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ABSTRACT OF THE THESIS 

 

Solid Substrate for High Throughput Protein Chromatography 

 

by 

 

Adrian Leon Alvarez 

 

Master of Science in Materials Science and Engineering 

 

Professor Andrew Kummel, Chair 

 

Protein A chromatography is the industry standard method for the purification of 

monoclonal antibodies. In this work, an emulsion templated sol-gel reaction is used to 

synthesize rigid, millimeter-scale SiO2 particles with hierarchical porosity, presenting an 

alternative to existing protein A chromatography resins for high throughput purification. 

An average particle diameter of 0.61mm allows for increased packed bed length/width 

ratios and high mobile phase flow rates to be used with minimal pressure drop. FITC-

conjugated BSA and fluorescence microscopy are used to show that micron-scale, 

spherical pores (average diameter = 4.69µm) allow for unhindered diffusion of protein 

throughout the particles. High temperature calcination (1000°C) is used to induce SiO2 
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reflow and increase intraparticle wall density (decreasing wall thickness from 1.48µm to 

1.04µm, p = 0.014), significantly increasing the overall particle strength. A BCA assay 

and fluorescence spectroscopy are used to show that treating the particles with 

concentrated H2O2 increases the immobilized protein ligand density from 6.8 to 24.0 mg 

protein/mL particles due to an increase in SiO2 surface hydroxyl density.  Initial protein 

separation testing shows poor column efficiency with early protein breakthrough, 

suggesting mobile phase channeling between particles and a need to sieve the particles to 

decrease the size distribution.  
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Chapter One 

Protein Chromatography Substrates 

1.1 Purification of monoclonal antibodies 

 The commercial scale purification of monoclonal antibodies follows a widely 

standardized set of steps defined by the need to balance throughput and economic efficacy. 

As the rate of development of antibody-based immunotherapies rapidly increases, 

alternative approaches to antibody recovery and purification have been widely researched.1 

Despite this, the large costs of capital equipment and optimization time has led to the 

industry’s resistance to move away from current protocols and instead work on optimizing 

current processes to meet projected future demands.2,3 Most large-scale purification 

processes follow the general steps shown in Figure 1.1. To produce monoclonal antibodies 

in vitro, spleen cells are extracted from virus infected mice. The spleen cells express 

antibodies in response to the virus and are fused with myeloma cells to form an 

immortalized cell line that secretes the target antibody (i.e. hybridoma).4,5 An immortalized 

cell line is a population of identical cells that are able to divide over extended periods of 

time due to mutation.4 Additionally, circumstances may require in vivo production of 

monoclonal antibodies, where the hybridoma are grown inside of the peritoneal cavities of 

mice; this method can yield high concentrations of antibodies in short time periods.6 The 

antibody expressing cells are harvested and lysed; lysed cell matter is clarified using a 

variety of techniques to isolate antibodies and similarly sized impurities from large cell 

particles and other antibodies. The antibodies are separated from impurities by protein A 

chromatography, where antibodies bind to protein A immobilized on the chromatography 

substrate. Note protein A binds to most mammalian antibodies, so in the presence of 
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antibody heterogeneity, the “purified antibodies” are actually a mixture of antibody 

subclasses. Heterogeneity is intrinsic in polyclonal antibody production, and heterogeneity 

of monoclonal antibodies is a common result of various modification mechanisms, such as 

oxidation, and expression of endogenous antibodies.7 The purified antibodies are eluted, 

and the eluent pH is lowered to inactivate any remaining virus molecules. With the bulk of 

the impurities removed, the solution is run through various chromatographic steps to 

remove any remaining source cell impurities or leached protein A (polishing). Examples 

of polishing methods include ion exchange, size exclusion, and hydrophobic interaction 

chromatography processes.8 The purification processes may also use immunoaffinity 

chromatography (i.e. antigen-antibody binding) to isolate specific antibodies.9 The final 

purification step is viral filtration, in which a filter with highly regular pore size distribution 

is used to remove any viruses introduced during the previous purification processes. The 

purified antibodies are subsequently concentrated using high flow dialysis techniques and 

pressure driven micropore filtration (ultrafiltration).1 

   Protein A chromatography is the most expensive and time-consuming process in 

antibody purification therefore a more detailed review of this process is provided below.  

After packing and neutralizing of the chromatography substrate, the separation process 

begins with the cell harvest lysate being fed into the chromatography column. The lysate 

consists of the target antibodies and various impurities such as host cell proteins, viruses, 

non-target antibodies. and DNA. As the lysate feed flows through the column, the 

antibodies bind to protein A immobilized on the chromatography substrate while the 

impurities continue to flow through the column. Protein A binds with strong affinity to the 

Fc region of most types of mammalian immunoglobulin G (IgG); IgG is the most common 
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class of antibody in mammalian systems and is expressed by B cells in response to antigen 

exposure. Protein A contains 5 identical Fc binding domains and studies show binding 

ratios between 1:2 and 1:3 (protein A:IgG).10 The wide range of antibodies that bind to 

protein A make it the logical ligand for most purification processes.  

After the feed has passed through the column, the resin bed is rinsed with a neutral 

buffer to remove impurities physically caught in the resin matrix. The bound antibody is 

subsequently eluted, typically using 0.1M glycine-HCl (pH 3.0); it is critical to minimize 

the elution volume as dilute solutions require more time for downstream filtration and 

concentration. More elution buffer is run through the column to remove any remaining 

antibodies and prevent contamination of future batches. Afterwards, the column is cleaned 

and regenerated using a mixture of basic and acidic buffers before processing of the next 

antibody batch.11  

Due to the high cost of protein A resins, much resin development over the past 

decades has focused on modifying ligands and ligand immobilization techniques to 

increase resin resistance to the elution and regeneration phases; modern resins can be used 

for over 40 purification cycles with minimal losses in performance.11 An example of ligand 

modification is the introduction of histidine mutations in the antibody binding domains of 

protein A. Histidine can be used to reduce antibody-protein A affinity through steric 

hindrance and electrostatic repulsion.12 Reduced affinity allows milder elution buffers to 

be used, which impedes protein A denaturing; it has been shown that histidine mutations 

can increase effective elution buffer pH by ≥∆pH 2.0.12 
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1.2 Crosslinked Agarose 

 Crosslinked agarose is by far the most common type of protein A chromatography 

substrate, accounting for over 80% of all antibody separation resins.1 Agarose is a 

polysaccharide extracted from red algae and melts at approximately 90C, forming an 

aqueous solution of polymer chains of varying lengths.13 When cooled to approximately 

45C, agarose gels as steric effects cause the polymer chains to form helices of 

approximately 20nm in diameter as shown in. These helices overlap to form a disordered 

structure of <500nm pores as shown in Figures 1.2 and 1.3.13 

Synthesis of porous agarose spheres 

 To synthesize agarose-based chromatography resins, aqueous agarose is added to a 

solution of heated mineral oil and surfactant while stirring as shown in Figure 1.4. The 

aqueous phase is emulsified with droplet size being dependent on the stirring speed and 

surfactant concentration; average droplet diameters of less than 150 microns are typically 

targeted. The stable water-in-oil emulsion is cooled and the aqueous droplets become 

porous gel beads.14 The concentration of agarose in the initial aqueous solution determines 

the final pore structure and size, with pore size rapidly decreasing as agarose concentration 

increases (see Figure 1.3).14 Critic acid is added to crosslink the d-galactose hydroxyls 

between agarose chains (Figure 1.5), increasing the rigidity of the structure and preventing 

reliquefication.15 The particles are rinsed to remove the mineral oil and surfactant and 

sieved to the desired diameter range.  

Problems with agarose-based chromatography resins 

 Advancements in antibody expression and initial harvesting steps over the past 

decade have increased chromatography influent antibody titers an order of magnitude from 
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less than 0.5 mg/mL to several milligrams per milliliter.2 A combination of higher antibody 

concentrations and increased throughput demand has led to commercial-scale columns 

typically running at less than 50% protein A ligand utilization, meaning twice as much 

resin than theoretically necessary is required.1  While poor separation efficiency is driven 

by increased throughput demand, the root cause of the low efficacy is the agarose substrate, 

with poor intra-particle mass transport limiting ligand access (see Figure 1.6) and high 

pressure drop limiting column design and mobile phase flowrates.  

Intra-particle antibody transport 

 Agarose gel mechanical strength is dependent on agarose concentration and 

chromatography resins are therefore synthesized using at least 4 wt% agarose to increase 

rigidity.14,16 As a result, crosslinked agarose resin pore sizes are less than 300 nm in 

diameter,  making diffusion (not convection) the dominant form of antibody transport into 

the spherical particles.17 Furthermore, it can be assumed that diffusion is the only mode of 

intraparticle mass transport through pores of less than 500nm, meaning that no convection 

is present within the agarose particles.18,19 With no convection, diffusion lengths to internal 

protein A binding sites are long and hence processes require long residence times (see 

Figure 1.6).  

 In modeling the mass transport of proteins and other large biomolecules, proteins 

are typically modeled as simple spheres.20 The complexity of these models is determined 

by the factors incorporated into the sphere radius calculation; models can include factors 

such as molecular shape, hydrodynamic drag, and solute-solvent interactions. Using only 

molecular weight, Erickson H. describes the minimum model sphere volume of a protein 
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to be the smallest volume that can hold the protein’s weight, assuming an average protein 

density of 1.37 g/mL: 

The sphere volume is calculated as: 

𝑉 (𝑛𝑚3) =

1

1.37(
𝑔
𝑚𝐿)

× 1021(
𝑛𝑚3

𝑚𝐿 )

6.023 × 1023(
𝐷𝑎
𝑔 )

 × 𝑀 (𝐷𝑎) 

where M is the protein molecular weight in Daltons. 

Calculating the corresponding radius, 

𝑅𝑚𝑖𝑛 = ( 
3𝑉

4𝜋
 )1/3 

and simplifying, 

𝑅𝑚𝑖𝑛(𝑛𝑚) = 0.066𝑀
1/3 

For a typical antibody molecular weight of 150kDa, this gives a minimum radius of 3.5nm.  

As this value does not consider intermolecular interactions and has no empirical support, 

it is only sufficient for rough approximations of diffusion coefficients in dilute, bulk 

solutions; as antibody concentration decreases, corrections for intermolecular interactions 

can be omitted and the diffusion coefficient can be simplified with the Einstein-Stokes 

relation:21 

𝐷 =  
𝑘𝐵𝑇

𝑓
 

with sphere friction factor, f, scaling linearly with sphere radius:20 

𝑓 =  6𝜋ƞ𝑟𝑚𝑖𝑛 

Here, calculated diffusion coefficients will always be higher than measured values as the 

antibody model radius calculated by Erickson H. ignores the effects of solvent induced 
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drag. For more accurate modelling of antibody diffusion, empirically measured diffusion 

coefficients and the Einstein-Stokes relation are used to back calculate the Stokes sphere 

radius.  

