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Abstract 

Presently, there is a need for purification of large bioparticles, namely viruses, required for the production 

of many vaccines and gene delivery vectors. Monoliths seem to be able to give an answer to this issue, and 

have already been applied for the purification of large biological components such as pDNA and viruses. 

The monoliths used in this work consist of a polymethacrylate backbone containing a complex network of 

large throughpores with average diameter ranging from 1.2 to 1.5 µm. These characteristics make them 

suitable for fast purification of large bioparticles. However, there has been described a flow dependant 

entrapment of such particles in monoliths during chromatographic experiments, which would result in a 

decreased recovery and yield of the purification processes. Such entrapment can be described by a model 

based on the Peclet number that is proportional to the flow rate and to the cube of the particle diameter. To 

evaluate this phenomenon, pulse response experiments were conducted under non-binding conditions at 

several working flow rates, with baculoviruses, virus-like particles and different sizes of silica particles. For 

the silica particles, with an increase of the flow rate and particle size it was possible to observe an 

approximately linearly increasing flow entrapment behaviour. Furthermore, a fraction of the entrapped 

particles was recovered by reduction of the flow rate. To what concerns the baculovirus and VLPs, a form 

of entrapment was verified, however not a flow dependant one, since the recovery remained approximately 

the same for all the working flow rates. 

Keywords: Flow entrapment; monolith; chromatography; nanoparticles; virus; virus-like particle.  
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Resumo 

Actualmente, verifica-se a necessidade de purificação de bio-partículas de grandes dimensões, como os 

vírus, para aplicações no âmbito da produção de vacinas e vectores para terapia genética. Os monólitos 

parecem ir de encontro a este objectivo, visto já terem sido utilizados para a purificação de vírus e ADN 

plasmídico. Os monólitos utilizados neste trabalho consistem num suporte de polimetacrilato, contendo 

uma complexa rede de poros, com diametro médio de cerca de 1.2 a 1.5 µm. Estas características tornam 

os monólitos capazes de proceder a uma rápida purificação de partículas de grandes dimensões. No 

entanto, foi descrito um aprisionamento dependente do fluxo de bio-partículas em monólitos durante 

procedimentos cromatográficos, o que poderá resultar em perdas de rendimento dos processos de 

purificação. Este aprisionamento pode ser descrito por um modelo baseado no número de Peclet, que é 

proporcional à velocidade do fluxo e ao cubo do diametro das partículas. De forma a avaliar este fenómeno, 

foram realizadas experiências cromatográficas em condições de adsorção inexistente, com baculovírus, 

virus-like particles e partículas de sílica de diferentes tamanhos. Para as partículas de sílica, com um 

aumento do fluxo e do tamanho de partícula, verificou-se um crescente e aproximadamente linear 

aprisionamento das partículas. Posteriormente, foi possível recuperar parte das partículas aprisionadas por 

recurso a uma redução da velocidade de fluxo. No que diz respeito aos baculovírus e VLPs, foi observada 

uma forma de aprisionamento dos mesmos, no entanto este não aparenta ser dependente do fluxo, visto 

que a retenção se manteve constante para todas as velocidades. 

Palavras chave: aprisionamento de fluxo, monólito, cromatografia, nanopartículas, vírus, virus-like particle. 
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1. Introduction 

Biopharmaceuticals are medicinal products, manufactured in or extracted from biological sources. 

Examples of biopharmaceuticals include vaccines, blood or blood components, allergenics, somatic 

cells, gene therapies, tissues, recombinant therapeutic protein and living cells [2]. Biopharmaceuticals 

market is expanding and growing, having been estimated at US$199.7 billion globally in 2013, and is 

projected to reach US$497.9 billion by 2020 [3]. For this reason, it is of high importance to further develop 

the production processes. Chromatography is the workhorse of the downstream processes used for 

manufacturing of biopharmaceuticals. It allows a high number of cycles and it’s usually easy to implement, 

since the equipment, materials and purification protocols are readily available [4]. Chromatography is a 

separation procedure that consists of a fluid phase, containing the target product to be separated, that 

percolates through a stationary phase. To maximize the efficiency of this method, the mass transfer between 

the stream of the fluid mobile phase and the stationary phase should be fast and frequent. In order to afford 

fast mass transfer kinetics, the diffusion distances in the bed should be small and the surface area of contact 

between the mobile and stationary phases must be large. However, the hydraulic resistance of the bed to 

the stream of mobile phase should be moderate. These requirements are not compatible, what makes it 

necessary to search for a compromise between these characteristics [5]. Furthermore, chromatography is 

used for purification of a wide variety of products, from small molecules such as peptides and proteins to 

large bioparticles such as viruses and cells, so it is imperative that the process is optimised concerning a 

specific target product. To achieve different purposes, several stationary phases have been developed and 

mainly characterised as diffusive (packed-bed) and convective (monoliths and membranes) based devices. 

Until now, most chromatographic developments describe methods performed with small molecules like 

proteins. However, processes aiming for the purification of large bioparticles will face different 

chromatographic behaviour, therefore specific requirements must be fulfilled by the stationary phase [6]. 

 

1.1. General characteristics of monoliths 

Monoliths consist of a single block of a continuous porous material that is hermetically sealed in a 

chromatography housing, so that the mobile phase flow cannot bypass any significant length of the bed and 

must percolate through it [5,7]. The pores of the monolith are highly interconnected channels through which 

the mobile phase flows [8]. The average size, the tortuosity and the constriction of these channels formed 

by the throughpores are relevant characteristics that control the column permeability [5]. 

Monoliths can be made of inorganic material, namely silica [9], natural polymers [10] or synthetic organic 

material [11-13] resulting in various morphologies (Figure 1) with different mass transfer properties for 

several applications. 
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Figure 1: Scanning electron microscope (SEM) images of Monoliths made of micrometer sized globules of silica (left) 

and an organic polymer (right) [14]. 

 

Silica monoliths are fabricated as rods and have been mainly used for the separation of small organic 

compounds in analytical and laboratory preparative scale [15]. Monoliths with rather large channels (over 

50 µm) have been produced by cryo-polymerisation and are used for protein and cell separation from crude 

suspensions [15,16]. Polymethacrylate monoliths have been applied for separation and analytical purposes 

of peptides, proteins, oligonucleotides, pDNA, RNA and viruses [15]. Monoliths can be used for all kinds of 

operation modes, except size exclusion chromatography. This is due to the fact that, for large molecules, 

monoliths rely on transport by convection, while size exclusion chromatography is based on differences 

between the diffusivity of individual molecules into a pore [4]. 

The highly connected macroporous structure of the monoliths results in different hydrodynamic 

characteristics comparing to conventional packed columns. The mass transport in both types of 

chromatographic media is represented in Figure 2. 

 

 

Figure 2: Schematic representation of mass transport mechanism in conventional packed beds (A) and in monolithic 

media (B) [17]. 

A B 
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The transport in conventional packed beds is characterised by the diffusion of the particles into the pores, 

contrary to monoliths, in which transport resides on convection throughout the pores. The high volume of 

throughpores, hence the low hydraulic resistance, makes it possible to work at a low pressure drop. 

Moreover, the predominant transport mechanism inside the monolithic media is convection rather than 

diffusion, leading to a flow-independent resolution and dynamic binding capacity [8,18]. Consequently, 

monoliths in general can operate at much higher flow velocities than conventional packed columns, resulting 

in faster separation processes [5]. 

 

1.2. Characteristics of monolithic column performance 

The performance of chromatographic columns can be characterized by their efficiency, which indicates the 

separation power and is related to the permeability, that establishes the maximum column length and flow 

rate that can be used with a certain equipment. Efficiency is also related to the phase ratio that is defined 

by the pattern of solute retention factors, to the ability of resolving certain pairs of compounds and to the 

column saturation capacity [5]. 

1.2.1. Column efficiency 

Column efficiency is a measure of the width of the elution bands when they pass through the detector and 

is usually defined by the height equivalent to a theoretical plate (HETP or H). This definition assumes that 

the bands have a Gaussian profile, and that their width is affected only by the broadening during the 

migration along the column, which is a rough estimation [5]. Given this assumptions, the plate number is 

defined as [19]: 

 
𝑁 = 16(

𝑡𝑅
𝑤
)
2

 
(1) 

 

Where tR is the retention time at the maximum height of the peak considered and w is the baseline width, 

which can be described as the distance on the baseline between its intersection with the two inflection 

tangents of the peak. From the given equation it is possible to derive the HETP or H [5]: 

 
𝐻 =

𝐿

𝑁
 

(2) 
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With H being an empirical number, redefined by Giddings as the rate at which the variance of a 

chromatographic band increases with increasing migration distance [20]. From this definition it is possible 

to relate the local characteristics of the column with the average value of the HETP [5]. 

