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Abstract

The viscosity of a monoclonal antibody solution must be monitored and

controlled as it can adversely affect product processing, packaging and ad-

ministration. Engineering low viscosity mAb formulations is challenging

as prohibitive amounts of material are required for concentrated solution

analysis, and it is difficult to predict viscosity from parameters obtained

through low-volume, high-throughput measurements such as the interaction

parameter, kD, and the second osmotic virial coefficient, B22. As a measure

encompassing the effect of intermolecular interactions on dilute solution vis-

cosity, the Huggins coefficient, kh, is a promising candidate as a parameter

measureable at low concentrations, but indicative of concentrated solution
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viscosity. In this study, a differential viscometry technique is developed to

measure the intrinsic viscosity, [η], and the Huggins coefficient, kh, of protein

solutions. To understand the effect of colloidal protein-protein interactions

on the viscosity of concentrated protein formulations, the viscometric param-

eters are compared to kD and B22 of two mAbs, tuning the contributions

of repulsive and attractive forces to the net protein-protein interaction by

adjusting solution pH and ionic strength. We find a strong correlation be-

tween the concentrated protein solution viscosity and the kh but this was not

observed for the kD or the b22, which have been previously used as indicators

of high concentration viscosity. Trends observed in [η] and kh values as a

function of pH and ionic strength are rationalised in terms of protein-protein

interactions.
Keywords: Monoclonal antibodies, Rheology, Protein-protein interactions,

Huggins coefficient, Intrinsic viscosity

1. Introduction

Monoclonal antibodies are regularly formulated at high protein con-

centrations to meet drug potency requirements within the 1 mL injection

volume limitations of subcutaneous administration1,2. High concentration

protein formulations can result in unacceptably high viscosities over 30 cP,

which cause difficulties in manufacturing, increased injection force demands,

and pain during patient administration1,3,4. Next generation biologics such a

bispecific antibodies and Fc-fusion proteins are also likely to have viscosities

in the problematic range5,6.

The concentrated solution viscosity of protein solutions is difficult to pre-
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dict. Viscosity data of proteins has been shown to fit well to colloidal models

such as the Krieger-Dougherty and Ross-Minton-Mooney models when pa-

rameters are allowed to vary freely, but the resulting parameters are often

incongruous with independent measurements or theoretical calculations based

on protein properties. Fitting the viscosity data of BSA solutions up to high

concentrations using the Krieger-Dougherty model resulted in unrealistic

maximum volume fraction values and intrinsic viscosities much higher than

those measured in dilute solution7,8. The effective intrinsic viscosity values

obtained from the fits of the Ross-Minton-Mooney model to mAb viscosity

data9,10,11 are often in excess of 10 mL g−1 , however mAb solutions more

commonly have an intrinsic viscosity of between 6 and 7 mL g−1 when mea-

sured in dilute solution12,13,14,15. Quantitatively predicting protein solution

viscosity using colloidal models is therefore impractical as parameterising the

models with independent dilute solution measurements requires substantial

effort but rarely captures concentrated solution behaviour.

One reason colloidal hard-sphere rheological models do not accurately pre-

dict concentrated protein solution viscosity is that the models do not explicitly

account for the effects of protein-protein interactions(PPI). An alternative

approach for predicting concentrated solution viscosity is to seek correlations

with dilute solution parameters reflecting PPI, such as the diffusion coefficient

interaction parameter, kD, or the second osmotic virial coefficient, B22. In

two studies comparing large datasets obtained for multiple mAbs in the same

formulation, a negative kD or B22, denoting attractive PPI, was correlated

with high sample viscosities16,17. When varying pH and ionic strength, a

maximum in mAb viscosity is sometimes observed at pH conditions closest
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to the protein isoelectric point at low ionic strength, which corresponds to

the solution with the strongest protein-protein attractions18,19. The direct

relationship between net PPI and the high concentration viscosity does not

hold for other studies. Correlations between attractive kD or B22 values and

high concentration viscosities were weak, protein-specific or not observed in

several investigations19,14,20,18,10,20.

A key shortcoming of using kD or B22 is that the parameters relate to an

averaged protein-protein interaction, which does not reflect the orientational

correlations between a pair of interacting proteins. As such, the measure-

ments are not sensitive to anisotropic interactions that occur between many

mAbs due to electrostatic attractions arising from surface charge hetero-

geneity and presence of non-polar surface patches21,22,23,24,25. At low protein

concentrations, anisotropic interactions stabilize reversible oligomers, which

further associate at high protein concentrations to form transient networks

or clusters26,22,10,9,27,28. The cluster properties are key determininants of the

viscosity. For some mAbs, the viscosity scales linearly with the cluster size26,

while other mAbs exhibit non-monotonic relationships between the viscosity

and cluster size10. The contrasting behaviour has been rationalized in terms

of cluster shapes and their effective volumes, which are determined by the

valency of the mAb-mAb interactions10,27,9,22,28. Linear viscosity profiles with

respect to cluster size are expected when clusters are more open, which occurs

for low valancy interactions. On the other hand, higher valency interactions

lead to more compact clusters which contribute less to the solution viscosity

when compared against linear clusters of the same size.

The correlation of viscosity with dilute solution parameters fails because
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the parameters do not uniquely determine the micro-structure of the concen-

trated solutions. However, properties measured at high protein concentration

also do not exhibit a strong correlation with viscosity. No generalised corre-

lations between the high concentration parameters, zero-q structure factor,

Sq=0 and zero-q hydrodynamic function, H q=0, and high concentration vis-

cosity were found when multiple mAb systems in formulations varying in pH,

ionic strength and excipient composition were compared9,29. On the other

hand, a recent study has shown that the viscosity can be predicted from

measurements of osmotic compressibility and mutual diffusion coefficients

made up to high protein concentrations30. In that study, the thermodynamic

measurements were used to parameterize a patchy colloidal model, which in

turn, was used to estimate cluster size and volume as a function of protein

concentration. The Mooney equation was used to calculate the viscosity

by treating the clusters as polydisperse spheres. Further investigations are

required to see if the approach can capture behaviour of other mAbs which

display different patterns of cluster formation.

The search for a parameter which can be measured using minimal protein

material, and which reliably correlates to the viscosity of the solution at high

protein concentrations in physiological formulation conditions is ongoing. A

dilute solution parameter that has the potential to correlate well with high

protein concentration solution viscosity is the Huggins coefficient, kh. The

Huggins coefficient is derived from the linear concentration-dependence of

the dilute solution viscosity η 31,32,

ηred = ηsp

c
= η/η0 − 1

c
= [η] + kh[η]2c (1)

where ηred is the reduced viscosity, ηsp is the specific viscosity, η0 is the solvent
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viscosity, and [η] is the intrinsic viscosity.

