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bstract

Virus-like particles have a wide range of applications, including vaccination, gene therapy, and even as nanomaterials. Their successful utilization
epends on the availability of selective and scalable methods of product recovery and purification that integrate effectively with upstream operations.
n this work, a strategy based on aqueous two phase system (ATPS) was developed for the recovery of double-layered rotavirus-like particles (dlRLP)
roduced by the insect cell-baculovirus expression system. Polyethylene glycol (PEG) molecular mass, PEG and salt concentrations, and volume
atio (Vr, volume of top phase/volume of bottom phase) were evaluated in order to determine the conditions where dlRLP and contaminants
oncentrated to opposite phases. Two-stage ATPS consisting of PEG 400-phosphate with a Vr of 13.0 and a tie-line length (TLL) of 35% (w/w) at
H 7.0 provided the best conditions for processing highly concentrated crude extract from disrupted cells (dlRLP concentration of 5 �g/mL). In such
onditions intracellular dlRLP accumulated in the top phase (recovery of 90%), whereas cell debris remained in the interface. Furthermore, dlRLP
rom culture supernatants accumulated preferentially in the interface (recovery of 82%) using ATPS with a Vr of 1.0, pH of 7.0, PEG 3350 (10.1%,
/w) and phosphate (10.9%, w/w). The purity of dlRLP from culture supernatant increased up to 55 times after ATPS. The use of ATPS resulted
n a recovery process that produced dlRLP with a purity between 6 and 11% and an overall product yield of 85% (w/w), considering purification
rom intracellular and extracellular dlRLP. Overall, the strategy proposed in this study is simpler than traditional methods for recovering dlRLP,
nd represents a scalable and economically viable alternative for production processes of vaccines against rotavirus infection with significant scope
or generic commercial application.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Virus-like particles are composed of the main structural pro-
eins of a virus, but lack its genetic material. They are produced
y the recombinant expression of the structural proteins that,

n the absence of non-structural proteins and genetic material,
ssemble into structures identical to the native virus [1,2]. Virus-
ike particles (VLP) have a wide range of applications, including

� Presented at the International Conference on Biopartitioning and Purifica-
ion, The Netherlands, 20–24 June 2005.
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accination, gene therapy, biosensors, and nanomaterials [3,4].
relevant model for study is the rotavirus. Annually, more than

00,000 children die as victims of acute gastroenteritis caused
y rotavirus [5]. VLP are attractive candidates for a prophylactic
accine against rotavirus infection, because many drawbacks of
raditional viral vaccines are absent in VLP, such as infection
y inefficiently inactivated viruses or by reversion of attenuated
trains. Double-layered rotavirus-like particles (dlRLP) consist
f two concentric protein layers. The inner most layer is com-
rised by 60 dimers (120 molecules) of VP2 and the second

hell is formed by 260 trimers of VP6. Such dlRLP induce a
ood immune response when administered intranasally [4].

The structure of dlRLP makes their production and purifica-
ion a unique challenge [2,6,7]. However, in order for dlRLP to

mailto:mrito@itesm.mx
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e a viable alternative for immunization, economical produc-
ion of complete particles of good quality at large scale needs to
e achieved. An expression system that has been proven to be
specially suitable for the production of VLP is the insect cell-
aculovirus expression vector system (IC-BEVS) [8]. Although
he production of dlRLP has been studied before, the exist-
ng reports addressed mainly the upstream part of the process
1,7,9,10]. In general, purification of VLP is a complex task.

purification process must preserve the best possible yield
nd purity of intact VLP obtained as final products, minimizes
rocessing time and decrease the consumption of resources
reagents) in order to make the process economically viable.
ifficult to scale and time-consuming operations, such as ultra-

entrifugation, are currently used even at industrial scale. Such
rotocols are characterized by low product recovery and high
ost associated to the scaling up of the process [11,12]. Conse-
uently, process problems associated with these protocols limit
heir commercial application. The lack of reports addressing the
ownstream stages of the process for the recovery of dlRLP is
vident.

The development of efficient and scalable biotechnologi-
al processes is needed for the commercial implementation of
ecovery processes. An alternative practical approach, exploit-
ng the use of aqueous two-phase systems [13] to develop a
rocess for the recovery of dlRLP is examined in this work.
queous two-phase systems (ATPS), constituted by a mixture
f polymers (e.g. polyethylene, PEG) and salts (e.g. phosphate
r sulphate), result in two-phases for the extraction of bio-
olecules. This technology has several potential advantages,

ncluding bio-compatibility, ease of scale-up and low cost [14].
ndrews et al. [15] have reported the use of ATPS for the

ecovery of hepatitis B VLP from yeast cells. They evaluated
ualitatively the potential of ATPS to separate VLPs from cell
ebris and contaminants. However, no quantitative information
as provided regarding concentration, purity or yield of VLPs
btained after ATPS. Such findings raised the generic potential
pplication of ATPS for the recovery of VLPs. In the present
tudy, a practical approach, which exploits the known effect of
ystem parameters such as PEG and salt concentration and the
ominal molecular mass of PEG upon product partition, was
sed. Purified dlRLP were initially used as a model system for
valuating their partition behaviour. Subsequently, the real com-
lex system, consisting of cellular homogenate and supernatant
rom insect cell cultures was studied to obtain different condi-
ions where the target product and the contaminants (e.g. cell
ebris) partitioned preferentially to opposite phases. The results
f this work provide a strategy that greatly improves the tradi-
ional way in which dlRLP are recovered, with significant scope
or generic commercial application.