However, most of the analysis performed with the intent to investigate the properties and characteristics of 

chromatographic columns, both of packed or monolithic nature, use the equation described by Knox [21] to 

correlate experimental measurements of H with the velocity of the mobile phase (u0): 

 

 
𝐻 =

𝐵

𝑢0
+ 𝐴𝑢0

1/3
+ 𝐶𝑢0 

(3) 

 

This equation consist of an empirical correlation with parameters that characterize the extent of band 

broadening due to Eddy diffusion (A), axial dispersion (B), and the resistance to mass transfer kinetics (C), 

supporting that the column efficiency is higher when HETP is small. To what concerns the term A, it 

expresses the longitudinal dispersions within the column, which are dominated by diffusion. Since diffusion 

in monoliths is minimal, due to the pore structure and to the fact that convective transport is dominant 

throughout the column, Eddy diffusion has a low influence in the process. As to axial dispersion effects, 

represented by term B, they are negligible when it comes to the separation of macromolecules, as the large 

size of the particles leads to a low diffusivity [22]. The term C describes the resistance to the mass transfer 

of the analyte between the mobile and stationary phase. Moreover, mass transport is influenced by the flow 

velocity of the mobile phase, and since in monolithic media the convective transport is dominant, the term 

C is smaller compared to conventional packed columns, which results in flow rate independent column 

efficiencies [23]. 

 

1.2.2. Column permeability 

For the stream of mobile phase to percolate through the chromatographic column, a certain pressure drop 

(ΔP) must be maintained throughout the column. It is generally assumed that the behaviour of the mobile 

phase is Newtonian and that the flow is laminar [5]. Under these conditions, the pressure drop is related to 

the characteristics of both the column and the mobile phase, and also to the flow velocity by mean of the 

Darcy equation [19,24]: 

 

∆𝑃 =
𝜇𝑢𝐿

𝐵0
 

(4) 
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Where µ is the viscosity of the mobile phase, u is the superficial velocity, L the column length and B0 is the 

column permeability.  

In the case of packed columns, the permeability (B0) is related to the average diameter of the packing 

particles (dp), and a specific permeability can be obtained by B0/dp
2 [5]. There are several models that relate 

the specific permeability to the column porosity or void fraction ε, allowing to compare different columns 

[25], as shown in Figure 3. 

 

Figure 3: Specific permeability of chromatographic packed columns and monoliths compared to various permeability 

models [26,27]. 

 

Comparing to particle packed beds, with porosities limited to a maximum of approximately 40%, monoliths 

detain higher bed porosities of typically 65% up to 90%, without losing mechanical stability [26,27]. As a 

consequence, pressure drop in monoliths is substantially low, what allows operations at high flow rates with 

low backpressure [27]. 

By monitoring pressure flow curves during chromatographic experiments, it is possible to evaluate 

hydrodynamic properties of the columns, according to Darcy’s law by linear regression (Figure 4), where 

the reciprocal of the slope expresses the column permeability (B0) [27]. 

Monoliths

Beads
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Figure 4: Evaluation of column permeability from pressure-flow curves recorded during chromatographic processes, 

according to Darcy’s law. Own results. 

 

1.2.3. Analysis time 

In chromatography, the retention times are all referred to the column hold up time, t0, defined as the elution 

time of an unretained tracer. Knowing the length of the column (L) it is possible to obtain the 

chromatographic velocity (u0) [5]: 

 
𝑢0 =

𝐿

𝑡0
 

(5) 

Also, the retention factor (k’) of a compound is defined as: 

 
𝑘′ =

𝑡𝑅 − 𝑡0
𝑡0

 
(6) 

Where tR is the retention time verified for the compound of interest. All the retention times are proportional 

to t0, as long as the effects of the pressure on the viscosity of the mobile phase, specific volume and the 

retention factors are negligible [5]. Under these conditions, the analysis time of a certain column with a given 

mobile phase is inversely proportional to the inlet pressure of said mobile phase. With a certain length and 
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constant inlet pressure, the analysis times for a column are proportional to the mobile phase viscosity and 

to the column porosity, being inversely proportional to the column permeability [5].  

 

1.2.4. Response peak 

In chromatography, pulse response experiments are commonly used in order to evaluate mass transfer 

kinetics and performance of a specific column or media. In this work, a sample amount is injected under 

non-binding conditions, obtaining the respective response peak, which can be used to characterise the 

monolith chromatographic performance, as well as helping to understand the parameters that influence the 

process. The response peak is represented in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

The peak area is proportional to the injected amount of sample that is detected after passing through the 

column, and can be used for quantitative evaluation and mass balance purposes. The first peak moment 

corresponds to the mean elution time and can be used to characterise the response peak and to evaluate 

the retention in the chromatographic media. 
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Figure 5: Response peak obtained after injection of material into the column. Representation of peak area (µ0) and first 

peak moment (µ1). 
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1.3. Flow entrapment phenomenon 

There has been described a flow dependant entrapment of large bioparticles in monoliths during 

chromatographic experiments, which would result in a decreased recovery and yield of the purification 

processes [1]. Even though the monoliths usually have large pores, these may contain constrictions or 

throats through which a bioparticle in the same size range could not pass. It is possible, mostly with high 

flow rates, that part of the particles moving through the monolithic medium become convectively trapped in 

such constrictions of the pores. As long as the downstream convection is stronger than the upstream 

diffusion, the particle will remain trapped. When this occurs, the only way for the particle to escape and 

move to a wider pore is by diffusion, which can be enabled at lower flow rates [1]. 

 

 

A model based on the Peclet number was developed in order to predict the existence of flow entrapment in 

a monolith under certain conditions. The Peclet number gives the ratio between convective transport into 

the constriction and the diffusion out of the entrapment, being characterised by the constriction’s length (L), 

which is the distance that the particle would have to cover in order to diffuse out, the flow velocity (uc) inside 

the pore and the diffusivity of the particle (D) [1]: 

 
𝑃𝑒 =

𝑢𝑐𝐿

𝐷
 

(7) 

Given this, since the flow velocity in a pore should be proportional to the square of the pore diameter, the 

ratio of uc to the average flow velocity is approximately the same as the ratio between the corresponding 

diameters squared [1]: 

Figure 6: Schematic illustration of flow entrapment process inside monolithic media. (A) Particles are passed through 

the monolith by convective transport.(B) The pores may contain small constrictions, and if the moving particles and are 

in the same size range as the constrictions, particles could get entrapped in case that the convective transport is 

dominant. (C) If flow velocity is reduced and diffusion becomes dominant, particles would be able to move from 

constricted pores into a wider pore [1]. 

A B C 
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𝑢𝑐 ≈
𝑢𝑠
𝜀
(
𝑑𝑐
𝑑𝑝
)

2

 

(8) 

With us being the superficial linear velocity, dp the average pore diameter, dc the diameter of the pore 

constriction and ε the total bed porosity. 

Furthermore, the diffusivity of the particle can be described by the Stokes-Einstein equation as a function 

of the viscosity of the fluid (µ) and the particle diameter (db) with the Boltzmann constant (k) and the 

temperature (T): 

 
𝐷 =

𝑘𝑇

3𝜋𝜇𝑑𝑏
 

(9) 

 

Moreover, it is possible to combine the previous equations to obtain a simplified equation (10) in which the 

length of the constriction (L) is assumed to be the pore diameter (dp) and the diameter of the constriction 

(dc) is close to the particle diameter (db) [1]: 

 

𝑃𝑒 ≈
3𝜋𝜇𝑢𝑠𝑑𝑏

3

𝜀𝑑𝑝𝑘𝑇
 

(10) 

The given equation provides a simplified Peclet number estimation that relates the likelihood of a flow 

entrapment behaviour in a particular medium with the particle size. When the Peclet number is significantly 

lower than 1, the convective entrapment should be negligible since the diffusive transport is maioritary 

dominant in this case. However, in cases that the Peclet number is larger than one, the convective transport 

is dominant over the diffusive and it is possible that flow entrapment effects occur in the monolithic media 

[1]. As the Peclet number is highly influenced by the particle size, it supports the fact that flow dependent 

entrapment is very unlikely to take place when processing small molecules like proteins, but likely to occur 

with larger particles such as viruses. Other important factor is the working flow rate, and since the monoliths 

allow to perform procedures at high flow rates, it strengthens the probability that flow dependent entrapment 

phenomenon take place during chromatographic experiments. 
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1.4. Nanoparticle Tracking Analysis 

Nanoparticle tracking analysis (NTA) is a system capable of sizing nanoparticles in the range of about 30 

to 1000 nm, with the lower limit being dependent on the refractive index of the particles, and also has the 

ability to determine the concentration of such particles in a solution, within values from 1*107 to 1*109 

particles/mL, depending on sample type [29,30]. This technique combines laser light scattering microscopy 

with a charge-coupled device (CCD) camera operating at 30 frames per second, enabling the visualization 

and recording of nanoparticles in a solution. Furthermore, the NTA software is able to identify and track 

individual nanoparticles moving under Brownian motion, which allows to recover the particle number 

concentration based on the results obtained [29]. The NTA method was already evaluated for the 

measurement of nanoparticles [31], drug delivery nanoparticles and protein aggregates [29], particle size 

distribution of nanomaterials in suspension [32] and viruses [29]. 

For the measurements to be taken, the sample is properly diluted if necessary and introduced into the 

chamber. Then, the particles are illuminated by laser, and the dispersed light is captured via the microscope 

by a high sensitivity camera, as illustrated in Figure 7 [33]. 

 

 

 

 

 

 

 

 

 

 

 

By these means, particles are individually tracked and visualized on the screen of the control computer. A 

video of the particles moving under Brownian motion is recorded and then analyzed by a single particle 

tracking programme, in which the center of each particle is located and moving distance is tracked. 