Translational diffusion coefficients are measured using dynamic light scattering.21 The 

random phase light scattering caused by antibody Brownian motion creates time-dependent 

intensity fluctuations as antibody concentration in the measured area and scattered light 

interference increases.22 Studies have found the IgG Stokes radius to be 6.4nm.19 Since the 

Stokes radius is calculated from experimental results, the Stokes radius accounts for all 

diffusion hindering factors in free solution. However, in porous media, an accurate model 

sphere is required due to the exponential relationship between diffusion hindrance and 

sphere to pore radii ratios. The Renkin equation was derived to model this relationship and 

includes corrections for steric hindrance at pore entrances along with frictional resistance 

between solute molecules and pore walls: 

 

𝐷𝑝

𝐷𝑓
= (1 − 

𝑟𝑠
𝑟𝑝
)2[1 − 2.104(

𝑟𝑠
𝑟𝑝
) + 2.09 (

𝑟𝑠
𝑟𝑝
)

3

− 0.95(
𝑟𝑠
𝑟𝑝
)

5

 

where Dp is the diffusion coefficient within the pore, Df is the diffusion coefficient in bulk 

solution, rs is the Stokes radius, and rp is the radius of the pore. Plotting the equation using 

a Stokes radius of 6.4nm gives a representation of antibody diffusion hindrance within 

pores based on pore size (Figure 1.7). From the plot, it is clear that antibody diffusion rates 

become severely hindered in pores under 300 nm diameter. As previously discussed, 

agarose particle pore size is highly dependent on agarose concentration during the 
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emulsification synthesis step. Previous studies of the common agarose-based resin, 

Sepharose 4B by GE Healthcare, found that the average pore size of 4B was 51nm with a 

standard deviation of 38nm, and the average pore size of CL-4B, the crosslinked version 

of 4B, was 42nm with a standard deviation of 39nm.23 The small pore sizes are required to 

maintain the mechanical strength of the media in the column.14,16,24 These pore size 

distributions are shown in Figure 1.8.   

In addition to drastically reducing large molecule diffusion rates, mesopores 

(<50nm) are much more susceptible to pore occlusion, further limiting access to interior 

protein A.25  Pore occlusion is the result of a decrease in effective pore diameter as a high 

density of radially bound antibodies effectively begins to clog the pore (Figure 1.9).  Due 

to the large sizes of both the immobilized protein A and target antibodies, the overall length 

of a coupled antibody-protein A system accounts for a significant portion of the mesopore 

diameter, and clearance for unbound antibodies becomes minimal. This further hinders 

intraparticle mass transport as drag within the pores is increased. Despite the relationship 

between small pore diameter and low ligand utilization in agarose-based resins, average 

pore diameters are kept to less than 150nm due to limitations with mechanical stability in 

large pore particle. 14,16,24   

Mechanical stability  

 Due to hindered intraparticle diffusion and long diffusion lengths in agarose-based 

resins, particle diameters must be decreased to maintain ligand utilization without 

increasing residence times. Standard crosslinked agarose resin diameters range from 50µm 

to 150µm, with some resins for high viscosity feeds reaching 350µm in diameter (e.g. 

Sepharose Big Beads).14 While these larger particles can be used with high titer influents, 
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binding capacities are halved when compared to standard sized particles at equivalent 

residence times and the larger particles are therefore not used in protein A 

chromatography.26 The major disadvantage of using small diameter particles is the 

exponential increase in pressure drop across a packed bed as described by the Carman-

Kozeny equation: 

∆𝑃

𝐿
= −180

µ𝑈(1 − 𝜀)2

𝑑2𝜀3
 

where L is the length of the packed bed, µ is the dynamic viscosity of the mobile phase, U 

is the superficial velocity of the mobile phase, ε is the void fraction of the bed, and d is the 

packed particle diameter. Due to the low compressive strength of agarose gel, 0.929MPa 

at 5%(w/w) agarose compared to 1500Mpa for bulk SiO2, column operating pressures must 

remain under 45 psig to prevent particle deformation and bed unpacking.14,16,23 

Additionally, plotting the Carman-Kozeny equation at a target flowrate of 3,000cm/hr (10x 

improvement over current processes) through a 1m packed bed suggests that particles must 

be at least 500µm in diameter (Figure 1.10). 

The relationship between resin agarose concentration, resin mechanical strength, 

and pressure drop through packed beds was investigated by D. Bracewell et. al. Crosslinked 

agarose resins of various agarose concentrations were mechanically tested using a short 

column with a piston-like top. The resins were each packed into the column, and the piston 

was lowered to the surface of the packed bed. The piston was used to apply a uniform 

pressure to the bed, and the deflection of the bed was recorded as the strain. As shown in 

Figure 1.11, resistance to strain increased exponentially with increasing resin agarose 

concentration. Critical velocity testing was performed by loading resin samples into 
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chromatography columns. Critical velocity is defined as the velocity at which fluid flow 

transitions from laminar to turbulent.14 In protein chromatography, a column is considered 

to have failed if the mobile phase velocity exceeds the critical velocity; this is due to a rapid 

increase in pressure drop, non-uniform radial diffusion, and a loss of process scalability as 

flow becomes turbulent.27,28 Distilled water was flowed through the column at a gradually 

increasing inlet pressure, up to 35kPa, while the effluent velocity was monitored. Initially, 

the effluent velocity scaled linearly with the increasing inlet pressure, in agreement with 

the Carman-Kozeny equation for laminar flow. The critical velocity was recorded when 

exponential increases in inlet pressure were required to increase the effluent velocity. 

Results show that packed bed critical velocities also increased exponentially with 

increasing agarose concentration, indicating a relationship between resin rigidity and 

laminar flow (Figure 1.11).  

To describe this relationship, a packed bed of compressible spheres is modeled as 

a column of layers, with layer thickness being the height of one particle (Figure 1.12 – i).28 

Separating the layers and viewing them from the top as shown in Figure 1.12 – ii shows 

the hydraulic area (i.e. area for liquid to flow) created by particle interstitial spaces. With 

compressible resin materials, such as crosslinked agarose, particles in lower layers will 

gradually begin to deform as pressure increases. As particles compress into an ellipsoidal 

shape and the radii grow in the x-y plane, interstitial space between particles decreases, 

with eventual flow choking in increasingly long columns.28 The rate at which particle x-y 

radius increases is inversely proportional to the material’s elastic modulus, E: 

∆𝑟 =
𝑝𝑟0
𝐸
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where r0 is the original particle radius. Modelling interstitial area as a circular orifice shows 

that pressure will increase exponentially as interstitial area decreases at constant mobile 

phase volumetric flow: 

∆𝑝 =  
1

2
𝜌(1 − 𝛽4)(

𝑞

𝐴𝐶
)2 

where 𝜌 is the mobile phase density, q is the mobile phase volumetric flowrate, A is the 

interstitial area at the center of the layer, C is the orifice discharge coefficient, and 𝛽 is the 

ratio of the interstitial area at the start of the layer to A. Assuming a constant volumetric 

flowrate through the column, this relationship shows that particle deformation will rapidly 

increase mobile phase velocity and Reynolds numbers through interstitial voids, making 

turbulent flow prevention a challenge. To mitigate the effects, chromatography columns 

are designed with large width to length ratios. It is well known that short, large diameter 

separation columns are inefficient due to increased theoretical plate heights and the strong 

dependence on radial diffusion uniformity.29 Pressure drop is further reduced by limiting 

mobile phase flowrates, again hindering process throughput.   

 In summary, crosslinked agarose is a widely used substrate for protein A 

chromatography that offers high binding capacities and low synthesis costs. Despite being 

the standard substrate for large scale antibody purification, advancements in upstream 

processing leave agarose as the main source of inefficiency in the purification process. 

Large equipment costs and time investments have created resistance to industry adoption 

of alternatives to protein A chromatography and have therefore generated interest in the 

research and development of alternatives to agarose as a chromatography substrate.  

Research focuses on addressing the costly tradeoff between protein A ligand utilization 
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and product throughput. This compromise is a result of high ligand utilization requiring 

either large internal pores, small particles, or low flowrates, while high throughput using 

agarose would require small internal pores for strength, large particles, and high flowrates.  

Considering these factors, we hypothesize that the ideal protein A chromatography resin 

would have large through-pores for fast intraparticle antibody transport, large particle 

diameter for pressure drop management in long columns, and high mechanical strength 

independent of pore structure.  

1.3 Alternatives to agarose Part I: Large pore particles for intraparticle convection 

 Particles with large through pores have been researched as an alternative to agarose 

chromatography resins to increase protein A utilization by increasing intraparticle mass 

transport. Due to the drawbacks of increasing pore size (reduced ligand capacity, reduced 

particle strength, etc.), a significant increase in mass transport would be required to make 

a large pore substrate attractive.30 While increasing diffusion rates in diffusion dominated 

resins would allow for small increases in mobile phase flowrates and throughput, 

intraparticle convection to allow for mass transfer rates that are orders of magnitude greater 

than diffusion rates is more desirable.  

The pore size required for convective flow was studied by Olsson et al. using silica 

gel with disordered porosity.18 The gels were synthesized by crosslinking SiO2 nanoparticle 

suspensions of varying concentration as shown in Figure 1.13. Average pore size was 

determined via TEM; gels 1, 2, and 3 had mean pore sizes of 39nm, 120nm, and 530nm, 

respectively. Slugs of each gel (i.e. not particles) were packed into 3 cm x 0.8 cm columns, 

with 5 cm of aqueous solution added above the slugs. Mass transfer through the gels was 

monitored using the change of height of the solution surface. Packing the columns with gel 
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slugs rather than particulate eliminates flow through particle interstitial spaces so the 

effects of pore size on mass transport can be better understood. The results are plotted in 

Figure 1.14, with flow speeds through gels 1 and 2 both being approximately 0.5mm/day, 

and gel 3 having a flow speed of 2.5mm/day.18 Flow speeds are very low as diffusion 

through the pore network is the only transport mode and the pore structures have high 

tortuosity; however, the purpose of the experiment was not to demonstrate a practical 

separation medium but instead to understand the effect of convective transport within the 

particles.  As the mobile phase consisted of only small molecules, diffusion hinderance by 

pore size in the tested gels is negligible; considering this, the equivalent mass flow rates 

through gel 1 and gel 2 indicate diffusion with no convection. Furthermore, the five-fold 

increase in mass transfer as pore size is increased between gel 2 and gel 3 indicates that 

convective flow can be triggered by very small pressure differentials in pores larger than 

500 nm.18,31  

Convective flow velocity through a porous structure can be related to pore size 

using the Blake-Kozeny correlation for pressure drop through a packed bed:31 

𝑢𝑝𝑜𝑟𝑒 =
𝜀𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
2 (

𝑑𝑝
𝑑𝑧
)(1 − 𝜀𝑏𝑒𝑑)(𝑟𝑑𝑝𝑜𝑟𝑒)

2

150𝜂(1 − 𝜀𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒)2
 

where 𝑢𝑝𝑜𝑟𝑒 is the velocity through the pore, 
𝑑𝑝

𝑑𝑧
 is the pressure drop across the pore, 

𝜀𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is the particle porosity, 𝜀𝑏𝑒𝑑 is the packed bed porosity, dpore is the pore diameter, 

η is the mobile phase viscosity, and r is a constant related to the flow path curvature (pore 

tortuosity). Assigning:31 
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𝐾𝑝 =
𝜀𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
3

150(1 − 𝜀𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒)
2 

and 

𝐾 =
𝜂𝑢𝑏𝑒𝑑

𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
2 (

𝑑𝑝
𝑑𝑧
)𝑐𝑜𝑙𝑢𝑚𝑛

 

 

where 𝑢𝑏𝑒𝑑 is the mobile phase velocity through the bed, 𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is the packed particle 

diameter, and (
𝑑𝑝

𝑑𝑧
)𝑐𝑜𝑙𝑢𝑚𝑛 is the pressure drop across the column, intraparticle convection 

can be related to resin pore size as follows:31 

𝑢𝑝𝑜𝑟𝑒 = 𝑢𝑏𝑒𝑑
𝐾𝑝
𝐾
(
𝑟𝑑𝑝𝑜𝑟𝑒
𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

)2
(1 − 𝜀𝑏𝑒𝑑)

𝜀𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
 

This relationship will play an important role in large particle design as the strong 

dependence of intraparticle convection on the ratio between pore diameter and particle 

diameter means pore size will have to be increased accordingly. As the pressure drop across 

each particle, (
𝑑𝑝

𝑑𝑧
)𝑐𝑜𝑙𝑢𝑚𝑛 𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒, is the driving force for convection, increased particle 

size and interstitial spacing between particles decreases convective flow through the 

particle pore structure by decreasing pressure drop.31 

 Intraparticle convection for protein chromatography was most successfully 

implemented by PerSeptive Biosystems Inc. with the polymeric resin, POROS. The porous 

polystyrene particles are 20µm in diameter with moderate sphericity (Figure 1.15) and are 

synthesized via suspension polymerization. Suspension polymerization of styrene is briefly 

outlined in Figure 1.16. Styrene, a polymerization initiator (oxidant), and a porogen are 
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added to an aqueous solution while stirring vigorously. The porogen is often long polymer 

chains, dissolved gas, or solid polymer nanoparticles, and must be hydrophobic. Stirring 

separates the insoluble styrene and porogen into monodispersed spheres and is continued 

to prevent coalescence of the organic phase as the styrene polymerizes around the porogen. 

