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ABSTRACT

Subcutaneous injection of a low volume (<2 mL) high concentration (>100 mg/mL) formulation is an
attractive administration strategy for monoclonal antibodies (mAbs) and other biopharmaceutical pro-
teins. Using concentrated solutions may also be beneficial at various stages of bioprocessing. However,
concentrating proteins by conventional techniques, such as ultrafiltration, can be time consuming and
challenging. Isolation of the dense fraction produced by macroscopic liquid-liquid phase separation
(LLPS) has been suggested as a means to produce high-concentration solutions, but practicality of this
method, and the stability of the resulting protein solution have not previously been demonstrated. In this
proof-of-concept study, we demonstrate that LLPS can be used to concentrate a mAb solution to
>170 mg/mL. We show that the structure of the mAb is not altered by LLPS, and unperturbed mAb is
recoverable following dilution of the dense fraction, as judged by 'H nuclear magnetic resonance
spectroscopy. Finally, we show that the physical properties and stability of a model high concentration
protein formulation obtained from the dense fraction can be improved, for example through the addition
of the excipient arginine-glutamate. This results in a stable high-concentration protein formulation with
reduced viscosity and no further macroscopic LLPS. Concentrating mAb solutions by LLPS represents
a simple and effective technique to progress toward producing high-concentration protein formulations
for bioprocessing or administration.
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Introduction back pressure, membrane fouling and reduced filtration
rates.'*"'? Alternatively, lyophilization followed by reconstitu-
tion in a reduced diluent volume may be used, but this may
require substantial time for freeze-drying, plus additional
reconstitution times,'> or may generate physical instabilities
due to the stresses of freeze-drying and reconstitution.'*
Therefore, other methods to concentrate biopharmaceutical
proteins are required.

Liquid-liquid phase separation (LLPS) has been suggested
as a novel technique to concentrate biopharmaceutical
solutions.”™"” During macroscopic LLPS, a homogenous med-
ium-concentration protein solution spontaneously separates
into an upper low-concentration lean layer and a lower high-
concentration dense layer. Whilst LLPS is typically considered
an unwanted physical instability in biopharmaceutical solu-
tions, "' selective triggering of LLPS, for example, through
addition of salts, or changes in temperature, may be used to
concentrate a protein solution. Aqueous two-phase extraction,
a similar approach involving polymers to trigger phase parti-
tioning, is already widely used during purification in
biotechnology.**~**

Since the approval of the first recombinant protein therapeutic
in 1982, biopharmaceutical proteins, including monoclonal
antibodies (mAbs), have developed into critical treatments
for a wide range of diseases." For the prolonged treatment
of chronic conditions, such as arthritis and other autoimmune
diseases, subcutaneous injection by the patient represents an
attractive administration strategy for mAbs.** Due to the lim-
ited volume (<2 mL) possible for injection into subcutaneous
tissue,® such strategies require high-concentration protein for-
mulations, with protein concentrations typically greater than
100 mg/mL.” Using high-concentrations solutions may also be
beneficial during bioprocessing and manufacturing. However,
achieving such high concentrations and stabilizing the final
formulation against degradation remains challenging.®
During bioprocessing, biopharmaceutical protein solutions
are typically concentrated using ultrafiltration techniques
involving membranes, such as tangential-flow filtration.”
However, achieving high-protein concentrations can be chal-
lenging due to concentration-induced viscosity, self-
association, and aggregation potentially resulting in significant
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Despite the potential of LLPS as a method to concentrate
mAb solutions, phase separation is still largely viewed as an
undesired physical instability, and questions about the practi-
cality and suitability of its use remain. For example, due to the
attractive protein—protein interactions required for LLPS, there
may be concerns about the promotion of aggregation in the
high-concentration dense fraction.”»** Additionally, the dense
fraction may be excessively viscous '**> and potentially difficult
to handle during bioprocessing or administration. Such con-
cerns are common in the development of any highly concen-
trated biopharmaceutical protein formulation, where they are
typically alleviated through optimization of solution condi-
tions, including buffer, pH, ionic strength, and addition of
excipients.'”*®*”  However, to our knowledge, such
a formulation approach has not been trialed for high-
concentration dense fractions produced by LLPS.

