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ABSTRACT
Purpose To explain the effects of the osmolyte proline on the
protein-protein interactions (PPI), viscosity and stability of
highly concentrated antibody solutions in contrast to other
neutral osmolytes.
Methods The viscosity of ~225 mg/mL mAb solutions was
measured with proline, glycine and trehalose as a function of
pH and co-solute concentration up to 1.3M. The stability was
assessed via turbidity as well as size exclusion chromatography
after 4 weeks storage at 40°C. The PPI strength was assessed
qualitatively via the high concentration diffusion rate by dy-
namic light scattering.
Results Increasing proline significantly reduced the mAb vis-
cosity and increased the colloidal stability at pH 6, but not at
pH 5 further from the mAb pI. In contrast, glycine and tre-
halose did not improve the viscosity nor stability. The normal-
ized diffusion coefficient at high concentration, which is
inversely proportional to the attractive PPI strength, in-
creased with proline concentration but decreased with
increasing glycine.
Conclusions Proline demonstrated greater efficacy for im-
proving mAb viscosity and stability in contrast to glycine and
trehalose due to its amphipathic structure and partial charge
on the pyrrolidine side chain. These properties likely allow
proline to screen the attractive electrostatic and hydrophobic
interactions that promote self-association and high viscosities.
Binary proline-histidine formulations also demonstrated
greater viscosity reduction effects than histidine alone at the

same total co-solute concentration, while maintaining a lower
total solution osmolarity.
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ABBREVIATIONS
η Viscosity
ηinh Inherent viscosity
CF Centrifugal filtration
Dc Collective diffusion coefficient
D0 Diffusion coefficient at infinite dilution
Gly Glycine
His Histidine
Imid Imidazole
LD Lyophilization dilution
mAb Monoclonal antibody
Phos Phosphate
pI Isoelectric point
PPI Protein-protein interactions
Pro Proline
SEC Size exclusion chromatography
Tre Trehalose

INTRODUCTION

Formulation strategies to reduce the viscosity and enhance the
stability of highly concentratedmonoclonal antibody solutions
are of great interest in the field of drug delivery. For the pre-
ferred delivery route of subcutaneous injection, antibodies of-
ten must be formulated at concentrations of 200 mg/mL or
higher in order to deliver the required dosage in a limited
injection volume of 1–1.5 ml (1). However, attractive short-
ranged protein-protein interactions (PPI) become dominant at
these concentrations (2,3) due to small spacings between
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protein molecules on the order of the molecular diameter (2).
These interactions can lead to self-association (3) and high
viscosities above the 15–20 cP limit for subcutaneous injection
(1). The concentration-dependent viscosity increase is thought
to arise from reversible protein self-association via attractive
multibody interactions mediated by short-ranged PPI (4,5).
Strategies to modify or disrupt these oligomers and reduce
the solution viscosity therefore require an understanding of
the complex landscape of PPI at high concentrations (6).

The viscosity and colloidal stability of concentrated protein
solutions is determined by an intricate balance of long-ranged
and local anisotropic electrostatic and hydrophobic interac-
tions. In addition to long-ranged electrostatic repulsion be-
tween molecules due to the protein net charge (7), protein
molecules in close proximity also experience strong, short-
ranged anisotropic electrostatic attraction from the alignment
of local charges and dipoles (8,9) or via charge-dipole and
dipole-dipole interactions (7,10). As the magnitude of the dif-
ference between the pH and isoelectric point increases, the
long ranged electrostatic repulsion becomes stronger. The lo-
cal electrostatic attraction also becomes weaker, as more of the
charges on the protein surface have the same sign, resulting in
a smaller probability of attractive electrostatic contact be-
tween oppositely charged residues (7). Unfavorable hydropho-
bic interactions also promote self-association that may result in
higher solution viscosities (11).

A strategy for lowering the solution viscosity is to weaken
the attractive PPI and disrupt protein self-association. In some
cases this has been accomplished by charge screening via salt
addition (10). For example, chaotropic salts have been found
to afford greater viscosity reductions than neutral salts such as
NaCl (12), as the greater disorder in the water structure
weakens hydrophobic PPI (13). Similarly, hydrophobic salts
in some cases have produced marked viscosity reductions in
concentrated antibody solutions (11) by charge screening and
also weakening of the hydrophobic interactions. It is also pos-
sible to reduce the viscosity by modifying the hydrophobic
interactions with uncharged hydrophobic amino acids such
as glycine, alanine and phenylalanine (14). Charged amino
acids such as protonated arginine and histidine have been
found to markedly improve the viscosity of antibodies at
high concentration (2,15) in addition to suppressing self-
association (16,17). It appears that arginine and histidine in-
teract with hydrophobic residues on the protein surface via
cation-π interactions (18) as well as with charged residues via
their guanidyl (9) and imidazole functionalities (19). In this
manner, arginine and histidine are able to modify both elec-
trostatic and hydrophobic interactions to reduce protein vis-
cosity and self-association. Furthermore, hydrophobic interac-
tions can be minimized by stabilizing proteins in the native
folded state at high concentration by depletion attraction (20)
via the addition of osmolyte depletants such as polymers and
polysaccharides. The addition of preferentially-excluded

osmolytes such as proline, glycine and trehalose would there-
fore favor the folded state of the protein to minimize the ex-
cluded volume, surface area and thus free energy at high con-
centration (20,21). Similarly, the attachment of protein or
peptide tags, such as Cherry-Red™ can improve the thermal
stability and solubility of proteins, which was demonstrated
from molecular dynamics simulations to be due to modifica-
tion of the protein surface net charge and hydrophobicity
along with steric hindrance effects (22).

Proline has been shown to solubilize poorly-soluble pro-
teins and suppress aggregation during protein refolding
(23,24). Interestingly, proline is the most water-soluble of the
common amino acids (7 M) at room temperature (25) and is
often found on the solvent-exposed protein surface, despite
possessing a cyclic side chain structure with three hydrophobic
CH2 groups (26). Additionally, proline has been observed to
cause a sharp increase in emission intensity and strong blue-
shift in the emission spectra of ANS (8-anilinonaphthalene-1-
sulfonic acid) dye at high concentrations, suggesting the crea-
tion of hydrophobic surfaces (24). Based on these observations,
proline has been hypothesized to form amphipathic supramo-
lecular assemblies (23,24). As a result of its amphipathic na-
ture, proline can act as a hydrotrope in solubilizing hydropho-
bic proteins (23). Proline is excluded from the protein back-
bone (21,27) but also interacts favorably with the protein side
chains (21,27), allowing it to improve protein stability by pro-
moting refolding of chemically-denatured protein (27) and
suppressing aggregation during refolding events (27).
Although proline has been seen in some instances to reduce
the viscosity of commercial antibodies (14,28), this effect has
received little attention, and to our knowledge has not been
studied systematically versus pH and co-solute concentration.