Figure 7: Schematic picture of the NanoSight particle tracking analysis system [33]. 
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The video frames can be adjusted by the user in terms of image smoothing, background subtraction, setting 

of thresholds, brightness and removal of blurring to allow particles of interest to be tracked without 

interference from stray flare or diffraction patterns [34]. This means that through the adjustment of several 

optical settings the operator has direct influence on the results, hence it is advisable that the samples are 

measured with different dilutions and also with slightly different settings, for example minor changes in 

brightness, so that the influence and subjectiveness of the user are therefore attenuated [29]. 

Moreover, the movement of individual particles can be followed through the video sequence and the mean 

square displacement determined for each particle. With these values, the diffusion coefficient (Dt) and 

consequently the sphere equivalent hydrodynamic radius (rh) can be determined using the Stokes-Einstein 

equation [34]: 

 (𝑥, 𝑦)2

4
= 𝐷𝑡 =

𝑇𝑘

6𝜋𝜇𝑟ℎ
 

(11) 

Where k is the Boltzmann constant, T is the temperature and µ is the viscosity of the medium. 

Taking into account that each and every visible particle is separately tracked, it is possible to generate 

particle size distribution profiles that reflect the actual number of particles thus seen, which is a significant 

advance on the distributions obtained by other dynamic light scattering techniques, such as Photon 

Correlation Spectroscopy (PCS) [34]. 

 

Figure 8: Fraction of a video recorded by the NanoSight where it is possible to see the particles and their respective 

tracks of moving distance [34]. 
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1.5. Virus-Like Particles 

The field of vaccinology has experienced success in developing prophylactic vaccines for a variety of 

infectious diseases by traditional, and relatively crude approaches, consisting of partially purified live 

attenuated virus or inactivated bacteria [35,36]. Over time, more refined methods were introduced such as 

chemical treatment of a protein toxin to form a toxoid, development of a purified and inactivated virus, use 

of purified polysaccharides and development of virus-like particles [36]. Vaccines can generally be classified 

as whole organism, purified macromolecules, combined antigens, recombinant vectors, synthetic peptides 

and DNA [36]. 

Virus-like particles are viral structural proteins that are expressed in cells, mimicking the organization and 

conformation of native viruses therefore possessing native conformational epitopes. However, VLPs do not 

contain a genome and are incapable of spreading infection, potentially allowing safer vaccine options 

[36,37]. They have a repetitive antigenic structure that is capable of efficiently stimulating both cellular and 

humoral immune responses [38,39]. 

To date, several types of VLPs have been produced, using the ability of capsid and envelope proteins from 

more than 30 virus to self-assemble into highly organised particulate structures. Some of the most relevant 

among them are the hepatitis B virus, papilloma virus L1, parvovirus VP2, yeast retrotransposon ty-p1and 

HIV Gag proteins [35,36]. Most of these VLPs can be produced in large scale via heterologous expression 

systems and purified by established protocols. Almost all of them have shown to be considerably effective 

at stimulating CD4 proliferative responses and cytotoxic T lymphocyte responses in addition to B-cell-

mediated humoral immunity [35]. 

The purification processes used for VLPs are similar to the ones used for virus vaccines, with the advantage 

of less stringent biosafety requirements due to the VLP’s inability to replicate and cause disease [36]. For 

example, the purification of the Gardasil® virus-like particle vaccine, produced in Saccharomyces cerevisiae, 

requires cell disruption in a homogenizer after benzonase treatment. The lysate is then clarified by cross-

flow microfiltration in diafiltration mode, followed by two cation-exchange chromatography steps, the first 

pass captured the VLPs and the second pass serves as a polishing step [40]. Furthermore, a process using 

monoliths has been successfully established for the purification of virus-like particles from yeast 

homogenate [41]. 

The samples used in this work are Recombinant HIV-1 Pr-55gag virus-like particles. To better understand 

these particles, it is important to know their origin and process of formation. The human immunodeficiency 

virus type I (HIV-1) gag gene encodes the conserved structural polyprotein Pr55gag, which conducts the 

viral assembly process. The Gag protein comprises the major structural proteins p17 matrix (MA), p24 

capsid (CA), p7 nucleocapsid (NC), and p6 linker (LI) protein in addition to small spacer peptides p2 and 

p1, which are released from the Gag precursor by the HI viral protease, either during or shortly after budding 

of immature virions from the host cell. In complete absence of any other viral proteins and viral RNA, the 
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unprocessed Gag precursor is capable of catalysing the formation and release of non-infectious virus-like 

particles when expressed in insect, yeast, and mammalian cells [35]. 

 

 

 

 

 

 

 

 

 

 

 

 

When the gag gene is expressed in appropriate eukaryotic cells, the gag polyprotein is synthesised on 

cytosolic ribosomes and then targeted to the plasma membrane, where it acquires a lipid envelope and 

buds in form of virus-like particles (Fig. 9B and C). During the cytosolic transport, the Gag precursor seems 

to form assembly intermediates, recruits single-stranded RNA and then aggregates at the inner face of the 

plasma membrane as dense patches (Fig. 9D), which can be visualised by electron microscopy. The 

assembled Gag protein complex induces membrane curvature, leading to the formation of a bud. During 

budding, viral glycoproteins as well as producer cell derived proteins appear to be selectively incorporated 

into the nascent particles. Gag protein plaques progress to form protruding buds which are released from 

the plasma membrane to form virus-like particles (Fig. 9E) [35]. Detailed images of these particles can be 

obtained with Transmission electron microscopy (TEM) as shown in Figure 10. 

Figure 9: Schematic representation of the HIV Gag polyprotein and particle formation. (A) The HIV Pr55gag polyprotein 

consisting of the p17 matrix (MA), the p24 capsid (CA), the p7 nucleo (NC) and the p6 linker protein (LI) includes all 

information to (B) target to the inner leaflet of the membrane of the producer cell and (C) bud in form of enveloped virus-

like particles (VLP). (D and E) Electron micrographs of VLPs budding from High Five insect cells after infection with 

Gag-recombinant baculoviruses. CP: cytoplasma; EC: extra cellular. [35] 
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The images in Figure 10 suggest a diameter slightly larger than 100 nm for these virus-like particles. 

However, the TEM images are taken when the particles are in a dry state, which means that during 

chromatographic experiments, when suspended in a buffer solution, some swelling effects have to be taken 

into account. Considering NanoSight measurements taken, during the pulse-response experiments 

diameters up to 200 nm can be expected for the VLPs. 

Several expression systems have been reported to support the assembly and release of VLPs, including i) 

the baculovirus expression system [42], ii) the vaccinia virus expression system [43] iii) stably transfected 

Drosophila Schneider-2 (DS-2) [36], iv) monkey kidney Vero cells [44] and v) yeast spheroblasts [45]. These 

systems allow the large scale production of these particulate antigens for vaccine applications. 

 

1.6. Baculovirus 

Baculoviruses are a family of large rod-shaped viruses, which can be divided in two genera, distinguished 

by their occlusion bodies: Nucleopolyhedroviruses and granuloviruses. The first were named due to the fact 

that the occlusion bodies containing the virions are polyhedral shaped and originated in the nucleus. As for 

granuloviruses, they were named for their small, granular and ellipsoidal shaped occlusion bodies [46]. They 

are a diverse group of double stranded DNA viruses, with a length of over 200 nm and 30-50 nm in diameter 

[46]. Baculoviruses are capable of infecting several species of invertebrates, with over 600 host species 

having been described. However, the insect species of Diptera (flies), Hymenoptera (ants, bees, wasps) 

and Lepidoptera (butterflies, moths) are the most significant well-documented hosts, mainly in their larval 

forms [46]. 

Figure 10: TEM images of HIV-1 Pr55gag Virus-like particles, purified by ultracentrifugation of CHO cells supernatant. 

Courtesy of Petra Steppert. 
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The most commonly used lepidopteran cell lines for production of baculovirus are isolated from Spodoptera 

frugiperda (Sf-9 and Sf-21) and Trichoplusia ni (Tn-5 or High FiveTM) [47].  

The baculovirus used in this work is the Autographa californica M nuclear polyhedrosis virus (AcMNPV).The 

DNA is protected by a protein capsid and surrounded by a lipid envelope. The main trans-membrane protein 

is known as gp64, a fusion glycoprotein, which is polarly present on the rod-shaped virion. It consists of 

three identical sub-units and is important in viral budding out of a cell, as well as in the process of entering 

new host cells by endocytosis [48]. 

 

 

 

 

 

 

 

 

 

 

 

Baculovirus is widely used in the pharmaceutical industry for the production of recombinant proteins, human 

gene therapy applications and as a system for the production of virus-like particles [47,49,50]. Baculovirus 

is considered a medium size virus and it is difficult to purify by conventional methods. Purification procedures 

such as ultracentrifugation and tangential flow filtration are not suitable for this purpose, since in the case 

of the tangential flow filtration irreversible fouling of the membranes occurs, and in what concerns 

ultracentrifugation, the yield of active virus has proven to be extremely low, around 30% [47]. Conventional 

chromatography suffers from low dynamic binding capacity, due to the fact that the pore size is too small to 

allow diffusion into the beads, making the internal surface inaccessible, resulting in a small surface area. 