In this study, we explore how the properties and stability
of a high-concentration mAb solution produced by LLPS
can be improved through the addition of an excipient,
arginine-glutamate (Arg-Glu),””*® to the isolated dense frac-
tion. We demonstrate that LLPS can be used to concentrate
a mAb from 80 mg/mL to >170 mg/mL, and show, using
"H nuclear magnetic resonance (NMR) spectroscopy, that
structurally unperturbed mAb is recoverable following dilu-
tion of the dense fraction. Viscosity measurements and
high-performance size-exclusion chromatography (HPSEC)
analysis show that Arg-Glu improves the physical properties
and stability of a model high-concentration formulation
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produced from the dense fraction. Controlled LLPS and
subsequent addition of excipients offers a simple and effec-
tive method to produce stable high-concentration antibody
formulations.

Results
Using LLPS to concentrate mAb solutions

To demonstrate the use of LLPS to concentrate a mAb, LLPS
was triggered in 80 mg/mL COE-13 in 20 mM acetate buffer,
pH 5.5, by addition of 75 mM NaCl and incubation at 4°C
(Figure 1). The initially opalescent solutions underwent rapid
macroscopic LLPS, with two layers visible after 20 min, and the
boundary between these layers sharpening over time. After
24 hours, the upper lean and lower dense fractions were iso-
lated. Protein concentration measurements showed that LLPS
resulted in a > 2-fold increase in concentration in the dense
layer (171 mg/mL) compared to the initial solution, while the
lean fraction concentration was 10 mg/mL.

To investigate whether LLPS resulted in any aberrant irre-
versible changes in mAb structure and behavior, 'H NMR
spectra and transverse relaxation rate (R,) profiles were
recorded for the lean fraction, and the dense fraction before
and after dilution with buffer (containing 75 mM NaCl to
maintain ionic strength). Additionally, spectra were recorded
for a dilute COE-13 solution that had not undergone LLPS. All
samples were in equivalent buffers (20 mM acetate, pH 5.5,
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Figure 1. LLPS of COE-13 triggered by incubation at 4°C. Triplicate solutions illuminated from underneath to visualize light scattering and opalescence. Images taken
at 4°C after the incubation times indicated. Beyond 20 minutes, the visible bottom layer corresponds to the dense fraction, and upper layer to the lean fraction.
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Figure 2. NMR comparison of mAb structure and behavior before and after LLPS. (a) 1D "H NMR spectra and (b) R, profiles comparing a non-phase separated
protein solution, the intact lean fraction, and diluted dense fraction (all 10 mg/mL), with the intact dense fraction collected after LLPS (171 mg/mL). All solutions were in
20 mM acetate buffer, pH 5.5, with 75 mM NaCl. Dense fraction not shown on R, profile due to rapid R, rate and poor signal in CPMG experiments. Dotted lines indicate

the respective 95% confidence bounds of the fitted relaxation rates.



with 75 mM NaCl), with 10 mg/mL COE-13, apart from the
intact dense fraction, where protein concentration was signifi-
cantly higher (171 mg/mL). 'H NMR spectral fingerprints of
the characteristic methyl region report on the apparent struc-
ture and colloidal behavior of mAbs.*’ The lean fraction
(green) and the diluted dense fraction (purple) exhibited very
similar NMR spectra to the COE-13 solution that had not
undergone LLPS (blue, Figure 2a), indicating that the protein
in these solutions has very similar higher-order structure.
NMR spectra of the neat dense fraction had significantly
lower signal intensity than the other solutions (red, Figure 2a,
and Figure S1), despite a 17-fold higher protein concentration,
in agreement with our previous observations."

NMR transverse relaxation rates (R,) are coupled to mole-
cular motions and apparent molecular size through rotational
correlation time, and so report on apparent intermolecular
interactions. The similar R, spectral profiles (Figure 2b)
between the three 10 mg/mL solutions show that protein-
protein interactions and colloidal behavior of COE-13 are not
perturbed irreversibly by LLPS. Conversely, R, was markedly
faster in the intact dense fraction, such that COE-13 relaxation
rates were essentially unmeasurable in this fraction. Along with
the significantly reduced signal, this suggests significant attrac-
tive protein—protein interactions and the occurrence of protein
self-association and high viscosity in the highly concentrated
dense fraction. On the other hand, the NMR observations
indicate that unperturbed COE-13 is recoverable from the
lean fraction and after dilution of the dense fraction, suggesting
that the self-association observed in the dense fraction is fully
reversible.

