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Abstract 

This work studies the adsorptive and chromatographic behavior of proteins and 

human papillomavirus (HPV) virus-like particles (VLPs) on perfusion chromatography 

media and tube monolith column. The perfusion resins have a bimodal distribution of 

pore sizes including large through-pores and smaller diffusive pores. The effect of 

perfusion under non-binding conditions was obtained from HETP measurements for 

various proteins and VLPs and the results show that the dominant mechanism of 

intraparticle mass transfer gradually shifts from diffusion to perfusion as the reduced 

velocity increases. For strong binding conditions, confocal laser scanning microscopy 

(CLSM) images show that the intraparticle concentration profiles at higher reduced 

velocity become skewed in the direction of flow, deviating from the symmetrical profiles 

that are characteristic of diffusional transport. The perfusive enhancement intraparticle 

mass transfer can be predicted based on the structural properties of the resin particles 

using a perfusion model. In the case of VLPs, however, the advantage of perfusion under 

strong binding conditions vanishes as, in this case, the adsorption is restricted to a thin 

layer on the adsorbent particle surface with little penetration, which is due to the blockage 

of the pores by bound VLPs.  

The effects of particle size on the separation performance of perfusion media is 

examined by comparing the adsorption behavior of proteins and VLPs on differently 

sized particles with similar internal structure. For a smaller particle, the fraction of 

intraparticle flow rate increases and the shift of diffusion to perfusion occurs at lower 

reduced velocity.  
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Monoliths are also studied as another type of convective stationary phase. The 

internal structure of the monoliths studied comprises large flow channels where 

convective transport takes place. For both non-binding and strong binding conditions, the 

effects of flow rate on performance are negligible. However, due to the smaller binding 

surface area when compared with perfusion particles, the monoliths studied showed lower 

binding capacities. The load-wash-elute of VLPs experiments on monoliths column show 

low VLP recovery in the elution step, with a strong dependence on the flow directions 

indicating that physical trapping of VLPs may have occurred on a dense “skin” layer 

observed by scanning electron microscopy on the side wall of the monolith.  
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Chapter 1  

Motivation and Background 

1.1 Motivations 

Human papillomaviruses (HPVs) are small, non-enveloped icosahedral DNA 

viruses associated with a wide range of infections in humans, including common skin 

warts, genital warts and cervical cancer [1]. Over 100 types of HPVs have been identified 

and approximated one-third types of HPVs have been detected in genital diseases. HPV 

types 6 and 11 having been implicated in over 90% of genital warts, while HPV types 16 

and 18 being responsible for 70% of cervical cancer [2, 3], which is second only to breast 

cancer among the causes of cancer-related death in women. Meanwhile, a considerable 

percentage of penile cancer is caused by HPV type 16 and 18. As a result, instead of 

being considered commonly that only exists in female, HPV disease is a significant treat 

to both genders. 

The expression of HPV major capsid protein L1 as a recombinant protein has been 

reported by several study groups [4-7]. A recombinant quadrivalent HPV vaccine, 

composed of virus-like particles (VLPs) of HPV type 6, 11, 16 and 18 was developed to 

attain the greatest impact on HPV-related diseases [8]. HPV VLPs are obtained from 

recombinant capsid proteins expressed in yeast cells, which self-assemble into a capsid 

structure resembling the actual viral particles. A process for the purification of HPV 

VLPs has been described by Cook et al. [9] including cell disruption, nuclease treatment 

and microfiltration, followed by two chromatographic steps: a capture step and a 



!
!

2 

polishing step. The purified products are then further processed through disassembly and 

reassembly steps to form HPV VLPs with uniform diameter, approximately 60 nm 

according to Mach et al. [10]. 

In conventional chromatographic media, solute molecules reach the outer surface 

of adsorbent particles rapidly by convection; however, the kinetics of binding onto the 

particle interior surfaces is controlled by molecular diffusion, which is slow especially for 

adsorbates like large proteins and VLPs. Thus, significant band broadening occurs, 

resulting in poor resolution and lower dynamic binding capacity [11].  

Perfusion chromatography media provide a potential solution to overcome slow 

intraparticle mass transfer by including a network of large interconnected convective 

through-pores (usually 600-800 nm in diameter), which crosses the particles from side to 

side and allows part of the mobile phase to flow or “perfuse” through the particle interior, 

as well as smaller pores (typically 80-150 nm in diameter), which provide the bulk of the 

surface area for binding [12]. Although the diffusive pores are accessed by diffusion 

alone, the shorter diffusion paths in these pores results in little overall resistance. By 

reducing the distance for the solute molecules to diffuse to the interior binding sites, this 

bimodal porous structure effectively eliminates the main cause of band broadening [13]. 

The capture step used in the process for the purification of VLPs described by 

Cook et al. of recombinant HPV Type 11 major capsid protein L1 uses POROS HS 50 

(Life Technologies, NY, USA) as the chromatographic matrix [9]. POROS HS 50 is a 

strong cation exchanger, which has been characterized as “perfusion media”. This rigid, 

poly (styrene-divinylbenzene) based material is surface-coated with a polyhydroxylated 

polymer gel layer functionalized with sulfopropyl groups. The internal structure of 
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POROS HS 50 has been reported to contain a bimodal distribution of pore sizes, with 

convective pores in the 600 to 800 nm range and the diffusive ores in the 50 to 150 nm 

range [14]. In this process, the VLPs are loaded onto a POROS HS 50 chromatography 

column and eluted with a salt gradient, following a wash step.  It has been postulated that 

in the capture step, the convective pores are accessible to the VLPs so that binding may 

occur throughout the beads. Lee et al. reported, however, in the actual process, significant 

lot-to-lot variations in the elution behavior have been noted for different POROS HS 50 

samples [15]. While similar purification levels could be achieved, loss of product occurs 

when the process was operated with a fixed product collection window due to the 

considerably shifting in the position of elution peak. The correlation between process 

performance and resin characteristic parameters remains unclear.  

Perfusion chromatography matrices have been used in a number of analytical and 

process applications for proteins [13-21], plasmids [22], and VLPs [9]. Carta et al. [23] 

developed a theoretical model for perfusion chromatography in spherical particles using 

an effective medium, free surface model to describe intraparticle convection. Several 

models have been advanced later based on different assumptions, including a model 

accounting for the kinetics of binding [24], a model assuming a bidisperse pore structure 

to take into account transport in the diffusive pores [25-28], pore network models to 

describe the effects of pore connectivity and surface heterogeneity [29-30], and simplified 

linear driving force models [31-32]. However, the direct connection between theoretical 

models and experimental results has, so far, remained somewhat elusive.  

Monoliths are another potential option to improve mass transfer of large 

biomolecules. Monoliths can be imagined as a converse structure of a packed bed, in 
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which the extraparticle void volume of the packed bed is replaced by a solid porous 

backbone similar to the interior structure of a chromatography media particle, while the 

space taken by the chromatography media becomes accessible to the mobile phase in the 

column and the contact points of particles becomes open flow channels with remarkable 

sizes [33]. In another words, monoliths are continuous porous matrices with 2-5 µm flow 

channels [34] and sealed against the wall of a tube. Compared to chromatography 

columns packed with particles, monoliths provide a much larger porosity available for 

flow, which dramatically decreases the hydraulic resistance in the column. Pores not 

accessible by flow can also exist inside the solid backbone. The efficiency of monoliths 

column is controlled by the size and fraction of both the flow channels and internal pore 

structure. One of the potential advantages of monolith column is the possibility to control 

the column efficiency by controlling the sizes of flow channels and the internal pores 

separately, as well as the size of the pores within the solid structure [33].  

Due to the typical lower binding capacities caused by their smaller surface area, 

monoliths are generally thought to be not competitive with porous particles for the 

purification of smaller proteins since the diffusional transport of such proteins in porous 

media is not severely hindered [35]. However, transport of large proteins and VLPs in 

conventional porous media or even in perfusion chromatography matrices can be slow. 

Monoliths, on the other hand, do not present significant diffusional transport resistances 

and their performance is generally independent of molecular size [36]. Etzel presented a 

theoretical study that the molecule can access the entire area of the channels [37]. As a 

result, although the binding capacities are much lower for small proteins due to smaller 
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surface areas, monoliths may present very significant advantages for VLPs and large 

biomolecules because of the absence of mass transfer limitations. 

According to their base materials, monoliths can be essentially classified into 

silica based [38] and polymer based monoliths [39]. The morphology and structure 

properties of monoliths columns are significantly affected by the properties of their base 

materials. Silica monoliths are typically composed of porous rod-shape silica skeleton 

with size of 0.3-5 µm, which form a bimodal porous structure with large through-pores of 

0.5-8 µm between the rods and smaller mesopores of 2-30 nm inside the rods [40]. The 

resulting pore structure is very similar to packed beds with porous adsorbent particles. In 

terms of application, silica based monoliths are preferred for separation of low molecular 

weight molecules, such as polypeptides and aromatic compounds [33]. Polymer based 

monoliths, however, unlike silica based monoliths that are prepared in multiple steps to 

control the macropores size and skeleton thickness independently [38], are usually 

prepared in a single-step molding process involving polymerization reactions [41]. 

Although control of global porosity is achievable by careful formulation in the 

preparation, the globular porous polymeric skeleton of polymer based monoliths actually 

consists of soft matter formed of cross-linked polymer, which renders a much more 

heterogeneous structure with pore size distribution spanning over several orders of 

magnitude [42].  

Polymer based monoliths have been used in many applications involving all kinds 

of biomolecules, including proteins [43-48], plasmid DNA [35, 49-51] and virus and 

VLPs [52-56]. However, there is no previous report of monoliths application on the 

capture step of HPV VLPs and the actual binding sites inside for HPV VLPs inside the 
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monoliths matrix is unknown. A potential disadvantage is that product recovery can be 

low as the adsorbate molecules can be become trapped in the flow channels. For example, 

Rupar et al. [57] reported that the recovery in the purification of Potato virus Y using 

monoliths column was only around 50%. It still remains unknown whether the 

heterogeneous porous structure of polymer based monoliths affects the adsorption and 

recovery of VLPs.  

The overall objective of this project is to understand the adsorption and elution 

behavior of proteins and VLPs in large-pore perfusion chromatography media and in 

monoliths with emphasis on elucidating the relationship between adsorbent structure, 

molecular size, and adsorption properties. Chapter 2 describes the characterization of the 

critical structural properties of POROS HS 50 and the effects of perfusion on the 

intraparticle mass transfer of proteins and VLPs under both non-binding and strong 

binding conditions. Chapter 3 compares the results from POROS HS 20, an adsorbent 

structurally similar to POROS HS 50 but with only half of the particle diameter, to 

demonstrate the effects of particle size to the performance of perfusion chromatography 

media. Chapter 4 extends the study to a “Convective Interaction Media” (CIM R ) SO3-1 

“Tube” monolith column to investigate the performance of monoliths matrices on the 

adsorption and elution of proteins and VLPs.  

1.2 Theoretical Background 

In conventional chromatography media, the kinetics of biomolecular adsorption in 

porous particles is normally controlled by diffusion. The effective diffusivity of protein 
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molecules and bioparticles inside the resin particles is given by the following equation 

[58]: 

 
p

p

0p
e !

"

# D
D =  (1.1) 

where p!  is the intraparticle porosity (usually on the order of 0.5 for large pore matrices), 

p!  is the tortuosity factor (on the order of 2 for practical porous stationary phases), D0 is 

the free solution diffusivity, and p!  is the hindrance factor, which is described by Carta 

and Jungbauer [59] as a sharply decreasing function of the ratio of molecular radius, rs, 

and pore radius, rpore, as shown in Fig. 1.1. A characteristic diffusion time for particles of 

radius rp can be estimated from the following equation: 

 
e

2
p

D D
r

=!  (1.2) 

which determines the minimum residence time that will allow effective binding in particle 

interior. For small molecules in non-viscous solvents, D0 is generally on the order of 

1"10-5 cm2/s and p!  is around 1, since the ratio of molecule and pore size is small. 

However, as molecular size increases, both D0 and p!  decrease resulting in very low De-

values. For example, for a 150 kDa protein, D0 ~ 5"10-7 cm2/s and rs ~ 5 nm. Accordingly, 

in 500 nm radius pores, p! ~ 0.95 and De ~ 1.2"10-7 cm2/s. For 100 µm particles (rp = 50 

µm), !D  becomes on the order of 50 sec, which is quite high. Even higher values would 

be expected for VLPs due to their much lower D0 (~7.3"10-8 cm2/s) and much higher rs of 

30-50 nm. As a result, the time required for VLPs diffusing into 50 µm particles is about 

12 min, more than one order of magnitude larger than for IgG diffusion in the same 
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particles, which would result in low productivity, large column volumes and high 

equipment and operating costs.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Relationship between hindrance factor, p! , and molecular size, rs, in pores of 

radius rpore [59]. 
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than for diffusion alone. A theoretical model was developed by Carta et al. [23, 25, 27] 

describing the convection-enhanced transport through an enhanced effective diffusivity 

e

~D  given by the following equation which is plotted in Fig. 1.2: 
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The ratio 
ee /

~ DD  represents the enhancement of intraparticle transport due to convection. 

epintra 3/ DFurPe =  is an intraparticle Peclet number describing the relative importance of 

convective and diffusive transport. As seen in Fig. 1.2, in order to obtain significant 

effects of perfusion, a intraPe  value larger than about 10 is required, while a intraPe  value 

approaching 200 is needed to provide the 10-fold increased transport rates that would 

reduce diffusion times to typical ranges encountered in protein processing. F is the ratio 

of intraparticle and extraparticle flow velocities, and u the extraparticle flow velocities, 

which is related to the ratio of intraparticle and extraparticle hydraulic permeabilities [59]. 

Accordingly, F is proportional to ( )2ppore rr , indicating that smaller particles with larger 

pore sized can provide larger intraPe  and, thus, more enhancement by intraparticle 

convective flow.  
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Figure 1.2. Relationship between convective enhancement factor of intraparticle transport 

and intraparticle Peclet number [23, 27]. F is the ratio of intraparticle and extraparticle 

flow rates.  

1.2.2 Effect of Intraparticle Convection on Chromatographic Performance 

Dynamic binding capacity (DBC), and the height equivalent to the theoretical 

plate (HETP) are two critical factors used to evaluate chromatographic performance. 

DBC describes the actual achievable binding capacity in a process operated at a given 

residence time, which is directly applicable to capture processes. DBC is fraction of the 

equilibrium binding capacity (EBC). Larger DBC-values generally result in greater 

productivity [59].  

The HETP defines the number of separation plates, which is directly applicable to 

chromatographic resolution under linear or gradient elution conditions. A smaller HETP 

value indicates a higher number of plates in a column of certain length, giving better 
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separation performance. With reference to Fig. 1.3, the HETP for non-binding conditions 

in a bidisperse particle, consisting of spherical microparticles of radius rm defining a 

network of perfusive macropores and diffusive micropores within the microparticles, is 

given by the following equation [25]: 
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where 
p/dHETPh =  and ( )

MD,M

mD,m
M11

K
K

b
!

!
!"+= . !  is the extraparticle porosity, !M and 

!m are the  macroporosity and microporosity, respectively. The term 

 ( )[ ]mD,mMMD,M 11' KKk !!!
!
!

"+
"

=  (1.4a) 

is the retention factor, KD,M and KD,m are partition coefficients in the macro and micropores, 

respectively. Based on a cylindrical pore model, KD,M and KD,m are related to molecular 

and pore size by the following equations: 

 ( )2Mpore,sMD, 1 rrK !=  (1.4b) 

 ( )2mpore,smD, 1 rrK !=  (1.4c) 

rm is the microsphere radius, and 0p' Dvdv =  is the reduced velocity. In addition to the 

parameters already defined, eq. 1.4 also contains a, which describes hydrodynamic 

dispersion and is expected to be independent of flow rate, and M!  the tortuosity factor in 

the macroparticle pores. Without intraparticle convection (F = 0), intraPe = 0 and 

1/~ ee =DD . Accordingly, h increases linearly with v’. Conversely, when F is large, a plot 

of h vs. v’ levels off at high v’, indicating that perfusion becomes dominant. For these 

conditions, chromatographic performance becomes independent of flow rate [25].  
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Figure 1.3. Sketch of particles with a bi-modal pore size distribution defining 

extraparticle porosity, ! , intraparticle macroporosity, M! , and intraparticle microporosity, 

m! . 

The potential advantages of perfusion can be seen from eq. 1.4. For given particle 

properties, F is expected to be a constant for different solutes and flow velocities. In this 

case, whether perfusion is significant or not depends on the values of De and u. For a 

small protein, De is relatively large. Thus, even at large values of u, intraPe  is small and 

1~/~ ee DD  . For a large protein or bioparticles like VLPs, De is very small. Thus, even at 

relatively low u, intraPe  can be large and 1/~ ee >>DD , leading to lower HETP than for 

diffusion alone. The consequences of lower HETP’s are greater resolution in 

chromatographic separation and greater dynamic binding capacity in capture applications 

[59]. 
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1.2.3 Mass Transfer in Monolithic Columns 

The performance of monoliths columns has been evaluated by numerous studies, 

especially with regards to hydraulic permeability and chromatographic efficiency. For 

both silica and polymer-based monoliths, the pressure drop over the column can be 

related to the column permeability, B0, by Darcy’s law [60-61]: 

 
0B
u

L
P !
=

"  (1.5) 

where LP!  is the pressure drop per unit length of column, ! the viscosity of the mobile 

phase and u the mobile phase superficial velocity. The permeabilities of typical silica 

monoliths are on the order of 10-14 m2 [33], which is several-fold higher than those for 

columns packed with particles that provide the same column efficiency. A broad range of 

permeabilities has been reported for polymeric monoliths between [42, 62-63].  

Several studies have shown that the HETP for small molecules in silica monoliths 

is essentially independent of flow [64-66], indicating the band broadening is mainly 

caused by axial dispersion and/or flow non-uniformity [67]. However, sloping HETP 

curves are observed for large molecules, which is likely due to the diffusional resistance 

in smaller pores [66]. A simplified model was presented for silica monoliths columns, 

which assumed that the monoliths consists of a random assembly of anastomosed 

cylindrical rods of porous backbone material (radius Rss) which provides an internal 

porosity , surrounded by annular through-pores which occupy a volume fraction !e. 

Based on this assumed physical structure, Miyabe et al. [67] developed the following 

model: 
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where DL is the axial dispersion coefficient and u is the superficial velocity of the mobile 

phase. The parameters f! , d!  and 0!  are defined as following:  

 
!f = 1!"e( ) Rss

2kf
"i + 1!"i( )Ka
"# $%

2
  (1.6. a) 
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 ( ) ( )[ ]aiiee0 11 K!!!!" #+#+=   (1.6. c) 

where kf is the external mass transfer coefficient, De the effective diffusivity, and Ka the 

adsorption equilibrium constant. HETP values obtained from the first and second 

moments of pulse response experiments data, together with physical properties obtained 

from other methods such as iSEC and TEM, can be used to determine the De value by 

comparison with eq. 1.6.  

For polymer monoliths column, the HETP values that have been reported are 

virtually independent of mobile phase velocity even for large molecules, suggesting that 

diffusional resistances are completely absent and that hydrodynamic dispersion and extra-

column effects dominate band broadening phenomenon [34, 67-68]. Trilisky and Lenhoff 

[69] measured the HETPs of different monolithic columns with adsorbates of different 

molecular sizes (NaCl, uridine monophosphate, ovalbumin and BSA) to fit with the 

model. By comparing their data to eq. 1.6, these authors concluded that the first term is 

generally dominant. 

