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Monoclonal antibodies and other protein therapeutics are rapidly gaining 

popularity as a favored class of drugs for treatment of various types of diseases and 

disorders including rheumatoid arthritis, Crohn’s disease, asthma, macular degeneration, 

different types of cancer. There great lot of interest in development of subcutaneous self-

injection methods for administering these therapeutics to enable patient convenience 

which requires high concentration formulations to deliver the required dosage in the 

limited volume. At high concentrations, proteins have a propensity to be insoluble, 

aggregate, unfold, gel or denature due to strong short ranged protein-protein interactions, 

resulting in highly viscous solutions. Therefore, it is challenging to form highly 

concentrated, stable protein formulations with low viscosities. Addition of interacting co-

solutes like arginine to protein formulations weakens protein-protein interactions through 

protein charge modification and hydrophilization of hydrophobic surface patches through 

binding on proteins. Weakened interactions lower the viscosity of protein formulations 

with 250 mg/ml protein by 5-6 times compared to conventional protein solutions in 

buffer not containing any co-solutes. Addition of co-solutes can also give rise to 
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depletion attraction between proteins which can assemble them into amorphous 

nanostructured domains with lowered diffusion coefficients as determined by dynamic 

light scattering (DLS). A free energy model was developed to explain the formation of 

nanostructures due to short-ranged depletion attraction and long-ranged electrostatic 

repulsion, whereby sizes were predicted to range from 30 to 100 nm as a function of co-

solute and protein concentrations. The nanostructured domains dissociated to monomeric, 

active and stable protein upon dilution to about 1 mg/ml. Supplemental sizing techniques, 

namely, cryogenic scanning electron microscopy (cryo-SEM) and small angle x-ray 

scattering (SAXS) show evidence of nanostructures larger than the monomer although 

determining the ratio of the amount of protein in monomeric state to that in the 

nanostructure state is still a challenge. In order to further understand cluster formation in 

a simpler system, gold nanoclusters were synthesized via assembly of primary particles 

by reaction. The morphology of these gold nanoclusters was also controlled by favoring 

kinetic over thermodynamic control of growth for generating asymmetrical structures 

thus allowing higher extinction in the near infrared region enabling biomedical imaging. 



ix 
 

Table of Contents 

List of Tables ...................................................................................................... xvii 

List of Figures ......................................................................................................xxv 

Chapter 1: Introduction ............................................................................................1 

1.1 Origin of high viscosities and instability in protein formulations ............1 

1.2 Reduction of protein formulation viscosity by modifying interactions and 
structure..................................................................................................4 

1.3 Protein cluster formation and characterization .........................................6 

1.4 Objectives .................................................................................................9 

1.5 Dissertation outline .................................................................................13 

1.6 References ...............................................................................................17 

Chapter 2: Gold Nanoparticles with High Densities of Small Points on Nanocluster 
Cores with Strong NIR Extinction ................................................................24 

2.1 Introduction .............................................................................................24 

2.2 Materials and Methods ............................................................................28 

2.2.1 Materials .....................................................................................28 

2.2.2 Synthesis of Au Clusters - First Iteration ....................................28 

2.2.3 Quenching of reactions for temporal experiments ......................29 

2.2.4 Materials Characterization ..........................................................30 

2.2.4.1 Dynamic light scattering measurements .........................30 

2.2.4.2 Electron Microscopy .......................................................30 

2.2.4.3 Thermogravimetric analysis ............................................31 

2.2.4.4 Measurement of Au concentration ..................................31 

2.3 Results and Discussion ...........................................................................32 

2.3.1 Formation of clusters of Au primary particles ............................32 

2.3.2 Rapid kinetic growth generates points on primaries whereas slow 
growth results in equilibrium relaxation to spheres ....................33 

2.3.3 Morphology of points on the nanoclusters gives rise to high NIR 
extinction.....................................................................................39 



x 
 

2.3.4 Morphology of points on the nanoclusters gives rise to high NIR40 

2.4 Conclusions .............................................................................................41 

2.5 References ...............................................................................................50 

Chapter 3:  Concentrated Dispersions of Equilibrium Protein Nanoclusters That 
Reversibly Dissociate into Active Monomers ..............................................56 

3.1 Introduction .............................................................................................57 

3.2 Methods...................................................................................................61 

3.2.1 Formation of nanocluster dispersions .........................................61 

3.2.2 Characterization of the nanocluster dispersions .........................62 

3.2.3 Characterization of the protein structure and activity .................63 

3.2.4 In vivo bioavailability in BALB/c mice ......................................64 

3.3 Results and Discussion ...........................................................................65 

3.3.1 Nanocluster morphology and tunability with trehalose and dilution in 
buffer ...........................................................................................65 

3.3.2 Protein stability after dilution of the nanoclusters ......................68 

3.3.3 Mechanism of assembly of proteins into nanoclusters ...............72 

3.3.4 Viscosity of Nanocluster Dispersions .........................................78 

3.3.5 In vivo study of protein stability and pharmacokinetics in mice 79 

3.4 Conclusions .............................................................................................80 

3.5 References ...............................................................................................91 

Chapter 4: Tunable Equilibrium Nanocluster Dispersions at High Protein 
Concentrations ..............................................................................................95 

4.1 Introduction .............................................................................................95 

4.2 Materials and Methods ............................................................................98 

4.2.1 Protein purification (FPLC) ........................................................98 

4.2.2 Buffer exchange ..........................................................................98 

4.2.3 Centrifugal filtration of protein solution to form a dispersion of 
nanoclusters upon concentration .................................................99 

4.2.4 Characterization of the protein nanocluster dispersion .............100 

4.2.4.1 Hydrodynamic diameters ..............................................100 



xi 
 

4.2.4.2 Size exclusion chromatography ....................................101 

4.2.4.3 Enzyme linked immunosorbent assay (ELISA) ............101 

4.2.4.4 Circular dicroism (CD) .................................................102 

4.2.4.5 Viscosity .......................................................................102 

4.2.4.6 Scanning Electron Microscopy (SEM) .........................102 

4.3 Results and Discussion .........................................................................103 

4.3.1 Recap of Equilibrium free energy model ..................................103 

4.3.2 Nanocluster formation by the centrifugal or concentration filtration 
pathway .....................................................................................103 

4.3.3 Prediction of nanocluster size based on the free energy model 107 

4.3.4 Colloidal and conformational stability of proteins ...................110 

4.4 Conclusions ...........................................................................................111 

4.5 References .............................................................................................117 

Chapter 5:  Characterization of structures in protein formulations with high co-solute 
concentrations by small angle x-ray scattering ...........................................121 

5.1 Introduction ...........................................................................................121 

5.2 Materials and methods ..........................................................................124 

5.2.1 Materials ...................................................................................124 

5.2.2 Preparation of dispersion samples ............................................124 

5.2.3 Characterization of the protein formulations ............................126 

5.2.3.1 Measurement of formulation viscosity .........................126 

5.2.3.2 Measurement of diffusion coefficient by DLS .............126 

5.2.3.3 Determination of protein concentration ........................127 

5.2.3.4 Small angle x-ray scattering measurements of formulations
..........................................................................................127 

5.3 Results and discussion ..........................................................................128 

5.3.1 Nanostructure characterization for protein concentration of 125 
mg/ml ........................................................................................128 

5.3.2 Characterization of higher protein concentration formulations 131 

5.4 Conclusions ...........................................................................................132 



xii 
 

5.5 References .............................................................................................137 

Chapter 6: Cryo-SEM for direct visualization of high concentration protein 
formulations at high and low co-solute concentration ................................140 

6.1 Introduction ...........................................................................................141 

6.2 Materials and methods ..........................................................................144 

6.2.1 Materials ...................................................................................144 

6.2.2 Preparation of dispersion samples ............................................144 

6.2.3 Characterization of the protein formulations ............................144 

6.2.3.1 Measurement of formulation viscosity .........................144 

6.2.3.2 Measurement of diffusion coefficient by DLS .............145 

6.2.3.3 Determination of protein concentration ........................145 

6.2.3.4 Cryo-SEM sample preparation and imaging .................146 

6.3 Results and discussion ..........................................................................147 

6.3.1 High mAb concentration formulations containing 60-80 nm species
...................................................................................................147 

6.3.2 Dilution of mAb retains nanostructures ....................................150 

6.3.3 Imaging of control samples: Low co-solutes and buffer without 
protein .......................................................................................151 

6.3.4 Limitations and factors affecting size measurement by cryo-SEM152 

6.4 Conclusions ...........................................................................................153 

6.5 References .............................................................................................159 

Chapter 7: Reduction of mAb viscosity at 250 mg/ml by addition of high arg 
concentrations to modify protein-protein interactions ................................163 

7.1 Introduction ...........................................................................................164 

7.2 Materials and Methods ..........................................................................168 

7.2.1 Materials ...................................................................................168 

7.2.2 Buffer exchange ........................................................................168 

7.2.3 Centrifugal concentration to >200 mg/ml .................................169 

7.2.4 Characterization of the protein nanocluster dispersion .............171 

7.2.4.1 Viscosity measurement .................................................171 



xiii 
 

7.2.4.2 DLS and diffusion interaction parameter measurements172 

7.2.4.3 Size Exclusion Chromatography ...................................172 

7.2.4.4 Protein Concentration determination in the dispersion .173 

7.2.4.5 Sample storage ..............................................................173 

7.3 Results ...................................................................................................173 

7.3.1 Effect of co-solutes on viscosity at ~150 mg/ml mAb concentration
...................................................................................................173 

7.3.2 Effect of co-solutes on viscosity at ~250 mg/ml mAb concentration 
at pH ~5.5 ..................................................................................175 

7.3.3 Effect of pH on co-solutes on viscosity at ~250 mg/ml mAb 
concentration .............................................................................178 

7.3.4 Effect of a preferentially excluded co-solute trehalose on viscosity
...................................................................................................180 

7.3.5 Stability of mAb dispersion upon storage and dilution ............182 

7.4 Discussion .............................................................................................183 

7.4.1 mAb dispersions without co-solute ...........................................183 

7.4.2 Modification of electrostatic interactions between mAbs by arg to 
lower η ......................................................................................184 

7.4.3 Modification of hydrophobic interactions between mAbs by salt and 
arg to lower η ............................................................................185 

7.5 Conclusions ...........................................................................................186 

7.6 References .............................................................................................200 

Chapter 8:  Solubilization of α-Chymotrypsinogen by interaction modification with 
arginine and glutamic acid ..........................................................................205 

8.1 Introduction ...........................................................................................205 

8.2 Materials and methods ..........................................................................209 

8.2.1 Materials ...................................................................................209 

8.2.2 Methods.....................................................................................209 

8.2.2.1 Dispersion preparation ..................................................209 

8.2.2.2 Viscometry for the protein nanocluster dispersion .......209 

8.2.2.3 Measurement of diffusion coefficient by DLS .............210 



xiv 
 

8.2.2.4 Protein Concentration determination in the dispersion .210 

8.2.2.5 Measurement of protein enzymatic activity and stability211 

8.3 Results ...................................................................................................211 

8.3.1 Protein solubilization by addition of arginine and glutamic acid211 

8.3.2 Effect of trehalose on dispersion viscosity and D/D0 ...............214 

8.3.3 Protein stability upon dilution of dispersions ...........................215 

8.4 Discussion .............................................................................................216 

8.4.1 Arginine interactions with α-CGN ...........................................216 

8.4.2 Trehalose interactions with α-CGN ..........................................219 

8.4.3 Stability of α-CGN in high concentration protein formulations with 
high co-solute concentrations ...................................................220 

8.4.4 Origin of lowered D/D0 high concentration protein formulations with 
high co-solute concentrations ...................................................221 

8.5 Conclusions ...........................................................................................222 

8.6 References .............................................................................................232 

Chapter 9: Conclusions and Recommendations ..................................................236 

9.1 Conclusions ...........................................................................................236 

9.1.1 Modification of Protein-protein Interactions for Reducing Viscosity
...................................................................................................236 

9.1.2 Characterization of Nanostructure Formation and Dissociation by 
Orthogonal Techniques .............................................................238 

9.1.3 Synthesis of Au Nanoclusters with High NIR Extinction and 
Controlled Morphology ............................................................240 

9.2 Recommendations and Future Research ...............................................241 

9.2.1 Improvements in the Methods of Nanostructure Size Determination 
and study of morphology ..........................................................241 

9.2.2 Further Modification of Protein-protein Interactions for Reducing 
Viscosity ...................................................................................243 

9.3 References .............................................................................................244 



xv 
 

Appendix A:  Gold Nanoparticles with High Densities of Small Points on Nanocluster 
Cores with Strong NIR Extinction ..............................................................245 

A.1 Note on DLS measurements ................................................................245 

A.2 Supplementary references ....................................................................251 

Appendix B:  Concentrated Dispersions of Equilibrium Protein Nanoclusters That 
Reversibly Dissociate into Active Monomers ............................................252 

B.1 Note about DLS data for Chapter 3 ......................................................252 

B.2 Cluster Dissolution Time .....................................................................253 

B.3 Potential of mean force between two proteins in the presence of the 
surrounding media .............................................................................254 

B.4 Low effective dielectric constant within the clusters ...........................256 

B.5 Surface potential and zeta potential of IgG clusters .............................258 

B.6 Supplementary References ...................................................................269 

Appendix C:  Tunable Equilibrium Nanocluster Dispersions at High Protein 
Concentrations ............................................................................................272 

C.1 Note on DLS data for Chapter 4...........................................................272 

C.2. ELISA..................................................................................................275 

C.3 Equilibrium model for cluster formation .............................................275 

C.4 Turbidity and additional electron microscopy of the dispersion ..........280 

C.5 Dispersions with concentrations of 320 mg/ml ....................................280 

C.6 Room temperature storage stability......................................................281 

C.7 Effect of pH on cluster size ..................................................................281 

C.8 CD ........................................................................................................281 

C.9 Long term storage .................................................................................282 

C.10 Sterile filtration of the clusters ...........................................................282 

C.11 Supplementary References .................................................................303 



xvi 
 

Appendix D: Characterization of structures in protein formulations with high co-
solute concentrations by small angle x-ray scattering ................................305 

Appendix E:  Cryo-SEM for direct visualization of high concentration protein 
formulations at high and low co-solute concentration ................................308 

Appendix F:  Reduction of mAb1 viscosity at 250 mg/ml compared to conventional 
solution formulations by modification of protein-protein interactions .......314 

F.1 Co-solute concentration during the filtration process in terms of Donnan 
equilibrium .........................................................................................314 

F.2 Supplementary References ...................................................................344 

Appendix G:  Solubilization of α-Chymotrypsinogen by interaction modification with 
arginine and glutamic acid ..........................................................................345 

Bibliography ........................................................................................................348 

Vita……………………………………………………………………………...369 



xvii 
 

List of Tables 

Table 2.1: Summary of nanoparticle size, absorbance properties and zeta potential.

...........................................................................................................42 

Table 3.1: 1B7 stability and activity in nanocluster dispersion samples with c = cE 

= 267 mg/ml diluted to 1 mg/ml in PBS prior to analysis. Error is ± s. d.

...........................................................................................................81 

Table 3.2: Estimation of 1B7 Secondary Structure from Circular Dichroism. ..82 

Table 3.3: η and Dc for mAb 1B7 and polyclonal sheep IgG mixture dispersions.

...........................................................................................................82 

Table 3.4: Pharmacokinetic parameters for curves shown in Fig. 3.6. Error is ± s.d.

...........................................................................................................83 

Table 4.1: Hydrodynamic diameters (Dc) of protein nanoclusters for various 

dispersions made by the filtration concentration (C) and lyophilization 

dilution (LD) processes shown in Fig. 4.1b. ...................................112 

Table 5.1: Compositions, DLS data and viscosities of samples from the current 

Chapter. ...........................................................................................133 

Table 6.1: Summary of the samples contained in the current study (cit stands for 

citric acid). ......................................................................................154 

Table 7.1: Viscosity of mAb1 dispersions at ~130 mg/ml after addition of 150 

mg/ml of amino acids as co-solute..................................................188 

Table 7.2: Viscosity of mAb1 dispersions at ~ 150 mg/ml containing ~150 mg/ml 

mixtures of tre with and without amino acids as co-solutes. ..........189 



xviii 
 

Table 7.3: Viscosity for mAb1 dispersions in low concentration histidine (his to 

his.HCl was 0.18:1 by mass in both cases) buffers at pH 5.5 run at a 

centrifugation speed of 5000 rcf. Rows 1 and 3 were run in Centricon 

centrifugal concentrator tubes with a centrifugation speed of 4500 rcf.

.........................................................................................................189 

Table 7.4: D/D0 for dilution of mAb1 dispersions (0.5 mg/ml) with 78.6 mg/ml arg 

and 71.4 mg/ml glu from Fig. 7.1. ..................................................190 

Table 7.5: Viscosity of mAb1 dispersions as a function of increasing conc of 

arg/glu. The pH of all of the samples was 5.5 and the centrifugation 

speed was 5000 rcf. The uncertainty is ± one std. dev. over multiple 

measurements in both concentration and viscosity. ........................190 

Table 7.6: Viscosity, DLS (D/D0) and turbidity/concentration at 350 nm of mAb1 

dispersions made with the large 15 ml Centricon centrifugal concentrator 

tubes with a centrifugation speed of 4500 rcf and a temperature of 20 °C. 

The second row in each pair shown in bold is the result after sterile 

filtration of the row above it. ..........................................................191 

Table 7.7: Viscosity of low co-solute mAb1 dispersions at various pH values all at 

a centrifugation speed of 5000 rcf. .................................................192 

Table 7.8: Diffusion interaction parameter kd values for various dilute protein 

solutions as measured by DLS using the CONTIN algorithm. .......192 

Table 7.9: Low viscosities for sheep IgG dispersions with high co-solute 

concentrations at a centrifugation speed of 10000 rcf. ...................192 



xix 
 

Table 7.10: Viscosity and D/D0 of mAb1 dispersions with tre as the only co-solute. 

All samples were formulated in 50 mM phosphate buffer to set the pH. 

The centrifugation speed was 10000 rcf. ........................................193 

Table 7.11: Viscosity of mAb1 dispersions with tre as the only co-solute with 

ammonium sulfate added to screen electrostatic interactions. All samples 

were formulated in 50 mM pH 8.2 phosphate buffer. The centrifugation 

speed was 10000 rcf. .......................................................................193 

Table 7.12: Viscosity of mAb1 dispersions including tre with arg and glu at pH 7.1. 

The centrifugation speed was 5000 rcf. ..........................................194 

Table 7.13: SEC for diluted mAb1 dispersions compared to the monomer control.

.........................................................................................................194 

Table 7.14: SEC for mAb1 dispersions stored for 8 weeks. The values in the table 

are the % monomer in the sample measured by the area under the curve 

for the SEC. The ~250 mg/ml dispersion contained 81.4 mg/ml arg and 

68.6 mg/ml glu (pH 7.1) and was 99.89% monomer pre-storage. ..194 

Table 8.1: pH does not greatly affect the viscosity, but low pH dispersion are turbid 

and there seems to be a maximum in the size around pH 9 which is the 

isoelectric point. ..............................................................................223 

Table 8.2: Increased arginine and glutamic acid concentrations at pH 8.5 and pH 9 

which is the optimized pH range for low viscosity results in increased 

viscosity but no change in cluster size. ...........................................224 



xx 
 

Table 8.3: Effect of increased trehalose concentration on viscosity and cluster size 

of α-CGN. Increased trehalose concentration does not significantly 

increase the dispersion inherent viscosity. Increased solvent viscosity 

causes the dispersion viscosity to increase. The cluster size increases 

with increased trehalose concentration. ..........................................225 

Table 8.4: Dispersion viscosities for samples from Fig. 8.3 showing very low 

viscosities for α-CGN dispersions. The inherent viscosity increases with 

the concentration of arginine and glutamic acid. For lower 

concentrations though, the α-CGN is in the form of very large particles 

as evidenced by the turbidity. Cluster size does not change greatly.226 

Table 8.5: Tm data for the α-CGN dispersions and dilute solution controls. ...226 

Table A1: Dynamic light scattering ACFs and size distributions for commercial 

nanourchins contrasted with particles from Chapter 2. ..................247 

Table A2: Summary of the NIR extinction properties and sizes of nanoclusters 

synthesized with dextran instead of CMD keeping all other parameters 

the same. .........................................................................................247 

Table B1: Parameters used Figs. 3.4a and 3.4c to determine the potential of mean 

force. ...............................................................................................259 

Table B2: General parameters for calculating cluster diameter contours in Fig. 

3.4b..................................................................................................259 

Table B3: Particular parameters for calculating cluster diameters for specific case 

in Fig. 3.4b. .....................................................................................260 



xxi 
 

Table B4: Auto correlation functions for all of the samples analyzed by DLS in 

Chapter 3 with sample composition provided to relate back to the figures 

and tables in the paper. 200 channels were used for all the 

measurements. .................................................................................262 

Table C1: Model parameters for Sheep IgG. Input variables used in the model 

proposed by Johnston et al.5  and used to generate the plots in Figs. 4.1b, 

4.2b, and 4.2e are provided. ............................................................283 

Table C2: Dc of C 220:70 nanoclusters and after subsequent sequential dilutions 

with buffer. The distributions for the Dc are provided in Fig. C3 and the 

means are in Figs. 4.2b and 4.2e. The starting solution was at a protein 

concentration of 70 mg/ml and was centrifuged for 35 minutes. ...283 

Table C3: Dc of LD 250:100 nanoclusters and after subsequent sequential dilutions 

with buffer. The distributions for the Dc are provided in Fig. 4.2d.284 

Table C4: Dc of C 250:250 nanoclusters and after subsequent sequential dilutions 

with buffer. The distributions for the Dc are provided in Fig. C5 and the 

means are in Fig. 4.2e. The starting solution was at a protein 

concentration of 50 mg/ml and was centrifuged for 68 minutes. ...284 

Table C5: Dc, viscosity and protein % monomer after room temperature storage (C 

250:100). The distributions for the Dcs are provided in Fig. C6. ...284 

Table C6: Effect of pH on Dc. LD 200:80 in pH 6.9 and a dilution of LD 250:100 

at pH 6.4 are contrasted to observe the effect of protein charge. ....285 

Table C7: Circular Dichroism for protein secondary structure. The fraction of 

protein in the different secondary structures for both LD and C samples 

compared to the native protein. .......................................................285 



xxii 
 

Table C8: Dc, viscosity and protein % monomer before and after freezing and 

thawing (C 220:70). The distributions for the Dcs are provided in Fig. 

C9. This was the same dispersion as in Fig. C1..............................285 

Table C9: Dc and viscosity of a C 220:70 nanocluster dispersion before and after 

sterile filtration through a 0.22 µm poyl(vinylidene difluoride) (PVDF) 

filter. The distributions for the Dcs are provided in Fig C10. The starting 

solution at a protein concentration of 48 mg/ml was centrifuged for 27 

minutes. After forming the nanoclusters, a portion was saved and a 

portion was filtered.  Both samples were then frozen, stored for a month 

and thawed, and then analyzed. ......................................................286 

Table C10: Auto correlation functions for all of the samples analyzed by DLS in 

Chapter 4 with sample composition provided to relate back to the figures 

and tables in the paper. 200 channels were used for all the 

measurements. .................................................................................293 

Table E1: Replicate data for the samples with 240 mg/ml mAb, 40 mg/ml tre, 50 

mg/ml his and 17 mg/ml citric acid. ...............................................309 

Table F1: Viscosity and D/D0 with increasing protein concentration at 78.6 mg/ml 

arg and 71.4 mg/ml glu at pH 5.5. The inherent viscosity remains more 

or less constant. D/D0 seems to decrease with increased protein conc. 

The data is shown graphically in Fig. 7.1. The centrifugation speed was 

5000 rcf. The solvent viscosity in all cases was 1.5. ......................316 



xxiii 
 

Table F2: Viscosity and cluster size with increasing protein concentration in 20 

mM pH 5.5 his buffer. The inherent viscosity increases with protein 

concentration while the D/D0 seems to remain constant with increased 

protein conc. The data is shown graphically in Fig. 7.1. The 

centrifugation speed was 5000 rcf. The solvent viscosity in all cases was 

1.......................................................................................................317 

Table F3: DLS sizes for dilution of samples from Table 7.5 which were at pH 5.5.

.........................................................................................................318 

Table F4: Viscosity and cluster size with increasing conc of arg/glu. Replicate data 

for Table 7.5 at a spin speed of 5000 rcf and pH 5.5. Solvent viscosities 

are given in Table 7.5. .....................................................................319 

Table F5: Visc vs pH for formulations with 150 mg/ml arg. Replicate data for Fig. 

7.4. Solvent viscosity for all these dispersions was 1.5 cP. ............320 

Table F6: Glu lowers the viscosity compared to HCl. Same amount of interacting 

co-solute but glu lowers the osmolality values. The centrifugation speed 

for all the samples was 10000 rcf. ..................................................320 

Table F7: Viscosity and D/D0 for the samples tested for viscosity versus shear rate 

in Fig. 7.5. The sample in row 2 was in 20 mM his buffer at pH 5.48.321 

Table F8: Viscosity and cluster size decrease with increasing conc of arg/glu/tre. 

Replicate data for Table 7.12. Centrifugation speed was 5000 rcf and pH 

was 7.1. ...........................................................................................321 

Table F9: Auto-correlation functions for the DLS data in Table 7.1. All samples 

were run with 200 channels. ...........................................................323 



xxiv 
 

Table F10: Auto-correlation functions for the DLS data for high co-solute (78.6 

mg/ml arg and 71.4 mg/ml glu) samples in Fig. 7.1 in the paper. All 

samples were run with 200 channels. .............................................327 

Table F11: Auto-correlation functions for the DLS data for low co-solute (20 mM 

his pH 5.5) samples in Fig. 7.1 in the paper. All samples were run with 

200 channels....................................................................................330 

Table F12: Auto-correlation functions for the DLS data for high co-solute (78.6 

mg/ml arg and 71.4 mg/ml glu) samples in Table 7.6 in the paper. All 

samples were run with 200 channels. .............................................333 

Table F13: Auto-correlation functions for the DLS data in Table 7.7 in the paper. 

All samples were run with 200 channels. .......................................334 

Table F14: Auto-correlation functions for the DLS data in Table 7.10 in the paper. 

All samples were run with 200 channels. .......................................335 

Table F15: ACFs for the data for DLS of samples from Table 7.12. All samples 

were run with 200 channels. ...........................................................336 

Table F16: ACFs for the data for DLS of dilutions of samples from Fig. 7.1 listed in 

Table 7.4. ........................................................................................337 

Table F17: ACFs for the data for DLS of samples from Fig. 7.5 and Table 7.3 listed 

in Table F7. .....................................................................................338 

Table G1: Sample ACFs for α-CGN dispersions. ...........................................347 



xxv 
 

List of Figures 

Figure 2.1: This schematic contrasts the thermodynamically and kinetically 

controlled growth. At high pH (9.3), the clusters fill in or relax to form 

regular spherical shaped particles while at low pH (8.7), the clusters 

have further faceted growth on them to form flower shaped particles. At 

even lower pH (7.5), there is further faceted growth leading to star 

shaped particles. ................................................................................43 

Figure 2.2: Aggregation of primary particles followed by relaxation for slow 

thermodynamically controlled growth captured by quenching with 

mercapto acetic acid at different time points is shown by TEM. a, UV-

visible spectra for the nanoparticles as the reaction proceeds at pH 9.3. b, 

quenched at 40 s. c, quenched at 45 s. d, not quenched. e. SEM image of 

non-quenched particles. ....................................................................44 

Figure 2.3: a. UV-vis-NIR spectra of final nanoparticles synthesized at 0.018 mM 

Au3+ at pH = 9.3 (dotted line), pH = 8.7(dashed line) and pH = 7.5 (solid 

line). All spectra are normalized to an absorbance of 1 at the peak value. 

b. Hydrodynamic diameter of the nanoparticles synthesized with 0.018 

mM Au3+ at pH = 9.3 (dotted line), pH = 8.7 (dashed line) and pH = 7.5 

(solid line). Histograms showing size distributions for particles from 

TEM image analysis synthesized at c. pH 9.3, d. pH 8.7 and e. pH 7.5. f. 

Picture of dispersed particles showing the difference in color between 

the particles from part a with the pH decreasing from 9.3 on the left to 

8.7 for the middle cuvette and 7.5 for the cuvette of the right. .........46 



xxvi 
 

Figure 2.4: TEM images of nanoparticles synthesized with 0.018 mM Au3+ at a. pH 

= 8.7 (TEM image also included), b. pH = 7.5. ................................46 

Figure 2.5: TGA profile of Au nanoparticles synthesized at 0.018 mM Au3+ with a 

CMD coating at pH 8.7. ....................................................................47 

Figure 2.6: Scheme 2. Addition of more iterations of Au precursor to the reaction 

mixture at pH 9.3 leads to growth of points on the spherical core. ..47 

Figure 2.7: Effect of doubling concentration of Au precursor to 0.036 mM at pH 8.7 

observed by a. Low resolution TEM of nanoclusters (scale bar is 50 nm), 

b. Hydrodynamic diameter by DLS and c. Extinction spectra by UV-vis 

spectroscopy. In both cases, the solid line denotes the 0.018 mM 

particles while the dashed line is for the 0.036 mM particles. ..........48 

Figure 2.8: Low resolution TEM images of nanoparticles after different iterations 

synthesized with dextran (3 mM) at pH = 9.3 with a 50 nm scale bar. a, 

1 iteration. b, 3 iterations. c, 7 iterations and d, 10 iterations. ..........49 

Figure 2.9: Nanoparticles after 1-12 iterations at 0.018 mM Au3+ per iteration with 

dextran coating at pH=9.3 characterized by (a) DLS hydrodynamic 

diameter and (b) UV-Vis extinction spectra. ....................................50 



xxvii 
 

Figure 3.1: Nanocluster morphology for mAb 1B7 with trehalose as extrinsic co-

solute. a. Schematic of a nanocluster where in the current study green 

circles represent proteins, red dots, counterions and blue circles, co-

solutes. Similar clusters are observed for colloids in organic solvent. b. 

Transparent dispersion at c = cE = 220 mg/ml. c. SEM image of 3.1b 

indicating closely-spaced, self-crowded protein. (The “halo” on the 

component particles is probably an artifact of trehalose deposition 

during sample preparation). d. Schematic of dispersion of nanoclusters 

drawn to scale. ..................................................................................84 

Figure 3.2: Calculated hydrodynamic diameter by DLS for 1B7 antibody and 

polyclonal sheep IgG with trehalose as extrinsic co-solute. a. 1B7: serial 

dilutions in buffer such that c/cE = 1. b. 1B7: dilution in pH 7.2 

phosphate buffer with starting c = cE = 220 mg/ml as in Fig. 3.2a 

(squares) and decreasing cE with a constant c of 70 mg/ml with a starting 

cE of 270 mg/ml (diamonds). Error bars indicate ± s. d. in peak width. 

The predictions of Eq. 9 are in qualitative agreement. c. 1B7: constant c 

of 70 mg/ml for decreasing cE of trehalose from 270 to 150 mg/ml as 

shown in legend and then a final point where cE is raised back to 270 

mg/ml, labeled as 270 mg/ml-2. d. polyclonal sheep IgG: constant c of 

50 mg/ml  for increasing (diamonds) followed by decreasing (squares) 

trehalose concentration. The reversibility suggests equilibrium cluster 

behavior. The theoretical predictions of the free energy model are in 

qualitative agreement with the data. .................................................85 



xxviii 
 

Figure 3.3: BSA nanocluster size for high protein concentrations. A high 

concentration BSA dispersion formulated at c = 400 mg/ml and cE = 240 

mg/ml contains nanoclusters with hydrodynamic diameter of 40 nm. 

Dispersions formulated with lower concentrations of BSA and/or 

trehalose yield progressively smaller nanoclusters. Also shown is BSA 

monomer which is 3-4 nm in diameter. ............................................86 

Figure 3.4: Antibody conformation and activity. a. Circular dichroism spectra of a 

mAb 1B7 control and 267 mg/ml dispersion. All samples were diluted to 

0.1 mg/ml in PBS and analyzed on a Jasco J-815 CD Spectrometer. b. 

Theoretical prediction of the fraction of folded protein suggesting that 

the native state would be favored at high ϕint = 0.6 found in antibody 

nanocluster. (extended from Shen et al.5) .........................................88 



xxix 
 

Figure 3.5: Protein-protein, protein-cluster and cluster-cluster hierarchical 

interactions in nanocluster dispersions. The potential of mean force 

includes specific short-ranged (ssr), depletion attraction (dep) and 

electrostatic (el) components: V(r) = Vssr(r) + Vdep(r) + Vel(r). a. 

Components of V(r) for protein monomers at pI and 3 pH units away 

from pI. b. Predicted cluster diameter contours. The green triangle 

denotes the conditions of the injected dispersion into mice at c = 235 

mg/ml for mAb 1B7 as given in Table B3. The diagonal pathway 

represents dilution of the dispersion (Fig. 3.2a). c. V(r) for two 50 nm 

nanoclusters based on experimental zeta potential for polyclonal IgG 

(Appendix B.5). Inset, green arc depicts range of long-ranged repulsion 

at the edges of two clusters and red indicates short-ranged inter-cluster 

attraction. ..........................................................................................90 

Figure 3.6: Pharmacokinetics of concentrated 1B7 dispersion and solution controls. 

Time course of serum antibody concentration normalized by dose after 

administration of intravenous solution, subcutaneous solution or 

subcutaneous dispersion. Serum samples were recovered from the tail 

vein and the mAb 1B7 concentration determined by activity from 

ELISA. ..............................................................................................90 



xxx 
 

Figure 4.1: Nanocluster morphology and formation pathways. a, Schematic of a 

protein (green) nanocluster with trehalose molecules (co-solute, blue) 

and counterions of the protein (red). b, Nanocluster formation by two 

pathways: dilution of lyophilized power (LD) and concentration by 

filtration (C). Three nanocluster diameter contours (in nm) calculated by 

a free energy model (Appendix C.3) are shown. Additionally, the 

nanocluster diameter decreases to that of a protein monomer upon 

dilution in buffer (shown by diagonal pathway). c, SEM image of a 

nanocluster from a dispersion at c = 270 mg/ ml and cE = 270 mg/ml.114 

Figure 4.2: Nanocluster hydrodynamic diameters (Dc) for filtration concentration 

(C) and lyophilization dilution (LD) pathways. a, Dc of the nanoclusters 

for C pathway at 70 mg/ml trehalose for various final c values (C 70 

pathway). b, Volume average Dc and the calculated diameter from the 

model (Appendix C.3) for the nanoclusters from panel a (C 70) and for 

dilution of the C 220:70 samples with buffer. c, Dc surface for the 

nanoclusters interpolated from the individual experimental points. d, Dc 

of the nanoclusters formed by dispersing lyophilized protein powder 

(LD 250:100) and after subsequent sequential dilutions with buffer to 

230, 120 and 60 mg/ml IgG. A similar Dc was observed for the C 

250:100 dispersion. e, Dc upon dilution of both LD and C dispersions 

with the calculated diameters from the model corresponding to the same 

protein:trehalose ratios. ...................................................................116 



xxxi 
 

Figure 4.3: Fraction of folded protein adapted from simulations of  Shen et al.43  and 

schematic of LD and C pathways for nanocluster synthesis in the 

presence (blue curve) and absence (red curve) or crowder. Small red 

irreversible aggregates are shown at an intermediate φ without crowder 

(here φ = c/1400, where φ is the volume fraction of protein which has a 

partial molar density of 1400 mg/ml)7 ............................................117 

Figure 5.1: Scattering profile for a dilute protein solution at 3 mg/ml in the original 

formulation buffer which was used as the form factor. ..................134 

Figure 5.2: Monomer (P1, red dots) and cluster (P2, blue dashes) samples show a 

very different structure at the same concentration. b. Structure factor for 

low co-solute monomer sample from 5.2a. c. structure factor for high co-

solute cluster sample in 5.2a. ..........................................................136 

Figure 5.3: SAXS profiles for protein dispersions at 250 mg/ml. .....................137 

Figure 6.1: a, b and c. Cryo-SEM micrographs of protein clusters with 250 mg/ml 

mAb1, 100 mg/ml proline and 50 mg/ml his.HCl. d. Histogram of 

particle sizes as measured by SEM. ................................................155 

Figure 6.2: a, b, and c. Cryo-SEM micrographs of protein clusters with 250 mg/ml 

mAb1, 40 mg/ml trehalose and 50 mg/ml his and 17 mg/ml citric acid. d, 

e and f. Cryo-SEM micrographs of a replicate of the same cluster 

sample. g. Histogram of particle sizes as measured by SEM for images 

from a, b and c. h. Histogram of particle sizes as measured by SEM for 

images from d, e and f. ....................................................................157 



xxxii 
 

Figure 6.3: a, b, and c. Cryo-SEM micrographs of protein clusters with 125 mg/ml 

mAb1, 40 mg/ml trehalose and 50 mg/ml his and 17 mg/ml citric acid. d. 

Histogram of particle sizes as measured by SEM. ..........................157 

Figure 6.4: a, b, c and d. Cryo-SEM micrographs of protein monomer at 120 mg/ml 

in DI water. .....................................................................................158 

Figure 6.5: a and b. Cryo-SEM micrographs of buffer solution with 40 mg/ml tre, 50 

mg/ml his and 17 mg/ml cit at pH 6 ...............................................159 

Figure 7.1: Viscosity of mAb1 dispersions as a function of the protein 

concentration. a. The arg glu samples had 78.6 mg/ml arg and 71.4 

mg/ml glu while the histidine buffer samples were in pH 5.5 histidine 

buffer at 20 mM. The lines are fits with the Ross-Minton equation in 

terms of both [η] and k/υ. b. D/D0 from DLS. For both a and b, the open 

symbols show the data for samples prepared by dilution of the highest 

concentration samples. ....................................................................196 

Figure 7.2: Decrease in inherent viscosity of mAb1 dispersions as the concentration 

of arg + glu is increased from 75 to 150 mg/ml for the data in Tables 7.4 

and 7.5 at pH 5.5. The line is a guide to the eye. ............................197 

Figure 7.3: Viscosity of mAb1 dispersions as a function of pH at a constant arg and 

glu concentration of 150 mg/ml. The ratio of arg to glu was varied to 

change the pH. ................................................................................198 

Figure 7.4: Inherent viscosity (red diamonds) and viscosity (blue circles) for mAb 1 

dispersions with 150 mg/ml arg titrated with HCl from Table F5. 

Centrifugation speed was 10000 rcf. The viscosity goes through a 

maximum near the isolectric point, pH 9. .......................................199 



xxxiii 
 

Figure 7.5: Effect of shear rate on viscosity of mAb1 dispersions at ~228 mg/ml 

with 20 mM histidine and 0.05% Tween 80 (red circles) and 269 mg/ml 

with 78.6 mg/ml arg and 71.4 mg/ml glu (green crosses). .............200 

Figure 8.1: Increasing concentration of arg+glu in α-CGN dispersions leads to 

improved dispersibility of α-CGN. α-CGN concentration in each case 

was targeted to be 250 mg/ml. Arg+glu concentrations are a. 0 mg/ml, b. 

25 mg/ml, c. 50 mg/ml, d. 100 mg/ml, e. 150 mg/ml and f. 200 mg/ml. 

As can be seen the solutions with low arg+glu are turbid while those 

with higher arg+glu are clear. .........................................................227 

Figure 8.2: Dispersion viscosities for samples from Table 8.1 showing very low 

inherent viscosities for α-CGN dispersions. The inherent viscosity (blue 

diamonds) is lowest around pH 8-8.5 while the D/D0 ratio (red squares) 

is also minimum at around pH 9. ....................................................228 

Figure 8.3: Inherent viscosity has a minimum at around pH 8-8.5 and an optimum 

for arg+glu conc of 100 mg/ml. Space that can be explored is limited by 

the solubility of the excipients. .......................................................229 

Figure 8.4: Sterile filtration of the clusters by centrifugal filtration does not 

significantly affect the D/D0. ..........................................................230 

Figure 8.5: a. Reaction rate of diluted α-CGN dispersions compared to dilute 

solution controls along with that for protein activated with trypsin. b. 

SDS-PAGE gel under reducing conditions and c. SDS-PAGE gel under 

non-reducing conditions for analysis of aggregates and degradants for α-

CGN dispersions compared to dilute solution controls along with that for 

protein activated with trypsin ..........................................................232 



xxxiv 
 

Figure 8.6: Electrostatic charge map of α-CGN shows distinct charged patches. The 

surface is drawn where the electrostatic repulsion is ±1 kT with red 

being negative charge and blue being positive charge. ...................232 

Figure A1: Evolution of Au nanocluster UV-vis extinction with time at 0.018 mM 

Au precursor and pH 8.7, with the reaction quenched by mercaptoacetic 

acid at each time point. ...................................................................248 

Figure A2: Time evolution of cluster morphology by TEM at 0.018 mM Au 

precursor and pH 8.7, with the reaction quenched by mercapto acetic 

acid at: a, 15 s. b, 30 s. c, not quenched. .........................................249 

Figure A3: Additional STEM (a and b) TEM images (c and d) of particles 

synthesized at pH 8.7 at an Au precursor concentration of 0.018 mM.249 

Figure A4: Low resolution TEM of nanoclusters synthesized with dextran as the 

stabilizing polymer with 0.018 mM Au precursor at a, pH = 9.3. b, pH = 

8.7. c, pH = 7.5. Scale bar is 50 nm in all cases. ............................250 

Figure A5: TGA of gold nanoclusters synthesized at 0.018 mM Au3+ and a dextran 

coating at pH 8.7. ............................................................................250 

Figure A6: Properties of nanocluster dispersions after 2 iterations of Au at pH = 9.3 

(dotted line), pH = 8.7 (dashed line) and pH = 7.5 (solid line) 

characterized by a. Hydrodynamic diameter by DLS and b. UV- vis 

spectra. c. Example TEM and SEM images of particles synthesized at 

pH = 8.7. .........................................................................................251 



xxxv 
 

Figure B1: SEM images of antibody nanoclusters with trehalose as co-solute. a, b, c 

and d, Reproducibility of  multiple SEM images of 1B7 antibody 

nanoclusters at c = cE = 220mg/ ml (identical conditions as in  Fig. 3.1c). 

The SEM micrographs clearly show good reproducibility in the size of 

the ~ 300 nm clusters in the dispersion for four clusters, consistent with 

the DLS results in Fig. 3.2a. The images were obtained from regular 

carbon film copper TEM grids where the nanoclusters were resting on 

the copper mesh. The individual protein monomers, on the order of 10 

nm, appear to have a halo around them. This halo is a layer of trehalose 

deposited during freezing and lyophilization in sample preparation for 

SEM. e, Polyclonal IgG nanocluster at c = cE = 260 mg/ml. The imaging 

was done on a lacey carbon TEM grid and the nanocluster is resting on a 

strand of lacey carbon. ....................................................................263 

Figure B2: Static light scattering to determine fractal dimension. The 80 nm sheep 

IgG nanoclusters were formed at c = 70 mg/ml IgG and cE = 270 mg/ml 

trehalose. The intensity which scales as the measured count rate was 

plotted versus the scattering vector 4πsin(θ/2)/λ at various angles from 

45° to 90°. The slope of the line fit through the data multiplied by -1, 

i.e., 2.6 is the fractal dimension.20 In static light scattering, we assume 

that the structure factor is not a function of the scattering vector and 

therefore, the intensity is related to the scattering vector through the 

fractal dimension. ............................................................................264 



xxxvi 
 

Figure B3: Hydrodynamic diameter by DLS of polyclonal IgG nanoclusters upon 

dilution in buffer (c/cE = 1). The protein concentrations are shown in the 

legend. Sequential dilution with phosphate buffer at constant c/cE yields 

progressively smaller nanoclusters until monomeric protein with a 

hydrodynamic diameter  of ~10 nm is observed at c = cE = 47 mg/ml. 

The behavior and mechanism for nanocluster dissociation is similar as 

observed for monoclonal antibody 1B7 in Fig. 3.2a and b. ............265 

Figure B4: Polyclonal IgG nanocluster size at high concentration. Polyclonal sheep 

IgG dispersions were formulated with 300 and 350 mg/ml protein with 

c/cE = 1:0.5 with trehalose and the resulting nanocluster hydrodynamic 

diameter measured by DLS. ............................................................266 

Figure B5: HPLC SEC of monomer concentration after dilution of the dispersion. 

All samples were diluted to 1 mg/ml in PBS and analyzed with Waters 

Breeze HPLC with TOSOH Biosciences TSK gel G2000SW and 

G3000SWXL columns. The mobile phase comprised 100 mM sodium 

phosphate and 300 mM sodium chloride buffer (pH 7.0), and the eluate 

was monitored by absorbance at 214 nm. a. Chromatographs are shown 

for (1) solution control 1B7, (2) lyophilized, reconstituted 1B7, and 

dispersion formulated with (3) 260 mg/ml 1B7 and 260 mg/ml trehalose. 

No increase was seen in aggregate concentration throughout formation 

of the dispersion, dilution of the clusters, and reformation of the clusters 

with trehalose. b. The % monomer values are given here for a wide 

range of indicated experiments, shown in Fig. 3.2a and 3.2b. Error 

indicated is ± s. d. ...........................................................................267 



xxxvii 
 

Figure B6: Absence of higher molecular weight aggregates as assessed by non-

reducing SDS-PAGE. All dispersions were diluted to 1 mg/ml with PBS 

prior to analysis. 5 µg of each sample was combined with non-reducing 

loading buffer and loaded on to a precast 4–20% SDS-PAGE gel (Bio 

Rad).Lane (1) molecular weight markers (Spectra BR); (2) solution 

control 1B7; (3) & (4) 1B7 post-lyophilization; (5) molecular weight 

markers (Spectra BR); (6) & (7) diluted 260 mg/ml 1B7 dispersion; (8) 

& (9) 260 mg/ml dispersion diluted to 75 mg/ml that was further diluted.  

None of the samples showed any change in molecular weight, or 

formation of any higher molecular weight aggregates. ..................268 

Figure B7: Viscosity calibration curve for measurements with small conical vials. 

The calibration curve was created using the following solution 

standards:  DI water (ηo = 1 cP), benzyl benzoate (ηo = 8.8 cP), PEG200 

(ηo = 50 cP), PEG300 (ηo = 70 cP), and PEG400 (ηo = 90 cP). The time 

for the liquid level to be drawn from 0.4” to 0.1” in small conical vial 

(0.1 mL V-Vial, Wheaton) was measured from a video of the solution 

(taken with a Kodak EasyShare Z812 IS), converted using ImageJ 

software to a stack of images with 30 images per second. The time was 

measured to within 0.05 seconds at least 3 times and averaged, while 

maintaining the end of the plunger at the 1 ml mark. A maximum 

volume of 10% of the cavity in the syringe was filled with dispersion to 

minimize variation in the pressure drop. .........................................269 



xxxviii 
 

Figure C1: Potential of mean force between two protein monomers at the pI with 

trehalose concentration 70 mg/ml. Vdep is the force due to the depletion 

attraction from trehalose and Vel is the electrostatic repulsion.5 .....293 

Figure C2: Turbidity of nanocluster dispersion (C 220:70) which appears 

transparent to the naked eye for a path length of 1 cm. ..................294 

Figure C3: Additional STEM (a and b) and SEM (c) images of protein nanoclusters 

at c = 270 mg/ml and cE = 270 mg/ml. ...........................................295 

Figure C4: Dc of C 220:70 nanoclusters and after subsequent sequential dilutions 

with buffer. The legend gives the protein concentration with mean Dcs 

listed in Table C1 and Figs. 4.2b and 4.2e. .....................................296 

Figure C5: Dc of C 320:70 nanoclusters at an ultra-high protein concentration. The 

Dc distributions for two different samples are provided with the mean Dc 

listed in Table 4.1. ...........................................................................297 

Figure C6: Dc of C 250:250 nanoclusters and after subsequent sequential dilutions 

with buffer. The legend gives the protein concentration with mean Dcs 

listed in Table C3 and Fig. 4.2e. .....................................................298 

Figure C7: Dc of C 250:100 nanoclusters upon storage of the aqueous dispersion at 

23o C for up to 10 days. The mean Dcs are listed in Table C4. ......299 

Figure C8: ELISA data for diluted protein samples. The raw data used for 

calculating the relative EC50 is shown along with the negative controls.

.........................................................................................................300 

Figure C9: Dcs of C 220:70 nanoclusters before freezing, and after either 1 or 2.5 

months of frozen storage at -400C followed by thawing. The mean Dcs 

are listed in Table C8. .....................................................................301 



xxxix 
 

Figure C10: Dc of C 220:70 nanoclusters before and after sterile filtration through a 

0.22 μm filter. The mean Dcs are listed in Table C9. .....................302 

Figure C11:  Fits for the ACFs of a. cluster, b. cluster with monomer size, c. In all 

cases y-axis is the relaxation time in microseconds and the x-axis is the 

correlation function value. ..............................................................302 

Figure C12: Fits for the ACFs with monomer relaxation time and different second 

diameters. In all cases Y axis is the relaxation time in microseconds and 

the x-axis is the correlation function value. ....................................303 

Figure D1: Intensity profile plots for the samples in the current study that were run 

on the rotating anode instead of the synchotron. ............................305 

Figure D2: a. ACF for monomer sample from Fig. 5.1. b. ACF for cluster sample 

from Fig. 5.1. ..................................................................................306 

Figure D3: a. ACF for P3, b. ACF for P4 and c. ACF for P5. ..........................306 

Figure D4: Structure factors of 250 mg/ml cluster samples from Fig. 2. a. P3, b. P4, 

c. P6.................................................................................................307 

Figure E1: Sized images and histograms for particle sizes from each individual 

image from Fig. 6.1a-c. a and d are Fig. 6.1a, b and e are Fig. 6.1b and c 

and f are Fig. 6.1c. ..........................................................................309 

Figure E2: Sized images and histograms for particle sizes from each individual 

image from Fig. 6.2a-c. a and d are Fig. 6.2a, b and e are Fig. 6.2b and c 

and f are Fig. 6.2c. ..........................................................................310 

Figure E3: Sized images and histograms for particle sizes from each individual 

image from Fig. 6.2d-f. a and d are Fig. 6.2d, b and e are Fig. 6.2e and c 

and f are Fig. 6.2f. ...........................................................................311 



xl 
 

Figure E4: Sized images and histograms for particle sizes from each individual 

image from Fig. 6.3a-c. a and d are Fig. 6.3a, b and e are Fig. 6.3b and c 

and f are Fig. 6.3c. ..........................................................................312 

Figure E5: a. ACF for DLS data from Fig. 6.1. b. ACF for DLS data from Fig. 6.2. 

c. ACF for DLS data from Fig. 6.3 d. ACF for DLS data from Fig. 6.4.

.........................................................................................................313 

Figure F1: Turbidity divided by concentration for the mAb1 dispersions from Table 

7.6 with each pair of rows labelled in order as 1-4. ........................339 

Figure F2: Diffusion coefficient versus concentration data for calculating kd for a. 