. Materials and methods

.1. Production of dlRLP
dlRLP were produced in High Five insect cells (Invitrogen,
arlsbad, CA, USA), as described in Mena et al. [2]. Briefly, cells
ere cultivated in suspension in SF900-II medium (Invitrogen,
atogr. B 842 (2006) 48–57 49

Carlsbad, CA, USA) in shaker flasks. Cultures were simultane-
ously infected at a cell concentration of 0.5 × 106 cell/mL with a
baculovirus coding for the fusion protein EGFPVP2 (kindly pro-
vided by Professor Jean Cohen, INRA, France) [16] and another
coding for VP6 from strain SA11 (kindly provided by Dr. Susana
López, IBT-UNAM, México) at a multiplicity of infection of five
plaque forming units/mL of each virus. Viral titters were deter-
mined as described by Mena et al. [17]. Cells were harvested by
centrifugation at 48 h post-infection at 10,000 rpm for 10 min
(Beckman, UK). The supernatant was identified in this study as
extra-cellular dlRLP source (cell debris-free extract). After cell
harvesting, the biomass obtained from 200 mL of culture was
re-suspended in 6 mL of Tris EDTA buffer (10 mM Tris–HCl,
1 mM EDTA, 2% of sodium deoxicholate). Cell rupture was
achieved by sonication for 2 min (periods of 10 s, separated
by pauses of 5 s). The resulting homogenate was identified in
this study as intracellular dlRLP source (crude extract). Mate-
rial for the model systems was obtained by purifying dlRLP by
the traditional method of ultracentrifugation [1]. Briefly, dlRLP
from culture supernatants were concentrated by a 35% sucrose
cushion by ultracentrifugation. dlRLP were obtained by ultra-
centrifugation in an isopicnic CsCl gradient at 148,000 × g for
18 h. The band corresponding to dlRLP was recovered and ultra-
filtrated through a 300 kDa MW cut-off membrane.

2.2. Analytical procedures

The concentration and purity of dlRLP was determined by
gel exclusion HPLC, as described in Mena et al. [2]. The chro-
matographic system consisted in a controller, pumps, and a pho-
todiodes array and a fluorescence detectors connected in series
(Waters, Massachusetts, USA). The mode of operation of the
chromatography was isocratic, with a Tris-EDTA pH 8.0 buffer
mobile phase at a flow rate of 0.9 mL/min using an Ultrahydro-
gel 2000 size-exclusion column, or an Ultrahydrogel 2000 and
an Ultrahydrogel 500 columns in series (Waters, Massachusetts,
USA). Prior to injection into the HPLC equipment, samples were
ultrafiltered (10 and 300 kDa MW cut-off, Nanosep, Pall Life
Sciences, Ann Arbor, MI, USA) and centrifuged at 10,000 × g
for 15 min. EGFP fluorescence was determined with the fluores-
cence detector, and concentration of EGFPVP2 was determined
by comparison with a standard curve of pure EGFP concentra-
tion versus fluorescence (excitation and emission wavelengths
of 484 and 510 nm, respectively). Charpilienne et al. [16] have
determined that the molar extinction coefficient of EGFPVP2
is that of EGFP. Thus, dlRLP concentration was determined
from its content of EGFP. Namely, the molecular masses of
the dlRLP and EGFP are 49.5 × 106 and 27 × 103, respec-
tively. Therefore, 1 g of EGFP is contained in 15.27 g of dlRLP.
The purity of dlRLP relative to contaminant proteins was esti-
mated by absorbance at 280 nm using the photodiodes array
detector (Waters, Massachusetts, USA). Transmission electron
microscopy was performed as described by Mena et al. [2].

Briefly, dlRLP negatively stained with uranile acetate after fix-
ation in a 200 mesh grid coated with Formvar-carbon (Structure
Probe Inc., West Chester, PA, USA) were observed with an elec-
tron microscope Jeol 1200EXII (Jeol, Peabody, MA, USA).
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.3. Characterisation of aqueous two-phase systems

The binodal curves were estimated by the cloud point method
18] using poly(ethylene glycol) (PEG, Sigma Chemicals, St.
ouis, MO, USA) of nominal molecular mass of 400, 600,
000, 1450, 3350 and 8000 g/mol (50% (w/w) stock solution)
nd ammonium sulphate or di-potassium hydrogen orthophos-
hate/potassium di-hydrogen orthophosphate (Sigma) (30%,
/w). Fine adjustment of pH was made by addition of orthophos-
horic acid or sodium hydroxide.