The Huggins coefficient provides a good starting point for understanding

the link between PPI and viscosity since there are theories for relating kh to

simplified models for the colloidal interaction potential31,33,34. However, only

a few measurements have been reported in literature. Some early studies

to determine the protein intrinsic viscosity reported the slope of Equation

1, kh[η]2 35,36,37, but did not discuss the physical meaning of the parameter.

Monkos38,13,39,40 provided useful data sets on the viscosity of unbuffered so-

lutions of several albumins and immunoglobulins and also derived a model

for calculating kh as a function of temperature using a modified Arrhenius

equation. However, no attempt was made to link kh to protein properties

or PPI. Of most relevance to this study, Yadav et al14 presented kh results

for a set of four mAbs at pH 6.5 15mM NaCl. The interaction parameter,

kD, the zeta potential and the high concentration viscosity were also mea-

sured. While the zeta potential did not correlate to the kh, a correlation

was observed where larger kh values were found for solutions with attractive

PPI and greater viscosities at high protein concentrations. More recently,

Pathak et al41 found that colloidal models could not capture the relationship

between protein-protein interactions and kh for a series of 3 mAbs, which

was attributed to the inability to account for solvation effects. In that work,

intrinsic viscosity measurements indicated significant variation in protein

conformation and structure with altering solution conditions, which could

provide another reason why colloidal models were unable to describe the mAb

behaviour.

The limited use of the kh for understanding factors controlling concen-
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trated solution viscosity could be related in part to challenges in experi-

mentally measuring kh. There can be inaccuracies in the calculation of

kh from applying the linear model to curved data and from compounding

uncertainty from the instruments used to measure concentration and vis-

cosity42,13,43. When applied to the viscosity data collected for proteins, the

linearised form of the Huggins equation can yield negative values which are

difficult to interpret44 and published values can differ greatly from one an-

other (See Supplementary Information for a table of BSA [η] and kh values

at pH 5 and pH 7). Precise measurements of kh would allow us to examine

whether or not colloidal models are applicable for describing the viscosity of

protein solutions.

Consequently, in this investigation a novel method for measuring the

intrinsic viscosity and Huggins coefficient is developed and applied to BSA

and two mAbs, PPI03 and PPI19. We show that measured values of kh are

in close agreement with predictions of colloidal sticky hard-sphere models

for BSA and for PPI03, while models which account for anisotropic shape

and interactions are more applicable for PPI19. We observe a very strong

correlation of the kh to high concentration viscosity and we rationalize why

the correlation of viscosity with the protein-protein interaction parameters,

kD or B22, is much weaker.

2. Materials & Methods

2.1. Protein Preparation

All buffer components used in this study are analytical grade. Sodium

Acetate (NaAce), histidine (His), TRIS and sodium phosphate are used as
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buffering agents. Sodium chloride (NaCl) and sodium thiocynate (NaSCN)

are used to adjust ionic strength.. Phosphate buffer used in SEC-MALS-

VISC experiments was made up as a solution of 38 mM Na2HPO4 12 mM

NaH2PO4 150 mM NaCl. For all other buffers, the appropriate weight of

buffer salt for the pH and ionic strength listed in the text was calculated

based on the ionization state of the buffer. This amount was weighed out and

added to deionised Milli-Q water of resistivity 18.2 Ω. The solution was then

titrated to desired pH using an appropriate acid, acetic acid for NaAce buffers

and hydrochloric acid (HCl) for other buffers. After preparationn, solutions

were filtered under vacuum using a 0.22 µm Durapore PVDF membrane filter

(Merck Millipore, Germany).

Monoclonal antibodies were kindly provided to the PIPPI consortium by

AstraZeneca, Cambridge, UK. PPI03 and PPI19 are IgG1 molecules with a

molecular masses of 144.8 kDa and 147.6 kDa respectively. PPI03 appears in

several studies as PPI0345,46,47,48,49,50, mAb A21, mAb 151,52 or PPI0353,54,55.

PPI19 appears in other investigations as mAb B21 and PPI1955. Monoclonal

antibodies were dialysed into the desired buffer at 4 ◦C using 20 kDa MWCO

Slide-A-Lyzer cassettes (Thermo Fisher Scientific, Dartford, UK) against a

total buffer volume of 1000 times sample volume, in three solvent exchange

volumes of 500 mL, 500 mL and 1 L over 24 hours. Post-dialysis samples

were filtered using a Anotop syringe top filter (Merck Millipore, Germany)

of 0.22 µm. Samples intended for use in SEC-MALS-VISC experiments were

diluted to 1 mg mL−1 using the final dialysate.

BSA (heat shock fraction, pH 7, ≥98% purity) was purchased in crystalline

from Sigma Aldrich. BSA was dissolved in the target buffer, then dialysed as
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described above to remove any residual impurities. BSA was successively fil-

tered with a 0.22 µm then 0.02 µm Anotop syringe top filter (Merck Millipore,

Germany) and degassed under vacuum for 30 minutes before analysis.

2.2. Size exclusion chromatography with multi-angle light scattering and dif-

ferential viscometry (SEC-MALS-VISC) for the measurement of intrin-

sic viscosity

Size exclusion chromatography coupled with multi-angle light scattering

and differential viscometry (SEC-MALS-VISC) was performed to measure the

intrinsic viscosity of the proteins. The instrument train was set up to include

an Agilent G7110B HPLC pump, degasser and autoinjector (Agilient, Santa

Clara, USA), Superdex 200 10/30 GL column (Cytiva, Marlborough,USA),

miniDAWN TREOS MALS detector, ViscoStar III differential viscometer,

and Optilab rEX refractive index meter (Wyatt, Santa Barbara, USA). A filter

of 0.22 µm was inserted between the pump and autoinjector to filter solvent

inline. Flow was set at 0.5 mL min−1 with mobile phase of pH 6.5 10 mM

HisHCl 70 mM NaCl and sample volumes of 50 µL were injected. Additional

SEC-MALS-VISC experiments were performed on PPI03 and PPI19 using

the same detector array and method, but with an Acquity UPLC® pump,

injector and UV detector (Waters, Elstree, UK) and a mobile phase of pH

7.4 38 mM Na2HPO4 12 mM NaH2PO4 150 mM NaCl.

2.3. Multi-injection Differential Viscometry (MIDV) for the measurement of

intrinsic viscosity and Huggins coefficient

Huggins coefficient measurements were performed using an Agilent G7110B

HPLC pump, degasser, inline solvent filter (0.22 µm) and autoinjector con-
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nected with small bore PEEK tubing (0.127 mm) to a ViscoStar III and

Optilab rEX for concentration measurement. Prior to analysis, the system

and instrument train is flushed with the buffer of the sample being analysed

using the pre-installed Wyatt buffer exchange method in ASTRA v.756. The

flow was set to 1 mL min−1 and temperature was maintained at 25 ◦C. Suc-

cessive volumes of 100, 90, 80, 70, 60, 50 and 25 µL of the protein sample

from the same vial were injected. The stock protein sample concentration

was approximately 25 mg mL−1. Measurements were performed in triplicate

for each solution condition for each mAb.