Production of model high-concentration formulations
from the phase separated dense fraction

Whilst the neat dense fraction produced by LLPS may in
principle have a satisfactorily high-protein concentration, its
properties, such as viscosity, self-association, and protein sta-
bility, may render it unsuitable for bioprocessing, storage and
administration. In our NMR assessments (Figure 2), we
observed clear evidence of significant protein self-association,
likely as a result of attractive protein-protein interactions. To
understand if the self-association can be reduced while main-
taining this high concentration, we next investigated whether
the addition of an excipient, arginine-glutamate (Arg-Glu),
could improve the properties of the mAb solution obtained
from the dense fraction and shift the self-association
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Figure 3. Behavior of the model formulations after 24-hour incubation at 4
or 40°C. Image taken at ambient room temperature immediately after removal
from incubation. Macroscopic LLPS present in the reference formulation stored at
4°C (right-hand side).

equilibrium toward a monomeric, non-associated state. Two
model high-concentration protein formulations were gener-
ated from the isolated dense fractions: 1) a formulation with
100 mM Arg-Glu (final concentration), and 2) a reference for-
mulation without Arg-Glu. Final protein concentration in both
formulations was 148 mg/mL, while final buffer and NaCl
concentrations were identical to the starting solutions, at 20
and 75 mM, respectively. These model formulations were used
for further comparative analysis.

Arg-Glu improves the stability of model formulations
derived from the dense fraction

LLPS is typically considered an unwanted physical instability,
and there may be concerns that proteins that have undergone
LLPS may be inherently prone to further aggregation and
degradation. To investigate this behavior, the physical and
chemical stability of the model high-concentration formula-
tions generated from the phase-separated dense fraction was
examined by storage at standard refrigerated conditions (4°C)
or under stressed degradation conditions (40°C) for 4 weeks.
The behavior of the two model COE-13 formulations dur-
ing storage was markedly different (Figure 3). The reference
formulation underwent LLPS again following storage at 4°C
(Figure 3, right-hand side), with reestablishment of the LLPS
equilibrium concentrations. Conversely, the formulation with
100 mM Arg-Glu remained as a single homogenous solution,
with Arg-Glu preventing further LLPS at 4°C, although with
mild opalescence occurring (Figure S2). Both formulations
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Figure 4. Monomer loss, aggregation, and fragmentation of model formulations following storage at 4 or 40°C. Monomer (a), aggregate (b), and fragment (c)

content for COE-13 formulations over 4-week storage.
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Table 1. Rates of degradation (+ standard errors) for the model formula-
tions stored at 40°C. Rates based on linear regression of HPLC data.

Model Monomer loss Aggregation Fragmentation
formulation (%/month) (%/month) (%/month)

Reference 531+0.18 3.45+0.12 1.86 £ 0.10

With 100 mM 3.04 + 0.05 1.67 £ 0.18 138 £0.23
Arg-Glu

exhibited no LLPS when incubated at 40°C, above the apparent
critical temperature (T¢) for this system ([113°C).

Antibody degradation by fragmentation and aggregation
during storage was assessed using HPSEC (Figure 4, with
example chromatograms in Figure S3). When stored at 4°C,
both model high-concentration formulations exhibited no
additional degradation after 28 days storage. This demon-
strates that the protein solutions concentrated by LLPS are
not inherently unstable or prone to degradation during storage
at lower temperature. Meanwhile, model formulations stored
under stressed degradation conditions at 40°C exhibited both
aggregation and fragmentation (Figure 4a-c). However, the
formulation with 100 mM Arg-Glu was more stable than the
reference formulation, with Arg-Glu reducing the rate of anti-
body aggregation 2-fold, whilst also marginally reducing the
rate of fragmentation (Table 1). This illustrates that excipients,
such as Arg-Glu, can improve the stability of high concentra-
tion protein solutions generated by LLPS against degradation.