When polymerization is complete, the porogen is removed using a material dependent 

method (chemical leaching, vacuum, calcination, etc.). Final pore size can be tuned with 

variances in porogen-styrene solubility and porogen concentration.  

While the porogen(s) used in POROS are proprietary, the resulting structure 

consists of disordered 50 – 150 nm pores throughout the particles, with large, 

interconnected pores (channels) running through the particles (Figure 1.17).31 The channels 

are approximately 800nm in diameter and are intended to allow for intraparticle 

convection. Convection through the particles creates short diffusion paths that are highly 

independent of overall particle size and allow for fast ligand access. This mechanism was 

demonstrated by Regnier F. et. al., who measured the dynamic binding capacities of 

POROS and crosslinked agarose at various mobile phase velocities and 50% breakthrough 

(Figure 1.18); breakthrough is the ratio of effluent to influent antibody concentration. The 

binding capacity of the agarose resin increased to approximately 300 cm/hr as the flowrate 

increased. Conversely, in the POROS bed, binding capacity decreased less than 10% as the 

flowrate was increased to 500 cm/hr, and subsequently held constant at 45mg/mL as the 

flowrate was increased to 5000cm/hr. This result shows that intraparticle convection can 

lessen the dependence of binding capacity on flowrate, making dynamic and static binding 

capacities nearly equivalent. Dynamic binding capacity typically decreases with increasing 

mobile phase flowrates as antibodies have less time to access protein A via long diffusion 
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paths; intraparticle convection shortens these diffusion paths so less time is required for 

ligand access. The separation efficiency of POROS resin was further studied by Jungbauer 

A. et. al. The study compares the binding capacity of POROS to other resins at 2.5% 

breakthrough.  

While the studies completed by Regnier F. et. al. prove intraparticle convection, 

breakthrough must always be prevented in large scale processes and dynamic binding 

capacities at 50% breakthrough are therefore not useful for determining potential 

performance. Additionally, as mobile phase flowrates increase, breakthrough curves tend 

to be broad, meaning the onset of breakthrough could occur at a low binding capacity with 

a high binding capacity being reached before breakthrough reaches 50%.31 Jungbauer A. 

et. al. loaded 2.5cm x 0.5cm columns with crosslinked agarose, porous glass, and POROS 

resins (~0.5mL resin per column).30 PBS at 750cm/hr was used to pack the beds, which 

were then cleaned using a glycine-HCL buffer. 0.4mg/mL human IgG in PBS was used as 

the mobile phase. 75mL of the solution was run through each column at flowrates between 

50 and 700cm/hr. The results, summarized in Figure 1.19, show that the agarose and porous 

glass resin binding capacities at 2.5% breakthrough decrease exponentially with increasing 

mobile phase velocity, while the POROS binding capacity decreases in a more linear 

fashion. Despite the binding capacity not holding constant as flowrate increases, this result 

is still in agreement with the previous study’s premise that convection through large pores 

can lessen the effects of mobile phase velocity on binding capacity. The importance of 

characterizing dynamic binding capacity at low breakthrough concentrations is emphasized 

by the significant difference in measured POROS binding capacities between the two 
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studies, with Jungbauer A. et. al. reporting 10mg/mL at 500cm/hr compared to the 

previously reported 50mg/mL.  

 Due to small particle size, POROS resin is rated for pressures up to 2500 psi.32 As 

spherical tensile strength is inversely proportional to the squared sphere radius:33  

𝜎
𝑇=𝐾 

𝐹
𝜋𝑅2

 

and agarose resins typically have radii 4.5 times larger than POROS (45µm vs 10µm), the 

difference in pressure ratings (45 psi vs 2500 psi) suggests that the POROS bulk structure 

has approximately twice the compressive strength of crosslinked agarose; this is only a 

minor improvement in rigidity and the polystyrene structure would not be mechanically 

stable if particle size was increased to diameters of 500µm and higher. Modeling flow 

through a packed bed shows that the POROS particle 20µm diameter would create extreme 

pressure drops in large columns, preventing the resin from being used in commercial 

processes without requiring extensive facility changes.  

 In conclusion, it has been proven that large, interconnected pores throughout 

particles can increase the performance of protein chromatography resins at high flowrates 

by allowing for intraparticle convection and short diffusion paths. While this technique has 

been applied in POROS resins with moderate success, particle size and material rigidity 

limit the material’s potential impact on large scale separations. This implies that a target 

resin structure should be rigid with a hierarchical pore structure. It should also be noted the 

target particle size of 500 µm will require interconnected pores in excess of 10 µm to meet 

convection velocities comparable to POROS resins.31 
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1.4 Alternatives to agarose Part II: Controlled pore glass 

 Controlled pore glass is a porous glass with a relatively narrow pore size 

distribution. Porous glass is synthesized using ternary spinodal decomposition34 and is 

currently the most popular alternative to crosslinked agarose resins for protein A 

chromatography. Porous glass protein A resins consist of irregularly shaped particles less 

than 250 microns in length at the largest point.30 Due to the narrow pore size distribution 

and lack of surface roughness of glass, pores are limited to less than 200 nm to maintain 

high binding capacities.30  

 Synthesis of controlled pore glass was patented in 1965 as a novel approach to 

synthesizing a porous structure with tunable pore size and potential applications as a 

separation medium.34 The synthesis begins with a homogeneous mixture of melted boric 

acid, Na2O, and SiO2 as shown in Figure 1.20. The composition of the mixture is near the 

center of the miscibility gap, with weight ratios being 25.7, 6.9, and 67.4, respectively. The 

mixture is maintained at 1450 C and stirred for 5 hours to ensure homogeneity. The mixture 

is rapidly cooled to the miscibility gap, inducing spinodal decomposition of the mixture 

into periodic SiO2-rich and SiO2-poor phases. Further annealing of the structure within the 

miscibility gap can be used to increase the spinodal period length scale by sintering of the 

individual phases. The heterogeneous structure can be milled and sieved to obtain 

irregularly shaped particles within a desired size range (Figure 1.21). Soaking the particles 

in HCl dissolves and leaches out the SiO2-poor phase, leaving porous, SiO2-rich particles, 

as shown in Figure 1.23. The optional sintering step after spinodal decomposition allows 

the final pore size to be tuned by varying annealing temperature and time as shown in 

Figure 1.22.  
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Despite small pore size, porous glass resins have high dynamic binding capacities at 

low residence times compared to agarose-based resins. Dynamic binding capacity of 

controlled pore glass resin was tested by Jungbauer et. al. using methods identical to their 

testing of POROS; 0.5 mL of resin was packed into 2.5 cm x 0.5 cm columns and used to 

separate human IgG (75 mL at 0.4 mg/mL). Flowrates between 50 and 700 cm/hr were 

used, with dynamic binding capacities being recorded at 2.5% breakthrough. Results show 

steep binding capacity curves from 0 to 2 minute residence times, with 20 mg/mL being 

reached by 3 minutes (Figure 1.24); at this point, the binding capacity has reached 90% of 

its maximum value and begins to plateau. The binding capacity curve is step-like when 

compared to the curves for agarose-based resins, which reach higher final capacities, but 

do not begin to plateau until approximately 10 minutes; this indicates fast protein A access 

in porous glass substrates, which is a result of the irregular particle shape creating short 

diffusion paths (large surface area to volume ratios).30 

 The IgG was eluted using 0.1M glycine-HCl with the eluent concentration being 

monitored via adsorption at 280nm. In comparison to the agarose-packed column, porous 

glass yielded a broader elution peak (Figure 1.25), while large pore POROS resin had the 

narrowest elution peak. Peak broadening using porous glass is a result of channeling due 

to heterogeneous packing caused by irregular particle shape.35 As column size increases, 

uniform packing becomes more difficult to achieve and elution bands are further widened; 

this results in large elution volumes that increases time requirements for downstream 

processing.35 Additionally, particles in heterogeneously packed beds tend to reorient as the 

column is repeatedly cycled, resulting in pressure/flow variability and loss of process 

optimization.35 To mitigate these problems, throughput is sacrificed as various bed packing 
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processes are run before initial use and occasionally between cycles. The most effective 

packing technique for large scale columns is mechanical vibration. Large turbine vibrators 

are mounted on the columns and vibrate the resin bed until the bed height is stable. As the 

vibrators run off pneumatic gas supplies and vibration can affect adjacent processing 

equipment, integration of the packing technique into existing processing equipment is often 

limited by the facility requirements.35 While in-column packing techniques, such as 

cyclical bed fluidization, do not require additional equipment, final packing density is 

reduced and time delays are often increased.35  

 In conclusion, controlled pore glass offers the benefits of high rigidity and short 

diffusion paths as a protein chromatography resin. Rigidity allows for resistance to 

deformation at high mobile phase flowrates while short diffusion paths limit the effects of 

flowrate on ligand utilization. The irregular shape of porous glass resin particles creates 

heterogenous bed packing, leading to challenges with process optimization, scale-up, and 

repeatability; use of the particles in large scale processes requires either time consuming 

packing procedures or more crude packing methods such as vibration of the entire column. 

While controlled pore glass could be manufactured into spherical particles to improve 

packing efficacy, the increase in volume to surface area would lengthen diffusion paths, 

making the effects of particle rigidity moot.  
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Figure 1.1 Generalized steps of industrial scale antibody purification. Antibody expressing cells are 

produced, harvested, and lysed. The bulk of the cell lysate impurities are removed using protein A 

chromatography, where immobilized protein A binds to antibodies while impurities flow past. Protein A 

chromatography is followed by various “polishing” purification steps, after which the purified antibody is 

concentrated. Protein A chromatography is by far the most expensive and time consuming purification step 

in antibody processing, with increased throughput demand and advancements in cell production and 

harvesting technologies generating pressure for process improvements.1 

  



22 
 

  

Figure 1.2 Agarose-based resins are the most popular substrates for protein A chromatography. (i) Agarose 

is a polysaccharide that forms an aqueous solution above 80°C and gels when cooled below 45°C. (ii) 

Gelation occurs as the polymer chains form helical structures due to steric effects. The helices overlap to 

form a disordered pore structure of nanometer scale pores. Pore size is dependent on the agarose 

concentration.  Agarose particles are synthesized using a water-in-oil emulsification technique.  
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Figure 1.3 Pore sizes at varying agarose concentrations 14: i)2wt%, ii) 4wt%, iii) 6wt%, and iv) 0.5 wt%. 