All data were collected and analysed using the ASTRA v.7 software. Ad-

ditional analysis for the MIDV method was performed using a custom Python

3.6 script. The analysis script automatically split the raw data files in which

the data from 7 successive injections of decreasing mass are recorded into the

respective peaks using the auto-inject signal data as boundary markers for

the peaks. The area of the refractive index and specific viscosity peaks was

computed by numerically integrating across the peak using the trapezoidal

function. The total mass of the concentration peak was calculated by dividing

the area of the integrated refractive index peaks by the dn
dc

of protein solutions,

which is approximately equal to 0.185 mL g−1 in these conditions, and the

dilution factor of the ViscoStar instrument which was 0.54. The intrinsic

viscosity and kh were evaluated by using the minimize function from the lmfit

Python library to fit the model in Equation 8 to the data collected from the

viscometer and the total mass values from the concentration peaks.
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2.4. Microfluidic Rheometry for the Measurement of Solution Viscosity

Microfluidic rheometry experiments were carried out using an mVROC®

Initium automated sampling microfluidic rheometer-on-a-chip platform (Rheosense,

San Ramon, CA, USA). A stock protein sample at 180 g L−1 was prepared

by dialysis following the method described above, then serially diluted using

dialysate from the final buffer exchange. The concentration range in this

study was between 1.6 and 30 mg mL−1 for samples of PPI03 and between 5

and 25 mg mL−1 for samples of BSA. Concentration measurements were taken

using a NanodropOne (Thermo Fisher Scientific, Dartford, UK). The samples

were loaded into the mVROC® vial inserts and placed in the autosampler

tray. A B05 chip was used with a syringe size of 100 µL. Temperature was set

to 23◦C. For BSA, the loaded sample volume for each run was 20 µL. Each

sample was measured in triplicate giving a total sample consumption of 60 µL.

The shear rate was 18 500 s−1. Sample volume was 50 µL for PPI03 samples,

at a shear rate of 2000 s−1. In all cases studied, the measurements exceed 10%

of the full scale capacity of the chip. The viscosity was measured at a series

of shear rates to confirm the solution viscosity measured was independent of

shear rate (data not shown). The Péclet (Pe) numbers of the solutions of

BSA and PPIO3 used in the validation experiments were 0.0136 and 0.0057

respectively, below the threshold of Pe = 1 indicative of shear thinning. An

exploration of the shear-dependency of viscosity in solutions of concentrated

PPI03 and PPI19 is published in Lanzaro et al54. Data were collected using

the Rheosense software and exported to Origin 2020 where the data were

plotted and parameters derived from the fit of Equation 1 to the data.
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3. Development of the Multi-Injection Differential Viscometry Method

for the measurement of Intrinsic Viscosity and the Huggins co-

efficient

The use of differential viscometers to determine the intrinsic viscosity

of polymers and proteins is an established technique57,43. The sample is

separated by size exclusion chromatography, the specific viscosity across the

sample peak is measured by a differential viscometer and the concentration

across the peak is measured either by UV or refractive index detection. At the

dilute protein concentrations of 0.1-0.5 mg mL−1 eluting from a SEC column,

only the intrinsic viscosity is measured. The contribution to the reduced

viscosity by second order interactions, described in the kh[η]2c term of the

Huggins Equation, is negligible at these low concentrations and therefore kh

cannot be determined.

To measure both [η] and kh, higher concentration sample injections

are required. The SEC column must be removed when injecting high protein

concentration samples as this causes overloading of the column, incomplete

separation and a distorted and asymmetric signal peak. When injecting with-

out a column at higher protein concentrations band-broadening corrections,

which account for the broadening of the peak as it moves between detectors,

cannot be applied as the shape of the specific viscosity peak is altered by

the higher order, two-body interactions as quantified by the kh[η]2c term in

Equation 1. An alternative approach is to calculate the kh from the total

peak areas of the signal traces of both the viscometer and the concentration

detectors expressed in terms of the total mass of injection, as the total peak

area is not affected by band broadening.
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The total mass of the injection from the concentration signal is calculated

by integrating the peak and dividing by the dn
dc
. Assuming that the concentra-

tion is small enough that terms of order c3 are negligible, the concentration-

dependence of solution viscosity is written as the Huggins equation:

η

η0
= 1 + [η]c+ kh[η]2c2 (2)

Factorising for [η]c gives

ηsp = [η]c(1 + kh[η]c) (3)

and upon rearrangement,

ηsp

[η]
1

(1 + kh[η]c) = c (4)

The denominator in Equation 4 can be expanded in a Taylor series as long

as kh[η]c«1 to give
ηsp

[η] (1 − kh[η]c) = c (5)

[η]c can be approximated as

[η]c = ηsp +O((kh[η]c)2) (6)

This approximation can then be used in Equation 5. Omitting the negligible

O((kh[η]c)2) terms

c ≈ ηsp

[η] (1 − khηsp) (7)

In this form, the concentration is expressed in the terms of the specific

viscosity measurement from the differential viscometer. To express Equation

7 in terms of the total mass injected, the signal is integrated across the peaks,
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minj =
∫
c(t)dt = 1

[η]

∫
ηsp(t)dt− kh

[η]

∫
ηsp(t)2dt (8)

From one vial of protein solution, a HPLC autosampler injects series of

different protein masses and the results are recorded. This reduces manual

input and makes the measurements more reliable and reproducible. The

model described in Equation 8 is fit with the integrated concentration, spe-

cific viscosity and specific viscosity squared peak data from all injections to

determine the values for kh and [η].

4. Results

4.1. Validation of Protocol for the Measurement of the [η] & kh by MIDV

Multi-Injection Differential Viscometry (MIDV) was developed and quali-

fied using samples of BSA and the antibody PPI03. The intrinsic viscosity

and Huggins coefficient of the samples were validated against measurements

made by microfluidic rheometry. Results and uncertainty of the parameters

from the fit are listed in Table 1. The plots of the fit of Equation 1 to

the viscosity data measured by microfluidic rheometry with 95% confidence

intervals are shown in Figure 1a and Figure 1b. These figures also include

the viscosity curves simulated using parameters derived from fitting data

collected using MIDV to Equation 8, with error bars from the propagation

of the uncertainty of the fitted parameters, [η] and kh.