.4. Influence of system parameters upon partition
ehaviour of dlRLP from insect cells in PEG-salt systems

All experimental systems used to establish the operating
onditions for the ATPS process were prepared for conve-
ience on a fixed mass basis. Predetermined quantities of stock
olutions of PEG, ammonium sulphate or potassium phos-
hate were mixed with either a single model system (con-
aining purified dlRLP) or a complex system (containing 10%
w/v) supernatant or cell homogenate from insect cell cultures;
eferred above as extracellular dlRLP or crude extract (intra-
ellular dlRLP), respectively), to give a final weight of 1.0
nd 10 g for model and complex systems, respectively. The
tock solutions (PEG or salts) were mixed and phases dis-
ersed by gentle mixing for 30 min at 25 ◦C. Adjustment of
H was made by addition of orthophosphoric acid or sodium
ydroxide. Complete phase separation was achieved by low
peed batch centrifugation at 1500 × g for 20 min at 25 ◦C. Esti-
ates of the volumes of top and bottom phases and solids,

tilizing a calibrated syringe with a total volume of 100 �L or
ith a micropipette in the case of model systems, or 15 mL
raduated centrifuge tubes in complex systems. The volumes
f the phases were used to estimate the volume ratio (vol-
me of the top phase/volume of the bottom phase, Vr). Sam-
les were carefully extracted from the phases (top and bottom
hase) and analyzed. In the particular case of sample from
nterface, top and bottom phases were withdraw with care to
void interface perturbation. The remaining material identi-
ed as interface was then re-suspended in Tris-EDTA buffer
nd consequently diluted for biochemical analysis. The sys-
ems tie-line length (TLL), which represents the length of the
ine that connects the composition of the top and bottom phase
f a defined ATPS, was estimated using the relation in which
LL is equal to [(�PEG)2 + (�salt)2]1/2; where �PEG and
salt are the differences in concentration between top and

ottom phase of PEG and salt, obtained from the intercep-
ion of the tie-line of the ATPS with a defined Vr with the
hase diagram as described by Albertsson [19]. The top phase
nd interface dlRLP recovery was estimated as the amount of
lRLP present in the upper phase or interface and expressed
elative to the original amount loaded into the system. Bot-
om phase recovery was not estimated because the amount

f dlRLP present in such phase was undetectable. Results
eported are the average of three independent experiments and
rrors were estimated to be a maximum of ±5% of the mean
alue.

t
t
t
c

ogr. B 842 (2006) 48–57

. Results and discussion

.1. Partition behaviour of purified dlRLP from insect cells
n PEG-salt aqueous two-phase systems

The unknown mechanism governing the behaviour of dlRLP
n ATPS limited the predictive design of extraction processes
sing ATPS. In this study, the influence of system parameters on
he partition behaviour of dlRLP was studied using single model
ystems before designing the aqueous two-phase process. Such
ystems were characterised by the presence of purified dlRLP (in
concentration of 1000 ng/mL in the systems). These systems
o not account for the influence of the whole range of proteins,
ontaminants, and cell debris which may be present in the crude
xtract of insect cells upon the performance of ATPS.

It has been established [13] that, the extent of the empirical
xperiments necessary to determine the process conditions of an
TPS extraction can be reduced by using a practical approach
hich exploits the known effect of system parameters such as

ie-line length (TLL), phase volume ratio (Vr), system pH and
olecular mass of PEG on the protein partition behaviour. In

he present work, it was decided to use the practical approach
xploited for proteins to examine the partition behaviour of puri-
ed dlRLP. Initially, the effect of increasing TLL upon partition
ehaviour of dlRLP was evaluated. Changes in the TLL affect
he free volume available for a defined solute to accommodate
n the phase and, as a consequence, the partition behaviour of
uch solute in the ATPS [20].

Table 1 illustrates the impact of increasing TLL upon recov-
ry of dlRLP from model ATPS, when PEG of six different
olecular mass (from 400 to 8000 g/mol) were used. For all

hese systems, volume ratio and pH were kept constant at 1.0
nd 7.0, respectively. In the partition experiments that used puri-
ed dlRLP, these could not be detected in the bottom phase. It is
ossible that the majority of the dlRLP concentrated in the top
hase or interface, or that dlRLP were destabilized in the bottom
hase due to its high ionic strength. To test this second hypothe-
is, dlRLP were submitted to 500 mM of ammonium phosphate
or 30 min, treated as the samples from ATPS, and analyzed by
PLC. As can be seen in Fig. 1, such a treatment completely

liminated fluorescence from the chromatograms. Exposure of
lRLP for 30 min to 500 mM of ammonuim phosphate com-
letely abated fluorescence. The decrease in fluorescence can
nly be a consequence of the loss of structure of EGFP, since
uenching can be discarded as salts were eliminated prior to
njection to the HPLC system. As the EGFP portion of EGF-
VP2 is inside dlRLP, it is most likely that the lack of fluo-
escence was preceded by a destabilization of the particle. A
imilar effect can be expected from the exposure of dlRLP to
he bottom phase of ATPS, which has an ammonium phosphate
oncentration superior to 1.0 M.

The absence of a detectable amount of dlRLP in the bottom
hase impeded, as for the case of soluble material, the estima-

ion of the partition coefficient (K = concentration of dlRLP in
he top phase/concentration of dlRLP in the bottom phase) in all
he systems studied. Alternative, partition ratio of the systems
ould be estimated and used to evaluate the impact of system



J. Benavides et al. / J. Chromatogr. B 842 (2006) 48–57 51

Table 1
Influence of increasing tie-line length (TLL) upon the recovery of double-layer rotavirus-like particles (dlRLP) from PEG/phosphate ATPS

System Molecular mass
of PEG (g/mol)

PEG (%, w/w) Phosphate (%, w/w) TLL (%, w/w) Top phase recovery
of dlRLP (%)

Interface recovery
of dlRLP (%)