Herein, we compare the efficacy of the nonelectrolyte
osmolytes proline (Pro), glycine (Gly) and trehalose (Tre) for
reducing the viscosity and increasing the colloidal stability of
concentrated mAb 1 solutions. Trehalose was chosen over the
more widely used sucrose in order to facilitate comparison
with our previous studies of depletant effects (using trehalose)
on the viscosity of the mAb in this study (29,30). We demon-
strate that proline improves the viscosity and colloidal stability
of mAb 1 solutions (measured by size exclusion chromatogra-
phy) as a function of pH and Pro concentration between 250
and 1300 mM. In contrast, these improvements are not ob-
served for the common osmolytes glycine (up to 1300 mM)
and trehalose (up to 580 mM). Proline may thus bind more
strongly to the mAb than glycine and trehalose due to its more
favorable interactions with the protein side chains (21) and
weaken local anisotropic electrostatic attraction and hydro-
phobic interactions more effectively. Unlike the protonated
bases arginine, histidine and imidazole, a potential advantage
of the neutral co-solute proline is that it does not influence the
ionic strength and does not require added counterions.
Notably, we show that a binary system with Pro and His at a
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total co-solute concentration of 500 mM generates a greater
viscosity reduction than 500 mM His alone, while greatly re-
ducing the solution osmolarity and ionic strength due to re-
duced counterion levels.

MATERIALS AND METHODS

Materials

The monoclonal antibody used in this study (mAb 1) is an
IgG1 antibody with an isoelectric point (pI) of 9.3. mAb 1
was supplied by AbbVie at ~120 mg/mL in a proprietary
buffer composition, and is the same mAb as in Hung et al.
(31), Borwankar et al. (32) and Dear et al. (33). L-glycine, L-
histidine, L-histidine hydrochloride monohydrate, hydrochlo-
ric acid, and imidazole were purchased from Fisher Scientific,
Fairlawn, NJ. L-proline was purchased from Alpha Aesar,
Ward Hill, MA. α-trehalose dihydrate (Tre) was purchased
from Ferro Pfanstiehl Laboratories Inc., Waukegan, IL.
Amicon Ultra-15 Ultracel – 30 K centrifugal filters were pur-
chased from Merck Millipore Ltd. Ireland. Disposable
0.22 μm polyethersulfone (PES) bottle top filters and 13 mm
syringe sterile filters were obtained from Celltreat Scientific
Products, Shirley, MA (product codes 229,717 and 229,746).

Methods

Centrifugal Diafiltration and Ultrafiltration (CF)

The concentrated mAb solutions were prepared by centrifu-
gation filtration as described previously (31–33). The co-solute
buffers were prepared as described previously (33), where the
reported co-solute concentration in the retentate, CC,R, de-
pends on the concentration in the buffer feed, CC,F as a result
of volume exclusion effects.

CC ;R ¼ CC ;F * 1−νp*CP

� �
ð1Þ

Here, CP is the targeted mAb concentration (230 mg/mL)
and νp is the protein partial volume (0.7407 mL/g (34)).
Consequently, in this study the final co-solute concentrations
reported as 250, 400, 750 and 1300 mM correspond to feed
concentrations of 300, 480, 905 and 1565 mM respectively.
The buffers were sterile filtered with the Celltreat bottle top
PES filters and then degassed under vacuum for 30 min.

Lyophilization Dilution (LD)

Lyophilized mAb 1 powder was prepared as described previ-
ously (33) with Pro or Tre added as a cryoprotectant and
osmolyte in a 0.25:1 osmolyte:mAb mass ratio. The mAb

powder was then reconstituted in concentrated aqueous
buffers of His, Im or additional Pro to obtain
~100 μL of a 250 mg/mL mAb solutions at the desired
co-solute concentration.

mAb Concentration Determination and Turbidity by UV-Vis
Spectroscopy

The mAb concentration was measured in duplicate at 500×
dilution using a Cary 60 UV-Vis spectrophotometer (Agilent
Technologies, Santa Clara, CA), as described previously
(31–33) with an extinction coefficient of 1.42 ml/mg/cm.
The turbidity of the concentrated, unfiltered mAb solutions
was measured at 350 nm in a micro volume size cell (A54094;
Beckman Coulter, Indianapolis, IN) with a 0.2 cm path
length. The turbidity was determined by subtracting the
A350 of the protein-free solvent from the A350 of the sample
and normalized to a 1 cm path length.

Viscosity Measurements

The solvent viscosity was measured in triplicate at 25°C using
a size 50 Cannon-Fenske routine viscometer (Cannon
Instrument Company, State College, PA) and averaged.
The mAb viscosity was measured in triplicate using a
customized capillary syringe viscometer as described
previously (31–33).

The viscosity of protein solutions increases exponentially
with protein concentration as described by colloidal viscosity
models such the Ross-Minton equation (4,35). Due to small
differences in sample mAb concentration between the
different co-solute systems in this work, the viscosities
were instead normalized by the protein concentration
through the inherent viscosity

ηinh≡
ln η=η0ð Þ

c
ð2Þ

in order to more directly compare the effects of differ-
ent co-solute formulations on the viscosity. Here η is the
solution viscosity, η0 is the solvent viscosity and c is the
protein concentration (36). Unlike η, ηinh increases line-
arly with concentration. Reported errors in ηinh were
calculated from propagation of error in concentration
and viscosity measurements. Qualitatively, the inherent
viscosity increases with the strength of the PPI. Given
the modest variation in mAb concentrations in this
study, the results were also normalized and presented
as a calculated viscosity at a reference mAb concentra-
tion of 225 mg/mL, as determined using Eq. 2.
Although ηinh is expected to change by up to about
1.5 mL/g over the concentration range 205 to
230 mg/mL (31), for simplicity we assume a constant

Pharm Res (2018) 35: 133 Page 3 of 14 133



ηinh for predicting the viscosity.

Dynamic Light Scattering

The collective diffusion coefficient Dc of mAb 1 at high con-
centration in the different formulation conditions was mea-
sured by DLS using a Malvern Zetasizer Nano ZS equipped
with a 633 nm laser (Malvern Instruments, Malvern,
Worcestershire, United Kingdom). The Dc was determined
by fitting the autocorrelation function (ACF) with the quadrat-
ic cumulant algorithm. However, the 750 and 1300 mM pro-
line measurements were fit with a stretched double exponen-
tial function (37) (Eq. 3) due to the presence of a visible second
decay mode, with the first (fast) decay mode attributed to the
diffusion of the protein.