30 mM his pH 5.5 and b. 78.6 mg/ml arg and 71.4 mg/ml glu. ......341 

Figure F3: a. Sample SEC trace for the protein pre-processing to show the control 

data before cluster formation. b. Sample SEC trace for a dispersion that 

was ~250 mg/ml with 81.4 mg/ml arg and 68.6 mg/ml glu diluted to 1 

mg/ml showing very little aggregation. ..........................................342 

Figure F4: Calibration of vial volume versus height of liquid in vial for two 

different vials. .................................................................................343 

Figure F5: Calibration for viscosity versus flow rate based on water, N10 and N35 

standards. ........................................................................................344 



1 
 

Chapter 1: Introduction 

1.1 ORIGIN OF HIGH VISCOSITIES AND INSTABILITY IN PROTEIN FORMULATIONS 

Proteins are the building blocks of all living things and carry out a variety of 

regulatory, sensory and transport functions in the body. Antibodies are a specific type of 

protein produced by the immune system to identify and neutralize foreign objects 

introduced into the body.1,2 Antibodies are all immunoglobulins and are roughly Y-

shaped consisting of two heavy chains and two light chains each of which have a constant 

region and a variable region. The constant region for all antibodies for each species of 

organism is the same with the variable region being different for each specific antibody 

as it is the part of the antibody that is target specific. The variable region of the antibody 

contains three peptides that are called complementarity determining regions (CDRs) 

which are responsible for the actual binding of antibodies to their target. These parts of 

mAbs therefore have amino acids sequenced in a way that they have a characteristic 

shape and are composed of very specifically located charged and hydrophobic amino acid 

residues so that they complement the charges and hydrophobic regions on the target to 

enable binding. Therefore antibodies usually bind almost exclusively to their target which 

is called the antigen therefore do not affect anything except for that antigen. As a result, 

monoclonal antibodies (mAbs) which are antibodies produced by cell lines that consist 

solely of clones of a unique parent cell are greatly desired as therapeutics since they are a 

proverbial “magic bullet”. mAbs can be produced to target almost any entity within 

reason and consequently there are mAb therapeutics either currently under development 

or  already approved by regulatory agencies in the United States or the European Union 

for the treatment of a very large number of diseases and disorders including rheumatoid 
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arthritis, Crohn’s disease, asthma (from allergies), macular degeneration and many 

different types of cancer.3 

Currently monoclonal antibodies are administered through an intravenous drip 

requiring medical supervision which can be time consuming and inconvenient for 

patients.4 Development of a self-administration method would be of great convenience to 

patients and medical professionals thus encouraging efforts into developing formulations 

for subcutaneous self-injection by patients. Typical dosages for monoclonal antibodies 

range from 50-1000 mg depending on the therapeutic in question and the body weight of 

the patient.5,6 Since intravenous drips can have a fairly large dosage volume, they allow 

for the use of low concentration (typically <10 mg/ml) mAb solutions which are easier to 

formulate. However, subcutaneous injection volume is limited to a few milliliters 

requiring high concentration formulations of mAbs (> 150 mg/ml) in order to maintain 

the required dosage. Conventional protein formulations typically contain mAbs dissolved 

in 20-30 mM histidine/histidine.HCl buffer at pH 5-6 with 0.05-0.1% by weight 

surfactant (e.g. Polysorbate 80) and sometimes a co-solute at low concentration which is 

usually a saccharide of some type. The buffer serves to maintain the pH while the 

surfactant is added to adsorb at air-water interfaces making them inaccessible to proteins 

since proteins tend to aggregate at these interfaces. Finally, the co-solute is sometimes 

present as a leftover from the lyophilization buffer or is added as a protein stabilizer for 

frozen solutions. At these high concentrations, mAbs have a high viscosity exceeding 20 

cP at 150 mg/ml which rises even higher at more elevated concentrations.4,7,8 In addition 

to the elevated viscosity, mAbs at high concentration tend to undergo irreversible 

aggregation,9-12 gelation and precipitation.4,13-15 The specific short ranged interactions 

between mAbs are responsible for these undesirable phenomena. mAbs have 
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hydrophobic patches on their surface formed through proximity of hydrophobic amino 

acid side chains which prefer to not be exposed to the aqueous environment and attract 

each other as a consequence.16-21 There are also cases where the FAb (functional antibody 

region or antibody binding region) regions of a mAb have specific interactions with each 

other leading to a strong attraction between them.22,23 The CDR regions contained in the 

FAb in particular are responsible for the aforementioned attraction since they are 

designed to bind to the same site and so have very similar structures. The interactions can 

be especially robust in the case of hydrophobic CDRs since they will interact very 

strongly with each other.23 Charged CDRs, however, will tend to repel each other since 

they all have the same charge although there is a correlation between negatively charged 

CDRs and increased viscosity observed previously for mAbs.24 Additionally, there are 

charged patches on other regions of mAbs apart from the CDRs due to amino acid 

residues. When the oppositely charged patches are aligned with each other, they can 

attract each other leading to intermolecular attraction between proteins although 

according to simulation studies, they have limited contribution to the repulsive 

interactions.25-29 The simulation study used spherical particles which have charged 

patches with variable sizes and charge magnitudes and is a fairly sophisticated model 

system for proteins in comparison to the hard sphere models that are used more 

commonly although it does not account for the complexity in protein shape.25 The net 

charge on proteins provides for repulsion between them although the magnitude of the 

repulsion is a function of the pH since protein charge depends on the formulation pH.30 

Therefore proteins are formulated at a pH far from their isoelectric point where they have 

a high net charge in order to maximize the electrostatic repulsion for increased stability.4 
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To examine the effect of interactions on viscosity, a series of mAbs, with different 

sequences and consequently dissimilar interactions, were studied and it was seen that the 

viscosity was correlated with the diffusion interaction coefficient (kd) and the osmotic 

second virial coefficient (B2). As the interactions became more attractive as evidenced by 

more negative values of either parameter, the viscosity was seen to increase almost 

monotonically with the values of these parameters. Therefore, if the correlation applies to 

all proteins, it may be possible to reduce the viscosity of protein formulations by 

modifying the interactions between proteins and making them less attractive. Based on 

this hypothesis, several techniques have been established for reducing protein-protein 

interactions consequently lowering the viscosity. 

 

1.2 REDUCTION OF PROTEIN FORMULATION VISCOSITY BY MODIFYING INTERACTIONS 

AND STRUCTURE 

The simplest method for reducing protein-protein interactions is through 

modification of the protein sequence to change the location, charge and degree of 

hydrophobicity of patches on the protein surface.23,29,31-33 An easy to understand example 

is to increase the number of charged residues on the surface of mAbs to increase their 

stability through increased repulsion.33 The sequence modification can be optimized for 

reducing the viscosity although the application of this technique may be limited by some 

detrimental effects such as reduced mAb efficacy or also decreased affinity for cellular 

receptors.2 Since the origin of many of the aforementioned interactions is electrostatic, 

the screening of electrostatic interactions has the potential to reduce these interactions. 

Salts have been added to protein formulations to lower the viscosity through reduction of 

the Debye length and as a result the electrostatic interactions.7,17 It was observed that 
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chaotropic salts were more effective at reducing the viscosity than kosmotropic salts 

probably as a result of being more disruptive to the hydration structure at the surface of 

the protein which would have a greater effect on the interactions. Salts are generally not 

capable of affecting the hydrophobic interactions since they are generally very 

hydrophilic. However, a study of salts consisting of large hydrophobic organic ions 

showed that they can reduce the hydrophobic interactions through binding on protein 

patches resulting in a reduced viscosity although the effect of the salts on the protein 

stability remains to be studied.17 

An radically different approach for reducing the viscosity of protein formulations 

is by making micron-sized insoluble particles of proteins. The aqueous solvent media of 

proteins is modified through the addition of organic co-solutes which serve to maintain 

these micron-sized particles of protein by preventing protein dissolution due to depressed 

protein solubility. The particles are hypothesized to be non-interacting except for weak 

van der Waals interaction.34,35 The internal structure of the protein particles formed may 

be amorphous34 or even somewhat crystalline35 depending on the method of sample 

preparation with salting out or precipitation of protein allowing for the formation of 

crystalline domains. The weak interactions lead to a drop in viscosity of the formulation 

containing micron sized particles when compared to a conventional solution at an 

equivalent concentration. This approach of using non-aqueous solvents to disperse 

micron sized protein particles was taken to the extreme by dispersing protein particles 

into neat ethanol.36 Although the particles were observed to dissociate to monomeric 

protein upon dilution in some cases, the effects of the highly non-aqueous solvents in 

vivo remains to be explored and it may be preferable to entirely avoid the organic 

solvents.34 Therefore all the approaches currently available for reducing the viscosity of 
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protein formulations at high concentrations have their limitations and are all also very 

protein specific thus limiting their applicability.  

 

1.3 PROTEIN CLUSTER FORMATION AND CHARACTERIZATION  

The aforementioned addition of salt to protein has an interesting side effect in the 

case of lysozyme where the addition of a high concentration of salt causes lysozyme to 

form small protein clusters containing up to 20 proteins per cluster.37-41 The evidence for 

the previous claim is that the small angle neutron scattering (SANS) or small angle x-ray 

scattering (SAXS) profiles for lysozyme solutions show a secondary peak in the structure 

factor at a size larger than the monomer. However, these lysozyme clusters may be very 

short lived and the data interpretation for establishing their presence is under debate.42,43 

Large long-lived clusters (200 nm in diameter) have been observed in lysozyme solutions 

at 200 mg/ml by means of dynamic light scattering (DLS) and also by Brownian 

microscopy (BM) where the motion of particles in the sample is observed in situ by 

looking at the light scattered by these entities through a microscope to locate them and 

then using their motion to determine diffusion rates.44-47 Both the techniques use the 

Stokes-Einstein model to determine size from diffusion coefficients in a concentrated 

solution where its applicability is questionable but they still yield a similar particle size of 

around 200 nm. BM is not capable of seeing protein monomers since they are too small 

to scatter the laser light at a high enough intensity. However based on the DLS 

measurements which can detect both monomer and clusters, the fraction of protein in the 

sample which is contained in the nanoclusters was estimated to be on the order of 10-6.44-

47 The very low fraction of clusters in this case and the extremely short lifetimes in the 



7 
 

case of the smaller lysozyme clusters mentioned earlier means that they probably do not 

affect the macroscopic properties of the protein formulations in a significant manner. 

In contrast to the clusters in lysozyme formulations, clusters or oligomers which 

were observed in mAb formulations did have an impact on the macroscopic properties of 

the formulation.29,48 The viscosity of the mAb formulations increased as the size of the 

oligomers formed in the system became larger.49 The oligomers were formed due to 

specific protein-protein interactions between mAbs where the size of the oligomer 

increased in direct proportion with the salt concentration used for screening the 

electrostatic interactions between mAbs.49 The size of the oligomers was determined by 

SAXS at low mAb concentrations below 10 mg/ml while at higher concentration, static 

light scattering (SLS) data was fit with a model for hard sphere oligomers to indirectly 

arrive at the oligomer size.49 Alternatively, neutron spin echo (NSE) measurements were 

conducted for the oligomers at higher protein concentrations which suggested that the 

size of the oligomers plateaued and did not increase above mAb concentrations of 10 

mg/ml in a phenomenon similar to critical micellization behavior.48 All mAb added 

above a concentration of 10 mg/ml was theorized to be contained in the oligomeric state 

yielding a high fraction of protein in the oligomeric state. In this case, contrary to the 

observations by Lilyestrom et al., the addition of salt seemed to disrupt the formation of 

these oligomers favoring monomeric protein.48 Therefore the characterization of the 

protein oligomers is very difficult especially at high concentrations where many 

conventional size measurement techniques are difficult to interpret and in some cases 

even carry out. 

To study cluster assembly with a system that is easier to quantify, the author 

considered the formation of gold nanoclusters through reduction of Au3+. In addition to 
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being an excellent model system, gold nanoparticles with controlled optical and surface 

properties are of great interest in biomedical imaging and therapy,50,51 catalysis,52 

energy,53,54 and plasmonic sensing.55,56 For biomedical imaging and therapy, the surface 

plasmon resonance (SPR) of Au nanoparticles needs to be tuned to be in the near infrared 

(NIR) region (800-1100 nm) where water, soft tissues, and blood absorb minimally.57 

Furthermore, nanoparticles of a size smaller than ~ 60 nm are of great interest for 

achieving desired blood residence times and cellular uptake through accumulation of 

nanoparticles in targeted sites including cancerous tumors and atherosclerotic plaques.58-

63 For Au nanospheres in water, the SPR peak is at 520 nm.64 Upon introducing 

asymmetry in the morphology, hybridization between dipoles and higher-order 

multipoles red shifts the SPR to the NIR region for various shapes of monolithic particles 

including Au nanorods,65-69 nanoshells,50,70-72 nanocages,73 and nanostars (as well as 

related geometries, for example nanoflowers and nanourchins).74-90  

In addition to studies of monolithic particles, recent efforts are underway to study 

shifts in the SPR from self-assembling nanoclusters composed of very closely spaced 

primary Au nanoparticles with either random91-93 or controlled94-97 spacing between them. 

In some cases, the Au nanocluster size may be controlled by balancing long-ranged 

repulsion and short-ranged attraction. For example spherical 5 nm Au particles were self-

assembled into reversible (biodegradable) nanoclusters with sizes ranging from 30 to 100 

nm by tuning colloidal interactions to achieve strong NIR extinction even at 1024 nm.91-93 

These nanoclusters have been demonstrated to be biodegradeable and dissociate to 5 nm 

primary particles which can then be eliminated through the kidneys in the urine.91-93,98 

Similarly, chains of Au particles were also formed by linking particles using a 

polymerase chain reaction resulting in a shift in the absorbance to the NIR.96 Clusters 
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have also been formed from ~100 nm long Au nanorods99 or ~100 nm long 

nanodumbells100 which shift the SPR peak to the NIR even as far as 1500 nm. Therefore, 

assembling Au nanoparticles into nanoclusters is an area of great interest for biomedical 

applications. Also the characterization of Au these nanoclusters is relatively easy when 

compared to that of protein oligomers with a wide range of techniques available 

including DLS, SAXS, transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM). The size of Au nanoclusters is also maintained upon dilution unlike 

protein clusters whose properties are a function of concentration. This contributes to the 

comparatively facile characterization of the Au nanoclusters in contrast to protein 

oligomers since all the experimental techniques are easier to run and interpret at dilute 

conditions. 

 

1.4 OBJECTIVES 

mAb formulations for subcutaneous injection require a low viscosity at mAb 

concentrations greater than 200 mg/ml in order to allow for ease of processing and also to 

reduce the pain upon injection. mAbs also need to remain stable and active upon dilution 

to ensure the efficacy of the delivered therapeutic. Additionally the formation of 

oligomers or nanostructures in high concentration protein formulations is a matter of 

great interest because if these structures are not reversible, they could have a deleterious 

effect. The goals of this dissertation are: (1) to reduce the viscosity of protein 

formulations relative to those attainable by currently established technology, (2) to study 

the formation of nanostructures in high concentration mAb formulations by multiple 

complementary techniques and develop a model for describing the same (3) design Au 
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nanoclusters as a model system for nanostructure formation. High concentrations of a 

mixture of arginine and glutamic acid will be added to the mAb1 formulations for 

modifying the interactions between mAbs and reducing the viscosity. Trehalose at a high 

concentration will be added to formulations of a polyclonal sheep IgG mixture, bovine 

serum albumin (BSA) and mAb 1B7 leading to the formation of some nanostructures also 

seen in the high co-solute formulations of mAb1. These nanostructures present in the 

system with high co-solute concentrations will be studied by means of DLS, cryogenic 

scanning electron microscopy (cryo-SEM) and SAXS. Additionally the use of high co-

solute concentrations will be shown to solubilize a protein (α-Chymotrypsinogen, α-

CGN) which is normally insoluble at high concentration. Moreover, the retention of 

monomeric protein upon dilution in buffer will be demonstrated with the protein activity 

maintained constant. Nanoclusters will also be synthesized with Au as a model system 

with further growth on them to generate more asymmetric structures with a very high 

NIR extinction while maintaining the particle size below 60 nm for enabling a wide range 

of applications. 

For the first goal of this dissertation, the viscosity of mAb formulations at > 200 

mg/ml was reduced by about 5-6 times compared to conventional protein formulations by 

the addition of high concentrations of co-solutes e.g. arginine, glutamic acid and histidine 

although the focus will mainly be on mixtures of arginine and glutamic acid. Arginine 

and glutamic acid bind to proteins to reduce both the hydrophobic and electrostatic 

attraction between proteins which will have the effect of lowering the viscosity. The 

viscosity will also be studied as a function of the concentration of arginine and glutamic 

acid. The ratio of arginine to glutamic acid will also be varied affecting the formulation 

pH the impact of which on the viscosity will be studied. The importance of the interacting 
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co-solutes will also be examined by analyzing the protein formulations containing a non-

interacting co-solute, namely trehalose, on the formulation properties. The protein 

specificity of the effect of co-solutes on the formulation properties will also be examined 

by studying 3 different proteins under similar conditions (mAb1, mAb 1B7 and a 

polyclonal sheep IgG mixture).  

For the second goal of the dissertation, the high concentration formulations will 

be probed by a multitude of techniques to determine the size of entities present in the 

system. The diffusion coefficient as measured by DLS in the high co-solute samples is 

significantly lower than that for protein monomer while that for the low co-solute 

samples is close to the monomer value even at protein concentrations up to 230 mg/ml. 

The lowering of the diffusion coefficient will be theorized to be through the formation of 

nanoclusters. A free energy model accounting for the fractal nature of the nanoclusters 

will be developed to attempt to qualitatively describe the trends in measured size of 

nanoclusters as determined by DLS. The model will attempt to predict the nanocluster 

size as a function of the concentration of both protein and co-solute. The co-solute may 

cause assembly of these structures by giving rise to strong short-ranged depletion 

attraction which drives the proteins together into nanoclusters with the cumulative long-

ranged electrostatic repulsion between proteins in the nanoclusters limiting the 

nanocluster size. The assembly therefore may be different from the assembly of the 

previously mentioned protein oligomers which is through specific protein interactions. 

Also, the extremely concentrated environment within the nanoclusters (~700 mg/ml) may 

provide conformational stability to proteins in the dispersion enabling dissociation to 

stable monomeric protein upon dilution.101,102 The nanostructures in similar protein 

formulations with trehalose, histidine and citric acid as co-solutes will be studied by 
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orthogonal sizing techniques, namely SAXS and cryo-SEM in addition to DLS. SAXS 

will be used to test for the presence of larger entities in protein formulations at 125 mg/ml 

mAb containing high co-solute concentrations and compare them to low co-solute 

formulations. Cryo-SEM will be used to visualize both the low and high co-solute 

formulations at high protein concentrations of 250 mg/ml. The formulations will be tested 

for the dissociation of any potential nanostructures upon dilution and also for retention of 

the activity of the protein by size exclusion chromatography (SEC), thermal melting 

temperature (Tm), circular dichroism (CD) and enzyme linked immunosorbent assay 

(ELISA).  

Finally, for the third goal of this dissertation, we will synthesize ~ 60 nm Au 

nanoparticles exhibiting intense and broad NIR extinction from 700 to 1100 nm by 

reduction of HAuCl4 with hydroxylamine in the presence of either carboxymethyl 

dextran (CMD) or dextran. Small nanocluster cores will initially be formed by self-

assembly of closely-spaced small primary particles and then further decorated with a 

large number of short points. The large number of reactive sites on the ensemble of high 

surface area primary particles within the nanoclusters will be shown to offer the 

opportunity to generate a high density of points per nanocluster under kinetic control of 

growth at low pH values (8.7 and 7.5). For this we will adapt concepts of kinetic versus 

thermodynamic control of growth from monolithic particles73,103,104 to growth of points 

on self-assembled nanoclusters. At higher pH values, slower precursor reduction will be 

shown to result in thermodynamically controlled growth to form symmetric spherical 

particles with low surface energy.  
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1.5 DISSERTATION OUTLINE 

This dissertation first introduces the concept of modifying protein-protein 

interactions and formation of larger nanostructures to reduce viscosity of mAbs. In 

Chapter 2, gold nanoparticles with a diameter of about 60 nm and a strong extinction in 

the NIR region at wavelengths ranging from 700 nm to 1100 nm are described. 10 nm 

primary Au particles come together to form ~ 30 nm Au nanoclusters. A high surface 

density of points is then grown on these 30 nm nanocluster cores by allowing rapid 

kinetically controlled growth of Au. The high NIR extinction is produced by the close 

proximity of the primary particles in the cores, the high surface density of points, and the 

high aspect ratio of the size of the points to the size of the primary particles. When the Au 

precursor was reduced slowly at a higher pH of 9.3, the growth was thermodynamically 

controlled and the nanocluster cores relaxed to spheres. In comparison to these 

nanocluster cores, much longer points are required for particles with spherical cores to 

obtain the same high NIR extinction, resulting in much larger particles being formed.  

In Chapter 3, highly concentrated dispersions (up to 260 mg/ml) of monoclonal 

antibody (mAb) 1B7, polyclonal sheep Immunoglobulin G (IgG) and bovine serum 

albumin (BSA) were created having low viscosity and significantly slowed diffusion 

compared to the protein monomer. The slowed diffusion was speculated to be due to the 

formation of nanoclusters although the fraction of protein contained in the nanoclusters is 

unknown. Appendix B.1 describes the assumptions involved in DLS, possible limitations 

in the data analysis and alternate explanations for the observed trends in it. The extremely 

concentrated environment within the nanoclusters (~700 mg/ml) is theorized to provide 

conformational stability to proteins through a novel self-crowding mechanism, as shown 

by computer simulation. Trehalose was added as a co-solute to strengthen the short-
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ranged attraction between proteins by generating depletion attraction. A semi-quantitative 

free energy model which includes the fractal dimension of the clusters was developed to 

describe the assembly of the clusters with the balance of short ranged depletion attraction 

arising from trehalose and long ranged electrostatic repulsion. It was theorized that the 

increased separation between the clusters could lead to reduced interactions which can 

potentially lower the dispersion viscosity in comparison to protein monomer solutions. 

Upon dilution of these dispersions in vitro, fully active protein monomers were obtained 

as shown with biophysical analysis (SEC, DLS, CD and sodium dodecyl sulfate poly-

acrylamide gel electrophoresis (SDS-PAGE)) and sensitive biological assays (ELISA). In 

vivo subcutaneous injection into mice resulted in the same amount of therapeutic being 

delivered in the blood as that from a dilute antibody solution injected intravenously. The 

data in Chapter 3 was published in ACS Nano in 2012 with Dr. Keith Johnston as the first 

author. The author of this dissertation contributed heavily to this work both in terms of 

experimentation and writing particularly with regards to development of the theoretical 

model and the interpretation of the data. 

High concentration protein formulations (up to 330 mg/ml) were formed by the 

centrifugal filtration technique in Chapter 4 expanding from the lyophilization dilution 

method described in Chapter 3. Concentration filtration allowed for more flexibility in 

the composition of the formulations than the lyophilization dilution approach. The 

diffusion coefficient measured by DLS was lower for all of the formulations studied 

independent of the method of formation of the dispersion. The lowered diffusion rate was 

interpreted as the result of the formation of protein nanoclusters and is described in 

Chapter 4 by means of the nanocluster size with an alternate possible explanation and 

method of data interpretation of the same described in Appendix C.1. Moreover, the 
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stability of proteins in these formulations upon storage is established by measuring the 

percentage of aggregated protein upon dilution which remains unchanged as determined 

by SEC. Chapter 4 was published in Soft Matter as a communication. 

Chapters 5 and 6 bring in techniques other than DLS, namely, SAXS and cryo-

SEM, for study of the entities responsible for the reduction in the diffusion rate of entities 

in the high excipient samples. DLS involves assumptions that may not be valid at the 

high concentrations of protein considered in this dissertation and so supplemental 

techniques are desired. SAXS shows evidence of larger ~50 nm entities in the high co-

solute samples containing 125 mg/ml protein, which were not seen in the low co-solute 

samples in agreement with the trends in the diffusion coefficient evident from the DLS 

measurements. Since cryo-SEM preserves the sample as it is present in liquid state, the 

clusters present in the dispersion could be observed in situ. Cryo-SEM images also 

displayed ~ 60 nm entities in high co-solute formulations at 250 mg/ml protein in 

agreement with SAXS and DLS. SAXS and cryo-SEM are based on different principles 

from DLS and therefore provide support to the theory that larger entities are formed in 

the high co-solute samples although more work needs to be done on this matter beyond 

this dissertation. 

Chapter 7 describes the influence of high concentrations of arginine and glutamic 

acid on the viscosity of protein dispersions. Specifically, the viscosity of a dispersion of 

mAb1 in buffer is reduced from ~160 cP at 230 mg/ml mAb1 to ~40 cP at 250 mg/ml 

mAb1 by adding mixtures of arginine and glutamic acid as co-solutes at total 

concentrations ranging from 75 to 150 mg/ml. Similar behavior was observed for 

polyclonal sheep IgG at a concentration of ~250 mg/ml. The mixture of arginine and 

glutamic acid interacts with proteins blocking sites on them and reducing both the local 
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electrostatic attraction and hydrophobic patch interactions which may be responsible for 

the high protein viscosity.20,23,105-110 The pH of the formulations was varied to affect the 

charge on both the co-solutes and mAbs in order to modify binding characteristics and 

affect charge distributions. The co-solute concentrations were also varied to modify the 

depletion attraction and co-solute binding and study the effects of the same on 

formulation properties. Diffusion coefficients for all the formulations were measured by 

DLS and compared with the calculated value for mAb monomers diffusing through the 

same solvent as the formulation under consideration and seen to be significantly lower 

for the high co-solute samples. The osmotic compression arising from depletion attraction 

may contribute to breaking certain domains in protein networks (sometimes termed as 

clusters), particularly in regions where the fractal dimensions are low. Additionally, 

mAbs were shown to return to the monomeric state upon dilution using size exclusion 

chromatography (SEC) even after storage for up to 8 weeks at room temperature, in a 

refrigerated state or in a frozen state. 

In Chapter 8, the concept from Chapter 7 of using a mixture of arginine and 

glutamic acid as co-solutes is extended to solubilize α-CGN at protein concentrations 

above 200 mg/ml and form transparent dispersions. The solubilization of α-CGN seems 

to need a minimum total concentration of arginine and glutamic acid of 100 mg/ml as 

there may be a minimum number of sites that need to be blocked by co-solutes on 

proteins before solubilization. Also a formulation pH above 7 was needed to achieve the 

aforementioned protein solubilization. Below this apparent threshold concentration of co-

solutes or below the threshold pH, the protein formulations at high concentration were 

seen to be turbid with large chunks of protein present in them. The presence of these 

interacting co-solutes also yields very low viscosities of protein formulations similar to 
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that of mAb1 although there is no easy comparison as α-CGN is otherwise insoluble at 

these high concentrations. The diffusion coefficient as measured by DLS is also seen to 

be depressed relative to that of the protein monomer in the case of α-CGN also for the 

high co-solute samples. Additionally the high concentrations of arginine and glutamic 

acid are seen to stabilize α-CGN as determined by melting temperature and enzymatic 

tests. 
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Chapter 2: Gold Nanoparticles with High Densities of Small Points on 
Nanocluster Cores with Strong NIR Extinction 

Plasmonic nanoparticles with sizes well below 100 nm and high near infrared 

(NIR) extinction are of great interest in biomedical imaging. Herein ~60 nm Au 

nanoparticles with high NIR absorbance at wavelengths ranging from 700 nm to 1100 nm 

at low pH values are synthesized under kinetic control. A high surface density of points is 

grown on ~30 nm nanocluster cores, which are composed of ~10 nm primary particles. 

The high NIR extinction is produced by the close proximity of the primary particles in 

the cores, the high surface density of points, and the high aspect ratio of the size of the 

points to the size of the primary particles. When the Au precursor was reduced more 

slowly at a higher pH of 9.3, the growth was thermodynamically controlled and the 

nanocluster cores relaxed to spheres. For particles with spherical cores, longer points are 

required to obtain the same NIR extinction, resulting in larger particles. 

 

2.1 INTRODUCTION 

Gold nanoparticles with controlled optical and surface properties are of great 

interest in biomedical imaging and therapy,1,2 catalysis,3 energy,4,5 and plasmonic 

sensing.6,7 For biomedical imaging and therapy, the surface plasmon resonance (SPR) of 

Au nanocrystals may be tuned to the near infrared (NIR) region (800-1100 nm) where 

water, soft tissues, and blood absorb minimally.8 Furthermore, nanoparticles smaller than 

~ 60 nm are of great interest for achieving desired blood residence times and cellular 

uptake through accumulation of nanoparticles in targeted sites including cancerous 

tumors and atherosclerotic plaques.9-14 For Au nanospheres in water, the SPR peak is 

seen to be at 520 nm.15 Upon introducing asymmetry in the morphology, hybridization 
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between dipoles and higher-order multipoles red shifts the SPR to the NIR region for 

various shapes of monolithic particles including Au nanorods,16-20 nanoshells,1,21-23 

nanocages,24 and nanostars (as well as related geometries like nanoflowers and 

nanourchins).25-41 In the case of nanostars, the size and number of points on the cores 

influence the SPR. For the simpler geometry of a single point on a spherical core, the 

hybridization of the individual SPRs is well understood theoretically with the points 

leading to a red shift in the SPR.42,43 For nanostars, the extent of the red shift of the 

hybridized SPR into the NIR region increases with the length of the points (due to 

increased aspect ratio of point length/sphere diameter) and the number of points per 

surface area on the spherical cores.25,43,44 In addition to studies of monolithic particles, 

recent efforts are underway to determine shifts in the SPR of self-assembled nanoclusters 

composed of very closely spaced primary nanoparticles with either random45-47 or 

controlled48-51 spacing between the particles. Insight into the effects of complex geometry 

and multi-body interactions on the SPR may be gained from model systems composed of 

a pair of closely spaced particles as a function of the interparticle spacing.51,52   

Design rules are being developed to control the shape of monolithic Au by 

balancing thermodynamically controlled and kinetically controlled growth of Au on 

seeds.24,53-55 In the reaction-controlled regime, morphologies consist of higher surface 

energy facets compared to the facets seen in the thermodynamically favored regime, 

which is observed for slower reaction rates. For example, with an increase in the rate of 

reaction, Au morphologies range from truncated bitetrahedra with lower energy {111} 

facets to isoctahedra with higher energy {221} facets.53 Moreover, NIR active high 

surface energy nanohexapods have been grown in the kinetic regime from a cubic Au 

seed, with a  tip to tip distance of 60 nm.56 Similarly shaped nanostars have been formed 
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by directed growth on facets of Au seeds, with polymers or surfactants used to block 

certain sites.25-36 The length of the points or arms on the stars may be controlled by 

varying the stoichiometric ratio of concentrations of Au precursor and the core particles 

along with the precursor reduction rate.25  

As an alternative to monolithic particles, nanoclusters have been formed by 

colloidal assembly of primary particles in aqueous media for Au coated iron oxide,2,57 Au 

spheres,45-47 and CdSe quantum dots,58 and in organic media for TiO2 nanospheres (3 nm) 

or rods (3 nm to 6 nm).59 In some cases, the cluster size may be controlled by balancing 

long-ranged repulsion and short-ranged attraction. For example spherical Au particles 

were self-assembled into reversible (biodegradable) nanoclusters with sizes ranging from 

30 to 100 nm by tuning colloidal interactions to achieve strong NIR extinction even at 

1024 nm.45-47 Chains of Au particles were also formed by linking particles together using 

a polymerase chain reaction resulting in a shift of the absorbance to the NIR region.50 

Recent clusters formed from ~100 nm long Au nanorods60 or ~100 nm long 

nanodumbells61 have also been shown to shift the SPR peak into the NIR region out to 

1500 nm. In a few rare cases, self-assembled nanostar-shaped particles have been 

synthesized from 10-40 nm primary particles which are colloidally unstable but with 

round and small arms on the cores resulting in low absorbance in the NIR region.62 

Despite advances in controlling the shape of monolithic nanocrystals and self-

assembled nanoclusters, it remains highly challenging to introduce sufficient asymmetry 

into nanoparticle structures to generate high extinction coefficients for wavelengths 

ranging from 800-1100 nm, particularly for particles smaller than 60 nm.29,34,37,39,62 For 

Au nanostars, long points (and thus large particles) are required given the relatively large 

cores (~ 10 to 30 nm) in order to shift the SPR to the NIR..25,40,41,63-65 Indeed, only a few 
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studies report particles on the order of 50 nm with strong NIR absorbance from 700-800 

nm, namely, nanohexapods,56 nanocages24 and nanoclusters.2,47 In each case, the 

absorbance drops significantly at wavelengths greater than 1000 nm. Consequently novel 

concepts are needed to synthesize nanoparticles with a sufficient degree of asymmetry for 

broad NIR absorbance in small particles (~50 nm). 

Herein, ~ 60 nm Au nanoparticles exhibiting intense and broad NIR extinction 

from 700 to 1100 nm are synthesized by reduction of HAuCl4 with hydroxylamine in the 

presence of either carboxymethyl dextran (CMD) or dextran. Reactions were performed 

at a pH 8.7 and below to attempt to achieve kinetic control and avoid relaxation of the 

growing particles to the thermodynamically favored state of spheres. The objective was 

to design small nanocluster cores formed by self-assembly of closely-spaced small 

primary particles and to further decorate the cores with a large number of small  points as 

shown in Fig. 2.1. The large number of reactive sites on the ensemble of high surface 

area primary particles within the nanoclusters offers the opportunity to form a high 

density of points per nanocluster. In essence, concepts of kinetic versus thermodynamic 

control of growth from monolithic particles24,53,54 are adapted to growth of points on self-

assembled nanoclusters. A weakly adsorbing polymer, CMD or dextran, is used to 

provide electrosteric stabilization of the nanoclusters.  The low coverage of the weakly 

interacting polymer on Au is needed so that the primary particles are close enough 

together to produce strong NIR extinction. At higher pH, slower precursor reduction is 

shown to result in thermodynamically controlled growth to form spherical particles with 

low surface energy.  

The hybridization of the large number of  ~ 10 nm points on similarly sized ~ 10 

nm primary particles (high aspect ratio of point length/primary particle diameter) is 
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shown to contribute to a large shift in the SPR, as anticipated from previous simulation 

studies with a point on a spherical core.25,43 The shift is further magnified by coupling 

between the surface plasmons of closely-spaced primary particles in the clusters, 

resulting in a high level of NIR extinction from 700 to 1100 nm in a small Au 

nanoparticle. This concept of producing nanoclusters via reaction, with strong asymmetry 

in the primary particles, may be expected to be applicable to a wide variety of systems by 

balancing kinetic and thermodynamic control, along with colloidal interactions to tune 

self-assembly resulting in unique morphologies. 

 

2.2 MATERIALS AND METHODS 

2.2.1 Materials  

All reagents used were analytical grade. Ammonium hydroxide, hydroxylamine 

hydrochloride, and dextrose anhydrous were purchased from Fisher Chemicals (Fairlawn, 

NJ), carboxymethyl dextran sodium salt (MW = 10,000) and dextran (MW = 10,000) 

from Sigma Aldrich (St. Louis, MO), and tetrachloroauric acid trihydrate from MP 

Biomedicals LLC. (Solon, Ohio). 50 and 100 nm diameter gold nano urchins were 

purchased from Cytodiagnostics (Ontario, Canada). 

 

2.2.2 Synthesis of Au Clusters - First Iteration 

Au nanocluster synthesis followed a modified procedure utilized previously for 

making Au/iron oxide nanoclusters.2 The primary difference in the new approach was 

that it did not use iron oxide nanoparticles. For carboxymethyl dextran coated 

nanoclusters, a 70.4 ml aqueous reducing solution was prepared at room temperature with 
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2.0 mM NH2OH.HCl, 0.3 mM carboxymethyl dextran, and 475 mM dextrose. Synthesis 

of dextran nanoclusters followed the same procedure with the same concentration (0.3 

mM) of dextran. The pH of the solution was adjusted to pH 7.5, 8.7 or 9.3 using a 

solution of 7% ammonium hydroxide in water and was observed to decrease by about 0.1 

units after addition of the precursor. Under rigorous stirring, a given volume of aqueous 

Au precursor at a concentration of 12.7 mM was rapidly injected into the reducing 

solution to achieve the desired Au3+ concentration. Reactions began to exhibit an initial 

blue color at ~2 min which transitioned to pink for pH 9.3 and remained blue for lower 

pH reactions. The reaction mixture was allowed to sit for about 10 minutes and the 

particles were recovered or additional iterations of Au were added. After each iteration, 

including the first one, ~10 minutes were allowed for reaction. The color was always seen 

to become constant within the ten minutes. For each iteration, a given amount of Au 

precursor solution (about 0.1 ml) at 12.7 mM Au3+ was injected in order to achieve the 

desired concentration of Au precursor in solution. Final samples were concentrated by 

centrifugation at 6,000 rpm for 7 min, after which the supernatant was decanted. The 

clusters were re-dispersed into about 0.5 ml of DI water with ~1 min bath sonication to 

help remove the particles stuck to the walls of the centrifuge tube. Finally, this 

concentrated dispersion was diluted in DI water to various levels depending upon the 

characterization procedure. 

 

2.2.3 Quenching of reactions for temporal experiments 

For stopping the reaction at intermediate stages to observe the temporal evolution 

of the Au nanoparticles, mercapto acetic acid was used to complex with the unreacted Au 

precursor. A stoichiometric excess of about 2:1 of the mercapto acetic acid was added to 
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the reaction mixture at the desired time point and upon this addition, the color transition 

was observed to stop immediately. 

 

2.2.4 Materials Characterization 

2.2.4.1 Dynamic light scattering measurements 

Dynamic light scattering (DLS) measurements were performed in triplicate on a 

custom-made Brookhaven Instruments ZetaPlus apparatus at a scattering angle of 90° and 

temperature of 25 °C. Nanoparticle concentrations were adjusted using DI H2O in order 

to get signal count rates between 150-400 kcps. Prior to DLS measurements, samples 

were bath sonicated for ~2 minutes. The autocorrelation functions (ACFs) were analyzed 

with a CONTIN algorithm to determine distributions by volume. In order to verify the 

DLS technique, commercially available nanostars were analyzed by the DLS and seen to 

give similar trends in the intensity and volume distributions of size as the particles in the 

current study which is further discussed in in Appendix A.1. The autocorrelation 

functions (ACF) and the size distributions for both the nanourchins and the particles from 

the current study are shown in Table A1.  

 

2.2.4.2 Electron Microscopy 

Low resolution transmission electron microscopy (TEM) imaging (FEI Tecnai 

Spirit BioTwin) was performed at an accelerating voltage of 80 kV. A drop of diluted 

particle dispersion was put on a 400 mesh ultrathin carbon-coated copper TEM grid. 

Excess liquid was blotted with a tissue and the grid was allowed to dry in 30 inch Hg 

vacuum. Next the samples on the grid were further washed by adding a drop of DI H2O 
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on the grid and blotting it with a tissue. The grids were also run on a Hitachi S5500 SEM 

for obtaining SEM and STEM images. Particle sizing was conducted using the ImageJ 

software (NIH) for 100 particles.66 The sized particles were screened to ensure that only 

single particles were being sized and aggregates were excluded. 

 

2.2.4.3 Thermogravimetric analysis 

Thermogravimetric analysis was performed using a Perkin-Elmer TGA 7 under a 

nitrogen atmosphere at a gas flow rate of 20 ml/min. Nanoparticle samples were dried to 

a powder in a low pressure environment at 30 in Hg vacuum. Samples were heated to 100 

°C in the TGA instrument for 20 minutes to further remove moisture. The samples were 

then heated from 100 °C to 900 °C at a rate of 15 °C/min, and then held at 900 °C for 30 

minutes to burn off any organic material. 

 

2.2.4.4 Measurement of Au concentration 

Measurements of Au concentrations in solution were obtained by first dissolving 

the nanoparticles in aqua regia. 0.25ml HNO3 was added to a glass vial followed by 

0.03mL of sample solution. 0.75 ml of HCl was injected into the mixture and the samples 

were allowed to sit overnight (~12 hr) in a fume hood, during which time the solutions 

turned colorless. Samples were then diluted with DI H2O until Au concentration was 

estimated to be between 1 and 5 μg/ml. The concentrations were then measured with a 

GBC 908AA flame atomic absorption spectrometer (GBC Scientific Equipment Pty Ltd) 

equipped with an air-acetylene flame furnace which was calibrated using a gold standard 

solution. The absorption for Au was recorded at 242.8 nm to measure the concentration. 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Formation of clusters of Au primary particles  

The nanoparticle synthesis was carried out at a Au precursor concentration of 

0.018 mM which is much lower than the typically used values of ~1 mM or 

higher.25,35,67,68 At all three pH values studied (9.3, 8.7, and 7.5), initially ~5 nm primary 

Au particles formed (which are not directly observed) which then aggregated into small 

nanoclusters. A similar type of cluster formation has also been seen in other studies with 

semiconductor or metallic nanoparticles.59,67,69 The formation of the nanoclusters is 

evidenced by the appearance of blue color in the reaction solution, as quantified by the 

significant extinction in the > 600 nm wavelength region of the UV-visible spectrum 

shown in Fig. 2.2a. Here the reaction was stopped after 40 s at pH 9.3. The morphology 

of these particles as seen in TEM micrographs in Fig. 2.2b was that of a nanocluster 

composed of several closely spaced primary particles. The coupling of the surface 

plasmon resonances (SPR) of the closely spaced primary particles along with some 

formation of Au bridges between the primary particles will be shown to produce the large 

red-shift in the SPR. 

In order to further understand the formation of these clusters, it is instructive to 

consider recent mechanisms from the literature. Both thermodynamic and kinetic aspects 

contribute to the assembly of the primary particles into clusters to form the starting 

nanoclusters shown on the left-hand side of Fig. 2.1. From a thermodynamic point of 

view, clusters may be formed through short ranged attraction between primary particles 

that cause them to aggregate until the net long ranged electrostatic repulsion between the 

charged primary particles in the cluster limits the cluster size.47,69-74 In the current study, 
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the polymeric stabilizer is only weakly adsorbing and thus the van der Waals forces may 

cause the primary particles to pack closely. For other cases where primary particles have 

high levels of polymeric stabilizers on the surface, the steric repulsion between the 

polymer chains will preclude close proximity of the primary particles. In summary, in an 

equilibrium sense, as the clusters grow larger, the size may be limited by the net 

electrostatic repulsion from all the particles in the cluster. However, cluster formation and 

growth would not be expected to be solely equilibrium driven, but various mechanisms of 

kinetic control are present. For example, reduction of Au3+ onto primary particles 

continues even as the primary particles aggregate (Figs. 2.1 and 2.2). The Au growth may 

fuse the primary particles together, resulting in the formation of permanent clusters as has 

been studied previously.2,35,65 Another kinetic aspect is passivation of the growth by 

adsorbed polymer on the nanocluster surface. Given the complexity of thermodynamic 

and kinetic aspects of the particle growth, it is instructive to attempt to regulate the 

kinetic growth rates with variables such as pH to better control the morphology and 

spectral properties. 

 

2.3.2 Rapid kinetic growth generates points on primaries whereas slow growth 
results in equilibrium relaxation to spheres  

At the highest pH of 9.3, the Au3+ reduction rate is the slowest.  Thus, the initial 

nanoclusters relax towards the thermodynamically favored state of large single spheres to 

minimize surface area/volume as shown in the upper part of Fig. 2.1. The reaction 

mixture was initially blue at 30 s, as described above, but then underwent a slow color 

change from blue at 2 mins to purple at 2.5-3 mins and eventually to pink in 3-4 mins, 

after which there was no further color change. Due to thermodynamic driving forces, the 
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nanocluster formed fills in progressively to form a sphere, as shown by the TEM 

micrographs in Figs. 2.2c-e, in order to minimize the surface area per volume. The 

spheres have a high extinction at 530 nm but very little extinction in the NIR region as 

shown in Fig. 2.3a, as is known for the SPR for spheres. The diameter of the resulting 

particles is ~25 nm by dynamic light scattering (DLS) as shown in Fig. 2.3b. The size 

measured by DLS is in reasonable agreement with the average size of 34 nm measured 

for 100 particles from the TEM micrographs using the ImageJ software, with a histogram 

of the nanoparticle sizes shown in Fig. 2.3c.  

In contrast to the slow reaction at pH 9.3, more rapid growth occurs in the kinetic 

regime at lower pH values (8.7 and 7.5). The reaction mixture remained blue in color and 

darkened with time, as indicated by the absence of a peak shift in the UV-visible spectra 

in Fig. A1. Additionally, the reaction occurred at a much faster rate, with the color 

change reaching the final state in 40 s at pH 8.7 and 25 s at pH 7.5 compared to 3-4 

minutes for pH 9.3. The initial nanoclusters formed at the lower pH are similar in 

morphology and extinction properties (Figs. 2.1a and A1) to the ones formed at pH 9.3, 

as shown by the TEM micrograph in Fig. A2a (for pH 8.7). However, further growth at 

the lower pH conditions to produce points / spikes / branches / arms (henceforth referred 

to solely as points) on these initial nanoclusters (Figs. A2b and A2c) may be contrasted 

with the relaxation to equilibrium favored spheres at higher pH values. The retention of 

the asymmetric morphological characteristics is very likely responsible for the 

maintenance of the high NIR extinction and peak position at pH 8.7, as opposed to loss of 

the NIR extinction for the spheres observed at pH 9.3. The particle size of the 

nanoparticles synthesized at pH 8.7 was ~60 nm as measured by DLS (Fig. 2.3b), which 

agrees with the size determined by TEM as shown in the histogram in Fig. 2.3d. Here the 
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small particles are highly asymmetric with a very high number of points on a nanocluster 

core, as shown in TEM micrographs in Fig. 2.4a and Fig. A3. In contrast, the growth is 

uncontrolled at pH 7.5 and results in very large particles with a diameter of 180 nm by 

DLS (Fig. 2.3b) and 150 nm from TEM micrographs (Fig. 2.3e). Here, the morphology is 

large star shaped particles as shown in the TEM micrographs in Fig. 2.4b. 

The large number of points on the highly asymmetric particles synthesized at pH 

8.7 and pH 7.5 produce high extinction in the NIR region out to 1100 nm with the peak 

absorbance at 650 nm as shown in Fig. 2.3a. The high NIR absorbance will be shown 

below to be the result of plasmon hybridization for the points on the spherical cores.25,43 

The difference in the extinction spectra of the particle dispersions is also evident visually 

in the photograph in Fig. 2.3f with the pink dispersion at pH 9.3 and the blue dispersions 

at pH 8.7 and 7.5. The NIR extinction properties of these particles which were 

synthesized with CMD as the stabilizing polymer are summarized in Table 2.1 along with 

the particle size by DLS. Furthermore, the particles are seen to have a highly negative 

zeta potential which probably arises from the adsorbed polymer on the surface (Table 

2.1). Very similar morphologies were obtained for the particles synthesized using dextran 

in place of CMD (Fig. A4 and Table A2), despite the fact that CMD is anionic. Both 

CMD and dextran provided steric stabilization, and both were weakly bound to the Au 

surface given the loadings of 50 and 40 % by weight respectively as seen from 

thermogravimetric analysis (TGA) in Figs. 2.5 and A5. 

Here the variation in the reduction rate of the Au precursor (HAuCl4) as a 

function of pH of the solution which is seen in the data is explained. The hydroxyl ions 

replace the chloride ions in the Au3+ complex, with the complex becoming less reactive 

when a higher fraction of chloride ligands have been replaced by hydroxyl ligands.2,67,75 
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At higher values of pH, the hydroxyl ion concentration is higher, which causes a shift in 

the equilibrium favoring increased replacement of chloride ions by hydroxyl ions 

according to Le Chatelier’s principle. Therefore as the pH of the reaction mixture 

increases, the Au precursor becomes less reactive resulting in a slower reaction rate in 

agreement with our observation of the slowest reaction rate based on rate of color change 

at pH 9.3. The reaction rate is intermediate at pH 8.7 and fastest at pH 7.5, where the 

uncontrolled rapid growth forms particles that are too large for biomedical applications. 

The particle formation mechanism versus pH in terms of the kinetic and 

thermodynamic aspects influences the particle morphology. At the lowest pH values, 

where the reduction rate is the fastest, the reduction of Au3+ is primarily in the kinetically 

controlled growth region. Here the reduced Au precursor is deposited rapidly on the 

surface with limited time to diffuse to a more thermodynamically favored site. The 

deposition of Au is thus limited more by the diffusion of the precursor to the Au surface, 

where it is reduced rapidly. Therefore, the precursor reduction can result in the formation 

of higher energy facets or non-equilibrium structures as a consequence of the high kinetic 

driving force. In the current study, under kinetically-controlled growth at pH 8.7 and 7.5, 

the high energy facets manifest themselves in the form of points shown in the bright field 

STEM images in Figs. 2.4a and b. Analogously, during the growth of monolithic particles 

by seeded reduction of Au, kinetically-controlled growth of higher energy facets can 

result in higher energy structures structures, for example icosahedra with 211 facets.53,54 

Furthermore, the ability to preferentially grow higher energy structures through 

kinetically-controlled growth has also been used to direct the growth of specific shapes 

like hexapods through growing non-equilibrium shapes.56  
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In the present study, this strategy of using kinetic growth to form high energy 

facets was extended to growth on nanoclusters, whereby the growth produced points on 

the primary particles. The behavior may be contrasted with kinetic growth on single 

monolithic particles that has been used to form a wide variety of non-equilibrium particle 

shapes. For nanostars (and nanourchins) the growth of points on a monolithic core can 

only occur on certain crystal facets.25,29,36,76 With only a single core for growth on a 

monolithic particle, the number of points that can be grown is limited. A similar 

phenomenon is seen in the growth of Pd shells on Au particles where Au particle cores of 

different shapes resulted in different Pd outer layer morphologies due to variation in the 

number of available facets for growth.77 A higher number of dendritic petals of Pd grew 

on the Au cores with more vertices/faults present than on more regularly shaped cores.  

In the current study, the points are grown on a nanocluster consisting of numerous 

primary particles, each of which has multiple available growth sites. Thus, the growth on 

nanoclusters enables the formation of more points per particle. In addition to the larger 

density of points per particle, the resulting points may also have a higher point length to 

core diameter aspect ratio than comparable nanostar particles.3,20-22 The higher aspect 

ratio is a consequence of growth of points on a 5 – 10 nm primary particle, relative to a 

larger core for the case of single monolithic cores as shown in the right parts of Fig. 2.1 

for particles with a nanocluster core and Fig. 2.6 for monolithic cores. Therefore, the 

current study provides an alternative core, namely, a nanocluster core, for kinetically-

controlled growth of points to form Au nanoparticles with a large number of points with a 

high point-to core ratio to manipulate the surface plasmon to generate extraordinary NIR 

extinction properties. 
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In order to utilize the kinetically controlled regime to produce sub 100 nm 

particles with strong NIR absorbance, it was necessary to prevent uncontrolled growth. 

To ensure that the particle size does not become too large, an unusually low Au precursor 

concentration of 0.018 mM was utilized. To highlight the importance of the low Au 

precursor concentration, the synthesis was carried out at pH 8.7 with a Au precursor 

concentration of 0.036 mM, twice the normal concentration, while keeping all other 

parameters constant. Particles about twice as large were formed as shown by TEM 

images in Fig. 2.7a and by the hydrodynamic diameter from DLS in Fig. 2.7b. The 

significant increase in particle size is likely the result of the autocatalytic nature of the 

growth of Au on Au.57,78-80 It is much more energetically favorable for the Au precursor 

to deposit on a pre-existing Au surface rather than to create a new Au surface. Therefore 

at higher Au3+ concentrations of 1 mM or greater, the more rapid growth on the Au nuclei 

leads to the larger particles.  Even larger particles have been observed in previous studies 

at even higher Au precursor concentrations.29,35,81 Despite the near doubling of the 

nanoparticle size for the higher Au3+ concentration, the NIR extinction properties were 

not improved over the particles synthesized with lower Au3+ concentrations as can be 

seen in Fig 2.7c.  

