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Abstract
The adsorbents employed in this study for the recovery of BSA and HSA nanoparticles had one of four
discrete designs e.g. microporous (pore size <0.2 ∝m), macroporous (pore size >0.8 ∝m), solid phase
(non-porous) and pellicular (pore size <0.5 ∝m). Soluble protein was included in the study to represent
cellular components of complex feedstocks and the separation of assemblies from components, whilst
nanoparticulate protein, served as surrogate size and charge mimics of less easily sourced viral and
plasmid gene therapy vectors. Candidate adsorbents were physically characterized to assess their
suitability for fluidized bed operation and biochemically characterized exploiting batch binding
experimentation and laser scanning confocal microscopy. The adsorptive capacity of nanoparticulate
products was strongly influenced by the physical design of the adsorbents and microporous adsorbents
appeared to be less suited for the recovery of nanoparticulate products. The generic application of such
adsorbents for the recovery of nanoparticulate bioproducts is strongly discussed.
Keywords: Protein nanoparticle, Surrogate Mimics, Bioproduct Recovery, Adsorbent Morphology,
Fluidized Bed Adsorption.
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1. Introduction
Current chromatographic technology has been
developed primarily for macromolecular products
(1-5nm) and is not well suited for the recovery of
nanoparticulate products such as plasmid DNA,
viruses, macromolecular assemblies as drug
delivery vehicles and virus like particles as vaccine
components. due to the large size range of these
products (20-300nm) and their complex surface
characteristics [1-4] . Therefore, nanoparticulate
products tend to be recovered by combination of
ultracentrifugation and ultrafiltration protocols
which are commonly scale limited, whilst dirty
feedstocks such as cell lysates from animal cell and
microbial cultures limit the efficiency such
processes [5-7] .

*

Fluidised bed adsorption technology is an
alternative that can be employed for
nanoparticulate purification providing practical
advantages such as the potential for direct process
integration as has been seen with protein products
[4-6]. However, this technology is limited since
currently available adsorbent solid phases have
characteristically small pore and particle diameters
which have been optimized for the purification of
protein rather than nanoparticulate products. Small
pore size (5-400nm) limits the diffusion of the
nanoparticulates (20-300nm) into the adsorbent
solid phase and thus only the external surface area
is available [8-10] .
In addition, low molecular weight contaminants
(proteins, DNA, endotoxins etc.) will enter the
pores resulting in a process requirement for
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excessive washing steps to purge the internal
volume of the adsorbent solid phase. Adsorbent
solid phases have been designed with large
macropores (1-3;m in diameter) allowing for
convective flow within the solid phase, which could
enable rapid adsorption and desorption
characteristics. Pellicular solid phases should show
shorter processing times due to the limited
diffusion distances, but the loss of bulk capacity
must be considered and the solid adsorbent
circumvents diffusional limitations and the

washing steps required due to the surface limited
binding [11-14] . Therefore, the design and
assembly of adsorbent particles is a critical factor
to be considered to enable the successful operation
of the recovery of nanoparticles. A study is reported
herein which has investigated the binding of
protein nanoparticles (60-200nm), fabricated from
bovine or human serum albumin, as a viral
size/charge mimic, to a selection of adsorbent solid
phases characterised by a unique range of particle
geometries and surface topographies [15-18] .

Figure 1. Bed expansion profiles of adsorbent solid phases. The bed expansion characteristics of the adsorbents
were determined in fluidised beds operated with buffer A (10 mM Tris/HCl containing 0.2% (w/v) sodium azide at
pH 7.5). The bed was allowed to settle for 15 minutes until stable and the bed height was measured against the flow
rate entering the column.

2. Materials and Methods
All chemicals were purchased from Sigma or the
Aldrich Chemical Company. Adsorbent solid phases
used include commercial microporous adsorbents
(Streamline), pellicular composites, solid particles
(perfluorocarbon emulsions) and macroporous
adsorbent particles (Cell beads, PVA composites).
All adsorbents were derivatized with anion
exchange chemistry (diethylaminoethyl, DEAE).
One of the major problems associated with such
studies as this is the quantity of nanoparticulates
required for experimentation with adsorbent
capacities in excess of 1011 particles/ml adsorbent,
hence sufficient quantities of nanoparticulates such
as retrovirus and adenovirus are not available [8].
This problem has been circumvented by the use of
synthetic nanoparticles fabricated from bovine and
human serum albumin.