1.3 List of Symbol 

!  extraparticle porosity 
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e!  porosity of through pores in the geometric model of monolithic column 

i!  internal porosity of the cylindrical rods in the geometric model of monolithic 

columns 

M!  macropore porosity 

m!  micropore porosity 

p!  intraparticle porosity 

!  mobile phase viscosity (Pa·s) 

D!  characteristic diffusion time (s) 

M!  tortuosity factor in macroparticle pores 

m!  tortuosity factor in microparticle pores 

p!  tortuosity factor 

p!  hindrance factor 

a  hydrodynamic dispersion factor 

B0 hydraulic permeability, m2 

0D ! free solution diffusivity (cm2/s) 

eD ! effective diffusivity (cm2/s) 

e

~D  convection enhanced effective diffusivity (cm2/s) 

pd  particle diameter (cm) 

F  ratio of intraparticle and extraparticle flow velocities 

HETP  height equivalent to the theoretical plate (cm) 
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h  reduced HETP 

aK  adsorption equilibrium constant (L/g) 

MD,K  
size exclusion in the macroparticle pores 

mD,K  size exclusion in the microparticle pores 

'k  retention factor 

fk  external mass transfer coefficient (cm/s) 

L Column length, m 

"P Column pressure drop, Pa 

ntraiPe  intraparticle Peclet number 

ssR  
radius of the cylindrical rods in the geometric model of monolithic columns 

(nm) 

mr  microsphere radius (nm) 

pr  particle radius (µm) 

Mpore,r  macropore radius (nm) 

mpore,r  micropore radius (nm) 

sr  molecular radium (nm) 

t  time (s) 

u  superficial velocity (cm/s) 

v  fluid velocity (cm/s) 

'v  reduced velocity (= 0p /Dvd ) 
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Chapter 2 

Proteins and Virus-like Particle Adsorption on POROS HS 50 

2.1 Introduction 

Perfusion chromatography was introduced commercially in the early 90’s, 

primarily based on so called POROS chromatography beads. Afeyan et al. [1] described 

POROS as a perfusion material composing convective pores in 600 to 800 nm range 

while and diffusive pores in 50 to 150 nm range. The use of POROS HS 50 for the 

purification of VLPs of recombinant HPV Type 11 major capsid protein L1 was reported 

by Cook et al. [2].  These authors postulated that the convective pores inside POROS HS 

50 are accessible by VLPs so that the binding of VLPs occurs throughout the entire 

particles. Despite this claim, to date there is no direct empirical evidence that VLPs 

actually get into these pores nor is known at what rate this takes places. In the process 

described by Cook et al., the VLP protein load on the POROS 50 HS column was only 

3.4 mg/ml, with a recovery of only 12% [2]. At such low loads, the possibility that VLP 

binding is limited to the external surface of the beads exists. Regardless of the mechanism 

and location of binding, it is clear that particle size and pore morphology and flow rate are 

likely to affect VLP transport and chromatographic performance in a significant way. 

Uncertainties also exist with regard to the actual size of these VLPs. For example, 

Chen et al. and Mach et al. [3,4] reported a VLPs size of 60 nm in diameter obtained from 

TEM images. However, a larger diameter of 120-160 nm was reported by Shi et al. [5] 

based on dynamic light scattering (DLS) analysis. Various models of perfusion 
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chromatography have been developed in multiple studies as discussed in Chapter 1 and 

some indirect experimental evidence has been offered to demonstrate the connection 

between theoretical models and experimental results. In general, the evidence stems 

mainly form the trend of HETP and/or DBC as a function of flow rate. For small particles 

(20 µm or less) with large pores, trends of constant HETP and DBC at high flow rates 

have been confirmed [6-9]. For larger particles (eg. 50 µm diameter), McCoy et al. [6] 

reported flow-rate independent HETP for Lyo for non-binding conditions at velocities as 

low 1000 cm/h, indicating a strong perfusion effect, while conflicting results have been 

reported by Weaver and Carta [10], that the DBC for the same protein continued to 

decrease nearly linearly at velocities as high as 4000 cm/h and in a manner quantitatively 

consistent with diffusion alone. The conflicting results may be partially due to the 

difficulties inherent in a precise determination of HETP from peaks eluted at high mobile 

phase velocities. Another possibility is that the bound protein molecules hinder 

intraparticle convection giving different results for non-binding and for binding 

conditions. Pferffer et al. [11] reported direct measurements of the hydraulic permeability 

of larger particles and obtained permeabilities that were 4–17 times larger than previous 

estimates, leading to the hypothesis that the particles contain a highly inhomogeneous 

distribution of pores, with a few very large through pores carrying most of the 

intraparticle flow surrounded by much smaller pores where little flow occurs. In this case, 

much larger resistances to transport in the diffusive pores that would negate many of the 

benefits of high intraparticle flow could be predicted. 

Liapis et al. [12] presented a mathematical model to describe the intraparticle 

concentration profile of the adsorbate inside spherical perfusive adsorbent particles. For 
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strong binding conditions, this model predicts spherically asymmetrical intraparticle 

profiles that are increasingly skewed in the direction of flow at high intraPe . Since the 

shape of intraparticle concentration profiles is generally very sensitive to the exact nature 

of the dominant transport mechanism, a quantitative determination of these profiles is 

expected to provide significant insight for conditions similar to those used in many 

practical applications. This observation suggests an alternative way of elucidating under 

what conditions perfusion takes place by determining the intraparticle progress of the 

adsorption front of a strongly bound adsorbate during a transient adsorption experiment. 

To our knowledge, however, such data are not currently available. The objective of this 

part of the dissertation is thus threefold: (1) to determine the structural characteristics of 

POROS HS 50 resin and its HETP for non-binding conditions; (2) to develop a method 

based on confocal laser scanning microscopy (CLSM) to determine intraparticle adsorbed 

concentration profiles for proteins and VLPs, as well as for fluorescent labeled latex 

nanoparticles with similar size to the VLPs; and (3) to obtain intraparticle profiles under 

both no flow and high flow conditions and compare the results to available perfusion 

theories.  
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2.2 Materials and Methods 

2.2.1 Materials 

The resin used in this work, POROS HS 50, was obtained from Applied 

Biosystems (Life Technologies Corporation, Grand Island, NY). According to the 

supplier, POROS HS 50 is based on a rigid poly(styrene-divinylbenzene) backbone 

functionalized with strong cation exchange groups and containing 50-1000 nm pores. The 

average particle diameter, dp, of the sample is reported by the supplier of about 50 µm. 

Six lots of POROS HS 50 were obtained and preliminary resin structure tests were 

conducted on all six lots. All the other experiments were conducted using Lot 250-406, if 

not stated specifically.  

The proteins used in this work include chicken egg white lysozyme (Lyo) and 

bovine thyroglobulin (Tg), obtained from Sigma Chemical Co. (St. Louis, MO), and a 

monoclonal antibody (IgG) with pI 8.6 available in our laboratory [13]. The molecular 

mass of the mAb is about 150 kDa, determined by non-reducing SDS-PAGE. The protein 

sample was characterized by size-exclusion chromatography (SEC) using a Superdex 200 

size-exclusion column (10 " 200 mm) obtained from GE Healthcare and the purity of the 

sample was determined as >99% monomer. Purified virus-like particles (VLPs) of 

recombinant human papillomavirus (HPV) Type 11 capsid protein L1 were obtained from 

Merck & Co., Inc. (West Point, NJ). Two batches of VLP samples were received (Lot 

0311223-0001b and c) and both samples showed similar hydrodynamic radius 

measurements, rs, and initial VLP concentration in the stock solution. The VLPs were 

purified from S. Cerevisiae as described by Cook et al. [2]. The samples were thawed out 
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by immersing the containers in room temperature water. After adding 0.01-0.015% PS-80, 

the samples were divided in smaller portions and stored at -80 C! .  

The hydrodynamic radius, rs, of the test solutes used were determined by dynamic 

light scattering (DLS), using a Dynapro Nanostar unit (Wyatt Technology Corporation, 

CA), which gave values of 5.5 ± 0.5, 8.5 ± 1.0, and 50 ± 10 nm, for IgG, Tg, and VLP 

samples, respectively. The corresponding solution diffusivities, D0, at 25 °C are 4.0 " 

10&7, 2.6 " 10&7, and 3.5 " 10&8 cm2/s. The IgG and Tg radii are consistent with molecular 

masses of 150 and 700 kDa, respectively. The VLP radius is consistent with previous 

measurements by Shi et al. [5]. The hydrodynamic radius of Lyo was not measured, but it 

is estimated to be 2.0 nm, based on its known D0-value of 1.1 " 10&6 cm2 /s [14]. 

HPV VLPs purified from yeast are unstable and tend to aggregate in low ionic 

strength solutions without stabilizers. Shi et al. reported an increase of VLPs diameter 

from 105 nm to 160 nm after one day storage at room temperature [5]. HPV VLPs also 

adsorb on the container surfaces, especially glass surfaces, during storage and analysis. 

Following Shi et al., polysorbate 80 was used to stabilize HPV VLPs in low ionic strength 

solutions and prevent adsorption to container [5]. Polysorbate 80 is a non-ionic surfactant 

with the following structure:  

 

 

Figure 2.1. Molecular structure of polysorbate 80. 
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In this work, 0.015% of PS-80, obtained from Amresco LLC (Solon, OH) was added to 

all the HPV VLP samples and buffers. These solutions remained stable for several days at 

4 °C and for at least one day at room temperature.  

2.2.2 Methods 

The particle size distribution of POROS 50HS resin was obtained from 

microphotographs taken with a CCD camera (model VCC-3972, Sanyon, Gardena, CA) 

attached to a white light microscope (model Eclipse E200, Nikon, Melville, NY) at 100X 

magnification. The resin was suspended in aqueous solution prior to the test. The 

photographs were analyzed by Image J. The volume-average particle diameter and 

standard deviation of the particle size distribution were then calculated from the following 

equations: 

 
!
=

=
M
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(2.1) 
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(2.2) 

where jf  is the volume fraction of particles of diameter jp,d . 

Transmission electron microscopy (TEM) was used to determine the internal 

structure of POROS 50 HS. For this purpose, the particles were first dehydrated by 

washing them with water-ethanol mixtures increasing from 0 to 100% ethanol. The 

dehydrated particles where then embedded in LRWhite resin (London Resin Company, 

London, UK), by first saturating them with a 50:50 (v/v) mixture of ethanol and LRWhite 

and then with 100% LRWhite. After curing overnight at 45 °C, the embedded samples 
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were sectioned with an ultramicrotome to produce 80 nm slices, which were then imaged 

with a Jeol 100 CX transmission electron microscope. 

Inverse size exclusion chromatography (iSEC) was used to determine the 

accessible intraparticle volume and the apparent pore size using glucose and dextran 

samples with molecular mass between 4 and 2000 kDa, obtained from Spectrum 

Chemical Manufacturing Co. (Gardena, CA). For this purpose, the resin was flow packed 

in 0.5 cm ! 5 cm columns operated at a flow rate of 0.5 mL/min (150 cm/h) with a mobile 

phase containing 1 M NaCl in 10 mM Na2HPO4 at pH 7.0. 10–20 "L injections of each 

probe were made with a Waters HPLC system. The first moment of each peak, ", was 

obtained by calculating the apparent first moment and subtracting from it the first moment 

obtained without the resin using the columns with inlet and outlet plungers pushed 

together. The extraparticle porosity, # = 0.326, used to determine the distribution 

coefficient , where CV = "/Vcolumn is the mean retention volume, ", 

divided by the column volume, Vcolumn, was obtained from the column pressure drop as a 

function of flow rate using the Carman–Kozeny equation [15]: 

 ( )
2
p

3

21150
d
uLP !

"
"#

=$  (2.3) 

where !  is the viscosity, u  the superficial velocity, L  the column length, and pd  the 

particle average diameter.  

The iSEC probes used in this work include dextran standards shown in Table 4.3 

along with their hydrodynamic radii as well the three proteins: Lyo, IgG and Tg, and 

VLPs. The hydrodynamic radius of the dextran probes were calculated by the following 

equation [16]: 

KD = CV !!( ) 1!!( )
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 498.0
s 0271.0 MWr !=  (2.4) 

For these conditions, there is no binding but only steric exclusion for both dextran and 

protein probes. Thus, elution volume of these probes marks the accessible particle volume.  

 

Table 2.1. Probes used for iSEC 

 

 

 

 

 

 

 

 

 

 

Isocratic pulse response experiments were conducted to determine pore 

accessibility by proteins and VLPs under non-binding conditions and to determine the 

HETP as a function of mobile phase velocity. These measurements were made with a 0.5 

! 5 cm columns at flow rates of 0.2 to 4 mL/min (60–1200 cm/h) using an AKTA 

Explorer 10 unit (GE Healthcare, Piscataway, NJ). Experiments were conducted with 20 

"L injections in phosphate buffer of 20 mM Na2HPO4 at pH 7.0 with 1 M NaCl for Lyo, 

IgG and Tg and in 1.5 M NaCl and 0.015% PS-80 for the VLPs with detection at 280nm. 

Pulse injections without the resin and the two column plungers joined together were also 

Dextran MW (kDa) rs (nm) 

D2000 2000000 37.1 

D500 500000 18.6 

D250 250000 13.2 

D150 150000 10.2 

D70 70000 7.0 

D40 40000 5.3 

D10 10000 2.7 

D4 4000 1.7 

Glucose 18 0.36 

!

Protein MW (kDa) rs (nm) 

Lyo 14.5 2.3 

IgG 150 5.5 

Tg 660 8.5 

VLP ~20,000 50 

!
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done to determine the extra column volumes. The ensuing peaks were analyzed by the 

moment method as discussed by Carta and Jungbauer [15]. 

The adsorption capacity was determined by adding a known mass of hydrated 

resin, centrifuged at 5000 rpm for 20 min in a microfiltration tube to remove extraparticle 

water, to vials containing 1.5 ml of solutions with different initial protein concentration. 

The vials were then sealed and rotated end-over-end at a low rpm for 24 h. The protein 

concentration in the supernatant was then analyzed with a Nanovue spectrophotometer 

(GE Healthcare, Piscataway, NJ) at 280 nm and the adsorbed protein concentration was 

calculated by material balance. The density of the hydrated particles, determined with a 

picnometer to be 1.064 g/ml, was used to convert the amount of protein adsorbed from a 

mass basis to units of mg per ml of hydrated particle volume. 

Confocal laser scanning microscopy (CLSM) was used to determine the 

intraparticle concentration profiles of adsorbed IgG, Tg, and VLPs. Rhodamine RedTM-X 

dye obtained from Invitrogen Corporation (Carlsbad, CA) was used to fluorescently label 

each sample following the supplier instructions. IgG and Tg were incubated in a pH 8.5 

sodium bicarbonate buffer with a dye-to-protein molar ratio of 3:1 for 1 h at room 

temperature in the dark. After reaction, unreacted dye was separated by size exclusion 

chromatography using an Econo-Pac 10 DG desalting column from Bio-Rad Laboratories 

(Hercules, CA). Average labeling ratios of 0.21 and 0.59 were obtained for IgG and Tg 

respectively. Linear gradient elution chromatography on a 1 mL POROS HS 50 column at 

pH 5.0 showed virtually the same retention for labeled and unlabeled protein for both IgG 

and Tg, indicating that labeling did not significantly affect interactions with the resin. A 

similar procedure was used to label the VLPs. In this case, a 1:1 dye to protein ratio was 
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used based on the L1 protein content of the VLP sample, determined from its UV 

absorbance. Labeling was allowed to proceed for 1 hour in the dark at either room 

temperature or 4 °C. Ethanolamine was then added to quench the reaction. The mixture 

was then buffer-exchanged into the binding buffer consisting of 200 mM MOPS and 250 

mM citrate at pH 7.0. Since a 10 kDa MWCO ultrafiltration membrane was used, any free 

dye (MW 768) was removed in this step. The final VLP concentration was between 0.2 

and 0.3 mg/mL, expressed as L1 protein. The degree of labeling obtained at 4 °C was 

0.13 mol dye/mol of L1 protein. Based on DLS analyses, there was no significant change 

in the VLPs sample during labeling and buffer exchange. 

CLSM was performed with a Zeiss LSM 510 microscope with a Plan-Apochromat 

63!/1.4NA oil objective (Carl Zeiss MicroImaging, LLC, Thornwood, New York, NY). 

Since the POROS 50HS particles are opaque in aqueous solution, the emitted 

fluorescence can hardly be observed. This problem was overcome by allowing adsorption 

to take place for a period of time and then immediately immersing the particles in benzyl 

alcohol, whose refractive index, n = 1.54 [17], appears to match, approximately, the 

refractive index of the backbone of the POROS HS 50 particles.  

Actual CLSM measurements were made both batch-wise and under flow 

condition. Batch CLSM experiments were done by placing POROS HS 50 particles in 

vials containing 15 mL of each labeled protein diluted with sufficient unlabeled protein to 

yield a final dye-to-protein ratio of 1:40, and rotated end-over-end on a rotator. At 

periodic time intervals, small samples were removed from the vials and rapidly 

centrifuged at 13,000 rpm for 30 s to separate the particles from the supernatant. The 

particles were then immersed in benzyl alcohol and observed by CLSM. 



!
!

37 

CLSM experiments under flow conditions were conducted in a flow cell similar to 

the one described by Tao et al. [18] and shown in Fig. 2.2. The cell was constructed using 

a quartz capillary (obtained from Polymicro Technologies, Phoenix, AZ) with a 75 "m 

inner square section, thinned out slightly at one end to retain the POROS HS 50 particle 

in the lumen. Two syringe pumps (Model 11 Plus, Harvard Apparatus (Holliston, MA) 

and a 4-way valve (Valco Instruments Co. Inc., Houston, TX) were used to supply 

alternating flows of protein solution and benzyl alcohol. A single, particle loaded 

capillary could be used for IgG as exposure to benzyl alcohol did not appear to affect the 

protein adsorbed. However, in the case of Tg and the VLPs, some aggregates were 

formed when flow was switched from the protein solution to benzyl alcohol, thereby 

blocking the flow cell. As a result, multiple capillaries were used; each exposed to benzyl 

alcohol after protein adsorption only once and discarded after imaging.  

Because of the different binding capacities of IgG, Tg, and the VLPs, the laser 

intensity was adjusted for each experiment to optimize CLSM performance and avoid 

saturating the photomultiplier tube detector. Optical sections were collected in 2 "m z-

increments and analyzed using LSM Image Examiner software (Carl Zeiss MicroImaging, 

LLC, Thornwood, New York, NY). 
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Figure 2.2. Flow cell used to obtain CLSM images of protein and VLPs adsorbed under 

flow conditions. 

 Fluorescently-labeled latex particles were used to determine if the results 

obtained for the VLPs can be generalized to other nanoparticles with similar size. For this 

purpose, amine-modified polystyrene latex particles with nominal mean diameter of 50 

nm were obtained from Sigma-Aldrich (Catalog No. L0780, St. Louis, MO). These latex 

particles were pre-labeled with a blue fluorescent dye with maximum excitation and 

emission wavelengths at 360 nm and 420 nm, respectively. Because of the amine groups, 

they are positively charged and are expected to bind strongly to POROS HS 50. The 

nanoparticles were used both as received and after further labeling them with Rhodamine-

red, in order to enhance their fluorescence. 

Dynamic light scattering (DLS) was used to determine if aggregation of the 

nanoparticles occurred during fluorescent labeling and during the adsorption process. A 
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summary of z-average radii is given in Table 2.2. The results indicate there is no 

significant change in nanoparticle size and, thus, no aggregation. 

 

Table 2.2. Summary of size measurement of latex nanoparticles 

Sample z-average radius, rs, nm 

Before fluorescent labeling 50.3 ± 1.3 

After labeling, before mixing with POROS 50HS 51.4 ± 0.6 

After mixing with POROS 50HS overnight 49.2 ± 0.9 

 

To exclude the possibility that labeling affected VLP adsorption, a post-labeling 

method was also used. CLSM images were obtained by first mixing the POROS HS 50 

particles with the VLPs solution, followed by the labeling process of the adsorbed VLPs 

with Dylight 488 using a Lightning-Link® Rapid kit obtained from Innova Biosciences 

(Babraham, Cambridge, UK). This reactive dye has maximum excitation and emission 

wavelengths at 493 nm and 518 nm, respectively and is coupled at pH 7 for the same 

conditions under which the VLPs are adsorbed. After mixing the resin particles with 

VLPs solution for a certain time, the resin sample was filter centrifuged to remove excess 

supernatant and the resin particles were resuspend in binding buffer. A “pH modifier” 

was added into the resin particle slurry to adjust pH and the mixture was pipetted into the 

vial containing the lyophilized dye powder followed by incubating for 30 sec. A 

“quencher” from the kit was then added to stop the reaction. The mixture was washed 

with the binding buffer by filter centrifugation and immersed in benzyl alcohol to match 

the refractive index of POROS HS 50 particles before observed using CLSM. 
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2.3 Results and Discussion 

2.3.1 POROS HS 50 Resin Structures 

Representative microphotographs and particle size distribution of POROS HS 50 

sample for Lot 250-406 are shown in Fig. 2.3a and b, respectively. The average particle 

diameter was determined to be 52 µm with a range of sizes from 35 to 75 µm based on 

microphotographs of the hydrated beads. The average particle size and standard deviation 

for all six lots is summarized in Table 2.3. The results show that the lot-to-lot variations 

in average size are relatively large, going from a minimum of 40 µm to a maximum of 52 

µm. However, the breadth of the particle size distribution is similar for the different lots 

as demonstrated by fairly consistent values of pp d! . 

 

 

Table 2.3. Average particle size and standard deviation for POROS HS 50 samples. 

Lot No. 384 389 401 406 411 416 

pd  (µm) 43 42 42 52 48 40 

p! (µm) 9 8 8 12 12 7 

pp d!  0.21 0.19 0.19 0.23 0.25 0.18 
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Figure 2.3. (a) Representative microphotographs of POROS HS 50 sample at 100 X 

magnification; (b) Particle size distributions for POROS HS 50 sample. 