G2 τð Þ ¼ σ2* A1*exp −
τ
τ1

� �
þ 1−A1ð Þ*exp −

τ
τ2

� �β
 !2

ð3Þ

Here, σ2 is an instrument-specific prefactor, A1 is the
weighting factor by intensity for the fast decay mode, τ1 and
τ2 are the characteristic relaxation times of the fast and slow
decay modes respectively, and β is a stretch exponent to cap-
ture the shape of the slower exponential decay. The diffusion
coefficients Di were determined from τi via Eq. 4, where q is
the scattering vector (Eq. 5) of the DLS measurement (36):

1
τ
¼ q2D ð4Þ

q ¼ 4πn
λ

sin
θ
2

� �
ð5Þ

where λ is the incident laser wavelength, n is the solvent re-
fractive index (RI), and θ is the scattering angle. The samples
were sterile filtered through a 0.22 μm PES syringe filter
(Celltreat Scientific Products, Shirley, MA) prior to DLS.
The DLS measurements were made at 25°C in the back-
scattering mode (scattering angle of 173°). Each sample was
measured in triplicate for one minute per replicate, consisting
of four 15-s scans which were averaged.

Accelerated Storage Stability Study

50 μL aliquots of the final mAb solution were stored in capped
300 μL HPLC vial inserts inside 1 ml HPLC vials (Thermo
Fisher Scientific, Waltham, MA). The vials were sealed with
three alternating layers of Parafilm and aluminum in order to
minimize evaporative losses. The sealed vials were stored in a
Boekel convection oven (model number 107905; Boekel
Industries, Feasterville, PA) at 40°C for 4 weeks. The samples
were diluted to 2 mg/mL for SEC analysis.

Size Exclusion Chromatography (SEC)

The relative level of irreversible soluble aggregates, or corre-
sponding level of retained monomer in the final solutions be-
fore and after accelerated storage stability studies was quanti-
fied by SEC after dilution of the mAb solution to 2 mg/mL in
the mobile phase (200 mM NaHPO4, 50 mM NaCl (pH 7))
and sterile filtration through a 0.22 μm PES syringe filter
(Celltreat Scientific Products, Shirley, MA). As sterile filtration
removes large insoluble aggregates, this method only quan-
tifies the level of soluble aggregates, rather than total aggre-
gates. The standard solution was prepared by diluting
freshly-thawed mAb monomer stock (as provided at
120 mg/mL) in the mobile phase. A 10 μL injection of each
sample was analyzed with a Waters Breeze HPLC (Waters
Corporation, Milford, MA) equipped with a Tosoh
Biosciences TSKgel3000SWXL column (Tosoh Corporation,
Tokyo, Japan), operating at a flow rate of 0.5 ml/min. The
eluate was monitored by the UV absorbance at 214 nm and
280 nm using a Waters 2489 UV/Visible detector (Waters
Corporation, Milford, MA), which has a baseline noise level
of <5 μAU. Typical peak heights in the spectrograph were
0.20 AU. The soluble monomer level (referred to as B%
monomer^ or Bmonomer retention^ throughout the rest of
this study) was quantified by the peak area ratio of the mono-
mer peak to the monomer + aggregate peaks for the diluted
samples. The monomer retention is equivalent to the mass
fraction of soluble protein that remains monomeric, and not
the total monomer recovery after incubation, as this method
does not account for the monomer loss to formation of insol-
uble aggregates. Due to limited sample amounts, measure-
ments were made without duplicates. However, the systematic
instrument error was confirmed to be very small, as the stan-
dard deviation in the measured percent monomer (relative to
total soluble protein content) for the mAb standard solution
across 9 replicate measurements from multiple sample sets
was less than 0.1% (for an average value of 99.7%).

RESULTS

Increasing Viscosity Reduction with Increasing Proline
Concentration

In order to investigate the effect of co-solutes on mAb 1’s
viscosity, control experiments were first performed at
50 mM His-HCl (pH 5, 6). As seen in Table I, 205 and
208 mg/mL mAb 1 solutions had viscosities of 21 and 57 cP
at pH 5 and 6, respectively, corresponding to inherent viscos-
ities of 15.0 and 20.0mL/g (Fig. 1a, Table I). In order tomore
directly compare different formulations, the mAb viscosity was
calculated for a reference concentration of 225 mg/mL from
Eq. 2 using the empirical inherent viscosity (measured at 200–
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230 mg/mL mAb 1). Although ηinh increases modestly with
mAb concentration (Eq. S2), by up to 1.7 mL/g between 190
and 230 mg/mL (31), we assumed that ηinh for a given formu-
lation remains constant between 200 and 225 mg/mL for
comparison purposes. As seen in Fig. 1b, the viscosity was
calculated to increase to >80 cP at 225 mg/mL and pH 6.
For a phosphate (Phos) buffered system at the same pH, a
higher viscosity of 80 cP was observed at 209 mg/mL mAb
1 (Table S1) with a calculated viscosity of 110 cP at 225 mg/
mL (Fig. 1b).

In an attempt to reduce the mAb viscosity at pH 6 to
acceptably low levels for subcutaneous injection, Pro was
added at concentrations from 250 to 1300 mM. The highest
concentration of 1300 mM was chosen to approach the
threshold concentration of 1.5 M, above which proline has
been shown to solubilize poorly-soluble proteins and suppress
aggregation during protein refolding (23). While the highest
co-solute concentration of 1300 mM is too high to be practi-
cal, the intermediate Pro concentration of 750 mM used here
is still within the osmolarity threshold for acceptable levels of
pain during injection (2× – 3× iso-osmolarity, according to

various biopharmaceutical experts, and corresponding to
600–900 mM Pro). Given the small variation in mAb concen-
trations between samples, and considering the exponential
dependence of viscosity on protein concentration, it is more
meaningful to compare ηinh rather than absolute viscosities, as
explained in the Methods section on viscosity. As the Pro
concentration was increased, similar large decreases in ηinh of
up to 6 mL/g for the mAb solution were observed in both the
50 mMHis and Phos buffers (Fig. 1a; Table I; Table S1). The
corresponding mAb viscosity inHis and Phos buffer decreased
by 3-fold to 20 cP at 195 mg/mL and 48 cP at 224 mg/mL,
respectively (Fig. 1b; Table I; Table S1). In contrast, at pH 5
the addition of Pro in 50 mM His buffer caused a smaller
reduction in ηinh (Fig. 1a, Table I). As a consequence of the
simultaneous increase in solvent viscosity and decrease in in-
herent viscosity with increasing Pro concentration, the calcu-
lated mAb viscosity at 225 mg/mL remained constant at
~25 cP over the entire concentration range (Fig. 1b). It is
interesting to note that the addition of high concentrations
of Pro at pH 6 reduces the mAb viscosity and inherent viscos-
ity to approach the same value as at pH 5.
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Fig. 1 Dependence of (a)
measured inherent viscosity of
concentrated 200–250 mg/mL
mAb solutions and (b) calcu-
lated viscosity at 225 mg/mL
mAb on proline
concentration. Samples are
buffered with 50 mM of histidine
HCl or phosphate buffer. The
corresponding viscosity data is
shown in Table I and Table S1, and
the colored lines are a guide to the
eye.