1 400 19.4 16.0 35 60 ± 3 24 ± 1.2
2 25.1 17.9 52 57 ± 2.9 26 ± 1.2

3 600 14.0 15.5 22 55 ± 2.8 29 ± 1.5
4 18.3 17.4 42 49 ± 2.5 32 ± 1.6

5 1000 18.2 15.0 35 ND 84 ± 4.2
6 18.9 16.0 40 ND 88 ± 4.4
7 22.2 19.0 48 ND 83 ± 4.2
8 24.1 20.1 57 ND 95 ± 4.1

9 1450 15.1 13.0 27 ND 80 ± 4.0
10 17.5 14.3 37 ND 74 ± 3.7
11 21.9 18.0 53 ND 97 ± 3.0
12 23.0 19.8 59 ND 77 ± 3.9

13 3350 10.1 10.9 17 ND 98 ± 2.1
14 11.0 11.4 23 ND 85 ± 4.3
15 12.2 11.8 27 ND 96 ± 3.1
16 13.7 12.3 31 ND 96 ± 3.1

17 8000 12.2 9.7 22 ND 90 ± 4.5
18 13.2 10.3 26 ND 80 ± 4.0
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he tie line lengths (TLL) of the systems were estimated from the composition o
s expressed relative to the original amount of purified dlRLP loaded into the sys
atio (estimated from non-biological experimental systems) and the system pH

arameters upon the partition behaviour of purified dlRLP by
onitoring the partition ratio. However, to address the primary

ecovery of the product, it was decided to use the dlRLP practical
hase recovery (expressed as the amount of dlRLP in the phase
elative to the total amount loaded into the ATPS) from the top
EG-rich phase or interface as the response variables to evaluate
he effect of system parameters on the behaviour of the dlRLP in
TPS. In some cases, not all the purified dlRLP introduced into

he ATPS could be detected in any of the phases or the interface.

ig. 1. Effect of high salt concentration on dlRLP stability. Seven hundred
anograms of dlRLP were subjected to 500 mM of ammonium phosphate for
0 min, treated as dlRLP recovered from ATPS, and analyzed by HPLC. Zero
inute refers to the sample without treatment and 30 min to the treated sample.
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and phosphate as described in Section 2. The top phase and interface recovery
Concentration of dlRLP in the ATPS was 1000 ng/mL. For all systems, volume
kept constant at 1.0 and 7.0, respectively. ND, not detected.

gain such discrepancy may be caused by particle instability and
oss of structural integrity (as measured by loss of fluorescence)
f EGFP in ATPS (see Fig. 1). The results of Table 1 showed
hat, increasing TLL caused no significant effect upon the recov-
ry of dlRLP from the top PEG-rich phase or the interface for
odel systems (with purified dlRLP) of each molecular mass of
EG used. In systems with low molecular mass of PEG (i.e. 400
nd 600 g/mol) approximately 50–60% of the purified dlRLP
an be recovered from the top phase. However, an increase in
he molecular mass of PEG of the systems caused a change in
he accumulation of dlRLP from the top phase to the interface.
he effect of increasing molecular mass of PEG upon solute
artition behaviour has been explained on the basis of protein
ydrophobicity [21,22] and phase excluded volume [23,24]. In
he case of dlRLP, the decrease in free volume available in the
op phase for solute dissolution with the increase in the molecu-
ar mass of PEG, may explain the potential migration of dlRLP
rom the top phase to the interface. ATPS with low molecular
ass of PEG (i.e. PEG 400 and PEG 600) exhibited the best

onditions for dlRLP top phase recovery. ATPS using PEG of
igher molecular mass (greater than 600 g/mol) can be consid-
red for interface dlRLP recovery. In this case the majority of
lRLP (more than 95%; see Table 1) can be potentially recov-
red from the interface. Once the impact of increasing TLL upon
he recovery of dlRLP was evaluated, the effect of system pH
pon dlRLP partition behaviour was investigated using a model
ystem.
The influence of system pH on protein partition behaviour
as been discussed before [25,26]. In general, these reports
oncluded that increasing the pH (e.g. from 6.5 to 9.0) caused
hanges in the partition behaviour of proteins attributed to free-
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Table 2
Influence of double-layer rotavirus-like particles (dlRLP) concentration upon product recovery from PEG/phosphate ATPS

System Molecular mass
of PEG (g/mol)

PEG (%, w/w) Phosphate
(%, w/w)

dlRLP concentration
(ng/mL)

Top phase recovery of
dlRLP (%)

Interface recovery
of dlRLP (%)

a 400 19.4 16.0 1000 60 ± 3 24 ± 1.2
5000 32 ± 2 13 ± 1.0

b 3350 10.1 10.9 1000 ND 98 ± 2.1
50
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he top phase and interface recovery is expressed relative to the original amoun
rom non-biological experimental systems) and the system pH were kept consta

olume effects [26], to speciation of the phosphate salts over
he pH range, and to conformational changes in the structural
ntegrity of proteins [27]. However, for all the ATPS studied, no
ignificant influence of the system pH (from 7.0 to 9.0) upon the
ecovery of dlRLP was observed (data not shown). Since poten-
ial recovery of dlRLP from the interface in selected ATPS (e.g.
EG 3350) exceeded 90% of the total amount loaded into the
ystems (see Table 1), further evaluation of additional systems
arameters (i.e. volume ratio) was not pursued at this stage.