Pore size decreases rapidly with increasing agarose concentration while particle rigidity increases with 

decreasing pore size.  
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Figure 1.4 Synthesis of porous, agarose-based particles. i) aqueous agarose is added to a heated solution of 

a hydrophobic solvent and surfactant while stirring. ii) continued stirring of the immiscible phases generates 

a water-in-oil emulsion. iii) cooling the solution allows the aqueous phase droplets to gel as the agarose forms 

a mesh of helical structures. iv) crosslinking agarose helices increases the droplet rigidity and prevents 

reliquefaction.   
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Figure 1.5 Citric acid is used to crosslink agarose hydroxyl groups. 15 
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Figure 1.6 Depiction of agarose-based particle pore structure. Diffusion is the only mode of antibody 

transport and diffusion hindrance leads to slow ligand (Protein A) access. To meet throughput requirements, 

residence times are decreased and ligand utilization can be as low as 50%. Antibodies bind to immobilized 

protein A near the particle surface while not having time to diffuse to protein A at the center of the particle.  
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Figure 1.7 Plot of the Renkin equation using IgG stokes radius of 6.4nm. The Y-axis shows the ratio of IgG 

diffusion constants in pores to the diffusion constant in free solution. IgG diffusion is severely hindered in 

pores under 300nm in diameter. This is hypothesized to be the cause of poor protein A utilization when using 

agarose-based resins. Agarose-based resins are typically synthesized with average pore sizes of less than 

150nm due to poor mechanical strength in particles with larger pores.  
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Figure 1.8 Pore size distribution of a crosslinked agarose resin (4 (w/w%) agarose).23 Sub-100nm pores will 

greatly reduce diffusion rates and increase pore occlusion. 
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Figure 1.9 Pore occlusion by bound IgG. Coupled protein A and IgG particles are significant in length 

compared to sub-50 nanometer pores (mesopores). Radially bound protein A:IgG pairs at the entrances of 

mesopores are likely to prevent more IgG from entering the pore.  
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Figure 1.10 Carman-Koenzy equation plotted for a 1m bed of rigid particles.  Large scale protein A 

chromatography is typically limited to <50PSIG due to packed bed stability and column design limitations. 

Increasing flowrates to 3,000 cm/hr would require packed particle diameters in excess of 500µm. The above 

plot is for packed bed pressure drop only; additional pressure drop will be introduced by the column.  
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Figure 1.11 Critical velocities and rigidities of various agarose based resins. Rigidity and critical velocity 

both increase exponentially with increasing agarose concentration.  Laminar flow must always be maintained 

in protein A chromatography, making low critical velocities unacceptable. As a result, agarose concentration 

is increased and pore sizes are reduced.14 
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Figure 1.12 (i) Compressible resin bed modeled as layers of particles (ii) Top views of resin layers. Lower 

layers have small interstitial spacing as increased pressure causes particle deformation. The reduced 

interstitial spacing increases mobile phase velocity and eventually causes turbulent flow.  
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Figure 1.13 Synthesis of porous SiO2 gels via silica nanoparticle crosslinking i) silica nanoparticle 

suspensions of various concentrations in pH 9.1 aqueous buffer ii) buffer pH is reduced to 7.8 and the 

suspensions are allowed to sit for 14 days. The suspensions gel as the SiO2 nanoparticles crosslink to form a 

structure with irregularly shaped pores; pore size is dependent on initial SiO2 nanoparticle concentration.  
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Figure 1.14 Aqueous flowrates through SiO2 gel slugs with various pore sizes. Mass transfer through gel 1 

and gel 2 are identical, indicating single mode transport (i.e. diffusion). The five-fold increase in mass transfer 

through gel 3 indicates the introduction of convective flow through large pores.18 
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Figure 1.15 SEM image of POROS 20. The particles have moderate sphericity and irregular pore 

structures.31 The low sphericity of the particles is caused by synthesis using high porogen 

concentrations. Styrene polymerizes around the porogen as small particle clusters; porogen leaching 

after polymerization leaves crevices throughout the structure. Increased SEM magnification (e.g. 

magnification to the porogen particle size) would show smooth polymer surfaces, but is high 

magnification/resolution imaging of polymer can be challenging since their tendency to melt.36     
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Figure 1.16 Suspension polymerization of porous styrene particles. i) Styrene, an initiator/oxidant, and an 

organic porogen are added to an aqueous solution. ii) Stirring causes the organics to form small droplets. iii) 

Continued stirring prevents droplet coalescence as the styrene polymerizes around the porogen. The porogen 

can then be leached out to leave porous polystyrene beads. 
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Figure 1.17 Depiction of the internal pore structure of POROS particles. Large, interconnected channels 

throughout the particles (blue paths) allow for intraparticle convection, which effectively shortens the 

required diffusion paths into the smaller pores.  
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Figure 1.18 Dynamic binding capacity of POROS 20 and agarose at various flowrates (50% breakthrough). 

The stability of the POROS resin binding capacity as the flowrate is increased from 500 cm/hr to 5,000 cm/hr 

verifies intraparticle convection and short diffusion paths. The dependence of dynamic binding capacity on 

mobile flowrate is minimized.31  
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Figure 1.19 Binding capacities of (i) agarose based resins, (ii) controlled pore glass (Prosep), and 

POROS 50 at various flow rates (2.5% breakthrough). Agarose and controlled pore glass resin 

capacities decrease exponentially with increasing flowrate, while the POROS capacity decreases 

linearly.30 

i

) 

ii) 
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Figure 1.20 Controlled porous glass synthesis. i) a mixture of boric acid, sodium oxide, and SiO2 with a 

composition near the center of the mixture’s miscibility gap ii) the mixture is heated to outside of the 

miscibility gap to form a homogeneous liquid iii) rapid cooling back into the miscibility gap induces spinodal 

decomposition into SiO2 rich and poor phases iv) HCl is used to etch out the SiO2 poor phase, leaving a 

porous, SiO2 rich structure v) the structure is milled to the desired particle size. 
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Figure 1.21 Controlled pore glass particles (Prosep). Ball milling leaves particles of 

irregular shapes.37 

 

 

 

Figure 1.22 Heat treatment within the miscibility gap after spinodal decomposition allows for 

tuning of the phase period lengths via like-phase sintering. The phase period length scales define 

the final pore size as the SiO2-poor phase is leached out of the structure. 27 
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Figure 1.23 Controlled pore glass pore structure. Spinodal decomposition into SiO2 rich and poor 

phases and subsequent leaching of the SiO2 poor phase leaves a pore structure of non-uniform shape 

but very narrow pore size distribution.37 
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Figure 1.24 Binding capacities of controlled pore glass, crosslinked agarose, and POROS 50 with increasing 

residence times (2.5% breakthrough). The porous glass and POROS resins have steep binding capacity curves 

at low residence times, indicating rapid ligand (protein A) access.30 
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Figure 1.25 Elution peaks of porous glass (solid line) and agarose (dotted line) resins.30 Poor packing of 

porous glass due to irregular particle shape causes elution peak broadening in larger columns.  
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Chapter Two 

Emulsion templated SiO2 beads with hierarchical porosity 

2.1 Introduction 

 With recent advancements in immunotherapy research and monoclonal antibody 

production, protein A chromatography has become the bottleneck of monoclonal 

antibody purification processes. With minimal development over the past decades, 

protein A supports (i.e. the media upon which the protein A ligand is immobilized) have 

become the main source of purification inefficiency. The main raw material cost is the 

protein A, and there is no proposed substitute; therefore, improvement in the 

substrate/support are critical to improve the economics by improving the efficiency 

and/or lifetimes of the protein A.  Agarose-based substrates currently dominate the 

market, with controlled pore glass being the next most popular material. With poor 

mechanical strength that is dependent on pore structure, agarose-based resins face a 

tradeoff between rigidity for increased mobile phase flowrates and pore size for fast 

ligand access.1,2 While controlled pore glass addresses the structural problems with 

agarose, irregular particle shape limits bed packing efficiency and the narrow pore size 

distribution slows intraparticle mass transport.3 The ideal protein chromatography 

substrate would consist of large spheres to minimize back pressure, large pores for fast 

intraparticle ligand access, and small pores for increased surface area and ligand density. 

A previously published synthesis protocol for SiO2 particles that meet these criteria4 was 

studied at UCSD, with four critical modifications being made to increase particle 

mechanical strength for column packing: (a) TMEDA was eliminated to reduce emulsion 

viscosity  (b) polyacrylamide template concentration was decreased to reduce wall 
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porosity and increase particle strength, (c) emulsified mineral oil concentration was 

increased to decrease cavity size and further increase particle strength, and (d) calcination 

temperature was increased to decrease particle size and again increase particle strength.    

2.2 Previously Published Synthesis 

Millimeter scale beads with hierarchical porosity were previously synthesized 

using an emulsion templated sol gel reaction.4 While stirring, light mineral oil was added 

dropwise to an aqueous solution to create a uniform emulsion. The aqueous solution 

consisted of a surfactant (Triton X-405), hydrolyzed TEOS, acrylamide, poly(vinyl 

alcohol), bisacrylamide as an acrylamide crosslinker, and ammonium persulfate as a 

polymerization initiator (see Figure 2.1). The oil-in-water emulsion was loaded into a 

syringe and dispensed as individual droplets into a column containing a mixture of  heavy 

mineral and light mineral oil (80 v/v% HMO) at 60 °C (see Figure 2.2). The authors sized 

the column to allow the droplets to sink for 20 seconds before reaching the bottom, during 

which the acrylamide polymerizes. The polyacrylamide structure stiffens the droplets and 

prevents them from coalescing at the bottom of the column. The beads were subsequently 

left in the column for at least 48 hours as the sol-gel reaction completes, with the 

polyacrylamide templating SiO2 nucleation.  

Zhang, H. et al reported that the beads were removed from the column and 

thoroughly rinsed with an organic solvent to remove the mineral oil template, leaving 

approximately 2-millimeter beads of polyacrylamide and SiO2 gel.4 At this stage, the 

specific surface area of the beads was measured as 25.0 m2g-1, and the porosity was 

measured as 82.1 % via mercury intrusion. The porosity shows that the emulsified oil 

droplets remained stable throughout the sol-gel reaction as the original oil phase 
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concentration in the oil-in-water emulsion was approximately 80 % (i.e. the emulsified oil 

did not diffuse out of the bead to the bulk mineral oil in the column). The polymer/SiO2 

spheres were calcined stepwise at 1 °C/minute to 600 °C, with thermogravimetric analysis 

showing that particle mass reduced linearly from 5mg at room temperature to 1.5 mg at 

520 °C, and remained at 1.5 mg as the temperature was increased to 600 °C. Therefore, 

calcination at 520 °C for 4 hours was used to remove the organic phase from subsequent 

beads (see Figure 2.3).  

Structure 

Zhang, H. et al reported that after calcination, the SiO2 beads had an average diameter 

of 1.34 mm (see Figure 2.4).4 The shrinkage was a result of condensation as silanol groups 

were crosslinked to form siloxane groups.5  The porosity of the final SiO2 beads (after 

calcination) was measured as 90.3% while the surface area increased to 421.9 m2g-1, 

indicating high mesoporosity in the SiO2
 wall left by the polymer template. A simplified 

schematic of the polyacrylamide template before calcination and mesopores after 

calcination is shown in Figure 2.3. The external particle surface was macroporous, with 

pore diameters between 0.2µm and 2µm measured by Zhang et al.4 SEM images taken by 

Zhang et al4 of cross-sectioned beads showed a macroporous internal pore structure of 

spherical cavities interconnected by circular pores (Figure 2.4). Zhang et al4 reported an 

average macropore diameter of 4.85µm with a range of approximately 1-100µm; the 

published SEM images showed that the spherical cavity diameters were in the range of 20-

50µm (see Figure 2.4 – d).4   
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2.3 Method 1: UCSD Version of Published Synthesis 

 The synthesis protocol published by Zhang et al was modified at UCSD.  Before 

altering the protocol, the synthesis was performed as published with one modification to 

establish a baseline process. The process steps are outlined in Figure 2.5. An SEM image 

taken at UCSD of the resulting particle structure is shown in Figure 2.7. Following the 

protocol published by Zhang et al, a TEOS solution was prepared by sonicating a mixture 

of TEOS, deionized water, and 0.9 N HCl at volume ratio 76/23.7/0.3: 

𝑆𝑖𝐶8𝐻20𝑂4 + 𝐻2𝑂  
𝐻+

→   𝑆𝑖(𝑂𝐻)4 + 𝐶𝐻3𝐶𝐻2𝑂𝐻 

 Ice was added to the sonication bath to prevent the temperature from rising above 15 °C, 

and the solution was sonicated for 8 hours. The resulting homogeneous solution was stored 

at < -15 °C until use. The monomer solution was prepared by mixing distilled water (40 

mL), acrylamide (15.33 g), bisacrylamide (3.11 g), and poly(vinyl alcohol) (Mw 9,000-

10,000, 2.25 g). The solution was mixed at room temperature for 12 hours.  