Table I Dependence of mAb Viscosity on Proline Concentration at pH 5 and 6 with 50 mM His(HCl) for mAb Solutions Formed by Centrifugation Filtration

mAb conc (mg/ml) pH Proline conc η (cP) η0 (cP) ηinh (ml/g) A350 (AU*cm
−1)

mg/ml mM

pH 5

208± 4.3 4.93 0 0 21± 2.1 0.93 15.0 ± 0.6 0.293

225± 2.2 5.12 29 250 26± 3.2 1.00 14.5 ± 0.6 0.272

239± 1.0 5.15 86 750 29± 1.0 1.19 13.4 ± 0.2 0.427

209± 0.9 5.27 150 1300 21± 0.9 1.42 12.8 ± 0.2 0.431

pH 6

205± 9.6 5.96 0 0 57± 2.4 0.93 20.0 ± 1.0 0.327

205± 0.4 5.94 29 250 45± 1.9 1.00 18.6 ± 0.2 0.380

205± 2.9 6.05 86 750 33± 2.7 1.19 16.2 ± 0.5 0.511

195± 1.3 6.07 150 1300 20± 1.6 1.42 13.5 ± 0.4 0.525
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Lack of Viscosity Reduction from Preferential Exclusion
with Glycine and Trehalose

To further probe the effects of neutral, preferentially excluded
(20,21) osmolytes on protein viscosity, glycine and trehalose
were studied. Glycine in some cases can greatly reduce the
viscosity of mAb solutions (14). However, we found that at
pH 5 Gly mildly increased ηinh for mAb 1, by up to ~3 mL/
g at the highest concentration of 1300 mM relative to the
50 mM His control (Fig. 2a, Table II). At pH 6, 250 mM
Gly appears to cause a modest reduction in ηinh relative to
the control, even at a higher mAb concentration (Table II,
S2). However, further increasing the Gly concentration to
1300mM increased ηinh relative to the control, even at a lower
mAb concentration (Table II, S2). Consequently, whereas the
addition of Pro caused a large reduction in the calculated
mAb viscosity at pH 6, Gly caused a significant increase in
the calculated viscosity at both pH 5 and 6, as seen in Fig. 2b.

Similar to the case for Gly, the addition of Tre up to
580 mM did not reduce the mAb viscosity at pH 6
(Table S2, S3). For mAb solutions buffered in 30 mM His,
the addition of up to 220mMTre produced amild increase in
ηinh relative to the Tre-free control (Table S2; control in row
1). However, the modest increase in ηinh of up to ~1.0 mL/g
may be accounted for in part by the higher corresponding
mAb concentrations. Similarly, the addition of up to
580 mM Tre did not significantly change ηinh for mAb solu-
tions buffered with 50mMPhos (Table S3) relative to the Tre-
free phosphate control (row 1 in Table S3). Unlike for Gly,
which modestly reduces the viscosity at pH 6 and low Gly
concentration, Tre does not appear to reduce the viscosity at
any concentration between 150 and 580 mM.

The results for Gly and Tre indicate that depletion attrac-
tion produced by a neutral co-solute does not produce a gen-
eral viscosity reduction, as was proposed in an earlier study
based upon a theoretical model (30). The greater viscosity
reduction for Pro versus Gly or Tre may be influenced by the
stronger interactions between the Pro and protein side chains.

Furthermore, the larger size of Pro compared to Gly may also
contribute to greater depletion attraction at the same co-
solute concentration, which in turn promotes amore compact,
folded conformation for the mAb (20) and minimizes the
number of solvent-exposed self-association sites.

Viscosity Reduction with Binary Co-Solutes: Proline with Histidine
or Imidazole

To attempt to modulate the electrostatic and hydrophobic
PPI to further reduce the viscosity, we also examined binary
systems of Pro with protonated His or Im. Histidine is a
pharmaceutically-acceptable co-solute that has been shown
to reduce the viscosity of several mAbs (31,33,38,39), likely
through preferential interactions of His with aromatic residues
via its imidazole side chain as has been seen in simulations
(18,19), which may screen hydrophobic interactions.
Imidazole was also investigated for its same favorable prefer-
ential interactions with aromatic residues, but was also chosen
due to its smaller size compared to His (it lacks the amino acid
backbone of His). Due to the similar mechanisms by which the
two co-solutes modify protein interactions, at 250 mM both
reduced the mAb inherent viscosity at ~230 mg/mL and
pH 6 by 3–4 mL/g relative to the 50 mM His control
(Table S4), indicating a weakening of attractive PPI. The re-
duction in inherent viscosity is slightly greater for His com-
pared to Imid, but the higher solvent viscosity for His caused
the net change in viscosity to be identical between His and
Imid (Table S4). The addition of 250mMPro further reduced
ηinh at ~230 mg/mL from 16 to 17 mL/g without Pro
(Table S4) to 14.8 and 14.3 mL/g at ~225 mg/mL for the
His and Im systems, respectively (Fig. 3a, Table S5), with the
corresponding calculated viscosity at 225 mg/mL decreasing
by nearly 1.5-fold from 40 to 45 cP without Pro to 25–30 cP
(Fig. 3b). However, the addition of Pro in the binary systems at
pH 5 did not further reduce ηinh (Fig. 3a, Table S5) or viscosity
(Fig. 3b) significantly. A summary of the lowest-viscosity pro-
line formulations are presented in Fig. 4.
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Fig. 2 Dependence of (a)
measured inherent viscosity of
concentrated 200–250 mg/mL
mAb solutions and (b) corre-
sponding calculated viscosity
at 225 mg/mL mAb on co-
solute choice (proline, glycine)
and co-solute concentration.
The proline data from Fig. 1 is
reproduced here for visual
comparison against the glycine
viscosity data. Samples are buffered
with 50 mM histidine HCl. The
corresponding viscosity data is
shown in Tables I and II, and the
colored lines are a guide to the eye.
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Impressively, the use of binary Pro-His systems will now be
shown to lower viscosities more than His-only formulations at
the same ‘active’ co-solute concentration (i.e. not counting the
counterions) but at a lower solution osmolarity. For example,
the calculated viscosity of this mAb at 225 mg/mL and pH 6
was 40 cP in 250 mM His (Fig. 3b; also Fig. S11 from Dear
et al. (33)). Further increases in His concentration to 500 mM
led to a small reduction in the calculated viscosity to 35 cP
(Table S7), but at a total co-solute osmolarity of 810 mM. In
contrast, the 250:250 mM His:Pro binary system reduced the
expected (calculated) viscosity at 225 mg/mL to 31 cP, at a
lower total co-solute osmolarity of 655 mM. An intermediate
His concentration of 360 mM (osmolarity = 583 mOsm/L),
closer to the osmolarity of the binary Pro-His system, actually
caused a small increase in the calculated viscosity (Table S7) to
44 cP, but the change is small and may be caused in part by
the sample drift to a slightly higher final solution pH.