In an attempt to improve the recovery of dlRLP using an
TPS process (by increasing the amount of dlRLP that can be
rocessed by the systems), the effect of an increase in the dlRLP
oncentration on the performance of ATPS was evaluated. It
as decided to examine the impact of increasing dlRLP con-

entration (from 1000 to 5000 ng/mL) on product recovery by
sing selected ATPS with PEG with molecular mass of 400 and
350 g/gmol. The ATPS used in this part of the study (i.e. sys-
ems “a” and “b” in Table 2; equivalent to systems 1 and 13 in
able 1) were selected on the basis of product recovery (from

he top phase and interface) from the previous experiments (see
able 1). Systems 1 and 13 exhibited the best top phase and

nterface dlRLP recovery, respectively, from the ATPS studied.
able 2 illustrates the effect of dlRLP concentration in the sys-

ems on product recovery. It is clear that interface and top phase
lRLP recovery decreased for both ATPS when the concentra-
ion of product of interest (dlRLP) increased. It is probable that
he dlRLP migrated to the bottom phase once the free-space
f top phase and interface is saturated. However, dlRLP were

ot detected in the lower phase, possibly because of a negative
ffect of the high salt concentration environment on dlRLP struc-
ural integrity. It is clear that an attempt to improve the recovery
ystems (using purified dlRLP) by increasing the amount of bio-
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able 3
artition behaviour of cell debris from insect cell culture in PEG/phosphate ATPS

ystem Molecular mass
of PEG (g/mol)

PEG (%, w/w) Ph

400 19.4 16
I 400 25.1 17
II 1000 18.2 15
V 1000 24.1 20

3350 10.1 10
I 3350 13.7 12

he tie line lengths (TLL) of the systems were estimated from the composition of PEG
y visual observation. I and B denote interface and bottom phase preference for cell de
xperimental systems) and the system pH were kept constant at 1.0 and 7.0, respectiv
00 ND 32 ± 1.6

urified dlRLP loaded into the systems. For all systems, volume ratio (estimated
1.0 and 7.0, respectively. ND, not detected.

ogical material that can be processed (simulated by an increase
n dlRLP concentration in the ATPS), resulted in a decrease of
he percentage of product recovered either from the top phase
r interface (Table 2).

In general, from the ATPS studied with purified dlRLP, the
ystems with Vr = 1.0, PEG 400 19.4% (w/w), phosphate 16.0%
w/w) at pH 7.0 provided the required conditions to concen-
rate dlRLP from insect cells in the top phase (i.e. top phase
ecovery of 60%). In contrast, systems with Vr = 1.0, PEG 3350
0.1% (w/w), phosphate 10.9% (w/w) at pH 7.0 facilitated the
ccumulation of dlRLP in the interface (i.e. interface recov-
ry of 98%). It is clear that such findings will facilitate the
otential generic application of ATPS process to recover dlRLP
rom complex systems (i.e. crude extract and cell debris free-
upernatant).

.2. Recovery of intracellular dlRLP from insect cells in
EG-salt aqueous two-phase systems

Once the feasibility of dlRLP recovery in ATPS was estab-
ished using model systems, the potential recovery of dlRLP
rom complex systems in ATPS was investigated. Initially, the
rocessing of the homogenate of insect cell culture (crude
xtract) for the recovery of intracellular dlRLP in ATPS was
ttempted. This complex system was characterized by the pres-
nce of intracellular dlRLP, contaminant proteins and particu-
arly cell debris derived from the cell disruption stage. In order
o evaluate the potential concentration of cell debris and dlRLP

n opposite phases, cell debris partition behaviour in selected
TPS was studied by visual observation. Table 3 illustrates the
artition behaviour of cell debris from insect cell culture in
EG/phosphate ATPS. According to the results with model sys-

osphate (%, w/w) TLL (%, w/w) Cell debris phase
preference

.0 35 I

.9 52 I

.0 35 I

.1 57 I

.9 17 B–I

.3 32 I

and phosphate as described in Section 2. Cell debris preference was estimated
bris, respectively. For all systems, volume ratio (estimated from non-biological
ely.
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Fig. 2. Influence of sodium chloride concentration upon the top phase recov-
ery of intracellular double-layer rotavirus-like particles (dlRLP) from PEG/salt
ATPS. The top phase recovery is expressed relative to the original amount of
intracellular dlRLP from crude extract loaded into the systems and it is reported
relative to the total concentration of sodium chloride in the ATPS. The selected
systems were; 19.4% (w/w) PEG 400 and 16.0% (w/w) phosphate (triangle sym-
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centration of 5000 ng/mL) and accumulate intracellular dlRLP
ols), 14.0% PEG 600 and 15.5% (w/w) phosphate (square symbols) and 20.0%
w/w) PEG 600 and 13.5% (w/w) ammonium sulphate (circle symbols). For all
ystems, pH was kept constant at 7.0.

ems (see Tables 1 and 2), ATPS of low and high molecular mass
f PEG (i.e. 400 and 3350 g/mol) were selected, together with a
ystem of PEG molecular mass of 1000 g/mol. Cell debris from
he crude extract of insect cells exhibited an interface preference.
n system of high molecular mass of PEG and short TLL (i.e.
ystem V in Table 3) cell debris exhibited both, interface and
ottom phase preferences. Although a clear explanation for the
ehaviour of the cell debris from insect cell homogenate is not
urrently available, the results obtained facilitate the selection
f operating conditions to favour cell debris separation from the
ntracellular dlRLP. Such situation can avoid the addition of a
ell debris removal process step. It is clear that in order to frac-
ionate insect cell homogenate to recover intracellular dlRLP in
TPS, low molecular mass of PEG (i.e. 400 and 600 g/mol) need

o be used. In these systems the majority of purified dlRLP were
oncentrated on the top phase. Consequently, by using such sys-
ems cell debris and intracellular dlRLP can be accumulated at
he interface and top phase, respectively.