The oil-in-water emulsion was prepared in a 250 mL conical flask.  Monomer solution (3.0 

mL), TEOS solution (3.0 mL), surfactant (Triton X-405, 1.4 mL), 0.9 N HCl (1.6 mL), and 

ammonium persulfate (20 wt% in distill water, 0.3  mL) were added to the flask while 

stirring at 400 RPM (see Figure 2.5 – a). Stirring was increased to 1200, and a separatory 

funnel was used to drop light mineral oil (28 mL) into the flask at approximately 1 drop 

per second (see Figure 2.5 – b). Note that in this step, the original authors added TMEDA 

(N,N,N,N-tetramethylethylenediamine, 0.083 g) to the dropped light mineral oil to catalyze 

acrylamide polymerization. In work at UCSD, adding TMEDA during the emulsification 

phase was found to significantly increase the viscosity of the oil-in-water emulsion which 

made later processing difficult. SEM showed no final particle structural changes with 
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variance of TMEDA in this step and the catalyst was therefore omitted from the 

emulsification phase after a preliminary reproducibility study.  

After all the light mineral oil had been added to the flask, stirring was continued for 

10 minutes to remove any large oil-water phase separation (see Figure 2.5 – c). The oil-in-

water emulsion was transferred to a 100 mL syringe fitted with a 1 inch, 25G hypodermic 

needle. The plunger of the syringe was removed and replaced with a gas line (see Figure 

2.6). N2 (20 psig) was used to push the emulsion solution through the needle, dropwise into 

a cylinder (3 cm ID x 45 cm height) filled with light mineral oil (50 mL), heavy mineral 

oil (200 mL), and TMEDA (6.25 mL) heated to 60 °C. While the droplets typically sank 

to the bottom of the column without coalescing, it was found that removing the light 

mineral oil and increasing the TMEDA concentration in the sedimentation phase 

completely eliminated droplet coalescence at the bottom of the column without any effects 

on the final particle structure. The sedimentation phase used after preliminary syntheses 

consisted of heavy mineral oil (250 mL) and TMEDA (10 mL). Increasing the density of 

the oil phase slightly decreased the droplet sinking speed, giving the acrylamide more time 

to polymerize before the droplet made contact with other droplets (see Figure 2.5 – d); 

when using TMEDA in the emulsification step as done by the original authors, 

modification to the sedimentation medium is not required. In the present study, the beads 

were removed from the column after 48 hours and briefly rinsed with hexane before being 

calcined using a stepwise heating program. Calcination temperature was increased at 2 

°Cmin-1 from room temperature to 550 °C, held at 550 °C for 8 hours, and decreased to 

room temperature at 2 °Cmin-1.   
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 Final particle size was dependent on the hypodermic needle used for dropping. 

Using a 21G needle yielded 1.91mm particles while a 25G needle yielded 1.25 mm 

particles. Decreasing needle diameter past 25G did not further reduce particle diameter due 

to surface tension limitations.6 After calcination, the particles were extremely fragile and 

could not be individually inspected without collapsing; consequently, the particles were 

crushed onto carbon tape for SEM imaging of the internal pore structure. SEM showed a 

wide cavity size distribution with an average diameter of 11.50 µm (standard deviation = 

4.78 µm, Figure 2.7) and diameter range of approximately 2 – 30 µm. Average wall 

thickness between cavities was measured to be 0.81 µm (standard deviation = 0.82 µm). 

The large standard deviation compared to the mean results from the pore structure 

heterogeneity. Cavities were interconnected to adjacent cavities by circular pores of 

diameters 0.5 – 5 µm. While the slightly modified published synthesis produced particles 

of the desired size and cavity structure, further modification was needed to increase particle 

strength. 

2.4 Method 2: Synthesis Modification I: Polymer Concentration Reduction 

 The >10x increase in surface area measured by the original authors (25.0 to 421.9 

m2g-1) after calcining the particles indicates mesoporosity throughout the SiO2 walls left 

by the polyacrylamide template. Hysteresis in the N2 isotherm (Figure 2.8 from Zhang et 

al4) was consistent with capillary condensation and further verified the SiO2 mesoporosity. 

Capillary condensation is generally a result of multilayer adsorption in narrow pores 

causing adsorbed gas molecules on opposing walls to make contact and condense into a 

low energy state. With capillary condensation, the desorption isotherm generally does not 

trace the adsorption isotherm because the enthalpy of vaporization for the condensed phase 
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changes the required chemical potential gradient to remove the N2 from the sample (i.e. 

enthalpy of vaporization ≠ enthalpy of physisorption).7,8  A general equation for calculating 

chemical potential at a fixed temperature: 

µ𝑖(𝑝, 𝑇) = µ𝑖
0 + 𝑅𝑇 × 𝑙𝑛(

𝑝𝑖
𝑝
) 

shows that chemical potential is dependent on pressure, explaining the isotherm hysteresis.9  

 Additionally, the ramping isotherm curve shape (type H3 isotherm) by  Zhang et al4 

showed no adsorption limitation at high partial pressures and indicated that the mesopore 

walls were flat and irregular; in general, capillary condensation in circular mesopores 

causes pore blockage and isotherm steps, but blockage is not typically seen in mesopores 

with flat walls (i.e. narrow, rectangular shaped pores).7,10 The isotherm data from Zhang et 

al4 is consistent with a model in which during the sol-gel reaction, the SiO2 walls formed 

around the polymer template as agglomerates of SiO2 plates; this model was definitively 

verified at UCSD using higher magnification SEM (Figure 2.9).  

 Despite the large increase in surface area, mesoporous walls are not desirable for 

antibody separation due to diffusion hindrance in pores smaller than 300 nm as described 

by the Renkin equation and pore occlusion limiting ligand access in small pores.11,12 

Furthermore, it is well known that mesoporous SiO2 structures lack compressive strength 

and often require additional embedded scaffolding to increase mechanical stability.13 

Mercury intrusion measurements by Zhang et al4 before and after calcination show an 

increase in particle porosity from approximately 80 % to 9 0%, indicating an SiO2 wall 

porosity of approximately 50 % left by the polymer template. Moreover, mercury intrusion 

is typically limited to 200 kPa, which is the pressure required to enter pores of 
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approximately 7 nm, meaning smaller pores cannot be measured using this method and the 

measured porosity can be artificially low.14 This rough estimate of SiO2 wall porosity is in 

agreement with the hydrolyzed TEOS concentration in the aqueous phase during particle 

synthesis (40 % v/v). 

 To decrease SiO2 wall porosity and increase particle strength, the concentration of 

the polymer template for the SiO2 sol gel reaction was reduced. Monomer solution 

concentration in the aqueous phase during the emulsification step was reduced, and the 

overall aqueous phase volume was maintained with the addition of distilled water, as 

shown in Tables 1-3. Particle synthesis was tested using 3 mL, 1.5 mL, 0.75 mL, and 0 mL 

of monomer solution, with added distilled water volumes of 0 mL, 1.5 mL, 2.25 mL, and 

3 mL, respectively. To increase droplet sinking time during the sedimentation step, the 

sedimentation column size was increased to 5 cm in internal diameter and 60 cm in length. 

Sinking time was increased to allow more time for acrylamide polymerization before the 

droplets reached the bottom of the column.  

Particle strength increased with the reduction of polymer concentration, with 

syntheses using 1.5 mL and 0.75 mL of monomer solution yielding particles strong enough 

to be handled. Particles could not be synthesized with full omission of the polymer template 

because full omission induced droplet coalescence at the bottom of the column during the 

sedimentation step. SEM of particles synthesized using 0.75 mL of monomer solution 

(Figure 2.10) showed thicker SiO2 walls between cavities (from 0.81 µm mean with SD = 

0.82 in method 1 to 1.42 µm mean with SD = 1.31 µm, p = 0.043) and a reduction of the 

plate like structure of the walls observed in method 1 (see Figures 2.9 and 2.10). This 

increase in wall density with polymer template reduction can be attributed to the decreased 
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number of SiO2 nucleation sites during the sol gel reaction. With less polymer template 

nucleation sites, SiO2 will tend to form on existing nuclei, meaning the plate like SiO2 

particles will be thicker and smaller in number; this effect is analogous to the reduction of 

particle diameter with increasing micelle concentration in mesoporous SiO2 nanoparticle 

synthesis.15 Despite the improved SiO2 wall structure, the particles were still too fragile to 

be packed into a chromatography column. The remaining clear strength limiting factors are 

particle porosity and overall size. 

2.5 Method 3: Synthesis Modification II: Oil Phase Concentration Reduction 

 While the large cavities in the emulsion templated SiO2 particles are desirable for 

intraparticle convection, large pore size and large pore size distribution can limit 

compressive strength, with studies showing exponential losses in strength with increasing 

porosity16 in ceramic materials; for example, the compressive strength of mortar (an SiO2 

based porous material) was found to decrease as follows with increasing porosity:17 

𝜎 =  𝜎0𝑒
−𝑘𝑝 

where σ is the compressive strength of the porous material, 𝜎0 is the compressive strength 

of the material without pores, k is an empirical constant dependent on material shape, and 

p is the material porosity. This equation can be used to estimate the relationship between 

the SiO2 emulsion templated particle strength and porosity as the mortar is also SiO2 based 

and the equation is in a generalized form with material dependent constants. The rapid drop 

in strength with increasing porosity suggests that slightly decreasing the average cavity 

size in the SiO2 particles will significantly increase particle strength while preserving 

convection paths.  
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SEM of the particles from method 1 (Figure 7) showed high concentrations of cavities in 

excess of 25 µm and smaller than 5 µm. With the exponential relationship between sphere 

volume and radius, the large pores drive the overall particle porosity and thus strongly 

influence the particle strength.  The wide cavity size distributions seen in methods 1 and 2 

indicate emulsion instability and coalescence, which increases with emulsion droplet 

concentration and forms large diameter emulsion droplets (leaving large cavities after 

calcination).18 Coalescence occurs when multiple small droplets collide and combine into 

a single larger droplet of lower surface energy. In a stable emulsion, droplets are separated 

by hydrodynamic force (i.e. drag) and intermolecular repulsive forces.19 As droplet 

concentration increases, droplets are forced closer together and the opposing surfaces 

flatten due to van der Waals repulsive interactions.19,20 The opposing flat droplet surfaces 

are separated by a thin aqueous film.  As the droplets deform, increased surface energy and 

hydrophobic interactions between the deformed surfaces can cause the film to rupture and 

the droplets to coalesce.20,21 

 The volume of light mineral oil dropped into the aqueous phase during the 

emulsification step was reduced by 25 % from 28 mL to 21 mL. The Triton X-405 volume 

was reduced from 1.4 mL to 1.05 mL to maintain the oil: surfactant ratio. Values presented 

in method 2 were maintained for all other precursors. The sedimentation column used for 

particle formation was returned to the original size (3 cm ID x 45 cm) used in method 1 

and post-sedimentation processing was identical to the protocol described in methods 1 

and 2. After calcination, SEM showed a visible narrowing of the cavity size distribution 

and average cavity diameter was reduced from 11.50 µm to 6.79 µm (p < 10-5, Figure 2.11). 
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There was no significant change in average SiO2 wall thickness between methods 2 (1.42 

µm) and 3 (1.48 µm), though the wall thickness standard deviation was reduced from 1.31 

µm to 0.54 µm as a result of the increased pore size uniformity. The particles were notably 

stronger than both the particles synthesized with the published protocol (method 1) and 

with the reduced polymer template concentration (method 2).  