In contrast to the kinetically driven formation of points at low pH values, the 

reactions at higher pH proceed in a thermodynamically controlled regime. As a result of 

the lower reduction rate, the diffusion of precursor to the particle surface becomes 

relatively faster and the precursor reduction reaction was more rate-limiting. Therefore, 

an Au precursor diffuses to an energetically favorable site on the particle surface before 

being reduced. The deposition on energetically favorable sites enabled relaxation of the 

structure to spheres as shown by the TEM images in Figs. 2.2b-d with the lowest possible 
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surface area per volume. Analogously, during the growth of monolithic particles by 

seeded reduction of Au, thermodynamically controlled growth resulted in the formation 

of lower energy facets, e.g., formation of triangular bipyramids with 111 facets.53,54 

 

2.3.3 Morphology of points on the nanoclusters gives rise to high NIR extinction 

The particles synthesized in the current study have a very high number of points 

per particle along with a high point length-to-core diameter aspect ratio, both of which 

will now be shown to raise NIR extinction. It is instructive to contrast these properties 

with those of nanostars with monolithic cores. A totally symmetric sphere exhibits 

surface plasmon resonance with a characteristic wavelength of around 520 nm. The 

growth of a point on a sphere influences the resonant frequency of the surface plasmon 

through hybridization of the dipoles in the sphere and the point to form multipoles with a 

red shift in the characteristic frequency of the resultant plasmon.25,43 The cross-section or 

amplitude of the absorbance is influenced by the core of the particle but the shift in the 

frequency is caused solely  by the points.43 As a result, a larger core is capable of 

producing higher amplitude of the SPR, but an aspect ratio of 1:1 of point length to core 

radius is needed for a strong NIR shift, leading to larger particles. In agreement with this, 

for typical monolithic nanostars with a relatively large core, the red-shift is produced 

primarily by the points and not the monolithic particle cores.25,29 In contrast, the initial 

nanocluster cores in the present study already produce extinction in the NIR (Fig. 2.2a), 

which is further enhanced by the formation of points. The proximity between the primary 

particles in the cluster interior results in plasmon hybridization between primary particles 

in the core, resulting in a red shift in the extinction peak.47,48,70,82-84  



40 
 

For the particles synthesized at the lower pH values of 8.7 and 7.5, growth of 

points further contributes to the red-shift in their SPR (Fig. 2.3a), in addition to the 

contribution of the nanocluster cores (Figs. 2.2a) . The increased surface density of 

points, as explained earlier, also contributes to the enhanced NIR extinction. As the 

number of points per particle increases, a greater red shift is observed experimentally in 

the SPR.35,44,65 Additionally, the point length-to-core diameter aspect ratio strongly 

affects the extent of the red shift of the plasmon, with longer points leading to a bigger 

red shift in the SPR.25,43,44 In the current study, the aspect ratio is very large as the core is 

composed of small 5-10 nm primary particles, thus allowing a much higher shift in the 

plasmon compared to particles with a monolithic core. The shift is caused by a 

combination of the aspect ratio of the points to both the size of the primary particle to 

which it is connected and the size of the nanocluster core.  Therefore the particle 

morphology in the current study with the very high number of high aspect ratio points per 

particle causes a big shift in the characteristic plasmon frequency to the NIR region. 

 

2.3.4 Morphology of points on the nanoclusters gives rise to high NIR 

To further place the results for the nanocluster cores containing a high density of 

points in perspective, points were also grown on the spherical particles synthesized at pH 

9.3. The growth of points was enabled by additional aliquots of Au precursor (called 

iterations) which were reduced onto the particles. In this case, dextran was used as the 

stabilizing polymer instead of CMD to show that the technique is general. Very similar 

results would be expected for CMD. The first iteration produced the same particles as in 

Figs. 2.2d and e as shown by the TEM image in Fig. 2.8a. As additional iterations of the 

Au precursor were added, they resulted in the growth of points on the spheres as shown 
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in Fig. 2.6. Each additional iteration resulted in the elongation of the points as shown in 

Figs. 2.8b-d. The growth of these points is probably the result of a progressive decrease 

in the reaction mixture pH due to the addition of the acidic Au precursor, which pushes 

the reaction into the kinetically-controlled growth regime and allows the growth of the 

non-equilibrium point structures on the particles instead of equilibrium thermodynamic 

relaxation. The growth of these points increases the particle size as seen from the 

hydrodynamic diameter of the particle measured by DLS in Fig. 2.9a. As can be seen, the 

particle diameter is initially 25 nm and grows to 120 nm after 12 added iterations of Au 

precursor. The UV-vis extinction spectra for these particles shows that the plasmon peak 

becomes gradually more red shifted as more iterations of Au precursor are added, as 

evidenced in Fig. 2.9b. The red-shift results from the growth of points on the particles. As 

seen in earlier studies, the increased point length to core diameter aspect ratio due to the 

longer points increases the extent of the red shift of the plasmon.25,43,44 The intensity of 

NIR extinction for these particles, however, is much inferior to the particles synthesized 

at lower pH which have the asymmetric nanocluster cores (Fig. 2.3a). Therefore, it is 

clear that the growth of points on an asymmetric nanocluster core, as developed in the 

current study, is far more advantageous for obtaining a high NIR absorbance than the 

growth of points on a more conventional symmetric core at a similar size of ~ 60 nm. 

 

2.4 CONCLUSIONS 

The growth of a high density of high energy facets, in the form of points, on a 

nanocluster core substrate, results in particles with high NIR extinction up to wavelengths 

of 1100 nm, even for small diameters of ~ 60 nm. These particles were formed at pH 8.7 

and 7.5 in a more kinetically controlled regime, to avoid relaxation to spheres in the more 
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thermodynamically controlled slow growth regime at higher pH. The large number of 

primary particles per cluster results in a greater number of reactive sites being available 

for growth of the points, relative to the case of a monolithic core. The high NIR 

extinction results from the close primary particle spacings in the initial nanocluster cores, 

the high density of points on the cores, and the high point length to primary particle 

diameter aspect ratio. In contrast, much larger points are required for nanoparticles with 

spherical or monolithic cores (e.g. nanostars) to achieve the same NIR extinction 

resulting in much larger particles. The strong NIR extinction for a particle with a small 

size is of interest in biomedical imaging including photoacoustic imaging and 

photothermal therapy. 

 

 

pH 
Hydrodynamic 
Diameter (nm) 

Extinction ratio 
(800 nm/500 nm) 

Zeta Potential 
(mV) 

9.3 23 ± 4.2 0.034 -33.8 ± 1.9 

8.7 36 ± 6.3 1.24 -33.9 ± 0.9 

7.5 180 ± 30.4 1.31 -35.8 ± 2.3 

Table 2.1: Summary of nanoparticle size, absorbance properties and zeta potential. 
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Figure 2.1: This schematic contrasts the thermodynamically and kinetically controlled 
growth. At high pH (9.3), the clusters fill in or relax to form regular 
spherical shaped particles while at low pH (8.7), the clusters have further 
faceted growth on them to form flower shaped particles. At even lower pH 
(7.5), there is further faceted growth leading to star shaped particles. 
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a b 

 

  

c d e 

Figure 2.2: Aggregation of primary particles followed by relaxation for slow 
thermodynamically controlled growth captured by quenching with mercapto 
acetic acid at different time points is shown by TEM. a, UV-visible spectra 
for the nanoparticles as the reaction proceeds at pH 9.3. b, quenched at 40 s. 
c, quenched at 45 s. d, not quenched. e. SEM image of non-quenched 
particles. 
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a b 

 

c d e 

f 
(Fig. 2.3 continued on the next page) 
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Figure 2.3: a. UV-vis-NIR spectra of final nanoparticles synthesized at 0.018 mM Au3+ 
at pH = 9.3 (dotted line), pH = 8.7(dashed line) and pH = 7.5 (solid line). 
All spectra are normalized to an absorbance of 1 at the peak value. b. 
Hydrodynamic diameter of the nanoparticles synthesized with 0.018 mM 
Au3+ at pH = 9.3 (dotted line), pH = 8.7 (dashed line) and pH = 7.5 (solid 
line). Histograms showing size distributions for particles from TEM image 
analysis synthesized at c. pH 9.3, d. pH 8.7 and e. pH 7.5. f. Picture of 
dispersed particles showing the difference in color between the particles 
from part a with the pH decreasing from 9.3 on the left to 8.7 for the middle 
cuvette and 7.5 for the cuvette of the right. 

 

a b 

Figure 2.4: TEM images of nanoparticles synthesized with 0.018 mM Au3+ at a. pH = 
8.7 (TEM image also included), b. pH = 7.5. 
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Figure 2.5: TGA profile of Au nanoparticles synthesized at 0.018 mM Au3+ with a 
CMD coating at pH 8.7. 

 

Figure 2.6: Scheme 2. Addition of more iterations of Au precursor to the reaction 
mixture at pH 9.3 leads to growth of points on the spherical core. 
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a b 

 

c 

Figure 2.7: Effect of doubling concentration of Au precursor to 0.036 mM at pH 8.7 
observed by a. Low resolution TEM of nanoclusters (scale bar is 50 nm), b. 
Hydrodynamic diameter by DLS and c. Extinction spectra by UV-vis 
spectroscopy. In both cases, the solid line denotes the 0.018 mM particles 
while the dashed line is for the 0.036 mM particles. 
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a b c d 

Figure 2.8: Low resolution TEM images of nanoparticles after different iterations 
synthesized with dextran (3 mM) at pH = 9.3 with a 50 nm scale bar. a, 1 
iteration. b, 3 iterations. c, 7 iterations and d, 10 iterations. 

 

a 
(Fig. 2.9 continued on the next page) 
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b 

Figure 2.9: Nanoparticles after 1-12 iterations at 0.018 mM Au3+ per iteration with 
dextran coating at pH=9.3 characterized by (a) DLS hydrodynamic diameter 
and (b) UV-Vis extinction spectra. 
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Chapter 3:  Concentrated Dispersions of Equilibrium Protein 
Nanoclusters That Reversibly Dissociate into Active Monomers1  

Stabilizing proteins at high concentration is of broad interest in drug delivery, for 

treatment of cancer and many other diseases. Herein, we create highly concentrated 

antibody dispersions (up to 260 mg/ml) theorized to comprise of dense equilibrium 

nanoclusters of proteins [monoclonal antibody (mAb) 1B7, polyclonal sheep 

Immunoglobulin G (IgG) and bovine serum albumin (BSA)], which upon dilution in vitro 

or administration in vivo, remain conformationally stable and biologically active. The 

extremely concentrated environment within the nanoclusters (~700 mg/ml) could provide 

conformational stability to the protein through a novel self-crowding mechanism, as 

shown by computer simulation, while the primarily repulsive nanocluster interactions 

result in colloidally-stable, transparent dispersions. The nanoclusters are formed by 

adding trehalose as a co-solute which strengthens the short-ranged attraction between 

protein molecules. The diffusion coefficient of entities present in the dispersions was 

seen to be significantly lowered compared to the calculated value for the protein 

monomer which was interpreted as the nanocluster size and will be represented as such in 

this Chapter. The hypothesized protein nanocluster diameter was reversibly tuned from 

50 to 300 nm by balancing short-ranged attraction against long–ranged electrostatic 

repulsion of weakly charged protein at a pH near the isoelectric point (pI). This behavior 

is described semi-quantitatively with a free energy model which includes the fractal 

                                                 
1 Reproduced in large part with permission from: Johnston, K. P.; Maynard, J. A.; Truskett, T. M.; 
Borwankar, A. U.; Miller, M. A.; Wilson, B. K.; Dinin, A. K.; Khan, T. A.; Kaczorowski, K. J. ACS Nano 
2012, 6 (2) 1357-1369. Copyright 2012 American Chemical Society. A. U. Borwankar, A.K. Dinin, M.A. 
Miller, and B.K. Wilson conducted the experiments. T.A. Khan and K.J. Kaczorowski conducted the 
animal studies. A. U. Borwankar, A.K. Dinin, M.A. Miller, B.K. Wilson, K.P. Johnston and J.A. Maynard 
planned the experiments. A.U. Borwankar, K.P. Johnston and T.M. Truskett developed the free energy 
model. A.U. Borwankar, K.P. Johnston, T.M. Truskett and M. A. Miller wrote the manuscript.  
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dimension of the clusters. Upon dilution of the dispersion in vitro, the clusters rapidly 

dissociated into fully active protein monomers as shown with biophysical analysis (SEC, 

dynamic light scattering (DLS), circular dichroism (CD) and SDS-PAGE) and sensitive 

biological assays. Since the concept of forming nanoclusters by tuning colloid 

interactions is shown to be general, it is likely applicable to a variety of biological 

therapeutics, mitigating the need to engineer protein stability through amino acid 

modification. In vivo subcutaneous injection into mice results in indistinguishable 

pharmacokinetics versus a standard antibody solution. Stable protein dispersions with 

low viscosities may potentially enable patient self-administration by subcutaneous 

injection of antibody therapeutics being discovered and developed. 

 

3.1 INTRODUCTION 

The crowded macromolecular environment within cells (~400 mg/ml) is known to 

favor the compact native state of proteins over unfolded conformations.1,2 Proteins are 

stabilized against unfolding by the presence of other macromolecules as described with 

scaled particle theory,2,3 simulation,4-6 and experiment,2,7-11 not only in cells, but also in 

vitro.2,4,6-8,12,13 High volume fractions of molecules (φ ~0.3 to 0.4) effectively “crowd 

out” (i.e., entropically penalize) more expanded, non-native protein conformations. 

Simulation and theory with coarse-grain models also predict that high concentrations (c > 

400 mg/ml) of a single type of protein in solution would favor a compact state via a self-

crowding mechanism.5,6 However, proteins are rarely soluble at these high concentrations 

as a result of which stable protein solutions at these ultrahigh concentrations have not 

been realized experimentally. Also even at intermediately high concentrations, proteins 
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tend to gel in part due to specific short-ranged attractive interactions, especially hydrogen 

bonding and hydrophobic interactions.2,14-18 In fact, at concentrations of 100 to 300 

mg/ml, proteins in solution can become increasingly susceptible to irreversible 

aggregation,2,19,20 gelation and precipitation.14,16-18 Therefore to avoid gelation, while 

simultaneously attaining “local” protein concentrations high enough to stabilize the 

native conformation via self-crowding, novel types of stable and reversible protein 

assemblies (e.g., nanoclusters) are needed.  

Insights into nanocluster formation and phase behavior of protein solutions may 

be obtained from considering model polymeric colloid suspensions.16,17,21-25 In the latter, 

tunable short-range colloidal attractions (e.g., cosolute-induced depletion interactions) are 

often present.21,25 Strengthening attraction (e.g., by increasing co-solute concentration) 

causes highly polydisperse particle assemblies to form, which can percolate and then gel 

near the colloid phase separation boundary.21, 25,26 Whereas phase separation and gelation 

can result from strong attraction between uncharged colloids at high concentrations,16,21,22 

the physics change qualitatively when weak, longer-range electrostatic repulsion is also 

present between particles.16,25 In such cases, as predicted with an equilibrium model,27,28 

long-lived and very large clusters of primary colloidal particles (i.e., cluster/particle 

diameter ratios of 5-10) have been observed in single-phase organic solvents (Fig. 

3.1a).16,23,25,27,28 These clusters form due to the presence of both short and long-ranged 

interactions at the monomer scale which, in turn, produce diverse multi-scale (monomer-

monomer, monomer-cluster, and cluster-cluster) interactions that affect both self-

assembly and transport properties of the particles in dispersion.   

Clusters of proteins observed to date in water have been small23,29 (N~10, 

cluster/particle diameter ratio of 2.5), dilute,26 and short-lived.29,30 Recently, reversible 
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clusters of 5 nm Au particles in water have been assembled with diameters from 30 to 

100 nm (nanocluster/particle diameter ratios from 6 to 20) by tuning the charge on the Au 

particles with a weakly adsorbing non-electrolyte.31,32 More recently, nanoclusters have 

been reported for particles of CdSe.33 It remains a challenge to properly balance the 

attractive and repulsive interactions to form large nanoclusters of proteins. 

In analogy with the model colloid systems discussed above, the strength of 

effective protein-protein attractions in solution can also be tuned through the presence of 

co-solutes. For example, even co-solutes that interact weakly with the proteins still affect 

protein-protein interactions because of depletion attraction (Fig. B1).3,12,34 Depletion 

attraction is known to strongly influence the equilibrium behavior2,35 and rates2,36 of 

association of proteins into dimers or small oligomers. However, this behavior has 

received far less attention than other related crowding (i.e., excluded volume) effects that 

low3,9,10,12,37,38 and high2,4,8,13 molecular weight co-solutes  have on protein folding or  

binding. The potential of mean force for depletion attraction between proteins, Vdep(r) is 

proportional to the concentration of the co-solute cE, as described with scaled particle 

theory3,12 or by the Asakura-Oosawa model.16,24,25,34,39-42 For model monomeric and 

oligomeric co-solutes at a fixed high concentration, Vdep can produce a strongly attractive 

osmotic second virial coefficient for a wide range in diameter ratio of extrinsic co-solute 

to that of protein monomer (0.02 to 1).21,22,39,40,43 An example of a diameter ratio of 0.1 

would be a ~10 nm protein and a ~1 nm disaccharide. Thus, similar to the behavior of 

model colloids, depletion attraction due to co-solutes, such as trehalose at high 

concentrations could potentially be utilized to provide sufficient attraction to balance 

weak electrostatic interactions and form large protein nanoclusters. 
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Herein we assemble ~100 nm equilibrium clusters of proteins (mAb 1B7, 

polyclonal sheep IgG and BSA), which dissociate into stable protein monomer upon 

dilution in buffer. The nanocluster size is interpreted based on the lowered diffusion 

coefficient seen for the high co-solute samples which was converted to a cluster size 

based on the Stokes-Einstein equation. Although the validity of the above approach is not 

known, the current Chapter utilizes the above method of analysis to determine a cluster 

size. The nanoclusters are formed simply by gently mixing lyophilized protein powder 

containing trehalose, with buffer solution yielding protein concentrations up to 267 

mg/ml for mAb 1B7, 350 mg/ml for IgG and 400 mg/ml for BSA. To drive formation of 

large clusters in water, we (1) minimize the net protein charge with a buffer pH near the 

pI to weaken electrostatic repulsion, and (2) add high concentrations of a co-solute, 

trehalose, to provide strong depletion attraction. The size of the nanoclusters is either 

increased or decreased reversibly over a continuum by varying the concentration of co-

solute, as shown by DLS. The cluster size is predicted qualitatively by an extension of an 

earlier free energy model to account for the fractal dimension (δf) of the cluster. By 

adjusting co-solute volume fraction φE and the pH, hierarchical (protein-protein, protein-

cluster, and cluster-cluster) interactions were generated to promote assembly of fluid 

dispersions of nearly monodisperse, weakly-interacting protein nanoclusters hypothesized 

to have ultra-high internal volume fractions (φ > 0.5 or c > 700 mg/ml). The high internal 

φ stabilizes proteins in their folded state via self-crowding, as shown theoretically.5,6 

The protein stability after delivery as nanoclusters is of interest in protein 

therapeutics. After diluting the nanoclusters in buffer, they are shown to dissociate to 

monomeric protein by DLS,44 SEC, and SDS-PAGE. The protein is demonstrated to be 

folded by CD,  thermodynamically stable by determination of the apparent melting 
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temperature (Tm),45 and biologically active by an ELISA.46 Finally, the low viscosity of 

40 cP, hypothesized to result from weak intercluster interactions, would allow for 

subcutaneous injection of the concentrated clusters at concentrations up to 267 mg/ml. As 

an indication of the ability of these nanoclusters to dissociate and deliver active proteins, 

an in vivo bioavailability study is performed with mice. The dispersed protein nanocluster 

dose delivered in blood is compared to that delivered by both subcutaneous and 

intravenous doses of dilute mAb solution, with activity of protein in the bloodstream 

quantified by both ELISA and an in vitro antibody neutralization assay.47  

 

3.2 METHODS 

3.2.1 Formation of nanocluster dispersions 

The murine IgG2a antibody 1B7 was expressed, purified and characterized as 

previously reported46 and the isoelectric point (pI) determined via silver stained 

isoelectric focusing gel. Prior to lyophilization, the mAb 1B7 solution was buffer 

exchanged into a 20 mM histidine buffer (pH 5.5) using a 30,000 molecular weight cutoff 

(MWCO) Centricon filter and solid α,α-trehalose added to obtain a 1:1 protein: trehalose 

weight ratio as a cryoprotectant. The solution was filter-sterilized (0.22 µm), diluted to 20 

mg/ml protein with 20mM histidine buffer (pH 5.5), and transferred to a sterile 8 ml glass 

vial. It was frozen over 6 hours on a pre-cooled lyophilizer tray at - 40°C (VirTis 

Advantage Plus Benchtop Freeze Dryer) and then lyophilized at 150 mTorr with 12 hours 

of primary drying at - 40°C followed by a 6 hour ramp to 25°C and an additional 6 hours 

of secondary drying at 25°C. To create a dispersion, typically 56 mg ± 0.02 mg of 

lyophilized protein powder was compacted into a pre-weighed 0.1 ml conical vial 
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(Wheaton Science Products). The total volume and volume fractions of the components 

were calculated assuming ideal mixing based on known masses, and hypothetical pure 

liquid protein (1.35 g/cm3) and trehalose (1.64 g/cm3) densities, from their partial molar 

volumes at infinite dilution48,49 to calculate the required buffer volume. After addition of 

the calculated 50 mM sodium phosphate buffer (pH 7.2) the resulting dispersion was 

stirred gently with a 25 gauge needle. The final protein concentration was verified using a 

BCA assay or A280 with a mass extinction coefficient of 1.37 L/g·cm (Nanodrop, 

Thermo Scientific). 

 

3.2.2 Characterization of the nanocluster dispersions 

The diffusion coefficients of protein monomers and nanoclusters were measured 

by dynamic light scattering (DLS) with a 632.8 nm (red) laser and an avalanche 

photodiode at ~23°C using CONTIN (Brookhaven BI-9000AT) and converted to 

hydrodynamic diameters using the Stokes-Einstein equation. According to a study of 

DLS and rheology of concentrated colloids, the assumption is relatively accurate at our 

highest ϕ of 0.25.44 At higher ϕs, interactions between particles during the time scale of 

the measurement may produce much larger deviations from the Stokes-Einstein equation. 

In this study, the scattering angles ranged from 135° to 165° to minimize multiple 

scattering44 with the use of a 60 µl sample cell (Beckman Coulter). The scattering 

measurements for each sample of protein monomer or nanocluster were done at two 

separate angles consisting of 135°, 150° or 165° and the size was found to be within 5-

10% between the two angles. For determining the fractal dimension of the IgG 

nanoclusters (Fig. B3), the scattered laser light intensity was measured at scattering 
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angles every 5º between 45º and 90º using a cylindrical 2 ml capacity ampoule for a static 

light scattering (SLS) measurement. 

To prepare samples for scanning electron microscopy (SEM, Hitachi S-5500 at 30 

kV), the dispersions were diluted to 40 mg/ml at a constant co-solute volume fraction of 

0.18 (corresponding to original concentration of 220 mg/ml) using PEG 300 as a co-

solute, placed on a copper TEM grid with a carbon film coated with formvar, blotted to 

remove the excess liquid, rapidly frozen by immersion in liquid nitrogen and lyophilized. 

The viscosity of the nanocluster dispersions were measured in triplicate using a 25 

gauge (ID = 0.1 mm) 1.5” long needle attached to a 1 ml syringe, according to the Hagen-

Pouiselle equation. The time to draw the dispersion from a height from the bottom of the 

cone from 0.4” to 0.1”, corresponding to a volume of ~ 50 µL was determined from 

image analysis of a digital video.50 A linear correlation between the time to draw 0.05 ml 

from the conical vial and the viscosity of various calibration fluids is shown in Fig. 

B7.50,51 The shear rate varied decreased with the viscosity and was 1000 s-1 at a viscosity 

of 50 cp. The solvent or trehalose solution viscosities were calculated from Uchida et al.52  

 

3.2.3 Characterization of the protein structure and activity 

To monitor antibody structure and ligand-binding activity, both the lyophilized 

protein powder and the protein dispersions were diluted to 1 mg/ml in phosphate buffered 

saline (PBS), prior to analysis by a battery of biophysical and biochemical assays with 

the original dilute protein solution as a control. Typically, the dilution was performed 

within ~4-6 hours of the formation of the dispersion. CD measurements were collected 

from 260 to 185 nm in 0.1 nm steps using a Jasco J-815 CD Spectrometer. The formation 

of insoluble and di-sulfide linked aggregates was monitored by analysis of 5 μg samples 
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of dilute protein on a 4-20% non-reducing SDS-PAGE. Formation of non-covalent 

aggregates was monitored by SEC, with 20 μg of diluted dispersion analyzed using a 

Waters Breeze high performance liquid chromatograph (HPLC). To analyze ligand-

binding activity, an indirect PTx ELISA was performed as previously described47 and 

reported as the ratio of 50% effective concentration values (EC50) for the sample to the 

solution control. The Tm was quantified with using a 7900HT thermocycler from Applied 

Biosystems and SYPRO Orange Protein Gel Stain (Sigma-Aldrich).45 

 

3.2.4 In vivo bioavailability in BALB/c mice 

An in vivo pharmacokinetic study of the mAb 1B7 dispersion and a control 

solution was performed over a 14 day period using 24-27g, female BALB/c mice. The 

three sample groups included (1) intravenous (IV) and (2) subcutaneous (SQ) control 

injections of 100 μl of a dilute mAb 1B7 solution and (3) a test condition, SQ injection of 

an antibody dispersion (235 mg/ml in a 1 µl volume to yield a 9.4 mg/kg dose). Serum 

samples (~20 μl) were collected from the tail vein prior to injection and then at eight 

additional time-points between 12 and 336 hours. At the terminal time-point, mice were 

anaesthetized and serum collected by cardiac puncture. This study was performed with 

approval by the Institutional Animal Care and Use Committee at the University of Texas 

at Austin (protocol #AUP-2010-00070) in compliance of guidelines from the Office of 

Laboratory Animal Welfare. To determine the concentration of active mAb 1B7 in each 

serum sample, an indirect PTx ELISA was performed as previously described.46 Each 

plate included mouse serum (Sigma) as a negative control and a mAb 1B7 diluted in 

mouse serum to obtain a standard curve. SoftMax Pro v5 was used to calculate EC50 

values based on the serum dilution using a 4 parameter logistic (4PL) model and total 
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concentrations of active mAb 1B7 present in serum samples calculated on the basis of the 

standard curve. An orthogonal antibody activity assay, based on in vitro chinese hamster 

ovary (CHO) cell neutralization of PTx, was performed using serum from the terminal 

time point.46 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Nanocluster morphology and tunability with trehalose and dilution in buffer 

Fig. 3.1b shows a colloidally-stable, transparent dispersion of mAb 1B746 that 

were formed immediately upon gentle stirring of lyophilized protein powder (with a 1:1 

mass ratio of trehalose to protein) in phosphate buffer solution at the pI (pH 7.2). The 

concentrations of protein, c, and extrinsic co-solute, trehalose, cE, were each 220 mg/ml. 

The low turbidity is a consequence of the small Dc and small difference in refractive 

indices of the porous cluster and solvent. The SEM images of the dispersions after cryo-

preparation revealed ~300 nm nanoclusters composed of primary particles about the size 

of protein monomer, ~11 nm (Fig. 3.1c and Fig. B1) although the sample preparation is 

somewhat questionable. The “halos” about the primary particle the nanoclusters are a 

result of trehalose deposition during SEM sample preparation, and thus of minor interest. 

An artist’s rendering of these clusters in dispersion in Fig. 3.1d. For c = cE = 220 mg/ml, 

the average hydrodynamic diameter, Dc, of the nanoclusters from dynamic light 

scattering (DLS) was estimated to be 315 nm (std. dev. in peak width of 6% over the 

mean) in agreement with the SEM images (Fig. 3.2a). For the porous clusters, the volume 

fraction of protein within a cluster ϕint, was estimated to be 0.6 with static light scattering 

(SLS, Fig. B2), as a function of the fractal dimension (δf) (Eq. B9). The δf is the slope in 
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the log-log plot of the intensity against the scattering vector. The fractal dimension in the 

case of 50 nm IgG clusters was found to be 2.6 versus 3, 2 and 1 for completely space 

filled spheres, disks and long thin rods respectively, which suggests that the protein has a 

high volume fraction inside the nanoclusters.  

Upon successive dilutions of the 220 mg/ml 1B7 dispersion in phosphate buffer to 

maintain a constant c/cE ratio, Dc decreased over a continuum as proteins dissociated 

from the cluster (Figs. 3.2a and 3.2b). Dc then reached a plateau at ~12.3 nm for I = cE = 

75 mg/ml, the expected size of monomeric mAb. Similarly, dilution of cE from 270 to 

150 mg/ml with c fixed at 70 mg/ml was used to tune the cluster size until reaching a cE 

below which only ~10 nm species, presumably antibody monomers, were observed (Fig. 

3.2b and 3.2c). The trehalose concentration was decreased using pH 7.2 phosphate buffer 

along with small amounts of dispersion with c = cE = 100 mg/ml to maintain a constant c. 

Upon subsequently increasing cE back to 270 mg/ml, the original Dc values of ~300 nm 

were recovered. Similar experiments with a polyclonal sheep IgG mixture (Fig. 3.2d and 

Figs. A1b and A3) resulted in the same trends. Fig. B1b shows a nancocluster of sheep 

IgG from a dispersion at c = cE = 260 mg/ml, which was diluted down to 50 mg/ml 

followed by cryo-preparation. The IgG nanocluster size decreased from ~80 nm at cE = 

270 mg/ml to ~10 nm (monomeric protein) for cE = 150 mg/ml at a constant c = 50 

mg/ml (Fig. 2d). (When increasing cE, a 500 mg/ml  trehalose solution in pH 6.4 

phosphate buffer (pI of IgG) was used along with small amounts of dispersion with c = cE 

= 200 mg/ml to maintain a constant c). Very similar values of Dc were observed upon 

either increasing or decreasing the trehalose concentration. This reversibility in 

nanocluster size suggests the nanoclusters were in an equilibrium state, based on the 

predictions from the free energy model. The cluster size for the sheep IgG also decreases 
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from 80 nm to 11 nm (monomeric protein) when the dispersion was sequentially diluted 

in pH 6.4 phosphate buffer from c = cE = 260 mg/ml to c = cE = 47 mg/ml as shown in 

Fig. B3. Taken together, these data theorize about a novel type of long-lived (tested for 

several hours) well-defined nanocluster in aqueous media, with reversible equilibrium 

behavior, which was unexpected.23,26,29 

To demonstrate further the generality of the technique, clusters were also formed 

with macromolecular co-solutes including PEG (M.W. 300), N-methylpyrrolidone 

(NMP) and dextran (M.W. 10,000). With sheep IgG at a concentration of 162 mg/ml with 

162 mg/ml trehalose and 20% (v/v) PEG-300, the cluster diameter was 110 nm. For sheep 

IgG at a concentration of 157 mg/ml with 157 mg/ml trehalose, 10% (v/v) PEG-300 and 

20% (v/v) NMP, the clusters were ~250 nm in diameter. Also 315 mg/ml BSA with 5% 

(v/v) PEG300 and 20% (v/v) ethanol yielded clusters of size 30 nm (BSA monomer is 4-5 

nm). Whereas the focus of the current study was on a low molecular weight co-solute, 

trehalose, these examples with macromolecular co-solutes (data not shown in this 

dissertation), illustrate the generality of the technique. Apart from that, in order to 

demonstrate the possibility of using this technique at higher concentrations of protein as a 

proof of concept, higher concentration dispersions of proteins were prepared. Fig. 3.3 

shows nanoclusters of BSA at a very high c of 400 mg/ml and cE = 240 mg/ml which 

have a Dc = 40 nm. The number of protein monomers in this case, about 1000, in the 

cluster is of the same order as the clusters formed from mAb 1B7 and sheep IgG. Highly 

concentrated dispersions are also shown for sheep IgG in Fig. B4 where nanoclusters 

with Dc of ~100 nm were observed for c = 300 and 350 mg/ml and c/cE = 1:0.5 where 

trehalose was the co-solute. 
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3.3.2 Protein stability after dilution of the nanoclusters 

A major concern for protein formulations at high concentration is the potential for 

individual protein monomers to misfold and form irreversible aggregates. These events 

may result from the dynamic nature of proteins: at any given moment, a system of 

identical proteins will present an ensemble of related three-dimensional structures, some 

of which transiently expose normally buried hydrophobic patches. At low concentrations, 

proteins will frequently recover their native conformation, but at high concentration the 

probability of two proteins with exposed hydrophobic patches colliding and associating 

irreversibly is high.9 These misfolded and irreversibly aggregated proteins do not present 

the native structure and therefore exhibit reduced potency and, due to their modified 

apparent size and exposed surface charges, altered pharmacokinetics. Moreover, the 

presentation of these non-native surfaces to the immune system can induce a response 

against the therapeutic protein, which will in itself change biological activity and 

pharmacokinetics.53  

As discussed below, simulation results of earlier studies2,5,6 suggest that the folded 

state is strongly favored for model proteins at high concentrations (i.e., values 

comparable to the local protein concentration within the nanoclusters). To investigate this 

hypothesis, experimental studies on actual mAbs are needed to determine whether 

proteins in the nanoclusters are in the folded state upon dissociation of the nanoclusters to 

protein monomer. To determine whether irreversible protein aggregates are formed in our 

1B7 nanocluster dispersions at 267 mg/ml, we performed a battery of biophysical and 

biochemical tests. The dispersions were diluted several hours after formulation, as long 

term storage stability is outside the scope of this work. However, proteins within the 

dispersion were stressed through viscosity testing earlier, as it was drawn through a 25 
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gauge needle, subjecting it to significant shear forces with a shear rate estimated to be as 

high as 9500 s-1 assuming a Newtonian fluid. Remarkably, after dilution to 1 mg/ml in 

PBS, we were unable to detect a change in protein conformation or activity relative to the 

control antibody in solution (Table 3.1). Prior to dispersion, analysis of a control 1B7 

antibody solution in PBS exhibited a stability typical of monoclonal antibodies,54 with an 

apparent thermal unfolding transition temperature (Tm) of 68 °C (Table 3.1) and an 

unfolding midpoint at 6.2 M urea. After dilution of the dispersion, the Tm was again 

measured to be 68 °C (Table 3.1). Since a Tm change of two-to-three degrees indicates a 

change in conformational stability, this data demonstrates that the average mAb 1B7 

thermal stability was not altered meaning that its folded structure is probably 

unaffected.55 CD was used to monitor the presence of secondary structural elements in 

proteins as a function of absorption of polarized light at particular wavelengths. Both the 

control solution and diluted dispersion retained the same strong negative signal at 217 

nm, indicative of the folded β-sheet structure characteristic of antibodies (Fig. 3.4a and 

Table 3.2).56 Table 3.2 shows the secondary structure as estimated by Dichroweb, using 

the CDSSTR fitting algorithm. It is generally accepted that a normalized root mean 

square deviation (NRMSD) of < 0.1 indicates a good fit.57 As shown in Table 3.2 the 

calculated percent β-sheet structure (the predominant secondary structure in antibodies) 

does not differ between the mAb 1B7 control solution and the diluted dispersion.  

Finally, two additional sizing methods were used to directly assess whether or not 

a small population of misfolded and larger molecular weight aggregates was present. 

HPLC-SEC and SDS-PAGE analyses of the diluted dispersions show a negligible 

increase in higher molecular weight aggregates, when compared with the initial solution 

control (Table 3.1 and Figs. B5 and B6). The presence of aggregates was also not 
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apparent by DLS in the sharp monomer peaks (Fig. 3.2a and 3.2c). HPLC-SEC is able to 

discriminate mAb monomers from non-covalent and covalent aggregates, while non-

reducing SDS-PAGE detects covalent oligomers. Fig. B5 also shows the HPLC-SEC data 

for the intermediate steps in the dilution experiment for the 1B7 dispersion that are shown 

by DLS in Figs. 3.2a and 3.2c. In all cases, there was not an increase in aggregates over 

the initial solution control.  

Although these biophysical tests (SEC, DLS, CD and SDS-PAGE) did not detect 

protein structural perturbations or aggregation, it is possible that the dispersed samples 

may have folded monomeric protein that does not retain biological activity. Thus, 

sensitive biological assays were used for determining activity that may be applied for 

protein concentrations < 10 ng/ml. To monitor ligand binding activity, indirect ELISAs 

using pertussis toxin as a capture molecule measured the mAb 1B7 activity in terms of 

the relative 50% effective concentration (EC50disp/EC50control). This ratio is the 

concentration of antibody resulting in 50% of the maximum ELISA response for the 

dispersion (after dilution to 1 mg/mL) to that for an unmodified control solution. Here, 

the diluted dispersion yielded a relative activity of 1.03 ± 0.20, which is indistinguishable 

from measurements made with the solution control (Table 3.1).58 This result 

demonstrates that antigen binding ability, a powerful measure of protein activity, is 

identical for antibody recovered upon diluting a dispersion and a solution control. 

The experimentally demonstrated stability of the native protein state in the large 

self-crowded nanoclusters may be anticipated from coarse-grain globular protein 

models5,6 (Fig. 3.4b). Specifically, for ultrahigh volume fractions of proteins within the 

nanoclusters (ϕint ~ 0.6), the fraction of folded protein approaches unity. This reflects the 

entropic self-crowding (inset in Figs. 3.4b, 3.1c and 3.1d) penalty for unfolding to more 
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expanded non-native conformations, which overwhelms other factors (e.g., the increase 

in both chain conformational entropy and favorable hydrophobic protein-protein 

interactions upon unfolding) that can otherwise destabilize the native state in less 

crowded environments. Importantly, the high ϕint within the clusters (> 400 mg/ml) 

strongly favors the native state via self-crowding, even for overall ϕ values where 

proteins aggregate and unfold when in solutions without clusters. 

Although protein stability and conformation were not measured experimentally 

within the nanoclusters, upon dilution, mAb 1B7 was clearly active, stable, and 

monomeric. Thus irreversible aggregates were not present within the nanoclusters, 

despite the high protein concentrations. As discussed above, within the nanoclusters, the 

native conformation would be expected to be entropically stabilized by protein self-

crowding. In addition, the relatively low mobility of the proteins in the clusters, given the 

high intracluster concentrations of ~ 700 mg/ml, may kinetically frustrate protein 

conformational changes that could otherwise lead to contact between hydrophobic 

patches and stabilize non-native complexes and aggregated states. 

During these in vitro dilution experiments, the rapid dissolution (estimated to be 

<1 msec, see Appendix B.2) also lowers the probability of protein collisions that may 

otherwise produce irreversible aggregates. Immediately upon dilution, concentration and 

solubility gradients will result in release of mAbs from the nanocluster surface, while 

those buried within the nanocluster remain self-crowded, thus favoring stable folded 

protein within the nanocluster. This hypothesis is supported by the absence of an increase 

in the aggregates based on HPLC-SEC data and SDS-PAGE data upon dilution of the 

clusters, which decreases Dc, as is shown in Figs. B5 and B6. Finally, the trehalose within 

the dispersion is present as the nanoclusters dissolve and promotes protein folding. 
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3.3.3 Mechanism of assembly of proteins into nanoclusters 

Assembly of non-gelling dispersions of monodisperse protein nanoclusters relies 

on properly balancing hierarchical, multi-scale interactions. Proteins should attract one 

another (favoring cluster formation), individual proteins should interact neutrally with the 

clusters27 (limiting cluster size), and nanoclusters should repel one another (avoiding 

gelation). Fig. 3.5a shows estimates for the contributions to the potential of mean force 

V(r) for two mAb 1B7 molecules (the parameters used in this case are given in Table 

B1). For a dispersion pH 3 units away from pI, Vel(r) is strongly repulsive. At these 

conditions, as should be expected, only very small clusters have been observed, as seen 

for lysozyme.23 Near the pI, Vel becomes very weak and thus with a strong Vdep for cE = 

220 mg/ml, V(r) is attractive. This attraction may now be shown to drive formation of 

clusters, as described by the equilibrium free energy model. To understand the cluster 

formation mechanism, consider an aqueous solution of protein and relatively 

concentrated co-solute at conditions near the protein’s pI. Two proteins in this system 

will strongly attract one another because the magnitude of electrostatic repulsion between 

the weakly charged monomers is vanishingly small compared to the short-range depletion 

attraction (Fig. 3.1a and 3.5a). However, the interaction between a protein monomer and 

a cluster of proteins is more complex because the monomer feels, in addition to the short-

range depletion attraction, the net effect of weak, longer-ranged repulsion from the 

multiple charged proteins within the cluster. This interaction can be attractive or 

repulsive depending on the size of the cluster.27,28 If the cluster is sufficiently large, then 

these repulsions balance the depletion attraction, limiting further cluster growth (Fig. 

3.1a). The equilibrium cluster size increases with increasing strength of depletion 

interactions between the protein monomers (e.g., with increasing co-solute concentration) 
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and decreases with the increasing strength of the repulsive interactions (e.g., with number 

pH units away from the pI). Because of their collective electrostatic repulsions, it will be 

shown that fully grown clusters in solution do not attract one another. 

The contours for protein cluster diameters, Dc, shown in Fig. 3.5b were computed 

from an extension of a simple equilibrium free energy model27,28 which has previously 

been applied to understand clustering of polymeric colloids in organic solvents.25 In that 

model, Dc is determined by a balance between short-range interparticle attraction and 

weak, longer-range electrostatic repulsion. To understand the equilibrium model, 

consider nc proteins of radius R that form a cluster of radius Rc in solution, as shown in 

Fig. 3.1a. In our analysis, the only attraction we explicitly consider is the co-solute-

mediated depletion interactions, which (as explained above) is the dominant attractive 

interaction under strong clustering conditions. If the depletion interaction between two 

proteins is –ε, and each protein has C nearest neighbors in the cluster interior, then the 

effective depletion contribution to the free energy per protein molecule in the cluster 

interior will be -εC/2. The “missing” depletion interaction pairs for proteins on the cluster 

surface are accounted for by adding an effective surface energy term (4πRc
2γ), where the 

surface tension is approximated as γ = ε/4πR2. In other words, the depletion attractions 

contribute the following to the cluster free energy, 

 

(3.1)

 

Assuming that the charges are negligibly screened within the cluster (Appendix 

B.4), their repulsive self-energy can be approximated by that of a uniform distribution of 

point charges in a spherical volume with the cluster radius Rc, i.e., 
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(3.2)

 

where λ is the Bjerrum length (λ = e2/4πЄrЄ0kBT), Єr is the relative permittivity of the 

medium, and q is the charge per protein. The minimization of the F = Fatt + Frep with 

respect to Rc (or nc) gives 

 

(3.3)

 

This simple result illustrates that the equilibrium nc increases with attraction and 

decreases with electrostatic repulsion. To further understand the cluster free energy in 

terms of  the translational and combinatorial entropy of the counterions dissociating from 

the proteins, it is to instructive to write27  

 

(3.4)

 

The quantity q0 represents the charge per protein q that minimizes the overall 

cluster free energy (see also Eq. 3.5 below) for conditions corresponding to very low 

values of ζ potential (where l/Rc → 0; i.e., the weakly charged systems of interest here). It 

can be expressed as 

 

(3.5)
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where nd is the number of dissociable sites on a protein surface, b is the distance of 

closest approach between a counterion and a charge on the protein surface, and ϕ is the 

volume fraction of proteins in solution. As discussed extensively elsewhere,27 higher 

values of ϕ generally result in lower q0 because, with more proteins present in the system, 

fewer counterions per protein need to dissociate to achieve the same increase in 

counterion translational entropy. Combining terms, the free energy per protein of a 

cluster given by28 

 

(3.6)

 

To take into account the porosity of the protein cluster, we modify the original model by 

expressing the cluster radius as  

 
(3.7)

 

where δf is the fractal dimension (2.6 from Fig. B2) and k is a constant chosen as unity. 

The resulting modified free energy equation is 

 

 

(3.8)

 

Minimizing fc with respect to nc at q = q0 gives the following estimate for the equilibrium 

aggregation number (n*) 
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(3.9)

 

As should be expected, the cluster size increases with increased strength of the attraction, 

ε. Since we are interested here in cases where Vssr (hydrogen-bonding, hydrophobic 

interactions, etc.) is smaller in magnitude than the co-solute-mediated depletion attraction 

(Fig. 3.5a); we approximate ε as the contact value of the depletion potential from 

Appendix B.3 [-ε(φE,R/RE) = Vdep(r = 2R)]. In the limit of solid clusters with δf = 3, Eq. 

3.9 becomes Eq. 3.3 which is essentially the same as Eq. 23 given by Groenewold and 

Kegel.27 The only difference is in the coefficient which is explained elsewhere.59 

Table B2 in summarizes input variables for the model to determine the Rc 

contours in Fig. 3.5b. The Rc is determined from setting n* from Eq. 3.9 into Eq. 3.7. The 

total number of dissociable sites on the protein monomer at a given pH, nd, was chosen as 

50 based on previous estimates.56 The fractal dimension is estimated as 2.6 based on the 

SEM images and SLS measurements (Fig. B2). The εr inside the clusters was chosen as 

25 as explained in detail in Appendix B.4. The distance between opposite charges in an 

ionic bond is taken to be ~0.1 nm and the protein diameter is 11 nm (Table B2).60  

The effects of ϕ and ϕE on Rc are illustrated in Fig. 3.5b, from the equilibrium 

model for clustering of colloids,27,28 which has been extended to account for the fractal 

dimension of the cluster (see Eq. 3.9). We assumed based on Fig. 3.5a that short-range 

attractive interactions between proteins are dominated by depletion attractions (Appendix 

B.3) at high values of ϕE as is evident at contact. This attraction is balanced by weak 

long-ranged repulsions with negligible electrostatic screening within the dense clusters 

(Appendix B.3). On a horizontal pathway in Fig. 3.5b, increasing ϕE at fixed ϕ 
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strengthens Vdep (crowding) and hence increases Rc. This pathway raises the depletion 

attraction between protein monomers (higher ε) and therefore the numerator in Eq. 3.9 

(and likewise Eq. 3.3) which increases Rc. The predictions of the model are in reasonable 

agreement with experimental data as shown in Fig. 3.2b and Fig. 3.2d where the cluster 

size increases with an increase in the cE. In addition, on a vertical pathway increasing ϕ at 

fixed ϕE lowers the charge per protein in the cluster, because fewer counterions per 

protein must dissociate to obtain the same balance between entropy and energy in the 

system,27 which also increases Rc. For the combined change whereby ϕ and ϕE decrease 

upon dilution along a diagonal slant, Rc decreases (Fig. 3.5b). Here both the decrease in 

depletion attraction and the lower φ and its effect on charge produce a decrease in Rc. 

Again this prediction is in agreement with the experimental data as shown in Figs. 3.2a-d. 

Our new model, as well as the one it is based on,27,28 is only meant to provide qualitative 

predictions. The model does not consider intracluster charge screening, differences in εr 

inside and outside the cluster, and variations in the attractive interaction with r. However, 

the simple equilibrium model substantiates the novel experimental discovery of reversible 

equilibrium nanoclusters and qualitatively predicts the experimental trends in Dc. 

In contrast to the predominantly attractive interactions between individual 

proteins near their pI in Fig. 3.5a, the resulting nanocluster interactions are highly 

repulsive (Fig. 3.5c). The dominance of intercluster repulsions is due to the large number 

of weakly charged proteins per cluster (>1000 proteins/cluster and ~1 elementary 

charge/protein) and the longer range of Vel (Appendix B.3) which scales as Rc. In 

contrast, the range of Vdep and Vssr (Appendix B.3) is < 1 nm, and thus almost negligible 

versus the intercluster spacing (Fig. 3.5c inset). Under conditions for which the 

electrostatic repulsion is insufficient to balance the attractive forces (i.e., very high co-
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solute or protein concentrations), the protein can also form a gel.21 The spinodal 

instability associated with this transition in the context of the clustering model28 can be 

defined as the locus of points where d2fcl/dq2 = 0 (see gray line in Fig. 3.5b). Note that 

equilibrium clusters with various sizes may be formed before the gel phase boundary, 

according to the experimental data and the theoretical cluster size contours.  

 

3.3.4 Viscosity of Nanocluster Dispersions 

The very weak attraction between clusters led to a viscosity of the dispersion of 

mAb 1B7 at c = 267 mg/ml of only 40 cP which is a syringeable value (Table 3.3). 

Similarly, it was 63 cP for polyclonal sheep IgG at c = 275 mg/ml. The viscosity of the 

dispersion is commonly described as a function of the intrinsic viscosity, [η], maximum 

volume fraction of particles, ϕmax, and the solvent viscosity (including co-solute), η0, 

using the Krieger-Dougherty equation50,61  

 

(3.10)

 

η may be reduced by lowering η0, or [η], which can be a minimum of 2.5 for hard sphere 

colloids, We chose ϕmax = 0.64, the value for  random packed spheres.62 The value of 

effective cluster volume fraction ϕeff was defined as ϕ/ϕint, on the basis of the ϕint from 

SLS, ~0.6. From Eq. 3.10, [η] for both 1B7 and IgG clusters was found to be ~ 7. At the 

present time, the variation of ϕint with nanocluster size is not well understood, thus we 

assumed a constant value of ϕint of 0.6 and therefore the values of ϕeff are only 

approximate.63 If ϕint was lower, then the larger ϕeff would lead to an even smaller [η]. 
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Higher [η] values of 11-20 are often observed for monoclonal antibody solutions.64 

Similarly, we observed for monomeric IgG (without trehalose as a co-solute) an [η] of 18 

at c = 260 mg/ml (Table 3.3). Finally at c = 300 mg/ml again for cE = 0, the viscosity of 

the IgG solution was found to be not measureable as the solution was in the form of a gel 

that did not flow. This gelation was a manifestation of the high [η] in solution resulting 

from attraction between proteins with small spacings. In contrast, the nanocluster 

dispersions did flow at this c with c = cE, with a viscosity of 250 cP. In principle, this 

viscosity may be lowered by optimizing the composition of the extrinsic co-solute. More 

data about viscosity is provided in studies of mAb1 in Chapter 7. 

 

3.3.5 In vivo study of protein stability and pharmacokinetics in mice 

To test the potential for drug delivery of protein nanocluster dispersions, we 

performed an in vivo pharmacokinetics (PK) study in mice. Control groups received 100 

μl of dilute antibody solution via intraveneous or subcutaneous injection to provide a 

baseline defined as full bioavailability. 1 μl of a highly concentrated 235 mg/ml 

nanocluster dispersion was injected subcutaneously at pH 7.2 (Table 3.4). The viscosity 

of this dispersion was well below 40 cP (see Table 3.3), which is below the typical limit 

of 50 cP for subcutaneous injection. Remarkably, the resulting PK parameters, including 

normalized bioavailability (AUC/dose), Cmax/dose, tmax and elimination kinetics were 

statistically indistinguishable from those of the two subcutaneous groups (Fig. 3.6). The 

similar bioavailabilities suggest that the mAs in the nanoclusters readily dissociated (the 

predicted time in buffer is 7 ms, Appendix B.2), were transported from the injection site 

and entered the blood stream, while identical alpha and beta rates indicates the presence 

of predominantly monomeric mAb in the blood. If mAbs were to aggregate or misfold 
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during dissolution, the molecular weight and surface properties would change, in turn 

affecting renal and hepatic clearance rates.53 Finally, analysis of antibody activity in the 

terminal blood samples with an in vitro toxin neutralization test showed similar activities 

versus control antibody, indicating that, in addition to mAb conformation, activity was 

unaffected. It is likely this nanocluster drug delivery concept could be extended to even 

higher dosages, given that dispersion concentrations up to 400 mg/ml for BSA and 350 

mg/ml for polyclonal IgG, were attained (Figs. 3.3 and B4). Whereas these tests provide a 

preliminary indication that the nanoclusters may potentially be used for subcutaneous 

delivery, further work is needed to address various practical questions beyond the scope 

of this study, for example, immune response to the injection.  

  

3.4 CONCLUSIONS 

Low viscosity dispersions of concentrated protein assumed to be in monodisperse 

equilibrium nanoclusters, with high conformational stability in vitro and high biological 

activity in vivo upon dilution, were formed simply by mixing lyophilized protein, an co-

solute and buffer. The high degree of self-crowding of proteins within the nanoclusters at 

an unusually high concentration of 700 mg/ml is shown theoretically to favor folding, as 

confirmed experimentally upon dilution of mAb 1B7 nanoclusters. The size of the 

nanoclusters is tunable by adjusting protein and co-solute concentrations near the pI, as 

shown both experimentally and with a free energy model. The model proposes that the 

ability to simultaneously achieve self-crowded clusters and low viscosities results from a 

general concept of tuning the multi-scale interactions with: attraction dominant at the 

protein monomer level, repulsion dominant at the intercluster level. The intercluster 

repulsion favors colloidal stability and low viscosity without gelation. Remarkably, an 
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analysis with a variety of physical, chemical and biological assays indicated 

conformationally stable protein monomer without any loss of protein activity was 

obtained after dilution of the nanocluster dispersions. In vivo sub-cutaneous 

administration of dispersed mAb resulted in indistinguishable pharmacokinetics and 

activity compared to control antibody solutions. This general approach for formulating 

dispersions of protein nanoclusters with co-solutes and a pH near the isoelectric point, 

offers the potential of subcutaneous administration of a variety of therapeutic biologics, 

which would otherwise gel when formulated as solutions. 