However, monolithic supports seem to be adequate for baculovirus purification, since they have large 

channels, offering an extended surface area, and since the mass transport within the column is led by 

convection, process times can be reduced, therefore achieving a product of higher activity and less 

Figure 11: TEM image of an AcMNPV baculovirus, provenient from infected Sf-9 cells. Courtesy of Petra Steppert. 
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aggregation [47]. Given this, baculovirus were one of the chosen particles to be used in this work, in order 

to verify if flow entrapment effects would affect the monolith based purification steps. 
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2. Aim of studies 

Monoliths are designed for fast purification of large bioparticles, allowing to work at high flow rates. However, 

there has been described a non-adsorptive, reversible flow dependent entrapment in monolithic media. It is 

possible to predict this convective form of entrapment by means of a model, using the Peclet number and 

considering that this phenomenon increases linearly with the flow rate and with the cube of the particle 

diameter. Consequently, the yield and recovery of chromatographic processes could be affected and 

decreased when attempting to purify large bioparticles. For this matter, it is important to evaluate and 

characterize the flow entrapment. 

Pulse response experiments were performed using monolithic columns at different flow rates, using different 

model systems, including i) silica particles of various sizes, ii) baculoviruses and iii) VLPs with the goal of 

acquiring information that would help to better understand the behaviour of the different particles inside the 

monolithic media. 

The present work took place at the University of Natural Resources and Life Sciences in Vienna, Austria. It 

was inserted in the Intenso project and conducted under the supervision of Prof. Alois Jungbauer, DI Petra 

Steppert and Prof. Ana Azevedo. 
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3. Materials and Methods 

 

3.1. Equipment 

3.1.1. HPLC system 

All the chromatographic experiments were performed on an Agilent Series 1100 System (Agilent, 

Waldbronn, Germany) consisting of a well plate automatic liquid sampler (WP ALS) for injection, a degasser, 

a quaternary pump and a diode array detector (DAD). The ChemStation for LC 3D systems (Rev. B. 04.03) 

software was used for data acquisition and control.  

3.1.2. NanoSight 

The NanoSight measurements were performed with a NanoSight LM 10 (NanoSight Ltd., Amesbury, UK) 

and the acquisition and analysis of the data was performed with NTA 2.0 Analytical Software. 

 

3.2. Material 

3.2.1. Silica Particles 

Silica particles of different sizes, 50, 70, 100, 300 and 500 nm in diameter with sulfonate surface modification 

(surface: PEG(600)-OSO3-Na) were obtained from Kisker Biotech (Steinfurt, Germany). 

The silica particles were diluted in different buffers before being used for DLS measurements and 

chromatographic experiments, as shown in Table 1. 

Table 1: Characteristics of silica particle suspensions used in chromatographic experiments (HPLC) and DLS 

measurements. 

Experiment Particle diameter 

(nm) 

Dilution Concentration 

(mg/mL) 

Concentration 

(particle/mL) 

HPLC 70 1:25 1 6.96×1013 

DLS, HPLC 100 1:100 0.25 2.39×1013 

DLS, HPLC 300 1:250 0.1 8.84×1011 

DLS 500 1:10000 0.0025 1.91×1011 

 



19 

 

3.2.2. Baculovirus 

Baculovirus AcMNPV (A.californica nuclear polyhedrosis virus, VR-1345; ATCC, Rockville, USA) were 

produced in infected Sf-9 cells (S. frugiperda, CRL-1711; ATCC, Rockville, USA). 

3.2.3 Virus-Like Particles 

HIV-1 gag VLP´s obtained from CHO cell culture supernatant. 

3.2.4. Stationary phases 

3.2.4.1. CIMacTM SO3 

CIMacTM SO3 is a strong cation exchange monolith. The poly(glycidyl methacrylate-co-ethylene 

dimethacrylate) backbone of the monolith is modified with sulfonyl and sulphate ligands (P–OSO₃–) with 

counter ion Na+. The average pore diameter is between 1.2 to 1.5 µm and the total bed volume is 0.106 mL 

(diameter: 5.2 mm; length: 5.0 mm). A new and single monolith was used for the experiments performed 

with each type of particle.  

 

3.2.4.1. Dummy-monolith 

The dummy monolith consists of an empty CIMacTM housing with two frits and a steel ring with a 3 mm 

channel instead of a monolith, which objective is to simulate the influence of the frits during chromatographic 

experiments.  

 

3.2.5. Chemicals 

All the chemicals used for buffer preparation were purchased from Merck, Darmstadt, Germany. 

 

3.3. Methods 

3.3.1. Characterisation of submicron particle suspensions 

Characterization of the average particle size, when suspended in chromatographic buffer is important to 

determine existing aggregation or swelling effects of particles. For this purpose, stability tests over 24 hours 

were performed with all the particle sizes in 4 different buffers: Water, 50 mM sodium phosphate pH 7, 

50mM sodium phosphate 1.5M NaCl pH 7 and 50 mM sodium phosphate 1.5M NaCl 20% ethanol pH 7. 

NanoSight measurements were taken at times 0, 2, 8 and 24 hours after particle suspension in each buffer, 

in order to evaluate the size and stability of the particles over time. The buffers were prepared with particle 
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free water (Aqua-Dest, Claro products GmbH, A-5310 Mondsee) in order to obtain better results and with 

the least external impurities possible. 

During NanoSight analysis several variables and optical settings (e.g. brightness, Gain, Blur) are involved 

and can be modified by the operator, resulting in a high influence on the results obtained. In an attempt to 

attenuate this operator subjectiveness, for each particle size the settings were kept the same except for 

brightness for which three small variances were introduced in the video analysis. For the same purpose, 

each sample was measured in three different dilutions. 

3.3.2. Dynamic Light Scattering (DLS) measurements 

DLS measurements were taken with the different silica particle sizes using a Zetasizer Nano ZS (Malvern 

Instruments, Worcestershire – UK) in backscatter detection mode at a fixed angel of 173° in order to obtain 

values for the mean diameter of the particle suspensions in several buffer solutions.  

3.3.3. Evaluation of column performance 

3.3.3.1. Pressure-flow curves 

Pressure-flow curves were performed with increasing flow rates from 0.1 to 3 mL/min with deionized water 

at room temperature to measure the system pressure over the bypass of the chromatographic system and 

also over the monolith before and after each experimental sequence. To obtain the pressure drop data of 

the monolith, the bypass system pressure was subtracted from the system pressure recorded while the 

monolith was inserted. 

3.3.3.2. Separation of standard proteins 

A protein mixture of 1 mg/mL myoglobin, 1 mg/mL ribonuclease A and 1 mg/mL Cytochrome C was prepared 

in 20 mM sodium phosphate, pH 7.5 equilibration buffer (buffer A) and 20 µL of the protein mixture were 

injected onto the CIMacTM SO3 at a flow rate of 1mL/min. Elution was performed with 20 mM sodium 

phosphate, 1 M NaCl, pH, 7.5 (buffer B) by a linear gradient from 0 to 35% B during 5 or 7 min at a flow rate 

of 1 mL/min, and afterwards stripping was performed with 100% of buffer B during 2 minutes at 1mL/min. 

After stripping, a regeneration step was performed with 1 M NaOH 2 M NaCl during 2 min at 1mL/min. The 

UV-signal was detected at 280 nm with 600 nm as reference wavelength.  

3.3.4. Chromatographic experiments 

Chromatographic experiments were performed on the HPLC under non-binding conditions, with 50 mM 

sodium phosphate buffer pH 7 for the silica particles and 50 mM sodium phosphate buffer with 2M NaCl, 

pH 7 for baculoviruses and VLPs, at flow rates ranging from 0.1 to 3 mL/min. For the initial flow rate of 0.2 

mL/min it was reduced to 0.1 mL/min after 6 minutes while for all the other flow rates the reduction to 0.1 

mL/min took place after 3 minutes. 3 replicates of 50 µL of particle suspensions were injected to the bypass, 
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to the dummy-monolith and to the CIMacTM SO3 monolith. Furthermore, 50 µL of buffer was injected after 

each run, at the same flow rates, in order to acquire blank runs. UV-signals were detected at 280 nm with 

360 nm as reference wavelength. The data obtained was subtracted by the corresponding blank run and 

was subsequently normalised to volume and numerically integrated, after the offset was corrected. During 

the chromatographic experiments samples were collected after the particle injection and after the flow rate 

reduction to 0.1 mL/min. 

3.3.5. NanoSight measurements 

The fractions collected were analysed by NanoSight, in order to obtain the values for the mean particle 

diameter and particle concentration in each sample.  

For the same reason as mentioned in the characterisation of submicron particles, the measurements were 

performed with different dilutions of each sample and with different levels of brightness. In this case two 

dilutions and two variances in the brightness were applied.  