Next, the temperature dependence of the dynamic viscos-
ities of the model high-concentration formulations produced
by LLPS was explored (Figure 5). High viscosity resulting from
protein self-association at high-protein concentration (e.g.,
148 mg/mL here) may pose handling challenges during bio-
pharmaceutical fill-finish and administration, and therefore
formulation viscosity should be monitored and minimized.
The reference model formulation was particularly viscous,
with its viscosity exceeding 200 mPa-s at temperatures below
25°C. Such a high viscosity for a mAb formulation renders it
largely unsuitable for processing and syringing, i.e., for sub-
cutaneous administration.

200 -

- -
o a
o o
1 1

Viscosity (mPa-S)
a
o
1

0 T T T T T T T 1

20
Temperature (°C)

Storage Temperature:
4°C 40°C
Reference -O- =0=
100 mM Arg-Glu -0- -

Figure 5. Viscosity of the model high-concentration formulations across
a range of temperatures after 28 days storage at either 4°C or 40°C. Mean
+ standard deviation of three replicate measurements. For the reference formula-
tion, the viscosity of solutions below 25°C exceeded the measurement capacity of
the specific VROC Initium chip (1200 mPa-s).

Conversely, the model formulation with 100 mM Arg-Glu
exhibited significantly lower viscosity, ranging from 12 to 113
mPa-s across the explored temperature window (37°C to 5°C).
At ambient room temperature and above, this formulation may
be syringeable, with viscosity beneath the widely accepted
threshold of syringeability (125 mPa-s).>® Viscosities of the
samples stored at 4°C and 40°C for 28 days were not signifi-
cantly different, indicating that the aggregation and fragmenta-
tion observed following storage at 40°C (Figure 4) did not have
a significant effect on the viscosity of either formulation. Both
model formulations follow the expected exponential tempera-
ture-dependent viscosity relationship, with viscosity reduced at
higher temperatures. In conclusion, this study shows that LLPS
can yield high-concentration mAb formulation with satisfac-
tory stability, viscosity and syringeability properties, by adding
a suitable excipient to the dense fraction.

Discussion

Obtaining stable high-concentration antibody formulations is
critical to the development of subcutaneous injections as
a viable means of biopharmaceutical administration.
However, concentrating some biopharmaceutical protein solu-
tions beyond >100 mg/mL and stabilizing these solutions
against self-association and degradation may be challenging.
In this proof-of-principle study, we demonstrate that LLPS can
be harnessed to generate high-concentration antibody solu-
tions without adversely affecting higher-order protein struc-
ture, and that the addition of excipients improves the
properties (e.g., viscosity, aggregation state and storage stabi-
lity) of model formulations generated from the resulting dense
fraction.

Here, LLPS was triggered in 80 mg/mL COE-13 in
a formulation containing 75 mM NaCl by incubation at 4°C
(Figure 1). This lead to a greater than twofold spontaneous
increase in protein concentration to 175 mg/mL in the dense
fraction, with such a concentration, in principle, suitable for
subcutaneous administration.” Although LLPS was relatively
fast, the speed of macroscopic layer separation following LLPS,
and thus the speed of concentrating of the protein solution,
may be improved further through centrifugation of the solu-
tion during this process.”’

NMR spectroscopy is increasingly used as a fingerprinting
tool to assess the higher-order structure of biopharmaceutical
proteins.”*>* Here, "H NMR spectra showed that COE-13 in
both the dense and lean fractions is not irreversibly affected by
the process of LLPS, with the lean fraction and diluted dense
fraction displaying similar fingerprint 1D spectra and trans-
verse relaxation rate profiles to protein that had not undergone
LLPS. Additionally, as protein in the lean fraction was shown
to be structurally unperturbed following LLPS, this suggests
that this extracted fraction may be recycled through conven-
tional concentrating techniques, and then phase separated to
produce further dense fraction, thus increasing yield and redu-
cing waste.