While binary systems of Pro with His offer larger viscosity
reductions than His-only at the same total co-solute concen-
tration, both co-solutes are much less effective than Arg for the
reducing the viscosity of mAb 1 at pH 6. As seen from Fig. S11
of an earlier study with this mAb (33), the addition of 250 mM
Arg.HCl at pH 6 reduces the viscosity at 225mg/mL to 26 cP.
Increasing the Pro conc at pH 6 does reduce the viscosity to
this same low value, but requires over 1300 mM to do so (Fig.

1b). Similarly, the same study showed that over 800 mM His
would be needed at pH 6 to reduce the viscosity to ~26 cP. It
is clear that at least for this mAb at pH 6, Arg is far more
effective on a molar basis for reducing the mAb viscosity.

For practical formulation development applications, Pro as
the main viscosity modifier may thus not be as desirable or
advantageous as Arg due to its lower molar efficacy for reduc-
ing viscosity. However, there may be certain situations where
Pro is advantageous over Arg due to its neutrality, as will be
explained in the Discussion section below. Furthermore, the
fundamental insight gained from contrasting the effects of Pro
on the mAb viscosity and stability relative to Arg and
His may provide guidelines for the future selection and
design of highly potent viscosity-reducing co-solutes for
a wide variety of mAbs.

Effects of Osmolytes on mAb Stability Against Aggregation

To characterize the mAb colloidal stability under thermal
stress, the level of irreversible soluble aggregates after 4 weeks
of storage at 40°C was quantified by SEC. The pre-storage
stability of the mAb was excellent across all tested formula-
tions, with a monomer content of over 99% (relative to the
total soluble protein content), as seen from Fig. 5a. However,
mAb 1 showed a significant loss in soluble monomer content

Table II Dependence of mAb
Viscosity on Glycine Concentration
at pH 5–6 with 50 mM His(HCl)

mAb conc (mg/ml) pH Glycine conc η (cP) η0 (cP) ηinh (ml/g) A350 (AU*cm
−1)

mg/ml mM

pH 5

232± 3.6 5.11 19 250 49± 3.8 0.94 17.0 ± 0.4 0.318

233± 4.1 5.12 30 400 49± 0.8 1.05 16.5 ± 0.3 0.286

207± 0.0 5.38 98 1300 45± 0.8 1.16 17.6 ± 0.1 0.397

pH 6

223± 1.9 5.96 19 250 74± 8.7 0.94 19.6 ± 0.6 0.318

193± 1.3 6.10 98 1300 59± 2.8 1.16 20.4 ± 0.3 0.401

)B()A(

0

2

4

6

8

10

12

14

16

18

20

250 mM His
(pH 5)

250 mM His
(pH 6)

250 mM Im
(pH 6)

In
he

re
nt

 v
ic

os
ity

 (m
L/

g)

Buffer composition

0 mM Proline
250 mM Proline

0

5

10

15

20

25

30

35

40

45

250 mM His
(pH 5)

250 mM His
(pH 6)

250 mM Im
(pH 6)

C
al

cu
la

te
d 

vi
sc

 a
t 2

25
 m

g/
m

L 
(c

P)

Buffer composition

0 mM Proline
250 mM Proline

Fig. 3 (a) Measured inherent
viscosity and (b) calculated viscosity
of 225 mg/mL mAb solutions
containing 250 mM histidine or
imidazole with no proline (blue
bars) or an additional 250 mM
proline (red bars).

Pharm Res (2018) 35: 133 Page 7 of 14 133



after 4 weeks of storage at 40°C at both pH 5 and 6 in 30 mM
His(HCl) control buffers, as seen in Dear et al. (33) and Fig. 5b,
c. The monomer contents of the mAb 1 pH 5 and 6 controls
were 92.0 and 88.2% respectively. The addition of 220 mM
Tre suppressed aggregation of mAb 1, yielding 99.5%

monomer (33), consistent with protein stabilization by a gen-
eral osmotic depletion effect to favor folding (20,21). Similarly,
both Pro and Gly suppressed soluble mAb aggregation at all
tested co-solute concentrations. As seen in Fig. 5b, c, the rel-
ative monomer content of the mAb 1 solutions in 50 mM His
with 250–1300 mM Pro or Gly were greater than 96.5% after
storage, compared to the 30 mM His controls with less than
92.0% monomer content. Increasing Pro concentration be-
tween 250 and 1300 mM progressively inhibited post-
storage aggregation at both pH 5 (Fig. 5b) and 6 (Fig. 5c;
Table S8). However, the overall effect of Pro on both viscosity
and stability at pH 5 is weak. In contrast, the pH 6 Pro systems
are all at comparable mAb concentrations of 195–205 mg/
mL, and thus show a clear correlation between higher Pro
levels and increased storage stability.

In contrast, the stabilizing effects of Gly at pH 5 were di-
minished at 1300 mM relative to 250 mM (Fig. 5b, Table S9).
Similarly, 1300 mM Gly at pH 6 did not increase the post-
storage stability as much as 1300 mM Pro (Fig. 5c, Table S8,
S9). Thus, while both Pro and Gly imparted overall stabilizing
effects on mAb 1 relative to 30 mMHis, Gly addition beyond
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250 mM proved to be less beneficial. These differing trends
can be explained in the context of the net effect of Gly and Pro
on the protein stability resulting from a competition between
stabilization of the peptide backbone through crowding effects
and destabilization of the hydrophobic residue side chains
through preferential co-solute interactions, which lead to fa-
vorable solvation energies for the side chains (20,21,40). CH-π
interactions between Gly/Pro and aromatic residues create
favorable solvation energies for hydrophobic side chains
(40,41) and destabilize them (greater conformational instabil-
ity). However, Pro may contribute more steric repulsion or
crowding for greater colloidal stability due to its larger size
and rigid side chain structure, which helps to compensate for
the increased conformational instability at higher co-solute
concentrations. In contrast, Gly’s small size results in less steric
repulsion to counteract the greater conformational instability,
such that the net effect at 1300 mM Gly is reduced overall
protein stability relative to 250 mM Gly (but still more stable
than the 30 mM His control).

Interestingly, the enhancement of mAb 1’s stability with
increasing Pro concentration was more pronounced at pH 6,
with a 12-fold reduction in monomer loss from 2.4% down to
0.2% at the highest Pro concentration of 1300 mM (Fig. 5c,
Table S8). Proline at the same concentration also nearly elim-
inated aggregation at pH 5, with a monomer loss of 0.01%
(Table S8). However, aggregation was less of an issue overall
at pH 5, given the much smaller monomer loss at pH 5 rela-
tive to pH 6 at each Pro concentration studied (Table S8).