3. Results and discussion
3.1 Physical Characterization of Adsorbent Solid
Phases
Adsorbent design implications incorporate both
the suitability of the solid phase for nanoparticulate
recovery and for fluidised bed operation, therefore
the physical characteristics such as adsorbent size,
density, pore size and small ion capacity of the
adsorbent solid phases were investigated (Table 1).
The commercial porous solid phase, Streamline,
was used as a bench mark solid phase to which
physical and biochemical characteristics were
compared. All of the custom designed solid phases
demonstrated good bed expansion characteristics
in comparison to Streamline (Figure 1) except the
solid perfluorocarbon adsorbent. This was due to
the small size of the adsorbent; hence this solid
phase was removed from the study due to poor bed
expansion characteristics.
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Table 1. Physical characteristics of adsorbent solid phases
Adsorbent

Size (m)

Streamline
2% Agarose-zircona
Celbeads
PVA Mo
PVA Zr
Perflurocarbon

200
240
394
423
514
10

Density
(g/ml)
1.2
1.67
1.38
1.39
1.37
2.1

Small Ion capacity
(mol/ml)
160
89
41
27.8
54.4
8

Pore structure/pore size
Microporous/ <200 nm
Pellicular
Macroporous/ 5∝m
Macroporous/ 1∝m
Macroporous/ 1∝m
Solid

Table 1 summarises the commercial and custom fabricated adsorbent solid phases that were included in the present study having
different adsorbent configurations designated. The respective manufacturers supplied the data for pore size of the PVA and
Celbead composites and the commercial adsorbents.

buffer A and monitored over time. The recovery is
expressed as a percentage of the estimated binding (b).

Figure 2. Batch binding and batch elution of BSA
nanoparticles. 1004l of adsorbent was challenged with
1.5ml of BSA nanoparticles at a concentration of
2204g/ml in buffer A (10mM Tris-HCl, pH 7.5, 0.02%
sodium azide, 0.01% Tween 20) for 2 hours. The
decrease in concentration of the feedstock was
measured over time (a). The adsorbent was
subsequently washed five times with buffer A. The
elution was then conducted in 1.5ml of 1.0M NaCl in

3.2 Biochemical Characterization of Adsorbent Solid
Phases
The adsorption/desorption characteristics of the
selected adsorbent solid phases were studied using
batch binding experimentation. The binding and
recovery profiles suggest that nanoparticulate
recovery is affected by particle geometry (Figure 2).
BSA nanoparticles adsorbed and desorbed rapidly
on Cell beads, the adsorbent solid phase with the
largest pore size (3 m) suggesting that the open
pore structure of the adsorbent (60% pore volume)
circumvented problems associated with diffusion
limitations. However, the BSA nanoparticle
capacity is low in comparison to the selected solid
phases (Table 2.). 2% Agarose zirconia and
Streamline both reached equilibrium within 30
minutes suggesting surface binding and limited
penetration. In addition, the macroporous solid
phases (PVA Zr and PVA Mo) demonstrated longer
adsorption times (Figure 2) which is indicative of
slow diffusion into the larger pores. Recovery of the
BSA nanoparticles occurs within 30minutes for all
the solid phases, however as shown in Table 2., with
the exception of Celbeads and PVA Mo, the
recoveries are generally poor (>70%). This could
be due to slow diffusion from within the internal
structure where there is nanoparticle penetration.

Table 2. Summary of BSA nanoparticle capacities and recoveries from preliminary batch binding experiments.
Adsorbent

Small Ion capacity
(mol Cl/ml ads.)

BSA nanoparticle
capacity (mg/ml
ads.)

BSA nanoparticle
capacity (particles/ml
ads.)

