used for pH adjustment and
precipitate redissolution, respectively.

Filtration was performed using MidiKros® polyether-
sulfone hollow fiber membranes (0.2 pm pore size, 1 mm
ID) from Repligen Corporation (Rancho Dominguez,
CA). Modules had a total membrane area of 88 cm? and
an effective fiber length of 20 cm. Membranes were
cleaned with 0.5 M NaOH at 35-40°C for at least 30 min
after each experiment and then stored in 0.1 M NaOH
between uses.

2.2 | IgG precipitation

IgG precipitation was performed using ZnCl, as a cross-
linking agent and PEG as a volume exclusion agent based
on recent results showing the selective precipitation of
both IgG and mAbs using this system (Burgstaller
et al., 2019; Minervini et al., 2023). The effect of sodium
malonate on the precipitation yield was examined in
small-scale batch precipitation experiments. IgG was dis-
solved in 50 mM MES buffer at pH 6.4 at a concentration
of 10 g/L in the presence of different concentrations of
sodium malonate, CaCl,, or Na,SO,4; 5 mL of the IgG
solution was added to 5 mL of a second solution contain-
ing target levels of ZnCl, and PEG in 50 mM MES buffer
at pH 6.4 to initiate precipitation. The resulting suspen-
sion was allowed to equilibrate at 4°C for 12 h. The solid
precipitate was collected by centrifugation at 8000 rpm
and 4°C using an Eppendorf 5415 R centrifuge. The
supernatant was carefully removed, and the pellet was
redissolved by the addition of 1 mL of a 2 M glycine solu-
tion. The IgG concentrations in the supernatant (S) and
redissolved precipitate (R) were evaluated using an
Infinite® m200 Pro microplate reader (Tecan Trading
AG, Switzerland) based on the absorbance at 280 nm,
with the precipitate yield calculated as:

“C VCRI e v

RV R SVS
where C and V are the IgG concentrations and solution
volumes, respectively.

Larger scale IgG precipitation was performed in a
continuous tubular flow reactor fitted with static mixers
(Koflo Corporation, Cary, IL) providing a total length of
70 cm. The IgG solution, at a concentration of 10 g/L,
was introduced into the reactor at a rate of 5 mL/min. It
was then mixed with a stream of 0.1 M ZnCl, flowing at
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a rate of 1 mL/min using a Y-connector located at the
entrance to the first static mixer. Simultaneously, a PEG
solution with a concentration of 17.5 w/v% was added at
a flow rate of 4 mL/min through a similar connector
located at the entrance of the second static mixer. This
process resulted in a final solution containing precipitated
IgG with a concentration of 5 g/L, ZnCl, with a concentra-
tion of 10 mM, and PEG with a concentration of 7.5 w/v%.
The total residence time in the tubular flow reactor was
120 s. Additional details on the continuous precipitation
are provided elsewhere (Minervini et al., 2024).

The packing density (¢,) of the protein precipitate
was evaluated directly from the mass of the centrifuged
pellet, which was calculated from the weight of the centri-
fuge tube with the pellet (after removal of the supernatant)
minus that of the empty centrifuge tube as discussed by
Minervini et al. (2024):

MigG
P mpellet’ (2)
where mygs is the total mass of IgG in the original
solution.

The selectivity of the IgG precipitation was evaluated
using a mixture of IgG and clarified cell culture fluid
(CCF) obtained from Ambr® 250 bioreactors (Sartorius,
Germany) filled with FreeStyle™ CHO cells (Thermo
Fisher Scientific) grown in serum-free Gibco CHO
expression media. The cells were harvested at a density of
approximately 10 x 10° cells/mL. High levels of host cell
proteins (HCP) were obtained by lysing the CHO cell sus-
pension in an Isonic sonicator for an hour, with residual
cells and debris removed by centrifugation. The superna-
tant was dialyzed against MES buffer using a D-Tube
Dialyzer Maxi with molecular weight cutoff of 3.5 kDa
(Merck KGaA, Germany); the dialysis was used to adjust
the pH and conductivity of the solution but did not alter
the concentration of the HCP due to the low molecular
weight cutoff of the membrane. The powdered IgG was
directly added to the dialyzed CCF. Batch precipitation
was performed by the addition of ZnCl, and PEG, both
with and without sodium malonate, using the same
approach described previously. Feed and supernatant
samples were analyzed for the HCP and DNA concentra-
tions using CHO ELISA 3G kit (Cygnus Technologies)
and Qubit™ 1x dsDNA BR, respectively.