Similar to Pro, His improved mAb 1’s stability with in-
creasing co-solute concentration, as seen in Fig. 5d. An in-
crease in His concentration from 50 to 250 mM in the pres-
ence of 250 mM Pro caused a nearly five-fold reduction in
monomer loss at both pH 5 and 6, down to as low as 0.2% and
0.4% respectively (Table S9). As was also the case for the Pro
systems (Fig. 5b, c), the increased His concentration had a
much larger effect on mAb stability at pH 6 than at pH 5,
maintaining 99% monomer retention (relative to the total

soluble protein content) after 4 weeks of accelerated storage,
as opposed to 96.5% at 50 mM His (Fig. 5d). Furthermore at
pH 6, 250 mMHis stabilized the protein more effectively than
Pro at the same concentration.

Contrasting Effects of Proline and Glycine on mAb Dynamics
at High Concentration

The collective diffusion coefficient Dc of the mAb at high con-
centration, as measured by DLS, is strongly influenced by
protein-protein interactions via the osmotic compressibility
dπ/dc (Eq. 6), where ϕ is the mAb volume fraction and fspcs
is a protein-solvent friction term (42).

Dc ¼ 1−ϕð Þ2
f spcs

*
dπ
dc

ð6Þ

As such, osmolyte effects on Dc can be related to change in
the strength of the protein-protein interactions, where dπ/dc is
inversely proportional to the PPI strength (43). The effects of
proline and glycine on Dc (Table III) and viscosities (Tables I
and II) were correlated. The parameters used to fit Dc are
given in Table S11. Interestingly, a prominent second decay
mode was observed for 750 and 1300 mM proline (Fig. S4a)
even though the samples had already been filtered through
0.22 um filters prior to DLS to remove large aggregates. The
origin of the second decaymode is unclear, althoughmeasure-
ments of the mAb-free Pro solvents suggest that the decay
mode may correspond with entities possibly formed at ultra-
high Pro concentrations, as discussed in the Supporting Info.
The ACFs were therefore fit to a stretched double ex-
ponential function (Table S11). To account for differ-
ences in mAb 1’s diffusivity due to the formulation sol-
vent viscosities, Dc was normalized as Dc/D0, where D0

is measured at infinite dilution in the given solvent. The
value of D0 was determined from a previous measure-
ment for the same mAb in a 30 mM His buffer (33)

Table III Dc/D0 of mAb1 at pH 6 with Pro or Gly in 50 mM His(HCl)

Co-solute conc (mM) mAb conc (mg/mL) D0*10
7 (cm2/s) Dc*10

7 (cm2/s) Dc/D0 PDI β

Proline

250 228 4.16 3.70± 0.11 0.89± 0.03 0.191± 0.004 –

750 236 3.50 3.54± 0.03 1.01± 0.010 – 0.37± 0.03

1300 228 2.92 3.53± 0.01 1.21± 0.005 – 0.37± 0.05

Glycine

250 241 4.44 3.31± 0.12 0.75± 0.027 0.188± 0.007 –

750 243 3.95 3.18± 0.03 0.81± 0.007 0.192± 0.006 –

1300 235 3.60 2.56± 0.03 0.71± 0.008 0.212± 0.003 –

The ACFs were fit with the quadratic cumulant algorithm except for 750 and 1300 mM proline, which showed secondary decays and were fit to a double
exponential (with stretch exponent β). The DLS fit parameters are given in Table S9
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and corrected for η0 of each formulation using the
Stokes-Einstein relation (Eq. 7).

D0 ¼ kBT
6πη0RH

ð7Þ

The Dc/D0 of mAb 1 increased with proline concentration
to above 1.0, whereas it decreased very slightly from 0.75 to
0.71 with increasing glycine concentration (Table III). The
PDI of Dc also increased with glycine concentration, although
the values for proline and glycine at 250 mM were compara-
ble. The second decay mode of 750 and 1300 mM proline
corresponded to a very slow-moving entity/relaxation mode,
with Deff/D0 of ~0.006 (Table S11). However, the relative
contribution of this slower decay mode to the overall ACF
was small (~30% by intensity; Table S11). This secondary
decay was not observed for glycine (Fig. S4b) even at the
highest glycine concentration of 1300 mM. At the same
mAb concentration, the increasingly faster Dc/D0 with proline
can be attributed to more repulsive (or less attractive) protein-
protein interactions via the dπ/dc contribution to Dc (42). The
increase in Dc with proline concentration therefore suggests a
progressive weakening of the attractive protein-protein net
interactions, which is in line with the observed reduction in
mAb viscosity. In contrast, the negligible change inDc/D0with
increasing glycine concentration suggests that glycine has no
discernible effect on the protein interactions. The possible
causes for the greatly differing effects of proline and glycine
on the mAb interactions, viscosity, and stability will be ex-
plored further in the Discussion section below.

DISCUSSION

Proline as an Alternative Viscosity Modifier to Ionic
Co-Solutes Such as Arg and His

The high concentrations of Pro needed to achieve an accept-
able level of viscosity reduction for this mAb at pH 6 are
impractical, but it will be shown below to be practical in mix-
tures with histidine and imidazole. Since cryoprotectants are
already included in most lyophilized formulations, proline can
be used in place of other cryoprotectants (such as sucrose,
mannitose, etc.), with the added benefit of improving the vis-
cosity and stability of the reconstituted protein at high concen-
tration. Using a cryoprotectant that also functions as a viscos-
ity modifier will help to reduce the total osmolality of the mAb
drug product, as less Arg, His etc. is needed to maintain low
viscosities. Pro has also been approved for use in parenteral
formulations (28), and thus it would be helpful to compare its
performance as a viscosity modifier against other co-solutes
such as Arg and His. Pro shares some physical characteristics

with Arg – it is an amphipathic molecule whose side chain
(pyrrolidine) has been shown in simulations to preferentially
interact with hydrophobic residues via CH-π interactions (41).

An important advancement of this work is the demonstra-
tion of greater reductions of viscosity for a Pro-His(HCl) mix-
ture relative to pure His(HCl). As discussed earlier, the
250:250 mM His(HCl):Pro binary system was able to reduce
the calculated mAb viscosity at 225 mg/mL and pH 5 even
relative to 500 mMHis(HCl) (same total co-solute concentra-
tion, not including the Cl− counterions), while also providing
for a lower co-solute osmolarity of 655 mOsm/L, compared
to 810 mOsm/L for 500 mMHis(HCl) (Table S7). An osmo-
larity of 655 mOsm/L may be low enough for injection based
on various biopharmaceutical experts. Since Pro is a neutral
molecule, it is compatible with other ionic co-solutes, creating
a large formulation space for binary Pro systems. However,
binary Pro-Arg systems were not explored in this work
since Pro-Arg systems require a third solvent component
(a buffering agent) due to Arg’s poor buffering capabil-
ity at clinically relevant pH values (pH 5–6), leading to
a more complicated formulation.