The particles were gently placed into a 1.5 cm inner diameter chromatography 

column to a height of approximately 3 cm. A peristaltic pump was connected to the inlet 

of the column and water was flowed through the column to pack the particles. Packing 

density could be slightly increased, but the particles began to collapse when water flow 

was increased above 500 mL/min. The pump was disconnected and the column was drained 

and capped. Static water volume was used to crudely estimate the bed packing density 

using the assumption that the particle pores were filled with water. With the column outlet 

capped, a pipette was used to slowly add a known amount of water to the column until the 

water surface reached the top of the bed. Packing was calculated as the difference between 

the added water volume and the volume of the empty column filled to the same height. The 

packing density was found to be approximately 45 %, far below the target of ~60 %, which 

has been shown to be a typical packing density of a bed of randomly poured, homogenous 

spheres.22 Having modified the pore and SiO2 wall structures with minimal mechanical 

improvements, a significant reduction of overall particle diameter was the next step 

towards drastically improving particle strength.  

2.6 Method 4: Synthesis Modification III: High Temperature Calcination 

 The polyacrylamide template for the SiO2 sol gel reaction limits the compressive 

strength of the particles.17 The high number of nucleation sites on the acrylamide chains 
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creates SiO2 walls of aggregated plate-like structures rather than dense, continuous SiO2, 

and the polymer leaves mesopores throughout the walls after calcination.4 As the polymer 

template was required for droplet shape maintenance before completion of the sol gel 

reaction, increasing SiO2 wall density after calcination was explored. Reflow initiated by 

high temperature annealing was hypothesized to be the most effective method of small 

feature elimination.   

 Particles were synthesized using the protocol for method 3.  After calcination, a 

sample of the fragile particles was imaged (SEM) to verify that the pore structure was 

consistent with previous batches. The remaining particles were separated into 4 samples 

and individually calcined at increased temperatures. The temperature setpoint was 

increased from room temperature to 300 °C and the temperature was allowed to stabilize 

(± 5 °C). After 10 minutes of stable temperature, the setpoint was increased by 100 °C and 

the temperature was allowed to rise. This sequence was continued until the test temperature 

was reached. Temperatures of 700, 800, 900, and 1000 °C were tested with separate 

samples of particles (i.e. the oven was cooled and a new sample was loaded before each 

test). The calcination time was 3 hours for each temperature setpoint, and the oven was 

subsequently powered off and opened to encourage rapid cooling. Particle diameter shrank 

significantly with increasing calcination temperature, with mean diameters after 550 °C 

and 1000 °C calcination being 1.91 mm (SD = 0.22 mm) and 0.61 mm (SD = 0.19 mm), 

respectively (p < 10-5). Average diameters for the intermediate test temperatures are shown 

in Figure 2.12; diameters were measured at 3 points on 5 particles for each sample using 

calipers.  
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Particle rigidity greatly increased with calcination temperature. The particles 

calcined at 1000 °C could be handled roughly and were difficult to crush without using a 

flat surface; these particles were loaded into a chromatography column fitted with a 

peristaltic pump as described in method 3. Water was again used to pack the particles, with 

the particles showing no physical damage at 2,200 mL/min (pump maximum flowrate). 

Furthermore, the column could be roughly tapped/shaken to further increase packing 

density. The static water volume method described in method 3 was used to roughly 

measure the packing density, which had increased to approximately 58 %. While the void 

fraction is still high (~42 %, far above the theoretical limit of ~26% 23), packing 

optimization was not within the scope of the work and the particle bed was sufficient for 

initial separation testing. Additionally, the goal of increasing particle rigidity to obtain a 

packable material had been reached.    

SEM of particles calcined at 1000 °C showed a pore structure similar to that 

observed using method 3 with reduced oil emulsion concentration. Pore size distribution 

was narrower than seen after 550 °C calcination in method 1 (mean diameter = 11.50 µm, 

SD = 4.78 µm), with an average pore size of 4.69 µm (standard deviation = 1.83 µm, Figure 

2.13). The average SiO2 wall thickness was reduced from 1.48 µm in method 3 to 1.04 µm 

(p = 0.014) and image contrast between the walls and cavities was higher, indicating 

increased wall density.24 Note that while the wall thickness in method 4 was similar to the 

wall thickness in the fragile method 1 particles (0.82 µm), SEM showed a significant 

increase in wall uniformity and density between method 1 (Figure 2.9) and method 4 

(Figure 2.13). Changes in particle size, pore size, and SiO2 wall density can be attributed 

to SiO2 reflow and dihydroxylation, with reflow having a more significant effect. 
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 Reflow of nanoscale structures occurs at temperatures well below the melting 

points of bulk materials because smaller features have high surface area to volume ratios 

and therefore high surface energy.25 The difference in melting temperatures of bulk 

materials and nanoparticles is well studied and melting temperature has been found to 

decrease linearly with decreasing particle size in the following form:26 

𝑇𝑚(𝐷) = 𝑇𝑚0(1 −
𝛽

𝐷
) 

where 𝑇𝑚(𝐷) is the nanoparticle melting temperatures, 𝑇𝑚0 is the melting temperature of 

the bulk material,  𝛽 is a material-dependent constant, and 𝐷 is the nanoparticle diameter. 

For non-spherical particles, such as the aggregated SiO2 wall plates found in this work, 

increased surface area to volume ratios further decrease particle stability.27 Surface energy 

is the driving force for reflow, and to minimize energy, SiO2 reflows to remove the plate 

like structures in favor of thick walls with low relative surface area. Likewise, reflow 

eliminates the mesoporous wall structure. Wall density is further increased by SiO2 

condensation as remaining silanol groups are crosslinked to form siloxanes (Figure 2.14 - 

a); hydroxyl density has been shown to decrease with calcination temperatures in excess 

of 700 °C in previous literature (Figure 2.14 – b).5 By conservation of mass, increasing 

wall density and thickness decreases pore and particle diameters. As previously discussed, 

reduced porosity by cavity size reduction and mesopore elimination increases particle 

strength. Additionally, reducing particle diameter increases particle tensile strength, with 

sphere strength being inversely proportional to the squared radius:28 

𝜎𝑇 = 𝑘
𝐹

𝜋𝑅2
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where 𝜎𝑇 is the sphere tensile strength, k is a material constant, F is the force applied at 

particle failure, and R is the particle radius. This relationship is consistent with reducing 

the particle diameter from 1.91 mm to 0.61 mm increases the particle strength by a factor 

of 10 alone.  

2.4 Conclusion 

 Millimeter-scale SiO2 particles with hierarchical porosity were chosen as the base 

material for development of a new antibody purification resin. The published synthesis 

uses emulsified mineral oil as a template for micron scale cavities and polyacrylamide as 

a template for SiO2 nucleation. The polyacrylamide also acts as a template for mesopores 

throughout the SiO2 walls. While synthesis using the published protocol produces a 

structure that would minimize back pressure and have superior intraparticle mass transport 

properties, the particles are far too fragile to be packed into a chromatography column. This 

work has shown that variation of the polyacrylamide and mineral oil template 

concentrations during synthesis can be used to modify particle pore structure and increase 

particle rigidity. Furthermore, it has been shown that an additional high temperature 

calcination step can be used to significantly strengthen the particles as reflow increases the 

thickness and density of SiO2 walls between pores. The modified particles are rigid enough 

for column packing and initial antibody separation testing. The structural effects of the 

synthesis modifications are summarized in Figure 2.15. 
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Figure 2.1 Synthesis protocol published by Zhang et al.4 (a) Aqueous solution of bisacrylamide as an 

acrylamide crosslinker, acrylamide, hydrated TEOS, and ammonium persulfate as a polymerization initiator. 

(b) Light mineral oil, surfactant, and amine (TMEDA) are added to the aqueous solution while stirring. The 

mineral oil and surfactant (Triton X-405) form an oil-in-water emulsion. The amine (TMEDA) acts as an 

acrylamide polymerization initiator and was not used in the synthesis at UCSD after an initial reproducibility 

study.  
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Figure 2.2 Synthesis protocol published by Zhang, H. et al. continued (a-c) Particle sedimentation, 

polymerization, and SiO2 sol-gel reaction process as published by Zhang et al.4 The O/W emulsion is dropped 

as individual spheres into a column containing heated mineral oil to form oil-in-water-in-oil droplets. (d) As 

the spheres sink, the acrylamide in the aqueous phase begins to polymerize, increasing the sphere rigidity. 

(e) The spheres sit at the bottom of the column for 48 hours as SiO2 forms with the polyacrylamide as a 

nucleation template. 
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Figure 2.3 Particle calcination process after sedimentation, polymerization, and SiO2 sol-gel completion as 

published by Zhang et al.4 Prior to calcination, the particles consisted of SiO2 gel, mineral oil droplets from 

the initial emulsion, and polyacrylamide throughout the SiO2 walls. The particles were calcined at 520°C for 

4 hours. After calcination of the organics, there were micron-scale spherical cavities from the mineral oil 

droplets and mesopores throughout the SiO2 wall from the polyacrylamide.  
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Figure 2.4 SEM images taken by Zhang et al4 of the emulsion templated particles.  Emulsified mineral oil 

droplets template micron-scale cavities while polyacrylamide acts as a scaffold for SiO2 nucleation and 

growth.  (a) size distribution of the emulsion templated beads (b) individual bead - 1.34mm average diameter 

(c) internal pore structure (d) internal pore structure consisting of spherical cavities interconnected by circular 

pores.  
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Figure 2.5 Process diagram for emulsion templated SiO2 particle synthesis at UCSD. (a) The aqueous phase 

was prepared while stirring at 400 RPM. See Figure 2.1 – a for aqueous phase constituents. (b) Stirring was 

increased to 1200 RPM. Light mineral oil and a surfactant were added to the aqueous phase dropwise to 

create an oil-in-water emulsion. Zhang et al4 added amine (TMEDA) in this step to catalyze acrylamide 

polymerization. In this work at UCSD, TMEDA was not added in this step. (c) Stirring at 1200 RPM was 

continued for 10 minutes after the oil phase addition was complete to increase emulsion homogeneity. (d) 

The oil-in-water emulsion was loaded into a syringe and deposited into a sedimentation column dropwise 

using a hypodermic needle (25G). The sedimentation column contained a mixture of heavy mineral oil and 

amine heated to 60 ºC. The acrylamide in the water phase of the droplets polymerizes as the droplets sink, 

detailed in Figure 2.2. Zhang et al4 used a mixture of heavy and light mineral oil in the sedimentation column. 

In this work at UCSD, only heavy mineral oil was used in the sedimentation column to increase droplet 

sinking time. (e) The oil-in-water droplets were left in the sedimentation column for 48 hours to allow the 

SiO2 sol-gel reaction to complete as shown in Figure 2.2. (f) The SiO2 gel spheres are removed from the 

sedimentation column and calcined at 550 ºC. The organic phases were removed during calcination, leaving 

a porous structure as shown in Figure 2.3. 
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Figure 2.6 Oil in water emulsion being dropped into the sedimentation column. (a) push gas supply line. The 

push gas was used to increase pressure within the syringe and push the emulsion solution through a 

hypodermic needle (b) syringe containing the emulsion (c) 25G hypodermic needle (d) sedimentation column 

full of heated mineral oil. Acrylamide polymerization and the SiO2 sol-gel reaction were completed in the 

sedimentation column as shown in Figure 2.2.  
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Figure 2.7 SEM image of a particle synthesized at UCSD using the published synthesis protocol (method 1). 