2.3 | Filtration experiments

The critical flux associated with membrane fouling was
evaluated using the flux-stepping method (Behboudi
et al., 2024; Chaubal and Zydney, 2023; Minervini and
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Zydney, 2022). The hollow fiber module was initially
flushed with MES buffer (either with or without sodium
malonate based on the composition of the IgG precipi-
tate). The protein precipitate was then pumped from a
250 mL solution reservoir through the lumens of the hol-
low fiber membranes at the desired flow rate (10-50 mL/
min) using a peristaltic pump (Cole-Parmer Masterflex
L/S). The permeate flow rate was controlled using a sec-
ond pump connected to the permeate exit port (at the far
end of the module). The permeate flow rate was
increased in a stepwise manner in increments of 1 mL/
min every 25 min, with the feed (Pg), retentate (Pg), and
permeate (Pp) pressures evaluated throughout the experi-
ment. Filtration was continued until the gradient in the
transmembrane pressure (TMP)

Pp+P
TMP=-2""R_p, 3)

exceeded 0.1 kPa/min (corresponding to the onset of sig-
nificant fouling).

Longer-term filtration experiments were performed
using 1.5 L of precipitated IgG, collected from the tubular
reactor. The hollow fiber module was again flushed with
buffer, with the IgG feed and permeate flow rate set and
maintained at the desired values. The TFF system was
operated in total recycle mode, with the retentate and
permeate both recycled back to the feed reservoir. The
pressures were monitored throughout the filtration.

2.4 | Morphological and structural
characterization

In-line microscopic imaging of the protein precipitate
was done using a Blaze Meso probe (BlazeMetrics) placed
in-line on the exit flow from the tubular precipitation
reactor. More detailed characterization was performed
using a DMi8 Thundered Microscope (Leica, Germany),
with 3D-reconstructed images obtained by z-stacking of
binarized images through the field of view.

The particle size distribution for the IgG precipitates
was measured using laser diffraction (Mastersizer 3000,
Malvern Panalytical, United Kingdom) with a Hydro MV
wet dispersion attachment at 500 rpm. The dispersant
solution within the sample tank contained 10 mM ZnCl,
and 7 w/v% PEG to prevent any redissolution of the pre-
cipitated protein. The particle size distributions were cal-
culated by the Mastersizer 3000 software (version V3.62)
using Mie theory.

The properties of the precipitate were examined by
differential scanning calorimetry (DSC, MicroCal VP-
Capillary DSC, Malvern Panalytical, United Kingdom)

and ITC (Affinity ITC, TA Instruments, New Castle, DE).
ITC was performed using IgG and ZnCl, solutions
diluted 5-fold with MES buffer to maintain the heat flow
within the range of the instrument. The ZnCl, was used
without PEG since the PEG interfered with the analysis.
The sample cell was initially filled with a 1 g/L solution
of IgG in MES buffer with any added salt. The syringe
was loaded with a 20 mM ZnCl, solution (in 50 mM MES
along with any salts that were added to the IgG); 10 pL
aliquots of the ZnCl, solution were added to the IgG
every 360 s for a total of 25 injections. Baseline correction
was performed using data obtained by adding ZnCl, to
the MES buffer and salt solution (without IgG). Mole
ratio versus enthalpy data was then fit using the Multiple
Sets of Independent Binding Sites Model (Freire
et al., 1990). The concentration of bound ligand is
described as:

Lo =M @

where [Lg;] is the concentration of ligand bound to the
binding sites in set i, K; is the intrinsic site association
constant, n; is the number of binding sites of set i, and
[M] and [L] are the concentrations of the macromolecule
and free ligand, respectively. The total heat emitted or
absorbed is determined by adding together the individual
contributions associated with each binding site:

Q=V)_ AHi[Lg], (5)

where AH; is the enthalpy of binding to set i.