Furthermore, there are some situations where Pro may be
advantageous over ionic co-solutes such as Arg and His. For
example, in formulation conditions where the mAb has a
strong net charge (ex. low pH far from the pI), increasing
the ionic strength may screen out the electrostatic repulsion
and actually increase the net attraction (44–46), which has in
one case led to phase separation (44). It may therefore be
preferable to use a neutral viscosity modifier such as Pro in-
stead of ionic co-solutes such as Arg and His in order to weak-
en the non-electrostatic PPI without screening out the benefi-
cial electrostatic repulsion.

Inferring Protein-Protein Interaction from Viscosity and Stability

Although protein-protein interactions are commonly mea-
sured at low concentration, they have rarely been measured
at concentrations above 200 mg/mL, even without added co-
solutes. More recently, neutron scattering (47) and light scat-
tering (3,4,48) at high concentration have given some insight
into how charged co-solutes modify mAb self-association to
lower the mAb viscosity, as well as demonstrated differences
in co-solute binding to the protein surface (49). Despite the
limited information, it may also be possible to begin to infer
how co-solutes influence PPI from the degree by which they
modify the viscosity, presumably by weakening the PPI. For
example, Arg+ is known to bind to hydrophobic sites (50).
Arg+ is also known to reduce the viscosity of highly concen-
trated mAbs significantly more than inorganic salts such as
NaCl (15), which do not modify hydrophobic interactions.

The pH-dependent effect of His and Im on viscosity and
stability (Table S4, Fig. 5d) can be explained in terms of the
protein net charge and charge distribution, which change with
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pH. Since the mAb pI is 9.3, the mAb has a smaller net
positive charge and a greater degree of charge anisotropy at
pH 6 than at pH 5, where the charge distribution balance is
shifted towards positive charges. As a result, the increase in pH
from 5 to 6 both weakens the long-ranged electrostatic repul-
sion between mAb molecules and strengthens the local aniso-
tropic electrostatic attraction (due to a higher number and
probability of attractive electrostatic contacts between
oppositely-charged sites on neighboring mAb molecules),
leading to stronger protein self-association and higher viscos-
ities. Protonated His and Im may be able to neutralize nega-
tive residues via ion pairing, and may also make neutral and
positive residues more strongly positive via interactions be-
tween the imidazole functionality and the imidazole/
guanidyl side chains of the His and Arg residues, respectively
(19). As a result, His may be able to increase the protein net
charge and reduce surface charge anisotropy, thus strength-
ening global electrostatic repulsion while weakening local an-
isotropic electrostatic attraction. Changes in the mAb net
charge at high concentration caused by co-solute binding
may be quantified in future studies from zeta potential mea-
surements, although extremely low protein electrophoretic
mobilities at high ionic strength and/or concentration may
prove challenging for obtaining meaningful measurements.
Since the mAb has a smaller net charge and greater charge
anisotropy at pH 6, modification of the mAb charge and
charge distribution by His is expected to have a larger effect
on the mAb viscosity and stability than at pH 5, where there
are fewer anisotropic attractive interactions to neutralize. The
significant differences in the reduction of aggregation and vis-
cosity (ηinh) by His at pH 5 and 6 (Table S4, Fig. 5d) are in
agreement with this hypothesis, and are indicative of histi-
dine’s effect on the electrostatic PPI. The modestly larger re-
duction in inherent viscosity by His compared to Imid may
potentially be attributed to its larger molecular size, which
allows it to contribute more steric repulsion and molecular
crowding than Imid at the same molar concentration,
favoring a more compact folded mAb conformation (20) that
leads to fewer sur face-exposed at trac t ion s i te s .
Correspondingly, the larger reduction in ηinh for Imid with
added Pro, compared to for His, may likely be attributed to
the smaller size of Imid which results in less steric hindrance
for Pro molecules to approach and interact with the attractive
sites on the mAb surface. In addition, the relative increase in
added steric repulsion from Pro is greater for Imid compared
to His, given the smaller occupied volume by Imid. However,
the differences in viscosity between His and Imid with Pro are
not significant enough to support any conclusive statements
regarding differences in the two co-solutes’ effects on the PPI.

We now address the pH-dependent effects of Pro on the
mAb viscosity and stability. Polyol and sugar osmolytes are
known to have a pH-dependent effect on protein conforma-
tional stability at low pH (~2–5) (51) due to changes in the

protonation state of the carboxylic acid side chains (pKa ~ 4)
in the aspartic acid and glutamic acid residues. The resulting
change in protein hydrophobicity (52) modifies the degree of
osmolyte exclusion due to repulsion between the polar
osmolyte OH− groups and hydrophobic protein surface.
However, given the lack of OH− groups in Pro and the
higher pH (5,6) in this study, the preferential exclusion mech-
anism cannot explain proline’s pH-dependent effects on the
mAb viscosity and stability. Instead, it is likely that Pro reduces
mAb viscosity and aggregation by modifying the local attrac-
tive hydrophobic and/or electrostatic interactions directly.
Although the pH dependence may reflect changes in protein
hydrophobicity with pH, the similarity between proline and
histidine’s beneficial effects on these properties with increasing
pH may also indicate modification of the electrostatic PPI by
Pro, despite proline’s net neutrality between pH 5 and 6.

It is possible that the partial positive charge on the pyrrol-
idine ring side chain (41) as well as the polar groups in Promay
interact with charged mAb residues. The greater molar effi-
cacy of His for reducing viscosity and aggregation relative to
Pro may be due to the larger positive charge on its side chain.
For example, nearly three times as much Pro as His (750 vs
250 mM respectively; Fig. 1b; Table S4) is needed to reduce
the viscosity at 225 mg/mL and pH 6 to 40 cP. Similarly, the
addition of 1050 mM Pro to a reference condition
(50:250 mM His:Pro; pH 6) was needed to achieve the same
level of aggregation suppression as adding 200 mM His
(Fig. 5c, d). However, although Pro reduces viscosity and ag-
gregation at a lower molar efficiency thanHis, the observation
that it does so in a similar pH-dependent basis (suggesting
modification of electrostatic PPI) is surprising given its zero
net charge.

Proline Amphipathic Behavior and Modification of Hydrophobic
PPI

Proline has been observed to bind to aromatic residues by X-
ray crystallography (53). Simulations show that Pro interacts
with (and binds to) those residues through its pyrrolidine ring
side chain via CH-π interactions (41). As a result, Pro can
potentially shield aromatic residues and disrupt hydrophobic
PPI via preferential hydration of the protein surface through
its zwitterionic functionality (54). The stabilization and two-
fold viscosity reduction of a 200 mg/mL polyclonal IgG solu-
tion by 250 mM Pro observed in literature (28) has been
attributed to this effect. However, Pro lowered the viscosity
of two other mAbs at low concentration but increased the
viscosity for one mAb at >200 mM Pro (55), in contrast to
the monotonic behavior (up to 1300 mM Pro) for the mAb in
this study. This variability likely reflects the different distribu-
tions of hydrophobic and charged interactions sites between
the different mAbs. Once the interacting sites are saturated or
fully screened by the Pro molecules, the addition of further
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Pro only serves to increase the solvent viscosity and therefore
the solution viscosity.