Figure 2.4 shows representative TEMs. Lighter, homogeneously gray areas are the 

embedding LRWhite resin while darker areas are the POROS matrix. Some white areas 

are also visible and are artifacts caused by the sectioning process and/or incomplete 

infiltration of the embedding resin. At low magnification (Fig. 2.4a), the image shows a 

distribution of pore sizes with larger pores uniformly distributed across the particle radius 

along with many small pores. The edge of the particle appears to present pores open to the 

surroundings. At higher magnification (Fig. 2.4b), a heterogeneous structure is evident, 



!
!

42 

consisting of microgranules, 100-200 nm in diameter, agglomerated to form microparticle 

aggregates about 500 nm in diameter. These microparticle aggregates define large pores 

that span length scales between 100 and 500 nm. Obviously, the larger pores can readily 

accommodate proteins, but only a fraction of the larger ones appears to be able 

accommodate VLPs that are 100 nm in size, especially considering that bound VLPs can 

further constrict access. 
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Figure 2.4. TEM images of sections of POROS HS 50 particles at (a) 5 K and (b) 40 K 

magnification. Scale bars are shown for reference in each image. 
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Inverse size exclusion chromatography (iSEC) was carried out to determine the 

accessible intraparticle volume and the apparent pore sizes using unbound probe 

molecules including glucose, dextran standards and probe proteins (Lyo, IgG, Tg and 

VLPs). Fig. 2.5 shows the representative elution peaks for dextrans and unretained 

proteins and VLPs. Vertical dashed lines correspond to the extraparticle void fraction 

obtained from a pressure-flow curve. As seen in Fig. 2.4a, glucose gains access to a large 

fraction of the particle volume, eluting at CV ~ 0.7. As the molecular mass increases, the 

dextran probes elute earlier and become more skewed since both steric exclusion and 

diffusional resistance increase. Similar results are seen in Fig. 2.4b for the proteins and 

the VLPs. Fig. 2.6 shows the distribution coefficient, KD, calculated from the data in Fig. 

2.5 as a function of each solute hydrodynamic radius, rs. As seen in this figure, both 

dextran and protein data follow the same trends although somewhat higher KD values are 

obtained for the dextran probes. In both cases, however, KD decreases rapidly as rs 

increases for low rs-values, but then declines much more gradually for rs > 10 nm. An 

approximate description of this trend is obtained by assuming a bimodal distribution of 

pore sizes with macropores and micropores of radius rpore,M and rpore,m, respectively [16, 

19]. Accordingly, the distribution coefficient is given by: 

 ( ) mD,mMMD,MD 1 KKK !!! "+=  (2.5) 

where M!  and m!  are the macropore and micropore porosities, respectively, and 
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are the distribution coefficients for partitioning in the macropores and microprores, 

respectively. Values of rpore,M = 470 ± 10 nm, rpore,m =11 ± 4 nm, M!  =0.32 ± 0.01 and m!  

=0.41 ± 0.01 were determined by fitting eqs. 2.5-2.7 to the dextran data, subject to the 

constraint that the total intraparticle porosity, ( ) mMMp 1 !!!! "+= , equals the value 

determined for glucose of 0.60 ± 0.1. Despite the significant regression uncertainty, the 

fitted parameters appear to be consistent with the resin’s structure seen by TEM (Fig. 2.4). 

According to these results, Lyo and IgG, whose hydrodynamic radii rs are 2.3 and 5.5 nm, 

respectively, should easily gain access to both macropores and micropores, Tg, whose rs 

is 8.5 nm, should be nearly completely excluded from the micropores, and the VLPs, 

whose rs is around 50 nm should be completely excluded from the micropores.! 
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Figure 2.5. Chromatograms obtained for pulse injections of (a) dextrans and (b) proteins 

under non-binding conditions. Column length = 5 cm, mobile phase velocity = 150 cm/h. 
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Figure 2.6. KD versus hydrodynamic radius (rs) of dextran standards, proteins and VLPs 

for non-binding conditions. The line is based on a bimodal pore size distribution (PSD) 

model (eq. 2.5). 
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2.3.2 HETP for Non-binding Conditions 

Figure 2.7 shows the reduced HETP (h=HETP/dp) versus reduced velocity (v' = 

vdp /D0) obtained for non-binding conditions for Lyo, IgG, Tg, and the VLPs. The data 

actually span mobile phase velocities between 60 and 1200 cm/h, but, for each solute, 

they are shifted toward higher v# values as molecular size increases and D0 decreases. For 

Lyo the data follow a straight line, indicating complete dominance of diffusion. A linear 

relationship is also closely approximated by the IgG data, although a slight curvature is 

seen at the higher v# -values. A distinct plateau is however seen for both Tg and the VLPs, 

indicating that their transport becomes dominated by convection. The transition between 

diffusion and convection- limited mechanism occurs at v# ! 10,000 for Tg and around 

20,000 for the VLPs. The plateau h -values for these species are about 200 and 250, 

respectively. Since dp = 52 "m, these values correspond to HETPs on the order of 1 cm. 

This large value suggests that despite the apparent perfusion effect, suggested by the 

constant h at high v’, the chromatographic efficiency of POROS HS 50 is low at high 

mobile phase velocities. 

The generalized van Deemter relationship obtained by Carta and Rodrigues, eq. 

1.4 [20], was used in comparison with the experimental data to determine the best fitting 

values of !! and F. A summary of these fitting parameters is shown in Table 2.4, along 

with the maximum value of ee

~DD  and the estimated values of 

( )[ ]( )( )2pmMm
21 rrbb !!"  based on $m = 2 and rm = 0.25 "m. Since, as seen from these 

values, ( ) ( )[ ]( )( )2pmMm
2

ee 1~ rrbbDD !!">> , the micropores diffusional resistance is 

predicted to be indeed negligible for these conditions. Thus, eq. 1.4 reduces to the 

following equation: 
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 Figure 2.7. Reduced HETP vs. reduced velocity for non-binding conditions. D0-values 

used to calculate v’ are 1.1 " 10-6, 4.0 " 10-7, 2.6 " 10-7, and 3.5 " 10-8 cm2/s for Lyo (a), 

IgG (b), Tg (c), and VLPs (d), respectively, spanning mobile phase velocities between 60 

and 1200 cm/h. Lines are based on eq. 10 with parameters from Table 2.4. 
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Figure 2.7 shows good agreement between calculated and experimental curves 

using these parameters. Since the different probes cover different ranges of conditions, 

the degree of correlation among the fitted parameters is very small. The M! values are 

typical for porous media. For Lyo, perfusion is negligible, because of its high D0. 

Diffusion in the microparticle pores is also very fast since Lyo diffuses freely in the 11 

nm radius micropores and the microparticles are very small. Thus, only 
M!  and a are 

relevant. For IgG, diffusion is also dominant, as the HETP increases linearly with flow 

rate. Diffusion in the microparticle pores is still fast. The VLPs are completely excluded 

from the microparticle pores. Thus, the only relevant parameters are 
M!  and F. The value 

of a determined for Lyo was used for all probes. Finally, for Tg, diffusion in the 

microparticle pores is likely to be severely hindered because of its size (8.5 nm radius) is 

close to that of the micropores (11 nm). Thus, M!  is relevant and F becomes important at 

high flow rates. 
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Table 2.4. Parameters for perfusion model based on eq. 1.4 based on a = 4. 

Solute  F ( )maxee
~DD (a) (b) 

Lyo 1.9 No effect 0.96 2.3 ! 10-5 

IgG 2.1 0.00050 0.76 1.3 ! 10-5 

Tg 3.4 0.00082 0.27 0.23 ! 10-5 

VLPs 2.0 0.00058 0.12 0 

,'- at 1,200 cm/h 
,.- based on $m= 2, rm = 0.25 µm 

2.3.3 Protein Adsorption 

Figure 2.8 shows the adsorption isotherms of IgG and Tg. The adsorption 

isotherms are highly favorable for both proteins. The maximum binding capacity was 

determined to be 150 ± 10 and 100 ± 10 mg/mL of particle volume for IgG and Tg, 

respectively. The CLSM images in Fig. 2.9 and 2.10 show the progress of adsorption of 

these two proteins over time under both no-flow and flow conditions. Fairly sharp fronts 

can be observed for both no-flow (top) and high-flow (bottom) conditions. In the case of 

IgG (Fig. 2.9), the adsorption front is circular under both conditions. However, Tg shows 

a circular adsorption front for the batch experiments only, while a noncircular front is 

clearly seen under flow conditions (Fig. 2.10). The intraparticle Peclet number for these 

experiments can be estimated based on the previous HETP measurements conducted 

under non-binding conditions, although the condition in the capillary is not exactly the 

same as in columns due to the different packing densities. At 1,000 cm/h, the parameters 

in Table 2.4 yield Peintra = 1.9 and 8.2 for IgG and Tg, respectively, which, based on eq. 
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1.3, give the corresponding values of ee

~ DD  of 1.2 and 3.1, respectively. This estimation 

predicts, as seen experimentally, that the effect of perfusion would be very small for IgG 

(~20% improvement in transport) but significant for Tg (~300% improvement in 

transport).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Adsorption isotherms for IgG and Tg in 20 mM acetate buffer at pH 5. Lines 

are the Langmuir isotherm q = qmKC/(1 + KC) where K is the equilibrium constant. 
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0.5min, 65µm 5min, 
68µm 

30min, 57µm 45min, 60µm 

(a) Batch adsorption of 2 mg/mL IgG 

5min, 
60µm 

20min, 60µm 45min, 60µm 70min, 60µm 

(b) Adsorption of 1 mg/mL IgG in flow cell at 1000 cm/h 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Representative equatorial CLSM images for (a) batch adsorption of 2 mg/mL 

IgG and (b) adsorption of 1 mg/mL IgG in the flow cell at 1000 cm/h. Different particles 

with diameter shown were imaged in (a). The same particle was imaged in (b) with flow 

direction from left to right. 
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3min, 
47µm 

30min, 57µm 140min, 50µm 200min, 52µm 

(a) Batch adsorption of 2 mg/mL Tg 

10min, 43µm 20min, 34µm 45min, 51µm 45min, 39µm 

(b) Adsorption of 2 mg/mL Tg in flow cell at 1000 cm/h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Representative equatorial CLSM images for (a) batch adsorption of 2 

mg/mL Tg and (b) adsorption of 2 mg/mL Tg in the flow cell at 1000 cm/h. Different 

particles with diameter shown were imaged in (a) and (b). In (b) the flow direction is from 

left to right.  
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For the batch adsorption case, the adsorption kinetics is apparently consistent with 

the classical shrinking core model for both IgG and Tg. Accordingly, the normalized 

position of the adsorption front in the particle, psatsat / rr=! , is related to time by the 

following equation [21]: 

 ( ) t
rq
CDf 2
pm

0e2
sat

3
satsat

6132 =+!= """  (2.9) 

where C0 is protein solution concentration and qm the binding capacity. Fig. 2.11 shows 

that the plots of ( )sat!f  vs. C0t / qmrp
2  yield straight lines for both IgG and Tg with 

corresponding effective pore diffusivities De = (2.5 ± 0.1) ! 10-8 and (0.47 ± 0.06) ! 10-8 

cm2/s, respectively. The IgG results obtained at 1,000 cm/h based on the average depth of 

penetration of the adsorption front is also shown in Fig. 2.11. Since the profiles show a 

small degree of asymmetry, the model cannot be applied rigorously for these conditions. 

However, the plot is still approximately linear and the corresponding effective pore 

diffusivity is (3.1 ± 0.1) ! 10-8 cm2/s, which is 24% higher than the value obtained in the 

batch experiment, consistent with predictions based on eq. 1.3 with the estimated 

Peintra=1.9.  
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Figure 2.11. Dimensionless position of adsorption front vs. normalized time for IgG and 

Tg adsorption based on CLSM images of POROS HS 50 particles. IgG data are shown for 

both batch adsorption and for adsorption in the flow cell at 1,000 cm/h. 

In the case of Tg adsorption at 1,000 cm/h, the highly noncircular intraparticle 

concentration profiles require a different analysis method. In this case, images were 

collected at different z-positions perpendicular to the field of view and to the direction of 

flow in 2 "m intervals. By determining for each section the percentage of area saturated 

with Tg, the fractional saturation of the particle was obtained, which was then calculated 

by averaging the particle diameter according to the following equation: 
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where i!  is the fractional saturation for section i, rp,i is the section radius, and #z the 

section thickness. i!  was determined graphically by finding the contour of the fluorescent 

zone and determining the area within that contour as a fraction of the total area, using 

LSM Image Examiner  software.  

Fig. 2.12 shows representative z-stacks for Tg adsorption at 1,000 cm/h flow. The 

images show a decrease in fluorescence intensity from bottom (closer to the microscope 

objective lens) to top as a result of fluorescence attenuation effects. It is apparent that the 

pattern of adsorbed Tg also varies from bottom to top. The sections near the top and 

bottom (at low and high z-values) are almost uniformly fluorescent indicating complete 

saturation while sections near the particle center show asymmetrically distributed 

fluorescence that skew towards the direction of flow. These results, based on the 

assumption that the fluorescence signal is directly related to the protein bound, are 

consistent with the patterns predicted by the theoretical model of Liapis et al. for the 

convection-dominated case of high Peintra [12]. Fig. 2.13 shows the mqq values 

calculated from eq. 2.10 for both batch and flow adsorption of Tg. The results are plotted 

to a time scale normalized by the square of the actual particle radius for the purpose of 

comparison. As seen in this figure, fast complete saturation of the particle is obtained 

under flow conditions if compared with batch experiment. The lines show predictions of 

the shrinking core, pore diffusion according to the following equation: 
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4 µm 14 µm 24 µm 34 µm 44 µm 

which is consistent with eq. 2.9. The line for the batch case is shown for De = 0.47 ! 10-8 

cm2/s, which is determined from the linearized fit in Fig. 2.11. The same equation is also 

used to the flow data with an effective diffusivity 1.5 ! 10-8 cm2/s. Although, the fit to the 

flow data is only approximate, this fitted diffusivity provides an estimate of the 

convection-enhanced diffusivity. For these conditions we obtained ee

~ DD ~1.5/0.47=3.2, 

which agrees well with the value predicted based of the value of F estimated from the 

HETP data. 

 

 

 

 

Figure 2.12. Representative CLSM images of 2 mg/mL Tg adsorption in a 54 µm 

diameter particle in the flow cell at 1000 cm/h. Optical sections are shown at different 

vertical distances to the bottom of the particle perpendicular to the field of view as 

indicated. Flow is from left to right. 

 

 

 

 

 

 

20 µm 



!
!

59 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13. Adsorption kinetics of 2 mg/mL Tg determined by CLSM under batch (no-

flow) adsorption conditions and in the flow cell at 1,000 cm/h. Lines are based on the 

pore diffusion model as discussed in the text. 

2.3.4 VLP Adsorption 

Figure 2.14 shows CLSM images for the adsorption of VLPs on POROS HS 50 

particles in both batch (top) and flow conditions (bottom). It is clear that in both cases, the 

adsorption of VLP is confined to a thin shell, 1 to 2 µm thick, on the outer surface of the 

POROS HS 50 beads. This behavior is highly possibly caused by the blocked access to 
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the through-pores by the bound VLPs.  As seen in Fig. 2.4b, the clean resin contains pores 

that have dimensions in the 100 to 500 nm range. Since, based on DLS measurements that 

VLPs have rs = 50 nm, which gives about 100 nm in size, it is perhaps not surprising that 

access to the underlying pore network is largely precluded by a small amount of VLPs 

adsorbed at the particle outer surface.  

     

 

 

Figure 2.14. Representative equatorial CLSM images for (a) batch adsorption of 0.2 

mg/mL VLPs and (b) adsorption of 0.2 mg/mL VLPs in the flow cell at 1,000 cm/h. 

Different particles with diameter shown were imaged in (a) and (b). In (b) the flow 

direction is from left to right.  

The results of post-labeling CLSM experiment of VLPs are shown in Fig. 2.15. 

For comparison, the same post-labeling method was also used for IgG and, as a control, 

for virgin POROS HS 50 beads with no protein bound. All the proteins and VLP solutions 

(a) Batch adsorption of 0.2 mg/mL VLPs 

(b) Adsorption of 0.2 mg/mL VLPs in flow cell at 1000 cm/h 
!

5min, 63µm 30min, 68µm 90min,65µm 120min, 66µm 

!"#$%&!'("& 30min, 52µm 60min, 51µm 5min, 54µm  15min, 54µm 
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were prepared at pH 7 and the Dylight 488 labeling reactions were conducted after 

exposing POROS HS 50 beads in the solution for a certain time. The adsorption of IgG 

and VLPs was performed in batch mode, by adding an aliquot of resin particles to protein 

solutions and taking samples of the beads at different times. The results (Fig. 2.15) show 

that (1) the fluorescent tag does not react with POROS HS 50 (Fig. 2.15a); (2) IgG 

exhibits the same pattern of fluorescence as that seen with pre-labeled protein (Fig. 2.15b, 

c); and (3) VLP still has little penetration into the resin particle even after 2 hours (Fig. 

2.15d), consistent with the results with pre-labeled VLPs. As a result, the effects of 

Rhodamine-red fluorescent labeling on the adsorption of VLPs on POROS HS 50 can be 

excluded and confirm that VLP binding is limited to a thin layer at the bead surface.  
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Figure 2.15. Representative equatorial CLSM images for batch adsorption on POROS HS 

50 followed by post-labeling with Dylight 488 of (a) blank POROS HS 50 beads, (b) IgG 

adsorbed for 30 min, (c) IgG adsorbed for 120 min, and (d) VLPs adsorbed for 2 hours. 

TEMs were obtained for particles that had been exposed to VLPs for 24 h under 

binding conditions to further confirm this hypothesis. Fig. 2.16 shows the results along 

with those for a clean particle. Comparing with the pores that are clearly open at the outer 

surface of the clean particle (Fig. 2.4b), the VLP-exposed bead shows a distinct layer 

blocking the pores is visible at the outer surface. Although the thickness of this layer is 

smaller than seen in the CLSM images, which was likely due to the dehydration and 

embedding process, the TEM provides clear evidence that the transport is hindered by 

bound VLPs.! Trilisky and Lenhoff reached similar conclusion for the adsorption of 

adenovirus type 5 (Ad5) having an approximate diameter of 80 nm in PL-SAX 4000 A 

resins, whose pores are in the 400 nm range, based images obtained by cryo-scanning 

electron microscopy [22]. Together, these results suggest that matrices with even larger 

pores would be needed to accommodate VLPs or other bioparticles in this size range. 
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(a) 

(b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16. TEM images at 20K magnification of sections of (a) POROS HS 50 

particles clean and (b) exposed to VLPs for 24 h. Arrows indicate open pores in (a) and 

pore occluded by an adsorbed layer in (b). 
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2.3.5 Adsorption of Latex Particles on POROS HS 50 

Fluorescently-labeled latex particles were used to determine if the results obtained 

for the VLPs can be generalized to other nanoparticles with similar size. For this purpose, 

amine-modified polystyrene latex particles with nominal mean diameter of 50 nm were 

obtained from Sigma-Aldrich (Catalog No. L0780, St. Louis, MO). These latex particles 

were pre-labeled with a blue fluorescent dye with maximum excitation and emission 

wavelengths at 360 nm and 420 nm, respectively. Because of the amine groups, they are 

positively charged and are expected to bind strongly to POROS HS 50. The nanoparticles 

were used both as received and after labeling with Rhodamine-red, in order to enhance 

their fluorescence. The binding capacity was estimated by assuming monolayer coverage 

of the surface area associated with the resin’s macropores across the entire beads using 

the following equation adapted from Etzel [23]: 

 Monolayer binding capacity = ss33
2 r!"

 (2.12) 

where s!  is the nanoparticle density (~1.05 g/mL according to the supplier), and sr  is the 

nanoparticle radius. The surface area of the large pores was estimated from the total 

perimeter of the microgranules obtained from the TEM images of the sections of POROS 

HS 50 particles, which is around 1.4 m2/mL beads. The resulting estimated binding 

capacity is about 44.4 mg/mL beads. Accordingly, based on the shrinking core model (eq. 

2.9), assuming that they can diffuse into the resin beads, the time for saturating POROS 

HS 50 beads at 2 mg/mL nanoparticle concentration should be about 1.3 hours.  

Adsorption experiments were carried out first with the latex nanoparticles as 

received. The particles were diluted in 10 mM Na2HPO4 buffer at pH 6, to ensure that the 
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amine group on the particle surface is positively charged, to a final solution concentration 

of 2 mg/mL. A small amount of POROS HS 50 particles (estimated capable of adsorbing 

less than 10% of the total latex particles), was added into the solution and mixed at room 

temperature. After a certain time, the sample was centrifuged to remove excess solution 

from the resin. The beads were then washed with the 10 mM phosphate buffer and 

resuspended in benzyl alcohol for the purpose of refractive index matching and 

observation with CLSM. Unfortunately, at the excitation wavelength needed, the resin 

backbone also fluoresced. Thus, the latex nanoparticles were labeled with Rhodamine-red. 