The secondary structure of the soluble IgG in the dif-
ferent salt solutions was evaluated by circular dichroism
spectroscopy (CD, J-1500, Jasco, MD). The IgG solution
was diluted with DI water to a concentration of
0.25 mg/L and added to a 200 pL quartz cell. Three spec-
tra were obtained for each sample using a Xenon arc
lamp source, with the baseline corrected using the CD
spectra obtained with the corresponding buffer. CD spec-
tra for resolubilized IgG were obtained by adding 0.1 M
glycine to the precipitate to lower the pH to 5.0; this
completely reversed the binding to Zn*" allowing redisso-
lution of the protein.

3 | RESULTS AND DISCUSSION

3.1 | Precipitation yield and selectivity

Sodium malonate reduces protein solubility at high con-
centrations, but even 1M sodium malonate provided
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FIGURE 1
sodium malonate. IgG, immunoglobulin G; PEG, polyethylene glycol.

only 70% yield during IgG precipitation. In addition, pre-
cipitation out of sodium malonate had low selectivity.
Instead, all precipitation experiments were performed
with the ZnCL,-PEG system that has been used previously
for the precipitation of serum IgG and several different
mAbs at relatively low concentrations of the two
precipitants.

The addition of low concentrations of sodium malo-
nate caused a significant reduction in the yield of the pre-
cipitated IgG from solutions containing a combination of
ZnCl, and PEG. For example, IgG precipitation from a
10 mM ZnCl, solution (alone) gave an IgG yield of more
than 95% in the solid phase, but this was reduced to 85%
upon the addition of 10 mM sodium malonate and to
below 50% in the presence of 30 mM sodium malonate.
This behavior is likely due to the interaction between
Zn** and the carboxylic acid groups on the malonate,
which is known to chelate divalent metal cations through
a bidentate structure (Deerfield et al., 1991).

100.0

75.00

50.00

25.00

0.000

100.0

75.00

50.00

25.00

0.000
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IgG yield as a function of the ZnCl, and PEG concentrations in (a) no added salt, (b) 10 mM, (c) 20 mM, and (d) 30 mM

Figure 1 shows contour plots (solubility “heat maps”)
of the precipitation yield as a function of the ZnCl, and
PEG concentrations in the presence of different concen-
trations of sodium malonate. It was not possible to obtain
>95% IgG yield in the 30 mM malonate except at very
high ZnCl, and PEG. At high PEG concentrations
(greater than about 6 w/v% PEG), the yield was deter-
mined almost entirely by the ZnCl, concentration. How-
ever, at lower PEG concentrations the ZnCl, and PEG act
synergistically, with the addition of PEG reducing the
ZnCl, concentration needed to achieve a given yield.
The use of 10 mM ZnCl, and 7 w/v% PEG, the conditions
employed previously by Minervini et al. (2024), provided
95% IgG vyield both alone and in the presence of the
10 and 20 mM sodium malonate solutions.

The effect of sodium malonate on the selectivity of
the IgG precipitation was examined using mixtures
of IgG with CCF obtained from a CHO cell culture. The
initial HCP concentration (after dialysis into MES) was



oz | WILEY-$9 ey

BEHBOUDI ET AL.

TABLE 1 HCP and DNA concentrations for IgG feed and
precipitate.
Condition HCP (ppm) DNA (ppb)
Initial feed 125,000 4,000,000
Redissolved IgG (no sodium 9800 3,900,000
malonate)
Redissolved IgG (20 mM 9900 2,500,000

sodium malonate)

Abbreviations: HCP, host cell proteins; IgG, immunoglobulin G.