Processing of intracellular dlRLP in ATPS was attempted
sing systems of low molecular mass of PEG. In was decided to
valuate the influence of molecular mass of PEG (i.e. 400 and
00 g/mol) and the type of salt forming phase (i.e. phosphate and
ulphate) on the recovery of intracellular dlRLP. Furthermore,
s suggested by Andrews et al. [15] for the purification in ATPS
f VLP of hepatitis B virus, the effect of molar concentration of
odium chloride in the ATPS upon the recovery of dlRLP was
lso studied. Such strategy was followed in an attempt to increase
he top phase dlRLP recovery. Fig. 2 illustrates the influence of
odium chloride concentration upon the top phase recovery of
ntracellular dlRLP from PEG 400 and 600/salt ATPS when two

alts forming phase (i.e. phosphate and sulphate) were used. It is
lear that an addition of sodium chloride to the systems resulted
n a negative effect on the top phase recovery of the dlRLP,
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egardless of the use of phosphate or sulphate salts (see Fig. 2).
uch behaviour may be explained by the migration of dlRLP

o the interface caused by the saturation of the free-volume of
he top phase by sodium chloride addition. The observed turbid-
ty of the top PEG-rich phase when sodium chloride was added

ay suggest phase saturation. An additional explanation may
nvolve the possible degradation of dlRLP due to the excessive
onic strength generated by addition of sodium chloride [28].
herefore, regardless of the mechanism behind the decrease of

ecovery of dlRLP, sodium chloride in the concentrations tested
n this work should not be added to ATPS for the purification of
lRLP. The differences observed in the recovery of dlRLP from
he top PEG-rich phases from the model and complex systems
see Table 1 and Fig. 2) are explained by the nature of the exper-
mental vehicle (purified dlRLP and insect cell homogenate). In
he case of model systems, the sole presence of the target prod-
ct resulted in a top phase dlRLP recovery of 49–60% (Table 1).
n contrast, for the complex systems, the presence of contami-
ants (particularly cell debris) from the insect cell homogenate
ffected the partition behaviour and top phase recovery of dlRLP
20–26%; Fig. 2). Apparently, the presence of a variety of con-
aminants from the insect cell homogenate contributed to the
op PEG-rich phase saturation. Consequently, the free-volume
vailable for dlRLP allocation was greatly reduced and the top
hase dlRLP recovery was negatively affected. Such situation
an be addressed by decreasing the amount of contaminants in
he homogenate or by increasing the volume of the top phase of
he ATPS. A decrease in the amount of contaminants from the
omogenate can be achieved by a dilution strategy. However, a
ilution strategy implies processing greater volumes which will
ecessarily affect the potential implementation of the resulting
rocess.

In an attempt to increase the top phase recovery of dlRLP,
TPS with a larger top PEG-rich phase (Vr greater than 1)
ere selected. In these systems it was expected that the free-

pace available for dlRLP and contaminants accumulation was
avoured and as a result top phase dlRLP recovery can be
ncreased. Table 4 illustrates the effect of system Vr and dlRLP
oncentration upon product recovery in PEG/salt systems. It is
lear that an increase in the system Vr benefited the top PEG-rich
lRLP recovery from the ATPS of 400 and 600 molecular mass
f PEG. Furthermore, an increment in the concentration of the
rude extract (as represented by the increase in the dlRLP con-
entration from 2000 to 5000 ng/mL) did not negatively affect
he top phase product recovery in ATPS characterized by Vr
reater than 1. The increase in the top phase product recovery
bserved with increasing Vr in ATPS was similar regardless the
alt forming phase (i.e. phosphate or sulphate) of the ATPS used.
owever, a slight advantage was obtained when ATPS of low
olecular mass of PEG (i.e. 400 g/mol) was used. In general,

rom the ATPS evaluated, the system comprising Vr = 13.0, PEG
00/phosphate, TLL 35% (w/w) at pH 7.0 provided the best con-
itions to process high concentrated crude extract (dlRLP con-
n the top phase (i.e. top phase dlRLP recovery of 47%) and
ell debris in the interface. In order to further increase the pro-
ess recovery, a subsequent ATPS extraction stage was used. In
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Table 4
Influence of system volume ratio (Vr) and crude extract concentration upon the recovery of intracellular double-layer rotavirus-like particles (dlRLP) from PEG/salt
ATPS

System Molecular mass
of PEG (g/mol)

TLL (%, w/w) System volume ratio (Vr) dlRLP concentration
(ng/mL)

Top phase recovery
of dlRLP (%)

i 400 35 1.0 2000 23 ± 2.0
11.0 2000 50 ± 3.4
13.0 5000 47 ± 1.0

ii 600 27 1.0 2000 26 ± 2.0
5.0 2000 31 ± 1.2
6.0 5000 42 ± 3.0

The tie line lengths (TLL) of the systems were estimated from the composition of PEG and salt as described in Section 2. Systems i and ii comprise PEG400/phosphate
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nd PEG600/sulphate ATPS, respectively. System volume ratio (Vr) estimated
he top phase and interface recovery is expressed relative to the original amoun
H was kept constant at 7.0.