Spherical cavities are interconnected by circular pores. The spherical cavity average diameter was 11.50 µm 

(standard deviation = 4.78 µm) with thin SiO2 walls between cavities. Average SiO2 wall thickness was 

measured to be 0.81 µm (standard deviation = 0.82 µm). The particles synthesized using the published 

protocol are extremely fragile and cannot be handled without collapsing. 
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Figure 2.8 Emulsion templated particle N2 isotherm from Zhang, H. et al.4 The isotherm hysteresis is 

indicative of capillary condensation of N2 in mesopores. Additionally, the isotherm does not show adsorption 

limitation at high relative pressures (i.e. no steps in adsorption), consistent with the mesopore walls being 

flat and irregular. 
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Figure 2.9 Higher magnification SEM of the particles synthesized using the published protocol (method 1). 

The SiO2 walls consist of thin, disc shaped particles, indicating high SiO2 nucleation site density on the 

polyacrylamide template during the sol gel reaction. The average wall thickness between cavities was 

measured as 0.81µm (standard deviation = 0.82 µm). The porosity and low density of the SiO2 walls limits 

particle compressive strength while providing minimal benefit. Despite significantly increasing surface area, 

the mesopores are too small for high throughput protein chromatography and will be prone to pore occlusion. 

 

 

Figure 2.10 SEM of the SiO2 wall structure after decreasing the polyacrylamide template concentration by 

75% (method 2). The average wall thickness between cavities was increased to 1.42 µm (standard deviation 

= 1.31 µm) and the walls appeared more regularly shaped in comparison to the walls seen in method 1(using 

the published synthesis protocol). Particles synthesized with the reduced polymer template concentration 

were slightly stronger than the original particles but were still not rigid enough to be packed.  
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Figure 2.11 SEM image of the internal pore structure of a particle synthesized with a reduced oil emulsion 

concentration (method 3). Mineral oil volume in the emulsification step was reduced from 28mL to 21mL to 

reduce droplet coalescence and Ostwald ripening. The particles have visibly narrower pore size distributions 

than the particles synthesized using the published protocol of method 1 (Figure 27). Additionally, the average 

cavity size was reduced from 11.50 µm to 6.79 µm (p < 10-5) and the average SiO2 wall thickness between 

cavities was increased from 0.81µm to 1.48 µm (p < 10-5). The modified particles are strong enough to be 

handled and lightly packed into a chromatography column but are still not rigid enough to serve as a practical 

separation substrate.  
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Table 2.1 Synthesis chart – base process – Method 1 

Chemical Volume 
Hydrated TEOS sol 3 mL 

Monomer sol 3 mL 

Triton X-405 1.4 mL 

0.9 N HCl 1.6 mL 

20% ammonium persulfate 0.3 mL 

Light mineral oil 28 mL 

 

Table 2.2 Synthesis chart - reduced polymer template concentration – Method 2 

Chemical Volume 
Hydrated TEOS sol 3 mL 

Monomer sol 0.75 mL 

Triton X-405 1.4 mL 

0.9 N HCl 1.6 mL 

20% ammonium persulfate 0.075 mL 

Distilled water 2.475 mL 

Light mineral oil 28 mL 

 

Table 2.3 Synthesis chart - Reduced oil emulsion concentration – Methods 3 and 4 

Chemical Volume 
Hydrated TEOS sol 3 mL 

Monomer sol 0.75 mL 

Triton X-405 1.05 mL 

0.9 N HCl 1.6 mL 

20% ammonium persulfate 0.075 mL 

Distilled water 2.475 mL 

Light mineral oil 21 mL 
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Figure 2.12 Particle diameter reduction with high temperature calcination, Method 4. For each calcination 

temperature, diameters of 5 particles were measured at 3 points. Particles were calcined at 700, 800, 900, and 

1,000°C for three hours after being calcined at 550°C for 8 hours. Average particle diameter decreased 

linearly with increasing temperature, with 1,000°C calcination reducing particle diameter from 1.91mm (after 

550°C calcination) to 0.61mm. The change in particle size is attributed to reflow, with SiO2 walls increasing 

in thickness and density as the mesopores and plate like structures are eliminated. The particles were much 

stronger than all previously tested particles and could easily be packed without any visible damage.  
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Figure 2.13 SEM of particle pore structure after 1,000°C calcination, method 4. Average cavity size was 

decreased from 6.79 µm in method 3 to 4.69 µm in method 4 (p = 0.000031). The average SiO2 wall thickness 

was decreased from 1.48 µm to 1.04 µm (p = 0.014), with the high image contrast between the walls and 

pores indicating and increase in wall density. Increasing wall density is consistent with reflow eliminating 

small features to minimize surface area; specifically, reflow of the wall mesoporous structure and plate like 

structures left by the polyacrylamide template leaves thicker walls with low surface area to volume ratios.  
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Figure 2.14 Dehydroxylation of SiO2 at high temperatures increases particle wall density and strength.  (a) 

Dehydrxylation of SiO2 via condensation as a siloxane group bridges two silanol groups.21 (b) Reduction of 

SiO2 surface hydroxyl density with increasing calcination temperature. Dehydroxylation is a secondary 

mechanism for SiO2 shrinkage and strengthening with high temperature calcination.21 

 

 

 

(a) 

(b) 
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Figure 2.15 Summary of particle structural changes for methods 1-4. Reductions in pore size and overall 

particle diameter from method 1 to method 4 contributed to increased mechanical strength. While the average 

wall thickness between cavities in method 4 was not significantly larger than method 1, SEM showed 

increased wall regularity and wall density in method 4. The enhanced wall structure is attributed to the 

reduction of the polyacrylamide template in method 2 and SiO2 reflow with high temperature calcination in 

method 4. 
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Chapter Three 

Ligand density, diffusion, and separation testing 

3.1 Introduction 

 Millimeter scale SiO2 particles with a hierarchical, emulsion templated pore 

structure developed by Zhang et al were chosen as the base material for antibody 

purification resin development at UCSD.1 The synthesis was chosen due to the unique 

pore structure that combined high surface area with large, micron-scale pores; however, 

the synthesis was significantly modified in four way to improve particle strength to 

enable robust packing into columns. It was hypothesized that the pore structure would 

yield high ligand density and dynamic binding capacity while the large particle size 

would minimized pressure drop to allow for more efficient column design. Testing at 

UCSD was performed using these particles along with existing commercial protein A 

chromatography resins as benchmarks. While ligand binding capacity testing yielded 

protein densities in excess of the benchmarks, the differences in dynamic binding 

capacity was not as conclusive since the silica particles were not sieved to reduce particle 

size dispersion, a common commercial practice.  

3.2 Ligand density testing 

 Protein A loading capacity on the emulsion templated particles synthesized using 

method 4 was estimated using BSA as the immobilized ligand. Proteins are typically 

immobilized on SiO2 substrates by amination the SiO2 and crosslinking substrate and 

protein amine groups.2 APTES is commonly used to aminate SiO2 hydroxyl groups by 

condensation of EtOH (Figure 35).3 SiO2 surface hydroxyl density determines the extent 



82 
 

of amination, which later effects the immobilized protein density; as the high temperature 

calcination described in section 2.6 is known to dehydroxylize the particles, H2O2 was used 

to rehydrate the SiO2 surfaces. One sample was submerged in 45 wt % H2O2 at 105 °C for 

24 hours and a second sample was submerged for 72 hours. Each sample contained 

approximately 50 mg of particles, and 50 mL of H2O2 solution was used. The solution in 

the second sample was replaced every 24 hours. Each sample was further divided into 3 

samples of approximately 15 mg; therefore, there were three 24 hour treated samples and 

three 72 hour treated samples. 15 mg samples of the following particle types were also 

prepared: 1,000 ºC calcined particles without H2O2 treatment, 550 ºC calcined particles 

without H2O2 treatment, and 500 nm mesoporous SiO2 particles (purchased from Sigma-

Aldrich). A summary of the sample types is shown in Table 4.  

Each sample was loaded into a 2 mL centrifuge tube containing anhydrous EtOH 

(1 mL) and APTES (0.05 mL). The samples were stirred for 18 hours at 25 oC using an 8 

RPM tube rotator and were thoroughly rinsed with EtOH and distilled water. The aminated 

particles were subsequently stirred in glutaraldehyde (1 mL, 5 wt%) for 2 hours and again 

thoroughly rinsed. Glutaraldehyde is a common and effective amine crosslinking agent for 

protein immobilization.4 A brief outline of particle rehydroxylation and aldehyde 

functionalization is shown in Figure 36. The aldehyde-functionalized particles were stirred 

in an aqueous BSA solution (1 mL, 5 mg/mL) for 18 hours at room temperature.  

To quantify BSA adsorption on the particles, the remaining BSA concentration in 

the supernatant of each particle sample was measured using a BCA assay (Thermo Fisher) 

and absorbance at 562 nm. BSA loading concentrations are summarized in Table 4. The 

results showed that loading capacity (by weight) is decreased with 1000 ºC calcination and 
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increased with H2O2 treatment, verifying SiO2 dehydroxylation with high temperature 

calcination. Despite the difference in BSA capacity between the 550 °C calcined particles 

(10.3% w/w) and the 1000 oC calcined particles with 72 hour H2O2 treatment (5.2 %w/w), 

the increased density of the 1000 ºC calcined particles makes the volumetric BSA 

capacities comparable (28 mg BSA/mL particles vs 24 mg/mL, respectively). While 

protein A loading capacity was not tested, the BSA capacities were significantly higher 

than current commercial resin ligand capacities; for example, the popular Sepharose 4 FF 

agarose-based resin by GE LifeSciences has a protein A density of approximately 6 mg/mL 

resin.5 Moreover, the correlation between H2O2 treatment time and BSA loading capacity 

suggests that ligand density can be increased with further rehydroxylation.  

3.3 Intraparticle diffusion testing 

 It was hypothesized that the poor ligand utilization with current protein A 

chromatography resins is mainly a result of small pores hindering antibody diffusion. The 

Renkin equation predicts severe hindrance of antibody diffusion in pores less than 300 nm 

in diameter. The micron scale pore diameters found in the emulsion templated SiO2 

particles were expected to eliminate diffusion hinderance. While the Stokes radius of BSA 

is significantly smaller than that of human IgG (3.5nm and 6.4nm, respectively),6,7 the ratio 

between Stokes radius and pore diameter drives diffusion hindrance and micron scale pores 

should have minimal effect on diffusion for both molecules according to the Renkin 

equation.  

To verify diffusion performance, aldehyde-functionalized particles were wetted 

with distilled water and placed into a static aqueous solution of FITC-conjugate BSA (5 

mg/mL). Particles were removed after 30, 60, and 180 seconds and immediately frozen in 
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liquid nitrogen to prevent further intraparticle diffusion. The particles were lypholized and 

imaged using a fluorescence microscope. The testing procedure is illustrated in Figure 37. 

The fluorescence images show BSA penetration depth into the particles increasing with 

time as expected, with the protein diffusing approximately half way into the particle after 

3 minutes (Figure 38). The time required for a molecule to diffuse over a distance in free 

solution can be estimated using the Einstein diffusion equation:8 

𝑡 =
𝑥2

2𝐷
 

where x is the diffusion length and D is the diffusion coefficient. The BSA diffusion 

coefficient in free solution can be estimated as 6.0 x 10-7 cm2seconds-1.9,10 Taking the 

diffusion length at 180 seconds to be 
0.061𝑐𝑚

4
 (BSA had diffused approximately 25% of the 

particle diameter on each side): 

𝑡 =  
(
0.061𝑐𝑚

4
)2

2 × (6.0 × 10−7𝑐𝑚2𝑠−1)
= 193.80 𝑠𝑒𝑐𝑜𝑛𝑑𝑠  

The diffusion testing results are strongly in agreement with the Einstein diffusion equation, 

verifying that there is no hindrance of protein diffusion through the pore structure of the 

emulsion templated particles.  