125,000 ppm as determined by the CHO ELISA. The feed
also contained DNA at a concentration of 4,000,000 ppb
based on the Qubit assay; the high DNA concentration is
due to the lysis of the CHO cells used to provide suffi-
cient HCP upon mixing with the IgG. Precipitation was
performed from solutions containing 10 mM ZnCl, and
7 w/v% PEG in 50 mM MES buffer at pH 6.4, either with
or without 20 mM sodium malonate. Results are summa-
rized in Table 1. In both cases, the collected precipitate
had HCP concentrations below 10,000 ppm, correspond-
ing to >90% HCP removal. The precipitate formed in the
absence of sodium malonate showed nearly identical
levels of DNA as the feed, indicating that >95% of the
DNA coprecipitated with the IgG. In contrast, the addi-
tion of 20 mM sodium malonate led to a 40% reduction
in DNA content in the IgG precipitate. The lower degree
of DNA precipitation in the presence of sodium malonate
is likely due to chelation of the Zn.

3.2 | Morphological characterization

The structure and size of the precipitate particles were
evaluated both inline, using the Blaze Meso micro-
scopic imaging probe placed directly on the outflow
from the tubular reactor, and by brightfield micros-
copy, with the latter performed after collection and
storage of the precipitate for approximately 24 h. As
shown in Figure 2, the particles formed by precipita-
tion from the MES buffer with 10 mM ZnCl, and 7 w/v
% PEG (without any added salt) had an average particle
diameter of around 50 pm, consistent with laser dif-
fraction data presented by Minervini et al. (2024). The
addition of 20 mM sodium malonate caused a signifi-
cant reduction in the particle size (note different z-axis
scale in 3D reconstructions). The full distributions
determined by laser diffraction are shown in Data S1.
The smaller particles formed in the presence of sodium
malonate also had a greater packing density than those
formed without any added salt (16.4% vs. 11.7%); this is
discussed in more detail subsequently.

Also shown for comparison are images of IgG precipi-
tates formed in the presence of 300 mM CaCl, and
300 mM Na,S0O,, both of which have previously been
shown to give precipitates with good filterability
(Minervini et al., 2024). The particles generated with
300 mM CaCl, and 300 mM Na,SO, were larger than
those formed in the presence of sodium malonate even
though the CaCl,/Na,SO, concentration was 15-fold
higher than that of the malonate. Note that these differ-
ences in size were not related to the amount of IgG that
was precipitated from the different solutions, with the
IgG yield being >95% for all conditions examined in
Figure 2.

The thermal stability of the precipitated IgG was
examined by differential scanning calorimetry, with
results shown in Figure 3. The DSC curve for the IgG pre-
cipitated from 50 mM MES with 10 mM ZnCl, and 7 w/v
% PEG (with no added salt) shows two distinct thermal
transitions: Ty, = 53-55°C and T, = 70-73°C. The
addition of 20 mM sodium malonate caused a significant
shift in the DSC curve, with Ty,; increasing to approxi-
mately 64°C. In addition, the DSC shows clear evidence
of a third transition at a temperature above 90°C.