The average intrinsic viscosity of BSA obtained by MIDV is in good

agreement with the value obtained from microfluidic rheometry, the value of

4.15 mL g−1 measured for this sample by SEC-MALS-VISC and the published

value of 4.2 mL g−1 corresponding to BSA in similar formulation conditions58.
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Figure 1: Comparison of data collected by microfluidic rheometry and MIDV for a) BSA

in pH 7.4 phosphate buffered saline 200 mM total ionic strength and b) PPI03 in pH 5

25 mM sodium acetate buffer. Red shading shows 95% confidence intervals of the fit of

Equation 1 to the microfluidic rheometry data. Green shading represents the uncertainty

in the simulated curves from the propagated uncertainty of the fitted parameters from the

MIDV data.
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Method [η] (mL g−1) + / - kh + / -

BSA MIDV Run 1 4.20 0.013 1.085 0.095

BSA MIDV Run 2 4.20 0.015 1.021 0.109

BSA MIDV Run 3 4.19 0.021 1.101 0.157

BSA Microfluidic Rheometry 4.18 0.511 2.609 1.646

PPI03 MIDV Run 1 7.21 0.017 0.894 0.056

PPI03 MIDV Run 2 7.18 0.013 0.865 0.044

PPI03 MIDV Run 3 7.09 0.025 1.139 0.074

PPI03 Microfluidic Rheometry 8.16 1.25 1.08 0.55

Table 1: Parameter values from MIDV and microfluidic rheometry measurements made

on samples of BSA in PBS at pH 7.4 200 mM and PPI03 in pH 5 25 mM sodium acetate

buffer. kh is dimensionless in units of [η]c.

The intrinsic viscosity value measured for the PPI03 pH 5 sample by MIDV

is within the uncertainty of the microfluidic rheometry value also and is close

to the values of 6 to 7 mL g−1 reported in the literature for mAbs12,13,14,15.

The average kh value measured for BSA by MIDV is 1.07. The measured

value for the MIDV method is within the uncertainty of the microfluidic

rheometry value. At the high ionic strength and neutral pH conditions of

this experiment, BSA molecules are likely to have minimal interactions and

to behave as hard ellipsoids59. The MIDV kh value for BSA is close to

the theoretical hard sphere limiting value of approximately one31,34. The

measured value is lower than the kh of 2.1 reported by Tanford35 at pH 7

100mM and the kh of 1.58 reported by Curvale44 for a sample at pH 7 with

low ionic strength. The Huggins coefficient values listed in Table 1 for samples
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of PPI03 pH 5 derived from the MIDV data are also within the uncertainty

of kh determined by the microfluidic rheometry.

MIDV values show good reproducibility for both [η] and kh between

replicate runs and results were in agreement with orthogonal techniques. The

uncertainty of kh is an order of magnitude less by MIDV compared with

the values measured by microfluidic rheometry. These results confirm the

applicability of MIDV to measure the [η] and kh in protein samples.

A key assumption of the MIDV method is that there exists a linear

relationship between ηred and c over the experimental protein concentration

range (see Equation 1). For conditions with strong electrostatic repulsion, the

ηred(c) profile becomes non-monotonic exhibiting a maximum at low protein

concentration, which is known as the secondary electroviscous effect60. As

such, the increase in [η] for PPI03 at pH 5 is possibly an artefact of neglecting

this effect, although it is not possible to detect any non-linear relationship in

ηred as a function of c using the data measured by microfluidic rheometry (see

Figure 1b). According to Heinen et al.60, for BSA solutions without any added

salt, ηred exhibits a maximum between 1 and 3 g/L. The PPI03 condition

at pH 5 is at a much higher ionic strength of 25 mM, which corresponds to

much weaker electrostatic repulsion. A more equal comparion would be with

intrinsic viscosity data reported by Pindrus et al.57, who reported a similar

change in [η] for a mAb at pH 4 when increasing ionic strength from 15 mM

(6.4 mL g−1) to 150 mM (5.9 mL/g). The other possibility is that [η] decreases

with increasing ionic strength due to screening intramolecular electrostatic

repulsion leading to a reduced hydrodynamic volume of the protein. This

change in size would also be reflected by a decrease in the infinite dilution
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hydrodynamic radius RH,0 determined by dynamic light scattering, which is

not observed for PPI0352. As such, the value of kH for PPI03 at pH 5 with

should be considered an apparent value. For PPI19, there is a significant

increase in the measured RH,0
21, which could explain the increase in [η]

measured at pH 5.

4.2. Correlating dilute solution measurements to high concentration viscosity

The main motivation of this work is to examine whether concentrated

solution viscosity correlates to kh. As shown in the previous section, [η] is

measured concurrently with kh and an exploration of the effects of the solution

conditions studied on the [η] is included in Supplementary Information.

Previous studies have correlated B22 or kD with a representative high

concentration viscosity, usually between 100 and 250 mg mL−1 10,61,27,29. Here,

we follow the approach used by Connolly17 and Shah55, where the dilute

solution parameters are correlated with the exponential viscosity coefficient,

kexp, obtained by fitting our concentrated-solution viscosity data reported in

Lanzaro et al.54 with the following model,

ηR = η

η0
= ekexpc (9)

where c is mAb concentration. Connolly et al17 demonstrated that describing

viscosity data in this way helped to reduce the effect of noise associated

with the difficulties in measuring concentration and viscosity in concentrated

protein solutions. The viscosity values used in the fitting are averages over

the zero-shear viscosity plateau, where shear thinning behaviour was observed

at higher shear rates for solution conditions corresponding to strong protein-

protein association54.
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The values of kexp for two mAbs PPI03 and PPI19 in a variety of solution

conditions are given in Table 2 and have been previously reported by Shah55.

The MIDV measured values for [η] and kh are also listed. The protein-

protein interaction parameter, kD and the dimensionless osmotic second virial

coefficient, b22, included in Table 2 were reported in previous studies for

PPI0352,51,55 and for PPI1954,55. Here, b22 = B22/B
ex
22, where B22 is the

osmotic second virial coefficient and Bex
22 is the excluded volume contribution,

which is approximately equal to 7 x 10−5 mol mL g−2 for both mAbs21.

Condition
[η]

(mL g−1)
kh

kD

(mL g−1)
b22

kexp

(mL g−1)

PPI03 pH5 7.16 +/- 0.08 0.97 +/- 0.08 16.7 +/- 0.8 2.40 +/- 0.09 10.6 +/- 0.1

PPI03 pH5 250 mM NaCl 6.60 +/- 0.08 0.75 +/- 0.10 -5.1 +/- 0.5 0.17 +/- 0.02 10.4 +/- 0.4

PPI03 pH 5 250 mM NaSCN 6.49 +/- 0.09 1.25 +/-0.07 -8.4 +/- 0.4 -0.12 +/- 0.02 13.0 +/- 0.2

PPI03 pH 6.5 6.73 +/- 0.05 0.87 +/- 0.07 4.0 +/- 0.3 1.21 +/- 0.03 13.5 +/- 0.5

PPI03 pH 9 Tris 6.37 +/- 0.07 2.46 +/- 0.20 -11.3 +/- 0.6 -0.43 +/- 0.02 18.3 +/- 0.5

PPI19 pH5 25 mM NaCl 7.82 +/- 0.08 3.01 +/- 0.32 -18.6 +/- 0.8 -2.70 +/- 0.21 25.1 +/- 0.3

PPI19 pH5 250 mM NaCl 7.02 +/- 0.03 2.11 +/- 0.05 -18.4 +/- 0.8 -3.03 +/- 0.16 18.5 +/- 0.1

PPI19 pH8 250 mM NaCl 7.31 +/- 0.13 1.59 +/- 0.17 -17.3 +/- 1 -2.20 +/- 0.13 16.5 +/- 0.3

Table 2: Values of the intrinsic viscosity, the Huggins coefficient, kh, which is dimensionless,

the interaction parameter, kD, the dimensionless reduced second osmotic virial coefficient,

b22 and the viscosity exponential coefficient kexp for solutions of PPI03 and PPI19.