 

Sample Tm (°C)† 
% monomer 

(SEC) 
EC50 (ELISA) 

Control solution 67.7 ± 0.3 98.88 ± 0.04 1.00 ± 0.24 

Diluted dispersion 

(from 267 mg/ml) 
68.3 ± 0.3 98.59 ± 0.04 1.03 ± 0.20 

Table 3.1: 1B7 stability and activity in nanocluster dispersion samples with c = cE = 
267 mg/ml diluted to 1 mg/ml in PBS prior to analysis. Error is ± s. d.  
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Sample % α-helix % β-strand 
% Turn and 

Unordered 
NRMSD2 

Control solution 0 39 63 0.006 

Diluted 

dispersion 

(from 267 

mg/mL) 

1 40 60 0.006 

Table 3.2: Estimation of 1B7 Secondary Structure from Circular Dichroism. 

 

Protein 

concentration 

(c, mg/ml) 

Trehalose 

concentration 

(cE, mg/ml) 

Viscosity 

(η, cP) 
߶eff

 

Intrinsic 

viscosity 

([η]) 

Hydrodynamic 

diameter 

Hydro. 

Diam. 

St. 

Dev. 

267 (1B7) 270 40 0.32 7.2 315 17 

275 (IgG) 275 63 0.33 7.9 88.0 9.0 

260 (IgG) 0 57 0.19 18 9.66 1.84 

Table 3.3: η and Dc for mAb 1B7 and polyclonal sheep IgG mixture dispersions. 

                                                 
2 NRMSD is the normalized root mean square deviations between the calculated and 
experimental CD spectra. The program CDSSTR was used for all secondary structure 
estimates via the Dichroweb online analysis. 
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Sample 

Cmax/ 

dose 

(μg/ml)/

(mg/kg) 

AUC0-∞/ 

dose 

(μg·hr/ml)/

(mg/kg) 

tmax (hrs) t1/2,α (hrs) 
t1/2,β 

(hrs) 

Relative 

neutralization 

titer 

IV solution 
25.5 ± 

3.8 
3582 ± 990 15.1 ± 0.7 

45.7 ± 

22.8 

227.1 

± 24.9 
2.3 ± 1.7 

SQ solution 
18.8 ± 

4.4 
2699 ± 583 18.9 ± 3.1 

43.4 ± 

17.3 

210.0 

± 17.4 
1.0  ± 1.8 

SQ 

nanocluster 

dispersion 

14.3 ± 

3.1 
3269 ± 291 21.4 ± 2.9 

42.1 ± 

24.8 

243.2 

± 35.5 
1.3 ± 0.5 

Table 3.4: Pharmacokinetic parameters for curves shown in Fig. 3.6. Error is ± s.d. 
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a b 

c d 

Figure 3.1: Nanocluster morphology for mAb 1B7 with trehalose as extrinsic co-solute. 
a. Schematic of a nanocluster where in the current study green circles 
represent proteins, red dots, counterions and blue circles, co-solutes. Similar 
clusters are observed for colloids in organic solvent. b. Transparent 
dispersion at c = cE = 220 mg/ml. c. SEM image of 3.1b indicating closely-
spaced, self-crowded protein. (The “halo” on the component particles is 
probably an artifact of trehalose deposition during sample preparation). d. 
Schematic of dispersion of nanoclusters drawn to scale. 
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a b 

 

c d 

Figure 3.2: Calculated hydrodynamic diameter by DLS for 1B7 antibody and polyclonal 
sheep IgG with trehalose as extrinsic co-solute. a. 1B7: serial dilutions in 
buffer such that c/cE = 1. b. 1B7: dilution in pH 7.2 phosphate buffer with 
starting c = cE = 220 mg/ml as in Fig. 3.2a (squares) and decreasing cE with 
a constant c of 70 mg/ml with a starting cE of 270 mg/ml (diamonds). Error 
bars indicate ± s. d. in peak width. The predictions of Eq. 9 are in qualitative 
agreement. c. 1B7: constant c of 70 mg/ml for decreasing cE of trehalose 
from 270 to 150 mg/ml as shown in legend and then a final point where cE is 
raised back to 270 mg/ml, labeled as 270 mg/ml-2. d. polyclonal sheep IgG: 
constant c of 50 mg/ml  for increasing (diamonds) followed by decreasing 
(squares) trehalose concentration. The reversibility suggests equilibrium 
cluster behavior. The theoretical predictions of the free energy model are in 
qualitative agreement with the data. 
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Figure 3.3: BSA nanocluster size for high protein concentrations. A high concentration 
BSA dispersion formulated at c = 400 mg/ml and cE = 240 mg/ml contains 
nanoclusters with hydrodynamic diameter of 40 nm. Dispersions formulated 
with lower concentrations of BSA and/or trehalose yield progressively 
smaller nanoclusters. Also shown is BSA monomer which is 3-4 nm in 
diameter. 
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a 

 

b 
(Fig. 3.4 continued on the next page) 
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Figure 3.4: Antibody conformation and activity. a. Circular dichroism spectra of a mAb 
1B7 control and 267 mg/ml dispersion. All samples were diluted to 0.1 
mg/ml in PBS and analyzed on a Jasco J-815 CD Spectrometer. b. 
Theoretical prediction of the fraction of folded protein suggesting that the 
native state would be favored at high ϕint = 0.6 found in antibody 
nanocluster. (extended from Shen et al.5) 

 

 

a 
(Fig. 3.5 continued on the next page) 
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b 

 

c 
(Fig. 3.5 continued on the next page) 
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Figure 3.5: Protein-protein, protein-cluster and cluster-cluster hierarchical interactions 
in nanocluster dispersions. The potential of mean force includes specific 
short-ranged (ssr), depletion attraction (dep) and electrostatic (el) 
components: V(r) = Vssr(r) + Vdep(r) + Vel(r). a. Components of V(r) for 
protein monomers at pI and 3 pH units away from pI. b. Predicted cluster 
diameter contours. The green triangle denotes the conditions of the injected 
dispersion into mice at c = 235 mg/ml for mAb 1B7 as given in Table B3. 
The diagonal pathway represents dilution of the dispersion (Fig. 3.2a). c. 
V(r) for two 50 nm nanoclusters based on experimental zeta potential for 
polyclonal IgG (Appendix B.5). Inset, green arc depicts range of long-
ranged repulsion at the edges of two clusters and red indicates short-ranged 
inter-cluster attraction. 

 

 

Figure 3.6: Pharmacokinetics of concentrated 1B7 dispersion and solution controls. 
Time course of serum antibody concentration normalized by dose after 
administration of intravenous solution, subcutaneous solution or 
subcutaneous dispersion. Serum samples were recovered from the tail vein 
and the mAb 1B7 concentration determined by activity from ELISA. 
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Chapter 4: Tunable Equilibrium Nanocluster Dispersions at High 
Protein Concentrations3 

Solutions of therapeutic proteins often gel and become too viscous to deliver via 

subcutaneous injection at high protein concentrations (> 200 mg/ml). Herein, we 

demonstrate that proteins can be crowded into colloidally stable dispersions of distinct 

nanoclusters that exhibit hydrodynamic diameters larger than monomer (with the same 

assumptions as chapter 3) without gelation at very high concentrations (up to 320 mg/ml). 

The nanoclusters form spontaneously upon concentration of protein solutions in the 

presence of a co-solute, in this case, trehalose. Remarkably nanoclusters of the same size 

are produced by dilution of protein powder in buffer. Nanocluster size is stable for 

extended time periods, and upon frozen storage and thawing. Thus, the nanocluster 

diameter appears to be governed by equilibrium behavior arising from a balance of short 

and long-ranged monomer-monomer, monomer-cluster and cluster-cluster interactions, as 

calculated by a free energy model. 

 

4.1 INTRODUCTION 

The compact native folded state of a protein within a cell is favored by the 

crowded macromolecular environment (>400 mg/ml), as further characterized by in vitro 

studies.1-3 According to computer simulations with coarse-grained models, native 

proteins of a single type could also stabilize each other against unfolding via “self-

                                                 
3Reproduced in large part with permission from: Borwankar, A. U.; Dinin, A. K.; Laber, J. R.; Twu, A.; 
Wilson, B. K.; Maynard, J. A.; Truskett, T. M.; Johnston, K. P. Soft Matter 2013, 9, 1766-1771. Copyright 
2012 RSC Publishing. A. U. Borwankar, A.K. Dinin, J. R. Laber, A. Twu and B.K. Wilson conducted the 
experiments. A. U. Borwankar, A.K. Dinin, J.R. Laber, B.K. Wilson, K.P. Johnston, T.M. Truskett  and 
J.A. Maynard planned the experiments. A.U. Borwankar, K.P. Johnston and T.M. Truskett developed the 
free energy model. A.U. Borwankar, K.P. Johnston, T.M. Truskett and A.K. Dinin wrote the manuscript. 
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crowding” when present at these ultra-high concentrations.4-6 However, even at 

concentrations of 100-200 mg/ml,7,8 proteins are often insoluble in buffer and undergo 

irreversible aggregation,1,9-11 gelation and precipitation8,12-14 due to specific short ranged 

attractive forces.1,8 To address these limitations, we recently designed a novel self-

crowded environment for stabilizing native proteins within nanoclusters (internal protein 

concentrations of ~ 700 mg/ml) that were dispersed in aqueous buffer.7 Remarkably, 

transparent colloidal dispersions of these nanoclusters with diameters on the order of 100 

nm were produced by diluting lyophilized powders containing equal amounts of protein 

and trehalose.7 mAb 1B7 nanoclusters upon dilution were found to dissociate in vitro and 

upon dilution were found to yield folded and biologically active protein monomers. 

Similarly, upon subcutaneous injection into mice active protein was found to be delivered 

into the bloodstream. 

 Despite the recent demonstration of nanoclusters of primary nanoparticles 

including proteins,7 gold,15,16 iron oxide17 and cadmium selenide18 in water and other high 

dielectric constant solvents, the assembly mechanism is not yet well understood. Charged 

proteins such as lysozyme form either small or transient clusters (cluster/particle diameter 

< 2) with lifetimes on the order of 100 ns as characterized by small-angle neutron 

scattering.19,20 Larger and longer-lived nanoclusters (cluster/primary particle diameter 

>5), characterized by DLS and SEM,7 have also been produced for three different 

proteins [mAb 1B7, polyclonal sheep Immunoglobulin G (IgG) and bovine serum 

albumin (BSA)] with low charge near their respective isoelectric points. For dilute 

protein concentrations of 50 (sheep IgG) and 70 mg/ml (mAb 1B7), the nanocluster 

diameters were varied reversibly by adjusting the trehalose concentration (and hence the 

effective inter-protein attraction), suggesting equilibrium behavior.7 At extremely high 
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volume fractions (> 0.2), however, aggregation and gelation is often observed for protein 

solutions8 behavior that is well established for model colloids.14,21,22 Protein nanoclusters 

have been reported at a concentration of 260 mg/ml, but the nanoparticle size was similar 

to that of the protein particles in the lyophilized starting material. Thus it was unknown if 

nanocluster size was controllable at high concentrations or influenced by colloidal 

interactions. It would be remarkable to show the existence of concentrated protein 

nanoclusters (200 to 400 mg/ml) governed by equilibrium behavior whereby the 

nanocluster diameter may be tuned via the colloidal interactions. 

Transparent colloidal dispersions of concentrated protein nanoclusters were made 

(see Fig. 4.1a) with sizes found to be the same for assembly via multiple pathways 

indicating equilibrium behavior. The sizes are calculated based on the diffusion 

coefficient measured by DLS using the Stokes-Einstein equation. The assumption was 

used in this Chapter although it may not be very accurate at these high protein 

concentrations. As shown schematically in pathway C of Fig. 4.1b, concentration of 

dilute protein solutions in the presence of an extrinsic crowding agent, trehalose, 

produces protein nanoclusters with hydrodynamic diameters (Dc) of 35-80 nm and a 

morphology shown by SEM in Fig. 4.1c. Interestingly, nanoclusters with the same 

diameter are also formed by diluting lyophilized powders in buffer (LD pathway). The 

nanocluster diameters increase with protein concentration (c) and/or the concentration of 

an extrinsic crowding agent (cE) as described by an equilibrium free energy model in 

terms of short and long-ranged monomer-monomer, monomer-cluster and cluster-cluster 

interactions.7,23,24 Furthermore, a dispersion of ~37 nm nanoclusters is formed with only 

70 mg/ml trehalose (isotonic level) and a viscosity of 36 cP at a protein concentration of 

220 mg/ml without gelation. Upon dilution, the nanoclusters dissociate to a solution of 
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stable protein monomer, further demonstrating reversibility. These nanoclusters pass 

through a 220 nm filter (enabling sterile filtration) and spontaneously re-disperse to 

nanoclusters with the expected equilibrium size upon thawing of the dispersion after 

frozen storage. 

 

4.2 MATERIALS AND METHODS 

4.2.1 Protein purification (FPLC) 

The stock solution, typically with ~ 20 mg/ml of a polyclonal sheep 

Immunoglobulin G mixture (referred to as polyclonal sheep IgG, Rockland 

Immunochemicals) was further purified. The solution was passed through a fast protein 

liquid chromatography column (GE Healthcare HiLoad 16/60 Superdex 200 pg) using a 

buffer at pH 7 (100 mM phosphate and 300 mM NaCl) as the mobile phase. The 

monomer fractions observed with absorbance at 280 nm were collected and pooled, and 

the oligomers were discarded. 

 

4.2.2 Buffer exchange 

After the FPLC purification step, the ~4 mg/ml solution of polyclonal sheep IgG 

was buffer exchanged into 50 mM phosphate buffer with the desired amount of dissolved 

trehalose (typically 70-125 mg/ml). The buffer was formulated at the isoelectric point 

(pI) of the protein, which is 6.4 for the polyclonal sheep IgG. The buffer exchange was 

carried out using centrifugal filter tubes (Millipore, Amicon Ultracell 30K centrifugal 

filters) with a molecular weight cutoff of 30 kDa and a capacity of 12 ml. A desired 

amount (typically 6-8 ml) of the protein solution was added to the filter tube and the 
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volume was increased to 12 ml using the desired buffer for the dispersion. The buffer was 

forced through the membrane by centrifugal filtration at 4500 radial centrifugal force 

(rcf) for 12 minutes concentrating the protein solution in the retentate until the solution 

volume dropped to about 2 ml. Then the retentate protein solution was again diluted to 12 

ml in the same buffer as before and concentrated down to 2 ml again. The dilution and 

centrifugation process was repeated 4 or more times until the permeate volume was 4-5 

times the original solution volume, typically 40 ml and the original buffer accounted for 

< 1% of the sample volume. After buffer exchange, the solution was further concentrated 

so that the final solution volume was about 0.5 ml. 

 

4.2.3 Centrifugal filtration of protein solution to form a dispersion of nanoclusters 
upon concentration 

Tare weights were taken of a centrifugal filter assembly (Millipore Microcon, 

Ultracel YM-50 membrane, 50 kDa nominal molecular weight limit, diameter of filter, 

0.25”). The desired volume (~0.5 ml) of protein solution, after buffer exchange and 

concentration, was pipetted into the retentate chamber. The filter assembly was then 

centrifuged (Eppendorf Centrifuge 5415D) at 10,000 rcf, typically in about 20-40 minute 

increments until the calculated final retentate volume for the desired final protein 

concentration was reached. The volume measurements were done using image analysis 

(ImageJ software) to determine the height of the liquid column in the retentate chamber. 

Additionally, the protein concentration in the retentate dispersion was measured by 

measuring out 2 μl (± 0.08 μl) of dispersion using an Eppendorf Research adjustable 

volume 0.5-10 μl pipette and diluting it into a receiving vessel containing 998 μl of the 

same buffer. For mixing, the solution was cycled 5 times into and back out of the pipette 
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tip followed by light agitation with the pipette tip. The absorbance of the resulting 

solution at 280 nm was measured using a Cary 3E uv-visible spectrophotometer in a 

cuvette (Hellma cells) with a path length of 1 cm, and converted to concentration 

assuming an extinction coefficient of 1.43 ml mg-1 cm-1. Once the desired concentration 

had been reached, the dispersion of protein nanoclusters in the retentate chamber was 

recovered by inverting the filter assembly into a retentate recovery tube, and centrifuging 

it for 3-4 minutes at 1,000 rcf. The resulting dispersion was transferred to a 0.1 mL 

conical vial (V-Vial, Wheaton), and the concentration was confirmed using 2 μl of the 

dispersion as described above. 

 

4.2.4 Characterization of the protein nanocluster dispersion 

4.2.4.1 Hydrodynamic diameters 

The short-time mutual diffusion coefficient Ds(q) of protein nanoclusters was 

extracted from intensity correlation functions measured using dynamic light scattering 

(Appendix C1). Measurements were taken at angle of 150° with a 632.8 nm laser (q = 

0.01918 nm-1) and an avalanche photodiode at ~23°C using a custom apparatus 

(Brookhaven BI-9000AT and 60 µl Beckman Coulter sample cell)7 and analyzed with the 

CONTIN algorithm to generate a volume distribution. Hydrodynamic nanocluster 

diameters Dc were estimated from the Ds(q) using Beenakker-Mazur theory25 for Ds(q)/ 

D0, where D0 = kT / 3πηDc  and η is the shear viscosity of the buffer solvent with added 

excipients. This approach assumes that the protein nanoclusters act like suspended hard 

spheres occupying an effective packing fraction ߶௖eff = ߶/߶௖int, where ߶௖int is the protein 

packing fraction within a nanocluster. In this work, we assumed  ߶௖int = 0.60, which is 
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consistent with light scattering data on protein nanoclusters reported previously.7 We also 

verified that an alternative approximation, ߶௖int =  ௙ is the fractalߜ ఋ೑ିଷ (where(௖/2ܴܦ)

dimension, taken as 2.6),7 resulted in similar nanocluster size estimates. The measured 

intensity correlation functions decayed on time scales between ~100 to 500 μs, consistent 

with short-time diffusion for nanoclusters with the diameters and mobilities reported 

here. 

 

4.2.4.2 Size exclusion chromatography 

 For analysis of non-covalent aggregates, the sample was diluted in mobile phase 

(100 mM sodium phosphate, 300 mM sodium chloride, pH 7) to ~1 mg/ml. 20 μg of 

diluted dispersion was analyzed with a Waters Breeze HPLC, using TOSOH Biosciences 

TSKgel3000SWXL and TSKgel2000SW columns in series, with eluate monitored by 

absorbance at 214 nm. 

 

4.2.4.3 Enzyme linked immunosorbent assay (ELISA) 

An ELISA was performed by coating a 96-well Costar high binding polystyrene 

plate with anti-polyclonal sheep IgG (Sigma) in PBS at 1 μg/ml at 4°C overnight. The 

sheep IgG samples were serially diluted in a 1:5 ratio starting at 10 μg/ml. The plate was 

then blocked with 5% milk in PBS for two hours at room temperature. Bound IgG was 

detected with anti-polyclonal sheep IgG conjugated with horseradish peroxidase (Sigma) 

in PBS added to each well in a 1:5000 ratio. The signal was developed with a TMB 

solution (Thermo Scientific) and the reaction was quenched with 1N HCl. The signal was 

detected using a spectrophotometer (Molecular Devices Spectramax M5) at an 
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absorbance of 450 nm. The data was fit to a four parameter logistic curve (MATLAB 

nonlinear curve fitting) and the half maximal effective concentration (EC50) reported. 

 

4.2.4.4 Circular dicroism (CD) 

Secondary structure was determined by diluting the dispersions to approximately 

10 mg/ml in 5 mM phosphate buffer at pH 7.4. The samples were then placed in the 

JASCO J-815 circular dichroism spectrometer and the CD spectrum was measured from 

260 nm to 190 nm. Data was analyzed with Dichroweb online analysis tool, using the 

CDSSTR function and reference set 4.26 

 

4.2.4.5 Viscosity 

The viscosities of the nanocluster dispersions were measured in triplicate using a 

25 gauge (ID = 0.1 mm) 1.5” long needle (Becton Dickinson & Co. Precision Glide 

Needle) attached to a 1 ml syringe (Becton Dickinson & Co. 1 mL syringe with Luer-

Lok™ tip), according to the Hagen-Poiseuille equation.7 The flow rate of the dispersion 

through the needle was determined by correlating volume to the height of the liquid in the 

conical vial (using ImageJ software) and measuring the time taken for the dispersion 

column height to move between two points. The flow rate was correlated to viscosity 

from a calibration curve derived from a set of standards of known viscosities.7 

 

4.2.4.6 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM, Hitachi S-5500 at 30 kV), was carried out 

on the dispersions in the concentrated state. A small drop of the dispersion was placed on 
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a copper TEM grid with a lacey carbon film coated with formvar, blotted to remove the 

excess liquid and form an extremely thin film which was too thin to see easily with the 

naked eye, rapidly frozen by immersion in liquid nitrogen and lyophilized. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Recap of Equilibrium free energy model 

To guide understanding of the experimental data, it is helpful to first consider 

some of the colloidal forces that can influence the nanocluster diameter as a function of 

dispersion composition. A more detailed explanation is provided below and in Appendix 

C.3 using results from a semi-quantitative free energy model7 which was used to produce 

the nanocluster diameter contours in Fig. 4.1b. Near the isoelectric point of the protein, 

electrostatic repulsion between two proteins is relatively weak, such that attractive forces 

between protein monomers can favor assembly of nanoclusters. To further drive 

nanocluster formation, a co-solute, trehalose, is added to produce excluded volume (i.e. 

osmotic depletion) attractions between proteins. As the concentration of co-solute 

(trehalose), cE, is increased, stronger depletion attraction is expected to produce larger 

protein nanoclusters As the nanoclusters grow, our hypothesis is that the accumulation of 

weak, longer-range electrostatic repulsions between the slightly charged proteins balance 

the attractions, resulting in an equilibrium nanocluster size. 

 

4.3.2 Nanocluster formation by the centrifugal or concentration filtration pathway 

To form nanoclusters by the filtration concentration pathway (C) in Fig. 4.1b, 

approximately 0.5 ml of a solution containing 40-60 mg/ml protein in 50 mM phosphate 
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buffer at pH 6.4 was concentrated by centrifugal filtration through a filter with a 50 kDa 

cutoff (Centrifugal filter units, Millipore) at 10000 rcf. The cE remained approximately 

constant at 70 mg/ml, since the trehalose and the buffer components passed through the 

filter without a barrier while the protein (M.W. ~150 kDa) was retained. In each filtration 

experiment, a transparent dispersion (Fig. C2) formed spontaneously, composed of 

protein nanoclusters with a typical morphology shown in Fig. 4.1c by SEM (Additional 

SEM images shown in Fig. C3). The Dc measured at a scattering angle of 150° increased 

as a function of the final c (Figs. 4.2a and 4.2b, Table 4.1) from 18 nm at 120 mg/ml to 

37 nm at 220 mg/ml. The peak width, which characterizes the polydispersity in diameter, 

was larger for nanoclusters in Fig. 4.2a for dispersions with c above 180 mg/ml (the 

corresponding calculation from the free energy model shown in Fig. 4.2b is explained 

below.) To our knowledge, this is the first demonstration of a dispersion of self-

assembled, long-lived nanoclusters at high protein concentration (above 100 mg/ml) 

produced by concentrating a protein solution. Also upon dilution to 1 mg/ml protein was 

found to be 99.5% monomer by size exclusion chromatography (SEC) and the relative 

EC50 was found to be 1.133 ± 0.839 by ELISA (using a four parameter logistic fit, see 

Appendix C.2). To examine the reversibility of nanocluster formation, the above C 

220:70 (defined in Table 4.1) nanoclusters were diluted in the same pH 6.4 phosphate 

buffer to maintain a constant c/cE of 220/70 or 3.14:1, as shown in Fig. 4.2b, with full 

DLS distributions in Fig. C4 and Table C2. As expected, the Dc values at the same c 

measured along this dilution pathway were smaller than those obtained on the 

concentration filtration pathway at constant cE. These results are placed in perspective 

with nearly all of the conditions investigated in this study in the global plot in Fig. 4.2c. 

The vertical filtration concentration pathway for nanocluster formation at 70 mg/ml (C 
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70) is shown along with a diagonal pathway for subsequent dilution of the C 220:70 

sample with buffer. Reversibility in nanocluster diameter, increasing upon concentrating 

the protein and decreasing upon dilution in the diagonal direction, suggests equilibrium 

behavior. 

In order to show that the nanocluster diameter depends only on c and cE and is 

independent of formation pathway, nanoclusters were synthesized at a cE of ~100 mg/ml 

by the two extremely different pathways namely, filtration concentration (C) and 

lyophilization dilution (LD). For the C pathway, a protein solution with a starting 

concentration of 50 mg/ml was concentrated to a dispersion with c = 250 mg/ml (C 

250:100) and a measured Dc of 49 nm. A similar value of Dc of ~51 nm (see Table 4.1 

and Fig. 4.2d) was observed by stirring (diluting) lyophilized protein and trehalose 

powder with a c/cE ratio of 2.5:1, with 50 mM phosphate buffer at pH 6.4 (LD 250:100). 

As the lyophilized protein contacts the buffer, it disperses to form sub-100 nm 

nanoclusters nearly identical to those obtained from the concentration filtration pathway, 

without getting trapped in gel states during wetting. This similarity in Dc, as summarized 

in Figs. 4.2c and 4.2d, is another strong indicator of equilibrium behavior, especially 

given the extreme difference in the filtration and lyophilization dilution pathways. The 

LD 250:100 dispersion from Fig. 4.2d was diluted by mixing with buffer, such that the 

c/cE ratio remained constant at 2.5, as shown by the diagonal pathway in Figs. 4.2c and 

4.2e and with Dc distributions shown in Fig. 4.2d and Table C3. The Dc values decreased 

markedly as c reached 120 mg/ml and only monomer was present at 60 mg/ml. The % 

monomer in the original LD 250:100 dispersion upon dilution to ~1 mg/ml was 98.3% as 

verified by SEC and the relative EC50 was found to be 1.380 ± 0.474. The trend is 

similar to that for the dilution of the C 220:70 nanoclusters described earlier, as expected 
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for equilibrium behavior given the similar c/cE ratios. Additionally, concentration 

filtration was utilized to form nanoclusters with an ultra-high c of 320 mg/ml, with a Dc 

of 40 nm as shown in Table 4.1 and Fig. C5. Upon dilution, the % monomer was 99.3% 

indicating that irreversible aggregation did not occur even at these extremely high 

concentrations.  

To explore the behavior at a high cE of 250 mg/ml, both the C and LD pathways 

were used to form nanoclusters at a c:cE ratio of 1:1. As expected, the diffusion 

coefficient decreases much further and so larger nanoclusters were assumed to be formed 

with the stronger crowding forces (depletion attractions) at this higher cE. This well-

known depletion attraction between proteins is caused by a gain in accessible volume, 

and consequently entropy, for the trehalose as the excluded volumes of closely-spaced 

protein molecules overlap.27-29 The Dc value of 77 nm for the C 250:250 nanoclusters 

(Table C4 and Fig. C6) was similar to, and as expected slightly smaller than, the value of 

95 nm for the lyophilization dilution (LD 270:270) nanoclusters which are at a slightly 

higher c and cE. Furthermore, the Dc values were nearly identical during dilution of both 

types of nanoclusters in buffer (Figs. 4.2c and 4.2e). In summary, the similarity in Dc 

values at high c for the nanoclusters produced by both the filtration concentration and 

lyophilization dilution processes for different sets of cE values, and upon dilution with 

buffer back down to monomer is highly suggestive of equilibrium behavior although the 

fraction of protein present in nanoclusters is unknown. The nanocluster diameters are 

consistent over a wide range of c and cE state points, as shown on the global plots in Fig. 

2c, and do not depend significantly on the pathway. 

Additionally, for the C 250:100 dispersion stored at room temperature for 14 

days, Dc was virtually unchanged at ~50 nm as is shown in Fig. C7 and Table C5. 
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Macroscopic phase separation was not present further indicating that the dispersions are 

colloidally stable at high protein concentration. Upon dilution of the stored dispersion in 

buffer to 1 mg/ml, the % monomer was constant at 98.5 % by SEC, indicating the protein 

did not form irreversible aggregates during the two weeks of storage. Additional 

examples of dispersions are given in Table C6. 

 

4.3.3 Prediction of nanocluster size based on the free energy model 

In our previous study of nanoclusters at high protein concentration which is of 

fundamental and technological interest, the size of the nanoclusters was similar to those 

of the particles in the lyophilized powders used to form them. Thus, it was not possible to 

determine the origin of the nanocluster size and whether the nanoclusters were reflecting 

an equilibrium state.7 In the current study, we now show that the Dcs of 50, 80 and 95 nm 

nanoclusters made by concentration of protein solutions (C pathway) match those made 

from dilution of lyophilized powders (LD pathway) for the 250:100, 250:250, and 

270:270 ratios of c:cE. Thus, both types of nanoclusters appear to be in the same 

equilibrium state, regardless of the starting state, i.e., whether a liquid solution or a 

powder comprised of nanoparticles. As mentioned above, relations between dispersion 

composition, protein interactions, and expected nanocluster diameter can also be 

estimated from an approximate equilibrium free energy model7,23,24 described in detail in 

Appendix C.3. Specifically, the model suggests that nanocluster diameters obey the 

following proportionality -  

௖ܦ  ∝ ቂ ఌ/௞்(ఒ/ோ)௤మቃ భమഃ೑షయ    (4.1) 
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where ε is the magnitude of the effective attraction between two adjacent proteins in the 

nanocluster, k is the Boltzmann constant, T is temperature, λ is the Bjerrum length, R is 

the protein radius, q is the charge per protein, and δf is the fractal dimension of the 

nanocluster. According to the model, stronger attraction (1<<ܶ݇/ߝ) and lower protein 

charge (q2 << 1), and hence weaker electrostatic repulsion, produce larger self-assembled 

nanoclusters. Thus, choosing dispersion pH near the isoelectric point of the protein,30,31 

as is done in this work, helps to minimize q and favor nanocluster formation.  

The equilibrium free energy model also predicts that both ߝ/݇ܶ and q (and hence 

nanocluster diameter) can be tuned by varying the dispersion composition. In this case, 

we consider the attraction to be provided by depletion attraction and the repulsion to be 

provided by electrostatic repulsion between proteins. In the case of osmotic depletion 

interactions (see plot of potential of mean force between the protein molecules in Fig. 

C1), the attractive strength is expected to grow in proportion to the concentration of co-

solute or depletant (trehalose), ߝ ∝ ܿா݇ܶ as shown in Appendix C.3.29,32,33 At higher 

protein concentration c, the effect of depletion interaction is further enhanced. This is 

because higher protein concentration reduces the free volume in the dispersion, which in 

turn decreases the entropic driving force for proteins to dissociate from nanoclusters34 

and also for counterions to dissociate from a given protein.23,24 The former effect has 

been observed in suspensions of uncharged hard-sphere colloids, where the strength of 

polymer-mediated depletion interaction required to induce colloid clustering or phase 

separation was found to decrease with increasing colloid concentration.21,28,35-39 The latter 

effect of less counterion dissociation per protein at high protein concentration 

corresponds to lower protein charge and hence weaker electrostatic repulsion to balance 

the depletion attraction, also leading to larger protein nanoclusters. A simple equilibrium 
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site-binding model that estimates the translational and combinatorial entropy of 

counterion dissociation21, 22 predicts the dependence between charge and protein 

concentration to be ݍ ∝ ܿିଵ/ଶ for low ξ-potential nanoclusters, like those expected to be 

observed near the isoelectric point. Together with eq. (4.1), these arguments suggest the 

following simple proportionality -  

௖ܦ  ∝ ሾܿாܿሿ భమഃ೑షయ     (4.2) 

 

This relation, while qualitative and (as discussed below) not expected to be 

quantitatively predictive, is consistent with the experimental data presented here. 

Specifically, it captures the observed increases in ܦ௖ with co-solute concentration cE 

shown earlier in Fig. 4.2c and also with increasing protein concentration c evident from 

Figs. 4.2a, 4.2b and 4.2c. It further captures the various experimental trends when 

nanoclusters shrink in buffer along the various dilution pathways shown in Figs. 4.2c and 

4.2e. The qualitative agreement between the predictions of the model using the 

parameters in Table C1 and the experiments further supports the idea that the dispersed 

protein nanoclusters may be in an equilibrium state. Quantitative agreement is likely not 

achieved, at least in part, because there are several assumptions in the model that are not 

expected to strictly hold in the experimental system. For example, the model does not 

account for fluctuations. It assumes monodisperse spherical nanoclusters with a single 

effective dielectric constant within the nanoclusters. It also ignores the entropic penalty 

due to the reduced translational degrees of freedom of the protein upon clustering. 

Furthermore, the site-binding charge model incorporated here provides one simple (albeit 

likely oversimplified) prediction for the effects of protein concentration. Protein 
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concentration effects on depletion interactions may also be important and are not 

considered here. 

 

 4.3.4 Colloidal and conformational stability of proteins 

As discussed above, proteins in a highly crowded environment have an increased 

tendency to stay in their compact (osmotically favored) native folded state.1,4,5,33,40,41 

During the course of the filtration concentration process, the high trehalose concentration 

may help mitigate protein unfolding and aggregation, particularly at intermediate c values 

in Figure 4.3. Inside the clusters, proteins are also expected to remain in their native state, 

stabilized by self-crowding.5,6 We find upon dilution that the protein is monomeric by 

SEC, biologically active by an ELISA (see Fig. C8 for details), and in its native 

conformation according to secondary structural characterization by CD (also see Table 

C7). These favorable results were obtained for both types of nanocluster dispersions, i.e., 

for the LD or C pathways. As further evidence of equilibrium behavior, the nanoclusters 

were found to retain their Dc after freezing the dispersion and storing it at -40ºC for the 

duration of 2 ½ months as is shown in Table C8 and Fig. C9. Furthermore, upon dilution 

the % monomer from SEC was essentially unchanged.  All of these support the concept 

of reversible equilibrium assembly. 

The low trehalose concentrations in the current study were isotonic as shown in 

Table 4.1,42 and furthermore, produced a small Dc of 36 nm. The size was found to be 

small enough for sterile filtration through a 220 nm filter as demonstrated in Fig. C10 and 

Table C9. Finally, the viscosity of the C 220:70 dispersion was 36 cP, which is 

syringeable through a 25 gauge needle, commonly used for subcutaneous injection.8 The 

ability to tune the size of nanoclusters via equilibrium assembly, which dissociate 
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reversibly to primary particles may be expected to be of broad interest in practical 

applications including subcutaneous delivery of therapeutic proteins. 

 

4.4 CONCLUSIONS 

Transparent colloidal dispersions of concentrated protein nanoclusters were made 

(see Fig. 4.1a) with sizes found to be the same for assembly via multiple pathways 

indicating equilibrium behavior under the assumptions for determining the cluster size by 

DLS. Increasing the concentration of dilute protein solutions in the presence of an 

extrinsic crowding agent, trehalose, produced protein nanoclusters with hydrodynamic 

diameters (Dc) of 35-80 nm. Nanoclusters with the same diameter were formed by 

diluting lyophilized powders in buffer (LD pathway) and concentration filtration (C 

pathway). The theoretically calculated nanocluster diameters increase with protein 

concentration (c) and also with the concentration of an extrinsic crowding agent (cE) as 

described by an equilibrium free energy model in terms of short and long-ranged 

monomer-monomer, monomer-cluster and cluster-cluster interactions. Furthermore, a 

dispersion of ~37 nm nanoclusters is formed with only 70 mg/ml trehalose (isotonic 

level) and a viscosity of 36 cP at a protein concentration of 220 mg/ml without gelation. 

Upon dilution, the nanoclusters dissociate to a solution of stable and active protein 

monomer evidencing that the protein is stable in the dispersion. These nanocluster 

dispersions can be sterile filtered and frozen without affecting the nanocluster size, 

viscosity and causing additional aggregate formation.  
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Process and 
c:cE 

Protein conc. 
(c) (mg/ml) 

Trehalose conc 
(cE) (mg/ml) 

Osmolality/osmolality 
at isotonic conc. 

Dc (nm) 

C 220:70 220 70 0.92 37 ± 8 

C 250:25 250 25 0.52 16 ± 5 

LD 250:100 250 100 1.20 51 ± 9 

C 320:70 320 70 0.92 40 ± 7 

Table 4.1: Hydrodynamic diameters (Dc) of protein nanoclusters for various 
dispersions made by the filtration concentration (C) and lyophilization 
dilution (LD) processes shown in Fig. 4.1b. 
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(Fig. 4.1 continued on the next page) 
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Figure 4.1: Nanocluster morphology and formation pathways. a, Schematic of a protein 
(green) nanocluster with trehalose molecules (co-solute, blue) and 
counterions of the protein (red). b, Nanocluster formation by two pathways: 
dilution of lyophilized power (LD) and concentration by filtration (C). Three 
nanocluster diameter contours (in nm) calculated by a free energy model 
(Appendix C.3) are shown. Additionally, the nanocluster diameter decreases 
to that of a protein monomer upon dilution in buffer (shown by diagonal 
pathway). c, SEM image of a nanocluster from a dispersion at c = 270 mg/ 
ml and cE = 270 mg/ml. 
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(Fig. 4.2 continued on the next page)

  

a b 

c 
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Figure 4.2: Nanocluster hydrodynamic diameters (Dc) for filtration concentration (C) 
and lyophilization dilution (LD) pathways. a, Dc of the nanoclusters for C 
pathway at 70 mg/ml trehalose for various final c values (C 70 pathway). b, 
Volume average Dc and the calculated diameter from the model (Appendix 
C.3) for the nanoclusters from panel a (C 70) and for dilution of the C 
220:70 samples with buffer. c, Dc surface for the nanoclusters interpolated 
from the individual experimental points. d, Dc of the nanoclusters formed by 
dispersing lyophilized protein powder (LD 250:100) and after subsequent 
sequential dilutions with buffer to 230, 120 and 60 mg/ml IgG. A similar Dc 
was observed for the C 250:100 dispersion. e, Dc upon dilution of both LD 
and C dispersions with the calculated diameters from the model 
corresponding to the same protein:trehalose ratios. 

d e 
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Figure 4.3: Fraction of folded protein adapted from simulations of  Shen et al.43  and 
schematic of LD and C pathways for nanocluster synthesis in the presence 
(blue curve) and absence (red curve) or crowder. Small red irreversible 
aggregates are shown at an intermediate φ without crowder (here φ = c/1400, 
where φ is the volume fraction of protein which has a partial molar density 
of 1400 mg/ml)7 
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Chapter 5:  Characterization of structures in protein formulations with 
high co-solute concentrations by small angle x-ray scattering 

The diffusion coefficient as measured by DLS in the high co-solute samples was 

seen to be significantly lower than that for protein monomer while that for the low co-

solute samples is close to the monomer value even at protein concentrations up to 230 

mg/ml. The lowering of the diffusion coefficient was theorized to be through the 

formation of nanoclusters. The presence of the nanostructures in protein formulations 

with a high concentration of a mixture of trehalose, histidine and citric acid as co-solutes 

was studied by SAXS to bolster the DLS data. Larger entities are shown to be present by 

SAXS in protein formulations at 125 mg/ml mAb1 containing high co-solute 

concentrations. In contrast, low co-solute formulations do not show evidence of 

structures larger than ~15 nm which corresponds to monomer size. The co-solutes may 

cause assembly of the nanostructures by giving rise to strong short-ranged depletion 

attraction which drives proteins together into nanoclusters with the cumulative long-

ranged electrostatic repulsion between proteins in the nanoclusters limiting the 

nanocluster size. Additionally these high co-solute samples are seen to have a lower 

viscosity than low co-solute samples at the same mAb concentration. 

 

5.1 INTRODUCTION 

Recently, large and long-lived protein nanostructures at very high protein 

concentrations (>200 mg/ml) were studied by dynamic light scattering (DLS).1,2 Proteins 

were forced together through depletion attraction by adding trehalose as a co-solute 

which assembled the proteins into the nanostructures as discussed in Chapters 3 and 4. 

The accumulation of proteins into nanostructures was opposed by the longer ranged 
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electrostatic repulsions between the proteins in the low dielectric constant environment of 

the clusters.2,3 The balance of the two opposing forces determined the size of the 

nanostructure. Similar larger structures were also observed in other cases by DLS 

although the fraction of protein contained in these bigger entities is typically low.4-6 The 

formation of these nanostructures through the addition of high co-solute concentrations 

was hypothesized to lower viscosity when compared to conventional monomer solutions 

with low levels of co-solutes. The nanostructures were also shown to dissociate into 

stable, active and monomeric protein molecules after dilution in vitro and in vivo.1 The 

cluster size was determined from the diffusion rates measured by the DLS while 

assuming that the species diffused through a medium which had the same viscosity as 

that of the solvent in which they were formulated using the Stokes Einstein model.1,2 

Also it was assumed that in the duration of the measurement that the clusters did not 

interact with each other or with free monomer which may have been present in the 

sample. However at high protein concentration above 200 mg/ml, these assumptions may 

or may not hold true.7 Therefore, the cluster size at these high protein concentrations 

needs to be verified by other independent methods to ensure that the DLS technique used 

yielded reasonable results. Also DLS does not quantify the structure of the protein while 

it is still inside the clusters which would be an interesting phenomenon to explore using 

methods capable of seeing it to verify the results reported for protein folding at high 

volume fractions using cross-grained models.8,9  

Small angle x-ray scattering (SAXS) is routinely used in order to explore the 

crystal structure of proteins to enable determination of protein structure, sequence, etc.10-

12 Additionally protein oligomerization particularly for monoclonal antibodies (mAbs) 

resulting in the formation of dimers, trimers and larger species has also been explored by 
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SAXS.13,14 The apparent molecular weight and the radius of gyration resulting from the 

scattering profile increased as protein concentration was increased from 1 to 5 mg/ml 

indicating that the oligomeric content of the sample is also raised.13 The dimerization at 

higher concentrations was studied by means of small angle neutron scattering (SANS) 

and neutron spin echo characterization which showed a behavior similar to the critical 

micellar concentration for surfactants where the sample contained mainly dimeric species 

at concentrations above 10 mg/ml with a gradual increase in the dimer concentration until 

that point.14 These clusters had a detrimental effect on the viscosity of the mAb solutions 

with viscosity increasing as the size of these oligomers increased.13,14 Additionally, small 

clusters of lysozyme present at relatively high lysozyme concentrations of greater than 

100 mg/ml have been studied by SAXS showing that it is well established for studying 

the formation of higher order structures in proteins.15,16 A single SAXS experiment can 

investigate a continuum of length scales providing both monomer-monomer and cluster-

cluster structural pair correlations.17 The structure of proteins inside the nanoclusters can 

also be probed in terms of obtaining the size of the protein monomer via the primary 

scattering peak. Additionally, the structure factor can be modelled in order to determine 

what structures are present in the sample in terms of their size and persistence.18 Upon 

changing density, strong protein-protein attraction augments the low q scattering via the 

drive to form a protein rich condensed phase (either macrophase or microphase) while if 

repulsion dominates a low q depression is found as the fluid becomes less compressible. 

One, more approximate guideline suggesting whether attraction or repulsion dominates is 

if the low q structure factor is above or below 1 respectively. Interactions between 

proteins contained in the nanoclusters and between the nanoclusters themselves can 

therefore be studied using SAXS lending to a better understanding of the cluster 
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morphology and interactions. The size and other properties measured by SAXS are 

unaffected by the temporal dynamics of the sample like diffusion since it is a static 

measurement. Therefore, as the measurements are based on different principles, 

agreement between the DLS and the SAXS data about the presence of larger species 

would be much more convincing evidence for the presence of nanoclusters. SAXS can 

also be used to visualize the interactions between structures at different length scales by 

determining the structure factor.19-21 To further bolster the structural study, contrasting 

monomer scattering profiles with scattering profiles of nanocluster samples will help to 

compare and contrast the structures in the monomer and nanocluster samples. 

 

5.2 MATERIALS AND METHODS 

5.2.1 Materials 

The monoclonal antibody (called mAb1) used in this study was obtained from 

Abbvie at ~120 mg/ml in a proprietary buffer composition henceforth called the original 

buffer. Histidine, sodium monophosphate, sodium biphosphate, citric acid and HCl were 

purchased from Fisher Scientific, Fairlawn, NJ. Trehalose was purchased from Ferro 

Pfanstiehl Laboratories Inc., Waukegan, IL.  

 

5.2.2 Preparation of dispersion samples 

The samples were prepared by tangential flow filtration (TFF) with diafiltration 

for buffer exchanging into the correct buffer followed by an ultrafiltration step to 

concentrate the sample. More dilute samples were prepared by subsequent dilution into 

buffer. For tangential flow filtration, the buffers with the desired composition were first 
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prepared by dissolving the co-solutes in DI water. The buffers were sterile filtered with 

the Celltreat bottle top PES filters and then degassed under vacuum for 30 minutes. The 

frozen mAb stock (25 ml in 5 vials) was thawed in a 4°C water bath and diluted with an 

equal volume (25 ml) of the buffer, resulting in a mAb concentration of 65 mg/ml. The 

diluted mAb solution was gently mixed in a 50-ml centrifuge tube, which served as the 

retentate reservoir during the TFF experiments. In certain experiments, the diluted mAb 

solution was additionally sterile-filtered using the 0.22 µm bottle top filters and degassed. 

The diluted mAb solution was then buffer-exchanged at constant concentration 

with permeation of six diavolumes (150 ml) of the desired formulation buffer with a 

KrosFlo Research II TFF system (Spectrum Labs, Rancho Dominguez, CA) operated in a 

constant-volume mode. The TMP was maintained at 0.80 bar using a KrosFlo automatic 

backpressure valve (Spectrum Labs, Rancho Dominguez, CA), which regulated the 

pressure by constricting the retentate line. The feed cross-flow rate was set at 100 ml/min 

corresponding to calculated wall shear rates inside each fiber of 1415 s-1 respectively. 

The retentate reservoir was gently mixed throughout the process using a Vari Mix 

Platform Rocker (Thermo Fisher Scientific, Fair Lawn, NJ) set at the maximum speed 

and rocking angle along with periodic mixing through swirling by hand. The buffer-

exchanged solution was recovered and sterile filtered, then stored overnight at 4°C, after 

which it was concentrated to ~250 mg/ml the following day. 

The buffer-exchanged mAb solution was concentrated from 65 mg/ml to 250 

mg/ml by ultrafiltration using the 1.0 mm ID hollow fiber module. The feed cross-flow 

rate was initially kept at 100 ml/min and the TMP was maintained at 0.80 bar. When the 

mAb solution became too viscous (> 150 cP), the TMP could no longer be regulated so 

the feed cross-flow rate was decreased. The rocker angle for the  Vari Mix Platform 
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Rocker was gradually reduced over time as the fluid level in the retentate reservoir 

decreased in order to keep the feed and retentate return lines submerged. The retentate 

concentration at any given time was estimated based on the mass of the permeate which 

was monitored real time assuming no permeation of mAb through the membrane  and the 

filtration was stopped at a mAb concentration of 250 mg/ml. 

  

5.2.3 Characterization of the protein formulations 

5.2.3.1 Measurement of formulation viscosity  

The viscosity of the nanocluster dispersion was measured in triplicate with a 25 

gauge (ID = 0.1 mm) 1.5” long needle (Becton Dickinson & Co. Precision Glide Needle) 

which was attached to a 1 ml syringe (Becton Dickinson & Co. 1 ml syringe with Luer-

Lok™ tip), using to the Hagen-Pouiselle equation. The dispersion flow rate through the 

needle was determined using the volume left in the vial, which had been previously 

correlated to the height of the liquid, at two different time points during drawing up the 

protein formulation. The measured flow rate was then correlated to viscosity from a 

calibration curve derived from a set of standards of known viscosities as described 

previously.2 

 

5.2.3.2 Measurement of diffusion coefficient by DLS  

The effective CONTIN diffusion coefficient of protein monomers and 

nanoclusters were measured by dynamic light scattering (DLS) at an angle of 150° with a 

632.8 nm laser and an avalanche photodiode at ~23°C using the CONTIN algorithm 

(Brookhaven BI-9000AT). The samples were pipetted into a 60 µl sample cell (Beckman 
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Coulter) which was then mounted on the instrument to conduct three replicate runs of 2 

minutes each. All reported diffusion coefficients are the average of three runs. The 

diameter of the entities was calculated using the Stokes-Einstein model. 

 

5.2.3.3 Determination of protein concentration 

For determining the concentration of the dispersions, 2 μl of dispersion was 

measured out and diluted into a receiving vessel containing 998 μl of 50 mM pH 6.4 

phosphate buffer mixing well with the pipette tip. The diluted samples were prepared in 

duplicate. The absorbance of the resulting solution was measured using a Cary 3E uv-

visible spectrophotometer in a cuvette (Hellma cells) with a path length of 1 cm. Then 

using Beer’s law (A = ε b c, where ε = extinction coefficient = 1.43 ml mg-1 cm-1, b = 

path length = 1 cm), knowing the absorbance, the concentration of the protein in the 

solution was calculated. 

 

5.2.3.4 Small angle x-ray scattering measurements of formulations 

The SAXS measurements were performed on the National Synchrotron Light 

Source's X9 beamline at Brookhaven National Laboratories, NY or on a Nanostar U 

(Bruker-AXS) instrument equipped with a VANTAC 2000 detector and rotating copper 

anode. The scattering data for the X-9 beamline were collected using a charge-coupled 

device (CCD) area detector for the X-rays. The data are presented as the either the 

background corrected angular averaged one dimensional scattering intensity profile P(q) 

or the structure factor S(q) vs scattering vector, q = (4π/λ)sin(θ/2), where θ is the 

scattering angle. The values of q were determined by calibration with silver behenate (q1 
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= 0.1076 Å-1) prior to the measurement. Samples were run for 10 s with 3 replicates 

measured for each sample. 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Nanostructure characterization for protein concentration of 125 mg/ml 

Fig. 5.1 shows the SAXS intensity profile for a dilute mAb solution at 3 mg/ml in 

the original buffer. The profile does not have any prominent features and is in excellent 

agreement with the profiles previously seen for dilute monomeric mAb solutions.13,14,19,22 

The featurelessness of the profile originates because there is not much structure in the 

sample apart from protein monomer in addition to a very minor contribution from 

interactions due to its very dilute nature. Therefore, the intensity profile from Fig. 5.1 was 

assumed to be the form factor (FF(q)) and was used to compute the structure factor (S(q)) 

of the samples as shown in Eq. 5.1. 

(ݍ)ܲ  = (ݍ)ܨܨ ×  (5.1) … (ݍ)ܵ

where P(q) is the scattered intensity, FF(q) is the form factor and S(q) is the structure 

factor.  

Fig. 5.2a shows the SAXS intensity profile for a mAb solution at 120 mg/ml in 

the original buffer (called P1) which contains a very low level of co-solutes. Fig. 5.2a 

also displays the scattering profile for a mAb dispersion at 125 mg/ml with 40 mg/ml 

trehalose, 50 mg/ml histidine and 17 mg/ml citric acid at pH 6 prepared by dilution of a 

sample in the same buffer at 250 mg/ml by TFF (P2). The viscosities of the samples are 

shown in Table 5.1 with the dispersion being significantly less viscous than the solution. 