The thermal transition temperatures for the soluble
IgG and the precipitates formed in the presence and
absence of sodium malonate are summarized in Table 2
along with corresponding results using 300 mM CaCl,
and Na,SO,. Experiments were performed in triplicate
with results reported as the mean + standard deviation.
The results for soluble IgG in MES buffer alone
(no ZnCl, or PEG) are in good agreement with literature
data (Ionescu et al., 2008); the first peak is typically asso-
ciated with the Fab fragment while the second is associ-
ated with unfolding of the Fc region. The transition
temperatures for the resolubilized protein (after pH
adjustment) were statistically equivalent to those deter-
mined for the soluble IgG, suggesting that the precipita-
tion had no measurable effect on the protein stability.
The addition of Na,SO, and sodium malonate had no sig-
nificant effect on the thermal stability of the soluble IgG.
In contrast, the addition of CaCl, reduced the thermal
stability, with T, decreasing from 71.9 to 61.5°C. This
behavior is consistent with the known effects of these
salts on water structure as described by the Hofmeister
series (Collins, 1997; Moelbert et al., 2004). CaCl, is com-
monly classified as a chaotropic (destabilizing) salt while
Na,SO, and sodium malonate are kosmotropic (Holyoak
et al., 2003; Lawal, 2006; Yeh et al., 2010).

The transition temperatures obtained for the precipi-
tated IgG are all well below those for the soluble protein,
indicating a significant loss in stability, similar to that
observed in the presence of high concentrations of urea
(Nemergut et al., 2017). Ty,; in the presence of 20 mM
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FIGURE 2

In-line microscopic images obtained from the Blaze Meso at the end of the tubular reactor (top panel), optical images after
24 h (middle panel), and 3D reconstructions based on z-stacking of optical images (bottom panel). Column a is without salt, column b is
with 20 mM sodium malonate, column c is with 300 mM Na,SO,, and column d is with 300 mM CaCl,.

=20 mM malonate

FIGURE 3 DSC profiles of 200
precipitated IgG from 50 mM PES, 10 mM ——No salt
7ZnCl,, and 7 w/v% PEG both alone and in
the presence of 20 mM sodium malonate.
DSC, differential scanning calorimetry; 150
IgG, immunoglobulin G; PEG, %
polyethylene glycol. %
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sodium malonate was significantly higher than the values
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may correspond to the unfolding of a different structural
domain or to a change in the intermolecular interactions
stabilizing the structure of the precipitate.
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TABLE 2 Thermal transition temperatures (in °C) of the soluble and precipitated IgG in different salt solutions obtained by DSC.
Soluble T Tz Precipitated T T2 T3
No added salt 71.9 £ 0.5 77.5+ 04 No added salt 54.9 + 0.1 72.6 £ 0.7 -
Malonate 71.6 + 0.4 75.9 + 0.3 Malonate 65.8 + 0.6 78.1 + 0.5 90.7 + 0.4
CaCl, 61.5 + 0.1 724+ 04 CaCl, 54.1+ 0.4 68.9 + 0.9 -
Na,S0,4 71.4 + 0.8 76.5 + 0.4 Na,S0,4 60.5 + 0.4 74.8 + 0.2 —

Abbreviations: DSC, differential scanning calorimetry; IgG, immunoglobulin G.
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ITC thermograms of heat rate versus time (left panels) and enthalpy versus mole ratio (right panels) upon addition of ZnCl,

to 1 g/L solution of IgG either (a) alone or (b) or in the presence of sodium malonate. ITC, isothermal titration calorimetry.

Further insights into the effects of sodium malonate
on IgG precipitation by Zn were obtained using ITC. Data
were obtained by stepwise addition of ZnCl, (in the pres-
ence or absence of sodium malonate) into a 1 g/L IgG
solution with the same sodium malonate concentration
as the ZnCl,. As shown in Figure 4, the ITC thermograms
in the absence of sodium malonate show very small heat
evolution, with the maximum value of the corrected
heat rate less than 2 pJ/s and decreasing to <1 pJ/s by
the second injection. In contrast, the heat evolution in
the presence of sodium malonate was more than 15 pJ/s
for the first six injections. In both cases, the system was
slightly exothermic, consistent with previous studies of
protein aggregation and precipitation (Schon et al., 2017).