The correlations of kexp to kD and b22 are plotted in Figure 2 a) and b)

respectively, while Figure 3 illustrates the relationship between kh and kexp.

Also included in the correlation plots in Figures 2 and 3 are data of four

mAbs at pH 6 15 mM ionic strength from Yadav et al.14.

There is a strong correlation between dilute and concentrated solution

viscosity for solution conditions where the net protein-protein interaction
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potential ranges from repulsive to strongly attractive. The kh correlates

much more strongly with the kexp according to the Pearson’s correlation

coefficient equal to 0.99 (0.84 including data from Yadav et al (2010)14, 0.99

when the outlier mAb A is excluded from the fit), compared to values of -0.77

and -0.62 (-0.60 including data from Yadav et al (2010)14) obtained from

the relationship with b22 or kD, respectively. While the Pearson’s correlation

coefficients for all of these data sets indicate good correlations, the high value

for the kexp-kh correlation demonstrates kh is the most reliable parameter

studied to link dilute solution behaviour and concentrated solution viscosity.

There is good agreement with our kexp-kh correlation for the samples mab G

and mAb E from the Yadav (2010)14 data set. Even mAb H, which exhibits

a much higher viscosity and corresponding value of kh than the most viscous

PPI19 sample, adheres well to the correlation.
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Figure 2: Correlation of kexp to a) b22 and b) kD for PPI03, PPI19 and four mAbs at pH

6.5 15 mM NaCl taken from Yadav et al. 201014. The solid line represents the correlation

of kexp with b22 and kh respectively, including only the data collected by MIDV as part of

this study.

20



5 10 15 20 25 30 35
0

1

2

3

4

5

6

7

8
 PPI03
 PPI19
 Yadav (2010)

k h

kexp (mL g-1)

Figure 3: Correlation between the Huggins’ coefficient, kh, and the exponential fit param-

eter, kexp for PPI03 and for PPI19 and for mAb A, mAb H, mAb G and mAb E from

Yadav (2010)14 .
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Generally, poor rheological behaviour and viscous solutions occur at high

protein concentrations in the presence of attractive protein-protein interac-

tions62,63,64. However, we find a lack of a correlation between PPI measure-

ments, represented by kD and b22, and the concentrated solution viscosity

when considering the viscous samples where kexp > 15 mL g−1. For these

solution conditions, the range of kD values is between -14.5 and -18.6 mL g−1,

while values of kexp increase from 16.5 to 34 mL g−1. The kD values for all

PPI19 samples are similar, but the PPI19 pH 5 0 mM NaCl sample is much

more viscous than the other solutions. On the other hand, protein-protein

interactions are much less attractive for PPI03 pH 9 sample when compared

to any of the PPI19 solutions, but the viscosity for PPI03 at pH 9 is similar

to the high ionic strength samples of PPI19. Lastly, while the samples of

mAb-H appear much more viscous than any condition for PPI19, the re-

ported kD value equal to -14.5 mL g−1 indicates the averaged protein-protein

interactions are less attractive. While these large discrepancies exist when

correlating the kD measurements, there is a very strong correlation across

these conditions when using kh. The only exception is mAb-A, which exhibits

a very high value of kh, but not a proportionally large kexp.

4.3. The kh of protein solutions is related to protein-protein interactions

A key aim of this work is to elucidate the relationship between the kh and

protein-protein interactions, which can be tuned by changing the solution pH

and ionic strength to alter the relative contribution from short-ranged attrac-

tions and a long-ranged electrostatic repulsion. The plot of the relationship

between b22 and kh for BSA, PPI03 and PPI19 is provided in Figure 4. Also

given are the predictions from colloidal models of the relationship between
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b22 and kh which we can use as a starting point to understand the effects of

PPI on kh
31,33,34,65,66

-4 -3 -2 -1 0 1 2 3
0

1

2

3

4

PPI03 pH 5 NaCl PPI03 pH 6.5 

PPI03 pH 9

PPI19 pH 5 0mM

PPI19 pH 5 250mM

PPI19 pH 8 250mM
BSA pH 7.4 200mM

PPI03 pH 5 0mM

 Russel (1984)
 Cichocki & Felderhof (1990)
 Bergenholtz & Wagner (1994)

k h

b22

PPI03 pH 5 NaSCN

Figure 4: Correlation of protein-protein interactions in PPI03 and PPI19, represented by

b22, to the Huggins coefficient, kh

The Huggins coefficient is expected to have a value of one for a hard sphere

which corresponds to a b22 of one in the approach taken by Russel, Cichoki

and Felderhof, Bicerano et al. and Krishnamurhty et al.31,33,65,66. Fitting to

structure factors obtained from small angle X-ray scattering measurements
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indicates BSA and HSA do not exhibit any short-ranged attractive interac-

tions at conditions similar to the BSA sample in Figure 4 making it a good

representative of a colloid interacting with a hard sphere potential59,67. The

measured value of kh≈ 1 for the BSA sample is therefore in good agreement

with theory for hard spheres.

Russel31 accounted for longer-ranged repulsive interactions by calculating

kh for an excluded-shell model where the hard sphere potential extends past

the hydrodynamic radius of the protein to match the b22 value. This results

in a prediction for kh which rises rapidly with increasingly repulsive b22.

PPI03 at pH 5 and low ionic strength is the only condition we investigated

where b22 > 1. For this condition, we find the measured value of kh is over-

estimated by the excluded-shell model. This result is not surprising since the

Huggins analysis might not be applicable to this condition due to the lon-

ranged nature of the electrostatic repulsion. An improved prediction of the

low-concentration viscosity requires modelling the repulsion with a screened

yukawa potential following the approach described by Heinen et al 60, which

is beyond the scope of our study.

The predictions for colloids exhibiting net attractive interactions, where

kh increases with decreasing b22, are also shown in Figure 4. The longer-

dashed lines correspond to the approach of Cichocki and Felderhof33 where

kh has been determined for the Baxter model, which corresponds to limiting

case of sticky hard spheres. In this limit, the relationship of kh to b22 is given

by33,

kh = 2.161 − 1.215 b22 (10)

The shorter-dashed lines in Figure 4 are the Bergenholtz-Wagner34 prediction,
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which corresponds to colloids interacting through an attractive square-well

potential, where the range of the potential normalised by the colloid radius

is equal to 0.15.