At high proline concentration, proline’s ability to disrupt
hydrophobic interactions may also be enhanced by the hy-
pothesized formation of dimers with hydrophobic Bpockets^
(26) or of supramolecular aggregates (23,24) via alignment of
the pyrrolidine rings. In both cases, the resulting Pro aggre-
gate is strongly amphipathic, with a hydrophilic face (the car-
boxyl and amino groups) and a hydrophobic face (the stacked
pyrrolidine rings). This amphipathic structure may explain
why Pro at 2 M or higher has been shown to be a potent
hydrotrope (23), as Pro may act as a surfactant to bridge the
exposed hydrophobic mAb residues and the solvent mole-
cules, subsequently weakening the attractive hydrophobic
PPI. The unexpected observed increase in the mAb solution
turbidity with decreasing viscosity at high Pro concentration
(Supporting Info) may be attributed in part to the potential
formation of Pro aggregates. Similarly, the development of a
much slower secondary relaxation mode in the DLS ACFs for
750 and 1300 mM proline, which was not present for glycine
at the same co-solute concentration nor at 250 mM proline,
may also indicate structuring of the proline at high concentra-
tion and interactions of the mAb with the proline superstruc-
ture. It is unlikely that this second decay mode is caused by
large mAb aggregates, as the samples were filtered in order to
remove aggregates prior to DLS. There was also less irrevers-
ible aggregation observed by SEC (Fig. 5c) than at 250 mM
proline, where the second decay was not present. Similarly,
although a secondary decay mode is often indicative of glassy
fluids (56) or percolating networks (57), it is unlikely that the
high proline mAb solution is approaching a glassy state, given
the low viscosities. Instead, the appearance of the secondary
slow decay mode corresponds to a large reduction in mAb
viscosity and increase in 4-week storage stability, suggesting
that this decay mode corresponds to a beneficial entity/mech-
anism, such as the proposed formation of proline supramolec-
ular aggregates at ultrahigh co-solute concentration.
However, further investigation with spectroscopic and other
orthogonal techniques would be warranted to validate this
hypothesis in future studies.

Favorable Side-Chain Interactions: Relation to Viscosity
and Stability

The larger viscosity reductions for Pro relative to the other
two osmolytes may be explained in part by the strength of the
interactions between the osmolytes and protein residue side
chains. Although all three osmolytes are preferentially exclud-
ed from the protein backbone, they interact differently with
the side chains (21). Trehalose is considered to have the
weakest side chain interactions of the three, given the small
overall free energy change for side chain transfer into a 1 M
osmolyte solution. In contrast, Pro exhibits strongly favorable

side chain interactions given the large negative transfer ener-
gies (21). More specifically, the transfer energies for apolar
(hydrophobic) side chains into Tre solutions are positive (un-
favorable), whereas they are significantly negative (favorable)
in Pro solutions (21). The favorable side chain interactions of
Pro are due to the pyrrolidine ring, which preferentially inter-
acts with aromatic residues and may allow Pro to shield the
hydrophobic residues (26,41). Glycine can also interact with
aromatic residues via CH-π interactions (41), but to a much
weaker extent than Pro given the fewer CH-groups available.
The stronger side chain interactions may contribute to pro-
line’s greater efficacy for weakening local attractive PPI and
reducing the mAb viscosity compared to Tre and Gly.

The differences in Pro and Gly’s interactions with the pro-
tein side chain may also explain their different effects on the
colloidal stability of mAb 1. An increase in osmolyte concen-
tration is expected to improve mAb conformational stability
due to osmotic depletion (20), which in turn maintains the
mAb in the native folded state and minimizes self-association
between hydrophobic sites. However, at high total solute (pro-
tein + osmolyte) concentrations, the increased proximity of
the protein molecules to each other in the crowded system
may enhance local electrostatic and hydrophobic attraction,
leading to increased self-association despite the greater con-
formational stability. Proline appears to weaken these attrac-
tive interactions, evidenced by its efficacy for reducing the
viscosity. In contrast, Gly does not appear to do so, as indicat-
ed by its unfavorable effect on the viscosity. This difference
may explain why Pro progressively stabilizes mAb 1 with in-
creasing osmolyte concentration (Fig. 5b, c; Table S8), while
Gly has the opposite effect (Fig. 5b, c; Table S9).

CONCLUSIONS

Proline reduces the viscosity of a concentrated 225 mg/mL
mAb 1 solution by up to 3-fold down to 25 cP at pH 6, but has
no effect at pH 5. More interestingly, a 250:250 mM
His(HCl):Pro binary system causes a greater viscosity reduc-
tion at pH 6 (from 84 cP to 31 cP at 225 mg/mL (calculated))
compared to a His system at the same total co-solute concen-
tration (500 mM; 35 cP at 225 mg/mL). Notably, the osmo-
larity of the His-Pro binary system is 655 mOsm/L, which
may be considered within the acceptable range, below that
of the His-only system (810 mOsm/L), as Pro does not con-
tribute any counterions to the solution. The lack of charge or
counterions for Pro may also make it more advantageous than
ionic viscosity-modifiers such as Arg andHis in certain systems
with strong electrostatic repulsion (ex. pH far from pI; strongly
repulsive B22’s etc.), where increasing the ionic strength
through addition of ionic co-solutes may lead to stronger at-
traction and eventual phase instability (44). Pro similarly pro-
gressively increases the protein 4-week 40°C storage stability
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in terms of the soluble monomer content from 92.0% and
88.2% without added co-solute at pH 5 and 6 respectively,
to ≥99% at 1300 mM Pro for both pH values. The reductions
in viscosity and aggregation are not simply due to osmotic
depletion, as two other neutral osmolytes, Gly and Tre, raise
both properties. The viscosity of the mAb solution decreased
from pH 6 to pH 5 without added co-solute, which may be
attributed to the mAb’s larger positive net charge, reduced
surface charge anisotropy, and weaker local anisotropic elec-
trostatic attraction. It is likely that at pH 6, proline also weaken
these interactions by modifying charged sites on the protein
surface, given the large dipole moment of its zwitterionic func-
tionality. Furthermore, the hydrophobic part of the pyrrol-
idine ring may bind to hydrophobic sites on the protein sur-
face and weaken hydrophobic attraction. The faster normal-
ized collective diffusion of mAb 1 at high proline concentra-
tion also suggests a weakening of attractive protein interac-
tions. Although co-solute effects on protein morphology have
rarely been studied at high protein concentrations, they would
be warranted in the future to better understand how changes
in morphology and PPI influence viscosity.
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