The labeling procedure was similar as that for VLPs that was described in section 4.1.3 

but using a dye-to-latex nanoparticle molar ratio of 100:1. 

In order to exclude the effects of autofluorescence from the resin backbone, 

Rhodamine-Red was used to label the latex particles and provide fluorescent emission at 

different wavelength.           

CLSM images for Rhodamine Red labeled latex nanoparticles adsorption on 

POROS HS 50 beads are shown in Fig. 2.17a (1 h) and b (overnight) in comparison with 

the 1.5 h image of VLPs adsorption.  The 1-hour adsorption of latex particles shows 

profiles similar to the 1.5-hour sample of VLPs adsorption, that the adsorbate molecules 

form a thin layer on the surface of POROS HS 50 particles. As seen from these images, at 

relatively short times the latex nanoparticle behavior is similar to that of the VLPs, with 

adsorption limited to a thin layer at the bead surface. The overnight sample of latex 

particles shows more penetration into the resin beads compared with the 1-hour sample, 

however the penetration is still very limited and the bulk of the binding surface area 

inside the resin bead is not utilized.  
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54.6 µm 
(a) 

53.3 µm 

(b) 
65 µm 
(c) 

 

Figure 2.17. Representative equatorial CLSM images for batch adsorption of Rhodamine 

Red labeled 50 nm latex particles on POROS HS 50 after 1 h (a) and overnight (b). (c) 

shows the image of VLP adsorption on POROS HS 50 obtained previously (Fig. 2.14a) 

after 1 h of contact with the resin. 

2.3.6 VLPs Desorption from POROS HS 50 

Fig. 2.18 shows CLSM images of VLPs desorption from POROS HS 50 particles 

in both batch and high-flow conditions. POROS HS 50 particles had been equilibrated 

with a 0.3 mg/mL VLP solution for 24 h in the binding buffer (200 mM MOPS, 250 mM 

Sodium Citrate, pH 7.0). The particles were then immersed in the desorption buffer (50 

mM MOPS, 1250 mM NaCl, 5 mM Na3PO4, pH 7.0). Similar behavior can be observed 

for both cases. Initially, the VLPs are confined to a thin layer on the adsorbent particles 

surface. Desorption of VLPs layer can be observed within 2 min of exposure to the 

desorption buffer. However, desorption is obviously incomplete and the accumulated 

layer on the external surface of the absorbent particle still persists after 60 minutes. 
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Figure 2.18. Representative equatorial CLSM images for VLP desorption under (a) batch 

experiments and (b) 1000 cm/h flow condition. Different particles with diameter shown 

were imaged in (a). In (b) the particle diameter is 48 µm and the flow direction is from 

left to right.  

 

  

(a) Batch desorption of VLPs 

(b) Desorption of VLPs in flow cell at 1,000 cm/h 

Saturated  

Saturated, 70 µm 25 min, 59 µm 2 min, 69 µm 60 min, 60 µm 

30 min  2 min  60 min  
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2.4 Conclusion  

The resin used in this work, POROS HS 50, has a structure consistent with the 

description of perfusion chromatography: a bimodal distribution of pores including large 

open pores transecting a network of smaller pores present within microparticle aggregates 

around 500 nm in size. HETP measurements for model proteins (Lyo, IgG, Tg) and VLPs 

under non-binding conditions suggest that perfusion occurs with an intraparticle flow 

ratio F between 0.0005 and 0.0008. These small values indicate that for small proteins 

(e.g. Lyo), the effects of perfusion on chromatographic performance are negligible and 

only slight for larger proteins such as IgG even at 1000 cm/h flow velocity, shown as an 

approximately linear relationship in van Deemter plot. However, for very large proteins 

(e.g. Tg) and VLPs, the reduced HETP becomes independence of flow rate at higher 

reduced velocity, indicating the effects of perfusion become substantial or even dominant. 

Confocal microscopy images of protein adsorption under flow conditions also show 

different behaviors for model proteins and VLPs. The result of IgG shows fairly 

symmetrical intraparticle concentration profiles, which is consistent with classical 

shrinking core model, suggesting a pore diffusion controlled transport. For Tg, the 

intraparticle concentration profiles show asymmetry, skewing in the direction of flow, 

confirms the effects of perfusion for Tg under binding conditions. The profiles at 1000 

cm/h, for conditions that correspond to intraparticle Peclet numbers around 8 are 

quantitatively consistent with the model of Liapis et al. [12] confirming its approximate 

validity for practical conditions. In the case of VLPs, which are even larger in size than 

Tg, the effects of perfusion seem to vanish since the binding only occurs exclusively in a 

thin layer at the particle surface. Similar behavior is also observed for fluorescently 
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labeled latex nanoparticles of similar size with VLPs. The possible effects of fluorescent 

labeling on VLPs adsorption is excluded by post-adsorption labeling experiments of 

VLPs.  These results indicate that the bound VLPs block access to most through-pores 

preventing both diffusion and convection. The desorption of VLPs from POROS HS 50 

particles shows an rapid initial desorption within 2 min, however, little further desorption 

occurs afterwards and remaining bound VLPs can still be observed even after 60 min.  

2.5 List of Symbol 

!  extraparticle porosity 

M!  macropore porosity 

m!  micropore porosity 

p!  intraparticle porosity 

i!  fractional saturation for section i 

s!  nanoparticle density 

sat!  normalized position of the adsorption front in the particle 

p!  standard deviation of the particle size distribution 

M!  tortuosity factor in macroparticle pores 

m!  tortuosity factor in microparticle pores 

a  hydrodynamic dispersion factor 

C protein solution concentration (mg/mL) 

C0 initial protein solution concentration (mg/mL) 
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0D ! free solution diffusivity (cm2/s) 

eD ! effective diffusivity (cm2/s) 

e

~D  convection enhanced effective diffusivity (cm2/s) 

pd  particle diameter (cm) 

pd  volume-average particle diameter (cm) 

F  ratio of intraparticle and extraparticle flow velocities 

jf  volume fraction of particles of diameter jp,d  

HETP  height equivalent to the theoretical plate (cm) 

h  reduced HETP 

K  adsorption constant in Langmuir model (mL/g) 

DK  distribution coefficient 

MD,K  
size exclusion in the macroparticle pores 

mD,K  size exclusion in the microparticle pores 

'k  retention factor 

fk  external mass transfer coefficient (cm/s) 

L  column length (cm) 

P  pressure (Pa) 

ntraiPe  intraparticle Peclet number 

q  adsorbed phase protein concentration (mg/mL) 

mq  maximum adsorption capacity in Langmuir model (mg/mL) 
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mqq  fractional saturation of the particle 

mr  microsphere radius (nm) 

pr  particle radius (µm) 

Mpore,r  macropore radius (nm) 

mpore,r  micropore radius (nm) 

sr  molecular radium (nm) 

satr  radius of adsorption front (µm) 

t  time (s) 

u  superficial velocity (cm/s) 

columnV  column volume (mL) 

v  fluid velocity (cm/s) 

'v  reduced velocity (= 0p /Dvd ) 

2.6 References 

[1] Afeyan, N. B., Gordon, N. F., Mazsaroff, I., Varady, L., Fulton, S. P., Yang, Y. B., 

& Regnier, F. E. (1990). Flow-through particles for the high-performance liquid 

chromatographic separation of biomolecules: perfusion chromatography. J. 

Chromatogr., 519(1), 1-29. 

[2] Cook, J. C., Joyce, J. G., George, H. a, Schultz, L. D., Hurni, W. M., Jansen, K. U., 

Hepler, R. W., et al. (1999). Purification of virus-like particles of recombinant 

human papillomavirus type 11 major capsid protein L1 from Saccharomyces 

cerevisiae. Protein Express. Purif., 17(3), 477-84.  



!
!

72 

[3] Chen, X. S., Garcea, R. L., Goldberg, I., Casini, G., Harrison, S. C. (2000). 

Structure of small virus-like particles assembled from the L1 protein of human 

papillomavirus 16. Mol. cell, 5(3), 557-67.  

[4] Mach, H., Volkin, D. B., Troutman, R. D., Wang, B., Luo, Z., Jansen, K. U., Shi, 

L. (2006). Disassembly and reassembly of yeast-derived recombinant human 

papillomavirus virus-like particles (HPV VLPs). J. Pharm. Sci., 95(10), 2195–

2206.  

[5] Shi, L., Sanyal, G., Ni, A., Luo, Z., Doshna, S., Wang, B., Graham, T. L., et al. 

(2005). Stabilization of human papillomavirus virus-like particles by non-ionic 

surfactants. J. Pharm. Sci., 94(7), 1538-51.  

[6] McCoy, M., Kalghatgi, K., Regnier, F.E., Afeyan, N. (1996). Perfusion 

chromatography - Characterization of column packings for chromatography of 

proteins. J. Chromatogr. A, 743(1), 221-229. 

[7] Carta, G., Gregory, M.E., Kirwan, D.J., Massaldi, H.A. (1992). Chromatography 

with permeable supports: Theory and comparison with experiments. Sep. Technol., 

2(2), 62-72. 

[8] Frey, D.D., Schweinheim, E., Horváth, C. (1993). Effect of intraparticle 

convection on the chromatography of biomacromolecules. Biotechnol. Prog., 9(3), 

273-284. 

[9] Rodrigues, A.E., Chenou, C., De La Rendueles Vega, M. (1996). Protein 

separation by liquid chromatography using permeable POROS Q/M particles. 

Chem. Eng. J., 61(3), 191-201. 



!
!

73 

[10] Weaver Jr., L.E., Carta, G. (1996). Protein adsorption on cation exchangers: 

Comparison of macroporous and gel-composite media. Biotechnol. Prog., 12(3), 

342-355. 

[11] Pfeiffer, J.F., Chen, J.C., Hsu, J.T. (1996). Permeability of Gigaporous Particles. 

AIChE J., 42(4), 932-939. 

[12] Liapis, A.I., Xu, Y., Crosser, O.K., Tongta, A. (1995). "Perfusion 

chromatography". The effects of intra-particle convective velocity and 

microsphere size on column performance. J. Chromatogr. A, 702(1-2), 45-57. 

[13] Pérez-Almodóvar, E., Tao, Y., Carta, G. (2011). Protein adsorption and transport 

in cation exchangers with a rigid backbone matrix with and without polymeric 

surface extenders. Biotechnol. Prog. 27(5), 1264-72. 

[14] Tyn, M.T., Gusek, T.W. (1990). Prediction of diffusion coefficients of proteins. 

Biotechnol. Bioeng., 35(4), 327-338. 

[15] Carta, G., Jungbauer, A. (2010) Protein Chromatography: Process Development 

and Scale-Up, Wiley-VCH, Weinheim, Germany. 

[16] Hagel, L., Ostberg, M., Andersson, T. (1996). Apparent pore size distributions of 

chromatography media. J. Chromatogr. A, 743(1), 33-42.  

[17] Wypych, G. (2012)  Knovel Solvents – A Properties Database. ChemTec 

Publishing, New York, NY, USA. 

[18] Tao, Y., Almodovar, E. X. P., Carta, G., Ferreira, G., & Robbins, D. (2011). 

Adsorption kinetics of deamidated antibody variants on macroporous and dextran-

grafted cation exchangers. III. Microscopic studies. J. Chromatogr. A, 1218(44), 

8027-35.  



!
!

74 

[19] Yao, Y., Lenhoff, A.M. (2004). Determination of pore size distributions of porous 

chromatographic adsorbents by inverse size-exclusion chromatography. J. 

Chromatogr. A, 1037(1-2), 273-282. 

[20] Carta, G., Rodrigues, A.E. (1993). Diffusion and convection in chromatographic 

processes using permeable supports with a bidisperse pore structure. Chem. Eng. 

Sci., 48(23), 3927-3935. 

[21] Ruthven, D.M. (1984) Principles of Adsorption and Adsorption Processes. Wiley, 

New York, NY, USA. 

[22] Trilisky, E., Lenhoff, A., (2007). Sorption processes in ion-exchange 

chromatography of viruses.  J. Chromatogr. A, 1142, 7-12. 

[23] Etzel, M. R. Layered stacks, In Monolithic Materials; Preparation, Properties, and 

Allications, Svec, F., Tennikova, T. B., Deyl, Z., Eds.; Journal of Chromatography 

Library; Elsevier: Boston, 2003; 213 -234. 

! !



!
!

75 

Chapter 3  

Particle Size Effects on Protein and Virus-Like Particle 

Adsorption on Perfusion Chromatography Media 

3.1 Introduction 

As discussed in Chapter 1, the adsorption kinetics of large biomolecules in 

conventional stationary phases is controlled predominantly by intraparticle diffusion, due 

to the fact that their transport is restricted by diffusional hindrance when the molecular 

size approaches the size of the matrix pores [1]. Even when the matrix pore size greatly 

exceeds the molecular size, however, transport is still slow since the molecular diffusion 

coefficients of these molecules are small [2]. Perfusion chromatography was originally 

developed to overcome intraparticle diffusional limitations in chromatography columns 

through the use of adsorbent particles with a bimodal pore structure that allows 

convective, pressure driven flow within larger pores transecting the particle while 

retaining significant binding capacity within the smaller, diffusive pores, which are 

connected to the convective through-pores [3].  

A few models have been developed to predict the magnitude of intraparticle flow 

in such materials. The simplest one assumes that the ratio of intraparticle and extraparticle 

flows, F, is equal to the ratio of intraparticle and extraparticle hydraulic permeabilities. 

With reference to Fig. 1.3, the following relationship has been proposed based on the 

assumption that the particles can be represented as an assemblage of microparticles of 
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radius rm and that both intraparticle and extraparticle permeabilities can be expressed 

according to the Carman-Kozeny equation [4-8]: 
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where 
M!  and !  and are the intraparticle and extraparticle void fractions, respectively, 

and rp is the particle radius. The assumption that the microparticle radius is equal to three 

times the pore radius is often made, leading to [6, 7]: 
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where Mpore,r  is the macropores radius.  

A second, more complex model is that of Neale et al. [9] introduced by Carta et al. 

[10] to describe flow in perfusion chromatography media. This model uses the 

Happel free surface model [11] to describe flow in the extraparticle porosity of the 

chromatography column coupled with the Brinkmann extension of Darcy’s law [12] to 

describe intraparticle flow. In the general case, the Neale et al. model predicts a variable 

mobile phase velocity within the particle. In practice, however, since for actual perfusion 

chromatography media the intraparticle permeability is much smaller than the 

extraparticle permeability, the Neale et al. model predicts a nearly uniform intraparticle 

velocity whose magnitude agrees closely with that predicted by eq. 3.1 [10]. 

A theoretical model was developed by Carta et al. and Carta and Rodrigues for 

spherical particles based on the pulse response behavior of a chromatographic column 

under linear isotherm conditions. This model, given by the following equation, describes 
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the convection-enhanced transport through an enhanced effective diffusivity 
e

~D and an 

intraparticle Peclet number, 
epintra 3/ DFurPe =  [6, 10]: 
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where De is the effective diffusivity without effects of convection. At high values of 

Peintra, eq. 3.3 yields 
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~ p
e

Fur
D =  (3.4) 

which corresponds to conditions where intraparticle transport in the convective pores is 

completely convection controlled and independent of diffusion. A similar result, also 

based on the assumption that the adsorption isotherm is linear, has been obtained by 

Frey et al. [7] based on the Glueckauf linear driving force (LDF) approximation [13]. 

Liapis and McCoy [14] and Liapis et al. [15] obtained numerical solutions of the 

intraparticle convection-diffusion model of Carta et al. [10] for the Langmuir isotherm 

case for slab-shaped and spherical particles. For spherical particles under strong binding 

conditions, the calculations of Liapis et al. [15] show spherically asymmetrical 

intraparticle profiles that are increasingly skewed in the direction of flow at high Peintra. 

It should be noted that even though eq. 3 . 3 was developed for the linear isotherm 

case, the same expression can also be used to predict analytically breakthrough curves 

for a favorable isotherm using the LDF approximation by defining the rate coefficient as: 
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As shown by Carta [16], this equation yields results that are nearly coincident with those 

predicted by the numerical results of Liapis et al. for the full model indicating that the 

simpler LDF formulation is sufficient to explain the effects of the relevant and structural 

characteristics of the stationary phase. 

Regardless of the model used, it is evident that particle size is expected to have a 

large effect. If intraparticle convection is absent, 
ee

~ DD = , and eq. 3.5 predicts that, as is 

well known, the mass transfer rate varies in inverse proportion to the square of the 

particle size. On the other hand, if intraparticle convection is dominant, combining eqs. 

3.1 and 3.3, yields ppe

~ ruFurD !! , which results in a mass transfer rate that is 

expected to vary with the cube of the particle size. 

The overarching goal this part of the dissertation is to determine experimentally 

the effects of particle size on perfusion chromatography. There are four specific 

objectives. The first is to determine the structural characteristics of POROS HS 20, 

which has structure similar to that of POROS HS 50, but about one half the particle radius. 

The second is to obtain the HETP as a function of flow rate for different proteins and a 

VLP under non-binding conditions and, thus, elucidate transport in the absence of 

binding. The third is to determine the intraparticle adsorbed concentration profiles during 

transient adsorption of proteins and VLPs on POROS HS 20 using CLSM and, thus, 

elucidate transport under binding conditions. The final objective is to compare the 

experimental results to available models to determine their ability to predict performance 

for actual systems. 
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3.2 Materials and Methods 

3.2.1 Materials 

The resin used in this work, POROS HS 20, was obtained from Applied 

Biosystems (Life Technologies Corporation, Grand Island, NY, USA). According to the 

supplier, POROS HS 20 has the same structure as POROS HS 50, but smaller particle 

size. Both materials are based on a poly(styrene-divinylbenzene) backbone functionalized 

with sulfopropyl cation exchange groups. The particle size distribution was obtained from 

taking microphotographs of POROS HS 20 particles suspended in aqueous solution and 

the images were analyzed by Image J. The volume-average particle diameter pd  and 

standard deviation p!  of the particle size distribution were then calculated from the 

following equations: 
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where jf  is the volume fraction of particles of diameter jp,d . The particle size 

distribution of was found, as shown in Fig. 3.1, to span the range from 12 to 36 (m. The 

volume-average particle diameter is 23 (m, about one half the volume-average particle 

diameter of the POROS HS 50 sample used in Chapter 2 (Fig. 2.3). 
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Figure 3.1. (a) Representative microphotographs of POROS HS 20 sample at 100 X 

magnification; (b) particle size distributions for POROS HS 20 sample. 
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The proteins and VLPs used are also the same as those described in Section 2.2.1 

and are chicken egg white lysozyme (Lyo, Mr ~ 15 kDa, pI ~ 11), a monoclonal antibody 

(IgG, Mr ~ 150 kDa, pI ~ 8.6) available in our laboratory, and bovine thyroglobulin (Tg, 

Mr ~ 690 kDa, pI ~ 5). Both Lyo and Tg were obtained from Sigma Chemical Co. (St. 

Louis, MO, USA). The molecular mass of the mAb is determined by non-reducing SDS-

PAGE and was characterized by size-exclusion chromatography (SEC) using a Superdex 

200 size-exclusion column (10"200 mm) obtained from GE Healthcare and the purity of 

the sample was determined as >99% monomer. VLPs of recombinant human 

papillomavirus (HPV) Type 11 capsid protein L1 were provided by Merck & Co., Inc. 

(West Point, NJ, USA). All other chemicals were purchased from Fisher Scientific 

(Pittsburgh, PA, USA). The non-ionic surfactant Polysorbate 80 (PS-80, obtained from 

Amresco, Solon, OH, USA) was added to the VLP solutions at the 0.015 wt% level to 

improve stability [17]. These solutions remained stable for several days at 4 °C and for at 

least 1 day at room temperature. 

3.2.2 Methods  

The methods used in this work are essentially the same as those previously 

described in Section 2.2.2 and are described here only succinctly. The resin charge 

density was determined by frontal analysis. For this purpose, a 1-mL column packed with 

the resin sample was first equilibrated with 50 mM sodium acetate at pH 5.0 and then 

subjected to a step change to arginine acetate at pH 5.0. The ensuing arginine 

breakthrough curve, monitored by following the UV absorbance, was used to calculate 

the charge density by material balance. Since the arginine-sodium exchange is favorable 

for these conditions, a sharp breakthrough curve is obtained resulting in a precise 



!
!

82 

determination of the resin charge density [18]. Fig. 3.2 shows the arginine-sodium 

exchange curves for POROS HS 20 and POROS HS 50. The resulting values of the 

charge density were 71 and 135 (equiv/mL of packed bed for POROS HS 20 and POROS 

HS 50, respectively.  

 

Figure 3.2. Arginine-sodium exchange curves for POROS HS 20 and POROS HS 50. 