3.3.6. Baculovirus purification: Anion exchange chromatography 

The purification of 0.8 µm filtered (Millex AA filter, Milipore Bedford, MA, USA) baculovirus containing 

supernatant was conducted by 1 mL radial flow monoliths, either CIM QA and CIM Epoxy was used as a 

pre-column (BIA Separations, Ajdovščina, Slovenia). The loading conditions were of 50mM HEPES, 200 

mM NaCl, pH 7.2, and elution was performed with 50 mM HEPES, 1 M NaCl, pH 7.2. Regeneration of QA 

was carried out by 2 M NaCl, 1 M NaOH during 60 bed volumes at a flow rate of 1 mL/min. Epoxy was 

regenerated under the same conditions, followed by 50% isopropanol treatment during 10 bed volumes at 

a flow rate of 1 mL/min and 10 bed volumes at one half of the flow rate. 

All runs were conducted on an ÄKTA explorer 100 (GE Healthcare, Uppsala, Sweden) using a flow rate of 

1 mL/min. Conductivity, pH and absorbance at 280 and 260 nm for protein and DNA detection was 

monitored simultaneously during the purification. Elution fractions of 1 mL were collected and pooled 

according to the chromatogram´s peaks (“Purification of infective baculoviruses by monoliths”, Petra Gerster 

et al, Journal of Chromatography A, 2013). 

3.3.7. VLP purification: Retro-ConcentinTM  

With the Retro-ConcentinTM method (System Biosciences) the VLPs are directly pelleted from culture 

medium with simple steps of low speed centrifugations. 

The cell culture was centrifuged at 3000 g for 15 minutes to remove cells and cell debris. Then two vials 

with 5 mL total volume were prepared, by mixing 1 mL of Retro-concentin Virus Precipitation Solution and 

4 mL of supernatant. The solutions were refrigerated overnight at 4˚C and afterwards were centrifuged at 

1500 g for 30 minutes. It was possible to observe a white VLP pellet at the bottom of the vessel. The 
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supernatant was aspired and the VLP pellets were resuspended in 1/10 of the original volume, using 50 

mM sodium phosphate buffer 2 M NaCl. 
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4. Results and Discussion 

4.1. Characterisation of submicron particle suspensions 

Stability tests over 24 hours were performed with silica particles in 4 different buffers: Water, 50 mM sodium 

phosphate pH 7, 50 mM sodium phosphate 1.5 M NaCl pH 7 and 50 mM sodium phosphate 1.5 M NaCl 

20% Ethanol pH 7. NanoSight measurements were taken at times 0, 2, 8 and 24 hours after particle 

suspension in each buffer, in order to evaluate the size and stability of the particles over time.  

The 50 nm particles showed to be impossible to measure correctly with the NanoSight, since they are very 

close to the limit of detection of approximately 40 nm. Given this, the stability tests were carried over with 

100, 300 and 500 nm silica particles. 

 

Table 2: Diameter and concentration of silica particles of various sizes suspended in water, measured by NanoSight. 

 100 nm Silica particles 300 nm silica particles 500 nm silica particles 

Time (h) Diameter 

(nm) 

Concentration 

(particles/mL) 

Diameter 

(nm) 

Concentration 

(particles/mL) 

Diameter 

(nm) 

Concentration 

(particles/mL) 

0 128±12 1.91×1013 255±14 2.30×1012 370±22 9.11×1011 

2 145±30 1.86×1013 270±31 2.21×1012 388±17 1.09×1012 

8 145±25 1.56×1013 274±19 1.82×1012 405±18 1.07×1012 

24 149±39 1.73×1013 280±19 1.68×1012 413±19 9.27×1011 

 

Since there are not major changes in diameter nor in concentration, all the particle sizes seem to be stable 

in water over 24 hours, despite the fact that there is a slight increase in the diameter, which is not significant.  

However, the measured mean diameters show different values than the ones expected considering the 

information given by the manufacturer. For the 100 nm particles the measured values for the diameter are 

higher than expected, ranging from 128 to 149 nm. As for the 300 and 500 nm particles, the values are 

lower than expected. 
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Table 3: Diameter and concentration of silica particles of various sizes suspended in 50 mM sodium pohosphate pH 7 

buffer, measured by NanoSight. 

 100 nm Silica particles 300 nm silica particles 500 nm silica particles 

Time (h) Diameter 

(nm) 

Concentration 

(particles/mL) 

Diameter 

(nm) 

Concentration 

(particles/mL) 

Diameter 

(nm) 

Concentration 

(particles/mL) 

0 119±11 2.01×1013 239±42 2.28×1012 437±49 8.80×1011 

2 158±58 1.84×1013 267±34 2.03×1012 403±21 9.89×1011 

8 138±23 1.88×1013 273±37 1.83×1012 420±21 7.72×1011 

24 134±54 1.34×1013 240±21 1.34×1012 385±32 6.98×1011 

 

It is possible to observe some minor changes in diameter and concentration throughout time, nevertheless, 

all the particle sizes seem considerably stable in the sodium phosphate buffer. 

Resembling the previous data, the values for the diameters show to be different from the expected, higher 

in the case of the 100 nm silica particles and lower in the case of the 300 and 500 nm silica particles. 

 

Table 4: Diameter and concentration of silica particles of various sizes suspended in 50 mM sodium phosphate 1.5 M 

NaCl pH 7 buffer, measured by NanoSight. 

 100 nm Silica particles 300 nm silica particles 500 nm silica particles 

Time (h) Diameter 

(nm) 

Concentration 

(particles/mL) 

Diameter 

(nm) 

Concentration 

(particles/mL) 

Diameter 

(nm) 

Concentration 

(particles/mL) 

0 270±21 3.07×1012 308±18 7.35×1011 438±29 3.30×1011 

2 240±35 3.76×1012 273±46 6.84×1011 403±17 2.65×1011 

8 278±31 7.84×1012 292±31 6.63×1011 375±150 2.17×1011 

24 261±21 5.43×1012 311±17 3.44×1011 443±88 1.31×1011 
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Both the 300 and 500 nm silica particles seem to be stable in this buffer. However, the 100 nm particles 

show extremely high values for the measured diameter, around 1.5 times higher than the expected. It is 

also possible to observe that the particle concentration in this case appears to be much lower than in the 

previous ones. The abnormally large values for the diameter and the lower values for the concentration 

could suggest agglomeration of the particles in this buffer, and since it is verified since time 0, the 

agglomeration would happen immediately after suspension of the particles in the buffer. 

Other explanation could be that the NaCl would increase the brightness detected by the NanoSight, resulting 

in a higher measured diameter, and since some particles could be overlaid by the excessive brightness, it 

could also explain the loss in concentration. 

 

Table 5: Diameter and concentration of silica particles of various sizes suspended in 50 mM sodium phosphate 1.5 M 

NaCl 20% Ethanol pH 7, measured by NanoSight. 

 100 nm Silica particles 300 nm silica particles 500 nm silica particles 

Time (h) Diameter 

(nm) 

Concentration 

(particles/mL) 

Diameter 

(nm) 

Concentration 

(particles/mL) 

Diameter 

(nm) 

Concentration 

(particles/mL) 

0 295±125 1.53×1012 304±64 3.25×1011 461±117 2.16×1011 

2 419±61 1.39×1012 320±45 3.86×1011 538±30 2.14×1011 

8 419±180 1.93×1012 352±55 4.64×1011 538±70 1.84×1011 

24 382±55 6.78×1012 326±30 3.24×1011 623±295 1.84×1011 

 

In this buffer, all the diameters measured show higher values than in the previous cases. The 300 nm 

particles seem stable, for the 500 nm particles there is a clear increase in the diameter from the 0h to 24h 

of about 35%, which could be caused by swelling of the particles, since there is not a considerable decrease 

in the particle concentration. On the other hand, the standard deviation shows to be considerably high in 

most of the cases, making the data not very reliable. This supports the fact that NanoSight measurements 

with the present buffer could be misleading and not suitable for the purpose of this work. 

To what concerns the 100 nm particles, the measured values for the mean diameter are extremely high, up 

to 419 nm. Like in the previous case, this could mean agglomeration of the particles when suspended in 

this buffer or excessive brightness detected by the measuring equipment. 

Given this results, the buffer chosen to be used in all the silica particle experiments was the 50 mM sodium 

phosphate pH 7, since all the particle sizes show stability when suspended in it. 
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Given these results, it was possible to compare the measured values for the particle diameter (NanoSight 

and DLS) with the theoretical values given by the manufacturer. 

 

Table 6: Mean diameter of the 100, 300 and 500 nm particles in water solution obtained with DLS and NanoSight. 

 

Particle size given by 

the manufacturer (nm) 

DLS NanoSight 

Measured particle 

size (nm) 

RSD (%) Measured particle 

size (nm) 

RSD (%) 

100 102 0.58 126 8.5 

300 267 1.24 255 6.9 

500 407 0.92 392 8.9 

 

Both the results obtained with the DLS and the NanoSight indicate that the mean diameter of the 300 and 

500 nm particles is actually lower than expected considering the information given by the manufacturer. As 

for the 100 nm particles, the values for the mean diameter obtained with the DLS measurements go 

according to the manufacturer’s information, but the ones obtained by the NanoSight indicate that the 

particles are slightly larger. 

Furthermore, it is important to understand that the silica particle suspensions consist of a size gradient 

distribution, with particles with similar but yet different sizes that contribute to the standard deviation 

observed in the measurements taken. 