Also as Fig. 5.2a shows, the monomer scattering profile has a prominent peak at a q of 



129 
 

about 0.04 Å-1 corresponding to a length scale of ~ 15 nm. The cluster sample does not 

have a peak in the same q range but it forms a plateau at a much higher intensity than the 

monomer sample and at lower q values of ~0.01 Å-1  corresponding to a length scale of ~ 

50 nm. Fig. 5.2b shows the effect of increasing protein concentration on the structure in 

the original buffer through the structure factor. The peak at 0.04 Å-1 from the intensity 

profile is much amplified indicating that the peak may be due to strong repulsion at the 

length scale of ~15 nm which closely corresponds to a length scale of the monomer size 

of 11 nm in the solution. Therefore the monomers in solution seem to have a net 

repulsive interaction at close spacing although at longer distances, the interaction seems 

to become more neutral with a small peak at around 50 nm which may indicate the 

presence of some minor (likely transient) aggregates or possibly micelles of Tween-80 

which is present in the sample. The data for P1 run on a rotating anode SAXS instrument 

instead of a synchrotron beamline is shown in Fig. D1 with reasonable agreement 

between the synchrotron and rotating anode data. 

The structure factor for the cluster sample (Fig. 5.2c), on the other hand displays a 

much weaker repulsive interaction on the monomer level as is evident from the scattering 

profile with the peak also shifted to slightly lower q meaning that the interaction is at 

longer length scales. However, unlike the monomer sample, the structure factor here 

climbs to a peak at a higher length scale of ~ 50 nm hinting at the presence of larger 

species in the sample supporting the data obtained by dynamic light scattering.  The peak 

value of 3.2 is higher than the threshold value of 2.7 which is the value of the structure 

factor at which the higher-order species must be long-lived (non-transient).18 Therefore 

the addition of co-solutes to mAb formulations seems to lead to the formation of some 

higher order species in the system. The reason for the difference in the shape of the peak 
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corresponding to the monomer compared to the monomer sample itself could be the 

changed interactions between the monomer proteins as a result of the added excipients. 

Histidine binds to and blocks interacting sites on proteins likely altering the nature of the 

monomer-monomer interactions. Further, trehalose will give rise to some osmotic 

depletion attraction between protein monomers both inside and outside the clusters thus 

further perturbing the structure factor. The crowded environment in the interior of the 

nanocluster may also affect the structure of proteins (likely through a net compression of 

the protein which tends to favor the native state). All the factors mentioned above may 

therefore result in the wider and shorter peak for the monomer seen in the sample with 

excipients present. 

DLS of the sample shows that the high co-solute sample has much higher 

relaxation times and, thereby, likely contains larger structures as seen from the D/D0 

values (ratio of measured diffusion coefficient to the calculated diffusion coefficient for a 

monomer equivalent hard sphere with a diameter of 11 nm diffusing through the same 

solvent) shown in Table 5.1 and the ACFs shown in Fig. D2 with the average sizes and 

standard deviations in Table 5.1. Based on the D/D0 values, the low co-solute sample 

seems to contain species diffusing at a rate indicating that they are in the 5-10 nm length 

scale while the high co-solute sample has species 2.5 times that of the monomer. 

Therefore, we speculate that the addition of the excipients to a protein solution causes 

depletion attraction to arise between proteins and causes them to assemble into 

nanoclusters or undergo micro-phase separation. The nanocluster size increases until 

equilibrium is reached when the net repulsion from all proteins present in the clusters 

leads to a net repulsion between the monomers and the cluster.1,2 The viscosity decrease 

for the high excipient cluster samples which was mentioned earlier is probably due to the 
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largely neutral interactions between the species in solution compared to the strong 

interactions between proteins. The previous hypothesis is based on a trend seen for low 

co-solute protein solutions where viscosity decreases as the interactions become more 

strongly repulsive for mAbs.23,24 

 

5.3.2 Characterization of higher protein concentration formulations 

Fig. 3a shows the SAXS scattering profiles for other formulations at higher 

concentrations of 250 mg/ml to contrast against the data at 120 mg/ml from Fig. 5.2. The 

detailed compositions, viscosities and average DLS sizes is shown in Table 5.1. As can 

be seen, all the samples except for P4 have an upturn in intensity at a q value of 0.126 

corresponding to a correlation length of > 50 nm. For P3 there is an upturn in the 

intensity at the q range of 40-60 nm while their D/D0 is ~ 0.35 indicating entities of a size 

around 30 nm (Fig. 5.3b) seemingly agreeing with each other within ~10-20 nm. The 

upturn is especially prominent for P5 which is a sample of a different mAb (mAb2) 

which had the largest nanostructures (D/D0 = 0.17) by DLS as shown in Fig. 5.3b. The 

profile for P4 seems to be relatively flat with no upturn in the intensity at lower q values 

indicating that there are no larger species in this sample in agreement with the DLS data 

which shows no significant decrease in the D/D0. Therefore the trends in the features 

present in the samples as surmised from the SAXS profile seem to agree with the trend in 

D/D0 seen for these samples in Table 5.1 for which the ACFs are shown in Fig. D3. Low 

co-solute monomer samples were not studied at 250 mg/ml since they were extremely 

viscous and prone to gelation and aggregation (gelling within a day). The scattering 

profile data for P3 obtained from a rotating anode SAXS instrument instead of a 
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synchrotron beamline is shown in Fig. D1 with reasonable agreement between the 

synchrotron and rotating anode data. 

At these high concentrations of mAbs, the SAXS intensity is depressed as is 

evidenced by the structure factor for concentrated protein formulations evidenced in other 

studies.15,25,26 The trend of lowered intensity at lower q values is more obvious in the 

structure factor for the concentrated cluster samples (Fig. D4). The structure factor for P4 

is seen to be even lower than that for the other samples as the size of nanostructures 

contained in this sample is seen to be very small.  Interestingly, the peak for the monomer 

structure seems to be shifted to lower values of ~ 5 nm for these samples which may be 

indicative of proteins being compressed at the high concentration inside the nanocluster 

due to self-crowding. The depression seen for the other samples is not as severe as it is 

for P4 due to the presence of larger species in the other samples as indicated by the DLS 

measurements. The reason for this depression is not clear, but it may be due to interfering 

multi-body interactions from proteins/nanoclusters in close proximity. Also, at these high 

concentrations, the particles are very close to each other which may make it difficult to 

distinguish the structures clearly apart from each other. Another factor may be that the 

structures are not very long lived which leads to the depression in structure factor with 

increased density as has been theorized previously.18 However, more experiments are 

needed to conclusively understand this behavior of the samples at high concentration. 

 

5.4 CONCLUSIONS 

The protein nanoclusters and monomer samples seem to have structures on 

different size scales present in them as is evident from the SAXS profiles. The high co-

solute cluster samples have significantly higher intensity of scattering at lower q values 
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corresponding to higher sizes which can be seen more clearly in the structure factor plots. 

The high co-solute cluster samples show the characteristic peak seen in the concentrated 

low co-solute monomer samples at around 15 nm, although it is shifted to lower q values 

and depressed which indicates modified interactions and structure. The cluster samples 

contain species in the > 50 nm range at both 125 mg/ml and 250 mg/ml while the 

monomer sample has species in the 15 nm size range. 
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Table 5.1: Compositions, DLS data and viscosities of samples from the current 
Chapter. 
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Figure 5.1: Scattering profile for a dilute protein solution at 3 mg/ml in the original 
formulation buffer which was used as the form factor. 

1

2

4

8

16

32

64

0.007 0.014 0.028 0.056 0.112

I(q
) (

AU
)

q (1/A)



135 
 

a 

b 
(Fig. 5.2 continued on the next page) 
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c 

Figure 5.2: Monomer (P1, red dots) and cluster (P2, blue dashes) samples show a very 
different structure at the same concentration. b. Structure factor for low co-
solute monomer sample from 5.2a. c. structure factor for high co-solute 
cluster sample in 5.2a. 
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Figure 5.3: SAXS profiles for protein dispersions at 250 mg/ml. 
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Chapter 6: Cryo-SEM for direct visualization of high concentration 
protein formulations at high and low co-solute concentration  

The diffusion coefficient as measured by DLS in the high co-solute formulations 

was seen to be significantly lower than that for protein monomer while that for the low 

co-solute samples is close to the monomer value even at protein concentrations up to 230 

mg/ml. The lowering of the diffusion coefficient was theorized to be through the 

formation of nanoclusters. The presence of nanostructures in protein formulations 

containing a high concentration of a mixture of trehalose, histidine and citric acid as co-

solutes was somewhat supported by SAXS in Chapter 5 to bolster the DLS data. Larger 

entities are also observed by SANS in protein formulations at 125 and 250 mg/ml mAb1 

containing high co-solute concentrations. In contrast, low co-solute formulations and 

buffer solutions which were imaged as controls did not show evidence of any structures 

as the monomer size is probably below the threshold for detection by cryo-SEM. Cryo-

SEM preserves structures present in the liquid state through the freezing process allowing 

direct observation of those structures. The controls provide support that the structures 

present in the high co-solute samples were not formed as an artifact of the sample 

preparation prior to imaging. The co-solutes may cause assembly of these structures by 

giving rise to strong short-ranged depletion attraction which drives the proteins together 

into nanoclusters with the cumulative long-ranged electrostatic repulsion between 

proteins in the nanoclusters limiting the nanocluster size. Additionally these high co-

solute samples are seen to have a lower viscosity than low co-solute samples at the same 

mAb concentration probably as a result of modified interactions. 
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6.1 INTRODUCTION  

High concentration protein formulations are of growing interest for the rapidly 

expanding field of mAb therapeutics and related biologics. The high concentration 

formulations with greater than 200 mg/ml mAb can aid use of sub-cutaneous self-

injection for administration instead of medically supervised intravenous injection.1,2 At 

this high mAb concentration, the small surface to surface distances between proteins of 

~1-5 nm allow attractive protein-protein interactions to have the detrimental effect of 

causing aggregation, unfolding and gelation.1,3-12 The formation of aggregates can affect 

the macroscopic properties of protein formulations like low shear viscosity for 

example.5,6 Studies have also theorized that formation of reversible clusters in mAb 

formulations is responsible for the elevation in the viscosity at high protein 

concentrations due to the attractive interactions responsible for causing the association of 

these proteins.13-15 

The clusters responsible for the above elevation in viscosity were typically small 

oligomers forming due to specific attractive interactions between proteins due to 

alignment of oppositely charged patches or hydrophobic patches.13,14,16,17 These 

oligomers were studied using the scattering profiles generated by either small angle X-ray 

scattering (SAXS) or small angle neutron scattering (SANS).13,14 The SAXS studies were 

bolstered with supporting techniques for size determination like static light scattering 

(SLS)13 or neutron spin echo analysis14 to determine the size of the cluster entity. The 

cluster size was seen to increase with the concentration of salt added to screen attractive 

electrostatic interactions.13 On the other hand, the cluster size was found to be relatively 

invariant with increasing protein concentration by neutron spin echo techniques 

analogous to the critical micellization phenomenon where all added monomeric species 
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above a certain concentration are incorporated into the collective entities which in the 

case of the mAb in this study are dimers. SAXS and SANS studies have also been used 

for studying cluster formation in other proteins like lysozyme although there is some 

debate on the lifetime of the lysozyme clusters and also in the interpretation of the data 

for the purpose of determining the cluster size.18-22 

Alternatively larger nanocluster species were observed by DLS in mAb 

formulations containing high concentrations of a co-solute, trehalose.23,24 Trehalose 

provides depletion attraction between proteins due to the entropy gain for trehalose as a 

result of pushing proteins together leading to increased available volume for its motion 

due to overlapping of the excluded hard sphere volume of proteins.25-27 Proteins 

contained in a nanocluster can repel any protein being added to the cluster resulting in a 

progressively increasing repulsion which eventually balances the attractive forces 

responsible for adding protein to the nanocluster and therefore limiting the nanocluster 

size. These nanoclusters were only sized by DLS with the cluster diffusion being 

assumed to occur through a medium with the effective viscosity of the solvent and then 

applying the Stokes-Einstein equation. The size determined by DLS is biased towards 

larger particles because larger particles scatter light more than smaller particles in the 

Rayleigh regime [Intensity ~ (diameter)6] and therefore have a higher contribution in the 

measured signal from the scattered light. Also the assumption that the diffusion follows 

the Stokes-Einstein model may not hold at these high protein concentrations despite using 

a correction because the nanoclusters formed are most probably not hard spheres.24 

Cryogenic scanning electron microscopy (cryo-SEM) is a technique that has been 

widely used for studying the structures present in liquid systems by means of vitrification 

of the sample and imaging the structure in the frozen state.28-31 The most common 
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application of cryo-SEM is to image samples where changing the sample concentration or 

some other modifications in the sample can cause the sample morphology to change.28 

The freezing of the sample is carried out using either liquid ethane or slushed liquid 

nitrogen for rapid freezing to prevent convective forces from changing the sample 

morphology.28,32 The most common application of cryo-SEM is to image micro-

emulsions of hexane in water or water in hexane to preserve the morphology which is 

very sensitive to the concentration of the various components even when these samples 

have higher viscosities that limit cryo-TEM imaging.31 The imaging has the capability of 

resolving structures as small as ~10 nm although smaller features tend to be obscured due 

to the metallic sputter coating needed for allowing the sample to be visualized.33 The 

sputter coating helps to visualize samples with low contrast very easily. While cryo-TEM 

has been commonly used to visualize protein structures including micelles, cryo-SEM has 

rarely been used to visualize protein nanostructures because typically protein samples 

being imaged can be diluted.34-36 Cryo-TEM however is difficult to apply at higher 

particle concentrations because there can be overlap between particles leading to 

complications in distinguishing between multiple structures.36,37 Also, it is very difficult 

to get a thin film of liquid at the higher viscosity of the samples typically present in this 

dissertation.31 

Herein we study high co-solute protein formulations by cryo-SEM for 

determining the size and presence of nanostructures in the same. Nanostructures will be 

imaged at different compositions of co-solutes and different protein concentrations in 

order to study the effect of variations in the same on the size and shape of the potential 

nanostructures. The sizes measured for the nanostructures were also compared with the 

expected sizes based on the measured diffusion coefficients for these high excipient 
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samples. For ensuring that the structures were not artifacts formed during processing, 

controls were also imaged with low co-solute concentrations where no decrease in the 

D/D0 was observed with DLS in addition to the high co-solute buffers alone without 

proteins. The viscosities of the various formulations were also compared to examine the 

effect of the formation of the nanostructures on the macroscopic viscosity properties of 

the formulation.  

 

6.2 MATERIALS AND METHODS 

6.2.1 Materials 

The monoclonal antibody (called mAb1) used in this study was obtained from 

Abbvie at ~120 mg/ml in a proprietary buffer composition henceforth called the original 

buffer. Histidine, sodium monophosphate, sodium biphosphate, citric acid and HCl were 

purchased from Fisher Scientific, Fairlawn, NJ. Trehalose was purchased from Ferro 

Pfanstiehl Laboratories Inc., Waukegan, IL.  

 

6.2.2 Preparation of dispersion samples 

The samples were prepared by TFF as described in Chapter 5. 

  

6.2.3 Characterization of the protein formulations 

6.2.3.1 Measurement of formulation viscosity  

The viscosity of the nanocluster dispersion was measured in triplicate with a 25 

gauge (ID = 0.1 mm) 1.5” long needle (Becton Dickinson & Co. Precision Glide Needle) 
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which was attached to a 1 ml syringe (Becton Dickinson & Co. 1 ml syringe with Luer-

Lok™ tip), using to the Hagen-Pouiselle equation. The dispersion flow rate through the 

needle was determined using the volume left in the vial, which had been previously 

correlated to the height of the liquid, at two different time points during drawing up the 

protein formulation. The measured flow rate was then correlated to viscosity from a 

calibration curve derived from a set of standards of known viscosities as described 

previously.24 

 

6.2.3.2 Measurement of diffusion coefficient by DLS  

The effective CONTIN diffusion coefficient of protein monomers and 

nanoclusters were measured by dynamic light scattering (DLS) at an angle of 150° with a 

632.8 nm laser and an avalanche photodiode at ~23°C using the CONTIN algorithm 

(Brookhaven BI-9000AT). The samples were pipetted into a 60 µl sample cell (Beckman 

Coulter) which was then mounted on the instrument to conduct three replicate runs of 2 

minutes each. All reported diffusion coefficients are the average of three runs. The 

diameter of the entities was calculated using the Stokes-Einstein model. 

 

6.2.3.3 Determination of protein concentration 

For determining the concentration of the dispersions, 2 μl of dispersion was 

measured out and diluted into a receiving vessel containing 998 μl of 50 mM pH 6.4 

phosphate buffer mixing well with the pipette tip. The diluted samples were prepared in 

duplicate. The absorbance of the resulting solution was measured using a Cary 3E uv-

visible spectrophotometer in a cuvette (Hellma cells) with a path length of 1 cm. Then 
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using Beer’s law (A = ε b c, where ε = extinction coefficient = 1.43 ml mg-1 cm-1, b = 

path length = 1 cm), knowing the absorbance, the concentration of the protein in the 

solution was calculated. 

 

6.2.3.4 Cryo-SEM sample preparation and imaging 

Cryo-SEM imaging was done with two different microscopes each with different 

cryo-prep systems. Most of the images are with the Quanta 650 FEG SEM with a 

PolarPrep 200 cryo system from Quorum Technologies. The broad end of a rivet 

(Electron Microscopy Services part no. 328116510) was made rough by abrading it with 

a file. The other end was sealed by dipping it in Tissue-TekTM. Then the rivet was fixed 

into a slot on the microscope stage (broad end up) and carefully filled with the sample 

until there was a convex meniscus of a drop extending over the top of the rivet. The broad 

end of another rivet was similarly roughened with a file and then the rivet was gently put 

on top of the filled rivet so that the sample droplet entered the upper rivet. Additional 

sample was added onto the narrow end of the top rivet and gently forced into the rivet 

assembly with a needle to ensure that there was a continuous column of liquid between 

the rivets while taking care to not dislodge the sandwiched rivet assembly. The stage was 

tilted till the rivets were sideways to ensure that they were stuck together due to a 

combination of the surface tension and viscosity of the sample. The rivet and stage 

assembly was then plunged into slushed liquid nitrogen (prepared by pulling a vacuum 

over liquid nitrogen) and held there for about a minute to ensure complete vitrification of 

the sample. The assembly was then rapidly transferred to the cryo-prep chamber which 

was maintained at -180°C and under 10-6 mTorr vacuum and locked in place on the stage 

holder. The top rivet was then knocked off with a knife to create a fresh fracture surface 
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of the sample. The sample was then sputter coated with platinum under an atmosphere of 

argon at 0.05 mTorr for 1 minute at a current of ~10 mA. The sample was then 

transferred to the microscope and imaged at an accelerating voltage of 10 kV.  

The remaining images are with a Zeiss Supra 40 VP SEM with a custom Leica 

cryo-prep system. The sample prep for this was very similar except instead of using 

rivets, planchettes were used for containing the sample. A drop of sample was loaded 

onto a planchette and another planchette was placed on top of it to create a planchette 

sandwich. Also liquid nitrogen that was not slushed was used for freezing the sample. 

After freezing, the sample was etched by sublimation by warming it up to -100°C and 

holding it at that temperature for 5 minutes under vacuum. The sample was then sputter 

coated with Pt in an argon atmosphere and then imaged at an accelerating voltage of 2 

kV. 

    

6.3 RESULTS AND DISCUSSION 

6.3.1 High mAb concentration formulations containing 60-80 nm species 

Figs. 6.1a-c show the images obtained by cryo-SEM for samples containing 250 

mg/ml mAb1 along with 100 mg/ml pro and 50 mg/ml His.HCl as co-solutes. The 

presence of these co-solutes may give rise to depletion attraction between mAbs leading 

to the assembly of the nanostructures seen in the figures.23,24 The proportion of the visible 

area of the sample covered by the nanostructures is also very high indicating that a high 

fraction of the protein may be present in the nanostructures. Although, the technique does 

not show the presence of much monomeric protein between the nanostructures it does not 

rule out the possibility that a substantial fraction of the protein may be monomer. The 
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current technique used for cryo-SEM imaging does not have sufficient resolution to 

easily resolve monomeric protein. Also the thickness of the layer of Pt coating on ghte 

sample may be enough to obscure any monomers that could be present. The species seen 

in the images were sized by ImageJ yielding the histogram of the size distribution shown 

in Fig. 6.1d (the actual sizing data and sizing for the individual images is shown in Fig. 

E1). The average size of the nanostructures contained in the sample is ~ 50 nm which is 

much larger than the expected size for the monomeric protein. Monomeric protein would 

be expected to have dimensions of 20 nm x 12 nm x 6 nm being Y-shaped from images 

obtained by negative staining transmission electron microscopy (TEM) imaging and by 

molecular simulations of mAbs based on the amino acid sequence.38-40 The holes seen in 

the sample in the images are the result of beam damage from the impacting electrons 

heating up the sample from loss of momentum causing sublimation of the ice which 

disrupts the Pt sputter coating on the sample in the absence of which the sample will 

appear dark. In order to have a supplemental size measurement by a different technique, 

the diffusion coefficient of the entities in the same formulation was measured by DLS. 

The values for the D/D0 and the effective hydrodynamic diameter assuming that the 

Stokes-Einstein theory holds true with the Beenakker-Mazur correction are shown in 

Table 6.1.24 The size measured by DLS for the sample in Fig. 1 is 40 nm with a solvent 

viscosity of 1.25 cP which is slightly smaller than the size measured from the cryo-SEM 

imaging. The difference may be explained partly by the Pt coating on the sample which 

causes an increase in the particle size as explained in scheme 1 with the thickness of the 

coating layer being around ~ 5-10 nm. Also the assumptions involved in the DLS lend a 

degree to the size measured by DLS. Therefore, the measured size by both techniques is 

in excellent agreement for the two techniques when accounting for the uncertainties. 
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Images for another mAb1 formulation at 250 mg/ml, but with a different co-solute 

composition (40 mg/ml trehalose, 50 mg/ml histidine and 17 mg/ml citric acid) are shown 

in Figs. 6.2a-c. The appearance of the particles is different in the different images since 

they are from different sections of the sample. However, all the images seem to show 

similar 60 nm structures present in them which are much larger than the expected size for 

the protein monomer. To determine the reproducibility of the technique, a different 

sample with the same composition was imaged as shown in Figs. 6.2d-f. These images 

are obviously not focused as well as the images in Fig. 6.2a-c. The ability to focus the 

image seemed to depend on the amount of time for which the sample could survive beam 

damage without undergoing any change.30,41 It was observed that different samples had 

different thicknesses of protective platinum sputter coating on them and so they would 

disintegrate at different rates. The strategy used to focus the beam on these samples to 

obtain an image was to focus on one small part of the sample irrespective of the beam 

damage it underwent. Once the image was completely focused, the beam was moved to 

an adjacent undamaged pristine area of the sample and an image was immediately 

captured without changing the settings. Even with this method the ability to focus was 

limited because the sample changed during the focusing process due to ongoing beam 

damage. Also the optimal focus conditions at two different locations on a sample may be 

different due to different sample depths and from factors involved in movement of the 

stage and focusing mechanism. However, despite the limitations in the ability to focus the 

image, the measured sizes for the two sets of images, shown in Figs. 6.2g and 6.2h (the 

actual sizing data and sizing for the individual images is shown in Figs. E2 and E3) 

displayed excellent agreement with each other showing excellent reproducibility between 

samples. The measured size in this case is also much larger than the size from the DLS 
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data which is given in Table 6.1. The difference between the sizes measured by the two 

techniques could be partially due to the coating and partially due to assumptions involved 

in measuring the size by DLS. DLS assumes that the clusters are diffusing independently 

of each other according to the Stokes-Einstein model which at high concentration may 

not be accurate. 

 

6.3.2 Dilution of mAb retains nanostructures 

The sample at 250 mg/ml was diluted to 125 mg/ml in the same buffer in which 

mAb1 was originally dispersed in order to observe the effect of high co-solute 

concentration at lower protein concentrations. The images for the diluted sample are 

shown in Figs. 6.3a-c. 50-60 nm structures are also seen in the images similar to the ones 

observed at higher concentrations. These images were obtained with the Zeiss Supra 

SEM unlike the other ones which were obtained with the Quanta SEM. The image on the 

right was seen to have some ice deposited on the sample which can be seen as the white 

material in stark contrast to the rest of the sample. The cracks developed on the sample 

are the result of the sample heating up as discussed earlier. The particles in the sample are 

seen as the lighter patches against the dark background, but unlike the ice mentioned 

above, these particles are embedded in the bulk matrix of the sample. The same images 

are displayed in the supplemental section showing the sizing method for this sample and 

all the previously mentioned samples also. All the images in the current study were sized 

manually since automatic sizing had trouble distinguishing between two particles that 

were close to each other and tended to obfuscate them into one for the purpose of sizing 

them. There was some disagreement between the size measured by DLS and that 

measured by SEM for this particular sample also as can be seen in Table 6.1 and Fig. 
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6.3d respectively (the actual sizing data and sizing for the individual images is shown in 

Fig. E4). The diluted sample was imaged in order to have a better comparison to the 

control low excipient samples. 

 

6.3.3 Imaging of control samples: Low co-solutes and buffer without protein 

In order to eliminate the possibility that the particles seen were formed due to the 

freezing process or some other factor involved in the cryo-SEM imaging process, a 

control low excipient sample at 100 mg/ml mAb1 in DI water was also imaged as shown 

in Figs. 6.4 a-d. The images show no clear features or particles in the sample. The size 

from DLS shown in Table 6.1 is in agreement with that of the monomer which may not 

be easily visible at the resolution available for the microscope.23,24,42 A low excipient 

sample at a higher mAb concentration of 250 mg/ml comparable to the samples from 

Figs. 6.1 and 6.2 could not be run on the cryo-SEM because the samples tended to be 

very highly viscous > 200 cP and also formed a gel upon overnight storage. All of these 

factors made it very difficult to prepare a sample for imaging by cryo-SEM. These 

samples upon sizing by DLS yielded sizes similar to those obtained for the more dilute 

samples and so we may speculate that the sample does not contain significantly larger 

entities. An additional control that was run was the buffer in which the mAbs were 

dispersed without any protein in it as a blank shown in Fig. 6.5. The buffer sample did 

not show any features confirming that the structures seen in the high crowder protein 

samples were not the result of formation of species from the buffer and were formed from 

the proteins present in the formulations. 
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6.3.4 Limitations and factors affecting size measurement by cryo-SEM 

The resolution of the images obtained for cyo-EM could be improved in the future 

by using cryo-TEM instead of cryo-SEM which has been used to elucidate the structure 

of viruses or other protein based particles in the dilute state.34,35,37,43-45 However, it is not 

possible to use cryo-TEM in the case of these samples since the viscosity of these 

samples is too high > 5 cP.30,31 Dilution of the samples to a low enough is not a viable 

approach for imaging since it causes the larger species dissociating into monomer based 

on DLS.23,24 Also overlap between the species at a high concentration may cause cryo-

TEM to be unviable due to close proximity in the highly concentrated sample.36 Another 

factor which may cause the difference in observed size between the cryo-SEM and DLS 

measurement which has not been mentioned yet is the location of the fracture surface. 

Since the sample was fractured before imaging by knocking off the top rivet/planchette, 

the location of the fracture is not specifically controlled, the sample would tend to 

fracture along the most energetically favorable or structurally weakest part of the 

sample.46 Since there is phase discontinuity between the protein particles and the ice 

phase, the fracture would tend to propagate across the sample while selectively passing 

through the larger particles as less ice surface has to be created and a lower cross section 

and therefore lower strength part of the sample needs to yield. Therefore, the fracture 

surface may possibly expose the larger particles over the smaller particles which may be 

responsible to some extent for the observed trend of the size measured by cryo-SEM 

being larger than that by DLS. Also, the samples were not etched or sublimed in the 

current study as is common for SEM sample preparation in order to avoid 

artifacts.30,35,41,47,48 At the very high protein concentration that these samples were 

prepared at, the protein particles would tend to be very abundant and if not held in place 
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by the surrounding ice matrix, they could possibly aggregate together and form some sort 

of superstructure which would otherwise not be actually present in the formulation. 

Future studies could be conducted to observe the effect of sublimation on the observed 

morphology. To prove the consistency of the sample preparation and sizing, data for 

additional samples is shown in Table. E1 with similar sizes obtained for replicates of the 

same sample. Additional samples with different compositions that were attempted are 

also listed in Table E2. 

High co-solute concentration can give rise to depletion attraction between proteins 

causing them to assemble together with the assembly limited by the longer-ranged 

electrostatic repulsion whose magnitude increases as more proteins are assembled 

together into nanoclusters as discussed in more detail in Chapters 3 and 4.23,24 The 

formation of nanoclusters may explain the presence of particles in the SEM images with 

sizes larger than that of the monomer samples. Larger species of ~50 nm in agreement 

with the size from cryo-SEM were detected for protein formulations with the same 

composition by SAXS through a peak in the low q region which was not seen for the low 

excipient samples as described in Chapter 5. Therefore particles of a size larger than the 

monomer were detected by three different techniques therefore validating that there are 

species of larger size in the high excipient samples. 

 

6.4 CONCLUSIONS  

Nanostructures of a size larger than monomeric protein were observed by cryo-

SEM in multiple mAb1 formulations with different compositions and a high 

concentration of co-solutes with the size estimated to range from ~50-80 nm. The 

measured sizes from cryo-SEM are in some agreement with the measured D/D0 for these 
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samples as measured by DLS. As a control, samples with low co-solute concentration 

showed no evidence of these larger species in the cryo-SEM micrographs in contrast to 

the high excipient samples. A high co-solute buffer wase also imaged with no features 

seen in the micrographs proving that the larger species seen in the high co-solute samples 

were not artifacts of sample preparation. An additional effect was the lowered viscosity 

for the high co-solute formulations compared to the low co-solute formulations which 

could be the result of the formation of larger structures in the high excipient samples 

which modify the interactions present between mAbs in the system. 
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conc 
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conc 
(mg/
ml) 

pH D/D0 
(Dia
meter 

in 
nm) 

SEM 
Diam
eter 
(nm) 

SEM 
Diam
eter st 
dev 
(nm) 

Visc
osity 
(cP) 

1 249 pro 100 His.
HCl 

50   5 0.35 
(31) 

46 4.7 83 

2 242 tre 40 his 50 cit 17 6 0.35 
(31) 

60 12.3 52 

3 125 tre 40 his 50 cit 17 6 0.42 
(26) 

54 13.3 3 

4 120 -      6 0.96 
(11) 

- - 11 

5 0 tre 40 his 50 cit 17 6 - - - 1.25 

Table 6.1: Summary of the samples contained in the current study (cit stands for citric 
acid). 
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a b c 

d 

Figure 6.1: a, b and c. Cryo-SEM micrographs of protein clusters with 250 mg/ml 
mAb1, 100 mg/ml proline and 50 mg/ml his.HCl. d. Histogram of particle 
sizes as measured by SEM. 
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(Fig. 6.2 continued on the next page) 
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Figure 6.2: a, b, and c. Cryo-SEM micrographs of protein clusters with 250 mg/ml 
mAb1, 40 mg/ml trehalose and 50 mg/ml his and 17 mg/ml citric acid. d, e 
and f. Cryo-SEM micrographs of a replicate of the same cluster sample. g. 
Histogram of particle sizes as measured by SEM for images from a, b and c. 
h. Histogram of particle sizes as measured by SEM for images from d, e and 
f. 

 

a b c 

d 

Figure 6.3: a, b, and c. Cryo-SEM micrographs of protein clusters with 125 mg/ml 
mAb1, 40 mg/ml trehalose and 50 mg/ml his and 17 mg/ml citric acid. d. 
Histogram of particle sizes as measured by SEM. 
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a b 

c d 

Figure 6.4: a, b, c and d. Cryo-SEM micrographs of protein monomer at 120 mg/ml in 
DI water. 
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a b 

 

Figure 6.5: a and b. Cryo-SEM micrographs of buffer solution with 40 mg/ml tre, 50 
mg/ml his and 17 mg/ml cit at pH 6 
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Chapter 7: Reduction of mAb viscosity at 250 mg/ml by addition of high 
arg concentrations to modify protein-protein interactions 

Monoclonal antibodies (mAbs) are of great interest in the pharmaceutical field as 

therapeutics for the treatment of a variety of disorders and diseases. To enable 

subcutaneous self-injection of mAbs, it is necessary to develop low viscosity dispersions 

of mAbs at high concentration. The viscosity of mAb1 dispersions at 250 mg/ml was 

reduced by about 6 times compared to low co-solute protein dispersions in buffer by the 

addition of high concentrations of co-solutes, namely, arg with either glu or HCl. Arg 

binds to proteins and reduces both the hydrophobic and localized electrostatic attraction 

between proteins. Lowered interactions between entities in the dispersion can have the 

effect of lowering the viscosity. The viscosity was observed to decrease as the total 

concentration of arg and glu was increased at a fixed pH and fixed ratio of arg to glu as 

evidenced by the inherent viscosity. The ratio of arg to glu or HCl was also varied to 

affect the dispersion pH with the viscosity observed to reach a maximum around pH 9 

which is the isoelectric point of mAb1. The importance of the binding and interactions of 

co-solutes with proteins was examined by comparing the protein dispersions with arg to 

those containing a non-interacting co-solute, namely trehalose which had no impact on 

the dispersion viscosity. The absence of protein specificity of the effect of co-solutes on 

the dispersion properties was demonstrated through a viscosity of 17 cP at 258 mg/ml for 

a polyclonal sheep IgG mixture. For all high co-solute dispersions, the diffusion 

coefficient as measured by DLS decreased while that for the low co-solute monomer 

samples remained comparable to that of the monomer in dilute conditions even at high 

concentrations of protein. The lowered diffusion coefficient was in contrast to the 
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lowering of dispersion viscosity. Upon dilution, the high co-solute dispersions were 

determined to yield monomeric protein by both DLS and SEC. 
 

 

7.1 INTRODUCTION  

Monoclonal antibodies (mAbs) are of great interest for the treatment of many 

diseases and disorders including various types of cancer, rheumatoid arthritis, 

Alzheimer’s disease, asthma, and Crohn’s disease. There are currently more than 40 

mAbs that are either currently under review or have already been approved by the drug 

administrations in either the United States or the European Union.1 The most common 

method of administration through an intravenous drip (IV) of a dilute solution is time 

consuming and requires medical supervision, in contrast with subcutaneous (subQ) self-

injection.2, 3 Due to the limited volume of ~1-2 ml for subQ administration, the 

recommended dosage may require use of concentrations greater than 150 mg/ml mAb 

where viscosities can exceed the desired level of 20-50 cP.2, 4 The elevated viscosities 

often arise as a result of protein-protein interactions between the Fab (antibody binding 

fragment) regions of mAbs, specifically between CDRs (complementarity determining 

regions).4-6 The viscosity at high concentration has been shown to increase markedly for a 

series of mAbs as the interactions (measured at low concentration by dynamic or static 

light scattering) change from repulsive to attractive, for a given buffer/co-solute system.5, 

7-10  

Often mAbs with isoelectric points between pH 7 and 9 are formulated in a buffer 

solution at pH 5-6, for example, 20-30 mM his/his.HCl and in relatively few cases with a 

saccharide.2, 5-9, 11, 12 The pH is chosen to be a few units away from the isoelectric point 
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such that the net charge provides electrostatic repulsion to favor stability against 

aggregation. The distribution of charged and hydrophobic patches on proteins in 

concentrated (150 to 300 mg/ml) dispersions in these buffers may produce highly 

complex anisotropic interactions, given a small average surface-to-surface separation of 

~1-5 nm. Here, the hydrophobic, electrostatic (between oppositely charged patches) and 

charge-dipole interactions may produce aggregation, which is of concern with regard to 

immunogenicity in addition to protein unfolding and gelation.13-16 These interactions can 

cause formation of protein oligomers, where dimers have been found in some case to be 

the most common species.12, 17 These oligomeric structures may produce a large increase 

in the viscosity given that they occupy a greater volume than monomeric protein as a 

function of the fractal dimension.12, 17 Here, the viscosity may be elevated at low shear 

rates and then undergo shear thinning up to shear rates of ~1000 s-1 encountered in subQ 

injection, as the network structure of reversible aggregates is disrupted due to the higher 

shear energy from flow.6, 18 Even irreversible aggregates composed of a few proteins may 

cause shear thinning behavior as seen for bovine serum albumin (BSA) and for low 

concentration mAbs.15, 16, 19   

A common approach for reducing the viscosity of mAb formulations is to 

engineer the amino acid sequence to weaken the aforementioned attractive interactions.7, 

18 However, this approach is time consuming, highly specific to the particular mAb under 

consideration and may even influence the mAb therapeutic efficacy.7, 18 Salts may be 

used to reduce the Debye length and screen electrostatic interactions including charge 

dipole interactions.5, 12, 20-22 In some cases, strongly chaotropic salts disrupt the water 

structure at the protein surface and suppress mAb attractive interactions, therefore 

reducing the viscosity to a much greater degree compared to kosmotropic salts.6, 20 Also, 
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salts containing large hydrophobic ions at concentrations of 0.5 M were shown to lower 

the viscosity up to 3-fold for BSA and bovine γ- globulin, likely by weakening the 

hydrophobic interactions, even in cases where hydrophilic salts had little effect.20 Finally, 

low viscosities have been observed for micron-sized particulates of mAbs dispersed in 

organic solvents3, 23 or aqueous buffers containing a high organic solvent fraction24 which 

lowers protein solubility so that the suspended particles do not dissolve.  

Recently, there has been significant interest in utilizing organic co-solutes to 

modify protein-protein interactions to attempt to lower the viscosity.25-28 High 

concentrations of a neutral co-solute, trehalose, were used to tune the depletion attraction 

between proteins resulting in a lowered diffusion coefficient as indicated by dynamic 

light scattering (DLS).25, 26, 29 On the basis of a free energy model, it was proposed that 

self-limited protein nanoclusters may be formed near the isoelectric point for slightly 

charged proteins, as the short ranged depletion attraction between proteins was balanced 

by the long ranged repulsion between proteins.25, 26, 30, 31 Similarly, protein clusters were 

formed for highly concentrated lysozyme and BSA by light scattering with the measured 

fraction of clusters ranging from 10-5 to 0.8.32-35 Even at low concentrations trehalose is 

known to be preferentially excluded from the protein surface favoring a compact folded 

state of the protein sometimes termed as osmotic compression.36, 37 Together, the 

depletion attraction from the concentrated co-solutes and the high concentration of 

proteins may be expected to favor folding and thus enhance protein stability.38, 39  After 

diluting the protein dispersions, aggregates were not observed by SEC and the protein 

was active in vitro and in vivo upon dilution into buffer.25, 29 

Unlike trehalose, the effect of co-solutes that interact strongly with proteins on 

protein stability and the viscosity of protein dispersions has received little attention. The 
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addition of arg.HCl at 600 mM to mAb dispersions was hypothesized to reduce 

hydrophobic interactions in addition to mediating electrostatic interactions via charge 

screening.27 The reduction of attractive hydrophobic interactions between mAbs occurs 

through the binding of arg to hydrophobic patches effectively making them more 

hydrophilic.21, 22, 27, 28, 40-45 Similarly, the positively charged arg also binds to charged 

patches on mAbs through hydrogen bonding which changes the charge distribution on 

mAbs causing reduced attractive interactions between oppositely charged patches.8, 20-28 

Arg.HCl at an even higher concentration of 1 M was seen to lower the viscosity of 

polyclonal antibody mixtures slightly from 60 cP to ~45-50 cP through the mediation of 

attractive interactions in this manner.28 Alternatively, arg.HCl at 200 mM has been used 

in mAb formulations to lower interactions and viscosity to some extent at mAb 

concentrations of 175 mg/ml.7 It remains to be determined if strongly interacting co-

solutes may produce large decreases in viscosity at moderate concentrations.  

Herein, we examine how high concentrations of arg and glu or HCl influence the 

viscosity of protein dispersions from pH 5 to 11 by modifying protein-protein 

interactions. Specifically, the viscosity of a dispersion of mAb1 is reduced from ~160 cP 

at 230 mg/ml in histidine buffer to as low as ~30 cP at 250 mg/ml in the presence of arg 

and glu as co-solutes at total concentrations ranging from 75 to 150 mg/ml. The binding 

and interactions of these co-solutes with proteins may reduce both localized anisotropic 

electrostatic or hydrophobic protein-protein interactions that otherwise often produce 

high viscosities.7, 10, 21, 22, 27, 40, 45, 46 The pH was varied to affect the interactions of the co-

solutes with mAbs in order to modify charge distributions of the mAbs. Co-solute 

concentrations were also varied to modify protein-protein interactions and to add 

depletion attraction. Trehalose, which does not interact specifically with proteins, was 
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chosen as a control to isolate the effect of depletion attraction alone on viscosity.25, 26 For 

arg and glu at the high concentrations in this study, depletion attraction may be expected 

to modify the various protein interactions. The diffusion coefficient was measured by 

DLS and compared with the calculated value for mAbs in a monomeric state with an 

effective spherical diameter of 11 nm diffusing through the solvent. The osmotic 

compression effect arising from co-solutes may also favor folding of proteins to reduce 

the molecular volume as has been demonstrated before25, 36 which may help reduce 

aggregation. Finally, we show test the stability of mAb dispersions upon dilution using 

size exclusion chromatography (SEC) after storage for up to 8 weeks. 
 

7.2 MATERIALS AND METHODS 

7.2.1 Materials 

The monoclonal antibody used in this study (mAb1) was obtained from Abbvie at 

~120 mg/ml in a proprietary buffer composition. Arginine, glutamic acid, lysine, acetic 

acid, sodium glutamate, arginine hydrochloride, proline, glycine, histidine, sodium 

monophosphate, sodium biphosphate, sodium bicarbonate and HCl were purchased from 

Fisher Scientific, Fairlawn, NJ. Trehalose was purchased from Ferro Pfanstiehl 

Laboratories Inc., Waukegan, IL. Amicon Ultra-15 Ultracel – 30K and Amicon Ultra 0.5 

Ultracel – 50K centrifugal filters were purchased from Merck Millipore Ltd. Ireland.  
 

7.2.2 Buffer exchange 

0.4 ml of the 120 mg/ml mAb1 solution was initially diluted to 4 mg/ml in a 

buffer containing desired concentrations of co-solutes (12 ml total, initial buffer 
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volumetric fraction is 3.33% (0.4 ml out of 12)). The resulting solution was then filtered 

using a Millipore Centricon centrifugal concentrator tube with a molecular weight cutoff 

of 30 kDa and a capacity of 12 ml at a spin speed of 4500 rcf for 12 minutes. The protein 

solution was concentrated till the solution volume dropped to about 5 ml and a protein 

concentration of  ~ 10 mg/ml. Then the retained protein solution was again diluted using 

the desired dispersion buffer to make up the volume to 12 ml (initial buffer volume 

fraction reduced to 1.4% (3.33% out of 5 ml in 12 ml)) and then centrifuged again. This 

process was repeated 4 or more times until the volume of flow through was about 40 ml 

and the volumetric fraction of initial buffer was less than 1% assuming ideal mixing. 

After this the solution was further concentrated by continuing the centrifugation so that 

the final volume was about 0.5 ml at about 80 mg/ml. Alternatively, in Tables 7.1 and 

7.2, buffer exchange was carried out by Tangential Flow Filtration using a Microkros 

hollow fiber module manufactured by Spectrum Labs (part no. C02-E050-05-N) with 

polyethersulfone as the filter material, 50 kD pores and a membrane area of 20 cm2. The 

module was connected to a micokros pump (KrosFlo® Research IIi Tangential Flow 

Filtration System) using silicone tubing (Masterflex, HV-96410-14) with an ID of 1.6 

mm. The buffer exchange was carried out in a continuous manner with continuous 

addition of DI water until 6 diavolumes of buffer had been permeated through. 
 

7.2.3 Centrifugal concentration to >200 mg/ml 

Tare weights were taken of the individual components (filter, permeate tube and 

retentate tube) of the centrifugal filter assembly (Millipore Microcon, Ultracel YM-50 

membrane, 50 kD nominal molecular weight limit, 0.5 ml capacity). The desired volume 

of protein solution in the dispersion buffer post buffer exchange and concentration to 80 
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mg/ml was pipetted into the retentate chamber. The filter assembly was then centrifuged 

(Eppendorf Centrifuge 5415D) at either 5000 or 10,000 rcf, typically for about 40 

minutes in 5-10 minute increments with volume monitoring at every stop until the 

calculated final volume for the desired final concentration was reached. The volume 

measurements were done using image analysis to determine the height of the liquid 

column in the filter which had been calibrated to correspond to the volume of liquid in 

the filter using ImageJ software47 and also by weighing both the retentate and permeate 

having previously tare weighted filter components. 

Once the desired concentration had been reached, the protein dispersion in the 

retentate was recovered by inverting the filter assembly into a retentate recovery tube, 

and centrifuging it for 2 minutes at 1,000 rcf. The resulting dispersion was transferred to 

a 0.1 mL conical vial (V-Vial, Wheaton), and the concentration was verified 

spectrophotometrically by withdrawing a small sample (2 μl) of the dispersion (described 

in more detail below). The dispersion composition would not be expected to change 

significantly during the course of the run for the high co-solute samples as explained in 

the supplemental section. Further evidence supporting this is that there was no change 

observed in the pH of the high co-solute samples during the concentration step (pH was 

5.48 at both the start and end for an example run as measured by a pH meter). In contrast, 

the pH of an example low co-solute sample drifted by ~0.2 units from 5.48 at the start to 

5.67 at the end of the run.  

In cases where a larger sample was needed to examine the effect of sterile 

filtration on the properties of the dispersions, the entire centrifugal filtration run was 

conducted in the larger centrifuge tubes. A larger amount of protein (~170 mg) was 

initially loaded onto the filter at the start of buffer exchange. Instead of transferring the 
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sample to the smaller 0.5 ml centrifugal filters, it was transferred to another Millipore 

Centricon centrifugal concentrator tube and then concentrated to the desired final volume. 

The sample was characterized in the same way as the smaller samples and then sterile 

filtered using a 1 ml syringe (Becton Dickinson & Co. with Luer-Lok™ tip) and a 

syringe filter with a 220 nm cutoff. The sample was also weighed before and after 

filtration to determine the yield for the sterile filtration step. The sample was then 

characterized after sterile filtration in a similar way to the smaller samples. 
 

7.2.4 Characterization of the protein nanocluster dispersion 

7.2.4.1 Viscosity measurement 

The viscosities of the nanocluster dispersions were measured in triplicate using a 

25 gauge (ID = 0.1 mm) 1.5” long needle (Becton Dickinson & Co. Precision Glide 

Needle) attached to a 1 ml syringe (Becton Dickinson & Co. 1 mL syringe with Luer-

Lok™ tip), on the basis of the Hagen-Pouiselle equation. The flow rate of a dispersion 

through the needle was determined using the estimated volume which was correlated to 

the height of the liquid in the conical vial (Fig. F4) and measuring the time taken for the 

dispersion meniscus height to move between two points. This flow rate was correlated to 

viscosity from a calibration curve derived from a set of standards of known viscosities as 

shown in Fig. F5. Cone and plate rheometry experiments were conducted on a standard 

torsional rheometer (AR2000EX, TA Instruments) with a 40 mm diameter cone with 2° 

of angle and a truncation gap of 55 μm. The cone-and-plate geometry is selected for the 

constant shear rate in the tool-plate gap. Sample temperature was controlled by a lower 

Peltier plate set to 25°C. 
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7.2.4.2 DLS and diffusion interaction parameter measurements 

The effective CONTIN diameters of protein monomers and nanoclusters were 

measured by dynamic light scattering (DLS) at an angle of 150° with a 632.8 nm laser 

and an avalanche photodiode at ~23°C using the CONTIN algorithm (Brookhaven BI-

9000AT) or at an angle of 90° with a Brookhaven ZetaPlus. The samples were pipetted 

into a 60 µl sample cell for the samples measured at 150° (Beckman Coulter) or a 

Uvette® (Eppendorf) for the samples measured at 90° which was then mounted on the 

instrument to conduct three replicate runs of 2 minutes each. All reported D/D0 values are 

the average of three runs. Additionally measurements of the diffusion interaction 

parameter (kd) were conducted on dilute protein samples at 5, 10, 15 and 20 mg/ml. The 

diffusion coefficient in these dilute protein solutions was measured with the Brookhaven 

ZetaPlus at a scattering angle of 90° and fit with the equation ܦ = ଴(1ܦ + ݇ௗܿ) where D 

is the measured diffusion coefficient, D0 is the diffusion coefficient at infinite dilution 

and c is the protein concentration. 
 

7.2.4.3 Size Exclusion Chromatography 

For analysis of non-covalent aggregates, the sample was diluted in mobile phase 

(100 mM sodium phosphate, 300 mM sodium chloride, pH 7) to 1 mg/ml. A volume of 

the diluted sample containing 20 μg of mAb1 was analyzed with a Waters Breeze HPLC, 

using TOSOH Biosciences TSKgel3000SWXL and TSKgel2000SW columns in series, 

with eluate monitored by absorbance at 214 nm. 
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7.2.4.4 Protein Concentration determination in the dispersion 

For determining the concentration of the dispersions, 2 μl of dispersion was 

measured out and diluted into a receiving vessel containing 998 μl of 50 mM pH 6.4 

phosphate buffer mixing well with the pipette tip. The diluted samples were prepared in 

duplicate. The absorbance of the resulting solution was measured using a Cary 3E uv-

visible spectrophotometer in a cuvette (Hellma cells) with a path length of 1 cm. Then 

using Beer’s law (A = ε b c, where ε = extinction coefficient = 1.42 ml mg-1 cm-1, b = 

path length = 1 cm), knowing the absorbance, the concentration of protein in the solution 

was calculated. 
 

7.2.4.5 Sample storage 

Samples were stored in the 0.1 ml conical vials sealed with the lid and parafilm. 

Samples were stored in a -40° C freezer, in a refrigerator at 4° C and on the bench at 

room temperature. The sample for each time-point was taken from a separate vial which 

was then discarded. 
 

7.3 RESULTS 

7.3.1 Effect of co-solutes on viscosity at ~150 mg/ml mAb concentration 

To provide a basis for understanding the viscosity experiments at ~250 mg/ml 

protein we begin with experiments at a lower protein concentration of ~150 mg/ml. 

Various co-solutes at ~150 mg/ml were added to a 150 mg/ml solution of mAb1 in DI 

water which had been previously prepared by the tangential flow filtration (TFF) to 

attempt to lower the viscosity (η). To partially remove the effects of protein concentration 



174 
 

(c) and solvent viscosity (ߟ଴), the inherent viscosity (ηinh, mg/ml) was determined for all 

dispersions. 

௜௡௛ߟ  = 	 ௟௡ቀఎ ఎబൗ ቁ௖  … (7.1) 

The inherent viscosities at 130 mg/ml mAb1 are shown in Table 7.1 along with η and 

D/D0 from DLS (where D0 is the calculated diffusion coefficient for protein monomer 

with an effective spherical diameter of 11 nm in the same solvent). mAb1 upon 

formulation in DI water in the absence of any co-solutes had a η of 19 cP at ~150 mg/ml 

and a pH of 5.5 with a D/D0 of 1.4. The η decreased only a small amount at pH 7 (50 mM 

phosphate buffer) compared to pH 5.5 where D/D0 was close to 1. Upon addition of arg 

titrated with either acetic or hydrochloric acid, the ηinh dropped by 30% and 60% 

respectively, at a concentration of ~130 mg/ml. The ηinh was much smaller for arg.HCl 

than for all of the other systems. In contrast, sodium glutamate did not reduce ηinh 

compared to the controls. However, for a 1:1 mixture of sodium glutamate and arg.HCl, 

ηinh and D/D0 decreased a similar extent as observed for lysine or proline. For all of the 

high co-solute systems, the D/D0 was below unity and as low as 0.53 suggesting slower 

diffusion for the scattering entities. However, these dispersions were not filtered. Also, it 

was not possible to resolve from DLS what fraction of protein was in the monomer state 

at these conditions or to determine the polydispersity given how close D/Do was to unity 

and the complexity of diffusion at high concentrations and viscosities.48  

 Additional experiments are presented for systems containing trehalose (tre) in 

Table 7.2 for a mAb concentration of ~150 mg/ml. The η and ηinh for the two buffer 

controls with no co-solutes were relatively high. Tre is well-known to favor folding of 

proteins by minimizing the surface area because it is preferentially excluded from the 
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protein surface.11, 36, 49 However, the addition of tre to the pH 8 solution did not affect η 

or ηinh significantly while at pH 5.5, it decreased the ηinh ~ 20%. The mAb concentration 

was maintained at 150 mg/ml by addition of lyophilized mAb1 powder (with 1:1 mAb1 

to tre by weight) to compensate for dilution due to co-solute addition. The addition of 

arg.HCl along with tre decreased ηinh by almost 30% with η reduced by almost 2 fold. 