The internal structure of the resin was determined by transmission electron 

microscopy (TEM). POROS HS 20 particles were first dehydrated with water-ethanol 

mixtures increasing from 0 to 100% ethanol and then embedded in LRWhite resin 

(London Resin Company, London, UK), by first saturating them with a 50:50 (v/v) 

mixture of ethanol and LRWhite and then with 100% LRWhite. After curing overnight at 

45 °C, the embedded samples were sectioned with an ultramicrotome to produce 80 nm 

slices, which were then imaged with a Jeol 100 CX transmission electron microscope. 
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Inverse size exclusion chromatography (iSEC) was used to determine the 

accessible intraparticle volume and the apparent pore size using as probes glucose and 

dextran samples with molecular mass between 4 and 2,000 kDa, obtained from Spectrum 

Chemical Manufacturing Co. (Gardena, CA, USA). A packed column with a 0.5 cm 

diameter and 5 cm column length was used for this purpose. The experiment was 

conducted at a flow rate of 0.5 mL/min (150 cm/h) with a mobile phase consisting of 1 M 

NaCl in 10 mM Na2HPO4 at pH 7.0. 10–20 "L injections of each probe were made with a 

Waters HPLC system. The same measurements were made with proteins and VLPs 

samples, with a mobile phase consisting of 1.5 M NaCl in 10 mM Na2HPO4 at pH 7.0. 

The first moment of each peak, ", was obtained by calculating the apparent first moment 

and subtracting from it the first moment obtained without the resin using the columns 

with inlet and outlet plungers pushed together. The extraparticle porosity, ) = 0.326, of 

the column used for these measurements was obtained using the Carman-Kozeny 

equation [19] based on the linear pressure-flow curve observed for this column.  

Isocratic pulse response experiments were conducted under nonbinding conditions 

(1 M NaCl for Lyo, IgG and Tg, and 1.5 M NaCl for the VLPs) to determine pore 

accessibility by proteins and VLPs and to determine the HETP as a function of mobile 

phase velocity. These measurements were made with the same column used for iSEC at 

flow rates between 0.2 to 4 ml/min corresponding to mobile phase superficial velocities 

between 60 and 1200 cm/h. The ensuing peaks were analyzed by the moment method as 

discussed by Carta and Jungbauer [1] as described in detail in Section 2.2.2 by eqs. 2.5-

2.7.  
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The protein adsorption capacity was determined from batch experiments using a 

material balance based on the residual protein concentrations in solutions contacted with 

resin samples for 24 hours. The density of the hydrated resin particles, determined with a 

picnometer to be 1.05 g/mL, was used to convert the amount of protein adsorbed from a 

mass basis to units of mg per mL of hydrated particle volume. Breakthrough curves, 

obtained with 1-mL packed columns (0.5 cm diameter " 5 cm long) at a velocity of 300 

cm/h, were used to confirm the batch capacity values by determining the area under the 

breakthrough curve. Protein solutions were prepared in aqueous buffers containing 20 

mM CH3COONa at pH 5.0 for IgG and Tg. 

Confocal laser scanning microscopy (CLSM) was used to determine the 

intraparticle concentration profiles of adsorbed IgG, Tg, and VLPs using samples labeled 

with Rhodamine RedTM-X dye obtained from Invitrogen Corporation (Carlsbad, CA, 

USA) as described in Section 2.2.2 and [20]. Batch measurements were made by 

suspending the particles in an agitated protein solution, withdrawing samples with a 

pipette from the solution at set time intervals, and rapidly removing the solution removed 

together with the particles by spinning the samples in a microcentrifuge filer tube. Since 

the POROS HS 20 particles are opaque in aqueous solution, as was the case for POROS 

HS 50, the CLSM images were collected after rapidly immersing the particles in benzyl 

alcohol. Since benzyl alcohol matches approximately the refractive index of the resin 

backbone, the particles become sufficiently transparent to allow collect of fluorescence 

emitted throughout the beads. CLSM images under flow condition were collected using 

the flow cell described in detail in Section 2.2.2. For this purpose, the particles were 

inserted in 50 um capillaries with a square section (Polymicro Technologies, Phoenix, AZ, 
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USA). The capillaries were first fed with the protein solution for a set period of time and 

then rapidly flushed with benzyl alcohol prior to imaging. Optical sections of the resin 

beads were collected in 2 (m z-increments and analyzed using LSM Image Examiner 

software (Carl Zeiss MicroImaging, LLC, Thornwood, New York, NY, USA). A new 

capillary was used for each successive measurement to assure that the benzyl alcohol did 

not alter the resin structure. 

3.3 Results and Discussion 

3.3.1 Resin Structure 

Figure 3.3 shows side-by-side representative TEMs of POROS HS 20 and POROS 

HS 50 particles at two different magnifications. The lighter gray areas are the acrylic resin 

used to embed the particles while the darker areas are the POROS backbone. White spots 

visible in the images are artifacts caused by incomplete infiltration and/or sectioning. The 

structure appears to be essentially the same for both samples. At low magnification (Fig. 

3.3a and b), a distribution of pore sizes is visible in both materials. At higher 

magnification (Fig. 3.3c and d), the microgranular structure of these materials becomes 

evident for both samples which appear to consist of 100–200 nm granules forming 

microparticle aggregates that are 500 to 1000 nm in diameter. It is clear that both large 

pores, which appear to transect the particles, and smaller pores, which are located within 

the microparticle aggregates, are present in both resins. 
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(a) POROS HS 20 (b) POROS HS 50 

(c) POROS HS 20 (d) POROS HS 50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. TEM images of POROS HS 20 (a and c) and POROS HS 50 (b and d) at 5 K 

and 20 K magnifications.  
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Figure 3.4 shows the isocratic elution peaks for dextrans and unretained proteins 

and VLPs obtained for non-binding conditions. The column extraparticle void fraction is 

represented by the vertical dashed line. In terms of elution volumes, these results are very 

similar to those obtained previously for POROS HS 50 (Fig. 2.5). Glucose elutes at about 

0.7 CV and dextran with 2,000 kD molecular mass eluting as a broad, skewed peak 

between 0.2 and 1.2 CV. The results indicate that for both materials, while glucose gains 

access a large fraction of the intraparticle volume, the dextrans are excluded to an 

increasing extent as their molecular mass increases. As seen in Fig. 3.4b, the proteins are 

also partially excluded, eluting earlier as the molecular mass increases, while the VLPs 

are eluted in a manner similar to the 2,000 kD dextran. KD-values calculated from these 

data as described in Section 2.3.1 by the following equations: 

 ( ) mD,mMMD,MD 1 KKK !!! "+=  (3.8) 

where M!  and m!  are the macropore and micropore porosities, respectively, and 
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are the distribution coefficients for partitioning in the macropores and microprores, 

respectively. Fig. 3.5 shows KD-values as a function of hydrodynamic radius together 

with the data obtained previously chapter for POROS HS 50. For both materials, KD 

initially decreases rapidly as rs increases, but then declines much more gradually for rs > 
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10 nm. The KD-data to a bimodal pore size distribution with radii rpore,M and rpore,m are 

fitted using eq. 3.8-3.10. Table 3.1 summarizes the fitted values in comparison to those 

obtained previously for POROS HS 50. Obviously, the values are very similar confirming 

that the two resin samples have nearly the same structure. 

 

Figure 3.4. Representative iSEC chromatograms for a POROS HS 20 column of (a) 

dextran and (b) protein and VLP samples under non-binding conditions. The mobile 

phase velocity is 150 cm/h. 
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Figure 3.5. KD-values determined from iSEC for POROS HS 20 and POROS HS 50 vs. 

probe hydrodynamic radius. The lines are based on eq.3.8 with parameters from Table 3.1.  

 

Table 3.1. Porosities and pore sizes determined from iSEC. 

 POROS HS 20 POROS HS 50 

p!  0.58 0.60 

M!  0.27 0.32 

m!  0.43 0.41 

Mpore,r  (nm) 550 ± 15 470 ± 10 

mpore,r  (nm) 11 ± 4 11 ± 4 
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3.3.2 HETP for Non-Binding Conditions 

Figure 3.6 shows the reduced HETP (h=HETP/dp) versus reduced velocity (v' = 

vdp /D0) obtained for non-binding conditions for all three proteins and the VLPs for 

POROS HS 20 in comparison with previous data for POROS HS 50. For both resins, the 

actual mobile phase velocities cover the same range from 60 to 1200 cm/h, but, for each 

solute, the data are shifted toward smaller v’ values for POROS HS 20 because of the 

smaller particle diameter. Note that the four graphs are shown on the same vertical scale 

but over different ranges of v’ according to the different values of D0. For Lyo (Fig. 3.6a), 

the data follow straight lines, indicating essentially complete dominance of diffusion for 

both resin samples. Increasingly distinct plateaus are observed, however, for IgG, Tg, and 

the VLP with the transition from linear to constant HETP occurring at lower v’ values for 

POROS HS 20 compared to POROS HS 50 and for IgG compared to the larger Tg and 

VLP. 

As described in Section 2.3.2, the following equation adapted from ref. [6] was 

used to fit the HETP data: 

   (3.11) 

which describes the effects of perfusion for a column packed with particles with radius rp, 

which, in turn, are composed of microparticles of radius rm containing diffusive pores. 

Since, based on the TEMs, rm is on the order of 0.5 (m, (rm/rp) << 1 , making the second 

term in brackets of eq. 3.11 negligibly small, which reduces eq. 3.11 to the following 

equation: 

'
r

1
~'1

'
130

1
2

p

m

M

m
2

e

e

MD,M

M
2

vr
b
b

D
D

Kk
kah

!
!

"

#

$
$

%

&

'
'
(

)
*
*
+

,-
+'

(

)
*
+

,
+-

+=
.
.

/
.

/
/



!
!

91 

 '~'1
'

130
1

e

e

MD,M

M

2

p

v
D
D

Kk
ka

d
HETPh

!
"

!
!

#
$

%
&
'

(
+)

+==  (3.12) 

Since the ratio ee

~/DD  is theoretically described by eq. 3.3, the only fitting parameters 

are the intraparticle flow fraction, F, and the macropore tortuosity factor, $M. Table 3.2 

gives a summary of the values of these parameters determined by fitting eq. 3.11 to the 

HETP data. Calculated curves are shown in Fig. 3.6. As seen from Table 3.2, similar 

values of $M are obtained for the two resins, averaging 3.1 and 2.4 for POROS HS 20 and 

50, respectively, consistent with their similar structure. However, much higher values of 

F, averaging 0.0018, are obtained for POROS HS 20 compared to POROS HS 50, for 

which the average F-value is 0.00063. According to eq. 3.1, F is dependent on the 

extraparticle and intraparticle porosities and on the microparticle radius, rm. Since ! and 

!M are known for each resin from the iSEC data, eq. 3.1 can be used to calculate what 

values of rm are consistent with the regressed values of F. The resulting values of rm are 

0.68 and 0.65 (m for POROS HS 20 and POROS HS 50, respectively. Since these values 

are nearly the same for both resins and are roughly consistent with the TEMs, it appears 

that eq. 3.1 can indeed be used to predict the effects of particle size. Note that the ratio of 

F-values for the two resins is about 2.9, which is less than the ratio of the square of the 

particle diameters. The difference is caused by the different values of !M, which are 0.27 

and 0.32 for POROS HS 20 and POROS HS 50, respectively. Although this difference is 

only about 19%, the effect of !M on F is very strong according to eq. 3.1 resulting in a 

substantially lower value of F for POROS HS 20. 
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Figure 3.6. Reduced HETP vs. reduced velocity for proteins and VLPs under non-binding 

conditions. Solid symbols are for POROS HS 20. Open symbols are for POROS HS 50 

and are from Section 2.3.2. Lines are based on eq. 8 with parameters from Tables 3.1 and 

3.2. 
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Table 3.2. Parameters for perfusion model based on HETP data according to eq. 3.11 

with a = 4 and b = 0. 

 POROS HS 20 POROS HS 50 

 $M F $M F 
Lyo 1.4 No effect 1.9 No effect 
IgG 3.3 0.0022 2.1 0.00050 
Tg 4.5 0.0017 3.4 0.00082 
VLP 3.0 0.0016 2.0 0.00058 
Average 3.1 0.0018 2.4 0.00063 

 

3.3.3 Protein Adsorption Equilibrium and Kinetics 

Figure 3.7 shows the adsorption isotherms for IgG on both POROS resins. Both 

resins exhibit sharp isotherms for these conditions. However, despite the fact that the 

matrix structures is very similar, the binding capacity is about 26% lower for POROS HS 

20 compared to POROS HS 50, likely as a result of the lower charge density of POROS 

HS 20 (see Section 3.2.2). In both cases, the data are described approximately by the 

Langmuir isotherm, ( )KCKCqq += 1m , with qm = 105 ± 2 mg/mL and K = 96 ± 20 

mL/mg for POROS HS 20 and qm = 143 ± 3 mg/mL and K = 120 ± 60 mL/mg for 

POROS HS 50. 
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Figure 3.7. Adsorption isotherms for IgG on POROS HS 20 and POROS HS 50 in 20 

mM sodium acetate at pH 5.0. Lines are the Langmuir isotherm q = qmKC/(1 + KC) 

where K is the equilibrium constant. Open symbols are batch data. Solid symbols are 

based on breakthrough experiments conducted with 1-mL columns at a 1 min residence 

time.  
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Figure 3.8 shows representative CLSM images of the progress IgG adsorption on 

POROS HS 20 over time under both batch and flow conditions at 1000 cm/h. For 

comparison purposes, an image of IgG adsorption on POROS HS 50 is included for the 

same conditions of the POROS HS 20 experiments. For batch adsorption (Fig. 3.8a), the 

CLSM images show fairly sharp and relatively symmetrical adsorption fronts consistent 

with the shrinking core model [21] indicating diffusion dominated mass transfer. For 

these conditions, the normalized position of the adsorption front in the particle, 

psatsat / rr=! , is related to time by the following equation [22]:  

 ( ) t
rq
CDf 2
pm

0e2
sat

3
satsat

6132 =+!= """  (3.13) 

where C0 is protein solution concentration, t is time and qm the binding capacity. Fig. 3.9 

shows the IgG batch adsorption data plotted according to eq. 3.13 as ( )sat!f  vs. 

2
pm0 / rqtC . The slope of the ensuing straight line yields an effective pore diffusivity De = 

(3.1 ± 0.1) "10&8 cm2/s. This value is similar in magnitude to that obtained for the same 

conditions in Section 2.3.3 for POROS HS 50, De = (2.5 ± 0.1) "10&8 cm2/s, indicating 

that diffusional transport of IgG occurs at similar rates in the two resins. The tortuosity 

factor POROS HS 20, calculated as e0MD,MM DDK!" = , is 3.4 ± 0.1, which is consistent 

with the value determined for non-binding conditions, indicating that diffusional transport 

in this resin is not affected by protein binding. 
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Figure 3.8. CLSM images for the adsorption of 2 mg/mL IgG in 20 mM sodium acetate 

at pH 5.0 on POROS HS 20 under (a) batch adsorption conditions and (b) flow condition 

at 1000 cm/hr. The two panels on the right hand side are for POROS HS 50 in Section 

2.3.3 at 2 mg/mL IgG (a) and 1 mg/mL IgG (b) under conditions otherwise identical to 

the POROS HS 20 data. Flow in b is from left to right. 

(a) Batch adsorption of 2 mg/mL IgG on POROS HS 20       
0.5 min, dp=23 µm  

8 min 

(b) Adsorption of 2 mg/mL IgG on POROS HS 20 in flow cell at 1000 cm/h   

5 min, dp=24 µm  2 min, dp=23 µm  

1 min, dp=33 µm  3 min, dp=28 µm  2 min, dp=34 µm  

30 min, dp=57 µm  

POROS HS 50       

70 min, dp=60 µm  

POROS HS 50       
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Figure 3.9. Plot of dimensionless position of adsorption front vs. reduced time according 

to eq. 11 for batch adsorption of 2 mg/mL IgG in 20 mM sodium acetate at pH 5.0 on 

POROS HS 20 based on CLSM images. 

For flow conditions (Fig. 3.8b), the adsorption front in POROS HS 20 is clearly 

asymmetrical and stretched in the direction of flow. The overall rate also appears to be 

much faster than for the batch measurements, with the particles achieving saturation in 

less than 3 min. By comparison, as seen from the right-hand side panels of Fig. 3.8, the 

effects of flow on the adsorption kinetics are very small for POROS HS 50. In this case, 

the adsorption front is nearly symmetrical under both conditions and propagates at the 

same rate when the different IgG concentration used in the two experiments (2 mg/mL in 

the batch measurement and 1 mg/mL under flow) is accounted for. 
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In order to quantitatively determine the adsorption rate under flow, the fractional 

saturation of POROS HS 20 particles loaded with IgG under flow was obtained by 

averaging the degree of saturation of optical sections of the same particle at 4 (m 

intervals along the z-axis perpendicular to the field of view and to the direction of flow. 

The fraction of area saturated with IgG for each section, i! , was determined graphically 

using the same method as described in detail in Section 2.2.3. The fractional!saturation of 

the particle was then calculated by averaging across the particle diameter according to the 

following equation: 

 zr
rq

q
!= " 2
ip,

i
i3

pm 4
3

#   (3.14) 

where #z the section thickness. 

Figure 3.10 shows the z-stacks for two different POROS HS 20 particles exposed 

to 2 mg/mL IgG for 2 min at 1000 cm/h. Due to fluorescence attenuation effects, the 

intensity of the fluorescence decreases somewhat from the bottom (closer to the 

microscope objective lens) to the top (farthest form the objective lens) of the particle. 

Nonetheless, it is evident that sections near both bottom and top of the particle (i.e. at low 

and high z-values) are nearly completely saturated, while those near the particle center 

show asymmetrically distributed degree of saturation. These results are qualitatively 

consistent with the patterns predicted by the theoretical model of Liapis et al. [16] at high 

values of Peintra, as well as with the results for the adsorption of the slower-diffusing Tg 

on POROS HS 50 shown in Fig. 2.12. By setting 3
satm 1 !"=qq , the following equation 

derived from eq. 3.13 was used to calculate the convection-enhanced effective diffusivity 

e

~D  for each particle:  
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The resulting values for the two particles are 6.9 " 10-8 and 7.1 " 10-8 cm2/s, respectively. 

Since, in the absence of flow, De = 3.1 " 10&8 cm2/s, the ratios ee

~ DD  for the two 

particles are 2.2 and 2.3, respectively. Based on the HETP measurements, F is on the 

order of 0.0018, which 1000 cm/h yields values of Peintra of 8.6 and 7.5, respectively. In 

turn with these values of Peintra eq. 3.3 gives ee

~ DD = 3.3 and 2.9, respectively, for the 

two particles. Considering the fact that the particles in the capillary are only a rough 

approximation of the flow conditions in the actual packed column experimental and 

predicted values of ee

~ DD  are reasonably close to the experimental values, consistent 

with mass transfer rates that are 2 to 3 times higher under flow than those observed under 

no-flow conditions.  
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Figure 3.10. CLSM images of representative sections of two different POROS HS 20 

particles exposed to 2 mg/mL IgG for 2 min in the flow cell at 1000 cm/h. The sections 

shown are located at vertical distances of 3, 7, 16, 22 and 28 µm for the 32 µm particle (a) 

and at vertical distances of 3, 7, 13, 19 and 25 µm for the 28 µm particle (b) from the 

bottom of each particle. In both cases, distances are given from the particle top (left) to 

the bottom (right). Flow is from left to right. 

3.3.4 VLP Adsorption  

Figure 3.11 shows CLSM images for the adsorption of VLPs on POROS HS 20 

particles in both batch and flow conditions. Representative images, based on results from 

Section 2.3.3 at a 2-hour contact time are also shown for POROS HS 50. Both cases 

show similar results with adsorption apparently confined to a thin shell, 1–2 (m thick, 

on the outer surface of the beads. Thus, it appears that the bound VLPs block access to 

the through-pores. The depth of penetration of the bound VLPs is similar in magnitude 

for POROS HS 20 and POROS HS 50. Because of the spherical geometry, a relatively 

large fraction of the binding capacity resides near the outer edge of the beads. For 

(a) 32 µm bead 

(b) 28µm bead 
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example, although a 1-(m surface layer of bound VLPs is only 9% of the particle radius; 

this value corresponds to about 24% of the potential binding capacity. Thus, POROS HS 

20, as a result of its smaller size, is expected to have a greater VLP binding capacity on a 

volumetric basis. The higher relative surface roughness of the POROS HS 20 beads, seen 

in the TEM images, may also contribute to this result. Nevertheless, it is evident that 

matrices with even larger pores would be needed to allow transport and adsorption of 

these VLPs throughout the particle volume. 

  



!
!

102 

!

!

!