his additional extraction stage, the interface (where the unre-
overed dlRLP together with cell debris was present) from the
revious ATPS, was further processed by the addition of fresh
EG and phosphate. The process conditions for the subsequent
TPS extraction stage were kept constant and equal to those
sed for the first ATPS extraction. The second extraction had a
igh efficiency of dlRLP recovery, most likely due to the lower
mount of dlRLP and contaminants present in the crude extract.
uch result agrees with the effect of dlRLP load in model sys-

ems (see Table 2). The use of a consecutive aqueous two-phase
ystems resulted in a two-stage ATPS process with a 90% over-
ll dlRLP top phase recovery (i.e. 47 and 43% from the first and
econd ATPS extraction stage, respectively and relative to the
riginal amount of dlRLP loaded to the first extraction stage).
t is clear that such strategy proved to be effective to increase
he dlRLP recovery (from the top PEG-rich phase) by further
emoving (in the interface and bottom phase) the majority of
ell debris and protein contaminants.

.3. Recovery of extracellular dlRLP in PEG-salt aqueous
wo-phase systems

In this study, extracellular dlRLP were defined as those
btained from the insect cell culture supernatant. It has been
etermined that approximately 60% of the total dlRLP from
he insect cell culture are contained in the supernatant and the
emaining 40% are intracellular [2]. Therefore, it is relevant

in order to increase process yield) to also pursue the potential
ecovery of dlRLP from the supernatant. In this particular case,
he problem of cell debris accumulation at the interface is not
onger present. Thus, it is beneficial to process a cell debris-free

i
c
a
a

able 5
nfluence of molecular mass of PEG upon the recovery of extra-cellular double-layer

ystem PEG (%, w/w) Phosphate (%, w/w)

14.0 15.5
24.1 20.1
10.1 10.9

he interface recovery is expressed relative to the original amount of extra-cellular dl
olume ratio (estimated from non-biological experimental systems) and the system p
on-biological experimental systems after phase separation in graduated tubes.
ntracellular dlRLP from crude extract loaded into the systems. For all systems,

xtract in ATPS for the recovery of dlRLP. Consequently, ATPS
n which dlRLP can be accumulated at the interface are recom-

ended for the recovery of extracellular dlRLP. From the studies
f the influence of system parameters upon dlRLP recovery in
TPS using model systems (see Table 1), ATPS of low and high
olecular mass of PEG (i.e. 400, 1000 and 3350 g/mol) were

elected to process the supernatant from insect cell culture. Such
ystems were evaluated to establish the conditions for an ATPS
xtraction stage of extracellular dlRLP. Table 5 illustrates the
ffect of molecular mass of PEG upon the recovery of extracel-
ular dlRLP from PEG/phosphate ATPS. Approximately 50%
f the dlRLP were accumulated at the interface of ATPS of low
olecular mass (i.e. 600 and 1000 g/mol). Nonetheless, it is

vident that the use of ATPS (comprised of PEG 10.1% (w/w),
hosphate 10.9% (w/w), Vr of 1.0 at pH of 7.0) with PEG of high
olecular mass (i.e. 3350 g/gmol) was more favourable for the

ccumulation of dlRLP at the interface (i.e. interface recovery
f dlRLP of 82%; see Table 5).

The study presented here resulted in a process strategy that
roduced intracellular and extracellular dlRLP recovery of 90
nd 82%, respectively (Table 6). By considering that 40% of
he dlRLP are intracellular and 60% of dlRLP are extracellular
2], the overall recovery of dlRLP from insect cell culture in
TPS process was approximately 85%. The purity of the result-

ng product increased from 0.2% in the culture supernatant [2]
o 6–11% (see Table 6), which represented an increase of 30–55
imes. The outline of the new proposed process is summarized

n Fig. 3. In the current study centrifugation was used to obtain
ell debris-free supernatant containing the extracellular dlRLP
nd the biomass for the cell disruption stage. Cell disruption was
rchived by sonication. This would, of course, be impractical at

rotavirus-like particles (dlRLP) from PEG/phosphate ATPS

TLL (%, w/w) Molecular mass
of PEG (g/mol)

Interface recovery
of dlRLP (%)

22 600 44 ± 1.1
57 1000 48 ± 6.0
17 3350 82 ± 2.3

RLP from cell debris-free supernatant loaded into the systems. For all systems,
H were kept constant at 1.0 and 7.0, respectively.
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Table 6
Potential aqueous two-phase systems for the primary recovery of double-layer rotavirus-like particles (dlRLP) from insect cells

Type of dlRLP (source) Molecular mass
of PEG (g/mol)

TLL (%, w/w) System volume
ratio (Vr)

Top phase recovery
of dlRLP (%)

Interface recovery
of dlRLP (%)

Purity of
dlRLP (%)

Intracellular (crude extract) 400 35 13.0 90 ± 5.0 ND 11.0
Extra-cellular (cell debris-free extract) 3350 17 1.0 ND 82 ± 2.3 6.4