Unlike the case for arg.HCl, the addition of glycine with tre at pH 5.5 did not reduce ηinh 

significantly more than tre by itself. All the subsequent experiments were conducted with 

the use of some arg in the dispersion along with an acid such as glutamic acid (glu) or 

HCl to modulate the sample pH as arg was the most effective co-solute at reducing η. 
 

7.3.2 Effect of co-solutes on viscosity at ~250 mg/ml mAb concentration at pH ~5.5  

 Experiments were conducted over a wide range of mAb1 concentrations as shown 

in a semi-log plot in Fig. 7.1a. for a 20 mM low co-solute his/his.HCl buffer control 

along with a high co-solute system containing 78.6 mg/ml of arg and 71.4 mg/ml of glu, 

both at pH 5.5. The detailed data with ηinh are shown in Table F1 and Table F2. The 

reproducibility for was within ~ 10% for the two replicates shown for each sample at 

higher concentrations. The ηs for both the low co-solute buffer and high co-solute 

samples were well below 10 cp at low mAb concentrations. The η of high co-solute 

samples was ~35 cP at 250 mg/ml and several times lower than 150 cP at ~230 mg/ml 

measured for the buffer samples. Two control samples with low histidine at the same pH 

of 5.5 were prepared to examine the reproducibility as shown in Table 7.3. These samples 

exhibited trends observed in Fig. 7.1a with a η > 150 cP much larger than for the high co-

solute dispersions. Upon adding 150 mM NaCl to screen electrostatic interactions, the 

ηinh decreased significantly by about 15%, in contrast with a decrease of about 40% for 
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the high co-solute dispersions. The D/D0 decreased significantly upon the addition of salt 

probably as a result of lowered overall charge repulsion leading to proteins assembling 

into larger structures, even though an organic depletant was not added at high 

concentration. The yield for rows 1 and 3 is lower than row 2 possibly due to more loss to 

the larger filters used for their preparation compared to the smaller filters used for row 2. 

The most concentrated samples were diluted to explore the reversibility of the η and are 

shown by the open symbols. The η of the diluted samples although slightly elevated was 

within experimental error of 20% for ηinh. For Fig. 7.1a, curves were fit with the Ross-

Minton equation which is a modified version of the Mooney equation.5, 6, 50 
ߟ  = ݌ݔ଴݁ߟ	 ൬ ௖ሾఎሿଵି൫௞ జൗ ൯௖ሾఎሿ൰ … (7.2) 

where [η] is the intrinsic viscosity in ml/mg, k is the crowding factor and υ is the Simha 

parameter (shape determining factor). The regressed values of the [η] and k/υ were 

0.0053 ml/mg and 0.46 respectively for the high co-solute samples and 0.0054 ml/mg and 

0.61 for the low co-solute samples. The 25% decrease in k/υ for the high co-solute 

samples may suggest a significant reduction in the strength of mAb-mAb interactions 

based on the results from Kanai et al.5, 6 The [η] is related primarily to the molecular 

volume and consequently was relatively invariant.5, 6 

The low co-solute samples have D/D0 values nearly independent of protein 

concentration (Fig. 7.1b). Meanwhile, the D/D0 for high co-solute samples varied from 

~0.5 for the lowest protein concentrations with a gradual decrease to 0.3 as the protein 

concentration reached 250 mg/ml. It seems counterintuitive that the scattering entities 

diffused more slowly when the η of the dispersion decreased. It is possible that an 

unknown fraction of reversible protein aggregates or clusters were present along with 
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protein monomer since these dispersions were not filtered. Upon dilution of the highest 

concentration samples with high co-solute concentration from Fig. 7.1 to 0.5 mg/ml, the 

D/D0 reverted to ~1 as shown in Table 7.4 indicating that any clusters were reversible 

yielding monomers with additional data shown in Table F3.  

The effect of total concentration of arg and glu (75 to 150 mg/ml) on η was also 

studied by fixing the pH at 5.5 with a fixed ratio of arg to glu as 1.1:1 with a mAb 

concentration of ~250 mg/ml (Table 7.5). The ηinh decreased with increasing total co-

solute concentration as shown in Fig. 7.2 with replicate data shown in Table F4. 

Additional data in Fig. 7.2 were taken from Table 7.6. The η was as low as 30 cP at 263 

mg/ml for the 150 mg/ml total co-solute. Over this range of co-solute concentration (75 

to 150 mg/ml) the overall η decreased by ~45% despite the ~ 25% increase in ߟ଴ 

suggesting a weakening of protein-protein interactions. The yield for all the samples was 

> 80% which is acceptable considering the potential for protein adsorption to the walls 

and filter membranes along with the multiple transfer steps that were conducted.  

The experiments were scaled up in Table 7.6 to ~ 500 μl samples by using 15 ml 

filters to enable sterile filtration of the dispersions. Four pairs of rows are shown where 

the first is before filtration and the second in bold is after sterile filtration. In each case 

the protein concentration dropped about 10% due to losses from adsorption to the filter 

while the sterile filtration yield was ~60% due to losses to filter hold-up. Although this 

reduction in concentration lowered η, ηinh and D/D0 did not change significantly. 

Therefore, η data for all other dispersions in this study was obtained by making ~120 μl 

samples, which were not filtered to conserve protein, as they would be expected to follow 

this behavior. The D/D0 was larger for the lower co-solute samples (50 mg/ml arg+glu) 

than for the higher co-solute samples. Additionally the extinction for the dispersions was 
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measured and is reported as the turbidity divided by the mAb concentration at 350 nm 

with the entire spectrum shown in Fig. F1. The turbidities were nearly twice as high for 

the 50 mg/ml arg+glu samples. It is possible that the higher turbidity was produced by 

reversible aggregates that also raised the η, but the structures of such aggregates have 

rarely been measured.12, 17, 51  
 

7.3.3 Effect of pH on co-solutes on viscosity at ~250 mg/ml mAb concentration 

The effect of pH was examined for a series of dispersions containing a total 

concentration of 150 mg/ml arg and glu since arginine properties would be expected to 

change with pH as its charge varies from +1 from pH 5 to 8, neutral between pH 8-11 and 

negative above pH 11. The η increases with protein concentration at all pH values as 

expected (Fig. 7.3). Apart from pH 8.5 where it was the highest, the η was relatively 

insensitive to pH and ranged from 30-50 cP at 250 mg/ml in agreement with the samples 

from Fig. 7.1a. Fig. 7.4 shows η and ηinh for mAb1 samples containing arg titrated with 

HCl instead of glu (additional data in Table F5). The η progressively increases from pH 

6.4 to 8 and even more at pH 10 where it peaks and then decreases as the pH is raised to 

11, as was also observed for the systems with arg and glu. The lowest η was obtained at 

pH 11 although this pH is too alkaline for subcutaneous delivery. The ηinh also went 

through a maximum at pH 10 and was lowest at pH 11. The ηinh for the samples with arg 

and glu were modestly lower than for those with HCl (highlighted in Table F6). 

Additionally the samples containing glu have the advantage of a lower tonicity (row 4 in 

Table 7.5 is 935 mOsm/kg, 283% of isotonic concentration) compared to the samples 

with HCl (1688 mOsm/kg, 618% of isotonic concentration, for the pH 8 sample with 

arg.HCl from Fig. 7.4).52 
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The effect of pH on η was also determined for low co-solute samples as shown in 

Table 7.7. The ηinh decreased to a minimum at pH 6.5 and then increased with pH up to 

pH 11. At a concentration of 200 mg/ml, η for high co-solute samples was as low as ~10 

cP (Fig. 7.1a), which is about 6 fold lower than these low co-solute samples. The D/D0 

was close to 1 at pH 5.5, but then decreased to 0.6-0.73 closer to the isoelectric point 

where reversible aggregates may have formed. These samples permeated through the 

filter faster than the high co-solute samples in the lower range of mAb concentrations as 

expected from the lower ߟ଴. However, the permeation decayed rapidly once the mAb 

concentration approached 200 mg/ml, down to ~0.1 μl/min from ~10 μl/min, as 

dispersion η increased markedly. As a result, the final concentrations for these samples 

were only about 200 mg/ml below the intended target concentration of 250 mg/ml.  

To quantify the effect of co-solutes on protein-protein interactions, kd 

measurements were conducted on dilute protein samples (5-20 mg/ml) in the buffers used 

in the previous measurements in this study with kd values shown in Table 7.8 with the 

detailed data in Fig. F2. Protein-protein interactions for mAb1 in 30 mM histidine buffer, 

were weakly repulsive with a kd of ~ 4 ml/mg because proteins would have some net 

charge being far from its isoelectric point of 9 which would lead to electrostatic repulsion 

between proteins. The addition of a high concentration of arg and glu decreases kd 

making the interactions net attractive with a kd of ~ -7 ml/mg. 

For polyclonal sheep IgG, the viscosities were well below those for mAb1, down 

to 17 cp at 258 mg/ml (Table 7.9). Increasing the concentration of arg and glu to 200 

mg/ml did not seem to further lower η. The centrifugation time for the higher arg 

concentration sample is higher probably because of the higher ߟ଴.   
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In order to further examine the effect of arg and glu on the interactions of mAb1, 

the shear rate dependence of η was measured with a cone and plate rheometer. The 

sample was prepared by combining samples from runs in 4 separate 0.5 ml centrifugal 

filters together. The mAb1 solution in 20 mM histidine with 0.05% Tween 80 was 

observed to be shear thinning with η decreasing over 2 orders of magnitude from 0.1 to 

1000 s-1. mAb dispersions with low co-solute concentrations are routinely observed to 

shear thin due to the presence of mAb clusters formed due to associative forces or 

entanglement of molecules.6, 8, 9, 18 The Tween-80 was added at a concentration well 

above its critical micellar concentration (CMC) to saturate the air-water interface and 

prevent the complication of a viscoelastic protein layer on the interface.53 There is a 

possibility that some of the shear thinning observed may be the result of protein 

adsorption at the air/water interface even with the surfactant present. In contrast, the 

dispersion containing 78.6 mg/ml arg and 71.4 mg/ml glu was nearly Newtonian and 

underwent very little shear thinning over the same shear rate range, despite the lack of 

surfactant. This result suggests weaker interactions between proteins consistent with the 

lower viscosity. The syringe η data and D/D0 data for the runs are shown in Table F7 and 

also plotted in Fig. 7.5 with the shear rate calculated using the measured flow rate and 

known needle diameter in the Hagen-Poiseuille equation. The measured η by the syringe 

viscometer at the same shear rate appears to be ~20 and 10 % higher for the his-Tween 80 

and arg-glu systems, respectively relative to the cone and plate rheometer.  
 

7.3.4 Effect of a preferentially excluded co-solute trehalose on viscosity 

To place the results with arg in perspective, tre was chosen as a non-electrolyte 

co-solute without acidic or basic sites.  In Table 7.10, dispersions contained tre as the 
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only co-solute at pH values ranging from 6.4-8 using a 50 mM phosphate buffer. Tre by 

itself does not reduce ηinh significantly in contrast with the behavior for arg. The D/D0 

values are very low for the samples with very high tre suggesting that depletion attraction 

may have produced relatively large reversible aggregates. The lack of a viscosity 

reduction for mAb1 suggests that tre does not modify the attractive specific protein-

protein interaction for mAb1 sufficiently. In contrast with these results low viscosities 

were observed for a mAb 1B7 and sheep IgG in systems with a high concentration of tre 

co-solute in previous studies for dispersions buffered with histidine and phosphate 

together.25 In that study, depletion attraction was proposed to assemble proteins into 

nanoclusters based on a free energy model for hard spheres with a uniform charge. This 

behavior may be part of the reason for the lowered D/D0. However, the model does not 

predict the fraction of proteins in the monomeric state surrounding the nanoclusters or 

provide information about the polydispersity of the nanoclusters. 25, 26, 30, 31  

In order to add charge screening along with depletion attraction, ammonium 

sulfate was added to mAb1 dispersions containing tre as shown in Table 7.11. The 

addition of salt did not lower the η or ηinh significantly, in contrast with the behavior in 

Table 7.3 for NaCl with dilute histidine buffer. Thus, in the former case, the depletion 

attraction somehow negated the potential lowering of viscosity by electrostatic screening. 

Given tre or tre with NaCl did not lower the viscosity, we now examine how tre 

influences protein dispersions containing high concentration of arg and glu. Table 7.12 

shows the effect of adding tre to a dispersion with a constant ratio of tre to arg and glu 

with replicates in Table F8. The η decreases by ~45% at ~ 240 mg/ml mAb1 as the total 

concentration of co-solutes is increased from 75 mg/ml to 200 mg/ml. The addition of tre 

increases η slightly compared to the dispersions containing only arg and glu at similar 
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concentrations, as can be seen by comparing row 2 of Table 7.12 with row 1 of Table 7.5 

or row 3 of Table 7.12 with row 2 of Table 7.5. The viscosities for these samples 

containing tre alone at a given concentration are much higher than those for the samples 

with arg and glu at similar total co-solute concentrations as can be seen by comparing 

row 3 in Table 7.12 and rows 2-4 in Table 7.10. However, the increase is mainly due to 

the higher ߟ଴ as ηinh remains essentially constant with added tre. The D/D0s for the 

dispersions from Table 7.12 are also much lower than unity. The additional tre affects the 

osmolality of the sample but to a lesser extent than arg and glu, e.g., for samples with 200 

mg/ml co-solute with arg, glu and tre from row 3 in Table 7.12 the osmolality is 1006 

mM (311% of isotonic concentration) while that for tre at 200 mg/ml from rows 2-4 in 

Table 7.10, the osmolality is 529 (119% of isotonic concentration).52 
 

7.3.5 Stability of mAb dispersion upon storage and dilution 

The dissociation of any reversible aggregates is evidenced by size exclusion 

chromatography (SEC) of diluted mAb1 dispersions at 1 mg/ml in Table 7.13. The SEC 

trace of the original material without any processing except for dilution before running 

SEC indicated > 99% monomer. For the 250 mg/ml dispersion from row 4 of Table 7.5, 

after dilution the % monomer was almost identical to that of the starting material (Fig. 

F3) thus corroborating the evidence from DLS that monomeric mAb is obtained upon 

dilution. A preliminary study of the stability of mAb1 in dispersion was also conducted 

by storing a high co-solute sample of mAb1 at -40° C, 4°C and room temperature for 8 

weeks as shown in Table 7.14. The samples stored under all three conditions were seen to 

be stable with no significant decrease in the % monomer over the course of 8 weeks. 
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7.4 DISCUSSION 

7.4.1 mAb dispersions without co-solute 

In systems without added co-solutes, η has been studied as a function of the 

protein sequence, buffer composition or concentration of added salts.12, 17 In particular, 

Connolly et al. demonstrated that mAb sequence may be modified to decrease the 

attractive interactions and thus reduce η for the charged mutant compared to the wild-

type mAb.7, 8, 18 For a series of mAbs in a given buffer, a direct correlation was observed 

between η at high concentration and the second virial coefficient (B2) or the diffusion 

interaction parameter (kD) at low concentration.7, 10 The slightly positive kd for mAb1 

(control with no added co-solute) at pH 5.5 in 30 mM histidine buffer (Table 7.8) is in the 

middle of Connolly’s range. Thus the observed relatively high η > 150 cp in Table 7.3 is 

consistent with the measured kd .
7 Since high ηs were seen for mAb1 dispersions with no 

co-solute over a variety of pH values in Table 7.7, the buffers probably do not modify 

protein-protein interactions to a sufficient extent for lowering η.  

Even when proteins do not aggregate according to small angle neutron scattering 

(SANS), neutron spin echo (NSE),54 small angle x-ray scattering (SAXS) or static light 

scattering (SLS), attraction between proteins may still produce a relatively high η of ~20 

cP at 150-175 mg/ml. The η will likely be even higher when attractive hydrophobic or 

anisotropic electrostatic and charge-dipole forces form clusters or oligomers of mAbs.7-9, 

12, 17, 18, 27 Since elevated volume fraction of mAb in solution due to the void volume 

present in oligomers is a major culprit for high η, disrupting the oligomer structure can 

potentially lower η.12, 32 For a strongly interacting mAb which dimerizes, addition of 200 

mM NaCl was shown to lower η five-fold from ~300 cP to ~60 cP at 150 mg/ml by 

breaking up dimers, as shown by NSE measurements of protein diffusion.12 The 
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oligomers may be disrupted by electrostatic screening of the anisotropic interactions 

between oppositely charged patches and charge-dipole interactions.8, 9, 18, 55, 56 As shown 

in Table 7.3 η for mAb1 was seen to decrease by a little more than two-fold upon the 

addition of 150 mM NaCl to a mAb1 dispersion in 30 mM histidine buffer. However,  

depending on whether the net or the localized electrostatic interactions are dominant for 

determining η, addition of salt can lower,4, 6, 18, 57 not influence5, 12 or in some cases even 

raise17 η depending on the particular mAb in question. 

 

7.4.2 Modification of electrostatic interactions between mAbs by arg to lower η 

The net charge on mAbs can cause repulsion between mAbs for pH values away 

from the isoelectric point and is an important factor governing protein-protein 

interactions. Between pH 5 and 8, the carboxylic acid group is negatively charged while 

the amino and guanidyl groups are positively charged giving arg a net +1 charge. 

Screening of the net electrostatic interactions by increased ionic strength can lead to a 

reduction in repulsive forces between mAbs which would explain the negative kd value 

for mAb1 upon addition of a high concentration of arg and glu as co-solutes (Table 7.8). 

At these low concentrations, the anisotropic electrostatic and dipolar interactions will be 

less important than at the high protein concentrations. Arg and glu raise the ionic strength 

of mAb1 dispersions and therefore can have a similar η lowering effect as NaCl. 

However, the carboxylic acid, amino and guanidyl groups of arg can bind to a variety of 

polar or charged amino acid residues on proteins through hydrogen bonds, electrostatic or 

charge-dipole interactions.21, 22, 40-42, 46, 58 Therefore between pH 5-8, bound arg can 

increase the magnitude of positive charge on positively charged sites, lend a positive 

charge to neutral sites and neutralize the negative charge on negatively charged sites. As 



185 
 

a result, a majority of the localized charge patches will be positively charged leading to 

weak attraction between oppositely charged patches, which may explain the lowered η at 

pH 5 to 7. Although the overall electrostatic interactions are more attractive as evidenced 

by the measured kd values via diffusion coefficient (Table 7.8), the localized oppositely 

charged interactions may be made less attractive by arg as evidenced by the elevated kd 

measured by self-interaction chromatography45 and weakened protein binding to ion-

exchange columns.21, 22 The specific binding of arg to charged sites on proteins could be 

partially responsible for the greater decrease in η seen for the dispersions containing arg 

(Table 7.5 and Fig. 7.1) compared to those containing NaCl (Table 7.3). At pH values 

above 8 where arg becomes uncharged, the protein charge modification by arg will be 

lessened along with the effect of ionic strength. Consequently, an increase in anisotropic 

electrostatic interactions would be expected to increase η at pH 8.5 as observed in Figs. 

7.3 and 7.4. Arg starts becoming negatively charged along with the protein at pH > 11 as 

the guanidyl group becomes deprotonated.  Here arg H-bonds to proteins will make the 

protein surface more negative and increase electrostatic repulsion, which would be 

expected to lower η as observed in Figs. 7.3 and 7.4. 

 

7.4.3 Modification of hydrophobic interactions between mAbs by salt and arg to 
lower η 

Interactions between hydrophobic patches on proteins are known to produce 

elevated ηs and ultimately precipitation.5, 20, 27 For example, addition of salts with organic 

ions can reduce η of BSA and γ-globulin solutions by up to 4 times at high protein 

concentration by binding to the hydrophobic patches.20 In addition to H-bonding to 

mAbs, the guanidyl group of arg also interacts with hydrophobic residues allowing arg to 
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interact with hydrophobic patches on proteins.21, 22, 27, 28, 40-44 Guanidium chloride 

(Gdn.HCl) contains the guanidium cation, a strong base (pKa = 13.6) that denatures 

proteins at much higher concentrations (>5M).59, 60 Unlike guanidine, arg binding to 

hydrophobic sites is much weaker due to the carboxylic acid group, and this weakened 

binding causes less unfolding.44, 46 Alternatively, simulations of arg.HCl at high 

concentrations show that three arg ions tend to stack on top of each other with the 

guanidium groups aligned with each other and the ethylene groups form a hydrophobic 

patch which binds to hydrophobic patches on proteins.40, 41, 44, 45 Arg binding to 

hydrophobic patches on a local scale decreases attraction and can potentially increase 

repulsion.27 The reduction in hydrophobic interactions between proteins upon adding arg 

is evidenced by reduced protein binding on hydrophobic columns21, 22 and an increased kd 

through addition of arg.45 Partially because of this blocking of hydrophobic interactions, 

arg lowers η to a greater extent than screening of electrostatic interactions alone with 

NaCl, as evidenced by comparing Tables 7.3 and 7.5. Additionally, as the concentration 

of arg is increased, a greater number of hydrophobic and charged patches can be blocked 

leading to weaker interactions and therefore a low η explaining the observed trend in Fig. 

7.2 and Table 7.5. 
 

7.5 CONCLUSIONS 

This study expands our previous studies of high co-solute protein dispersions25, 26, 

29 with low viscosities to include interacting co-solutes and for pH values away from the 

isoelectric point. The viscosity of concentrated ~250 mg/ml mAb1 dispersions was 

decreased up to 6 fold by the addition of high concentrations of arg titrated with glu or 

HCl as co-solutes, compared to a control at the same pH of 5.5 in histidine buffer. At a 



187 
 

constant pH of 5.5 (fixed ratio of arg/glu), increasing the total concentration of arg and 

glu lowered the inherent viscosity and viscosity significantly, reaching 0.0129 ml/mg and 

43 cP at 261 mg/ml mAb1 after sterile filtration, which is sufficiently low for injection 

through a 28G needle. Similar reduction is viscosity for arg/HCl suggesting that arg 

played a more important role than glu. For a polyclonal sheep IgG mixture at 258 mg/ml, 

η and ηinh reached 17 cp and 0.0097 ml/mg respectively. The viscosity for mAb1 

dispersions with high arg and glu concentrations was seen to actually be the highest near 

the isoelectric point in this case and low over a wide range of pH values away from the 

isoelectric point. Specific interactions of arg with proteins reduce the localized 

electrostatic, hydrogen bonding, charge-dipole and hydrophobic patch interactions 

between proteins, which lowers the viscosity.21, 22, 45 The importance of these specific 

interactions is evident in the inability of tre, a non-interacting co-solute, to lower the 

viscosity. The diffusion coefficient ratio D/D0 by DLS decreased well below 1 with the 

addition of almost all of the co-solutes, and to a greater extent for tre than arg/glu. Upon 

dilution in buffer, no significant increase was observed in % aggregates by SEC relative 

to the initial protein solution, despite exposing the protein to high co-solute and protein 

concentrations.  
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Protein 
conc 

(mg/ml) 

Co-solutes 

Co-solute 

conc 

(mg/ml) 

pH ߟ଴ (cP) η (cP) 
ηinh 

(ml/mg) 
D/D0 

146 - - 5.5 1.0 18.5 ± 1.4 0.0175 1.43 

140 
50 mM 

phosphate 
buffer 

- 7.4 1.0 15.5 ± 2.0 0.0197 1.06 

130 Arg acetate 153 6 1.5 7.9 ± 0.3 0.0128 - 

132 Arg.HCl 144 7 1.5 3.6 ± 0.4 0.0067 0.62 

129 Lysine.HCl 159 7 1.3 5.7 ± 0.5 0.0103 0.53 

130 Proline 130 6.5 1.25 6.0 ± 0.5 0.0124 0.61 

135 
Sodium 

glutamate 
144 7.5 1.5 18.4 ± 0.3 0.0186 - 

135 

Sodium 
Glutamate 

and arg.HCl 
(1:1 by wt) 

72 each 7 1.5 5.4 ± 1.2 0.0095 0.72 

Table 7.1: Viscosity of mAb1 dispersions at ~130 mg/ml after addition of 150 mg/ml 
of amino acids as co-solute. 

 

 

 

 

 

 

 

 

 

 

 

 



189 
 

Protein 
conc 

(mg/ml) 
Co-solutes 

Co-solute 
conc 

(mg/ml) 
pH

 ଴ߟ

(cP) 
η (cP) ηinh (ml/mg) 

146 - - 5.5 1.0 18.5 ± 1.4 0.0175 

150 
50 mM 

phosphate buffer 
- 8.2 1.0 12.6 ± 0.2 0.0144 

136 Tre 137 5.5 1.3 11.8 ± 0.3 0.0152 

162 Tre 155 8 1.3 14.9 ± 0.5 0.0150 

155 Tre and arg.HCl 
86 tre and 

74 
arg.HCl 

7.5 1.4 8.0 ± 1.0 0.0111 

135 
Tre and glycine 
(1:1 by weight) 

72 each 5.5 1.3 8.4 ± 0.3 0.0138 

 

Table 7.2: Viscosity of mAb1 dispersions at ~ 150 mg/ml containing ~150 mg/ml 
mixtures of tre with and without amino acids as co-solutes.  

 

Protein conc 
(mg/ml) 

His buffer 
conc (mM) 

 ଴ (cP) η (cP)ߟ
ηinh 

(ml/mg) 
D/D0 

% 
yield 

Cfg 
time 
(min) 

238 ± 7.2 30 1.0 193 ± 8 0.0219 1.01 54 54 

228 ± 16.2 20 1.0 152 ± 19.2 0.0219 0.98 78 30 

229 ± 2.8 
30 (+150 

mM NaCl) 
1.0 66.7 ± 3.4 0.018 0.29 51 69 

Table 7.3: Viscosity for mAb1 dispersions in low concentration histidine (his to 
his.HCl was 0.18:1 by mass in both cases) buffers at pH 5.5 run at a 
centrifugation speed of 5000 rcf. Rows 1 and 3 were run in Centricon 
centrifugal concentrator tubes with a centrifugation speed of 4500 rcf. 

 



190 
 

Protein 
conc 

(mg/ml) 

Original 
D/D0 

 Effective 
CONTIN 

Diameter after 
dilution (nm)  

249  0.32 13 ± 2.0 
236  0.34 12 ± 3.0 

Table 7.4: D/D0 for dilution of mAb1 dispersions (0.5 mg/ml) with 78.6 mg/ml arg and 
71.4 mg/ml glu from Fig. 7.1. 

 

Protein conc 
(mg/ml) 

Arg 
conc 

(mg/ml) 

Glu 
conc 

(mg/ml) 

 ଴ (cP) η (cP)ߟ
ηinh 

(ml/mg) 
% 

yield 
Cfg 

time (min) 

246 ± 17.7 39.3 35.7 1.20 54 ± 1.9 0.0155 87 48 

245 ± 24.4 52.4 47.6 1.33 38 ± 2.2 0.0137 81 45 

241 ± 0.2 65.5 59.5 1.42 39 ± 4.8 0.0127 89 50 

263 ± 13.4 78.6 71.4 1.5 30 ± 1.5 0.0111 92 63 

Table 7.5: Viscosity of mAb1 dispersions as a function of increasing conc of arg/glu. 
The pH of all of the samples was 5.5 and the centrifugation speed was 5000 
rcf. The uncertainty is ± one std. dev. over multiple measurements in both 
concentration and viscosity. 
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Protein 
conc 

(mg/ml) 

Arg 
conc 

(mg/ml) 

Glu 
conc 

(mg/ml) 
pH 

 ଴ߟ

(cP)

η 

(cP) 

ηinh 

(ml/mg) 
D/D0 

Turbidi
ty/ conc 
(ml mg-

1 cm-1) 

% 
yiel
d 

Cfg 
time 
(min) 

288 ± 
1.5 

78.6 71.4 5.49 1.5 
105 
± 

29.1
0.0148 0.33 0.0013 80 105 

261 ± 
2.2 

78.6 71.4 5.51 1.5 
43 ± 
13.8

0.0129 0.43 0.0020 * - 

288 ± 
18.7 

75 75 5.01 1.5 
118 
± 

22.5
0.0152 0.33 0.0013 77 105 

269 ± 
7.5 

75 75 5.02 1.5 
74 ± 
4.6 

0.0145 0.35 0.0015 * - 

260 ± 
18.2 

26.2 24.8 5.5 1.2 
519 
± 

51.9
0.0232 0.58 0.0023 68 90 

241 ± 
7.7 

26.2 24.8 5.5 1.2 
358 
± 

31.6
0.0236 0.67 0.0030 * - 

283 ± 
/15.4 

26.2 24.8 5.49 1.2 
303 
± 

29.6
0.0196 0.72 0.0018 82 90 

239 ± 
23.9 

26.2 24.8 5.5 1.2 
192 
± 

30.8
0.0213 0.76 0.0026 * - 

Table 7.6: Viscosity, DLS (D/D0) and turbidity/concentration at 350 nm of mAb1 
dispersions made with the large 15 ml Centricon centrifugal concentrator 
tubes with a centrifugation speed of 4500 rcf and a temperature of 20 °C. 
The second row in each pair shown in bold is the result after sterile filtration 
of the row above it.  
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Protein conc 
(mg/ml) 

Buffer 
Buffer 
conc 
(mM) 

pH  ଴ (cP) η (cP)ߟ
ηinh 

(ml/mg)
D/D0 

% 
yield 

Cfg 
time 
(min)

197 ± 15.2 none - 5.5 1.0 64 ± 4.2 0.0212 0.96 95.5 50 

191 ± 1.0 phosphate 50 6.5 1.0 71 ± 4.5 0.0196 0.77 85.5 45 

206 ± 1.0 phosphate 50 8 1.0 108 ± 13.9 0.0228 0.60 88.5 45 

185 ± 8.2 carbonate 50 11 1.0 147.6 ± 9.2 0.0271 0.73 84.7 45 

Table 7.7: Viscosity of low co-solute mAb1 dispersions at various pH values all at a 
centrifugation speed of 5000 rcf.  

 

Protein formulation pH kd (ml/mg) 
30 mM histidine 6 3.8 

78.6 mg/ml arg 71.4 mg/ml 
glu 

5.5 
-7.0 

Table 7.8: Diffusion interaction parameter kd values for various dilute protein solutions 
as measured by DLS using the CONTIN algorithm.  

 

Protein 
conc 

(mg/ml) 

Arg conc 
(mg/ml) 

Glu conc 
(mg/ml) 

pH ߟ଴ (cP) η (cP) 
ηinh 

(ml/mg) 
% 

yield 

Cfg 
time 
(min) 

252 75 75 5 
1.5 17 ± 

5.6 
0.0097 100 45 

258 108.5 91.5 6 
1.8 20 ± 

0.3 
0.0101 94 55 

Table 7.9: Low viscosities for sheep IgG dispersions with high co-solute 
concentrations at a centrifugation speed of 10000 rcf.  
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Protein 
conc 

(mg/ml) 

Tre 
conc 

(mg/ml) 
pH ߟ଴ (cP) η (cP) 

ηinh 

(ml/mg) 
D/D0 

Yield 
(%) 

Cfg 
time 
(min)

229 70 8.2 1.2 
241 ± 
41.8 

0.0230 0.25 80 30 

246 200 8.2 1.4 
190 ± 

8.3 
0.0198 0.13 76 90 

200 200 7.2 1.4 
191 ± 
15.7 

0.0244 0.18 66 30 

229 200 6.4 1.4 
160 ± 
77.6 

0.0206 - 82 95 

Table 7.10: Viscosity and D/D0 of mAb1 dispersions with tre as the only co-solute. All 
samples were formulated in 50 mM phosphate buffer to set the pH. The 
centrifugation speed was 10000 rcf. 

 

Protein 
conc 

(mg/ml) 

Tre conc 
(mg/ml) 

(NH4)2SO4 
conc (mM) 

 ଴ (cP) η (cP)ߟ
ηinh 

(ml/mg) 

Cfg 
time 
(min) 

228 200 25 1.4 130 ± 4.0 0.0197 20 

243 200 100 1.4 
195 ± 
37.3 

0.0202 40 

Table 7.11: Viscosity of mAb1 dispersions with tre as the only co-solute with 
ammonium sulfate added to screen electrostatic interactions. All samples 
were formulated in 50 mM pH 8.2 phosphate buffer. The centrifugation 
speed was 10000 rcf.  
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Protein 
conc 

(mg/ml) 

Arg 
conc 

(mg/ml) 

Glu 
conc 

(mg/ml) 

Tre conc 
(mg/ml) 

 ଴ߟ

(cP)

η 

(cP) 

ηinh 

(ml/mg) 
D/D0 

Yiel
d 

(%) 

Cfg 
time 
(min)

241 27.5 22.5 25 1.2 
71 ± 
14.0 

0.0167 - 71 95 

252 36.7 30 33.3 1.4 
66 ± 
16.5 

0.0154 0.27 61 75 

238 73.4 60 66.7 1.7 
40 ± 
2.5 

0.0137 0.34 80 65 

Table 7.12: Viscosity of mAb1 dispersions including tre with arg and glu at pH 7.1. The 
centrifugation speed was 5000 rcf.  

 
Sample % monomer in the sample 

Monomer control (no processing) 99.89 
Sample with arg:glu (row 4 from Table 7.5) 99.86 

Table 7.13: SEC for diluted mAb1 dispersions compared to the monomer control.  

 
Week Frozen storage at -

40 °C  
Refrigerated storage 

at 4 °C  
Room temperature 

storage 
1 99.86 99.87 99.86 

1.5 99.87 99.90 99.84 
2 99.85 99.91 99.83 
4 99.77 99.86 - 
8 99.90 99.88 99.75 

Table 7.14: SEC for mAb1 dispersions stored for 8 weeks. The values in the table are 
the % monomer in the sample measured by the area under the curve for the 
SEC. The ~250 mg/ml dispersion contained 81.4 mg/ml arg and 68.6 mg/ml 
glu (pH 7.1) and was 99.89% monomer pre-storage.  
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a 
(Fig. 7.1 continued on the next page) 
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b 

Figure 7.1: Viscosity of mAb1 dispersions as a function of the protein concentration. a. 
The arg glu samples had 78.6 mg/ml arg and 71.4 mg/ml glu while the 
histidine buffer samples were in pH 5.5 histidine buffer at 20 mM. The lines 
are fits with the Ross-Minton equation in terms of both [η] and k/υ. b. D/D0 
from DLS. For both a and b, the open symbols show the data for samples 
prepared by dilution of the highest concentration samples.  
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Figure 7.2: Decrease in inherent viscosity of mAb1 dispersions as the concentration of 
arg + glu is increased from 75 to 150 mg/ml for the data in Tables 7.4 and 
7.5 at pH 5.5. The line is a guide to the eye.  
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Figure 7.3: Viscosity of mAb1 dispersions as a function of pH at a constant arg and glu 
concentration of 150 mg/ml. The ratio of arg to glu was varied to change the 
pH. 
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Figure 7.4: Inherent viscosity (red diamonds) and viscosity (blue circles) for mAb 1 
dispersions with 150 mg/ml arg titrated with HCl from Table F5. 
Centrifugation speed was 10000 rcf. The viscosity goes through a maximum 
near the isolectric point, pH 9.  
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Figure 7.5: Effect of shear rate on viscosity of mAb1 dispersions at ~228 mg/ml with 20 
mM histidine and 0.05% Tween 80 (red circles) and 269 mg/ml with 78.6 
mg/ml arg and 71.4 mg/ml glu (green crosses).  
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Chapter 8:  Solubilization of α-Chymotrypsinogen by interaction 
modification with arginine and glutamic acid 

Some proteins tend to be insoluble at higher concentrations due to high degrees or 

hydrophobicity or a tendency to aggregate in solution. α-Chymotrypsinogen is typically 

not very soluble in buffers at neutral pH at high concentrations. A mixture of arginine and 

glutamic acid is used as a co-solute to solubilize α-CGN at protein concentrations above 

200 mg/ml and form transparent dispersions. The solubilization of α-CGN seems to need 

a minimum total concentration of arginine and glutamic acid of 100 mg/ml as there may 

be a minimum number of sites that need to be blocked by co-solutes on proteins before 

solubilization. Also formulation pH values below 7 were seen to be incapable of 

solubilizing the protein. Below this apparent threshold concentration of co-solutes or 

below the threshold pH, the protein formulations at high concentration were seen to be 

turbid with large chunks of protein present in them. The presence of these interacting co-

solutes also yields very low viscosities of protein formulations similar to that of mAb1 

although there is no easy comparison as α-CGN is otherwise insoluble at these high 

concentrations. The diffusion coefficient as measured by DLS is also seen to be 

depressed relative to that calculated for monomeric protein for high co-solute 

concentration in the case of α-CGN. Additionally the high concentrations of arginine and 

glutamic acid are seen to stabilize α-CGN at high protein concentration as determined by 

melting temperature and enzymatic tests. 

 

8.1 INTRODUCTION 

α-Chymotrypsinogen (α-CGN) is a small globular protein with a molecular 

weight of about 26 kD. It is the inactive zymogen precursor of α-chymotrypsin (α-CT) 
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which is a digestive enzyme involved in protein digestion. α-CGN can be activated by a 

different enzyme, trypsin which cuts out 2 short peptides of 3 amino acids each. The 

removal of the peptide groups results in the α-CGN splitting into 3 peptide chains 

connected only by disulfide bonds which is α-CT. α-CGN is commonly used to study the 

kinetics and structural aspects of protein aggregation particularly for the formation of 

amyloid fibers.1-4 In the case of these studies, the protein solutions are typically 

formulated in sodium citrate buffer at a highly acidic pH between 3 and 4. α-CGN is 

rarely formulated at a buffer pH near physiological conditions or nearer to its isoelectric 

point of 9.2. 

Proteins when formulated have the lowest solubility near their isoelectric point 

than anywhere else over the entire pH range. Proteins have zero net charge at the 

isoelectric point as a result of which protein-protein attraction is the highest. The 

attraction between the oppositely charged patches on proteins will cause molecular 

orientation in a way so as to minimize the free energy with the lowest amount of 

repulsion.5-8 The attraction between hydrophobic patches is also unchanged leading to 

very highly attractive protein-protein interactions near the isoelectric point provided the 

samples are at low salinity so as to not eliminate electrostatic attractions.9-12 These 

attractive forces for colloids in general, can lead to the formation of networks or 

associated protein species which will affect the dispersability of the colloidal species 

greatly.13 The networks can also cause increased viscosity and exacerbate observed shear 

thinning behavior for the protein formulations due to the need for breaking up the 

network to generate flow.5-7,14 Additionally, the tendency of proteins towards aggregation 

is elevated due to the lowered repulsion between proteins allowing for the attractive 

forces to bring them together allowing them to come close to each other and aggregate 
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especially at high concentrations. Therefore typical protein solutions at high 

concentration tend to gel, unfold, aggregate and in some cases even phase separate.15-18 

Other proteins like α-CGN are not even soluble at concentrations above ~100 mg/ml. 

Typically, to increase the solubility of proteins to higher concentrations above 100 

mg/ml which are desired, protein engineering approaches for modifying the protein 

sequence are used.14,19 The technique is usually very complicated and time consuming 

with the possibility of reducing the protein activity and additionally it may not be 

effective or even possible for all proteins. Preparation of micron sized particles in organic 

solvents or aqueous buffers mixed with large fractions of organic solvents which act as 

anti-solvents have been developed for formulation of proteins at high concentrations.20,21 

The approach has promise for proteins with low solubility because it actually works on 

the basis of desolubilizing the protein. However, there is limited knowledge about protein 

stability and in vivo effects of these large entities especially with regards to immune 

reactions. 

Proteins were assembled into ~30-300 nm nanostructures detected by DLS by 

using a co-solute, namely, trehalose as an osmotic depletant to generate depletion 

attraction between proteins.22-24 The size of the nanocluster is limited by the long ranged 

electrostatic repulsion between proteins. The hypothesis of the approach is to lower the 

viscosity by increasing the inter-particle separation between nanoclusters, leading to 

weak, net-repulsive interactions between them compared to the strongly attractive 

interactions between mAbs in solution. Protein contained inside the nanostructures may 

have been stabilized due to self-crowding25,26 or through osmotic compression by 

trehalose27,28 as supported by the nanoclusters dissociating into active stable protein both 

in vitro and in vivo upon dilution into buffer. The nanoclusters could also be a 
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microphase of “liquid” protein dispersed in a more dilute “gaseous” phase of protein in 

solution. Proteins have also been assembled into large clusters ranging from 100-200 nm 

which were detected by light scattering, although in most cases the clusters account for a 

very small fraction of the protein present in the system.29-31 Therefore there is no robust 

approach towards increasing the concentration of formulations of proteins where proteins 

retain their stability. 

Herein, we use a mixture of arginine and glutamic acid as co-solutes to solubilize 

α-CGN at a concentration above 200 mg/ml and form transparent dispersions. The 

arginine and glutamic acid act as interacting co-solutes blocking sites on proteins 

reducing both the local electrostatic attraction and hydrophobic patch interactions which 

may be responsible for lack of protein solubility. The solubilization of proteins seems to 

need a minimum concentration of the charged co-solutes of 100 mg/ml as there may be a 

minimum number of sites that need to be blocked on proteins before it can be solubilized. 

Also it was necessary for the pH of the dispersing medium to be above 7 for achieving 

protein solubilization. Below the threshold concentration of co-solutes or below the 

threshold pH, the protein formulations at high concentration were seen to be turbid with 

large chunks of proteins in them. The presence of these interacting co-solutes yields very 

low viscosities of the protein formulations demonstrating the ability of arginine and 

glutamic acid to generate low viscosities. Additionally the high concentrations of arginine 

and glutamic acid are seen to stabilize proteins against degradation to α-CT 

demonstrating the ability of the high co-solute protein formulations to preserve protein 

structure. 
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8.2 MATERIALS AND METHODS 

8.2.1 Materials 

α-Chymotrypsinogen A was purchased in powder form from Alfa Aesar and used 

without any further purification. Trehalose was purchased from Ferro Pfanstiehl 

Laboratories Inc., Waukegan, IL. Arginine, glutamic acid, sodium monophosphate, 

sodium biphosphate, citric acid and sodium hydroxide were purchased from Fisher 

Scientific, Fairlawn, NJ.  

 

8.2.2 Methods 

8.2.2.1 Dispersion preparation 

For a typical experiment, 25 mg of α-Chymotrypsinogen A was weighed out in a 

0.1 mL conical vial (V-Vial, Wheaton). After correcting for the protein volume using the 

protein internal volume fraction, 81.5 μl of the desired buffer containing pre-dissolved 

arginine and glutamic acid was added to the vial. The protein was then dispersed in the 

buffer by gentle stirring using a needle.  

 

8.2.2.2 Viscometry for the protein nanocluster dispersion 

The viscosity of the nanocluster dispersions were measured in triplicate using a 25 

gauge (ID = 0.1 mm) 1.5” long needle (Becton Dickinson & Co. Precision Glide Needle) 

attached to a 1 ml syringe (Becton Dickinson & Co. 1 mL syringe with Luer-Lok™ tip), 

according to the Hagen-Pouiselle equation. The flow rate of the dispersion through the 

needle was determined using the volume measurement by correlating it to the height of 

the liquid in the conical vial and measuring the time taken for the dispersion column 
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height to move between two points. This flow rate was correlated to viscosity from a 

calibration curve derived from a set of standards of known viscosities as described 

previously.23 

 

8.2.2.3 Measurement of diffusion coefficient by DLS  

The effective CONTIN diameters of protein monomers and nanoclusters were 

measured by dynamic light scattering (DLS) at an angle of 150° with a 632.8 nm laser 

and an avalanche photodiode at ~23°C using the CONTIN algorithm (Brookhaven BI-

9000AT). The samples were pipetted into a 60 µl sample cell (Beckman Coulter) which 

was then mounted on the instrument to conduct three replicate runs of 2 minutes each. All 

reported diameters are the average of three runs. 

 

8.2.2.4 Protein Concentration determination in the dispersion 

For determining the concentration of the dispersions, 2 μl of dispersion was 

measured out and diluted into a receiving vessel containing 998 μl of 50 mM pH 6.4 

phosphate buffer mixing well with the pipette tip. The diluted samples were prepared in 

duplicate. The absorbance of the resulting solution was measured using a Cary 3E uv-

visible spectrophotometer in a cuvette (Hellma cells) with a path length of 1 cm. Then 

using Beer’s law (A = ε b c, where ε = extinction coefficient = 2.05 ml mg-1 cm-1, b = 

path length = 1 cm), knowing the absorbance, the concentration of the protein in the 

solution was calculated. 
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8.2.2.5 Measurement of protein enzymatic activity and stability 

Chymotrypsinogen both before and after activation with trypsin (0.16 μg/ml) was 

diluted into an assay mixture of 38 mM Tris, 30% (v/v) methanol, 53 mM calcium 

chloride, 0.03 mM hydrochloric acid and 1.43 μg/ml chymotrypsinogen with varying 

amounts of N-benzoyl-L-tyrosine ethyl ester at  a concentration of approximately 0.55 

mM.32 After measuring the absorbance at 256 nm, the data was to fit a line and the 

kcat/Km was found. The α-CGN samples were then diluted to 100 ug/ml with 2.5 μL of 

Applied Biosystems, Inc. orange dye in their respective buffers and run on an Applied 

Biosystems ViiA-7 Real-time PCR machine to find the melting temperature.32 2 

micrograms of diluted protein were loaded onto a 12% SDS-PAGE gel in both reducing 

and non-reducing conditions and run at 80 V for 120 minutes.32 

 

8.3 RESULTS 

8.3.1 Protein solubilization by addition of arginine and glutamic acid 

Fig. 8.1 shows the effect of increasing arginine and glutamic acid concentration 

on α-CGN formulations at 250 mg/ml with a fixed mass ratio of arginine to glutamic acid 

of 1.5:1 which yields a pH of ~7.5 for all the dispersions contained in the images. The 

needle which is present in the picture was used to gently stir the samples to enable protein 

dissolution. As can be seen from the images, at low total concentration of arginine and 

glutamic acid, the samples appear very turbid due to the undissolved protein present in 

the formulation which is suspended in the sample due to mixing. The dispersions of α-

CGN at 0, 25 and 50 mg/ml total concentration of arginine and glutamic acid in Figs. 

8.1a, 8.1b and 8.1c respectively are seen to be milky or turbid due to the undissolved 

pieces of α-CGN. In these dispersions, the turbidity decreases slightly as the total co-
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solute concentration in increased and disappears at 100 mg/ml of co-solutes (Fig. 8.1d) 

indicating that 100 mg/ml is the threshold concentration for the solubilization effect to 

occur. Dispersions with concentrations of arginine and glutamic acid higher than 100 

mg/ml (Fig. 8.1e and 8.1f) were also not turbid with same level of transparency seen for 

all the formulations with co-solute concentrations above 100 mg/ml. 

Table 8.1 shows the viscosities of the dispersions formulated with 100 mg/ml 

total added arginine and glutamic acid with different mass ratios of arginine to glutamic 

acid used for varying the sample pH. The viscosities of all the samples in Table 8.1 are 

very low being ~5-10 cP at a protein concentration of ~ 250 mg/ml. It is difficult to 

observe a clear trend in the viscosities as a function of the pH because the protein 

concentration is not constant between the various samples making comparison across 

samples difficult. Therefore, viscosities (η) of the different samples can be compared in a 

better manner by calculating the inherent viscosities (ηinh) to allow for easy comparison 

by compensating for the differences in the solvent viscosity (η) and the protein 

concentration (c) which impact the overall viscosity. The inherent viscosity is given by –  

௜௡௛ߟ  = 	 ௟௡ቀఎ ఎబൗ ቁ௖  … (8.1) 

 

The inherent viscosity showed a clear trend being lower at pH values of 8 and 9 while 

being higher at the other pH values in both the more acidic and more basic range. At the 

pH values below 7.4, the samples were seen to be visibly turbid with some undissolved 

α-CGN dispersed in the sample similar to the samples with concentrations of arginine 

and glutamic acid which are too low from Fig. 8.1. The arginine concentration is lower at 

lower pH values since arginine is the basic component and less of it is needed to generate 
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lower pH values as seen in Table 8.1. Therefore, the lowered arginine concentration may 

be the cause for the lack of solubilization of α-CGN. The effective diffusion coefficient 

was measured for all samples by DLS using the CONTIN algorithm and corrected using 

the Beennakker-Mazur theory as described by Borwankar et al.23 Throughout the current 

study, the value will be expressed as the ratio of the measured diffusion coefficient to the 

diffusion coefficient of the monomer in the same medium (D/D0) to offer better 

perspective on the size range of the diffusing entities. The value of D/D0 is seen to go 

through a minimum at pH 8 and 9 where the inherent viscosity is seen to be the lowest 

indicating that the samples with the lowest viscosities contain the slowest diffusing 

entities. The value of D/D0 indicates that the rate of diffusion of the species in this high 

arginine and glutamic acid system is lower than that of monomer by at least 4 times 

hinting that these samples may contain some much larger entities. The trends in the 

inherent viscosity and diameter are further shown in a graphical form in Fig. 8.2 where 

the minima in both the properties can be seen more clearly. 

The overall landscape of the trends seen for the inherent viscosity as a function of 

the pH and the total concentration of arginine and glutamic acid is shown in Fig. 8.3. 

Similar to the trends at pH 7.5, the α-CGN does not get solubilized at total arginine and 

glutamic acid concentrations below 100 mg/ml. Also the α-CGN is not solubilized at pH 

values below 7 even with total concentration of arginine and glutamic acid higher than 

100 mg/ml. The experimental space that can be explored by varying the pH and the co-

solute concentration in this case is limited by the solubility of the co-solutes. Glutamic 

acid has a relatively low solubility (<20 mg/ml)33 while the solubility of arginine is 

higher (~150 mg/ml).34 Arginine and glutamic acid have the synergistic effect of 

increasing each other’s solubility through an acid-base neutralization reaction forming the 
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arginine glutamate salt. However, in the extreme values of pH, the concentration of one 

of them is too low leading to a large excess of one of them which cannot form the salt. 

The inherent viscosity is seen to be at a minimum between the pH values of 8-9 for all 

total concentrations of arginine and glutamic acid in agreement with the trend seen at 100 

mg/ml. The inherent viscosity is seen to increase with increased total concentration of the 

co-solutes. Therefore, the solubilization effect and viscosity lowering effects both seem 

to have an optimal total co-solute concentration of ~ 100 mg/ml. The trend of increasing 

inherent viscosity with increased arginine and glutamic acid concentration is further 

highlighted in Table 8.2 although the absolute values of all the viscosities are still very 

low. The D/D0 values measured for these samples all range from 0.2 to 0.16 again 

displaying a slowed rate of diffusion for the entities in the sample.  

 

8.3.2 Effect of trehalose on dispersion viscosity and D/D0  

The effect of addition of trehalose to the α-CGN samples containing arginine and 

glutamic acid is shown in Table 8.3. The arginine and glutamic acid concentrations were 

maintained at 60 and 40 mg/ml respectively yielding a total concentration of 100 mg/ml 

and a pH of 7. Increasing the trehalose concentration increases the overall viscosity of the 

α-CGN but the inherent viscosity remains the same. Therefore the increased total 

viscosity is probably only the result of the increased solvent viscosity from the addition 

of trehalose. The D/D0 decreases with increased trehalose concentration indicating that 

the diffusing species grow larger as the trehalose concentration is increased. The trend in 

D/D0 before and after sterile filtration of the samples is shown by Fig. 8.4. The value of 

D/D0 does not change significantly even after the sample is sterile filtered confirming that 

the observed decrease in D/D0 is not the result of species larger than 200 nm skewing the 
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average size. The auto-correlation functions and their fits for the DLS measurements are 

shown in Table G1. The effect of increased arginine and glutamic acid concentration at a 

constant trehalose concentration is similar to that seen for the samples with no trehalose 

with the inherent viscosity increasing as the concentration of arginine and glutamic acid 

is increased as shown in Table 8.4. As the total concentration of arginine and glutamic 

acid is increased from 100 mg/ml to 200 mg/ml, the inherent viscosity increases by 20%.  