 

 

 

 

 

 

 

 

Figure 3.11. CLSM images for the adsorption of 0.3 mg/mL VLPs in 200 mM MOPS 

and 250 mM citrate buffer at pH 7 on POROS HS 20 under (a) batch adsorption 

conditions and (b) flow condition at 1000 cm/hr. The two panels on the right hand side 

are for POROS HS 50 under conditions otherwise identical to the POROS HS 20 data and 

are both from Section 2.3.3. Flow in b is from left to right. 

3.4 Conclusions  

The particle size has a strong effect of protein and VLP transport in perfusion 

chromatography media for non-binding conditions. For these conditions, comparison of 

POROS HS 20, with a 23 (m average particle diameter and POROS HS 50, with a 52 (m 

particle diameter, shows a much stronger effect of intraparticle convection on the HETP 

for the latter, with the POROS HS 20 HETP becoming independent of flow rate and, thus, 

15 min, dp=23 
µm  

90 min, dp=28 
µm  

12 h, dp=29 µm  

(a) Batch adsorption of 0.3 mg/mL VLPs on POROS HS 20    

2 h, dp=66 
µm  

POROS HS 50    

(b) Adsorption of 0.3 mg/mL VLPs on POROS HS 20 in flow cell 
at 1000 cm/h       
15 min, dp=23 
µm  

30 min, dp=24 
µm  

1 h, dp=25 
µ

2 h, dp=63 µm  

POROS HS 50      
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convection dominated at reduced velocities of only about 6000. Much higher reduced 

velocities, around 15,000, are needed for POROS HS 50 to attain a dominance of 

intraparticle convections. The intraparticle concentration profiles obtained by CLSM for 

the adsorption of IgG on POROS HS 20 show a large effect of flow. At 1000 cm/h, as a 

result of intraparticle convection, the intraparticle concentration profiles become 

asymmetrical and skewed in the direction of flow as predicted by the theoretical model of 

Liapis et al. [15]. By comparison, POROS HS 50 shows nearly symmetrical adsorbed 

concentration profiles for the same protein both for conditions of no flow and at a flow 

rate of 1000 cm/h as a result of the larger particle size. Qualitatively similar results are 

obtained, however, for the VLPs, independent of particle size. For both POROS HS 20 

and POROS HS 50, VLP adsorption is restricted to a thin layer near the particle surface, 

whose thickness is on the same order of magnitude as the size of the microparticles that 

make up the resin beads, likely as a result of pore blocking by the bound VLPs. In this 

case, one advantage of the smaller particles is that the VLP binding capacity is likely 

larger since the adsorbed layer, while nearly the same in thickness occupies a greater 

fraction of the particle volume. From a quantitative viewpoint, eq. 3.1 appears to be 

adequate for predicting the intraparticle flow ratio. In order to make quantitative 

predictions, however, it is necessary to establish a value of the microparticle size, rm, 

which is consistent with the chromatographic behavior. Once this is determined, the 

effects of particle size are predicted by eq. 3.1 using empirically determined porosity 

values. As shown in this work for IgG, the same value of F, obtained for non-binding 

conditions can be used to predict transport rates under flow for conditions where the 



!
!

104 

protein is bound using a convection enhanced effective diffusivity, e

~D , calculated 

according to eq. 1.3. 

3.5 List of Symbol 

!  extraparticle porosity 

M!  macropore porosity 

m!  micropore porosity 

p!  intraparticle porosity 

i!  fractional saturation for section i 

sat!  normalized position of the adsorption front in the particle 

p!  standard deviation of the particle size distribution 

M!  tortuosity factor in macroparticle pores 

m!  tortuosity factor in microparticle pores 

a  hydrodynamic dispersion factor 

C protein solution concentration (mg/mL) 

C0 initial protein solution concentration (mg/mL) 

0D ! free solution diffusivity (cm2/s) 

eD ! effective diffusivity (cm2/s) 

e

~D  convection enhanced effective diffusivity (cm2/s) 

pd  particle diameter (cm) 



!
!

105 

pd  volume-average particle diameter (cm) 

F  ratio of intraparticle and extraparticle flow velocities 

jf  volume fraction of particles of diameter jp,d  

HETP  height equivalent to the theoretical plate (cm) 

h  reduced HETP 

K  adsorption constant in Langmuir model (mL/g) 

DK  distribution coefficient 

MD,K  
size exclusion in the macroparticle pores 

mD,K  size exclusion in the microparticle pores 

k  rate coefficient for LDF model (s-1) 

'k  retention factor 

L  column length (cm) 

ntraiPe  intraparticle Peclet number 

q  adsorbed phase protein concentration (mg/mL) 

mq  maximum adsorption capacity in Langmuir model (mg/mL) 

mqq  fractional saturation of the particle 

mr  microsphere radius (nm) 

pr  particle radius (µm) 

Mporer ,  macropore radius (nm) 

mporer ,  micropore radius (nm) 
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sr  molecular radius (nm) 

satr  radius of adsorption front (µm) 

t  time (s) 

u  superficial velocity (cm/s) 

columnV  column volume (mL) 

v  fluid velocity (cm/s) 

'v  reduced velocity (= 0p /Dvd ) 
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Chapter 4 

Proteins and Virus-like Particle Adsorption and Recovery on 

Monolithic Columns and Recovery Properties on Perfusion 

Media 

4.1 Introduction 

Convective chromatographic stationary phases can be classified into two 

categories: perfusion chromatography media and monoliths [1]. Both stationary phases 

are designed to enhance the column efficiency and overcome the mass transfer resistance 

of large biomolecules by providing convective flow in large through pores or channels. In 

perfusion media only a small fraction of the mobile phase flows in the intraparticle pores, 

while in monoliths, all of the mobile phase flows within the matrix pores. Several 

analytical and process applications of perfusion chromatography media have been 

reported for proteins [2-7], plasmids [8], as well as for the capture step in a commercial 

process used to purify VLPs of recombinant HPV Type 11 major capsid protein L1 

described by Cook et al. [9]. POROS HS 50, a strong cation exchanger designed for 

perfusion chromatography is employed in this process, where the VLPs are loaded onto a 

POROS HS 50 chromatography column and eluted with a salt gradient. It has been 

postulated that the convective pores are accessible to the VLPs thereby allowing VLP 

binding to occur throughout the beads. However, isocratic pulse response experiments 

and confocal laser scanning microscopy (CLSM) results in Chapter 2 show that although 

significant enhancement provided by convective transport can be observed for VLPs on 
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POROS HS 50 column under non-binding conditions, the adsorption of VLPs on POROS 

HS 50 beads was restricted to a thin superficial layer on the bead surface. Although the 

size of the macropores in POROS HS 50 beads may be large enough to accommodate 

VLPs with a 50 nm molecular radius, the bound VLPs on the pore surface appear to block 

the macropores (Fig. 2.16) and prevent the additional VLPs from reaching the particle 

core.  

Monoliths are generally considered not favorable for the purification of smaller 

proteins when compared to porous particles due to their much smaller binding surface 

area caused by their larger pore size, and because the relatively fast diffusional transport 

of such proteins in porous media is not severely hindered [10]. However, as shown in 

Chapter 2 and 3, transport of biomolecules with very large size in conventional porous 

media or even in perfusion chromatography matrices is slow and severely hindered. 

Monoliths, on the other hand, provide large flow channels (2-5 µm in diameter [1]) that 

allow convective flow of the mobile phase through the whole matrix, as well as smaller 

pores inside the skeleton structure [11-13]. Silica monoliths are composed of a porous 

silica network and are typically employed in the separation of small organic compounds 

[14]. Polymer-based monoliths, prepared by different polymerization methods, have 

broader size distribution of the flow channels compared to silica monolith [15], and are 

used widely in the separation of large biomolecules and even cells [16-20]. Several 

studies have shown that no significant diffusional transport resistances exist for large 

molecular weight compounds in polymer based monoliths columns even at high flow 

rates, indicating that the performance of monoliths columns is generally independent of 

molecular size [21]. Thus, although the binding capacities are much smaller for proteins 
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due to smaller surface areas, monoliths have become a very useful tool for processing 

large biomolecules such as plasmid DNA and viruses because of the absence of mass 

transfer limitations. Monoliths columns operated under axial and radial flow conditions 

have been developed. The latter design has been chosen for the purpose of maintaining 

high volumetric flow rate with relatively low pressure, allowing higher speed of operation 

and lower column height comparing with axial flow columns with the same column 

volume [22, 23].  

However, due to the random nature of the monolith pore network, the possible 

existence of dead-end or constricted pores within the structure is a potential disadvantage 

for polymer monolith columns. Such pores may affect product recovery as the adsorbate 

molecules can become trapped in the flow channels. For example, Rupar et al. [24] found 

that the recovery in the purification of Potato virus Y using monolith columns was only 

around 50%. Additionally, severe spatial heterogeneity in porosity and pore size may lead 

to uneven flow and, thus, poor chromatographic performance.  

The objective of this work is three fold: (1) to determine the structural 

characteristics of a radial-flow monolith column; (2) to determine band broadening effects 

for proteins and VLPs on the monolith column under both non-binding and strong binding 

conditions and compare them with those seen for with POROS HS particles; and (3) to 

determine the adsorption and recovery properties of proteins and VLPs on the monolith 

column and compare them with those of POROS HS particles. 
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4.2. Materials and Methods 

4.2.1 Materials 

The resins used in this work, POROS HS 50 and POROS HS 20, are the same 

with those used in Chapter 2 and 3, and were purchased from Applied Biosystems (Life 

Technologies Corporation, Grand Island, NY). According to the manufacturer, both 

POROS HS particles are composed of a poly(styrene-divinylbenzene) backbone 

functionalized with strong cation exchange groups. The interior pore structure has a 

bimodal pore size distribution for both with smaller pores less than 50 nm and large pores 

up to 1,000 nm in diameter. The average particle diameters of the two resin samples are 

52 and 23 (m, respectively, with a range of sizes from 35 to 75 and 15 to 33 (m, for 

POROS HS 50 and POROS HS 20, respectively (Fig. 2.3 and 3.1).  

 “Convective Interaction Media” (CIM) SO3-1 and QA-1 tube monolith columns 

were obtained from BIA Separation (Villach, Austria). This SO3-1 monolith is a strong 

cation exchanger, consisting of a sulfonyl-functionalized polymeric backbone while the 

QA-1 monolith is an anion exchanger based on quaternary ammonium ion functionality. 

Both monoliths are shaped as a hollow cylinder and are contained in a polypropylene 

housing which allows the mobile phase to run in a radial direction, from the outer to the 

inner surface. A schematic of the CIM SO3-1 column is shown in Fig. 4.1. The outer and 

inner diameters of the monolith used in this work are 18.6 and 6.7 mm, respectively, and 

its length is 4.2 mm; the total bed volume is 1 mL. According to the monolith 

manufacturer, the porosity, !, and the specific surface area, A, of the monolith, determined 

by mercury intrusion porosimetry, are 0.63 and 8.49 m2/g, respectively.  
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Figure 4.1. Schematic and flow distribution in CIM SO3-1 tube monolith column [25]. 

Proteins and VLPs used in this work are the same with those described in the 

previous chapters. Chicken egg white lysozyme (Lyo) and bovine thyroglobulin (Tg) are 

obtained from Sigma Chemical Co. (St. Louis, MO) and used as received. A monoclonal 

antibody (IgG) with pI 8.6, was purified to >99% monomer with a GE Healthcare 

(Piscataway, NJ) Superdex 200 column as reported by Tao et al. [26]. VLPs of 

recombinant HPV Type 11 capsid protein L1 were provided by Merck & Co., Inc. (West 

Point, NJ). The process used to recover and purity the VLPs from S. Cerevisiae was 

described by Cook et al. [9]. All other chemicals were obtained from Fisher Scientific 

(Pittsburgh, PA, USA). The hydrodynamic radius, rs, of the test solutes used was 

determined with a DynaPro NanoStar dynamic light scattering (DLS) detector (Wyatt 

Technology Corporation), which gave values of 5.5 ± 0.5, 8.5 ± 1.0, and 50 ± 10 nm, for 

IgG, Tg, and VLP samples, respectively.  The corresponding solution diffusivities, D0, at 

25 °C are 4.0 " 10-7, 2.6 " 10-7, and 3.5 " 10-8 cm2/s are consistent with the respective 

molecular masses. The hydrodynamic radius of Lyo, estimated based on its known D0-

value of 1.1 " 10-6 cm2/s is 2.3 nm. All chromatography and adsorption experiments were 
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conducted at room temperature, 25 °C unless otherwise indicated. Protein solutions were 

prepared in aqueous buffers containing 10 mM Na2HPO4 at pH 7.0 for Lyo, 20 mM 

CH3COONa at pH 5.0 for IgG and Tg, and in 50 mM phosphate buffer at pH 7 for the 

VLPs. 1.25 M NaCl was added for non-binding conditions. The non-ionic surfactant 

Polysorbate 80 (PS-80, obtained from Amresco, Solon, OH) was added to the VLP 

solutions at the 0.015 wt% level to improve stability [27]. These solutions remained stable 

for several days at 4 °C and for at least one day at room temperature. 

4.2.2 Methods 

Most of the methods used in this work are essentially the same as those previously 

presented in Section 2.2.2 and are described here only succinctly. The internal structure of 

POROS HS resins was determined by transmission electron microscopy (TEM) as 

described and discussed in detail in Chapter 2 and 3. Both TEM and scanning electron 

microscopy (SEM) were used to determine the internal structure of the monolith column. 

At the conclusion of experimental runs, both the CIM SO3-1 and QA-1 columns were 

sacrificed and opened to remove the monolith matrix from the housing. Samples from 

different part of the monolith matrix were collected by cutting small blocks of, 

approximately 3 mm " 3 mm in size with a scalpel. The samples were fixed on aluminum 

pin stub specimen mounts (Ted Pella. Inc, Redding, CA) using double faced adhesive 

tape, and imaged with a Zeiss Sigma HD VP scanning electron microscope. TEM were 

obtained by embedding the dehydrated samples in LRWhite (London Resin Company, 

London, UK), followed by sectioning with an ultramicrotome to produce 80 nm slices, 

which were then imaged with a Jeol 100 CX transmission electron microscope. 
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Inverse size exclusion chromatography (iSEC) was used to determine the 

accessible intraparticle volume of the monolith column. For this purpose, glucose and 

dextran samples with molecular mass between 4 and 2000 kDa, obtained from Spectrum 

Chemical Manufacturing Co. (Gardena, CA), were injected onto the monoliths column. 

The column was operated at a flow rate of 0.5 mL/min with a mobile phase consisting of 

1 M NaCl in 10 mM Na2HPO4 at pH 7.0. 10-20 µL injections of 5 g/L solution of each 

probe solved in the mobile phase were made with a Waters HPLC system. The dead 

volume of the system was measured based on the first moment obtained without the 

column. The measurement of porosities and apparent pore size distribution of flow 

packed POROS HS columns are described and discussed in detail in Chapters 2 and 3.   

Isocratic pulse response experiments were conducted on the monolith SO3-1 

column as follows. Under non-binding conditions, proteins and VLP samples were 

injected at flow rates of 0.2 to 4 mL/min using an AKTA Explorer 10 unit (GE Healthcare, 

Piscataway, NJ). The injected samples were 20 µL in volume, made by dissolving each 

protein and VLP in pH 7.0 phosphate buffer with 1 M NaCl for Lyo, IgG and Tg and in 

1.5 M NaCl for the VLPs with detection at 280 nm. The same measurements conducted 

on POROS HS columns are described in Chapter 2 and 3 were made and the ensuing 

peaks were analyzed by the moment method as detailed by Carta and Jungbauer [28]. 

Frontal analysis experiments of Lyo and IgG were conducted with the 0.5 cm " 5 

cm flow packed POROS HS columns and monolith column at flow rates of 0.5, 1 and 2 

mL/min, using an AKTA Explorer 10 unit from GE Healthcare. The column was first 

equilibrated with 10 mM Na2HPO4 at pH 7.0 for Lyo and 20 mM CH3COONa at pH 5.0 

for IgG, followed by loading corresponding protein sample onto the column until a 
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complete breakthrough curve was obtained. Detection of proteins breakthrough and 

subsequent elution was by UV at 280 nm. The amount of protein actually bound to the 

columns was obtained from the breakthrough curves by integrating the outlet 

concentration profile.  

Load-wash-elute experiments of VLPs on packed POROS HS columns and 

monolith column were conducted to determine the recovery of VLPs. For this purpose, a 

VLPs sample was first buffer-exchanged into the binding buffer consisting of 200 mM 

MOPS and 250 mM citrate at pH 7.0. The feed concentration of VLP was determined 

from the AKTA UV detector obtained by flowing the sample through in a column by-pass 

configuration. Columns were first cleaned by 0.5 M NaOH and equilibrated with the 

binding buffer. The entire load/elute process was performed at a flow rate of 0.2 mL/min 

to achieve the same residence time of 4.7 min typical of how the actual process is 

operated. A certain volume of the VLP sample was first loaded. The column was then 

washed with 10 column volume of HS wash buffer (50 mM MOPS, 750 mM NaCl and 5 

mM Na3PO4 at pH 7.0), and eluted with a linear gradient from 100% HS wash buffer to 

100% elution buffer (50 mM MOPS, 1500 mM NaCl and 5 mM Na3PO4 at pH 7.0) over a 

10 CV and 100% elution buffer for 2 additional CVs. The amount of VLPs actually 

bound to the columns was obtained from the breakthrough curves by mass balance using 

the concentration of VLPs at the outlet and feed solution. The amount of VLPs recovered 

was obtained based on the elution peak area.  
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4.3 Results and Discussion 

4.3.1. Monolith Structure  

The CIM SO3-1 tube monolith used in this dissertation was opened for 

determination of the internal structure after completing other experiments. A new CIM 

QA-1 tube monolith column, a strong anion exchange column which has similar physical 

structure as CIM SO3-1 tube monolith was also sacrificed for this purpose. Fig. 4.2 shows 

side-by-side the SEM images of the two monoliths from samples taken at different 

locations. The images from samples taken from the top surface (Fig. 4.2 top row) and the 

interior (Fig. 4.2 middle row) of the monolith show similar structures for both columns. 

These samples show that both monoliths have a microgranular matrix structure consisting 

of interconnected nodular about 0.5 to 1 µm in diameter, with a distribution of large flow 

channels of 1000-2000 µm in diameter as well as much smaller channels in between. 

Compared with POROS HS particles, the large flow channels in the monoliths have larger 

size, which is considered to be an advantage of transport of large biomolecules such as 

VLPs. However, the samples taken from the side surface of the matrix (Fig. 4.2 bottom 

row), where the mobile phase flows into the monoliths under normal operating conditions, 

show a dense ‘skin’ layer that covers a majority of the surface area, leaving very few open 

pores on the surface. The reasons why this ‘skin’ surface layer is present are not known. 

A possibility is that the skin layer is there by design for the purpose of attaining better 

flow distribution; however, it is obvious that this layer may hinder transport of large 

molecules into and out of the monolith.   
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Figure 4.2. SEM images of CIM SO3-1 monoliths column (left column) and QA-1 

monoliths column (right column) samples obtained from the surface on the top of the 

monoliths (top row), the interior of the monoliths (middle row) and the surface of the side 

of the monolith (bottom row) at 15K magnification.  
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TEM images of the monolith columns (Fig. 4.3a and b) were also obtained to 

compare with that of POROS HS resins (Fig. 4.3c and d).  The darker area in the images 

represents the backbone of the monolith or POROS HS particles, and the lighter grey area 

represents LRWhite inside the pores. The very bright spots are imperfection caused by 

sectioning or the incomplete penetration of LRWhite. Both monolith samples show very 

large flow channels of ~ 2500 nm as well as smaller pores between the backbone 

agglomerates. The size of the large flow channels in the monoliths is much greater than 

that of the through-pores inside the POROS HS particles.  
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Figure 4.3. TEM images of monolith columns (top row): (a) CIM SO3-1 and (b) CIM 

QA-1 at 5K magnification; and POROS HS particles (bottom row): (c) POROS HS 50 

and (d) POROS HS 20 at 20K magnification.  Note the different scale bars for the top and 

bottom images. 
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Figure 4.4 shows a plot of pressure drop vs. flow rate  for the SO3-1 monolith 

and for a POROS 50HS column with the same volume (1 mL) but a 0.5 cm diameter " 5 

cm length aspect ratio. The hydraulic permeability of the monolith was calculated from 

the pressure drop measurement using Darcy’s law [30]: 

 
P
duB
!

= bed
ave0 "   (4.1) 

where uave is the average superficial velocity,  the viscosity of the mobile phase, 

dbed =
1
2
dc,o ! dc,i( )  the thickness of the monolith, and !P the pressure drop. uave is 

calculated by the following  equation [29]: 

 uave =
Q

! !L0

ln dc,o
dc,i

!