For all following experiments, the silica particles used were of 70, 100 and 300 nm. The 500 nm particles 

were excluded due to time pressing issues and because it was known from previous work that they were 

too large to be used in experiments with the CIMacTM SO3 monolith. The 70 nm silica particles were included 

further on, because it was important to study a particle size between 50 and 100 nm, in order to cover 

experimental conditions that would result in lower Peclet numbers. 

 

 

 

 

 

 



27 

 

4.2. Evaluation of column performance 

The evaluation of the column’s material performance was conducted by the separation of a protein mixture 

of 1 mg/mL myoglobin, 1 mg/mL ribonuclease A and 1 mg/mL Cytochrome C as described in the methods 

section. 

 

 

 

The accuracy of performance for the columns could be confirmed since the three proteins eluted in correct 

order according to their PI’s in all the cases. Myoglobin elutes first, since it doesn’t bind to the monolith, and 

is followed by ribonuclease A, that elutes at a level of 15-20% buffer B in all cases. Cytochrome C elutes 

last, at a level of 25-30% buffer B. 

 

 

A B 

C D 

Figure 12: Separation of a protein mixture of myoglobin, ribonuclease A and Cytochrome C with CIMacTM SO3 0.1 mL 

analytical column by linear gradient from 0 to 35% of 20 mM sodium phosphate, 1 M NaCl, pH 7.5. The chromatograms 

are relative to the monoliths used for the experiments with (A) 70 nm silica particles, (B) 100 nm silica particles, (C) 300 

nm silica particles and (D) baculoviruses and VLPs. The dotted line corresponds to the elution buffer gradient. 
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4.3. Chromatographic experiments 

As described in the methods section, pulse response experiments were conducted with several flow rates 

and different types of particles were injected in order to characterise their behaviour in the monolith and 

evaluate the existence of flow entrapment in each case. 

50 µL injections of appropriate dilutions were performed for each particle suspension, and the injected 

material was measured with NanoSight in order to determine the amount of particles present, so that it 

would be possible to calculate the recovery after the experiments. The dilutions and particle content of each 

injection are summarized in Table 7. 

Table 7: Dilutions performed before injection of each sample, concentration and particle content of the injected material. 

Material Dilution Concentration 

(particles/mL) 

Particle content 

Silica 70 nm 1:25 2.37×1012 1.18×1011 

Silica 100 nm 1:100 3.90×1011 1.95×1010 

Silica 300 nm 1:250 1.26×1010 6.30×108 

Baculovirus 1:10 - - 

VLP 1:20 4.59×1010 2.29×109 

 

In case of flow entrapment, the values for the first peak area and for the recovered particles after injection 

should decrease with increasing flow velocity, and the first peak moment should remain stable. Moreover, 

if the particles are reversibly entrapped, making it possible to recover them by mean of a flow rate reduction, 

a second peak will appear on the chromatogram. 
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4.3.1. 70 nm Silica particles 

In a first approach, the elution peaks of the particles at each flow rate were overlaid, in order to be compared. 

The first peaks obtained in the chromatograms for the bypass, dummy and monolith experiments are 

summarized in Figure 13. 

 

 

In case of flow entrapment, it should be expectable that the size of the elution peak would decrease with 

the higher flow rates. A slight decrease is noticeable just by looking at the overlaid peaks. 

 

 

 

Figure 13: First peaks of the chromatograms obtained after injection of 70 nm silica particles with (A) Bypass, (B) Dummy 

monolith, (C) CIMacTM SO3 monolith. Absorbance at 280 nm. 

A B 

C 
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For further analysis, the first peak area was calculated and the samples collected after injection were 

measured with NanoSight, in order to get the amount of recovered particles. The initial concentration of the 

particles before injection was also measured with NanoSight, and the number of particles in the 50 µL 

injection was obtained, allowing to calculate the percentage of recovered particles. The results are 

represented in Figure 14. 

 

Figure 14: (A) Area of the first peak obtained from chromatograms after injection of 70 nm silica particles, (B) Values 

for the recovered 70 nm particles after injection and collection of eluting particles, obtained by NanoSight 

measurements.  

 

With this data it was possible to observe that for the 70 nm particles there is almost no influence from the 

frits, since the peak area for the bypass and the dummy are approximately the same for most of the flow 

rates. It is also possible to see a slight decrease of the peak area and the recovered particles with the higher 

flow rates, which could suggest that there is particle entrapment. However, the standard deviation of the 

NanoSight measurements is considerably high and makes it difficult to take viable conclusions about such 

a slight decrease in the values of the recovered particles after injection. 

To make sure that there were no undesirable influences in the chromatographic experiments, and that these 

were effectively conducted under non-binding conditions, it is important to observe the first peak moments 

of all the chromatograms, represented in Figure 15. 

 

 

 

 

A B 
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The first peak moments remain considerably stable, and the values obtained for the monolith do not appear 

to be higher than the ones obtained with the bypass and the dummy, which indicates that the experiments 

were effectively conducted under non-binding conditions. 

Furthermore, when the flow rate is reduced to 0.1mL/min, a second peak is obtained (Figure 16). 

 

Figure 16: Second peak obtained after flow rate reduction from 2 mL/min to 0.1 mL/min. 

Figure 15: First peak moments obtained for the chromatograms relative to the experiments with the 70 nm silica 

particles. 
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The area of this peak and the recovered particles for the different flow rates are represented in Figure 17. 

 

 

This graph shows that the area of the second peak increases with the higher flow rates, suggesting that 

there is a crescent amount of particles getting convectively entrapped in the monolith, which are able to 

elute after the flow rate is reduced to 0.1 mL/min, when the diffusive process becomes dominant. This fact 

strengthens the possibility of the existence of flow entrapment for the 70 nm silica particles under these 

conditions.  

 

Figure 17: (A) Area of the second peak, obtained after flow rate reduction, (B) Recovered particles after the flow rate 

reduction to 0.1 mL/min during the 70 nm silica particle experiments, measured with NanoSight. 

A B 
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4.3.2. 100 nm Silica particles 

The first peaks obtained with the chromatographic experiments for the 100 nm silica particles are 

represented in Figure 18. 

 

For the 100 nm silica particles it is possible to observe that the peaks obtained with the CIMacTM SO3 

monolith decrease considerably with the higher flow rates. 

 

 

 

 

Figure 18:  First peaks of the chromatograms obtained after injection of 100 nm silica particles with (A) Bypass, (B) 

Dummy monolith, (C) CIMacTM SO3 monolith. Absorbance at 280 nm. 

 

A B 

C 
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Like in the previous case, the first peak area and the recovered particles after injection were calculated and 

are represented in Figure 19. 

 

 

The loss due to the frits for the 100 nm particles was approximately 20%. When using the monolith, the first 

peak area and the recovered particles after injection showed a considerable decrease with the increase of 

the flow rates. The recovered particles decrease from 40% at the lower flow rates to approximately 10% at 

the highest. 

The first peak moments of the chromatogram are shown in Figure 20. 

Figure 19: (A) Area of the first peak obtained from chromatograms after injection of 100 nm silica particles, (B) Values 

for the recovered 100 nm particles after injection and collection of eluting particles, obtained by NanoSight 

measurements. 

 

A B 
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The first peak moment remains approximately constant for all the flow rates, meaning that the experiments 

were performed under non-binding conditions and the loss of particles could not be due to partial binding to 

the column. 

The second peak area and the recovered particles after flow rate reduction are represented in Figure 21. 

 

Figure 20: First peak moments obtained for the chromatograms relative to the experiments with the 100 nm silica 

particles. 

 

Figure 21: (A) Area of the second peak, obtained after flow rate reduction, (B) Recovered particles after the flow rate 

reduction to 0.1 mL/min during the 100 nm silica particle experiments. 

 

A B 
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There seems to be a drastic increase of the recovered particles after flow rate reduction. For the flow rates 

of 1, 1.5 and 2 mL/min only around 10% of the particles are recovered after injection, and approximately 

35% are recovered after flow rate reduction. This means that at these flow rates most of the particles remain 

trapped in the monolith and a fraction of them is able to elute with the flow change to 0.1mL/min. Given this, 

there are evidences of flow dependent behaviour for these particles, and since the particle size is larger, 

the effects show to be stronger than the ones registered for the 70 nm silica particles. 

 

4.3.3. 300 nm Silica particles 

The first peaks obtained with the chromatographic experiments for the 300 nm silica particles are 

represented in Figure 22. 

 

Figure 22:  First peaks of the chromatograms obtained after injection of 300 nm silica particles with (A) Bypass, (B) 

Dummy monolith, (C) CIMacTM SO3 monolith. Absorbance at 280 nm. 
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By observing the graphs it is easy to conclude that the 300 nm particles do not go through the monolith at 

all, since the chromatogram relative to the monolith experiments does not show any elution peak. 

The area of the first peak and the recovered particles after injection were calculated and are represented in 

Figure 23. 

Figure 23: (A) Area of the first peak obtained from chromatograms after injection of 300 nm silica particles, (B) Values 

for the recovered 300 nm particles after injection and collection of eluting particles, obtained by NanoSight 

measurements. 

 

The influence of the frits regarding the 300 nm particle experiments results in a loss of 5 to 10% of particles. 

The previous data goes according to the chromatograms, since considering the monolith experiments, both 

the values for the first peak area and the recovered particles are very close to zero, meaning that there were 

no particles detected. This leads to the conclusion that the 300 nm particles are too large to go through the 

monolith, remaining trapped inside the column. 