We have previously shown that simplified spherical models, based on an

adhesive Baxter potential provide an accurate representation for the ther-

modynamic properties for PPI03 over a large protein concentration range

under conditions where b22 < 154,53. For the strongly attractive PPI03 pH

9 condition, the predictions of the colloidal models based on isotropic short-

range attractive Baxter potentials provide an accurate estimate for kh. The

measurements of kh for PPI03 pH 5 250 mM NaSCN agree more closely with

the calculations of the square well model versus the sticky sphere limit, which

predicts a more rapid increase in kh versus b22. For systems which are weakly

attractive and have relatively large normalised well-widths of 0.1 or greater,

Bergenholtz highlighted a likelihood of overestimation of the kh parameter of

more than 100% when using the sticky-sphere model34. It was demonstrated

that for all well widths, the attractive square-well structures were perturbed

less by shear than the hard sphere solutions and the resulting net change in

both hydrodynamic and thermodynamic stress yielded a lower kh than the

sticky sphere prediction34.

The only condition for PPI03 where an increase in protein-protein attrac-

tion does not lead to an increase in kh is for solutions at pH 5 with 250 mM

NaCl. For this condition, the addition of salt screens repulsive electrostatic

interactions leading to a relatively weak short-ranged attraction. A reduction

in kh below the hard sphere value has been predicted by Bergenholtz and

Wagner34. In the presence of a small net attractive force there is a positive
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hydrodynamic contribution but a larger negative thermodynamic contribu-

tion in the square well model resulting in lower kh value for weakly attractive

solutions compared to the hard-sphere kh of 0.946. A recent study on the

microrheology of a model colloidal particle in a Newtonian solvent varied b22

value for the particle and calculated the microviscosity for each condition. In

agreement with the Bergenholtz findings, Huang et al.68 determined that the

minimum in microviscosity occurs in the region where there is a small attrac-

tive force, specifically at b22= 0.2568. The kh minimum for PPI03 occurred

at a similar b22 value of 0.17 for the weakly attractive PPI03 pH 5 250mM

NaCl solution.

The b22 values for PPI19 indicate much stronger attractive interactions

than observed for PPI03 under all solution conditions, although the measured

kh values are not proportionally greater. Correspondingly, the kh values are

significantly over-predicted by the isotropic colloidal models shown in Figure 4.

In Lanzaro et al.54, the behaviour of PPI19 could only be satisfactorily cap-

tured using chemical association models including the formation of reversible

small oligomers (dimers or trimers) at lower protein concentrations. This

type of behaviour has also been observed for many other mAbs that exhibit

strong reversible self association69,22,10,61,18. For reversibly associating mAbs,

it is not surprising that b22 and kh do not correlate. kh values will reflect the

oligomer structure, where more open versus compact oligomers contribute

more to viscosity due to having greater effective volumes and correspondingly

higher intrinsic viscosities10. On the other hand, for strongly associating

systems, because b22 values are obtained from the osmotic compressibility

profiles, the parameters reflect the decrease in protein number concentration
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due to oligomerization or the average association state of the protein, but

do not contain any information about the oligomer hydrodynamic properties

such as their compactness.

5. Discussion

A key question to consider is why should kh correlate better with con-

centrated solution viscosity than kD and b22 which are direct measures of

protein-protein interactions. We expect there are a number of reasons, which

in part, depend on whether the comparison is being made across different

mAbs or for the same mAb, but across different solution conditions.

For PPI03, the lack of a correlation between concentrated solution vis-

cosity and b22 is most apparent when considering the conditions in which

the b22 > 0.5, where the main effect of changing solution conditions is to

alter repulsive electrostatic interactions. For example, increasing the salt

concentration of a PPI03 solution at pH 5 significantly impacts PPI due to

screening electrostatic interactions leading to a large drop in b22. However,

there appears to be little impact on kexp when ionic strength is increased

from 25 mM to 250 mM. We find that the value of kh is a much better

predictor for concentrated solution viscosity than measures of PPI as there

is only a small difference between kh values for PPI03 at pH 5 0 mM NaCl

and PPI03 pH 5 250 mM NaCl. A number of other studies have shown that

concentrated solution viscosity is relatively insensitive to alterations in the

electrostatic repulsion between proteins above a threshold of approximately

15 mM60,70,71,72,73. At high protein concentrations, the increased counter-ion

concentrations are expected to screen any electrostatic repulsion leading to
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the weak dependence of viscosity on ionic strength60.

Another example where the repulsive electrostatic interactions impact b22

differently than kh is for PPI19 at pH 5 under low ionic strength conditions,

which corresponds to conditions where we expect the protein-protein interac-

tion is composed of a combination of short-ranged attraction and long-ranged

electrostatic repulsion. PPI19 phase separates at higher pH values and low

ionic strength conditions due to strong attractive PPI21. Reducing the pH

to 5 increases the net positive charge on the protein and prevents phase sep-

aration, reflecting the electrostatic repulsion between PPI19 molecules. The

value of the net interaction parameters b22 = -2.70 or kD= −18.6 mL g−1 are

sufficiently less than 0 to indicate a strong protein-protein attraction is in

balance with the large electrostatic repulsion. Previous studies have shown

that proteins exhibiting short-range attractive long-range repulsive potentials

form reversible clusters, which cause high viscosities at high protein concen-

trations74,22,75,76. The correlation between kh and the high concentration

viscosity of this sample shows that the dilute solution viscosity reflects the

effects of this cluster formation. However, the electrostatic repulsion is not

evident from the values of kd or b22, which are similar for conditions at low

and high salt concentration.

For conditions with net attractive protein-protein interactions, b22 does

not correlate with viscosity at low protein concentrations (as characterized

by the kh value), so the lack of a correlation with high concentration viscosity

is not surprising. On the other hand, we have found that kh correlates

with concentrated solution viscosity for PPI03 and for PPI19 as well as

for three out of the four mAbs investigated by Yadav et al.14. This result
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is unexpected because concentrated solution viscosity has been attributed

to the structures or effective volumes of transient protein clusters, which

are predominantly formed only at high protein concentrations10. Indeed

differences in the effective volume of protein clusters formed at high protein

concentration and the oligomers formed at low protein concentration could

explain why mAb A does not follow the kh correlation. Yearley et al. (2014)69

showed that at low protein concentrations mAb A forms a dimer with a high

effective volume (an elongated structure), which would lead to a large kh

value. On the other hand, at higher protein concentrations the rotational

freedom of mAb A is restricted and prevents the anisotropic electrostatic self-

association25. This could arise if the dimers are forced to adopt more compact

conformations as the solution becomes more crowded leading to a lesser

excluded volume contribution to viscosity. Conversely, we hypothesize that

the correlation between kh and concentrated solution viscosity exists when the

structures of the transient clusters formed at high protein concentration are

self similar to the oligomer structures formed at low protein concentrations.