The value of the viscosity increases more sharply than the change in inherent viscosity 

would imply because the solvent viscosity is greatly increased with the addition of more 

co-solute. The value of D/D0 is seen to remain more or less constant with the changing 

co-solute concentrations indicating that the diffusion speed of the entities in the sample 

remains fairly similar throughout. 

 

8.3.3 Protein stability upon dilution of dispersions 

To ensure that the α-CGN was maintained through the process of dispersion 

preparation and in the dispersion itself, the diluted α-CGN was tested for enzymatic 

activity, Tm and aggregation. As shown in Fig. 8.5a, the enzymatic activity of the protein 

upon dilution remains low and is comparable to that of the dilute solution controls. α-

CGN typically contains small amount of trypsin as an impurity which may activate the α-

CGN thereby raising the enzymatic activity. The retention of low viscosity indicates that 

the trypsin degradation is not enhanced at the high protein concentration in the 

formulations. Also, to test for protein degradation which can occur due to the trypsin 

impurity, diluted proteins were tested with SDS-PAGE as shown in Fig. 8.5b. SDS-

PAGE showed little change in protein structure from the formation of the high co-solute 

formulations. To further ensure protein stability the melting temperature (Tm) was 
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measured for the diluted dispersions and dilute solution controls as shown in Fig. 8.5 with 

the result seemingly unchanged indicating that the high co-solute concentrations are 

capable of stabilizing α-CGN at high concentration.  

 

8.4 DISCUSSION 

8.4.1 Arginine interactions with α-CGN 

α-CGN has low solubility at pH values greater than 4 with studies typically using 

sodium citrate buffers at a pH around 3.1-4 The isoelectric point of α-CGN is 9.2 as a 

result of which, α-CGN has a low net charge at near neutral pH on proteins. The low 

charge may affect the ability of α-CGN to dissolve in water due to lowered colloidal 

stability stemming from the lowered electrostatic repulsion. α-CGN has prominent 

charged patches with one half of the protein being predominantly negatively charged 

while the other half is positively charged as shown in Fig. 8.6. Therefore, closer to the 

isoelectric point α-CGN molecules may align with the oppositely charged patches near 

each other due to their mutual attraction possibly leading to the overall protein-protein 

interactions being attractive especially at high concentration. The attractive forces in the 

previous hypothesis are analogous to the attraction seen from alignment of charged 

patches for BSA and mAbs.5-7,14 If α-CGN is similarly aligned when in the lyophilized 

powder state it was obtained in, it may be very stable in the lyophilized powder and resist 

solubilization. 

Arginine consists of four main functional groups, namely, the guanidyl group, the 

alkyl chain, the carboxyl and amino groups. All of these various parts of α-CGN interact 

on the basis of very different forces with species having very different structures. 
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Arginine can bind to polar or charged groups on amino acid residues on α-CGN through 

hydrogen bonding. Hydrogen bonding can occur through either the guanidyl group, 

amino group or the carboxyl group on arginine.35-37 At or near neutral pH, a high fraction 

of arginine is positively charged as all the three functional groups mentioned above are 

charged being more than 2 units away from their respective pKas. Therefore, arginine 

binding to protein leads to the protein charge distribution changing as the negatively 

charged patches will be neutralized by positively charged arginine. The magnitude of 

positive charge on the positively charged patches will increase. The result would be that 

the protein-protein attractive interactions through charged patches on the proteins 

aligning would be much weakened. The increased net charge on proteins would also lead 

to the protein-protein interactions becoming more repulsive from electrostatic repulsion 

between the molecules.  

The guanidyl group is the most strongly interacting group part of the arginine 

molecule and is usually in its protonated cation form at all pH values under consideration. 

The guanidyl group is present in guanidium chloride (Gdn.HCl) as the guanidium cation 

which is a strong base (pKa 13.6). Gdn.HCl is known to denature proteins at high 

concentrations (>5M) through interactions with the backbone of proteins.38 The 

guanidine group stabilizes the hydrophobic patches which are contained in the protein 

backbone and are usually concealed in the interior of proteins.38,39 As a result protein 

structure is disrupted into an unfolded non-native state by binding of guanidine to the 

protein backbone. However, arginine binding is weaker compared to guanidine binding 

due to the carboxylic acid group present in arginine.40,41 The lowered degree of binding 

prevents arginine from disrupting the protein structure although some arginine is still 

bound to hydrophobic patches on proteins due to the guanidyl group. Additionally, 
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simulation studies have shown that at high concentrations of arginine.HCl, arginine ions 

tend to stack on top of each other forming a stack of three molecules. The alkyl chains 

stay next to each other creating a hydrophobic surface which is capable of interacting 

with the hydrophobic patches on proteins making them more hydrophilic. The reduction 

in interactions between proteins as an effect of the addition of arginine42 has been 

observed through studies of the second virial coefficient or the attractive potential 

between proteins by various methods including self-interaction chromatography.37,43 

Similar effects of lowered interactions are also seen in reduced binding of proteins to 

hydrophobic and ion-exchange resins due to addition of arginine to the protein 

sample.44,45 

Glutamic acid also interacts with proteins through hydrogen bonding although it 

has only been studied in conjugation with arginine so that its independent effects are 

unknown. When used with arginine, glutamic acid increases the effectiveness of arginine 

in reducing intermolecular interactions through some synergistic effect which is not fully 

understood.36,43 The interaction of arginine and glutamic acid mixtures with proteins can 

also serve to solubilize proteins through modification of interactions.46 There may be a 

minimum number of sites that need to be blocked by arginine for enabling solubilization 

of proteins. The phenomenon of a minimum amount of arginine being needed to 

solubilize protein which has been observed experimentally in this Chapter may be 

explained by the above hypothesis. Similarly for low pH formulations, the amount of 

arginine contained in the sample may be too low for effective solubilization since the 

lower pH samples have a lower arginine concentration required for keeping the pH lower. 

The lowered interactions due to the addition of arginine can also lower the viscosity of 

the protein formulation as demonstrated for mAbs, and human or bovine gamma-
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globulin.47 The viscosities of α-CGN samples containing high arginine are observed to be 

very low ranging from 5-10 cP at ~250 mg/ml. There is no good way for comparing these 

viscosities with those for a low co-solute sample since α-CGN is not soluble at similarly 

high concentrations. The inherent viscosity and the actual viscosity are observed to be 

low nearer to the isoelectric point. Although, the net charge on proteins is lowest at the 

isoelectric point, the absolute number of charges on proteins is the highest. Therefore, the 

number of binding sites for arginine is the highest. The higher amount arginine bound to 

proteins may allow for more positive charge on proteins and therefore more net repulsive 

interactions between proteins. The more repulsive the interactions between proteins, the 

lower is the viscosity as seen by studies of the diffusion interaction parameter (kD) or the 

second virial coefficient (B2) for mAbs.19,48 Therefore the elevated arginine binding may 

be responsible for the comparatively lower viscosities at or near the isoelectric point. 

 

8.4.2 Trehalose interactions with α-CGN 

Contrary to arginine and glutamic acid which interact strongly with proteins, 

trehalose does not interact specifically with proteins. Trehalose is preferentially excluded 

from the surface of proteins due to preferential hydration.27,28 The preferential exclusion 

causes proteins to attempt to reduce their surface area thus forcing proteins to remain in a 

more compact state.27 While trehalose has a stabilizing effect on proteins, it has not been 

shown to contribute to protein solubilization. Also, trehalose does not have a significant 

effect on viscosity as can be seen by comparing the inherent viscosity of samples with 

and without trehalose. The actual viscosity increases due to the elevated solvent viscosity 

as a result of the higher solute content in the liquid. The viscosity being unaffected is 

expected because the specific protein-protein interactions are not much affected by the 
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addition of trehalose as explained earlier. Therefore the depletion attraction may play 

some role in α-CGN solubilization, but it is likely a minor role although it probably is 

involved in stabilizing proteins. Arginine and glutamic acid are large enough to have a 

similar osmotic compression effect as trehalose and could also provide this stabilizing 

effect.42  

 

8.4.3 Stability of α-CGN in high concentration protein formulations with high co-
solute concentrations 

α-CGN is activated by reacting with trypsin which is another enzyme and 

removes two peptides consisting of 3 amino acids each from α-CGN to convert it into α-

CT. The α-CT is the active digestive enzyme which is responsible for the enzymatic 

activity with α-CGN not having any enzymatic activity. Therefore increased enzymatic 

activity indicates that more of the α-CGN molecules are converted to α-CT and the 

reduced activity from the addition of arginine and glutamic acid indicates that α-CGN is 

stabilized in its inactive form by the addition of the co-solutes despite the high 

concentration. The activated protein (α-CT) can be distinguished from the inactive form 

(α-CGN) by SDS-PAGE because the inactive form consisting of three peptide chains 

connected by disulfide bonds splits into three smaller parts while the inactive protein 

remains in one piece. Since there is no change in the SDS-PAGE properties between the 

high co-solute and high protein concentration samples when compared to the low 

concentration protein samples. Arginine may bind to α-CGN on the activation peptides 

since the activation peptides consist exclusively of polar or charged amino acids which 

tend to heavily favor arginine binding.42,49 Therefore, the trypsin binding to the site will 

be affected due to modified charge in the binding region in addition to changing the 
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shape of the binding site preventing the activation peptides from being excised by trypsin. 

Additionally, the osmotic compression may compact the protein molecules into 

conformations where the activation peptides are not easily accessible to the trypsin for 

reacting. 

 

8.4.4 Origin of lowered D/D0 high concentration protein formulations with high co-
solute concentrations  

An alternate reason for the observed changes in the properties of α-CGN could be 

the formation of nanoclusters. Previously, in systems with concentrated protein and 

trehalose molecules formation of nanoclusters assembled from proteins was observed 

using dynamic light scattering.22,23,50 It was hypothesized that proteins were pushed 

together by depletion attraction due to the co-solute/crowder molecules with the cluster 

size being limited by the net repulsion between the protein molecules. Analogously, 

arginine and glutamic acid may provide depletion attraction to assemble these clusters 

either through micro-phase separation or formation of a structure of associated proteins 

that diffuse together. The structure of these nanostructures of proteins however would be 

more complicated than the previous studies due to the presence of charged depletants 

instead of neutral species. The associated motion, nanostructuring or micro-phase 

formation would explain the reduction in D/D0 observed for all the samples containing 

high co-solute concentrations. The micro-phase separation may also help to keep the α-

CGN dispersed in water without actually dissolving in water as it is in its own micro-

phase, thus eliminating the need for elevated solubility for forming a high concentration 

formulation. Also the nanostructures were hypothesized to have more repulsive and 

weaker interactions due to the greater separation between them and the cumulative charge 
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on the protein molecules contained within them which can lead to a reduction in 

viscosity.22,23 The nanostructures may also limit access to α-CGN molecules contained 

inside the nanostructure for the trypsin simply through lack of unoccupied space around 

the protein. As a result, the ability of trypsin to degrade the α-CGN can be limited 

explaining the continued lower enzyme activity of the α-CGN samples with high co-

solute. 

 

8.5 CONCLUSIONS 

α-CGN was solubilized at concentrations exceeding 200 mg/ml using a mixture 

of co-solutes, namely arginine and glutamic acid, as solubilization agents. The 

solubilizing effect of arginine and glutamic acid was probably through their ability to 

reduce both the hydrophobic and electrostatic attractions between proteins which may 

stabilize proteins in the aqueous environment. Arginine can also bind to the charged 

patches on proteins through hydrogen bonding and with the hydrophobic patches through 

the guanidyl group making them more hydrophilic thus easing their ability to disperse in 

water. At least 100 mg/ml total of arginine and glutamic acid was required to ensure the 

formation of clear dispersions devoid of any turbidity from undissolved protein present in 

the system. Similarly a sample pH above 7 is necessary for proteins to be dispersed in the 

solvent without any turbidity present because at lower pH the fraction of arginine in the 

co-solute mixture is too low leading to lower total arginine concentration. Samples with 

high amounts of arginine and glutamic acid as excipients in them also exhibit low 

viscosities ranging from 10-15 cP at 200-250 mg/ml α-CGN probably as a result of the 

reduced interactions resulting from the added co-solutes. The addition of trehalose does 

not affect the inherent viscosity although the overall solution viscosity is increased due to 
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increased solvent viscosity. Also, the arginine and glutamic acid reduce the measured 

diffusion coefficient of the species in the sample to 16-25% of the monomer diffusion 

coefficient. This may indicate the presence of larger associated species composed of 

proteins i.e. nanoclusters in the sample. The addition of arginine and glutamic acid also 

seems to preserve the protein structure for high co-solute samples. 

 

 

Protein 
conc 

(mg/ml) 

Arg 
Conc 

(mg/ml) 

Glu 
Conc  

(mg/ml) 
pH 

Visc
osity 
(cP) 

st 
dev 
in 

visc 
(cP) 

Solvent 
Visc 
(cP) 

Inherent 
visc 

(ml/mg) 
D/D0 

Turb
id 

240 50 50 4.54 6 1.2 1.35 0.0059 - Y 

207 55.6 44.4 5.35 5 0.4 1.35 0.0062 - Y 

264 60 40 7.43 10 1.0 1.35 0.0074 0.23 N 

228 66.7 33.3 8.44 4 0.3 1.35 0.0043 0.17 N 

258 80 20 9.13 5 0.2 1.35 0.0053 0.16 N 

234 100  9.99 5 0.8 1.35 0.0056 0.19 N 

Table 8.1: pH does not greatly affect the viscosity, but low pH dispersion are turbid 
and there seems to be a maximum in the size around pH 9 which is the 
isoelectric point. 
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Protein 
conc 

(mg/ml) 

Arg 
Conc 

(mg/ml) 

Glu 
Conc  

(mg/ml) 
pH 

Viscosity 
(cP) 

st 
dev 
in 

visc 
(cP) 

Solvent 
Visc 
(cP) 

Inherent 
visc 

(ml/mg) 
D/D0

228 66.7 33.3 8.44 4 0.3 1.35 0.0043 0.17 

231 100 50 8.56 5 0.4 1.5 0.0050 0.21 

212 133.3 66.7 8.58 8 0.4 1.9 0.0066 0.18 

258 80 20 9.13 5 0.2 1.35 0.0052 0.16 

224 120 30 9.10 6 0.3 1.5 0.0059 0.2 

224 160 40 9.18 10 1.9 1.9 0.0074 0.17 

Table 8.2: Increased arginine and glutamic acid concentrations at pH 8.5 and pH 9 
which is the optimized pH range for low viscosity results in increased 
viscosity but no change in cluster size. 
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Protein 
conc 

(mg/ml) 

Arg 
Conc 

(mg/ml) 

Glu 
Conc  

(mg/ml) 

Tre 
Conc  

(mg/ml) 
pH

Visco
sity 
(cP) 

st 
dev 
in 

visc 
(cP)

Solve
nt 

Visc 
(cP) 

Inhere
nt visc 
(ml/m

g) 

D/D0 

225 60 40 0 7.2 6 0.2 1.35 0.0064 0.27 

228 60 40 50 7.0 10 1.4 1.5 0.0072 0.20 

242 60 40 100 7.0 10 0.6 1.65 0.0076 0.15 

221 60 40 150 7.0 11 0.7 1.8 0.0080 0.15 

252 60 40 200 7.3 15 0.2 2 0.0080 0.14 

236 60 40 250 7.3 25 1.8 2.2 0.0104 0.11 

Table 8.3: Effect of increased trehalose concentration on viscosity and cluster size of 
α-CGN. Increased trehalose concentration does not significantly increase 
the dispersion inherent viscosity. Increased solvent viscosity causes the 
dispersion viscosity to increase. The cluster size increases with increased 
trehalose concentration. 
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Protein 
conc 

(mg/ml) 

Arg 
Conc 

(mg/ml) 

Glu 
Conc  

(mg/ml) 

Tre 
Conc  

(mg/ml) 
pH

Visco
sity 
(cP) 

st 
dev 
in 

visc 
(cP) 

Solve
nt 

Visc 
(cP) 

Inhere
nt visc 
(ml/m

g) 

D/D0 

238 60 40 50 7.5 7 0.1 1.5 0.0064 0.23 

224 90 60 50 7.5 9 0.6 1.9 0.0067 0.28 

223 120 80 50 7.5 17 0.2 2.4 0.0086 0.28 

Table 8.4: Dispersion viscosities for samples from Fig. 8.3 showing very low 
viscosities for α-CGN dispersions. The inherent viscosity increases with the 
concentration of arginine and glutamic acid. For lower concentrations 
though, the α-CGN is in the form of very large particles as evidenced by the 
turbidity. Cluster size does not change greatly. 

 

Formulations Average Tm St. Dev. in Tm 

chymo pH 3.8 free 65.6 0.3 

chymo pH 8.2 free 65.1 0.8 

chymo pH 8.2 disp free 66.1 0.7 

Table 8.5: Tm data for the α-CGN dispersions and dilute solution controls. 
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a b c  

d e f 

Figure 8.1: Increasing concentration of arg+glu in α-CGN dispersions leads to 
improved dispersibility of α-CGN. α-CGN concentration in each case was 
targeted to be 250 mg/ml. Arg+glu concentrations are a. 0 mg/ml, b. 25 
mg/ml, c. 50 mg/ml, d. 100 mg/ml, e. 150 mg/ml and f. 200 mg/ml. As can 
be seen the solutions with low arg+glu are turbid while those with higher 
arg+glu are clear. 
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Figure 8.2: Dispersion viscosities for samples from Table 8.1 showing very low 
inherent viscosities for α-CGN dispersions. The inherent viscosity (blue 
diamonds) is lowest around pH 8-8.5 while the D/D0 ratio (red squares) is 
also minimum at around pH 9. 
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Figure 8.3: Inherent viscosity has a minimum at around pH 8-8.5 and an optimum for 
arg+glu conc of 100 mg/ml. Space that can be explored is limited by the 
solubility of the excipients. 
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Figure 8.4: Sterile filtration of the clusters by centrifugal filtration does not significantly 
affect the D/D0.  
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(Fig. 8.5 continued on the next page) 
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Figure 8.5: a. Reaction rate of diluted α-CGN dispersions compared to dilute solution 
controls along with that for protein activated with trypsin. b. SDS-PAGE gel 
under reducing conditions and c. SDS-PAGE gel under non-reducing 
conditions for analysis of aggregates and degradants for α-CGN dispersions 
compared to dilute solution controls along with that for protein activated 
with trypsin 

 

 

Figure 8.6: Electrostatic charge map of α-CGN shows distinct charged patches. The 
surface is drawn where the electrostatic repulsion is ±1 kT with red being 
negative charge and blue being positive charge. 
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Chapter 9: Conclusions and Recommendations 

9.1 CONCLUSIONS 

9.1.1 Modification of Protein-protein Interactions for Reducing Viscosity 

The viscosity of mAb formulations containing high concentrations of arginine 

along with either glutamic acid or HCl was demonstrated to be 5-6 times lower than that 

for mAb solutions in buffer with low levels of co-solutes at protein concentrations 

ranging from 200 to 250 mg/ml. Arginine modifies the protein surface charge distribution 

through binding to charged sites which will result in modification of both localized and 

net electrostatic interactions. Additionally arginine also binds to the hydrophobic sites on 

proteins making them more hydrophilic. Arginine and glutamic acid therefore reduce 

both hydrophobic and electrostatic interactions for mAbs.1-3 The reduced interactions 

may be the reason for the lowered viscosity since attractive protein-protein interactions 

are usually the main reason for elevated viscosity.4,5 The co-solutes in addition to binding 

to sites on proteins can cause osmotic compression of mAbs due to entropy maximization 

of co-solutes which could potentially stabilize the mAb structure and limit aggregation 

arising from protein unfolding. Additionally, the co-solutes can give rise to depletion 

attraction between mAbs which when coupled with the longer ranged electrostatic 

repulsion can potentially form mAb nanoclusters or locally concentrated regions of 

mAbs. Introducing depletion attraction by itself seems to have little effect on viscosity 

since samples with trehalose alone as a co-solute do not have a lower viscosity then the 

low co-solute controls. The % monomer detected by SEC after dilution remains constant 

even after storage of the high co-solute formulations for up to 8 weeks in the 

concentrated state thus providing evidence that the high co-solute concentration has the 

ability to limit mAb aggregation at high mAb concentrations.  
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The same strategy of using high co-solute concentration formulations was applied 

to solubilize α-CGN at concentrations exceeding 200 mg/ml using the same mixture of 

co-solutes, namely arginine and glutamic acid. The solubilizing effect of arginine and 

glutamic acid was probably due to their ability to reduce both hydrophobic and 

electrostatic attractions between proteins which potentially stabilizes them in aqueous 

media. At least 100 mg/ml total of arginine and glutamic acid was required to ensure the 

formation of clear dispersions devoid of any turbidity arising from undissolved α-CGN 

present in the formulation. Similarly the sample pH needs to be above 7 for α-CGN to be 

dispersed without any turbidity present because at lower pH the fraction of arginine in the 

co-solute mixture is lower and therefore its concentration may be insufficient for 

solubilization. Samples with high amounts of arginine and glutamic acid as co-solutes 

also exhibit low viscosities ranging from 10-15 cP at 200-250 mg/ml α-CGN. The 

reduction in viscosity is probably a result of the aforementioned reduced interactions 

although there isn’t a good control for comparison since α-CGN is otherwise insoluble at 

these high concentrations. The addition of trehalose as a co-solute along with arginine 

and glutamic acid does not affect the inherent viscosity of formulations although the 

overall solution viscosity is increased as a result of higher solvent viscosity. Also, the 

addition of arginine and glutamic acid reduces the measured diffusion coefficient of 

species in the formulation to 16-25% of the monomer diffusion coefficient. Similar to 

mAb1, this may indicate the presence of larger associated species composed of proteins 

i.e. nanoclusters in the sample. The addition of arginine and glutamic acid also seems to 

preserve protein stability as evident from the Tm and enzymatic activity studies. 



238 
 

9.1.2 Characterization of Nanostructure Formation and Dissociation by Orthogonal 
Techniques 

The diffusion coefficient as measured by DLS was seen to decrease significantly 

in the high co-solute concentration samples compared to the monomer diffusion 

coefficient measured at low protein concentration. Even at high protein concentrations of 

200-250 mg/ml, low co-solute samples did not display any decrease in their diffusion 

coefficient. Based on this, the high co-solute samples were assumed to contain large 

nanoclusters comprising of multiple proteins. The size of these nanoclusters was 

determined from the measured diffusion coefficient by using the Stokes-Einstein 

equation. This theorized nanocluster size was seen to be tunable by adjusting both protein 

and co-solute concentrations as supported by a free energy model. The model proposed 

the formation of nanoclusters through a balance of the short ranged depletion attraction 

and the long ranged electrostatic repulsion to give a limiting nanocluster size. The model 

also raised the possibility of simultaneously making nanoclusters while maintaining a low 

viscosity based on multi-scale interactions with attraction dominant at protein monomer 

level and repulsion dominant at the intercluster level for lowering viscosity. The 

formulations with high co-solute concentration could be made by multiple techniques 

including dissolution of lyophilized protein in addition to centrifugal filtration. The trend 

of lowered diffusion rates was seen in all samples independent of the method of sample 

preparation and was again interpreted as the formation of larger structures.  

Both the high and low co-solute protein formulations were examined by SAXS 

and cryo-SEM to validate the formation of nanostructures which was hypothesized based 

on the DLS data. The high co-solute formulations have significantly higher intensity of 

scattering at lower q ranges corresponding to bigger sizes which can be seen more clearly 

in the structure factor plots. Based on these profiles, the high co-solute formulations seem 



239 
 

to contain structures on the ~50 nm size scale. In contrast, the low co-solute formulation 

had a prominent peak at ~15 nm close to the size of the monomer and no significant 

features at bigger sizes. The high co-solute formulations also show the characteristic peak 

seen in the concentrated low co-solute monomer formulations at around 15 nm, although 

it is shifted to lower scattering vectors and depressed in intensity which indicates 

modified interactions and structure compared to the monomer. Nanostructures ranging 

from 50-80 nm, much larger than monomeric protein, were also observed by cryo-SEM 

in multiple mAb formulations with high co-solute concentrations and different co-solute 

compositions. As a control, samples with low co-solute concentration in addition to the 

high co-solute concentration buffer without protein were both imaged and showed no 

evidence of these larger species in their cryo-SEM micrographs. The measured sizes from 

cryo-SEM and SAXS are in some agreement with each other for samples with the same 

composition and with the measured D/D0 for these samples by DLS.  

The formation of these nanostructures in the high co-solute formulations could be 

responsible for lowering the viscosity of the high excipient samples through modification 

of the interactions present between the protein monomers in the system. It was 

hypothesized that the high degree of self-crowding of proteins within the nanoclusters at 

an unusually high concentration of 700 mg/ml would favor protein folding as was shown 

theoretically.6,7 Experimental analysis with a variety of physical, chemical and biological 

assays indicated that conformationally stable and active protein monomer was obtained 

after dilution of the high co-solute formulations. In vivo sub-cutaneous administration of 

a high co-solute formulation of mAb 1B7 resulted in the same amount of active protein 

being delivered in the bloodsteram as that by intravenous delivery of a dilute mAb 

solution.  
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9.1.3 Synthesis of Au Nanoclusters with High NIR Extinction and Controlled 
Morphology  

The growth of a high density of points on a nanocluster core substrate results in 

the formation of particles with high NIR extinction up to wavelengths of 1100 nm, while 

maintaining a small diameter of ~ 60 nm. Initially ~30 nm Au nanoclusters consisting of 

~10 nm primary Au nanoparticles were synthesized which then rapidly evolved into more 

complex geometries. At pH 8.7 and 7.5 in a kinetically controlled regime, the 

aforementioned points grew on the nanocluster core thereby maintaining the asymmetry 

and therefore the high NIR extinction. The kinetically controlled regime can avoid 

relaxation to spheres seen in the more thermodynamically controlled slow growth regime 

at a higher pH of 9.3. The large number of primary particles per cluster results in a 

greater number of reactive sites being available for growth of the points, relative to the 

case of a monolithic core. The high NIR extinction results from the close proximity 

between primary particles in the initial nanocluster cores, the high density of points on 

the cores, and the high point length to primary particle diameter aspect ratio. In contrast, 

much larger points are required for nanoparticles with spherical or monolithic cores (e.g. 

nanostars) to achieve the same level of NIR extinction usually resulting in much larger 

particles. This strong NIR extinction obtained for a small particle is of great interest in 

biomedical imaging including photoacoustic imaging and photothermal therapy. 
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9.2 RECOMMENDATIONS AND FUTURE RESEARCH 

9.2.1 Improvements in the Methods of Nanostructure Size Determination and study 
of morphology 

The size of the nanoclusters has been measured by several different techniques 

with reasonable agreement obtained between them. However, none of these techniques 

are capable of determining the fraction of protein contained in nanoclusters versus that 

present in the monomeric state. Therefore there is an outstanding possibility that a 

significant fraction of protein may be present in the monomeric state similar to the trend 

seen for clusters of lysozyme.8-11 Better modelling of SAXS profiles could be done to 

extract additional information from the SAXS profile to provide some of this missing 

information about the nanoclusters. The model could also be extended to improve upon 

the free energy model proposed in this dissertation which is a fairly rudimentary hard 

sphere based model. Additionally, more exploration with newer techniques will be 

required to figure out the fraction of protein that is present in the monomeric state and 

could be done by: 1. Cross-linking of proteins within the nanocluster, 2. Neutron spin 

echo (NSE) measurements, and 3. Förster resonance energy transfer (FRET). 

There are well established protocols for cross-linking of proteins which is 

typically used for fixing cells prior to imaging. A dialdehyde can be used to link proteins 

together via the free amino groups present on surface exposed lysine residues in proteins. 

The aim of this proposed idea is to covalently link together proteins in a nanocluster to 

each other by means of the dialdehyde cross-link. Since proteins in a nanocluster are in 

close proximity to each other, the rate of them linking to each other should be much 

faster than linking between proteins that are present as free monomers in solution. Based 

on this, by manipulating the reaction times and rates for the cross-linking reaction, it will 

be possible to selectively cross-link proteins present in the nanoclusters. After cross-
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linking the nanocluster, it would be possible to dilute the formulation without the 

nanocluster dissociating into monomeric protein like it does in the absence of cross-

linking. Retention of the nanoclusters under dilute conditions would lend access to a 

multitude of techniques for determination of the cluster size and also for measuring the 

fraction of protein contained in monomer and in nanocluster states in addition to probing 

the internal structure of the nanoclusters.  

NSE measurements can be used determine the diffusion coefficient of the entities 

present in a sample which can then be converted to a particle size. Although NSE works 

on a similar principle as DLS which has been mentioned earlier in this dissertation, NSE 

(unlike DLS) does not have the same bias towards larger species and therefore its results 

can be compared with DLS to effectively estimate the fraction of protein present in the 

nanoclusters versus that present in the monomeric state. The NSE approach has already 

been used to observe the critical micellization like behavior of mAb oligomers with a 

majority of mAbs contained in the oligomeric species.12 Therefore it would be fairly 

simple to extend the application of this technique to the nanoclusters described in this 

dissertation. 

FRET is a fluorescence based technique which depends on two fluorescent 

species being within a certain distance of each other for one of them to fluoresce and 

yield a signal. Therefore it is a very sensitive technique for measurement of the 

interspecies distances.13,14 This technique could be utilized to study the internal structure 

of nanoclusters by either fluorescently tagging proteins or using a mixture of fluorescent 

proteins with similar structure and strategically located emission and absorption bands 

followed by subsequent formation of nanoclusters. Since the fluorescence efficiency in 

FRET depends on the distance between the two fluorophores, the separation between 
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proteins in a nanocluster could be measured when FRET is used in conjugation with a 

supplementary technique to determine the fraction of protein in nanoclusters. 

Additionally this technique could be used to study the rates of dissociation of the protein 

nanoclusters both in vivo and in vitro through observation of both the rate and location of 

the loss of FRET signal intensity. Therefore through a combination of the above three 

techniques along with other supplemental techniques and modeling, it should be possible 

to study the morphology of the protein nanoclusters in terms of their size, fraction of 

protein contained in them and also their internal structure. 

 

9.2.2 Further Modification of Protein-protein Interactions for Reducing Viscosity 

This dissertation uses a mixture of arginine and glutamic acid for modifying the 

protein-protein interactions in order to lower the viscosity of protein formulations for 

mAb1 and sheep IgG. There would be great interest in exploring whether the reduction in 

viscosity is a generic phenomenon and would be also seen for other mAbs. Other mAbs 

would have different interactions compared to mAb1 and therefore arginine and glutamic 

acid would have a different effect on the interactions. Another interesting aspect that 

should be explored is the use of other co-solutes like different amino acids, salts, 

saccharides, etc. for modifying the protein-protein interactions. This dissertation 

mentions that the interactions were lowered by the addition of arginine and glutamic acid 

but does not quantify this change in the interactions. Therefore the quantification of these 

interactions at dilute protein concentration through measurement of the osmotic second 

virial coefficient (B2) or the diffusion interaction parameter (kd) would be a logical 

advancement. The measured changes in interactions could then be used as a screening 

technique for determining the suitability of new co-solutes for viscosity reduction. 
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Appendix A:  Gold Nanoparticles with High Densities of Small Points 
on Nanocluster Cores with Strong NIR Extinction 

A.1 NOTE ON DLS MEASUREMENTS 

DLS is based on measuring the intensity of light scattered where the scattering 

intensity is biased towards larger particles. In the Rayleigh scattering regime the intensity 

is proportional to diameter to the sixth power. Therefore even a very small amount of a 

larger aggregate species would have a large bias on the signal. The intensity distributions 

for both the particles in the current study and the commercially produced nanourchins 

were compared as shown in Table A1. Both types of particles showed a peak at a larger 

size for the intensity distribution, which disappeared upon converting the size to a volume 

distribution. The conversion to the volume distribution was done through the algorithm 

built into the software from Brookhaven instruments (Dynamic light scattering software 

9kdlsw32 ver. 3.34) which also accounts for contributions from Mie absorption and 

scattering. The conversion between distributions is given by G୚ᇱ (d) = G୍(d)/൫dଷP(θ)൯ …(A1) 

where G’v is the size distribution by volume, GI is the size distribution by intensity, d is 

the scatterer diameter and P(θ) is the angular part of the Mie theory scattering coefficient. 

The real and imaginary refractive indices of pure Au at the laser wavelength of 660 nm 

where n = 0.11 and k = 3.6, respectively.1 It should be noted that the size was not very 

sensitive to the value used for the refractive indices. All the sizes reported in the current 

study are the volume average size or the volume distribution determined as described 

above. 
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Fig. 
No. 
and 
pH 

Diamete
r by 

volume 
(nm) 

Volume and intensity 
distribution 

ACF 

100 
nm 

nano 
urchin

s 

101.7  

50 nm 
nano 

urchin
s 

133.7 

 

Fig. 
2.2a 

dotted 
line  
(pH 
9.3) 

25 

Fig. 
2.2a 

dashed 
line 
(pH 
8.7) 

64 
 

(Table A1 continued on 
the next page) 
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Fig. 
2.2a 
solid 
line  
(pH 
7.5) 

153 

Table A1: Dynamic light scattering ACFs and size distributions for commercial 
nanourchins contrasted with particles from Chapter 2.  

 

Polymer pH 
Final Gold 

Concentration 
(mM) 

Hydrodynamic 
Diameter (nm)

Extinction ratio 
(800nm/500nm) 

Zeta 
Potential 

(mV) 

Dextran 8.7 0.018 39 1.24 
-23.4 ± 

1.8 

Table A2: Summary of the NIR extinction properties and sizes of nanoclusters 
synthesized with dextran instead of CMD keeping all other parameters the 
same. 
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Figure A1: Evolution of Au nanocluster UV-vis extinction with time at 0.018 mM Au 
precursor and pH 8.7, with the reaction quenched by mercaptoacetic acid at 
each time point.  

 

 
a b c 

(Fig. A2 continued on the next page) 
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Figure A2: Time evolution of cluster morphology by TEM at 0.018 mM Au precursor 
and pH 8.7, with the reaction quenched by mercapto acetic acid at: a, 15 s. 
b, 30 s. c, not quenched.  

 

a b 

c d 
 

Figure A3: Additional STEM (a and b) TEM images (c and d) of particles synthesized 
at pH 8.7 at an Au precursor concentration of 0.018 mM.  
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a b c 

Figure A4: Low resolution TEM of nanoclusters synthesized with dextran as the 
stabilizing polymer with 0.018 mM Au precursor at a, pH = 9.3. b, pH = 8.7. 
c, pH = 7.5. Scale bar is 50 nm in all cases. 

  

 

Figure A5: TGA of gold nanoclusters synthesized at 0.018 mM Au3+ and a dextran 
coating at pH 8.7. 

0

20

40

60

80

100

120

0 200 400 600 800

W
ei

gh
t %

Temperature (ºC)



251 
 

a b 

c 

Figure A6: Properties of nanocluster dispersions after 2 iterations of Au at pH = 9.3 
(dotted line), pH = 8.7 (dashed line) and pH = 7.5 (solid line) characterized 
by a. Hydrodynamic diameter by DLS and b. UV- vis spectra. c. Example 
TEM and SEM images of particles synthesized at pH = 8.7.  

 

A.2 SUPPLEMENTARY REFERENCES 

 (1) Raki, A. D.; Djuri?i, A. B.; Elazar, J. M.; Majewski, M. L. Appl. Opt. 
1998, 37, 5271. 
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Appendix B:  Concentrated Dispersions of Equilibrium Protein 
Nanoclusters That Reversibly Dissociate into Active Monomers4 

B.1 NOTE ABOUT DLS DATA FOR CHAPTER 3 

Chapter 3 has DLS data from published work where the fitting protocol was not 

optimized.1 In this case, the intensity correlation function was fit by a CONTIN algorithm 

where the data was fit till the first plateau in the correlation function. The ACFs for the 

samples contained in this chapter typically have a major second decay. The plateau 

between the two decays was not very clear and although the fitting was limited to the first 

plateau as can be seen in Table B4, the placement of the baseline was not very clear. The 

cluster size obtained by the DLS in this case is very large and may be unreliable because 

of the lack of confidence in the placement of the baseline. Additionally, only one sample 

was run in this case with no replication because of the lack of material available. Only the 

first decay was fit based on the stipulation from the papers from the Vekilov research 

group that DLS as a technique is only applicable up to correlation times of ~ 1ms and 

they typically do not go beyond delays of 20 ms.2-4 Therefore for longer times 

interactions between particles would be important and would lead to complications in the 

correlation function at longer delay times.  

The DLS measures the relaxation times for the diffusing entities by means of the 

autocorrelation in the intensity of scattered light from the sample which is then converted 

into a diffusion coefficient by using the scattering vector q (q = 
ସ஠஛ sin൫θ 2ൗ ൯) using the 

equation 

 

                                                 
4 Reproduced in large part with permission from: Johnston, K. P.; Maynard, J. A.; Truskett, T. M.; 
Borwankar, A.; Miller, M. A.; Wilson, B.; Dinin, A. K.; Khan, T. A.; Kaczorowski, K. J. ACS Nano 2012, 
6 (2) 1357-1369. Copyright 2012 American Chemical Society 



253 
 

D = 	 ଵத୯మ        … (B1) 

 

 The diffusion coefficient can then be converted into a size by using the Stokes 

Einstein equation – 

 R = 	 ୩ా୘଺ஜ஗ୈ	 	 	 	 	 	 	 	 …	(B2)		
 

For determining the size by using the Stokes-Einstein equation, the viscosity used 

was the solvent viscosity. The actual viscosity that the species in solution see may not be 

the solvent viscosity. There may be free monomer present in the sample which will be a 

part of the continuum solvent for larger particles which may see a larger viscosity than 

the solvent viscosity. Therefore there will be uncertainty in the size of the particles 

reported. These complications in DLS were not known at the time of publication of the 

work and therefore the appendix is being added to point out the uncertainties in DLS. 

 

B.2 CLUSTER DISSOLUTION TIME 

The dissolution time for protein in the nanocluster is of interest for understanding 

in vitro dilution experiments, and more importantly, cluster dissociation upon in vivo 

subcutaneous injection. The dissolution time tF of a 300 nm cluster was calculated from a 

shrinking sphere model, assuming a solid sphere of protein5:  

 (B3)
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where ρ is the density of the protein (1.34 g/ml), Dv is the diffusion coefficient of a single 

protein in water (4.5 x 10-7 cm2/s, calculated using the Stokes-Einstein equation), csat is 

the concentration of a saturated protein solution (assumed to be 50 mg/ml), cbulk ~  0 

mg/ml. The dissolution time was found to be 7 ms for a 300 nm diameter cluster. The 

rapid dissolution to protein monomer is favorable for rapid pharmacokinetics for high 

bioavailability. It may also be beneficial for minimizing time for which concentrated 

protein is exposed to fluids where protein denaturation may possibly take place. 

 

B.3 POTENTIAL OF MEAN FORCE BETWEEN TWO PROTEINS IN THE PRESENCE OF THE 

SURROUNDING MEDIA 

The potential of mean force V(r) between two protein particles, whether protein 

monomers or nanoclusters, in the presence of the other molecules in the media, provides 

a basis for understanding the relevant multi-scale interactions. It can be modeled as a sum 

of components, which typically include depletion (dep) interactions, specific short-ranged 

(ssr) interactions, and van der Waals (vdw) interactions, as well as electrostatic (el) 

interaction, i.e., 

V(r) = Vdep(r) +Vssr(r) + V(r)vdw + Vel(r) (B4)

 

where r is the separation between particle centers. The depletion attraction6-9 is an 

effective (osmotic) interaction that particles experience due to the presence of co-solutes 

(here, trehalose) in solution. It arises because entropy favors microstates where proteins 

are close to one another; i.e., configurations which make more of the volume available to 

the smaller co-solutes The depletion attraction is often described by the Asakura-Oosawa 

potential8,10 
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(B5)

 

where R is the protein particle radius and ϕE and RE represent the volume fraction and 

radius of the extrinisic co-solute, respectively.11 Since the strength of the depletion 

attraction is proportional to ϕE, it can be tuned experimentally by modifying the co-solute 

concentration. The range of this attraction scales with RE (~0.5 nm for trehalose), and so 

it is considerably smaller than R (~5.5 nm for the protein monomer). 

What we term the specific short-ranged attraction between proteins represents a 

combination of molecular-scale interactions including hydrogen bonding, hydrophobic 

interactions between exposed apolar protein patches, and fluctuating charge dipoles.12-15 

For simplicity, it is often modeled as a square-well potential – 

 

(B6)

 

where V0/kBT is the well depth (V0/kBT ~2.7 for a monoclonal antibody16) and the width 

(2RΔ) is  ~1 nm.12-15,17 It is reasonable to assume that the range of the specific short-

ranged interactions (2RΔ) is constant and thus independent of particle size (R); i.e., Δ~R-

1.12,18,19 Thus, the range of influence of a 1 nm ssr interaction becomes negligible for a 

100 nm protein nanocluster relative to a 10 nm protein, which will be shown to play a key 

role for the low viscosity of the nanocluster dispersions. 

The van der Waals attraction between two particles can be expressed in terms of a 

Hamaker constant between two proteins through water Apwp as20 – 
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(B7)

It is relatively weak compared to the other interactions considered in this study (Apwp/kBT 

in water is only ~ 0.04), and hence it is not considered explicitly in our analysis. The 

electrostatic repulsion between particles is given by20 

 

(B8)

 

where  Γ0 is a function of ψ0 the particle surface potential20, η∞ is the bulk ion 

concentration (50mM), κ is the inverse Debye length (κ-1 = 0.7 nm for the bulk buffer 

solution). Note that the magnitude of the electrostatic repulsion depends on both the 

charge and the size of the particles. 

 

B.4 LOW EFFECTIVE DIELECTRIC CONSTANT WITHIN THE CLUSTERS 

The concept of equilibrium nanocluster formation assumes long ranged 

electrostatic forces in the nanocluster, which is favored by a low dielectric constant.21 

The dielectric constant of water within the nanoclusters will be influenced by 

confinement between the protein surfaces. Analogously, the heterogeneous environment 

within each dense protein nanocluster is very different from that of bulk water. As stated 

in the main text, we have estimated that the ϕint in the clusters is ~0.60 based on the SEM 

images and SLS measurements on IgG clusters.  
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(B9)

 

The dielectric constant in the cluster Є according to effective medium theory is given 

as22,23 

 

 (B10)

 

where Є1 is the protein dielectric constant (5), Є2 is the dielectric constant of water (80) 

and ϕ1 is the volume fraction of protein in the medium. The calculated Є is 20 for ϕ1 as 

0.6. This value is similar to the choice of 25 in Table B3.  

Assuming uniformly-spaced  spherical proteins of  R=5.5nm at ϕint	= 0.6 implies 

from simple geometry (if we assume each spherical protein to be contained in a cube and 

the cubes when put together side to side form the cluster of proteins where Vsphere = 0.6 

Vcube) that that water inside the cluster is confined to channels on the order of 1nm or less 

(see, e.g., Fig. 5 of reference24) between protein surfaces. At this level of confinement, as 

noted from experiments25,26 and model calculations27-29 on related systems, the effective 

dielectric constant of water is reduced to ~40.29 Also only the ions that dissociate from 

the proteins and few of the extraneous ions tend to be present in these extremely confined 

spaces.30 This low ion concentration and low Є within the clusters will produce less 

Debye screening as compared to bulk water buffer solutions. This low screening level 

would further enhance the longer-ranged electrostatic repulsion that influences the cluster 

size. 
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B.5 SURFACE POTENTIAL AND ZETA POTENTIAL OF IGG CLUSTERS 

The zeta potential for 50 nm clusters of polyclonal sheep IgG, produced from 

dispersing the same powder as in Fig. B6 with c = 50 mg/ml and cE = 270 mg/ml was 

measured to be 3.9 ± 0.75 mV at a pH of 6.4 near the pI of 6.4. From this value and a 

Debye length of 2 nm, we estimated about 1-2 effective charges on the surface of each 

protein from the relation 

 

 
(B11)

where Q is the surface charge on a particle, Rs the radius for the particle at the shear 

plane, which was approximated as equal to the radius of the particle (Rc), and κ is the 

inverse Debye length. Based on this Q, a surface potential of 64 mV was calculated for 

the IgG nanoclusters 

 

 
(B12)

This surface potential gives a potential barrier of about 15 kBT in the potential of mean 

force for two protein nanoclusters as shown in Fig. 3.4c which stabilizes the clusters 

against aggregation. Given the large quantities of protein required to measure ζ, it was 

not feasible to perform these measurements for 1B7. However, given the similar 

molecular weights for the two proteins and similar results for nc and the other properties, 

we believe the a similar large surface potential would stabilize the 1B7 clusters. 
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Quantity Monomer at pI (Fig. 

3.4a) 
 

Monomer 3 pH units 
from pI (Fig. 3.4a) 

Cluster (Fig. 3.4c) 
 

Charge per protein  1 25 0.6 
Debye Length  (κ-1) 0.7 0.7 0.7 

Γ0 0.036 0.72 0.76 
ϕE  0.17 0.17 0.17 

Table B1: Parameters used Figs. 3.4a and 3.4c to determine the potential of mean 
force. 

 

Table B2: General parameters for calculating cluster diameter contours in Fig. 3.4b.  

 

 

 

 

 

Quantity 
Value for 1B7 
(Figs. 3.2b and 

3.4b) 

Value for IgG 
(Fig. 3.2c) 

Fractal dimension (δf) 2.6 2.6 

Dielectric constant (Єr) 25 15 

No. of dissociable sites per unit area of particle surface (σ, 
nm-2) 

0.2 0.2 

Distance between opposite charges in an ionic bond (b, 
nm) 

0.1 0.2 

Radius of primary particle (R, nm) 5.5 5.5 
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Table B3: Particular parameters for calculating cluster diameters for specific case in 
Fig. 3.4b.  

  

Protein 
conc 

(mg/ml) 

Trehalos
e conc 

(mg/ml) 
Angle  

Diameter 
by 

volume 
(by 

intensity) 
(nm) 

Diameter 
st dev 
peak 
width 
(nm) 

Count 
rate 

(kcps) 
Correlation function 

220 220 160 340.5 
(342.4) - 131 

175 
(Table B4 
continued 

on the 
next 
page) 

175 150 62 (62) - 123.4 

Quantity Case 1 

Concentration of co-solute (cE, mg/ml) 220 

Attractive energy (Є/kBT ) 6.52 

Protein volume fraction (ϕ) 0.16 

Concentration of protein (c, mg/ml) 220 

Charge on a protein monomer (q0) 0.09 

Aggregation number (nc) 4500 

Predicted diameter of the cluster (Dc, nm) 280 

Actual diameter of the cluster (Dc, nm) 320 
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125 125 150 44.7 (48) 2.4 (3.5) 48.3 

100 100 150 16.2 
(18.1) 0.8 (0.6) 47.4 

75 75 150 7.4 
(1365) 0.5 (400) 8.9 

70 270 135 365 
(2067) - 312.3 

70 250 135 176 (176) - 359.5 

70 225 135 96.5 
(1587) 20 276.6 

70 200 135 28 (1577) - 276.9 

70 
(Table B4 
continued 

on the 
next 
page) 

150 135 11.6 
(1960.6) - 273 
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70 270 135 250 
(2489) - 249.4 

Table B4: Auto correlation functions for all of the samples analyzed by DLS in 
Chapter 3 with sample composition provided to relate back to the figures 
and tables in the paper. 200 channels were used for all the measurements.  

 

a b 

c d 
(Fig. B1 continued on the next page) 
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e 

Figure B1: SEM images of antibody nanoclusters with trehalose as co-solute. a, b, c and 
d, Reproducibility of  multiple SEM images of 1B7 antibody nanoclusters at 
c = cE = 220mg/ ml (identical conditions as in  Fig. 3.1c). The SEM 
micrographs clearly show good reproducibility in the size of the ~ 300 nm 
clusters in the dispersion for four clusters, consistent with the DLS results in 
Fig. 3.2a. The images were obtained from regular carbon film copper TEM 
grids where the nanoclusters were resting on the copper mesh. The 
individual protein monomers, on the order of 10 nm, appear to have a halo 
around them. This halo is a layer of trehalose deposited during freezing and 
lyophilization in sample preparation for SEM. e, Polyclonal IgG nanocluster 
at c = cE = 260 mg/ml. The imaging was done on a lacey carbon TEM grid 
and the nanocluster is resting on a strand of lacey carbon.  
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Figure B2: Static light scattering to determine fractal dimension. The 80 nm sheep IgG 
nanoclusters were formed at c = 70 mg/ml IgG and cE = 270 mg/ml 
trehalose. The intensity which scales as the measured count rate was plotted 
versus the scattering vector 4πsin(θ/2)/λ at various angles from 45° to 90°. 
The slope of the line fit through the data multiplied by -1, i.e., 2.6 is the 
fractal dimension.20 In static light scattering, we assume that the structure 
factor is not a function of the scattering vector and therefore, the intensity is 
related to the scattering vector through the fractal dimension.  
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Figure B3: Hydrodynamic diameter by DLS of polyclonal IgG nanoclusters upon 
dilution in buffer (c/cE = 1). The protein concentrations are shown in the 
legend. Sequential dilution with phosphate buffer at constant c/cE yields 
progressively smaller nanoclusters until monomeric protein with a 
hydrodynamic diameter  of ~10 nm is observed at c = cE = 47 mg/ml. The 
behavior and mechanism for nanocluster dissociation is similar as observed 
for monoclonal antibody 1B7 in Fig. 3.2a and b.  
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Figure B4: Polyclonal IgG nanocluster size at high concentration. Polyclonal sheep IgG 
dispersions were formulated with 300 and 350 mg/ml protein with c/cE = 
1:0.5 with trehalose and the resulting nanocluster hydrodynamic diameter 
measured by DLS.  
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Sample Type 
% 

Monom
er (SEC)

Control Solution 
98.88 ± 

0.04 

Post-Lyophilization 
98.52 ± 

0.06 

267 mg/ml dispersion 
98.59 ± 

0.04 
Diluted  from 267 to 175 

mg/ml dispersion 
98.50 ± 

0.19 
Diluted from 267 to 125 

mg/ml dispersion 
98.59 ± 

0.01 
Diluted from 267 to 75 

mg/ml dispersion 
97.93 ± 

0.30 
 

 

a b 

Figure B5: HPLC SEC of monomer concentration after dilution of the dispersion. All 
samples were diluted to 1 mg/ml in PBS and analyzed with Waters Breeze 
HPLC with TOSOH Biosciences TSK gel G2000SW and G3000SWXL 
columns. The mobile phase comprised 100 mM sodium phosphate and 300 
mM sodium chloride buffer (pH 7.0), and the eluate was monitored by 
absorbance at 214 nm. a. Chromatographs are shown for (1) solution control 
1B7, (2) lyophilized, reconstituted 1B7, and dispersion formulated with (3) 
260 mg/ml 1B7 and 260 mg/ml trehalose. No increase was seen in aggregate 
concentration throughout formation of the dispersion, dilution of the 
clusters, and reformation of the clusters with trehalose. b. The % monomer 
values are given here for a wide range of indicated experiments, shown in 
Fig. 3.2a and 3.2b. Error indicated is ± s. d.  
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Figure B6: Absence of higher molecular weight aggregates as assessed by non-reducing 
SDS-PAGE. All dispersions were diluted to 1 mg/ml with PBS prior to 
analysis. 5 µg of each sample was combined with non-reducing loading 
buffer and loaded on to a precast 4–20% SDS-PAGE gel (Bio Rad).Lane (1) 
molecular weight markers (Spectra BR); (2) solution control 1B7; (3) & (4) 
1B7 post-lyophilization; (5) molecular weight markers (Spectra BR); (6) & 
(7) diluted 260 mg/ml 1B7 dispersion; (8) & (9) 260 mg/ml dispersion 
diluted to 75 mg/ml that was further diluted.  None of the samples showed 
any change in molecular weight, or formation of any higher molecular 
weight aggregates. 