The first peak moments of this experiment are represented in Figure 24. 
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The first peak moment for the experiments with the monolith is not very stable, because since there are no 

elution peaks its value is highly influenced by the noise in the detector. Moreover, the second peak area 

was calculated and the samples collected after flow rate reduction were measured with NanoSight (Figure 

25). 

 

 

These results also support what was observed before, since concerning the monolith experiments, the 

recovered particles after the flow rate reduction are practically zero. 

Figure 24: First peak moments obtained for the chromatograms relative to the experiments with the 300 nm silica 

particles. 

 

Figure 25: (A) Area of the second peak, obtained after flow rate reduction, (B) Recovered particles after the flow rate 

reduction to 0.1 mL/min during the 300 nm silica particle experiments. 
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4.3.4. System and Dummy monolith correction 

In what concerns the bypass experiments, the amount of detected and recovered particles always showed 

smaller values than the initially injected material, suggesting that the system itself has influence in the 

experiments. Some particles could be lost in the injection or during the needle wash with water that precedes 

it. Other possibility is that the particles stick to the surface of the capillaries. 

As referred before, the frits present in the housing of the CIMacTM SO3 monolith has an influence in the 

transport of the particles throughout the monolith, which results in a loss of 20% of injected material for the 

100 nm silica particles and a loss of 5 to 10% considering the 300 nm silica particles. 

In order to take the influence of the system into account, the data obtained with the dummy monolith was 

related to bypass experiments data, which represented the maximum amount of particles that could go 

through the dummy. The same relation was established for the CIMacTM SO3 analytical column, to take into 

account the influence of the frits, as the data obtained with this monolith was related to the dummy 

experiments data, which were representative of the maximum amount of particles that could go through the 

monolith. In addition, the values obtained for the peak area in all the cases were expressed as percentage 

of particles recovered. 

The results obtained after the correction are represented in Figure 26. 

 

 

Figure 26: Recovered silica particles after injection, calculated with the values of the peak area (A) and obtained via 

NanoSight measurements (B). Values corrected taking into account the influence of both the system and the frits in the 
chromatographic experiments. 

 

Like it was observed before, there seems to be flow dependent effects for the 70 nm particles, mainly with 

flow rates higher than 1 mL/min, where it is possible to see a decrease of the recovered particles comparing 

to the lower flow rates. 
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For the 100 nm particles the flow dependent effect is more noticeable, since the recovered particles are 

considerably reduced with the higher flow rates, reaching a value of only 15% at a flow rate of 2 mL/min. It 

was expected a stronger effect of the flow entrapment with these particles since they are larger and therefore 

more likely to get entrapped in the small constrictions of the monolithic pores. 

For the 300 nm the data leads to the same conclusion as before, the particles are too large to go through 

the monolithic media and all the recovered particle values are around 0%. 

 

4.3.5. Peclet number 

For interpretation of results, experimental conditions were related with the Peclet number, which give a 

rough estimation about the dominant mass transport processes: convection, when Pe > 1, or diffusion, when 

Pe < 1. The calculations based on equation 10 were performed using particles diameters (db) obtained by 

NanoSight measurements and the value for the dynamic viscosity (µ) was considered to be 1.305 mPa·s. 

The average pore diameter (dp) of the monolith was assumed from manufacturer’s specification to be 1350 

nm and a typical total bed porosity (Ɛ) for polymethacrylate monoliths of 0.64 was applied for calculation. 

Calculated Pe numbers for each particle size at the different flow rates are summarized in Table 8. 

 

Table 8: Pe number estimations for 70 nm, 100 nm and 300 nm particles when processed with CIMacTM SO3 0.1 mL 

monolith at flow rates from 0.1 mL/min to 3 mL/min. 

Flow rate 

(mL/min) 

Flow velocity 

(cm/min) 

Pe 

70 nm 100 nm 300 nm 

0.1 0.51 0.08 0.59 4.87 

0.2 1.02 0.16 1.18 9.75 

0.5 2.55 0.40 2.94 24.37 

1.0 5.09 0.81 5.87 48.64 

1.5 7.64 1.21 8.81 73.02 

2.0 10.19 1.61 11.75 97.39 

2.5 12.73 2.02 - - 

3.0 15.28 2.42 - - 
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The results obtained with the NanoSight measurements of the samples collected during the 

chromatographic experiments over the monolith were represented versus the Peclet number, to relate the 

recovered particles with the expected flow behaviour expressed by this number (Figure 27). 

 

In theory, it would be expected that the flow entrapment of the particles took place in conditions 

corresponding to a Pe > 1, when the convective transport in the monolith overcomes the diffusive transport. 

Considering this, for the 70 nm particles the entrapment should start to occur between the flow rates of 1 

and 1.5 mL/min, when the Peclet number changes from 0.81 to 1.21 respectively. It is possible to observe 

that the decrease in the recovered particles after injection, for the 70 nm particles, reaches almost 30% at 

flow rate of 3 mL/min (Pe: 2.42) comparing to the lower flow rates with Pe much smaller than 1. This 

decrease appears to start before the threshold, but shows to be more noticeable with the higher flow rates, 

and therefore Pe larger than one, like expected. It is also possible to observe that the recovered particles 

after flow rate reduction tend to increase when the experimental conditions result in a Pe close to or higher 

than one, however it is a slight increase. These particles are interesting because within these experimental 

conditions it is possible to reach the turnover, where the convective transport becomes dominant, and the 

results show what seems to be the beginning of the flow entrapment phenomenon. 

 

For the 100 nm particles it is much more noticeable that the recovered particles after the injection decrease 

considerably with the higher flow rates, since with a flow rate of 2 mL/min (Pe: 11.75) only approximately 

14% of the particles are recovered. The recovered particles after flow rate reduction also show a 

considerable increase, and at the higher flow rates stabilize at about 35%. This data shows that there seems 

Figure 27: (A) Recovered particles after the injection during the chromatographic experiments with the 70 nm, 100 nm 

and 300 nm silica particles plotted versus the corresponding Peclet number, (B) Recovered particles after flow rate 

reduction during the chromatographic experiments with the 70 nm, 100 nm and 300 nm silica particles plotted versus 

the corresponding Peclet number. The vertical red line represents the threshold, above which the convective transport 

in the monolith becomes dominant over the diffusive, hence there should be expected flow entrapment of the particles. 
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to be flow entrapment with the 100 nm particles to a point that almost no particles make it through the 

monolith at the higher flow rates. 

 

For the 300 nm particles like it was observed before, no particles are able to pass through the monolith at 

all, which goes according to expected because in these experiments, with the defined conditions, the Pe 

ranges from 4.87 to 97.39, what suggests entrapment for all the flow rates used. 

 

4.3.6. Lost and recovered particles 

In order to analyze if there was total recovery of all the entrapped particles in the monolith via the flow rate 

reduction, the particles lost within the monolith were represented with the particles recovered after the flow 

rate reduction (Figure 28). 

It is possible to observe that only a fraction of the silica particles entrapped in the monolith was recovered 

after the flow rate reduction to 0.1 mL/min. To what concerns the 70 nm silica particles, at the flow rates 

from 1.5 to 3 mL/min, in which the flow entrapment phenomenon starts to take place, only approximately 

20% of the initially lost particles are recovered after the flow rate reduction. For the 100 nm particles, this 

value ranges from 30% at 0.2 mL/min flow rate to almost 50% at 1 mL/min flow rate. 

Figure 28: Particles lost in the monolith and particles recovered after the flow rate reduction during the 70 nm silica 

particle experiments (A) and the 100 nm silica particle experiments (B). 
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4.3.7. Baculovirus 

The baculovirus and VLP experiments were performed with 50 mM sodium phosphate 2 M NaCl buffer, in 

order to ensure non-binding conditions. The initial solution was diluted 1:10 before injection and the first 

peaks obtained with the chromatographic experiments are represented in Figure 29. 

 

The chromatograms show that there seems to be a kind of entrapment, because the peaks obtained with 

the monolith are much smaller than those obtained with bypass and dummy, however, the peak profile 

doesn´t seem to change with the flow rates, which indicates that it is not a flow dependent entrapment. In 

fact, the smaller peaks are the ones of the lowest flow rates, 0.1 and 0.2 mL/min, which is the opposite of 

what should happen in case of the existence of flow entrapment. 

 

 

C 

A B 

Figure 29: First peaks of the chromatograms obtained after injection of baculoviruses with (A) Bypass, (B) Dummy 

monolith, (C) CIMacTM SO3 monolith. Absorbance at 280 nm. 
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The values for the area of the first peak are coherent with the chromatograms, as there seems to be loss of 

particles within the monolith. A second peak was also detected during the experiments with the monolithic 

column, represented in Figure 31. 

 

 

 

 

 

 

 

 

 

 

 

Figure 30: (A) Area of the first peak obtained from chromatograms after injection of baculoviruses, (B) First peak 

moment of the same experiments. 