6. Conclusions

Understanding the relationship between PPI and the viscosity of high

concentration protein solutions is key in designing good quality protein for-

mulations. This field has been limited so far by prohibitive protein require-

ments for viscosity measurements and by conflicting results when correlating

dilute solution thermodynamic parameters, kD and b22, to high concentration

solution behaviour.

We have introduced a technique for the determination of the Huggins
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coefficient and intrinsic viscosity of protein solutions. The measurement of

intrinsic viscosity and kh agreed with literature and measurements by orthog-

onal methods. The improved precision of MIDV is demonstrated by the order

of magnitude difference in uncertainty between MIDV values and comparable

measurements using microfluidic rheomtery. The method is significantly less

labour-intensive than measuring kh using current methods as there is no re-

quirement for sample upconcentrating, manual dilution series or independent

concentration measurements and the entire process can be automated using

a HPLC system.

The protein material requirements for MIDV are also favourable. In this

proof-of-concept study, a single 500 µL sample of intermediate concentration

of 25-30 mg mL−1 was all that was required to generate a value for [η] and

kh. It is highly likely that further optimisation would substantially reduce

the total protein mass needed, not least as the method could be transferred

to the microViscostar, a differential viscometer designed to measure at the

minimal sample volumes associated with UHPLC analysis.

The exponential viscosity coefficient, kexp was used to compare correla-

tions of concentrated solution viscosity to dilute solution parameters between

proteins and formulations. Our key finding is that the correlation between

kexp and kh is much stronger than with either kD or b22. The strong correlation

suggests kh provides a better indicator for the transient solution structure

that is determined by the the hydrodynamic properties of the structural

building blocks, which could be monomers or oligomers, the valency of the

mAb-mAb interactions, or for conditions at low ionic strength, the relative

contribution of long-ranged repulsion to the short-ranged protein-protein at-
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tractions. These properties are not uniquely specified by b22 or kd because the

parameters only reflect the averaged protein-protein interactions and are not

sensitive to the geometric properties of any oligomers formed at low protein

concentrations. Furthermore, we have shown that correlations between b22

and dilute solution viscosity breakdown when manipulating repulsive electro-

static interactions, although there still exists a strong correlation between

dilute and concentrated solution viscosity.
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Reference pH Ionic Strength T [η] kh Max conc.

(mM) ◦C (mL g−1) (mg mL−1)

Tanford (1956)77 7.3 10 25 4.12 2.88 40

Tanford (1956)77 7.3 100 25 3.65 2.1 40

Tanford (1956)77 7.3 500 25 3.71 1.96 40

Charlwood(1955)58 7 200 25.1 4.2 N/A 15

Sarangapani(2015)78 7.4 20 25 3.37 N/A 12

Sharma (2011)79 7.4 10 25 4 N/A 250

Curvale (2008)44 7.4 0 25 4.86 1.579 20

Hess (1950)80 7.4 100 37 4.2 N/A 20

Khan (1986)81 7 60 25 3.13 N/A N/A

Pindrus(2017)57 7 200 25 3.6 N/A 1

Lee (2005)82 6.7-7.3 0 23 3.6 0.22 80

Masuelli (2017)83 6.5 Not Stated 25 4.57 10.24 4

Table 3: Collection of published values for the Intrinsic Viscosity and Huggins Coefficient of Bovine Serum Albumin in pH 7

conditions
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Reference pH Ionic Strength T [η] kh Max conc.

(mM) ◦C (mL g−1) (mg mL−1)

Koenig (1952)36 likely pH 5.2 200 25 4.18 1.33 300

Monkos (1996)38 5.2 0 25 5.8 0.745 363.4

Oncley (1947)84 likely pH 5.2 150 37 4.2 N/A 25

McMillan (1974)37 likely pH 5.2 150 37 4.07 1.369 90

McMillan (1974)37 likely pH 5.2 150 37 4.09 1.088 90

Loeb (1956)85 5.13 500 25 4.13 N/A 45

Sarangapani et al (2015)78 5 20 25 6.79 N/A 40

Tanford (1956)77 5 0 25 4.06 3.26 40

Tanford (1956)77 5 150 25 3.71 1.96 40

Table 4: Collection of published values for the Intrinsic Viscosity and Huggins Coefficient of Bovine Serum Albumin in pH 5

conditions. Where the pH is stated as "likely pH 5.2", the pH has not been explicitly stated or controlled by a named buffer

but in the conditions provided the pH of the solution is likely at the isoelectronic point of BSA in low ionic strength, pH 5.2.

The results in McMillan (1974)37 are two measurements in the same conditions, measured two years apart and published in

the same manuscript.
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9.2. Intrinsic Viscosity is governed by electrostatic interactions

The intrinsic viscosity describes the contribution of the protein molecule

to solution viscosity at infinite dilution. Intrinsic viscosity was a common

parameter to measure in early studies to determine the conformation and

hydrodynamic size of globular proteins80,86,87,88. The conformational expan-

sion of BSA below pH 2.7 was discovered through observing the increase

in intrinsic viscosity at these conditions35. The results of intrinsic viscosity

measurements for PPI03 and PPI19 in a variety of formulations are presented

in Figure 6. A pH dependence in the intrinsic viscosity data is observed at

low ionic strength.

The isoelectric point, pIseq, of PPI03 as calculated from the sequence using

the Protein-Sol web server89 (https://protein-sol.manchester.ac.uk/) is pH

9.4. The isoelectric point of PPI19 is pH 7.7. At low ionic strength, the further

the pH of the solution from the pI, the higher the intrinsic viscosity for both

PPI03 and PPI19. At a constant pH, a reduction in the intrinsic viscosity

is observed when ionic strength is increased. This implicates electrostatic

repulsion in the intrinsic viscosity changes in both PPI03 and PPI19 with

variation in the formulation conditions. Further evidence that electrostatic

repulsion plays a role in the intrinsic viscosity is shown in the similarity of the

intrinsic viscosity values between the PPI03 pH 6.5 75 mM sample, the PPI03

pH 7.5 200 mM sample and the PPI03 pH 9 sample. The intrinsic viscosities

for these samples are the lowest observed and are within the uncertainty of

each other, despite having very different formulation conditions. The common

factor in each of these three solutions is that the electrostatic repulsion is

very low, either through screening by the high salt concentration or because
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Figure 6: Intrinsic viscosity of PPI03 and PPI19 at a variety of pH and ionic strengths. The

bars marked in black indicate measurements taken at 25 mM ionic strength . Patterned bars

indicate measurements taken at intermiediate ionic strengths using a SEC-MALS-VISC

set up, all others measured using MIDV.
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the pH is close to the protein isoelectric point.