"
#

$

%
&

dc,o ! dc,i( )
 (4.2) 

where Q is the flow rate, L0 the monolith length, dc,o and dc,i are  the outer and inner 

diameter of the monolith, respectively. The permeability of the monolith is B0 = 1.21 ± 

0.04 " 10-14 m2, which is consistent with the reported value of 1.11 " 10-14 m2 for a disk-

shaped monolith from the same manufacturer [31]. The permeability of the POROS HS 

50 column is 1.24 " 10-12 m2. Although, the permeability is 100 times lower for the 

monolith, the pressure drop is approximately the same in the two columns at the same 

volumetric flow rate because of the different geometries. 
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Figure 4.3. Pressure drop (!P) vs. flow rate (Q) for the monolith column and the 0.5 cm 

" 5.0 cm flow-packed POROS HS 50 column, the two columns have the same volume (1 

mL). 

An equivalent particle diameter, deq, of the monolith matrix was estimated by 

using Happel’s free surface model, given by the following equation [30]: 
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deq represents the diameter of particles packed in a column having the same ! and 

hydraulic permeability as the monolith. A value of deq = 1.1 µm was obtained based on 

the monolith porosity ! = 0.63 given by the monolith manufacturer. This value is 
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consistent with that reported by Tallarek et al. [32], and consistent with the microgranular 

structure seen by SEM (see Fig. 4.2). The effective diameter of the flow channels in the 

monolith was estimated by the following equation [33]: 

 
32

2
ch

0

dB !=  (4.4) 

which assumes that the flow channels are straight cylinders. A value of dch = 0.74 µm was 

obtained. This value is somewhat smaller than the diameter of the macropores in the 

monolith (~1.3 µm as determined by the monolith manufacturer using mercury intrusion 

porosimetry), likely as a result of the tortuosity of the actual flow paths in the monolith. 

Fig. 4.4 shows the elution peaks obtained for different dextran probes and glucose 

in the monolith. The eluted peaks are shifted horizontally to account for the extra column 

volume. However, an additional “dead volume” exists within the monolith housing. As a 

result, the elution volumes are larger than the actual monolith volume of 1 mL. Using the 

retention volume of glucose as a basis, the total void volume, which includes both the 

monolith pore volume and the housing dead volume, is 1.33 mL. Since the monolith pore 

volume is 0.63 mL, the dead volume in the housing is 0.70 mL. This volume is actually 

larger than the monolith volume and is likely to be the cause of the broad, tailing peaks 

obtained in these experiments. Nevertheless, the important result is that the difference 

between elution peaks for high and low molecular mass dextrans are very small, 

indicating that the monolith pores are sufficiently large to prevent size exclusion effects. 

A slightly higher elution volume is seen only for glucose and low molecular weight 

dextrans suffesting that some smaller pores axtually exist in the monolith.  
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Figure 4.4. Elution peaks for dextran probes and glucose obtained for the monolith at a 

flow rate of 0.5 mL/min. The dash line represents the housing dead volume (0.7 mL) 

Figure 4.5 shows the isocratic elution peaks obtained for Lyo, IgG, Tg, VLPs, and 

NaCl with the SO3-1 monolith at different flow rates for non-binding conditions (1.5 M 

NaCl, pH 7.0). It can be seen that IgG, Tg and the VLPs elute essentially at the same 

volume and that the peak width is not affected by flow rate. Lyo elutes slightly later and 

the peak is slightly broader than those of IgG, Tg, and the VLPs. Finally, NaCl elutes 

substantially later and the peak is definitely broader. The results suggest that some small 

pores exist in the monolith that are accessible by NaCl but not by larger proteins. More 

importantly, the absence of any flow rate effect on peak broadening confirms that for 
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these non-binding conditions there are no significant diffusional mass transfer effects and 

that peak broadening is controlled by hydrodynamic effects.  

The recovery from the monolith column under non-binding conditions was 

obtained based on the eluted peak area in Fig. 4.6 for each proteins and VLPs to 

determine if the molecules are physically trapped inside the monolith. For proteins, 

recover was near 100%, indicating the flow channels inside the monolith are large enough 

for proteins to flow through. However, the recovery of VLPs from the monolith column is 

only 52% even under non-binding conditions, which is significantly lower than that 

obtained on POROS HS columns (79% and 78% for POROS HS 50 and POROS HS 20, 

respectively). This result suggests that although the large flow channels in monolith have 

much bigger size than the through-pores in POROS HS particles, there might be some 

small channels in the monolith that trap the VLPs causing the lower recovery under non-

binding conditions.  
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Figure 4.5. Chromatographic peaks of (a) Lyo, (b) IgG, (c) Tg, (d) VLP and (e) NaCl, 

obtained for the SO3-1 monolith column under non-binding conditions. CV values are 

shown after subtracting the extra column volume but not the housing dead volume of 0.7 

CV. 
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Figure 4.6 shows the first moment of the elution peaks of dextran probes, proteins 

and VLPs obtained from Fig. 4.4 and 4.5. The following equation is used to calculate the 

µ-value [28]:  

 
!

!
"

"

#

##
=

0

0

)(signal

)(signal

CVd

CVdCV
µ   (4.5) 

In this plot, an initial rapid decrease of µ occurs as rs increases, but then declines 

much more gradually for rs > 10 nm, which is similar to the trend in Fig. 3.4. This result 

confirms that smaller molecules, such as NaCl, Lyo, glucose and dextran 4, have larger 

elution CV value, indicating there is less exclusion for these probes compare to others 

with larger molecular weights.  

  



!
!

128 

 

 

 

 

 

 

 

 

Figure 4.6. First moments of the elution peaks in Fig. 4.4 for the SO3-1 monolith vs. the 

probe radius rs. The first moment is calculated based on the elution CV values after 

subtracting the extra column volume and the housing dead volume of 0.7 mL.  

4.3.2. Protein Adsorption 

Figure 4.7 compares the breakthrough curves obtained for LYO and IgG for the 

SO3-1 monolith column, the POROS HS 20 column, and the POROS HS 50 column with 

the same volume (1 mL) at flow rates of 1, 2 and 4 mL/min under strong binding 

conditions (10 mM Na2HPO4, pH 7.0 for Lyo and 20mM CH3COONa, pH 5.0 for IgG). 

For the monolith (Fig. 4.7a and b), neither protein shows a significant effect of flow rate 
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HS 50, because of its larger particle size compared to POROS HS 20, and for IgG 

compared to Lyo, because of its smaller diffusivity. Interestingly, Lyo shows a shallower 

breakthrough curve than for IgG also on the monolith column. Actually, closer 

examination of these curves on the expanded scale of Fig. 4.8 shows that a small but 

significant flow rate dependence exists for Lyo. We thus conclude that the shallower 

breakthrough curve is a result of mass transfer resistances associated with transport of this 

smaller protein in smaller pores that are apparently present in the monolith as shown by 

the iSEC and isocratic elution peaks under non-binding conditions.  

Figure 4.9 compares the equilibrium binding capacity (EBC) of LYO and IgG 

obtained by mass balance integrating the breakthrough curves for the monolith and 

POROS columns. For all three columns, the EBC is, as expected, nearly independent of 

residence time and much higher for the POROS columns compared to the monolith as a 

result of the lower surface area available for binding in the monolith.  
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Figure 4.7. Breakthrough behavior of Lyo (left column) and IgG (right column) on the 

SO3-1 monoliths column (a and b), the POROS HS 20 column (c and d), and the POROS 

HS 50 column (e and f). The feed concentration CF is 1 g/L for the monolith and POROS 

HS 20 columns, and 1.5 g/L for the POROS HS 50 column.  
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Figure 4.8. Breakthrough behavior of (a) Lyo and (b) IgG on monolith column on 

expanded scale of Fig. 4.7a and b.  

 

  

  

 

Figure 4.9. EBC of (a) Lyo and (b) IgG vs. residence time on monolith, POROS HS 20, 

and POROS HS 50 column. The slight decrease of EBC for the POROS HS 50 column at 

the lowest residence time is due to the incomplete breakthrough.  
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The dynamic binding capacity (DBC) obtained by mass balance at 10% of 

breakthrough of LYO and IgG on the monolith and POROS columns is plotted in Fig. 

4.10. The DBC of both POROS columns residence time decreases, while the DBC of the 

monolith column remains the same. The decrease is more pronounced for POROS HS 50, 

because of its larger particle size, and for IgG, because of its smaller diffusivity. From a 

practical viewpoint, it is clear that for protein capture, the POROS columns perform better 

than the monolith over the range of residence times investigated experimentally as a result 

of the higher EBC of the POROS resins compared to the monolith column. As a result of 

the high EBC, even if the DBC decreases at lower residence times, the usable capacity of 

the POROS columns is generally higher than for the monolith. Only below 0.2 min 

residence time, does the monolith DBC become comparable to the POROS HS 50 DBC 

for IgG. Much smaller residence times would be needed to the POROS HS 20 DBC to 

become smaller than that of the monolith. 

The results of DBC10% for Lyo and IgG on POROS HS columns are compared with 

predictions based on the shrinking core model [34]. The relevant equations are given by 

Weber and Chackraborty [35] and are as follows: 
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for constant pattern conditions or long residence times and: 
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for non-constant pattern conditions or short residence times. In these equations, X, $1, npore, 

and nfilm are defined as follows: 
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For the conditions discussed here, the boundary layer mass transfer coefficient kf 

can be determined by the following equations [36]: 

 33.033.009.1 ScReSh
!

=  (4.12) 

where Sherwood number 
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is much less than unity even at the lowest flow rate, indicating intraparticle mass 

transfer resistance is dominant. Thus, at X = 0.1 (10% breakthrough), for constant pattern, 
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The general solution given in eq. 4.6 is required for smaller values of the 

dimensionless time 1!  and the corresponding calculations involve a trial and error 

procedure. However, the following approximation, valid up to 5.21pore =!n , derived from 

an empirical fit of the numerical results with X=0.1 and with negligible film resistance 

( 0filmpore =nn ), can be used in lieu of the more complicated numerical calculation [37]: 
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The lines in Fig. 4.10 for Lyo and IgG are fitted through the data point at the longest 

residence time, where, according to the isocratic pulse response experiments, the 

intraparticle diffusional resistance dominates the mass transfer. For Lyo, the model 

described above predicts DBC10% at different residence time very well, with a De-value of 

1.1 " 10-7 cm2/s for POROS HS 20 and 1.7 " 10-7 cm2/s for POROS HS 50. In the case of 

IgG, however, the experimental data at short residence time for POROS HS 20 columns 

are clearly higher than the fitted model, indicating an enhancement of mass transfer at 

short residence time, or higher flow rate. Similar result can also be observed for POROS 

HS 50, although not as obvious as for POROS HS 20. Fig. 4.11 shows the plot of 
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EBCDBC %10  vs. 2
purL , where rp is the average particle radius, for Lyo and IgG on 

both POROS HS columns. For IgG breakthrough curve on POROS HS 20, a De-value of 

3.0 " 10-8 cm2/s can well fit the long residence time data, which is consistent with the 

result in CLSM batch adsorption experiment where the flow effect is absent. A higher De-

value of 7.2 " 10-8 cm2/s is apparently fitted better for this flow rate. A ratio 4.2~
ee =DD  

is obtained for this condition, which is consistent with the result of CLSM adsorption 

under flow condition (1000 cm/h). The HETP measurement under non-binding conditions 

gives a higher ratio of 9.2~
ee =DD , which is possibly due to lower hindrance from the 

bound IgG inside the pores. For POROS HS 50, De-values of 2.7 " 10-8 cm2/s and 3.2 " 

10-8 cm2/s are used to fit the data point for the longest and shortest residence time, which 

yields a ratio of 2.1~
ee =DD  that is very close to the value obtained from CLSM 

adsorption experiments. Table 4.1 gives a summary for the De-values obtained from 

CLSM batch/flow adsorption and breakthrough curves for Lyo and IgG on both POROS 

HS columns, along with the value of ee

~ DD .  
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Figure 4.10. DBC at 10% breakthrough of (a) LYO and (b) IgG vs. residence time on 

monolith, POROS HS 50, and POROS HS 20 column. The solid lines are fitted by eq. 

4.14 or 4.15.  

 

 

 

 

 

Figure 4.11. The ratio of EBCDBC10%  plotted vs. 2
purL  for Lyo and IgG breakthrough 

curves on POROS HS 20 and POROS HS 50 columns. The fitted model using eq. 4.14 or 
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4.15 is represented by solid lines for POROS HS 20 and dash lines for POROS HS 50, 

respectively.  

Table 4.1. Summary of apparent pore effective diffusivities De obtained from CLSM 

batch/flow adsorption, breakthrough curves for Lyo and IgG and HETP measurements 

under non-binding conditions on both POROS HS columns. 

 De (" 107 cm2/s) 

 Lyo IgG 

 
POROS HS 

20 
POROS HS 

50 
POROS HS 

20 
POROS HS 

50 

CLSM 
Batch 

N/A 
0.31 0.25 

Flow 0.7 0.31 

EBC
DBC10%  

1 ml/min 
1.1 1.7 

0.30 0.27 

4 ml/min 0.72 0.32 

HETP ee
~ DD  ~1 ~1 2.9 1.2 

Figure 4.12 and 4.13 show the load-wash-elute curves of Lyo and IgG, 

respectively, for the SO3-1 monolith column at 25 °C using different flow direction 

settings, which are described in Table 4.2. The column was first loaded with 1 mL of 1 

g/L protein sample in binding buffer (10 mM Na2HPO4, pH 7.0 for Lyo and 20mM 

CH3COONa, pH 5.0 for IgG), then subsequently washed with 5 CV binding buffer. The 

bound proteins were then eluted with a linear gradient from 100% binding buffer to 100% 

elution buffer which containing 1500 mM NaCl over 20 CV. The entire process was first 

conducted at 4 mL/min flow rate using forward flow direction for load, wash and elution 

step as indicated by manufacturer. SEM images of the monolith (Fig. 4.2c) showed that 
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there is a dense “skin” layer on the outer surface where the mobile phase flows into the 

monolith. Since this structure may have effects on the transport and recovery of proteins 

and VLPs, further experiments were done reversing the flow direction as indicated in 

Table 4.2. For Lyo, no significant loss of injected protein was observed and nearly 100% 

recovery was reached in all four different flow direction settings. For forward flow load 

and forward flow elution (Fig. 4.12a), the elution peak comes out in the middle of the 

gradient. For forward flow load and reversed flow elution (Fig. 4.12b), a large portion of 

the proteins loaded come out at the beginning of elution, followed by the elution of the 

rest bound proteins later in the gradient. Similar elution profile was obtained for reversed 

flow load and forward flow elution (Fig. 4.12c). Compared with Fig. 4.16a, the earlier 

elution in Fig. 4.12b and c is likely due to the shorter transport path length in the elution 

step for the loaded protein. Finally, using reversed flow for both load and elution (Fig. 

4.12d) shows similar elution peak with Fig. 4.12a. The nearly fully recovery of Lyo on 

monolith column indicating the hindrance effect of the skin layer on the monolith outer 

surface on Lyo transport and the physical trapping of Lyo in the smaller pores are not 

significant because of the small size of Lyo molecules.  
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Table 4.2. Flow direction setting in load-wash-elution experiments for VLP on monolith 

column. 

Fig. 4.14a. Forward flow for load 

                     forward flow for elution 

Fig. 4.14b. Forward flow for load 

                      reversed flow for elution 

Load from outer to inner side 

Elute from outer to inner side 

 

Load from outer to inner side 

Elute from inner to outer side 

 

 

 

 

 

Fig. 4.14c. Reversed flow for load 

                     forward flow for elution 

Fig. 4.14d. Reversed flow for load 

                      reversed flow for elution 

Load from inner to outer side 

Elute from outer to inner side 

 

 

 

 

 

Load from inner to outer side 

Elute from inner to outer side 
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Figure 4.12. Representative load-wash-elute curves for Lyo on monolith column at room 

temperature operated as follows: (a) forward load and forward elution, (b) forward load 

and reversed elution, (c) reversed load and forward elution and (d) reversed load and 

reversed elution. 
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In the case of IgG, using forward flow load and forward flow elution (Fig. 4.13a) 

shows similar elution peaks and recovery with the result of using reversed flow load and 

reversed flow elution (Fig. 4.13d), where the elution peaks come out during the gradient 

and the recovery of loaded IgG are 88% and 89%, respectively. Compared with the 

elution peaks of Lyo (Fig. 4.12a and d), IgG peaks are relatively narrower, suggesting less 

accessible small pores volume for IgG than for Lyo. Meanwhile, the lower recovery of 

IgG may also indicates more trapping in the small pores due to its larger molecular size. 

Using forward flow load and reversed flow elution (Fig. 4.13b), the recovery reaches 97% 

and a double peak, including a large portion of IgG emerging at the beginning of the 

gradient as well as a smaller portion during the gradient, was obtained. Similar peak 

profiles were observed for reversed flow load and reversed flow elution (Fig. 4.13c), and 

the earlier elution of the loaded IgG is like due to the shorter transport path length 

compared to Fig. 4.13a and d. The recovery of both Lyo and IgG indicates the skin layer 

on the outer surface of the monolith has little effects on the transport of proteins, however, 

the existence of the smaller pores in monolith has effects related to the adsorbate 

molecular size.  
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Figure 4.13. Representative load-wash-elute curves for IgG on monolith column at room 

temperature operated as follows: (a) forward load and forward elution, (b) forward load 

and reversed elution, (c) reversed load and forward elution and (d) reversed load and 

reversed elution. 
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4.3.3 VLP Adsorption and Recovery  

The chromatograms of the load-wash-elute process of VLP on POROS HS packed 

columns at both 25 °C and 4 °C are shown in Fig. 4.14. The columns are first loaded with 

5 mL of VLP samples in the binding buffer (200 mM MOPS and 250 mM sodium citrate 

at pH 7.0), then subsequently washed with 10 CV wash buffer (50 mM MOPS, 750 mM 

NaCl and 5 mM Na3PO4 at pH 7.0). The bound VLPs were then  eluted with a linear 

gradient from 100% wash buffer to 100% elution buffer (50 mM MOPS, 1500 mM NaCl 

and 5 mM Na3PO4 at pH 7.0) over 7 CV and 100% elution buffer for 2 additional CVs. 

For the 25 °C run of POROS HS 50, the elution buffer was composed of only 1000 mM 

NaCl and the length of gradient is 10 CV. Fig. 4.15 shows the elution step of the 

corresponding load-wash-elute curves in Fig. 4.14. For 4 °C runs on POROS HS 50 (Fig. 

4.15b) and POROS HS 20 (Fig. 4.15d), the elution peaks of VLPs both emerge at about 

the same conductivity, 75 mS/cm, during the gradient. Compared with VLPs elution 

conductivity of the 25 °C run on POROS HS 20 (Fig. 4.15c) that has the same final buffer 

composition and length of gradient, which is around 82 mS/cm, the lower temperature 

runs have lower elution conductivity. The even higher elution conductivity (95 mS/cm) of 

the 25 °C run on POROS HS 50 (Fig. 4.15a) is partially caused by the shallower elution 

gradient. The recovery of the bound VLP from the columns are obtained based on the 

ratio of the amount of eluted VLP from the columns, which is determined from the 

eluting peak area, and the total amount of VLP loaded onto the column. For POROS HS 

50 (Fig. 4.15a), the recovery of VLP from the column is determined to be 44% under 

25 °C, in other words, a substantial amount of adsorbed VLPs cannot be eluted from the 
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resin. This result is consistent with the CLSM observations of VLP desorption in Chapter 

2, where the desorption of VLPs from POROS HS 50 particles stopped after a limited 

amount was desorbed. POROS HS 20 (Fig. 4.15c) shows slightly improved recovery 

comparing with POROS HS 50, with a recovery of 45% at 25 °C. At 4 °C, both POROS 

HS columns show slightly improved VLPs recovery when compared with room 

temperature, giving recoveries of 53% and 66% for POROS HS 50 (Fig. 4.15b) and 

POROS HS 20 (Fig. 4.15d), respectively.  
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Figure 4.14. Representative load-wash-elute curves for VLP on POROS HS 50 (top row) 

and POROS HS 20 (bottom row) columns at 25 °C (a, c) and at 4 °C (b, d). 5 mL of 0.23 

mg/mL VLPs sample was injected at 0.5 mL/min for each run. The gradient is from 0 - 

1000 mM NaCl in 10 CV gradient in Fig 4.12a and 0 - 1500 mM NaCl in 7 CV in Fig. 