The interpretation of the ITC data is challenging since
the Zn can not only interact directly with specific binding
sites on the IgG (primarily histidine, cysteine, and various
carboxylic acid side-chains), but it can also facilitate inter-
molecular interactions between IgG molecules that lead to
IgG precipitation. Nevertheless, the integrated heat evolu-
tion data (right hand panels in Figure 4) were well-
described using a simple model with n identical binding
sites. The resulting thermodynamic binding parameters are
summarized in Table 3. The enthalpy determined in the
presence of sodium malonate (7900 cal/mol) was 180 times
larger than that in the absence of sodium malonate, sug-
gesting that the sodium malonate leads to much stronger
intermolecular interactions within the IgG precipitate. This
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TABLE 3 Thermodynamic Salt AG (cal/mol)  AH(cal/mol)  AS(cal/mol/K) K, (mM)
parameters determined from ITC data
for addition of ZnCl, to IgG in the None —3800 44 13 1.4
presence of different salts. Malonate —740 7900 29 70.6
CaCl, —4100 42 14 1.02
Na,SO, —2800 1700 15 10

Abbreviation: ITC, isothermal titration calorimetry.

TABLE 4  Structural parameters for IgG in 50 mM MES in the
presence of different salts and after redissolution of the precipitated
protein.

Sample a-Helix p-Sheet Turn Other
Native IgG 8.1% 34% 16% 43%
IgG (malonate) 6.1% 49% 15% 31%
IgG (CaCly) 7.1% 34% 14% 45%
1gG (Na,SO,) 6.5% 42% 15% 37%
Resolubilized IgG ~ 8.1% 34% 16% 43%

Abbreviations: IgG, immunoglobulin G; MES, 2-morpholinoethanesulfonic acid.

behavior is consistent with the increased stability (and
packing density) of the precipitate formed in the solu-
tion containing sodium malonate. Also shown for com-
parison are ITC results in the presence of CaCl, and
Na,S0,. CaCl, had relatively little effect on either the
enthalpy or entropy of the precipitation process, similar
to the effect of CaCl, on the melting temperatures
(Table 2). In contrast, Na,SO, caused a significant
increase in AH, although this effect is much less pro-
nounced than that seen with sodium malonate. The cal-
culated enthalpies are strongly correlated with the
measured values of Ty,; and Ty, (Table 2), suggesting
that the strength of the intermolecular interactions gov-
erns the stability of the IgG precipitate.

The effect of the different salts on the structure of the
soluble IgG (in the absence of Zn or PEG) was examined
by CD spectroscopy with results summarized in Table 4.
The native IgG has a high f-sheet content (34%). The
structure of the resolubilized IgG precipitate was essen-
tially identical to that of the native IgG, demonstrating
that the Zn-PEG precipitation and additive salts cause no
irreversible unfolding of the IgG. Future work with mAbs
will be needed to demonstrate that the resolubilized pro-
tein maintains full biological activity. The addition of
sodium malonate causes a large increase in the f-sheet
content of the IgG (from 34 to 49%), corresponding to a
significant increase in protein stability (Kim et al., 2016).
The Na,SO, also causes a significant (but smaller) increase
in p-sheet content, while the CaCl, had no measurable
effect on the protein secondary structure, similar to what
is observed in both the ITC and DSC experiments.

3.3 | Filtration behavior

Several previous studies have shown that protein precipi-
tates and crystals can be effectively dewatered and
washed using tangential flow microfiltration (Behboudi
et al.,, 2024; Li et al.,, 2019; Li et al., 2021; Minervini
et al., 2023). Long-term continuous operation can be
achieved by operating the TFF module below the critical
flux, which is the flux at which fouling first becomes sig-
nificant. A series of flux-stepping experiments were per-
formed to measure the critical flux for precipitates
formed from 5g/L IgG solutions in 50 mM MES at
pH 6.4 in the presence of 10 mM ZnCl, and 7 w/v% PEG,
both alone and in the presence of different salts. The
results are summarized in Figure 5, with the critical
flux values plotted as a function of the packing density
of the precipitate as determined from the mass of the
solid pellet (Equation 2). Also shown for comparison
are critical flux data obtained by Minervini et al.
(2024) using the same ZnCl, and PEG system at differ-
ent pH and using different buffers/salts. The data
show a high degree of correlation, with the highest
packing density (16.7%) and highest critical flux
90 + 6 L/m?/h obtained in the presence of 20 mM
sodium malonate. Interestingly, the critical flux and
packing densities are similar in the presence of
Na,S0, and CaCl, with packing densities of 14.4 and
13.5% respectively, even though the Na,SO, had a sig-
nificant effect on the stability of the precipitate while
the CaCl, did not (as determined by DSC).