  

. 
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Figure B7: Viscosity calibration curve for measurements with small conical vials. The 
calibration curve was created using the following solution standards:  DI 
water (ηo = 1 cP), benzyl benzoate (ηo = 8.8 cP), PEG200 (ηo = 50 cP), 
PEG300 (ηo = 70 cP), and PEG400 (ηo = 90 cP). The time for the liquid 
level to be drawn from 0.4” to 0.1” in small conical vial (0.1 mL V-Vial, 
Wheaton) was measured from a video of the solution (taken with a Kodak 
EasyShare Z812 IS), converted using ImageJ software to a stack of images 
with 30 images per second. The time was measured to within 0.05 seconds 
at least 3 times and averaged, while maintaining the end of the plunger at the 
1 ml mark. A maximum volume of 10% of the cavity in the syringe was 
filled with dispersion to minimize variation in the pressure drop. 
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Appendix C:  Tunable Equilibrium Nanocluster Dispersions at High 
Protein Concentrations5 

C.1 NOTE ON DLS DATA FOR CHAPTER 4 

Chapter 4 has DLS data from published work where the fitting protocol was not 

optimized.1 In this case, the intensity correlation function was fit by a CONTIN algorithm 

where the data was fit till the first plateau in the correlation function. The ACFs typically 

have a slight and sometimes a major second decay as can be seen for all the ACFs in 

Table C10. The fitting was limited to the plateau at the end of the first decay in the 

correlation as can be seen in the table. In the case of ACFs in this particular chapter, the 

ACFs were closer to ideality in terms of the first decay and a plateau followed by a very 

minor second decay. The baseline placement could be done reliably at the end of the first 

decay with little ambiguity in terms of its location. The fitting was limited to the first 

decay based on the stipulation in the papers from the Vekilov research group that DLS as 

a technique is only applicable up to correlation times of 1ms or less with correlation 

times of greater than 20 ms never being considered.2-4 For longer times, interactions 

between particles would be important and would lead to complications in the correlation 

function at longer delay times. There may also be complex collective diffusional modes 

of collective protein molecule or cluster diffusion which contribute to these long tails 

which will complicate the observed ACFs.  

After publication of the paper, the data was analyzed using a different fitting 

algorithm based on fitting the data with exponential decays. The governing equation used 

for the fits was – 

                                                 
5Reproduced in large part with permission from: Borwankar, A. U.; Dinin, A. K.; Laber, J. R.; Twu, A.; 
Wilson, B. K.; Maynard, J. A.; Truskett, T. M.; Johnston, K. P. Soft Matter 2013, 9, 1766-1771. Copyright 
2012 RSC Publishing.  
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݃ଶ(ݐ) − 1 = ଵ݁షഓഓభܣ + ଶ݁షഓഓమܣ        … (C1) 

where τ1 and τ2 are the relaxation times which correspond to the decay in the correlation 

function which is represented by ݃ଶ(ݐ) − 1 and A1 and A2 are pre-factors for fitting the 

amplitude of the curve. The delay times can then be converted into a diffusion coefficient 

by using the scattering vector q (q = 
ସగఒ sin൫ߠ 2ൗ ൯) using the equation 

ܦ  =	 ଵఛ௤మ         … (C2) 

 The diffusion coefficient (D) can then be converted into a size by using the Stokes 

Einstein equation – 

 ܴ = 	 ௞ಳ்଺గఎ஽         … (C3)  

where R is the particle radius, and η is the viscosity of the medium containing the 

particles. Upon fitting equation (1) to the ACF of samples with a excipient in them 

utilizing residual minimization, the first relaxation time obtained corresponds to a 

particles size of 3-4 times the monomer using equations C2 and C3 while setting the 

viscosity to be the solvent viscosity, as shown in Fig. C11a (28 nm in this case).2-4 

Forcing a fit for this correlation function with a monomeric size yielded a very bad fit as 

evidenced in Fig. C11b. However when an actual  monomer sample for a similar protein 

was fit in the same manner, the relaxation time resulting was much lower and upon 

deriving a size using equations C2 and C3 yielded a size corresponding to a monomer 

sample as shown in Fig. C11c. The fits gave a second relaxation time corresponding to a 

much larger aggregate peak > 1 micron which was fit using the value of the solution 

viscosity for η instead of the solvent viscosity.2-4 In cases where the monomer relaxation 
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time was forced into the fit for relaxation time for the first decay, the second relaxation 

time corresponded to a size of 40-50 nm. The fit seemed to be very insensitive to the 

monomer size and was mainly fitting the larger size with the exponential in the fit with 

the monomer relaxation time contributing very little as can be seen in Fig C12a-d. The 

volume fraction of the particles of larger size given by the ratio of A1/A2, is seen to 

fluctuate wildly with very small changes in the particle size. This leads to the conclusion 

that the relaxation times returned from the DLS for the samples with excipients in them 

were higher than those corresponding to monomer size by 3-4 times. The increase could 

not be accounted for just by the increase in the solvent viscosity as that increase is only 

about 30%. Free monomer present in the cluster samples should not be responsible for 

this increase, as it has no effect on the monomer by itself at the same concentration. 

Therefore, there is some other phenomenon present which is causing these relaxation 

times to go up. 

Also the samples were not sterile filtered because sterile filtration resulted in too 

much material loss and we did not have enough material to characterize the post sterile 

filtered material. In general, sterile filtration would serve to remove larger aggregated 

species from the samples which may interfere with the results from the DLS. In our 

specific case, we later studied similar systems and found that sterile filtration did not 

affect the size distribution obtained from DLS and also did not have any effect on the 

shape of the ACF in most cases. These complications in DLS were not known at the time 

of publication of the work and therefore the appendix is being added to point out the 

uncertainties in DLS. 
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C.2. ELISA  

After analysis of the ELISA data with a four-parameter logistic fit, the relative 

EC50s were found to be 1.38 ± 0.47 for the LD250:100 sample and 1.13 ±  0.84 for the C 

220:70 sample, compared with 1.00 ± 0.36 for the unprocessed sample.  After verifying 

the shape of the sigmoidal curve on the Fig. C8, these were determined to be comparable 

within one standard deviation. Since this is a capture ELISA using polyclonal antibody 

mixtures to both capture and detect sheep IgG, binding depends upon maintenance of 

multiple epitopes in the sheep antibody structure. If one epitope on each antibody has 

altered structure, binding would be reduced; alternatively, if a fraction of all antibodies 

have multiple compromised epitopes, this would also result in decreased binding and 

higher EC50 values. We thus conclude that the majority of the antigen binding sites are 

maintained during the centrifugation and lyophilization steps, keeping the protein stable 

and intact. 

 

C.3 EQUILIBRIUM MODEL FOR CLUSTER FORMATION 

The model we use here is based on an approach originally introduced to 

qualitatively understand cluster formation of colloids suspended in apolar solvents.10, 11 

Specifically, we adopt a generalization put forth by Johnston et al.5 to study aqueous, 

protein nanocluster dispersions which accounts for the fractal dimension of the clusters 

and the possibility of tunable depletion interactions. 

The model assumes a hierarchy of multi-scale interactions that drive the 

formation of clusters shown schematically in Fig. 4.1a. Here, the primary attraction 

between protein monomers is assumed to be an osmotic depletion force induced by the 

presence of an extrinsic crowding co-solute (in this case, trehalose). The origin of the 
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depletion attraction is entropic. Configurations where two proteins are in contact are 

favored statistically over those in which the proteins are separated in solution because the 

former excludes trehalose from a smaller overall volume. Since the diameter of trehalose 

is considerably smaller than that of a protein monomer, the inter-protein depletion 

interaction is short-ranged. This kind of depletion attraction is commonly described by 

the Asakura-Oosawa effective pair potential6,7 

  Vୢୣ୮k୆T = − ୉2 ൬1 − r − 2R2R୉ ൰ଶ ൬2 + 3RR୉ + r − 2R2R୉ ൰ (C4)

where r is the center to center distance between two protein molecules, R is the protein 

molecular radius, ϕE is the volume fraction of the extrinsic crowder, and RE is the 

crowder radius.8 Since the strength of the depletion attraction depends on ϕE (as is 

expected for an osmotic attraction), it can be tuned experimentally by modifying the 

crowder concentration. Depletion attraction due to poly(ethylene glycol) (PEG) has been 

demonstrated as being the dominant interaction modulating protein-protein interactions 

for proteins with weakened electrostatic interactions.9-13 As a result, other short-range 

attractive interactions arising from hydrogen-bonding, hydrophobic forces, etc., as well as 

longer-range van der Waals interactions—while also present in the protein system—are 

assumed to play a secondary role in cluster formation at high crowder concentrations.5  

Proteins also interact through electrostatic repulsions. In this work, the pH of the 

solution is adjusted to be near the pI of the protein which minimizes the net charge on the 

protein molecules.14 As a result, electrostatic repulsions between two isolated proteins in 

solution are expected to be weak compared to the short-range attractions, especially 

under conditions of high crowder concentration (see Fig C7). However, as proteins begin 

to form a cluster (i.e., each protein acquires multiple contacting neighbors), contributions 
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from the weak—but longer-range—electrostatic repulsions begin to accumulate. 

Qualitatively, the balance between attractions and repulsions determines the equilibrium 

cluster size. For a discussion of why electrostatic screening inside of the protein clusters 

may be considerably weaker than that between two proteins isolated in aqueous buffer, 

see Harada et al15 and Johnston et al.5 The aforementioned balance between short-range 

attractions and longer-range repulsions is expected to produce interactions between 

equilibrium-size clusters that are net repulsive, which helps create colloidally-stable 

nanocluster dispersions that do not readily gel.  

In the free energy model for cluster formation, proteins are assumed to assemble 

into spherical clusters of radius Rc comprising nc monomers, as shown in Fig. 4.1a. If the 

strength of the depletion interaction between two neighboring proteins is given by –ε and 

each protein has C nearest neighbors in the cluster interior, then the effective depletion 

contribution to the free energy per protein molecule in the cluster interior will be -εC/2. 

The missing attractive interactions for proteins on the cluster surface are accounted for by 

adding an effective surface energy term (4πRc
2γ), where the surface tension is 

approximated as γ = ε/4πR2.  Together, the depletion attractions contribute the following 

to the free energy of cluster formation, 

  

 (C5)

Assuming that the charges are negligibly screened within the nanocluster (as discussed 

earlier5), their Coulombic self-energy can be approximated as  

 

 
(C6)
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where λ is the Bjerrum length (λ = e2/4πЄrЄ0kBT), Єr is the relative permittivity of the 

medium, Є0 is the vacuum permittivity, and q is the charge per protein monomer.    

The cluster free energy also depends upon the translational and combinatorial 

entropy of the counterion dissociation from the proteins in the cluster to the solution. The 

final free energy per protein of a cluster is given by16,17 

 

(C7)

where qo is the charge that minimizes fc for weakly charged particles in the limit of low 

zeta potential.16   

Minimizing with respect to Rc (or nc) gives the following expression for the 

equilibrium aggregation number n* 

 n∗ = 10πγRଷ3k୆Tλqଶ (C8)

As qualitatively discussed above, clusters are predicted to grow with increasing 

attractions (ε) and shrink with increasing charge q (electrostatic repulsion). 

To take into account the porosity of the protein nanoclusters, we modify the 

original model by expressing the cluster radius as  

 Rୡ = ቀnୡk ቁ ଵஔ౜ (C9)

where δf is the fractal dimension (estimated from static light scattering experiments of 

one protein cluster dispersion to be 2.6 from Johnston et al.5) and k is a constant of order 

1. For q = q0,
5,16 the resulting equilibrium aggregation number is given by 
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(C10)

To connect with experimental observables, we can substitute ε = -Vdep(2R)  from the 

depletion potential of eq. C4 into eq. C10. Furthermore, we can use a prediction, ݍ଴ଶ =(1400 ∗ ݊ௗ/ܾܿଷ)݁ିଶିఒ/௕, obtained from a simple statistical mechanical site-binding 

model16,17 for the translational and combinatorial entropy of counterion dissociation 

accounting for the experimentally determined partial molar density of the protein in the 

solution of 1400 mg/ml. Here, ݊ௗ is the number of dissociable sites on a protein surface, 

and b is the minimum distance between a counterion and a charge on the protein surface. 

Combining these relations and eq. C3, C9, and C10 with φE = cE/1580 (1580 is the partial 

molar density of the trehalose in the solution18) yields the following relation for cluster 

diameter -  

  Dୡ = 2Rቊ 20π(δ୤ − 2)Rସbଷeଶା஛/ୠc୉c1400 ∗ 1580 ∗ 9kଶnୢ(δ୤ − 1)λ ൤1 + 3R2R୉൨ቋ ଵଶஔ౜ିଷ
 (C11)

 

This relation is presented, in simplified form, as eq. (2) of the main text. Importantly, 

Equation C11 (parameter values provided in Table C6) captures the experimentally 

observed trends in cluster diameter with changes in extrinsic crowder concentration and 

protein concentration (Figs. 4.2a-e). This agreement provides further evidence that the 

dispersed protein clusters are in an equilibrium state. 
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C.4 TURBIDITY AND ADDITIONAL ELECTRON MICROSCOPY OF THE DISPERSION 

The turbidity of the dispersion is quantified in Fig. C1 in the visible range (400-

700 nm). Low turbidity is seen in the visible region as quantified by an average turbidity 

of 0.335 cm-1 and absorbance of 0.15 for a path length of 1 cm from 400-700 nm. The 

dispersion appears transparent to the naked eye, which is highly desirable as a guide 

during subcutaneous administration of the formulation. The high level of transparency is 

due to the refractive index of the porous cluster being close to that of the solvent with 

dissolved trehalose.5 Also, the small size of the clusters < 100 nm leads to relatively low 

scattering cross sections. The dispersion has a significant absorbance in the UV region 

due to the aromatic amino acid residues present in the protein molecules and greater Mie 

scattering. 

  

C.5 DISPERSIONS WITH CONCENTRATIONS OF 320 MG/ML 

In order to demonstrate the robustness of the clustering concept in general and the 

centrifugal filtration concept in particular, high concentration dispersions of proteins at a 

concentration of 320 mg/ml were made with the properties given in Table 4.1 and Fig. 

C4. The dispersions had 70 mg/ml trehalose for providing depletion attraction and 

stability while still maintaining the isotonicity of the dispersion. The dispersions were 

syringeable as opposed to solutions which typically gel and aggregate at these 

concentrations.5 The diameter was observed to be 40 nm relative to a value of 37 for the 

C 220:70 case in Table 4.1. In contrast, the model predicts a larger size increase with 

protein concentration. The protein was found to be monomeric after dilution by SEC 

despite the high protein concentrations in the dispersions. 
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C.6 ROOM TEMPERATURE STORAGE STABILITY 

Additionally, the dispersions were observed to be stable for 10 days when stored 

at room temperature with excellent retention of the size and the % monomeric protein 

upon dilution as can be seen in Table C4 and Fig. C6. The dispersion also remained clear 

and there was no phase separation observed during storage, again supporting the concept 

of nanoclusters at equilibrium. 

 

C.7 EFFECT OF PH ON CLUSTER SIZE 

Dispersions were formed at two different pH values of 6.4 (LD 250:100) at the 

isoelectric point and 6.9 (LD 200:80) to examine the effect of pH on the cluster size. The 

dispersion properties are contrasted in Table C5. The sizes are seen to be similar at the 

same protein concentration with the pH having little effect on the dispersion size in this 

narrow range. The protein charge does not change appreciably within 1 or 2 pH units of 

the pI leading to the size not changing appreciably as can be seen from equation C10.14,19 

Also, the sheep IgG being polyclonal has a broader distribution of pIs and hence charge 

on the protein molecules therefore the charge distribution within the clusters may remain 

oblivious to pH over a significant range of pH values (2-3 pH units around the pI). These 

cluster formed at pH 6.9 also dissociated back to monomer upon dilution in buffer. 

 

C.8 CD  

Analysis of the circular dichroism spectra demonstrates maintenance of protein 

secondary structure throughout the centrifugation, lyophilization and dilution 

processes. Antibodies are composed primarily of beta sheet secondary structure elements 

and turns, and the data shows only 3% to 5% alpha helices of the total structure. Circular 
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dichroism provides only an approximation for evaluating secondary structure, but the 

agreement of the data in Table C7 supports our conclusion based on the ELISA data that 

antibody structure is maintained throughout the processing steps. 

 

C.9 LONG TERM STORAGE 

A C 220:70 dispersion was stored at -40ºC for a month and a second dispersion at 

the same conditions was stored for 2 ½ months. After storage, the dispersions were gently 

thawed at 4°C and then characterized. The size and viscosity appeared unchanged pre- 

and post-freezing as is shown in Table C2 and Fig. C4.  The constant size provides 

further evidence the nanoclusters are in an equilibrium state with the size governed by the 

dispersion composition. The protein is also found to be monomeric by SEC upon dilution 

with little change in % monomer pre- and post-freezing. The stability after 2 ½ months of 

storage seems to suggest the potential for long term storage in the frozen state which is a 

great practical advantage. The stability may result from decreased molecular mobility at 

low temperatures and the trehalose present in the dispersion acting as a 

cryoprotectant.20,21 

 

C.10 STERILE FILTRATION OF THE CLUSTERS 

A nanocluster dispersion were passed through a 0.22 micron filter membrane with 

~220 mg/ml sheep IgG and 70 mg/ml trehalose as shown in Table C9 and Fig. C10. The 

dispersion properties including concentration of protein, viscosity and nanocluster size 

were retained after sterile filtration of the dispersion. The viscosity of the dispersion and 

the nanocluster size (36 nm) were low enough for sterile filtration to be feasible, which 
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would be desirable for biopharmaceutical processing. Due to the large initial volume 

needed for filtration, the entire concentration process was carried out in a Millipore 

Amicon filter (used for buffer exchange as described in the materials and methods 

section). 
 

 

Table C1: Model parameters for Sheep IgG. Input variables used in the model 
proposed by Johnston et al.5  and used to generate the plots in Figs. 4.1b, 
4.2b, and 4.2e are provided.  

 
c (mg/ml) Dc (nm) St Dev in Dc (nm) 

220 40 12 
190 32 7 
170 23 3 
150 15 3 

Table C2: Dc of C 220:70 nanoclusters and after subsequent sequential dilutions with 
buffer. The distributions for the Dc are provided in Fig. C3 and the means 
are in Figs. 4.2b and 4.2e. The starting solution was at a protein 
concentration of 70 mg/ml and was centrifuged for 35 minutes.  

 
  
 
 

Model parameter Value  

Fractal Dimension (δf) 2.5 

Dielectric constant (Єr) 15 

No. of dissociable sites per unit area of colloid surface (σs, nm-2) 0.2 

Distance between opposite charges in an ionic bond (b, nm) 0.22 

Radius of the protein monomer (R, nm) 5.5 
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c (mg/ml) Dc (nm) St Dev in Dc (nm) 

250 51 9 
230 42 7 
210 32 5 
120 17 9 
60 13 4 

Table C3: Dc of LD 250:100 nanoclusters and after subsequent sequential dilutions 
with buffer. The distributions for the Dc are provided in Fig. 4.2d.  

 
c (mg/ml) Dc (nm) St Dev in Dc (nm) 

250 77 8 

200 59 8 

160 43 9 

120 18 1 

70 11 2 

40 12 2.5 

Table C4: Dc of C 250:250 nanoclusters and after subsequent sequential dilutions with 
buffer. The distributions for the Dc are provided in Fig. C5 and the means 
are in Fig. 4.2e. The starting solution was at a protein concentration of 50 
mg/ml and was centrifuged for 68 minutes.  

 
Time 
(days) 

Dc (nm) % monomer by SEC 

0 49 ± 13 98.6 

7 44 ± 5 - 

10 47 ± 11 98.5 

Table C5: Dc, viscosity and protein % monomer after room temperature storage (C 
250:100). The distributions for the Dcs are provided in Fig. C6.  
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Sample name 
cE 

(mg/ml) 
c (mg/ml)

dispersion 
pH 

Dc 

(nm) 
Std. Dev in Dc 

(nm) 
Dilution of LD 

250:100 
84 210 6.4 32 5 

LD 200:80 80 200 6.9 33 10 

Table C6: Effect of pH on Dc. LD 200:80 in pH 6.9 and a dilution of LD 250:100 at 
pH 6.4 are contrasted to observe the effect of protein charge.  

 
 
 

Sample Helix Strand Turn Unordered 
Control 0.04 0.18 0.23 0.33 

LD 250:100 0.03 0.17 0.22 0.38 

C 220:70 0.02 0.19 0.23 0.34 

Table C7: Circular Dichroism for protein secondary structure. The fraction of protein 
in the different secondary structures for both LD and C samples compared to 
the native protein.  

 

State 
Viscosity 

(cP) 
Intrinsic 
Viscosity 

Dc 
(nm) 

Std. Dev. in Dc 
(nm) 

% Monomer by 
SEC 

Pre-freezing 36±9 9 36 9 98.6 
Post-

freezing (1 
month) 

35 9 31 10 - 

Post-
freezing (2 
½ month 

- - 39 5 99.5 

Table C8: Dc, viscosity and protein % monomer before and after freezing and thawing 
(C 220:70). The distributions for the Dcs are provided in Fig. C9. This was 
the same dispersion as in Fig. C1.  
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State of 
dispersion 

c 
(mg/ml) 

Viscosity (cP)
Intrinsic 
viscosity 

Dc 
(nm) 

St. Dev in 
Dc (nm) 

% 
Monomer 
by SEC 

Pre-
filtration 

220 36±9 9 33 4.5 99.9 

Post-
filtration 

200 26 10 30 3.31 98.6 

Table C9: Dc and viscosity of a C 220:70 nanocluster dispersion before and after sterile 
filtration through a 0.22 µm poyl(vinylidene difluoride) (PVDF) filter. The 
distributions for the Dcs are provided in Fig C10. The starting solution at a 
protein concentration of 48 mg/ml was centrifuged for 27 minutes. After 
forming the nanoclusters, a portion was saved and a portion was filtered.  
Both samples were then frozen, stored for a month and thawed, and then 
analyzed.  

 

c 
(mg
/ml) 

cE 
(mg
/ml) 

Angle  
Diameter 

(nm) 

Diameter 
st dev 
(nm) 

Count 
rate 

(kcps) 
Correlation function 

122 70 150 18.4 4.9 76.4 

176 70 150 

29.9 
(Table 
C10 

continued 
on the 
next 
page) 

 

18.6 18.875
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201 70 150 35 7.5 27.725

225 70 150 39.1 9.6 45.35 

226 70 150 41 13.3 19.275

191 59 150 35 16.7 40.9 

165 51 150 

21.8 
(Table 
C10 

continued 
on the 
next 
page) 

13.8 14.3 
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149 46 150 15.9  5.9 199.65

247 247 150 75.6 9.5 59.575

197 197 150 55.5 81.5 81.5 

156 156 150 42.3 19.25 19.25 

122 122 150 

18.4 
(Table 
C10 

continued 
on the 
next 
page) 

3.9 213.8 



289 
 

67 67 150 14.7 1.9 136.4 

40 40 150 10.1 2.9 76.15 

250 100 150 48.6 11.4 88.2 

210 84 135 

33.6 
(Table 
C10 

continued 
on the 
next 
page) 

3.9 81.6 
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120 48 135 17.3  4.9 22.6 

60 24 150 14.8 3.8 201.8 

200 100 150 38.4 8 221 

312 70 135 

34.2 
(Table 
C10 

continued 
on the 
next 
page) 

21.9 50.125
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321 70 135 40.5  21.3 61.1 

254 0 150 12.6 5.1 8.8 

220 70 150 35.4 12.1 2650 

220 70 150 

39.6 
(Table 
C10 

continued 
on the 
next 
page) 

9 13 
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220 70 150 39.2 5.8 57.2 

220 70 150 39.8 17.5 331 

250 100 135 46.2 5.8 164 

250 100 135 

49.3 
(Table 
C10 

continued 
on the 
next 
page) 

8.4 350 
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250 100 135 54 14.9 606 

Table C10: Auto correlation functions for all of the samples analyzed by DLS in 
Chapter 4 with sample composition provided to relate back to the figures 
and tables in the paper. 200 channels were used for all the measurements.  

 

 

Figure C1: Potential of mean force between two protein monomers at the pI with 
trehalose concentration 70 mg/ml. Vdep is the force due to the depletion 
attraction from trehalose and Vel is the electrostatic repulsion.5 
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Figure C2: Turbidity of nanocluster dispersion (C 220:70) which appears transparent to 
the naked eye for a path length of 1 cm. 
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Fig. C3 continued on next page 
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c 

Figure C3: Additional STEM (a and b) and SEM (c) images of protein nanoclusters at c 
= 270 mg/ml and cE = 270 mg/ml.  
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Figure C4: Dc of C 220:70 nanoclusters and after subsequent sequential dilutions with 
buffer. The legend gives the protein concentration with mean Dcs listed in 
Table C1 and Figs. 4.2b and 4.2e.  
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Figure C5: Dc of C 320:70 nanoclusters at an ultra-high protein concentration. The Dc 
distributions for two different samples are provided with the mean Dc listed 
in Table 4.1.  
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Figure C6: Dc of C 250:250 nanoclusters and after subsequent sequential dilutions with 
buffer. The legend gives the protein concentration with mean Dcs listed in 
Table C3 and Fig. 4.2e.  
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Figure C7: Dc of C 250:100 nanoclusters upon storage of the aqueous dispersion at 23o 
C for up to 10 days. The mean Dcs are listed in Table C4.  
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Figure C8: ELISA data for diluted protein samples. The raw data used for calculating 
the relative EC50 is shown along with the negative controls.  
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Figure C9: Dcs of C 220:70 nanoclusters before freezing, and after either 1 or 2.5 
months of frozen storage at -400C followed by thawing. The mean Dcs are 
listed in Table C8.  
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Figure C10: Dc of C 220:70 nanoclusters before and after sterile filtration through a 0.22 
μm filter. The mean Dcs are listed in Table C9. 

 

a b c 

Figure C11:  Fits for the ACFs of a. cluster, b. cluster with monomer size, c. In all cases 
y-axis is the relaxation time in microseconds and the x-axis is the correlation 
function value. 
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a b 

c d 

Figure C12: Fits for the ACFs with monomer relaxation time and different second 
diameters. In all cases Y axis is the relaxation time in microseconds and the 
x-axis is the correlation function value.  
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Appendix D: Characterization of structures in protein formulations 
with high co-solute concentrations by small angle x-ray scattering 

 

 
 

Figure D1: Intensity profile plots for the samples in the current study that were run on 
the rotating anode instead of the synchotron.  
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a b 

Figure D2: a. ACF for monomer sample from Fig. 5.1. b. ACF for cluster sample from 
Fig. 5.1.  

 
 

a b 

c 

Figure D3: a. ACF for P3, b. ACF for P4 and c. ACF for P5. 
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a b 

c 

Figure D4: Structure factors of 250 mg/ml cluster samples from Fig. 2. a. P3, b. P4, c. 
P6. 
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Appendix E:  Cryo-SEM for direct visualization of high concentration 
protein formulations at high and low co-solute concentration 

Sample 
composition 

DLS size 
(nm) 

No of 
images 

analyzed

SEM 
size by 
hand  

St 
dev 
(nm)

Comments 

241 mg/ml 
mAb, 40 

mg/ml tre, 
50 mg/ml 

his, 17 
mg/ml cit, 

pH 6 

35.6 ± 10.4 3 60  12.3 Ok resolution. Sized several 
other times giving sizes of 70, 

100 and 63 nm 

241 mg/ml 
mAb, 40 

mg/ml tre, 
50 mg/ml 

his, 17 
mg/ml cit 

pH 6 

35.6 ± 10.4 3 70.8  16.1 Not good resolution. Sized 
several other times giving sizes 

of 60, 100 and 63 nm 

250 mg/ml 
mAb, 40 

mg/ml tre, 
50 mg/ml 

his, 17 
mg/ml cit 

pH 6 

29 ± 3.7 3 97.1  20.8 good resolution. Sized several 
other times giving sizes of 60, 70 

and 63 nm 

241 mg/ml 
mAb, 40 

mg/ml tre, 
50 mg/ml 

his, 17 
mg/ml cit 

pH 6 

31 ± 4.5 3 62.7  12.6 Not good resolution. Sized 
several other times giving sizes 

of 60, 70 and 100 nm 

250 mg/ml 
mAb, 40 

mg/ml tre, 
50 mg/ml 

his, 17 
mg/ml cit 

pH 6 

29 ± 5.1 
(Table E1 
continued 
on the next 

page) 

3 115 27 Sample was sublimated prior to 
imaging. Excellent resolution 
but may be artifacts as same 

thing seen for monomer 
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Table E1: Replicate data for the samples with 240 mg/ml mAb, 40 mg/ml tre, 50 
mg/ml his and 17 mg/ml citric acid.  

 

 
a b c 

d e f 

Figure E1: Sized images and histograms for particle sizes from each individual image 
from Fig. 6.1a-c. a and d are Fig. 6.1a, b and e are Fig. 6.1b and c and f are 
Fig. 6.1c.  
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a b c 

d e f 

Figure E2: Sized images and histograms for particle sizes from each individual image 
from Fig. 6.2a-c. a and d are Fig. 6.2a, b and e are Fig. 6.2b and c and f are 
Fig. 6.2c.  
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a b c 

d e f 

Figure E3: Sized images and histograms for particle sizes from each individual image 
from Fig. 6.2d-f. a and d are Fig. 6.2d, b and e are Fig. 6.2e and c and f are 
Fig. 6.2f. 
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a b c 

d e f 

Figure E4: Sized images and histograms for particle sizes from each individual image 
from Fig. 6.3a-c. a and d are Fig. 6.3a, b and e are Fig. 6.3b and c and f are 
Fig. 6.3c. 
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b 

c 

 
d 

Figure E5: a. ACF for DLS data from Fig. 6.1. b. ACF for DLS data from Fig. 6.2. c. 
ACF for DLS data from Fig. 6.3 d. ACF for DLS data from Fig. 6.4.  
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Appendix F:  Reduction of mAb1 viscosity at 250 mg/ml compared to 
conventional solution formulations by modification of protein-protein 

interactions 

 

F.1 Co-solute concentration during the filtration process in terms of Donnan 
equilibrium 

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 as a result of which positively charged his molecules are 

preferentially pushed through the filter. As a result, the concentration of his in the protein 

sample decreases as the filtration process proceeds changing the ratio of his ions to his 

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 be important an influence co-solute 

concentrations significantly 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.,1 as 0.9 < x < 1.1– 

ݔ  = 2ܫ−	 + ඨ൬2ܫ൰ଶ + 1 

where ܫ = ௣݉ݖ ݉′ெ஼ൗ  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. For 250 

mg/ml proteins in 20 mM his, the Donnan ratio, x, is 0.12 indicating that the Donnan 
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equilibrium will be very important as evident from the pH drift. For a sample with 78 

mg/ml arg, the Donnan ratio is 0.96 indicating that the high concentration of positively 

arg ions in relation to the protein charges swamps out the Donnan effect arising from the 

protein charges. An arg concentration of above 32 mg/ml is sufficient to yield a value of 

x > 0.9 thus rendering the Donnan effect insignificant for all the data in the current study. 

Therefore for the high co-solute samples studied here, the final composition and initial 

composition will be very similar except for the volume exclusion effect from the protein. 

This is evidenced by the observation of no measured drift in pH for the high co-solute 

sample throughout the filtration process as arg does not preferentially pass through the 

filter. 
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Replicate 
and pathway 

Protein 
conc 

(mg/ml) 

std dev 
(mg/ml)

η (cP) 
ηinh 

(ml/mg) 
D/D0 

% 
yield 

Cfg 
time 
(min) 

1 
concentration 

53 2.0 
1.8 ± 
0.2 

- 0.50 N/A N/A 

2 
concentration 

25 3.0 
1.3 ± 
0.2 

- 0.48 N/A N/A 

1 
concentration 

103 2.0 
1.6 ± 
0.1 

0.0007 0.44 N/A N/A 

2 
concentration 

103 0.3 
2.5 ± 
0.2 

0.0050 0.50 N/A N/A 

1 
concentration 

138 2.4 
3.8 ± 
0.3 

0.0067 0.42 86 25 

2 
concentration 

149 13.6 
4.6 ± 
0.4 

0.0075 0.55 99 30 

1 
concentration 

201 8.8 
8.8 ± 
0.4 

0.0088 0.42 96 35 

2 
concentration 

206 13.7 
10.6 ± 

0.4 
0.0095 0.35 96 35 

1 
concentration 

236 5.7 
30.4 ± 

6.2 
0.0127 0.31 90 40 

2 
concentration 

249 11.5 
37.6 ± 

0.7 
0.0129 0.34 70 40 

1 dilution 176 13.8 
10.5 ± 

0.4 
0.0111 - N/A N/A 

2 dilution 165 4.1 
9.7 ± 
1.5 

0.0113 - N/A N/A 

1 dilution 87 6.0 
2.6 ± 
0.1 

0.0114 0.65 N/A N/A 

2 dilution 79 3.9 
2.0 ± 
0.2 

0.0090 0.58 N/A N/A 

Table F1: Viscosity and D/D0 with increasing protein concentration at 78.6 mg/ml arg 
and 71.4 mg/ml glu at pH 5.5. The inherent viscosity remains more or less 
constant. D/D0 seems to decrease with increased protein conc. The data is 
shown graphically in Fig. 7.1. The centrifugation speed was 5000 rcf. The 
solvent viscosity in all cases was 1.5. 
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Replicate and 
pathway 

Protein 
conc 

(mg/ml) 

std dev 
(mg/ml) 

η (cP) 
ηinh 

(ml/mg) 
D/D0 

% 
yield 

Cfg 
time 
(min) 

1 
concentration 

21 6.0 0.8 ± 0.1 - 0.79 N/A N/A 

2 
concentration 

69 0.1 1.1 ± 0.1 0.0011 1.10 N/A N/A 

1 
concentration 

111 6.4 1.2 ± 0.2 0.0018 1.38 N/A N/A 

2 
concentration 

87 3.5 1.5 ± 0.5 0.0050 1.22 N/A N/A 

1 
concentration 

147 2.2 9.8 ± 0.6 0.0157 - 88 25 

2 
concentration 

136 2.2 6.0 ± 0.5 0.0133 1.22 67 25 

1 
concentration 

188 2.1 
33.2 ± 

2.2 
0.0165 1.10 75 30 

2 
concentration 

170 0.3 
15.2 ± 

0.8 
0.0137 1.10 58 20 

1 
concentration 

205 5.5 
116.4 ± 

3.9 
0.0233 1.00 76 45 

2 
concentration 

227 4.0 
151 ± 
11.1 

0.0222 1.22 64 40 

1 dilution 156 9.2 
27.2 ± 

0.1 
0.0213 - N/A N/A 

2 dilution 157 2.0 
20.1 ± 

6.0 
0.0192 - N/A N/A 

1 dilution 77 4.7 1.7 ± 0.4 0.0072 - N/A N/A 

2 dilution 71 0.1 1.1 ± 0.3 0.0015 - N/A N/A 

Table F2: Viscosity and cluster size with increasing protein concentration in 20 mM 
pH 5.5 his buffer. The inherent viscosity increases with protein 
concentration while the D/D0 seems to remain constant with increased 
protein conc. The data is shown graphically in Fig. 7.1. The centrifugation 
speed was 5000 rcf. The solvent viscosity in all cases was 1. 
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Protein 
conc 

(mg/ml) 

std dev 
(mg/ml) 

Arg Conc 
(mg/ml) 

Glu Conc 
(mg/ml) 

Original 
D/D0 

Effective CONTIN 
Diameter after 
dilution (nm) 

210 21.4 39.3 35.7 0.48 7.8 ± 1.7 

233 18.7 52.4 47.6 0.42 7.5 ± 2.7 

245 24.4 52.4 47.6 0.48 7.8 ± 1.8 

246 7.1 65.5 59.5 0.28 14.6 ± 4.2 

250 1.7 65.5 59.5 0.34 9.0 ± 1.7 

281 1.7 78.6 71.4 0.41 9.7 ± 2.1 

281 1.5 78.6 71.4 0.38 8.6 ± 1.7 

Table F3: DLS sizes for dilution of samples from Table 7.5 which were at pH 5.5.  
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Protein 
conc 

(mg/ml) 

std dev 
(mg/ml) 

Arg 
Conc 

(mg/ml) 

Glu 
Conc 

(mg/ml)
η (cP) 

ηinh 
(ml/mg) 

D/D0 
% 

yield 

Cfg 
time 
(min)

224 8.2 39.3 35.7 32 ± 2.0 0.0145 0.52 76 40 

210 21.4 39.3 35.7 27 ± 2.3 0.0146 0.48 72 40 

240 2.1 52.4 47.6 43 ± 4.4 0.0144 0.33 88 53 

233 18.7 52.4 47.6 40 ± 1.7 0.0145 0.42 85 45 

246 7.1 65.5 59.5 37 ± 2.6 0.0135 0.28 95 48 

250 1.7 65.5 59.5 42 ± 5.3 0.0136 0.34 98 50 

246 2.1 78.6 71.4 38 ± 1.6 0.0133 0.31 77 45 

281 1.7 78.6 71.4 49 ± 5.3 0.0124 0.41 106 50 

281 1.5 78.6 71.4 58 ± 5.2 0.0130 0.38 103 50 

Table F4: Viscosity and cluster size with increasing conc of arg/glu. Replicate data for 
Table 7.5 at a spin speed of 5000 rcf and pH 5.5. Solvent viscosities are 
given in Table 7.5. 
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Protein 
conc 

(mg/ml) 

Arg 
Conc 

(mg/ml) 

HCl 
Conc 

(mg/ml) 
pH η (cP) ηinh (ml/mg) 

Yield 
(%) 

Cfg 
time 
(min) 

Cfg 
speed 
(rcf) 

238 150  11.4 19 ± 2.6 0.0106 74 30 10000 
241 150  11.4 27 ± 6.5 0.0120 71 30 10000 
272 150  11.4 66 ± 15.0 0.0139 81 35 10000 
280 150  11.4 73 ± 11.7 0.0139 79 40 10000 

208 150 15.5 10.1 
238 ± 
31.8 

0.0244 80 60 10000 

237 150 29.4 8.0 94 ± 8.2 0.0174 67 40 10000 

261 150 29.4 8.0 
216 ± 
12.7 

0.0190 84 80 5000 

242 150 30.1 6.4 29 ± 4.1 0.0123 80 30 10000 

Table F5: Visc vs pH for formulations with 150 mg/ml arg. Replicate data for Fig. 7.4. 
Solvent viscosity for all these dispersions was 1.5 cP.  

 

Protein 
conc 

(mg/ml) 

Arg 
Conc 

(mg/ml) 

Exc 
2 

Exc 2 
Conc 

(mg/ml) 
pH η (cP) ηinh (ml/mg) 

Yield 
(%) 

Cfg 
time 
(min) 

245 81.4 glu 68.7 7.1 29 ± 1.5 0.0121 89 35 
242 81.4 glu 68.7 7.1 34 ± 10.2 0.0126 79 50 
249 81.4 glu 68.7 7.1 33 ± 5.7 0.0124 71 40 
279 81.4 glu 68.7 7.1 46 ± 8.8 0.0134 92 45 
249 81.4 glu 68.7 7.1 52 ± 9.1 0.0142 73 35 
232 81.4 glu 68.7 7.1 31 ± 2.3 0.0130 78 40 
244 81.4 glu 68.7 7.1 42 ± 6.8 0.0136 89 45 
242 150 HCl 30.1 6.4 29 ± 4.1 0.0123 80 30 

Table F6: Glu lowers the viscosity compared to HCl. Same amount of interacting co-
solute but glu lowers the osmolality values. The centrifugation speed for all 
the samples was 10000 rcf.  
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Protein 
conc 

(mg/ml) 

std dev 
(mg/ml) 

Arg 
Conc 

(mg/ml) 

Glu 
Conc 

(mg/ml)
η (cP) 

ηinh 
(ml/mg) 

D/D0 

% 
yield Cfg 

time 
(min)

269 2.5 78.6 71.4 33 ± 2.6 0.0115 0.26 98 30 

228 16.2 0 0 
152 ± 
19.2 

0.0221 0.98 78 30 

Table F7: Viscosity and D/D0 for the samples tested for viscosity versus shear rate in 
Fig. 7.5. The sample in row 2 was in 20 mM his buffer at pH 5.48.  

 

Protein 
conc 

(mg/ml) 

Arg 
Conc 

(mg/ml) 

Glu 
Conc 

(mg/ml) 

Tre 
Conc 

(mg/ml)
η (cP) 

ηinh 
(ml/mg) 

D/D0 
Yield 
(%) 

Cfg 
time 
(min)

220 27.5 22.5 25 
46 ± 
11.9 

0.0166 0.21 71 95 

223 36.7 30 33.3 35 ± 1.6 0.0145 0.24 65 55 

235 73.4 60 66.7 42 ± 1.7 0.0138 0.32 70 75 

Table F8: Viscosity and cluster size decrease with increasing conc of arg/glu/tre. 
Replicate data for Table 7.12. Centrifugation speed was 5000 rcf and pH 
was 7.1.  
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Row 
no. 

An
gle 

D/
D0 

Diameter 
by 

volume 
(by 

intensity) 
(nm) 

Std. 
Dev. 
(nm) 

Count 
rate 

(kcps)

Comm
ents 

Correlation function 

1 150 1.4
3 

7.7 (31.7) 1.4 59.4 Large 
second 
peak 

present 
which 
throws 

off 
intensi

ty 
distrib
ution 

3 150 0.6
2 

17.7 
(18.7) 

2.2 631.3  

4 150 0.5
3 

20.8 
(41.6) 

(Table F9 
continued 

on the 
next 
page) 

10.1 958.2 Two 
peaks 

present
, one at 
13-15 

nm 
while 

second 
peak is 
at 40 
nm. 

Result
s in the 
disagre
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ement 
betwee

n 
volum
e and 

intensi
ty 

distrib
utions

6 150 0.7
2 

15.3 (34) 7.4 800.1  

Table F9: Auto-correlation functions for the DLS data in Table 7.1. All samples were 
run with 200 channels.  
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Prote
in 

conc. 

Ang
le 

D/
D0 

Diamet
er by 

volume 
(by 

intensit
y) 

(nm) 

Std
. 

De
v. 
(n
m) 

Count 
rate 

(kcps)

Correlation function 

236 90 
0.3
2 

32 
(39.2) 

8 475.7

249 90 
0.3
4 

32 
(35.4) 

6 439.1

201 90 
0.4
2 

26 (28) 4 

289.4
(Table 

F10 
contin
ued on 

the 
next 
page)
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206 90 
0.3
5 

31 
(35.6) 

7 441.5

138 90 
0.4
3 

26 
(29.5) 

6 338.8

149 90 
0.5
5 

20 
(20.8) 

2 

277.2
(Table 

F10 
contin
ued on 

the 
next 
page)
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103 90 
0.4
4 

25 
(26.4) 

3 353.6

103 90 
0.5
0 

22 (24) 4 334 

53 90 
0.5
1 

22 
(22.6) 

3 

447 
(Table 

F10 
contin
ued on 

the 
next 
page)
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25 90 
0.4
9 

23 
(25.2) 

5 426.3

87 90 
0.6
5 

17 
(21.8) 

5 328.9

79 90 
0.5
9 

19 (21) 3 339.8

Table F10: Auto-correlation functions for the DLS data for high co-solute (78.6 mg/ml 
arg and 71.4 mg/ml glu) samples in Fig. 7.1 in the paper. All samples were 
run with 200 channels.  
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Prote
in 

conc. 

Ang
le 

D/
D0 

Diamet
er by 

volume 
(by 

intensit
y) 

(nm) 

Std
. 

De
v. 
(n
m) 

Count 
rate 

(kcps)

Correlation function 

205 90 
1.0
0 

11 
(13.1) 

2 350.4 

227 90 
1.2
9 

9 (9.2) 1 388.3 

188 90 
1.1
5 

10 
(10.5) 

2 

480.2 
(Table 

F11 
continu
ed on 

the next 
page) 
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170 90 
1.0
8 

10 
(10.9) 

2 258 

136 90 
1.2
1 

9 
(10.8) 

2 519.5 

87 90 
1.3
3 

8 (8.6) 1 

426.2 
(Table 

F11 
continu
ed on 

the next 
page) 
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111 90 
1.1
7 

9 
(10.1) 

3 372.2 

21 90 
0.7
8 

14 
(14.4) 

4 318.4 

69 90 
1.1
6 

10 
(11.1) 

3 396 

Table F11: Auto-correlation functions for the DLS data for low co-solute (20 mM his 
pH 5.5) samples in Fig. 7.1 in the paper. All samples were run with 200 
channels.  
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Protei
n 

conc.  

Angl
e 

D/D
0 

Diamete
r by 

volume 
(by 

intensity
) (nm) 

Std. 
Dev

. 
(nm

) 

Count 
rate 

(kcps) 

Correlation function 

288 150 0.33 
33.8 

(36.3) 

5.4 
(5.6

) 
130.7 

261 150 0.43 
25.5 

(26.3) 

2.6 
(2.8

) 
115.6 

288 150 0.33 
33.7 

(35.4) 

4.3 
(4.7

) 

100.6 
(Table 

F12 
continue
d on the 

next 
page) 
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269 150 0.35 
31.3 

(34.8) 

5.8 
(6.3

) 
88.9 

260 150 0.58 
19.0 

(20.0) 

2.6 
(2.5

) 
125.3 

241 150 0.67 
16.5 

(17.2) 

1.9 
(2.1

) 
153.9 

283 150 0.72 
15.2 

(18.0) 

3.6 
(4.4

) 

166.4 
(Table 

F12 
continue
d on the 

next 
page) 
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239 150 0.76 
14.4 

(15.1) 

1.8 
(1.9

) 
165.5 

Table F12: Auto-correlation functions for the DLS data for high co-solute (78.6 mg/ml 
arg and 71.4 mg/ml glu) samples in Table 7.6 in the paper. All samples were 
run with 200 channels.  

 
Ro
w 

no. 

Angl
e 

D/D
0 

Diamet
er by 

volume 
(by 

intensit
y) (nm) 

Std. 
Dev

. 
(nm

) 

Cou
nt 

rate 
(kcp

s) 

Commen
ts 

Correlation function 

1 150 0.96 11.5 
(12.2) 

2.6 1300 (Table 
F13 

continue
d on the 

next 
page) 
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2 150 0.77 14.2 
(18) 

2.9 1250  

3 150 0.60 18.2 
(60.3) 

14.
5 

2825 Large 
peak in 

intensity 
at ~100 

nm 

4 150 0.73 15.1 
(17.6)  

3.7 1475  

Table F13: Auto-correlation functions for the DLS data in Table 7.7 in the paper. All 
samples were run with 200 channels.  
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Ro
w 

no. 

Angl
e 

D/D
0 

Diamete
r by 

volume 
(by 

intensity
) (nm) 

Std. 
Dev

. 
(nm

) 

Count 
rate 

(kcps
) 

Correlation function 

2 150 0.25 44.7 
(45.5) 

3.3 687.8

3 150 0.34 32.3 
(32.8) 

2.6 254.6

Table F14: Auto-correlation functions for the DLS data in Table 7.10 in the paper. All 
samples were run with 200 channels.  
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Row 
no. 

Angle D/D0 Diameter 
by 

volume 
(by 

intensity) 
(nm) 

Std. 
Dev. 
(nm)

Count 
rate 

(kcps)

Correlation function 

1 150 0.25 44.1 
(60.3) 

7.8 182.0

2 150 0.13 84.6 
(97.6) 

3.0 408.8

3 150 0.18 61.1 
(78.5) 

8.8 101.8

Table F15: ACFs for the data for DLS of samples from Table 7.12. All samples were 
run with 200 channels.  
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Row 
no. 

Angle D/D0 Diameter 
by 

volume 
(by 

intensity) 
(nm) 

Std. 
Dev. 
(nm)

Count 
rate 

(kcps)

Correlation function 

1 90 0.82 13.4 
(14.4) 

2.0 416.8

2 90 0.93 11.8 
(14.5) 

3.0 408.8

Table F16: ACFs for the data for DLS of dilutions of samples from Fig. 7.1 listed in 
Table 7.4.  
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Row 
no. 

Angl
e 

D/D
0 

Diamete
r by 

volume 
(by 

intensity
) (nm) 

Std. 
Dev

. 
(nm

) 

Coun
t rate 
(kcps

) 

Correlation function 

1 90 0.26 42.8 
(46.4) 

7.0 341.2

2 
(also 
row 
2 of 
Tabl

e 
7.6) 

90 0.98 11.2 
(11.9) 

2.6 345.2

Table F17: ACFs for the data for DLS of samples from Fig. 7.5 and Table 7.3 listed in 
Table F7.  
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Figure F1: Turbidity divided by concentration for the mAb1 dispersions from Table 7.6 
with each pair of rows labelled in order as 1-4.  
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a 
(Fig. F2 continued on the next page) 
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b 

Figure F2: Diffusion coefficient versus concentration data for calculating kd for a. 30 
mM his pH 5.5 and b. 78.6 mg/ml arg and 71.4 mg/ml glu.  
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a 

b 

Figure F3: a. Sample SEC trace for the protein pre-processing to show the control data 
before cluster formation. b. Sample SEC trace for a dispersion that was 
~250 mg/ml with 81.4 mg/ml arg and 68.6 mg/ml glu diluted to 1 mg/ml 
showing very little aggregation.  
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Figure F4: Calibration of vial volume versus height of liquid in vial for two different 
vials.  
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Figure F5: Calibration for viscosity versus flow rate based on water, N10 and N35 
standards.  

 

F.2 SUPPLEMENTARY REFERENCES 

1. Bolton, G. R.; Boesch, A. W.; Basha, J.; Lacasse, D. P.; Kelley, B. D.; Acharya, 
H. Biotechnology progress 2011, 27, (1), 140-52. 
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Appendix G:  Solubilization of α-Chymotrypsinogen by interaction 
modification with arginine and glutamic acid 

Composition 
(mg/ml) 

Angle  
Filt
ere
d 

Count 
Rate 

(kcps) 

CON
TIN 
Vol 

Diam 
(nm) 

CON
TIN 
Int 

Diam 
(nm) 

ACF 

250 mg/ml 
α-CGN 100 
mg/ml tre 
60 mg/ml 

arg 40 
mg/ml glu 

173 Yes 2600 16.7 17.1 

250 mg/ml 
α-CGN 50 
mg/ml tre 
60 mg/ml 

arg 40 
mg/ml glu 

173 Yes 876 15.2 17.6 

250 mg/ml 
α-CGN 100 
mg/ml tre 
60 mg/ml 

arg 40 
mg/ml glu 

173 Yes 2600 16.7 17.1 

250 mg/ml 
α-CGN 50 
mg/ml tre 
60 mg/ml 

arg 40 
mg/ml glu 

173 No 1600 11.3 11.9 
 

(Table G1 continued on the next 
page) 
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250 mg/ml 
α-CGN 100 
mg/ml tre 
60 mg/ml 

arg 40 
mg/ml glu 

173 yes 876 15.2 15.7 

250 mg/ml 
α-CGN 150 
mg/ml tre 
60 mg/ml 

arg 40 
mg/ml glu 

173 No 828.2 21.6 22.2 

250 mg/ml 
α-CGN 250 
mg/ml tre 
60 mg/ml 

arg 40 
mg/ml glu 

173 No 6300 18.3 18.7 

6 mg/ml α-
CGN 

90 Yes 29.3 3.4 7.9 

4 mg/ml α-
CGN 

90 Yes 110.3 7.4 8.1 

(Table G1continued on the next 
page) 
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8 mg/ml α-
CGN 90 Yes 33.6 4.2 12.6 

Table G1: Sample ACFs for α-CGN dispersions. 
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