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Donnan equilibrium section 

At high protein concentrations, the positively charged proteins play an important role in the 

partitioning of species across the filter membrane. Since the protein molecules are retained on 

one side of the membrane, there is an excess of positive charge on that side of the membrane 

resulting in positively charged molecules (such as His or Arg) being preferentially pushed 

through the filter. As a result, the concentration of these molecules in the protein sample 

decreases as the filtration process proceeds changing the ratio of positive ions to neutral 

molecules causing the pH of the solution to rise. In the current study, it was observed to rise by 

0.2 pH units for the sample in His buffer through the course of the experiment. Theoretically, the 

Donnan effect is expected to have a significant effect on co-solute concentrations when the 

concentrations of positively charged ions and net positive charges on proteins are similar. The 

mathematical expression for the Donnan effect not being important is given by Bolton et al., as 

0.9 < x < 1.1 

𝑥 =  
−𝐼

2
+ √(

𝐼

2
)

2

+ 1 

where 𝐼 =
𝑧𝑚𝑝

𝑚′𝑀𝐶
⁄  where z is the net charge on the protein molecule, mp is the protein 

molality and m’mc is the total permeate side molality of monovalent cations.
1
 For 250 mg/mL 

proteins in 20 mM His·HCl, the Donnan ratio, x, is 0.12 indicating that the Donnan equilibrium 

will be very important as evident from the pH drift. For a sample with 405 mM Arg, the Donnan 

ratio is 0.96 indicating that the high concentration of positive Arg ions in relation to the protein 

charges swamps out the Donnan effect arising from the protein charges. An Arg concentration of 

above 180 mM is sufficient to yield a value of x > 0.9 thus theoretically rendering the Donnan 

effect insignificant for the majority of the data in the current study. Therefore for the high co-

solute samples studied here, the final composition and initial composition should be similar 

except for the volume exclusion effect from the protein. This is evidenced by the observation of 

no significant measured drift in pH for the high co-solute samples throughout the filtration 

process as Arg does not preferentially pass through the filter. 
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Figure S1. Calibration of vial volume versus height of liquid in vial for six different vials, 

three in 5 µl increments and three in 25 µl increments. 
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Figure S2. Calibration for viscosity versus flow rate based on water, N10, N35, N44, S60, 

N100 and S200 standards. The fit pressure drop across the needle is 7963 Pa. 
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Table S1. Viscosity with increasing protein concentration at 450 mM Arg and 485 mM Glu 

at pH 5.5. The inherent viscosity remains more or less constant. The data is shown graphically in 

Fig. 1. 

Replicate 
Protein conc 

(mg/mL) 
η (cP) ηinh (mL/g) 

1 103 ± 2.0 3.0 ± 0.2 6.20 

2 103 ± 0.3 4.0 ± 0.3 9.70 

1 138 ± 2.4 6.0 ± 0.5 9.70 

2 149 ± 14 7.0 ± 0.6 10.0 

1 201 ± 8.8 11 ± 0.5 10.0 

2 206 ± 14 13 ± 0.5 10.5 

1 236 ± 5.7 31 ± 6.2 12.8 

2 249 ± 12 36 ± 0.7 12.8 
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Table S2. Viscosity with increasing protein concentration in 20 mM pH 5.5 His·HCl buffer. 

The inherent viscosity increases with protein concentration. The data is shown graphically in Fig. 

1. 

Replicate 
Protein conc 

(mg/mL) 
η (cP) ηinh (mL/g) 

2 69 ± 0.1 2.1 ± 0.2 10.7 

1 111 ± 6.4 2.3 ± 0.4 7.30 

2 87 ± 3.5 2.7 ± 0.9 11.4 

1 147 ± 2.2 12 ± 0.7 17.0 

2 136 ± 2.2 8.2 ± 0.7 15.5 

1 188 ± 2.1 33 ± 2.2 18.6 

2 170 ± 0.3 18 ± 0.9 16.8 

1 205 ± 5.5 90 ± 3.0 22.0 

2 227 ± 4.0 110 ± 8.2 20.8 
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Table S3. Viscosity with increasing conc of Arg·Glu. Replicate data for Table 3 at pH 5.5.  

Protein 

conc 

(mg/mL) 

Arg 

Conc 

(mM) 

Glu 

Conc 

(mM) 

Viscosity 

(cP) 

Inherent 

Viscosity 

(mL/g) 

224 ± 8 225 245 32 ± 2.0 14.6 

210 ± 21 225 245 28 ± 2.4 15.0 

240 ± 2.1 300 325 40 ± 4.1 14.2 

233 ± 19 300 325 38 ± 1.6 14.4 

246 ± 7.1 375 405 36 ± 2.5 13.1 

250 ± 1.7 375 405 40 ± 5.0 13.3 

246 ± 2.1 450 485 37 ± 1.5 13.0 

281 ± 1.7 450 485 45 ± 4.9 12.1 

281 ± 1.5 450 485 51 ± 4.6 12.6 
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Figure S3. Solvent corrected turbidity divided by concentration for the mAb1 solutions 

from Table 4 with each pair of rows labelled in order as 1-3. 
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Table S4. Visc vs pH for formulations with 150 mg/mL total Arg plus Glu. Data from Fig. 3. 