The impact of sodium malonate on the filterability of
the IgG precipitate was examined further by performing
a long-term filtration experiment in which 1.5 L of the
IgG precipitate (formed using 10 mM ZnCl, and 7 w/v%
PEG in 50 mM MES at pH 6.4), both alone and in the
presence of 20 mM sodium malonate, were circulated
through the hollow fiber membrane module at a feed
flow rate of 30 mL/min. The filtrate flux was main-
tained at 143 L/m*/h throughout the filtration, with
this flux lying slightly below the critical flux for the
precipitate slurry determined in the presence of 20 mM
sodium malonate. These conditions correspond to 70%
conversion in the module (ratio of permeate to feed
flow rates of 0.7). The TMP profiles during the two
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filtration experiments are shown in Figure 6. The TMP 4 | CONCLUSIONS

for the precipitate formed in the presence of 20 mM
sodium malonate remained below 6.6 kPa throughout
the 12 h filtration, corresponding to a TMP gradient of
less than 0.0035 kPa/min. If this pressure gradient
were maintained during a longer filtration, it would be
possible to operate the TFF module continuously for
40 days before reaching the maximum operating TMP
of 200 kPa. In contrast, the TMP for the filtration per-
formed in the absence of the sodium malonate
increased to more than 20 kPa in less than 20 min, a
TMP gradient of more than 1 kPa/min.

Although the effects of different salts on protein solubil-
ity (and precipitation) are well known, there is still very
little information on how salts affect the precipitate mor-
phology and in turn its processability. In this work, we
examined the use of sodium malonate, a salt that has pre-
viously been used to enhance protein crystallizability
(McPherson, 2001), to control the structure and morphol-
ogy of IgG precipitates formed using a combination of
ZnCl, and PEG. The addition of sodium malonate
increased the p-sheet content of the soluble IgG as



BEHBOUDI ET AL.

determined by CD spectroscopy. This resulted in a more
stable precipitate (higher Ty,,), consistent with the greater
enthalpy of interaction evaluated from ITC measure-
ments. There was no measurable change in IgG structure
after precipitation and resolubilization (as determined by
CD spectroscopy), nor was there any change in the pro-
tein stability (as determined by DSC). Future work with
mADb products will be required to demonstrate that the
resolubilized protein maintains its biological activity.

These changes in precipitate morphology resulted in
a significantly greater packing density for the precipitate
formed in the presence of sodium malonate. This may be
related to the weakly attractive intermolecular interac-
tions in sodium malonate solutions, which Dumetz et al.
(2007) hypothesized as the origin of the effectiveness of
sodium malonate as a crystallizing agent based on mea-
surements of the second virial coefficient. This increase in
packing density is highly correlated with an increase in
the critical filtrate flux during TFF (Minervini et al., 2024),
which enabled us to operate a TFF process for 12 h with
minimal increase in transmembrane pressure. In contrast,
the TFF membranes fouled rapidly (within 20 min) under
identical conditions but for a precipitate formed in the
absence of sodium malonate. Furthermore, the addition of
sodium malonate improved the selectivity of the precipita-
tion, with much less coprecipitation of DNA from a clari-
fied CCF. Additional studies will be required to
demonstrate the generalizability of this approach for
improving the performance of a precipitation-filtration
process for the purification of high value biopharmaceuti-
cal products, including for mAbs with different isoelectric
points.
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SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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