The top phase recovery of intracellular dlRLP represents the sum of the top phase product recovery from the first and second ATPS extractions and is expressed
r d to
o d into
d

p
d
w
e
fi
t
p
o
e
w
c
t
a
p

3
w
c

c
fi
d
m

c
s
g
u
t
m
b
T
d
o
w
t
(
t
t
o
E
E
t
z

F
p

elative to the original amount of intracellular dlRLP from crude extract loade
riginal amount of extra-cellular dlRLP from cell debris-free supernatant, loade
etected.

rocess scale but can be easily substituted by a mechanical cell
isruption (e.g. bead mill or homogenization). ATPS extraction
as then applied for the processing of both intracellular and

xtracellular dlRLP at conditions defined in Table 6. An ultra-
ltration stage can then be implemented for polymer removal

o obtain a potential process recovery of 85% (w/w). This novel
rocess greatly reduces the processing time and the consumption
f reagents and simplifies the traditional way in which dlRLP
xpressed in insect cell-baculovirus system can be recovered,
ith significant scope for generic commercial application. It is

lear that, for dlRLP, this bioengineering strategy opens the way
o further bioprocess improvement. Particularly, products, such
s VLP, in which their potential production using conventional
rocesses is not economically feasible.

.4. Direct comparison of the primary recovery of dlRLP
ith PEG-salt aqueous two-phase systems and zonal
entrifugation

To evaluate the primary recovery of dlRLP with other purifi-

ation methods, dlRLP from culture supernatants were puri-
ed by CsCl gradients or recovered by ATPS, and compared.
lRLP obtained by both methods were observed by electron
icroscopy. Representative micrographs are shown in Fig. 4. It

e
t
y
a

ig. 3. Simplified representation of the current protocol for the primary recovery of d
roposed strategy using aqueous two-phase systems
the first extraction system. Interface dlRLP recovery is expressed relative the
the system. Purity of dlRLP was estimated as described in Section 2. ND, not

an be seen that, in both cases, dlRLP were intact and had a
imilar morphology to that previously reported [2]. Analysis by
el-permeation HPLC (Fig. 5) showed that particles recovered
sing both methodologies had the same retention time, meaning
hat they had a similar size distribution (Fig. 5, peak a). The chro-

atograms in Fig. 5 also show that the purity of dlRLP recovered
y ATPS was higher to that obtained after zonal centrifugation.
he purity of particles obtained by cesium chloride gradients, as
etermined from integrating the peaks, was of 2.3%, with a yield
f 1.8%. Such values contrast with the performance of ATPS,
ith yields of 85% and a purity of 6–11%. It should be noted

hat in the case of dlRLP purified by CsCl gradients, a large peak
b) was detected by fluorescence. It has been previously shown
hat such a peak corresponds to EGFP, which is the product of
he cleavage of the fusion protein GFP-VP2. The appearance
f non-fused EGFP indicates that dlRLP were destabilized and
GFP-VP2 was afterwards cleaved [2]. The large area of the
GFP peak in the sample purified by CsCl gradients underlines

he extreme conditions to which particles are exposed during
onal centrifugation. In contrast, degradation of dlRLP recov-

red by ATPS was much lower (Fig. 5B). It can be concluded
hat the primary recovery of dlRLP by ATPS results in higher
ields, low dlRLP destabilization, and a higher ratio between
ssembled and disassembled proteins.

ouble-layer rotavirus-like particles dlRLP produced by insect cells and the new
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Fig. 4. Electron microscopy of dlRLP recovered by cesium chloride gradien

Fig. 5. Gel-permeation chromatograms obtained from dlRLP recovered by (A)
c
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[3] C.E. Flynn, S.W. Lee, B.R. Peelle, A.M. Belcher, Acta Mater. 51 (2003)
esium chloride gradients or (B) ATPS. An Ultrahydrogel 500 and a Ultrahy-
rogel 2000 columns were connected in series. Peak (a) has been identified as
lRLP, and peak (b) as EGFP.

. Conclusions

This study reports the fractionation of cell homogenate and

upernatant of insect cell-baculovirus expression system in
queous two-phase systems for the development of a process
or the primary recovery and potential purification of dlRLP.
t was shown that molecular mass of PEG influenced the par-
ts (A) or ATPS (B). Magnification of (A) 85,000× and (B) 140,000×.

ition behaviour of purified dlRLP when model systems were
sed. dlRLP accumulated at the top PEG-rich phase when
TPS of PEG molecular mass of 400 and 600 g/mol were
sed and at the interface in ATPS comprising molecular mass
f PEG1000 g/mol and higher. Increasing dlRLP concentration
>1000 ng/mL) in the ATPS resulted in reduced product yield.
ell debris from the insect cell homogenate accumulated at the

nterface which compromises the potential recovery of intracel-
ular dlRLP from that phase. Addition of sodium chloride to
he ATPS proved to be unsuitable to increase the recovery of
lRLP since a reduction of product yield from the top phase was
bserved. The operating conditions established for the PEG400
nd PEG3350-phosphate ATPS extraction resulted in a process
or the potential recovery of dlRLP from insect cell culture.
hese conditions accumulated the intracellular dlRLP preferen-

ially to the top phase and the extracellular dlRLP to the interface.
verall, the results reported here demonstrate the potential appli-

ation of ATPS for the recovery of structural VP2/VP6 proteins
f dlRLP as a first step in a process simple to scale-up.
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