Protein 

conc 

(mg/mL) 

Arg Conc 

(mM) 

Glu Conc 

(mM) 
pH η (cP) η0 (cP) ln(η/η0) 

ηinh 

(mL/g) 

221 440 500 5.0 22 1.5 2.7 12.1 

230 440 500 5.0 25 1.5 2.8 12.2 

235 440 500 5.0 35 1.5 3.1 13.4 

241 440 500 5.0 28 1.5 2.9 12.1 

268 440 500 5.0 32 1.5 3.1 11.4 

236 470 465 7.1 30 1.5 3.0 12.7 

245 470 465 7.1 33 1.5 3.1 12.6 

249 470 465 7.1 47 1.5 3.4 13.8 

272 470 465 7.1 44 1.5 3.4 12.4 

237 540 380 8.5 90 1.5 4.1 17.3 

261 540 380 8.5 82 1.5 4.0 15.3 

226 540 380 8.5 58 1.5 3.7 16.2 

232 540 380 8.5 71 1.5 3.9 16.6 

250 540 380 8.5 71 1.5 3.9 15.6 

243 540 380 8.5 76 1.5 3.9 16.2 

237 860 0 11 28 1.5 2.9 12.3 

232 860 0 11 31 1.5 3.0 13.1 

272 860 0 11 57 1.5 3.6 13.4 
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Table S5. Visc vs pH for formulations with 860 mM Arg. Replicate data for Fig. 4. 

Protein 

conc 

(mg/mL) 

HCl Conc 

(mM) 
pH η (cP) 

ηinh 

(mL/g) 

242 825 6.4 29 ± 4.2 12.3 

237 805 8.0 76 ± 6.6 16.6 

261 805 8.0 150 ± 8.7 17.6 

208 425 10 160 ± 21 22.5 

238 0 11 21 ± 2.9 11.1 

241 0 11 28 ± 6.7 12.1 

272 0 11 57 ± 13 13.4 

280 0 11 62 ± 9.9 13.3 
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Table S6. Viscosity for the samples tested for viscosity versus shear rate in Fig. 5. The 

sample in row 2 was in 20 mM His·HCl buffer with both samples at pH 5.5. 

Protein 

conc 

(mg/mL) 

Arg Conc 

(mM) 

Glu Conc 

(mM) 

Calculated 

Shear Rate 

(s
-1

) 

η by 

syringe 

(cP) 

ηinh 

(mL/g) 

269 ± 2.5 450 485 281 33 ± 2.6 11.4 

228 ± 16 0 0 766 110 ± 14 20.7 

 

Table S7. Low viscosities for sheep IgG solutions with high co-solute concentrations at a 

centrifugation speed of 10000 rcf.  

Protein 

conc 

(mg/mL) 

Arg conc 

(mM) 

Glu conc 

(mM) 
pH 𝜼𝟎 (cP) η (cP) 

ηinh  

(mL/g) 

252 430 510 5.0 1.5 19 ± 6.3 10.1 

258 625 620 6.0 1.8 22 ± 0.3 9.70 
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Table S8. Viscosity of mAb1 solutions including Tre with and Arg·Glu at pH 7.1. 

Protein 

conc 

(mg/mL) 

Arg Conc 

(mM) 

Glu Conc 

(mM) 

Tre Conc 

(mM) 
𝜼𝟎 (cP) η (cP) 

ηinh 

(mL/g) 

220 160 155 65 1.2 43 ± 11 16.2 

241 160 155 65.0 1.2 61 ± 12 16.3 

223 210 205 90 1.4 34 ± 1.6 14.3 

252 210 205 90.0 1.4 57 ± 14 14.7 

235 420 410 175 1.7 40 ± 1.6 13.4 

238 420 410 175 1.7 38 ± 2.4 13.1 

 

 

Table S9. Stability for mAb solutions diluted to 1 mg/mL. 

Pre-dilution Sample % Monomer by SEC Hydrodynamic Diameter 

by DLS (nm) 

Monomer control (no 

processing) 

99.89 11 

263 mg/mL mAb1 with 

450 mM Arg and 485 mM Glu 

pH 5.5 

99.86 12 
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a 

 

b 

Figure S4. a. Sample SEC trace for the protein pre-processing to show the control data 

before cluster formation. b. Sample SEC trace for a solution that was ~250 mg/mL with 465 

mM Arg and Glu diluted to 1 mg/mL showing very little aggregation. 

 

 

Table S10. Diffusion interaction parameter, kD, values for various dilute protein solutions 

as measured by DLS using the CONTIN algorithm. 

Protein formulation pH kD (mL/g) 

30 mM His·HCl 6.0 8.0 

450 mM Arg 485 mM Glu 5.5 -7.0 
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a 

 

b 

Figure S5. Diffusion coefficient versus concentration data for calculating kD for a) 30 mM 

His·HCl pH 6 and b) 450 mM Arg and 485 mM Glu pH 5.5.  
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