While LLPS may be used to concentrate protein solutions,
the attractive protein interactions that drive phase separation
may in principle result in solutions with properties unsuita-
ble for further handling during processing and



administration. Moreover, recovery and dilution of this
dense fraction may trigger further LLPS, which is undesirable
in any final formulation. Here, we show that addition of an
excipient, such as Arg-Glu, to the isolated dense fraction
improves the properties of model high-concentration formu-
lations generated from the dense fraction. As previously
observed with other protein solutions,*>>¢ Arg-Glu reduced
the viscosity of the model formulation (Figure 4), although
further reductions in viscosity may be required to ensure
syringeability as a final formulation. Importantly, Arg-Glu
also prevented further LLPS of the model formulation
(Figure 3). Furthermore, the high concentration antibody
solutions generated here by LLPS were not inherently
unstable when stored under typical refrigerated conditions,
with Arg-Glu reducing both aggregation and fragmentation
of the model formulations stored at 40°C to a level typical for
other mAb formulations.””>’

Due to its spontaneous and self-driven nature, it may be
tempting to incorporate LLPS in bioprocessing pipelines as
a means of concentrating biopharmaceutical mAbs. To
achieve that conditions under which LLPS occurs must
first be identified for each individual mAb. While the pri-
mary sequence of some mAbs may render them inherently
more prone to self-association and LLPS,*>*® a wide variety
of additives, such as salts, macromolecular crowders and
polyvalent ions,”*' can be used alongside temperature and
pH to induce LLPS. Selection of these additives and condi-
tions could be achieved wusing conventional high-
throughput screening platforms, for example, through
detection of opalescence by light scattering techniques. To
recover the favorable properties of solutions concentrated
by LLPS, conventional formulation screening*>*’ could be
used to establish which excipients should be added to the
separated dense fraction to prevent further phase separa-
tion, reduce self-association and solution viscosity, and
achieve long-term storage stability. The practical issues
regarding the scalability of this approach to the larger
volumes necessary during industrial-scale bioprocessing
require further investigation, and most likely would be
mAb- and process-dependent. We suggest that in some
cases concentrating biopharmaceutical proteins by LLPS
may be more efficient than tangential flow ultrafiltration,
given the cost of materials, energy and issues with mem-
brane fouling.

In conclusion, the model system used in this study showed
that LLPS is capable of concentrating mAb solutions to
>150 mg/mL, with the LLPS ‘history’ of the concentrated
sample not resulting in any additional instabilities. Applying
a typical formulation optimization approach to the separated
dense fraction should yield a stable high concentration protein
formulation.

Materials and methods
Sample preparation

A full-length human IgGlk mAb, COE-13 (MW 149 kDa, pl
8.1-8.6), known to be prone to LLPS under specific
conditions'® was supplied by AstraZeneca. 20 mM acetate
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Table 2. Volumes and protein concentrations of the various solutions
obtained during LLPS experiments. Measured concentrations determined by
absorbance at 280 nm following appropriate dilution. High variability in measured
dense fraction concentration caused by difficulties in handling such a viscous
solution. Calculated concentrations were determined based on measured solution
volumes (second column), and the measured concentration of the lean fraction.

Solution Volume Concentration (mg/
(L) mL)
Measured Calculated
Before LLPS 545 80 £ 0.9
Extracted lean fraction 300 10+£03 -
Dense layer with residual lean fraction 245 165 + 0.4
Dense fraction 230 171 £ 55 1755

buffer (sodium acetate trihydrate (Sigma-Aldrich) and glacial
acetic acid (Fisher Chemical)), pH 5.5, was prepared fresh as
required. Concentrated NaCl (Fisher) was also prepared in
buffer. Solutions were filtered with 0.2 pum syringe filters
(Minisart SFCA, Sartorius) or 0.22 um membrane filters
(GSWP, Merck Millipore). Protein concentrations were deter-
mined by absorbance at 280 nm using a NanoDrop One
(Thermo Scientific) in triplicates with dilution in buffer as
required.