4.12b, c and d. 
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Figure 4.15. The elution step of the corresponding load-wash-elute curves in Fig. 4.12. 
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Figure 4.16 shows the load-wash-elute curves of VLP on the SO3-1 monolith 

column at 25 °C using different flow direction settings, which are described in in Table 

4.2. In the initial experiment, the monolith was operated in the normal forward flow 

direction (from the outer side to the inner side), as recommended by the monolith 

manufacturer, for both load, wash, and elution steps. As seen in Fig. 4.16a, no distinct 

elution peak could be seen corresponding to practically no recovery. Since the dense 

“skin” layer structure seen in SEM images (Fig. 4.2) may have effects on VLP recovery, 

further experiments were done reversing the flow direction as indicated in Table 4.2. For 

forward flow load and reversed flow elution (Fig. 4.16b), there is again no elution peak 

and most of the VLPs loaded emerges as soon as elution begins indicating that all of the 

VLP binding occurred at the inlet end of the monolith. Using reverse flow load and 

forward flow elution (Fig. 4.16c) improved elution and recovery. Although a fraction of 

the VLP eluted right away when the flow direction is reversed, a significant portion of the 

VLP loaded (~26%) elutes in the gradient. Finally, using reversed flow for both load and 

elution (Fig. 4.16d) gave the best results with about 30% of the VLP eluting in the 

gradient.  These results suggesting there are possibly two factors affecting the recovery of 

VLPs from monoliths matrix: (1) the physical trapping of VLPs in dead-end or 

constricted channels inside the monoliths matrix, and (2) a strong interaction between 

VLPs and the outer surface of the “skin” layer. The SEM images of the internal structure 

of the monoliths matrix show that the skeleton of the matrix is composed of polymer 

agglomerates with a rough surface and with a wide distribution of channel sizes.  Isocratic 

elution experiments of glucose and salt discussed in Section 4.3.1, together with the shape 

of the breakthrough curves of LYO and IgG in Section 4.3.2 also suggest the existence of 
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small pores inside the matrix. On the other hand, the chemical properties of the ‘skin’ 

layer on the outer surface of the monoliths side wall are unknown. It is possible that the 

interaction between VLPs and this “skin” layer structure are too strong for the effective 

desorption of VLPs. 
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Figure 4.16. Representative load-wash-elute curves for VLP on monolith column at room 

temperature operated as follows: (a) forward load and forward elution, (b) forward load 

and reversed elution, (c) reversed load and forward elution and (d) reversed load and 

reversed elution. Elution gradient in Fig. 4.14a is 0 – 1 M NaCl in 20 CV and in Fig. 

4.14b, c and d are 0 – 1.5 M NaCl in 20 CV. A wash step of 10 CV after load step was 

only used in Fig. 4.14a.   

 

0

50

100

150

200

250

300

350

20

40

60

80

100

120

140

160

0 5 10 15 20

(d) Reversed load, reversed elution

CV

0

50

100

150

200

250

300

350

20

40

60

80

100

120

140

160

0 10 20 30 40
CV

(a) Forward load, forward elution

0

50

100

150

200

250

300

350

20

40

60

80

100

120

140

160

0 5 10 15 20
CV

(b) Forward load, reversed elution

0

50

100

150

200

250

300

350

20

40

60

80

100

120

140

160

0 5 10 15 20
CV

(c) Reversed load, forward elution

456%#7$!8'9:! !!!!456%#7$!

456%#7$! 456%#7$!



!
!

150 

Figure 4.17 compared the chromatograms obtained for the load-wash-elute 

sequence for VLPs on the monolith column at 4 °C using reverse flow direction for the 

entire process, together with the chromatograms of both POROS columns at 4 °C. At this 

temperature, VLP recoveries were comparable for all three columns (56, 53 and 66% for 

monolith, POROS HS 50 and POROS HS 20, respectively). However, the VLP elution 

peak for the monolith column is much broader than that obtained with the POROS 

columns, which may be due to blocking of through-pores by the bound VLPs causing 

uneven flow distribution.  

The eluted VLPs from POROS HS columns and monoliths column were collected 

and the hydrodynamic radius rs of the eluted VLPs was measured by DLS. A summary of 

VLPs recovery and hydrodynamic radius obtained by DLS is provided in Table 4.3. The 

DLS results show that there is no significant size change for the eluted VLPs, except for 

the case of Fig. 4.16b (forward flow for load and reversed flow for elution), where the rs 

of VLPs increased from 55 ± 5 nm to 72 ± 1.2 nm.  This is possibly a result of 

aggregation caused by accumulation of VLPs on the skin layer on the inlet (outer) side of 

the monolith.  
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Figure 4.17. Representative load-wash-elute curves of VLP on monolith column with 

reversed flow direction in the entire process (a), POROS HS 50 column (b) and POROS 

HS 20 column (c) at 4 °C.  
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Table 4.3. Summary of VLP recovery and hydrodynamic radii of eluted VLPs. 

 Flow 
Direction(a) 

Room Temperature  

(25 °C) 
4 °C 

Recovery 
(%) 

Hydrodynamic 
radius, rs (nm) 

Recovery 
(%) 

Hydrodyna
mic radius, 

rs (nm) 

POROS HS 50 N/A 44 60 ± 0.7 53 58 ± 0.6  

POROS HS 20 N/A 45 54 ± 0.5  66 55 ± 0.5  

Monoliths 

+ loading 
+ elution 

<3 N/A N/A N/A 

+ loading 
- elution 

N/A 72 ± 1.2(b) N/A N/A 

- loading 
+ elution 

26 57 ± 1.0 N/A N/A 

- loading 
- elution 

30 56 ± 1.5 56 57 ± 1.3 

(a) +: forward; –: reversed 
(b) sample was collected during the wash step 
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To further compare the adsorption and recovery of proteins and VLPs on monolith 

and POROS HS columns, the pressure changes in the monolith column during the load 

step using different flow direction settings are shown in Fig. 4.18, for VLPs (Fig. 4.18a), 

Lyo (Fig 4.18b) and IgG (Fig. 4.18c). The starting pressures of VLP runs are lower due to 

the lower load flow rate (0.2 mL/min) compared with protein runs (4 mL/min). However, 

a dramatic increase of pressure appears for both runs using forward flow load while the 

runs using reversed flow load show relatively small pressure changes. For protein runs, 

the forward flow load runs show slightly higher pressure change compared to reversed 

flow load runs. These results indicating the hindrance effect of the skin layer on the outer 

surface of the monolith is more obvious on the transport of VLPs than that of proteins, 

which is likely due to the much larger size of VLPs. 
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Figure 4.18. Pressure changes in the monolith column during the load step of VLPs (a), 

Lyo (b) and IgG (c) using different flow direction settings. The load flow rate for VLPs 

runs is 0.2 mg/mL and for proteins are 4 mL/min. 
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The elution peaks of Lyo and IgG on monolith column using forward flow load 

and forward load elution, and reversed flow load and reversed flow elution, are compared 

with the elution peaks on POROS HS 50 and POROS HS 20 in Figs. 4.19 and 4.20. For 

both proteins, the elution peaks on the monolith column are slightly broader than on 

POROS HS columns, especially when compared with POROS HS 20. These results are 

quantitatively consistent with that for VLPs, which is probably due to the uneven flow 

distribution. However, as the smaller molecular size of proteins, the blocking of pores by 

the bound proteins is much less significant than that caused by bound VLPs, the 

broadening effects on elution peaks on the monolith column is less obvious for proteins.  
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Figure 4.19. Lyo elution peaks on monolith column using forward flow load and forward 

load elution (a), and reversed flow load and reversed flow elution (b), compared with the 

elution peaks on POROS HS 50 (c) and POROS HS 20 (d).  
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Figure 4.20. IgG elution peaks on monolith column using forward flow load and forward 

load elution (a), and reversed flow load and reversed flow elution (b), compared with the 

elution peaks on POROS HS 50 (c) and POROS HS 20 (d).  
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4.4 Conclusion 

This work studied the adsorption and recovery properties of proteins and VLPs on 

a CIM SO3-1 tube monoliths column. The physical structures of the monoliths matrices 

and the monoliths column were first determined. SEM and TEM images of both CIM 

SO3-1 and QA-1 columns showed a wide size distribution of flow channels inside the 

monoliths matrix and the monoliths skeleton is composed of polymer agglomerates. 

Large flow channels with sizes of 1000-2000 "m or even higher are visible from the 

microscopy images, which are potentially more preferable for accommodating VLPs 

comparing with the macropores in POROS HS particles of about 500 nm. The side wall 

of the monoliths matrix, from which the mobile phase flow into the monoliths, is covered 

by a dense skin layer with few open pore structure. Pressure drop at different flow rate 

showed monoliths column has very similar pressure drop across the column with POROS 

HS 50 column with the same column volume, however, the permeability of monoliths 

column is two orders of magnitude smaller than that of POROS HS 50 column. An 

equivalent particle diameter of 1.2 "m and an estimated channel diameter of 0.74 "m 

were obtained from the permeability of monoliths column. 

Inverse sized exclusion chromatography was carried out using dextran probes with 

different hydrodynamic radius to obtain the accessible void volume inside the monoliths 

matrix. A large dead volume (0.70 mL) inside the housing, larger than the actual 

monoliths volume (0.63 mL) was obtained based on the retention of glucose. This result 

is consistent with the observation of the broad, tailing elution peaks of dextran probes, 

which is significantly resulted from hydrodynamic dispersion. The retention volumes of 

dextran probes with different molecular sizes are essentially similar with each other, 
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indicating most of the flow channels inside the monoliths are large enough to prevent 

significant size exclusion effects.  

Isocratic pulse response experiments of proteins and VLPs were used to study the 

effects of flow to the mass transfer inside the monoliths matrix under non-binding 

conditions. For each protein and VLP, the elution peaks under different flow rates came 

out at the same elution volume, suggesting the mass transfer is independent of flow rate. 

The smallest protein, Lyo, and salt showed later elution comparing with other proteins 

and VLPs, indicating the existence of very small pores that can only be accessed by small 

adsorbates. The first moments of dextran, proteins and NaCl under non-binding 

conditions show a rapid decrease at lower molecular size range of the probes followed by 

a slowly decline at rs > 10 nm range, which is similar to the bimodal pores size 

distribution in POROS HS particles. 

The adsorption of Lyo and IgG on monoliths column were studied by frontal 

analysis. The profile of the breakthrough curves of IgG showed strong independence of 

flow rate, indicating the absence of mass transfer resistance on proteins in monoliths 

column. For Lyo, a slightly dependence on flow rate can be observed, indicating the 

existence of mass transfer resistance in the smaller pores. By comparing the breakthrough 

curve for these two proteins on monoliths column, it can be noticed that despite its 

smaller molecular size, Lyo has shallower breakthrough curve shape than IgG, which 

again suggesting the existence of smaller pores that are only accessible by smaller 

molecules like Lyo. POROS HS columns, on the other hand, showed shallower 

breakthrough curves for both proteins at higher flow rate. However, both EBC and DBC 

of Lyo and IgG of monoliths column are relatively low compare to POROS HS columns.  
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The effective diffusivity of IgG in POROS HS columns were analyzed based on 

the DBC10%/EBC under different residence time. The enhancement effect of perfusion on 

IgG transport in frontal analysis is consistent with that obtained from CLSM experiments 

under flow conditions, and slightly smaller than the results of HETP measurements under 

non-binding conditions, which is likely caused by the hindrance of bound proteins inside 

the pores.   

The recovery of VLP on monolith is very low and dependent on the direction of 

flow in the monolith suggesting that physical trapping of the VLPs inside the monoliths 

or strong interaction between the surface “skin” layer occurred. By comparing the 

recovery of VLPs from the monoliths column under different flow directions and 

operating temperatures, the reversed flow for the entire process at 4 °C yields the highest 

recovery of 56%. The effects of flow direction on protein adsorption and recovery shows 

the “skin” layer have less effects to the transport of proteins with much smaller size 

compared with VLPs.  

4.5 List of Symbol 

!  monolith porosity 

!  mobile phase viscosity (Pa·s) 

B0 hydraulic permeability, m2 

oD ! outer diameter of monoliths (m) 

iD ! inner diameter of monoliths (m) 

bedd  thickness of monoliths (m) 
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chd  apparent diameter of flow channels in monoliths (m) 

eqd  equivalent particle diameter of monoliths (m) 

L  column length (cm) 

"P Column pressure drop, Pa 

Q flow rate (mL/min) 

u  superficial velocity (cm/s) 

aveu  average superficial velocity (cm/s) 
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Chapter 5  

Conclusions and Recommendations 

5.1 Conclusions 

This work has elucidated important characteristic of two different perfusion 

stationary phases, POROS HS, a perfusion porous particle, and the CIM SO3-1 monoliths 

column, as well as the mechanism and rate at which proteins and HPV VLPs are adsorbed 

by the stationary phases were studied.  POROS HS 50 particles has a bimodal distribution 

of pores including large open pores transecting a network of smaller pores present within 

microparticle aggregates around 500 nm in size. The effects of perfusion on the mass 

transfer of model proteins and VLPs under both non-binding and strong binding 

conditions were demonstrated by HETP measurements and CLSM experiments, 

respectively. For non-conditions, the effects of perfusion is negligible for small proteins 

(e.g. Lyo), and only slight for larger proteins such as IgG even at 1000 cm/h flow velocity. 

However, for very large proteins (e.g. Tg) and VLPs, the effects of perfusion become 

substantial or even dominant. CLSM images of protein adsorption under flow conditions 

also show for large protein like Tg, intraparticle concentration profiles asymmetrically 

skew in the direction of flow, deviating from the symmetrical profile of classical 

shrinking core model obtained for smaller protein like IgG, which confirm the effects of 

perfusion. In the case of VLPs and fluorescently labeled latex nanoparticles of similar 

size with VLPs, however, the effects of perfusion seem to vanish since the binding only 

occurs exclusively in a thin layer at the particle surface, indicating that the bound VLPs 
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block access to most through-pores preventing both diffusion and convection. The effects 

of particle size to the mass transfer behavior of proteins and VLPs were then studied 

using POROS HS 20, a smaller particle of about half size of POROS HS 50, but similar 

internal structures. With smaller particle size, POROS HS 20 provide a intraparticle flow 

ratio F, about 3 time of that for POROS HS 50, indicating the effects of perfusion 

becomes substantial at lower reduced velocity.  

Structural properties of CIM tube monoliths column were studied. Large flow 

channels of 1000-2000 µm were observed in SEM images, as well as small pores 

distributed between polymer skeleton agglomerates. The monoliths column has similar 

pressure drop with POROS HS 50 column with the same column volume, however, 2 

orders of magnitude smaller column permeability. The mass transfer of proteins and 

VLPs are essentially independent of flow rate, while the severely tailed peaks may due to 

the large dead volume inside the column housing.  The larger retention volumes of small 

molecules (eg. Lyo and salt), indicate the existence of very small pores inside the 

monoliths. Despite the absence of mass transfer resistance in monoliths column, both 

EBC and DBC are not favorable for proteins when compare to POROS HS columns, due 

to the small binding surface area. Low recovery of VLPs were obtained for monoliths 

column, comparing with POROS HS columns, which is probably caused by the dense 

skin layer on the side wall of the monoliths, which is observed in SEM images. Thus, 

flow directions in loading and elution process have great effects on the recovery of VLPs 

on monoliths column, while operating temperature also contributes to the results.  

Overall, this work provides as insight of the performance of perfusion 

chromatography stationary phases on the separation of proteins and VLPs. For example, 
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HETP measurements under non-binding conditions, together with the internal structure of 

the resin particles, can be used to predict the enhancement on mass transfer provided by 

perfusion, using eq. 1.3 and 1.4. The results of VLPs adsorption in Chapter 2 explained 

the significant lot-to-lot variation of separation performance of POROS HS 50, that even 

the size of the through-pores inside the particles are not large enough to allow VLPs 

transport throughout the entire particle as previously postulated. As a result, the particle 

size has great effects to the separation performance as only the surface of the particles can 

be utilized by VLPs. The study on POROS HS 20 in Chapter 3 further demonstrated the 

correlation of perfusion effects with resin particles size and internal structure, providing a 

relationship between perfusion theories and experimental data. The extension to 

monoliths study in Chapter 4 evaluated the advantages and disadvantages of monoliths in 

separation of proteins and VLPs comparing with perfusion particles packed bed. These 

results provide the  necessary  tools  and  knowledge  for  both  the  effective  design  and 

further development of new perfusion chromatographic materials for different bio-

products. 

5.2 Recommendations for Future Work 

With the evidences provided in this work on VLPs adsorption behaviors on 

perfusion chromatography particles and monoliths, the following recommendations can 

be made for future work.  

Since the adsorption of VLPs on POROS HS particles is restricted to a thin layer 

on the surface of the particle, the particle size distribution and surface roughness of the 

particles have great effects to the adsorption of VLPs. As a result, these two parameters 
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become critical for the assuring the lot-to-lot consistency of POROS HS resin or other 

similar chromatography media to achieve VLPs separation.  

The ratio of pore size and particles size can be used as a critical parameter in 

design and selection of perfusion media for the separation of proteins and larger bio-

molecules like VLPs. Chapter 2 showed that the size of the macropores in POROS HS 

resin is not large enough to accommodate VLPs under binding conditions; therefore the 

potential high binding capacity inside the resin particles is not usable. Designing proper 

perfusion media with larger pore size can increase the penetration of VLPs into the resin 

particles and, hence, achieve higher binding capacities. On the other hand, Chapter 3 

showed the effects of particle size on perfusion inside the resin particles when the internal 

pore structures are kept relatively consistent. Smaller particles with larger macropore size 

will be more beneficial for the adsorption of large biomolecules like VLPs, however, this 

structure may decrease the mechanical strength of the particles. 

The interaction between VLPs and the resin particle backbone can be further 

modified by controlling the mobile phase composition. Although the penetration of bound 

VLPs into the particles are highly restricted, the desorption process was shown to be 

incomplete, meaning that a large fraction of bound VLPs couldn’t be recovered from the 

particles. By modulating the interaction between VLPs and the resin particles, it may be 

possible to achieve higher recoveries. The use of additives, such as arginine, that reduce 

hydrogen bonding should be considered. 

In the case of monolith columns, more information of the distribution of bound 

VLPs on monolith columns is needed. Chapter 4 showed that, although the flow channel 

size is much larger than the through-pore size in POROS HS particles, and much larger 
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than the size of the VLPs, it appears that a significant fraction of the loaded VLPs are 

trapped inside the monoliths. Meanwhile, the extent of VLP binding inside the monoliths 

matrix is still not clear. EBC and DBC of VLPs on monoliths column need to be 

determined and the specific binding location should be visualized by immunostaining the 

bound VLPs using HPV-antibody conjugated gold nanoparticles or fluorescent dyes. This 

study can also be helpful to understand the effects of the smaller pores to the physical 

trapping of VLPs inside monoliths and provide important knowledge for the improvement 

of the preparation process of polymer monoliths and the control of critical parameters.  

VLP load-wash-elute experiments showed that the skin layer on the side surface 

of the monolith has great impact to the transport of VLPs into the monolith matrices, thus, 

further study on the nature of the skin layer is needed. The experimental data has shown 

that the recovery of VLPs is lower when loaded onto the skin layer; however, the reasons 

for the existence of this skin layer are not known. The chemistry of the skin layer and its 

interaction with VLPs needs also to be determined. Immunostaining of bound VLPs on 

the skin layer using HPV-antibody conjugated with gold nanoparticles or fluorescent dye 

can be carried out to determine the specific binding locations of VLPs on the skin layer.  

Another approach to improve the adsorption and recovery of VLPs on monoliths 

is to select or design matrices with different structure. The CIM tube monolith columns 

studied in this work have a bimodal pore size distribution and the smaller pores inside the 

matrix may be responsible for the physical trapping of VLPs, which results in the low 

recovery. The typical manufacturing of polymer monoliths employs radically initiated 

cross-linking polymerization processes, during which the polymerization step occurs in a 

homogeneous liquid polymerization precursor mixture containing monomers and a 
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porogenic solvent.  The choice of monomer mixture composition, porogenic solvent 

composition and the temperature during polymerization are critical experimental 

parameters that have great effects to the flow channel size and pore volume. Therefore, a 

monoliths matrix containing only large flow channels and no small pores is desirable for 

the separation of large biomolecules like VLPs.  

Besides the optimization of the stationary phase and operating conditions, the 

large molecular radius of VLPs is the most significant obstacle in the downstream 

purification processes. As a result, further study should be carried out on the adsorption 

and recovery behavior of HPV L1 protein monomers and HPV capsids, both of which are 

much smaller in size than VLPs. L1 protein monomers and capsids can be obtained from 

disassembled VLPs. After purification, the L1 protein monomers and capsids can be 

reassembled to form VLPs with uniform particle size.  

Last but not least, it is necessary to develop a cost model to enable a proper 

economic comparison between POROS particles and monolith columns. The scaling-up 

of monoliths to the column volumes needed at the manufacturing scale without producing 

high pressure drops is needed. Furthermore, the reusability of the column is also 

important and should be assessed. Previous studies showed that residual VLPs can be 

removed efficiently from both POROS and monolith columns by cleaning-in-place with 

0.5 M NaOH; however, more experimental data is needed at higher number of cycles and 

with more practical VLP loads.  
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