Recovery %

Streamline

160

1.95

1.1×1012

57.7

2%Agarosezircona

89

2.1

1.2×1012

67.9

Celbeads

41

0.56

3.16×10

PVA Mo

27.8

0.9

5.08×1011

~100

PVA Zr

54.4

1.67

9.4×1011

63.3

11

76.3

Table 2 summarizes the adsorptive capacities and recoveries of BSAp calculated from batch adsorption and
desorption studies. The capacity was determined by difference analysis of the initial load and the concentration after
120 minutes, whilst the recovery is the protein recovered as percentage of the protein adsorbed
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Two different nanoparticulate mimics were used,
both BSA nanoparticles (150nm in diameter) and
HSA nanoparticles (70nm in diameter). The initial
experiments were conducted using the larger BSA
nanoparticles (Figures 2) with further studies
investigating the adsorption/desorption of HSA
nanoparticles (Figures 3) to the same solid phases.
At this stage due to the poor capacity of Celbeads
(Table 2) the adsorbent was removed from the
study.
The adsorption/desorption characteristics of the
selected adsorbent solid phases is different to that
for BSA nanoparticles, which highlights the
differences in structure. The macroporous
adsorbents (PVA Mo and PVA Zr) show rapid
adsorption
profiles
suggesting
that
the
nanoparticles can pass freely into the pores, whilst
the microporous adsorbents demonstrate a longer
adsorption time. This could be attributable to the
diffusion of the nanoparticles into the small pore
structure. This is also confirmed from the slower
desorption of the nanoparticles from Streamline
and 2% agarose zirconia in comparison to PVA Zr
and PVA Mo.
3.3 Laser Scanning Confocal Microscopy (LSCM)
The assumptions made about nanoparticle
adsorption in relation to the adsorbent design
based on adsorption profiles are validated using
Laser Scanning Confocal Microscopy (LSCM).
Figures 4 and 5 represent the adsorption of
fluorescently labelled BSA nanoparticles to
adsorbent solid phases characterized by different
internal geometries. Figure 4 depicts limited

surface binding of the BSA nanoparticles with the
commercial adsorbent Streamline and the
pellicular adsorbent 2% agarose zirconia, in
contrast to Figure 5 where there is an apparent
partial penetration into the macroporous Celbeads.

Figure 3. Batch binding and batch elution of HSA
nanoparticles. 1004l of adsorbent was challenged with
1.5ml of HSA nanoparticles at a concentration of
2204g/ml in buffer A (10mM Tris-HCl, pH 7.5, 0.02%
sodium azide, 0.01% Tween 20) for 2 hours. The
decrease in concentration of the feedstock was
measured over time (a). The adsorbent was
subsequently washed five times with buffer A. The
elution was then conducted in 1.5ml of 1.0M NaCl in
buffer A and monitored over time. The recovery is
expressed as a percentage of the estimated binding (b).

Figure 4. Confocal microscopy images of Streamline (a) and pellicular (b) adsorbents contacted with fluorescently
labelled BSA nanoparticles.

4. Conclusions
Adsorbent design implications for the recovery of
nanoparticulate products has been investigated
with batch binding experiments with fabricated

BSA and HSA nanoparticles as surrogate mimics for
nanoparticulates such as viruses and plasmid.
Customised macroporous and pellicular solid
phases were compared to a commercial
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microporous adsorbent (Streamline). All of the
adsorbent solid phases investigated demonstrated
similar binding capacities, with the macroporous
adsorbents showing better recoveries (Table 2. and
3.) due to the large pore size which enables easier
diffusion of the nanoparticles from the internal
structure of the adsorbent solid phase. The
customised macroporous and pellicular solid
phases
showed
better
bed
expansion
characteristics than Streamline, which is a process
advantage for fluidised bed adsorption of
nanoparticulate products. Both pellicular and
macroporous solid phases demonstrated good
nanoparticle capacities and recoveries with
excellent fluidisation properties (Figure 1). There is
clearly much scope for the development of custom
designed solid phases for fluidised bed recovery of
nanoparticulate products.

Figure 5. Confocal microscopy images of Celbead
adsorbent contacted with fluorescently labelled BSA
nanoparticles.

Table 3. Summary of HSA nanoparticle capacities and recoveries from preliminary batch binding experiments.

Adsorbent

Small Ion
capacity (mol
Cl/ml ads.)

HAS nanoparticle
capacity (mg/ml
ads.)

HSA nanoparticle
capacity
(particles/ml ads.)

Recovery %

Streamline

160

2.9574

1.84×1013

~100

2.95

1.99×1013

~100

2%Agarosezircona

89

PVA Mo

27.8

2.66

1.79×1013

PVA Zr

54.4

2.08

1.4×1013

Table 3 summarises the adsorptive capacities and recoveries of HSAp calculated from batch adsorption and
desorption studies. The capacity was determined by difference analysis of the initial load and the concentration after
120 minutes, whilst the recovery is the protein recovered as percentage of the protein adsorbed.
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