Stock solutions of COE-13 (46 mg/mL) were dialyzed in
acetate buffer, using GeBAflex-Maxi dialysis tubes (3 mL,
MWCO 30 kDa, Generon) or Slide-A-Lyzer MINI dialysis
devices (0.5 mL, MWCO 20 kDa, Thermo Scientific) for large
and small volumes, respectively. Extensive buffer exchange was
conducted over five days. Samples not to undergo LLPS were
subsequently prepared by dilution with additional buffer and
concentrated NaCl to lean phase protein (10 mg/mL) and NaCl
concentration (75 mM). Samples to undergo LLPS were initi-
ally concentrated using a centrifugal concentrator (30 kDa
MWCO, Amicon) to >90 mg/mL, with subsequent dilution
with buffer and concentrated NaCl to 80 mg/mL protein con-
centration and 75 mM NaCl. Macroscopic LLPS was induced
by incubation at 4°C for 24 hours.

Following LLPS, the fractions were separated by removal of
the lean fraction (Table 2). To generate two model high con-
centration formulations, the remaining dense fraction (with
a small residual amount of lean fraction) was brought to
20°C, remixed and supplemented with 0.02% (w/v) sodium
azide (Sigma-Aldrich) to inhibit bacterial growth. A 100 mM
Arg-Glu (final concentration) formulation was generated by
addition of concentrated Arg-Glu (equimolar L-arginine and
L-glutamic acid mixture, both Sigma-Aldrich) dissolved in
buffer supplemented with 75 mM NaCl, while a reference for-
mulation was generated by addition of an equivalent volume of
buffer with 75 mM NaCl. Aliquots of the model formulations
were then stored under either refrigerated (4°C) or stressed
stability (40°C) conditions. The sample aliquots were frozen
after 0, 7, 14, or 28 days for further analysis.

NMR spectroscopy

NMR experiments were acquired using a Bruker 800 MHz
Avance III spectrometer equipped with 5 mm TCI cryoprobe
and variable temperature control unit. Sample temperature was
calibrated against a standard methanol sample and verified
with an external thermocouple placed in a sample tube in the
probe. NMR samples (400 pL) were prepared in 5 mm NMR
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tubes (541-PP-7, Wilmad) with a coaxial insert (50 mm stem,
Wilmad) filled with *H,O to provide for external lock without
sample adulteration. For variable temperature experiments,
samples were left to equilibrate for 30 minutes upon reaching
the desired temperate, with automated tuning, shimming and
pulse calibration conducted following equilibration. For NMR
analysis of mAbs after LLPS, lean fractions were assessed neat,
whilst dense fractions were assessed neat or after dilution to
lean phase concentration (10 mg/mL) with buffer containing
75 mM NaClL

1D 'H spectra were recorded using excitation sculpting
water suppression (Bruker pulse program zgesgp). Apparent
transverse relaxation rates (R,) were measured using a Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence, with tempera-
ture compensation and a fixed echo time of 2.8 ms. Spectra
were processed and analyzed with TopSpin 4.0 (Bruker).
Apparent R, at spectral points (0.05 ppm intervals) across the
spectral width were calculated in Dynamics Center 2.6.1
(Bruker). Processed data were plotted in GraphPad Prism 8.0.

High-performance size-exclusion chromatography

Analysis of mAb monomeric, aggregate, and fragment spe-
cies was performed using HPSEC. Analysis was performed
using an Agilent 1200 series HPLC system with a TSKgel
SWx column (30 cm x 7.8 mm, 5 um particle size, Tosoh
Bioscience). Model formulations were diluted to 10 mg/mL
and 0.45 pm filtered prior to analysis, Ultrafree-MC-HV,
Merck Millipore). A 25 pL injection volume was used, with
the system run at 1.0 mL/min with a mobile phase of 0.1 M
Na,HPO,, 0.1 M Na,SO,, pH 6.8. Absorbance wavelength
for detection was set at 280 nm. Chromatograms were
analyzed in ChemStation (Agilent).

Viscosity measurements

Dynamic viscosities of the model formulations were measured
at different temperatures using a VROC initium (Rheosense)
with a B05 VROC cell and Peltier temperature control.
Viscosities were measured according to the manufacturer’s
instructions at a controlled shear rate of 345 s !, with three
repeated measurements per temperature. Samples were equili-
brated for 2 min prior to analysis. Cleaning was conducted
between samples with 1% Aquet detergent (Bel-Art), isopropyl
alcohol, and filtered air.
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