The effect of electrostatic interactions on solution viscosity has been de-

scribed as three electroviscous effects. The primary electroviscous effect is the

contribution to viscosity arising from the distortion of the ion cloud or double

layer about the particle from the flow or movement of the molecule90. The

secondary electroviscous effect is the result of overlapping electrostatic double

layers as the molecules come within range of each other, with electrostatic

range quantified by the Debye length91, κ−1 . The tertiary electroviscous

effect is rarely discussed in the context of proteins as it describes the contri-

bution to viscosity from the effect of intramolecular electrostatics on polymer

’stiffness’92. The primary electroviscous effect is expected to be the most

dominant effect of the three on the intrinsic viscosity as the measurement

is taken at low protein concentrations, when the intermolecular distance is

large92.

Saluja et al.93, Raut and Kalonia94 and Pindrus et al.57 found a pH

dependence in the intrinsic viscosity of monoclonal antibodies, similar to

our findings in Figure 6. Raut and Kalonia94 and Pindrus57 concluded

that the intrinsic viscosity increase at lower pH values was due to either

the primary electroviscous effect or changes in hydration of the molecule.

Monoclonal antibodies have very low zeta potential for a colloidal molecule

of their size95,14,52 in the context of electroviscous theory96,97. It would be

unusual for this marked change in intrinsic viscosity to be caused by such a

low potential.

To interrogate the effect of the primary electroviscous effect on the intrinsic

viscosity of the PPI03 solutions, the primary electroviscous coefficient, PE was
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calculated for each of the PPI03 25mM ionic strength conditions according

to the equation set out by Watterson97 using zeta potential measurements.

Zeta Potential measurements were carried out in triplicate using a Ze-

tasizer Nano ZSP (Malvern, UK). Proteins were prepared by dialysis as

described in the main Methods section, into 25mM NaCl solution with no

buffer components added. Solutions were diluted to 1 mg ml−1 for analysis

and titrated using 0.1M NaOH and 0.01M HCl. The voltage of the zeta po-

tential measurements was 40V. A minimum of 15 runs were performed with

a 60 second equilibration time prior to the measurement. The zeta potential

was determined from the measured electrophoretic mobility by applying the

Henry equation,

µe = 2εf(κa)ζ
3η0

(11)

where µe is the electrophoretic mobility, ε is the dielectric constant of the

medium, ζ is the zeta potential, and f(κa) is the Henry function calculated

for each protein using the Ohshima98 approximation and the Rh of the protein.

The Henry function, f(κa), is approximately 1.1 for the antibodies in the

conditions studied in this manuscript. The primary electroviscous effect is

related to the bulk viscosity of a solution of charged spheres by the formula97,

ηrel = 1 + 2.5φ(1 + PE( ζe
kbT

, κa)) (12)

where φ is the volume fraction of the solute and PE is the primary electro-

viscous function e is electronic charge, kb is the Boltzmann constant in units

eV/T and T is temperature in units Kelvin.

The results of these calculations are shown in Table 5. The PE term in

the equation quantifies the amplification of the intrinsic viscosity as a result
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of the primary electroviscous effect. PE is a function proportional to both the

magnitude of the reduced zeta potential, ζred, and the Debye length-particle

radius ratio, κa. The PE values in Table 5 are much too low to explain the

pH-dependence in intrinsic viscosity shown in Figure 6.

pH Ionic strength ζexp
red Pexp

E

5 25 0.54 0.006

6.5 25 0.43 0.004

9 25 -0.05 0.0001

Table 5: Values calculated for the primary electroviscous effect coefficient PE for sam-

ples of PPI03 at 25mM NaCl at varying pH levels. ζred
exp and PE

calc are based on an

experimentally determined zeta potential values.

It’s possible that the tertiary electroviscous effect could be a contributing

factor in the pH-dependence of intrinsic viscosity at low ionic strength. The

tertiary electroviscous effect discussed earlier is rarely considered for proteins

as the tightly folded structure and globular form make it unlikely to be affected

by intramolecular interactions. However, if the Fab and Fc subdomains of

the molecule are similarly charged as is likely at pHs far from the pI, the

domains of the protein will experience an electrostatic repulsion between each

other. This would lead to the Fabs and Fc reorienting themselves to be as

distant as possible from each other, extending the hinge as much as possible

positively contributing to the intrinsic viscosity. Increasing the pH towards

the pI would not only reduce the overall charge of the subunits, but also

increase the surface charge heterogeneity, reducing the intraprotein repulsion

and in turn reducing the intrinsic viscosity. The effect of ion binding at the
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surface would also yield lower intraprotein repulsion, in line with the lower

intrinsic viscosities observed at higher ionic strengths.

Protein PPI03 PPI19

Formulation
pH5

25 mM

pH5

275 mM

NaCl

pH 5

275 mM

NaSCN

pH 6.5

25 mM

pH 9

25 mM

pH5

25 mM

pH5

275 mM

NaCl

pH8

250 mM

NaCl

Rh,visc (nm) 5.47 5.32 5.29 5.35 5.26 5.69 5.49 5.56

Rh,visc (+/-) 0.008 0.008 0.011 0.001 0.004 0.006 0.005 0.019

% Monomer 99.3 98 N/A 99.3 98.7 94 94.5 91.7

Table 6: Hydrodynamic radius values calculated from the intrinsic viscosity results for

PPI03 and PPI19 and monomer fraction results measured by SEC-MALS. There were no

observable low molecular weight species peaks in the analyses. The PPI03 pH 5 275 mM

NaSCN sample was not available for SEC-MALS measurement.

An estimate of the hydrodynamic radius, Rh, of the protein can be made

from the intrinsic viscosity using the Einstein-Simha formula99:

Rh =
[

3[η]Mw

10πNa

] 1
3

(13)

where Mw is the molecular weight of the protein and N a is Avogadro’s con-

stant. The Rh values calculated from the intrinsic viscosity results are tabu-

lated in Table 6. These agree well with the hydrodynamic radius of between

5.0-5.3 nm reported for PPI03 in Roberts et al.52 and the hydrodynamic ra-

dius for PPI19 of 5.6 nm at pH 5 low ionic strength and 5.35 nm at all high

ionic strength conditions from the results presented in Singh et al.21. Since

the intrinsic viscosity scales with the third power of the hydrodynamic radius,

it is sensitive to even very small changes in protein hydrodynamic size, which
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may not be detectable by orthogonal methods such as measuring diffusion

coefficients by dynamic light scattering.

The intrinsic viscosity of a sample is also sensitive to the presence of

oligomers in solution. The samples of PPI03 and PPI19 used in the MIDV

analysis were subject to SEC-MALS analysis to ascertain the level of irre-

versible aggregation present, presented in Table 6. For PPI03, all samples

had greater than 98% monomer and no pH effect was observed. The results

for the PPI19 samples show there are some high molecular weight species

in solution as the monomer fraction is slightly lower. The increase in the

[η] measured for the PPI19 pH 8 sample is against the general trend and

is likely a result of a greater population of high molecular weight species in

this sample. The monomer fraction is very similar between samples of the

same protein despite large difference in intrinsic viscosity demonstrating that

the effect of electrostatics is the more dominant influence on the intrinsic

viscosity in these solutions.
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