3.4 Avidin separation testing 

 Protein separation testing was performed using avidin and biotin. The binding 

affinity between avidin and biotin is the strongest known non-covalent protein-ligand 

interaction (Kd = 10-15 M).11 7 mL of 1000 °C calcined particles were rehydrated using the 

72 hour H2O2 treatment procedure described in section 3.2 and were subsequently treated 

with 250 mL APTES solution (5 %v/v) for 18 hours. After being washed with EtOH, the 
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aminated particles were stirred in 50 mL of a DMSO/NHS-biotin solution (0.5 %w/w) for 

18 hours to biotinylate the particle surfaces as shown in Figure 3.5.  

 The static avidin binding capacity of the biotinylated particles was tested by stirring 

10 mg of the particles in 1 mL of avidin solution (1 mg/mL) for 30 minutes as shown in 

Figure 3.6. A BCA assay was used to quantify the remaining avidin in the supernatant and 

the avidin bound to the particles; the volumetric avidin binding capacity was measured to 

be less than 5 mg/mL particles, much lower than the consistent >20 mg/mL BSA capacity 

measurements. The low avidin binding capacity is likely a result of spatial hindrance during 

both the biotinylation of the aminated particles and avidin loading steps. In comparison to 

glutaraldehyde, the crosslinking agent used in BSA immobilization, biotin is relatively 

large and planar. The non-linear structure of the molecule can limit surface biotinylation 

efficacy due to steric effects.12 Likewise, the binding of avidin to immobilized biotin is 

typically inefficient due to the large protein molecules limiting access to nearby biotin once 

immobilized.13  To increase surface biotinylation and protein immobilization efficacy, 

biotin modified with a long carbon chain (e.g. biotin-PEG-NHS) is commonly used to 

increase ligand flexibility and biotin spacing.14 As initial separation testing was being run 

with non-optimized particle bed packing and biotin-avidin binding instead of protein A-

IgG affinity, the ratio between dynamic and static binding capacities was of greater interest 

than the quantity of immobilized protein and column testing preparation was therefore 

continued.  

 The biotinylated particles were packed into 1 cm internal diameter chromatography 

columns to bed heights of 1.5 cm and 5.5 cm using a peristaltic pump as described in 

chapter 2. Static water volume was used to measure bed void fractions of 0.44 and 0.41, 
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respectively. The column was filled with water and the outlet valve was adjusted to set the 

water residence time to 3 minutes (see Figure 3.7). As the column was being gravity fed, 

PTFE tubing was used to extend the column height so the liquid could be overfilled to 

approximately 12 inches above the packed bed; this allowed the mobile phase flow rate to 

remain essentially constant throughout testing as the change in liquid height during testing 

was minimal compared to the total liquid column height.  

 The two columns were loaded with an avidin-pbs solution (0.5 mg/mL) and run at 

3 minutes residence times. The effluent was collected in increments of 0.33 mL, and the 

avidin concentration was measured using a BCA assay. Avidin breakthrough curves were 

generated as shown in Figure 3.8. The breakthrough curve for the 1.5 cm bed showed rapid 

Avidin breakthrough with 5 % breakthrough at 1 mg/mL (immobilized avidin/mL packed 

bed) and 50 % breakthrough at 2 mg/mL. The effluent concentration growth slowed to a 

more gradual rate, with 60 % breakthrough being reached at 3 mg/mL. The large step in 

effluent concentration at a low dynamic binding capacity (1 mg/mL compared to 5 mg/mL 

static binding capacity) followed by a rapid reduction in breakthrough slope is highly 

indicative of mobile phase channeling.15 Channeling can be a result of a wide packed 

particle size distribution, high particle diameter to column diameter ratio, and insufficient 

packed bed density and length/height.16,17 None of these parameters were optimized for the 

avidin testing, so channeling through the 1.5 cm bed was not surprising. Performance was 

improved using the 5.5 cm bed, with 10 % break through at 1 mg/mL and 20 % at 3 mg/mL. 

The effluent avidin concentration continued to increase linearly as the immobilized protein 

concentration reached 4 mg/mL at less than 25 % breakthrough. A dynamic to static 

binding capacity ratio of 0.8 at 25 % breakthrough was a considerable improvement over 
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the 1.5 cm bed performance and can be attributed to increased intraparticle mass transport 

in the long column. With a 3.7x increase in bed length, the mobile phase velocity through 

the 5.5 cm bed was nearly 4x greater than that through the 1.5 cm bed to maintain the same 

residence time. The data is consistent with the mobile phase having much less time to 

diffuse into each particle; therefore, intraparticle convection would offset any lack of 

diffusion. With the increased mobile phase velocity and bed length, pressure drop through 

the 5.5 cm packed bed should be on the order of 15x greater than through the 1.5 cm bed.18 

As discussed in Chapter 1, modification of the Blake-Koenzy equation shows that mobile 

phase flow through porous particles increases linearly with pressure drop across the packed 

bed.18 While the pressure drop through the packed bed was very small due to the large 

particle size, previous studies have shown that minimal pressure differentials (e.g. 5 cm 

H2O) can induce intraparticle convection through micron scale pores.19 

3.5 Recommendations for future work 

 Future work on the emulsion templated SiO2 particles for antibody purification 

should include (a) particle sieving for size uniformity, (b) increased column diameter for 

performance, (c) protein A functionalization, and (d) IgG separation testing. After high 

temperature calcination (Chapter 2, method 4), the SiO2 particles had a very large diameter 

range relative to the average diameter (mean diameter = 0.61 mm, range = 0.3971 mm - 

0.776 mm, standard deviation = 0.192 mm). With such a large particle size distribution, 

mobile phase channeling through the packed bed is unavoidable, however, the issue could 

be significantly mitigated by sieving the particles to a narrower size range after 

calcination.16 As discussed in section 3.4, mobile phase channeling was the most significant 

source of inefficiency in the Avidin separation testing performed at UCSD. Similarly, 
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increasing the column diameter well beyond the particle diameter would increase 

separation efficiency as high particle to column diameter ratios significantly hinder 

separation resolution due to mobile phase channeling between the edge of the packed bed 

and the interior column wall. 17,20,21 In the Avidin separation testing performed at UCSD, 

the particle to column diameter ratio was greater than 4 %, while industrial scale processes 

have ratios well below 0.1 %.5,22 Due to the low biotinylation efficiency and static Avidin 

binding capacity (< 5 mg/mL) found in this work, it is recommended that protein A and 

IgG are used in future separation tests using the emulsion templated SiO2 particles. Protein 

A ligand density is expected to be in excess of 20 mg/mL using glutaraldehyde as a 

crosslinking agent as described for BSA immobilization in section 3.2, as compared to 

ligand densities of less than 10 mg/mL in many current commercial protein A resins.5,23 

While IgG is significantly larger than BSA6,7, the unhindered intraparticle BSA diffusion 

reported in section 3.3 and the Renkin equation suggest that IgG diffusion through the 

emulsion templated SiO2 particles will not be hindered due to the micron scale pore 

structure.  

3.6 Conclusion 

 In this work, ligand density, diffusion, and protein separation testing was performed 

on millimeter scale SiO2 particles synthesized using methods defined by Zhang et al4 with 

critical modifications developed at UCSD to increase particle strength. The millimeter 

scale particles showed strong potential, with ligand densities more than 2x greater than 

many commercial resins5,23 and micron scale pores allowing protein to diffuse through the 

particles completely unhindered. While initial chromatography testing yielded poor protein 

separation efficiency, the testing protocol was far from optimized, most notably because 
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the particles were not sieved to increase particle diameter uniformity since this would have 

required scaling the synthesis. 
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Figure 3.1 APTES is used to aminate hydrated SiO2 surfaces.3 The extent of amination is dependent on the 

initial SiO2 surface hydroxyl density and will ultimately affect the glutaraldehyde and hence BSA binding 

capacities. Note that this figure shows the most simplified amination case with an SiO2 surface hydroxyl to 

amine ratio of 1:1 (i.e. one surface hydroxyl reacts with one APTES ethoxy group). The remaining two 

APTES ethoxy groups may either react with the surface hydroxyls, making the surface hydroxyl to amine 

ratio > 1, or they may crosslink with ethoxy groups from other APTES molecules, making the hydroxyl to 

amine ratio < 1.   



91 
 

 

 

 

 

 

 

 

 

Table 3.1 BSA loading capacity of tested particles. High temperature calcination reduced loading capacity 

due to SiO2 dehydroxylation. Boiling the particles in H2O2 to rehydrate the SiO2 surfaces improved loading 

capacity. 500 nm mesoporous particles had the highest volumetric loading density due to small particle size 

and high surface area; despite this, the nanoparticle loading capacity was only tested for comparison as the 

particles are far too small to be useful in fixed bed protein chromatography. 

No. Particle type Treatment BSA capacity 

1 Emulsion templated, 550 ˚C No treatment 28 mg/mL 

2 Emulsion templated, 1000 ˚C 72 hours H2O2 treatment 24 mg/mL 

3 Emulsion templated, 1000 ˚C 24 hours H2O2 treatment 17.5 mg/mL 

4 Emulsion templated, 1000 ˚C No treatment 6.8 mg/mL 

5 500 nm mesoporous SiO2 particles No treatment 30 mg/mL 
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Figure 3.2 Glutaraldehyde functionalization. a) SiO2 surfaces are dehydroxylated after high temperature 

calcination. b) H2O2 treatment is used to rehydrate the SiO2 surface. c) the particles are aminated using 

APTES. d) glutaraldehyde is covalently bound to the amine group and can now be used for protein 

immobilization. 
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Figure 3.3 BSA diffusion testing. i) wetted particles were submerged in 5mg/mL FITC conjugated BSA 

solution. ii) particles were removed at 30 seconds, 60 seconds, and 180 seconds and immediately frozen using 

liquid nitrogen. iii) particles were lyophilized. iv) particles were cleaved for fluorescence imaging of particle 

cross sections. 

 

 

Figure 3.4 Fluorescence images of the FITC-BSA loaded particles. a) BSA has entered the particle pore 

structure after 30 seconds. b) BSA has diffused approximately 20% of the radius into the particle. c) BSA 

has diffused approximately 50% of the radius into the particle (85% of the particle volume). This diffusion 

rate is consistent with the Einstein diffusion equation for molecules in free solution meaning BSA diffusion 

was not hindered in the particle pore structure.  
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Figure 3.5 Biotinylation of an SiO2 surface. (a) a hydrated SiO2 surface is treated with APTES (b) APTES 

treatment leaves the surface aminated. The aminated surface is mixed with biotin-NHS. (c) The NHS leaves 

as the biotin is crosslinked to the aminated surface.  
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Figure 3.6 Avidin static binding capacity testing. (a) 3 parallel samples of 10mg of biotinylated SiO2 

particles are prepared. (b) Each sample is submerged into 1 mL of 1 mg/mL avidin solution and gently 

stirred. (c) The supernatant avidin concentration begins to decrease as some of the protein is immobilized 

on the particles. (d) After 30 minutes, the supernatant is removed and a BCA assay is used to quantify the 

unbound protein.  
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Figure 3.7 Avidin separation testing. (a) Biotinylated particles are packed into a 1cm inner diameter 

chromatography column to bed heights of 1.5 cm and 5.5 cm. (b) 0.5 mg/mL avidin/PBS solution is flowed 

into the column. (c) The column outlet valve is used to set the mobile phase residence time to 3 minutes. (d) 

the effluent is collected and the avidin concentration is quantified using a BCA assay.  
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Figure 3.8 Avidin separation breakthrough curves. (a) The breakthrough curve for the 1.5cm column has an 

early, step-like increase in breakthrough concentration, indicating mobile phase channeling. (b) The 

breakthrough curve for the 5.5cm column has a linear rate of increase in effluent avidin concentration.  
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