Figure 31: Peak area of the second peak of the chromatograms relative to the experiments with baculoviruses, obtained 

when the flow rate is reduced to 0.1 mL/min, for each initial flow rate. 
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However, the peak area is small and the values seem to remain constant for all flow rates, which could 

mean that a small portion of the particles is recovered after the flow rate reduction, but independently from 

the initial flow rate. Also, it was not possible to measure the baculovirus samples with the NanoSight, 

because due to their rod shape, when they rotate in the suspension different signals are intermittently 

detected by the equipment, which results in incomplete traces of the motion tracks, not allowing to obtain 

the data required to calculate the concentration of viruses.  

The values obtained for the peak area with the monolith were then corrected taking into account the loss of 

particles due to the system and to the frits, like performed before with the data corresponding to the 

experiments with the silica particles. The results obtained are represented in Figure 32. 

 

 

Figure 32: Recovered baculovirus after injection, calculated with the values of the peak area, corrected taking into 

account the influence of both the system and the frits in the chromatographic experiments.  

 

With these results it is possible to observe that for the majority of flow rates, the particle recovery shows to 

be around 40%, indicating that a considerable fraction of the injected baculovirus material remains in the 

column. However, since the values remain almost constant for the flow rates ranging from 0.5 to 3 mL/min 

it cannot be considered a flow dependent entrapment. The fact that the lower flow rates show smaller particle 

recovery could be due to an error of the detector or because since the baculoviruses are rod shaped, 

perhaps the higher flow rates allow them to better orientate parallel to the direction of the flow, making it 

easier to flow through the pores of the monolithic media. The apparent loss of virus material in the monolith 

could be explained by partial binding to the column. However, the values of the first peak moments for the 

monolith experiments are very close to the values for the dummy, consequently also the retention time, 

which indicates that the experiments were effectively performed under non-binding conditions. 
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4.3.8. Virus-Like Particles 

The same pulse-response experiments were performed with VLPs (100-200 nm in diameter), in order to 

evaluate their behaviour inside the monolithic media. For this purpose, the initial solution was diluted 1:20 

before injection in order to obtain peaks in the same order of magnitude as the previous experiments. The 

first peaks obtained with the chromatographic experiments are represented in Figure 33.  

The results for the VLPs resemble the results obtained for the baculoviruses, since there seems to be a 

decrease of the areas of the first peaks, but the peak profile and height remain almost constant for all the 

flow rates, excluding the possibility of flow dependent entrapment. 

Figure 33: : First peaks of the chromatograms obtained after injection of VLPs  with (A) Bypass, (B) Dummy monolith, 

(C) CIMacTM SO3 monolith. Absorbance at 280 nm. 
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The values for the peak area are approximately constant for the monolith, which goes according to what 

was observed in the overlaid peaks. The value of the first peak moments for the monolith experiments 

appear stable and similar to the ones relative to the dummy experiments, which again indicates that the 

experiences occurred under non-binding conditions. 

 

 

 

 

 

 

 

 

 

 

Figure 34: (A) Area of the first peak obtained in the chromatograms for the VLPs, (B) First peak moment of the same 

experiments. 

Figure 35: Peak area of the second peak of the chromatograms for the VLPs, obtained when the flow rate is reduced 

to 0.1 mL/min, for each initial flow rate. 
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There seems to be a second peak, obtained after the flow rate reduction, which apparently increases with 

the flow rates. On the other hand, the values are very low and the standard deviation is really high, making 

this data not very reliable. 

The values corrected taking into account the loss of particles due to the system and to the frits are 

represented in Figure 36. 

 

 

 

 

 

 

 

 

 

 

 

Similar to what was observed for the baculovirus, the recovered VLPs after injection appear to be around 

30-40% for all the working flow rates, remaining approximately constant, showing only a slight decrease. 

This fact suggests that the VLPs behave similar to the baculovirus, since there seems to be a form of 

entrapment that retains the particles inside the monolith, but this phenomenon is not considerably influenced 

by the flow rate. 

 

 

 

 

 

 

Figure 36: Recovered VLPs after injection, calculated with the values of the peak area, corrected taking into account 

the influence of both the system and the frits in the chromatographic experiments.  
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4.3.9. Permeability of the monoliths 

To evaluate the permeability (B0) of the monoliths, pressure drop curves were monitored before and after 

the sequences of particle injection, as described in the Methods section. The results obtained after this 

analysis are summarized in Figure 37. 

 

 

 

 

 

 

 

 

 

 

The permeability after the experiments with the 70 nm silica particles seems to increase, which represents 

an odd result that could be related to a measurement error. It shows that the permeability doesn’t seem to 

be highly influenced after the injection of these particles. On the other hand, with larger particles like the 

100 nm and the 300 nm, the permeability seems to decrease, which goes according to expected since the 

amount of particles that get entrapped in these cases is much higher than in the experiments with the 70 

nm particles.  

 

 

 

 

Figure 37: Permeability of the CIMacTM SO3 monolith monitored during the chromatographic experiments with the 70 

nm, 100 nm, 300 nm silica particles and baculoviruses. 
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5. Conclusions 

Pulse response chromatographic experiments were used to characterize the flow dependent entrapment of 

several nanoparticles, including silica particles of different sizes, baculoviruses and virus-like particles, in 

monoliths. 

At first, it was concluded that the frits had influence in the passage of the particles through the monolith, 

since for the 100 nm silica particles the recovery with the dummy monolith was reduced in an average of 

20% and for the 300 nm silica particles in about 8%, comparing with the bypass experiments. On the other 

hand, for the smaller silica particles of 70 nm, the frits had no influence in the experiments, since the 

recovery of particles in the dummy monolith experiments was nearly the same as in the bypass experiments. 

Considering this, the influence of the frits was taken into account in all cases and the values obtained for 

the recovered particles with the dummy column experiments were considered as the maximum amount of 

particles that could go through the CIMacTM SO3 monolith. 

A flow dependent entrapment phenomenon was observed for the 70 nm silica particles, with the values for 

the first peak areas and the recovered particles after injection suffering a slight reduction with the increasing 

flow rates. This decrease was noticeable mostly after the threshold for the Peclet number was surpassed, 

between the flow rates of 1 and 1.5 mL/min (Peclet number of 0.81 and 1.21 respectively) meaning that in 

theory the convective transport became dominant over the diffusive transport. On the other hand, the 

standard deviation of the NanoSight measurements is considerably high and makes it difficult to take viable 

conclusions about the slight decrease in the values of the recovered particles after injection. Furthermore, 

the recovered particles after flow rate reduction increased also with the higher flow rates, which helps 

supporting the idea of flow entrapment existence, since the particles that were trapped managed to move 

out of the constrictions and elute after the reduction of the flow rate. However, not all the entrapped particles 

were recovered after flow rate reduction, in fact, a considerable amount of particles seemed to remain inside 

the column, not being able to elute.  

A more intense flow dependent entrapment was observed for the 100 nm particles, as expected, since with 

these larger particles the Peclet number in the working conditions ranged from 0.59 to 11.75. There was an 

extreme decrease of the first peak area and recovered particles after injection with the increasing flow rates 

and with the higher flow rate of 2 mL/min only approximately 14% of the particles were able to pass through 

the monolith. To what concerns the recovered particles after flow rate reduction, the values increased with 

the higher flow rates, and around 35% of the injected particles were recovered in the experiments with the 

higher flow rates.  

The 300 nm silica particles were not able to pass through the monolith, not being recovered in any case, 

not even with the lowest flow rate of 0.1 mL/min. 
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For the bioparticles, both the baculoviruses and the virus-like particles, the results showed that there seems 

to be entrapment of some sort inside the monolithic media, but it is not a flow dependent behaviour, since 

the values for the first peak area and for the recovered particles after injection remain almost constant in all 

the working flow rates. The partial entrapment could be caused by agglomeration or swelling of the particles, 

and to evaluate this possibility it would be necessary to proceed with stability tests for the bioparticles.  

The pressure curve monitoring over all the experiments showed that the loss in permeability was higher in 

the experiments with the 100 nm and 300 nm silica particles, which helps to conclude that the columns were 

clogged after the injection of these particle sizes, and some of the entrapped particles were not able to elute 

even after flow rate reduction to 0.1 mL/min. 

One possible explanation to these results is that the silica particles are rigid and at high flow rates they can 

damage the monolith and get permanently clogged inside the pores. This strong form of entrapment could 

conduct to dead end pore, which would consequently lead to the entrapment of more particles and the 

formation of clusters inside the pore, causing it to be more difficult for the particles to move out of the 

constrictions even after the flow rate reduction, in which the dominant diffusive effects could not be enough 

to elute the entrapped particles. 

On the other hand, the viruses and VLPs are more flexible and able to deform, which allows them to squeeze 

through the pores, and the high flow rates might contribute to this rather than to a flow entrapment behaviour. 

Furthermore, the baculoviruses are rod shaped, and the higher flow rates could actually help them move in 

a parallel position to the direction of the flow, what would help them to get through the small constrictions of 

the pores, since the diameter of the baculoviruses is smaller than their length. 

In conclusion, there are evidences of a flow dependent behaviour of the silica particles in the monoliths, 

what could contradict the idea that transport in monoliths is independent of the flow. However, silica particles 

do not seem to be the best approximation as a model to predict chromatographic behaviour of bioparticles, 

since the baculoviruses and VLPs seem to behave differently inside the monolithic media, where it is 

possible to notice a sort of entrapment, but not a flow dependent one.  
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