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a  b  s  t  r  a  c  t

The  development  and  manufacturing  of  safe  and  effective  vaccines  relies  essentially  on  the availability
of  robust  and  precise  analytical  techniques.  Virus-like  particles  (VLPs)  have  emerged  as an  important
and  valuable  class of  vaccines  for the  containment  of  infectious  diseases.  VLPs are  produced  by  recom-
binant  protein  expression  followed  by purification  procedures  to minimize  the  levels  of process-  and
product-related  impurities.  The  control  of  these  impurities  is necessary  during  process  development  and
manufacturing.  Especially  monitoring  of  the VLP  size  distribution  is important  for  the  characterization
of  the  final  vaccine  product.  Currently  used  methods  require  long  analysis  times and  tailor-made  assays.
In this  work,  we  present  a size-exclusion  ultra-high  performance  liquid  chromatography  (SE-UHPLC)
method  to characterize  VLPs  and  quantify  aggregates  within  3.1 min  per  sample  applying  interlaced  injec-
tions.  Four  analytical  SEC  columns  were  evaluated  for the  analysis  of  human  B19  parvo-VLPs  and  murine
polyoma-VLPs.  The  optimized  method  was  successfully  used  for the  characterization  of  five recombinant
protein-based  VLPs  including  human  papillomavirus  (HPV)  VLPs,  human  enterovirus  71  (EV71)  VLPs,
and  chimeric  hepatitis  B core  antigen  (HBcAg)  VLPs  pointing  out the generic  applicability  of the assay.

Measurements  were  supported  by transmission  electron  microscopy  and  dynamic  light  scattering.  It was
demonstrated  that  the iSE-UHPLC  method  provides  a rapid,  precise  and  robust  tool  for  the characteriza-
tion  of  VLPs.  Two  case  studies  on  purification  tools  for VLP  aggregates  and  storage  conditions  of  HPV  VLPs
highlight  the  relevance  of the  analytical  method  for high-throughput  process  development  and  process
monitoring  of virus-like  particles.

©  2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

In recent years, promising prophylactic and therapeutic vac-
ination prospects for public health threats have arisen from the
evelopment of virus-like particles (VLPs). VLPs are protein assem-
lages which are produced by recombinant expression of viral
tructural proteins [1,2]. Thus, the structure of highly pathogenic
iruses such as HIV [3], Influenza [4] and Ebola [5] can be mimicked
r tailor-made nanocarriers for antigenic epitope presentation
6–9] can be designed. Due to production in genetically modi-
ed organisms, the analysis of product-related and process-related
mpurities is important during development and manufacturing
f VLP vaccines [10,11]. Process-related impurities such as host
ell proteins (HCPs) and DNA can be rapidly assessed by methods

∗ Corresponding author. Tel.: +49 072160842557.
E-mail address: juergen.hubbuch@kit.edu (J. Hubbuch).
URL: http://mab.blt.kit.edu (J. Hubbuch).

ttp://dx.doi.org/10.1016/j.vaccine.2016.01.035
264-410X/© 2016 Elsevier Ltd. All rights reserved.
standardized in the biopharmaceutical industry for therapeutic
proteins [12]. In contrast, quantitative analysis of product-related
impurities such as aggregates is more challenging and mostly
tailor-made for each vaccine due to the large size and complexity of
VLPs. Traditionally, VLP characterization is often done by transmis-
sion electron microscopy (TEM) requiring high investment costs,
extensive sample and instrument preparation work, and special-
ized staff. A rapid technology for VLP characterization is dynamic
light scattering (DLS) [13–15]. The method allows the deter-
mination of hydrodynamic particle diameters by measuring the
fluctuations of light scattering from particles in solution. However,
DLS is less sensitive in resolving aggregates [16]. Currently used
quantitative methods for VLP aggregates are asymmetrical flow
field-flow fractionation (AF4) [17,18,16], disc centrifugation par-
ticle size analysis [19], electrospray differential mobility analysis

[18], and size-exclusion chromatography (SEC) [20]. These tech-
niques are very time-consuming with analysis times ranging from
30 to 60 min  per sample [17,18,16,20]. SEC is the most widely used
technique for aggregate quantification in the biopharmaceutical
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Fig. 1. Schematic illustration of SEC chromatograms for single- and interlaced-injection mode of an analyte containing aggregates and monomer. Information phases are
m es for 
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arked  by green colored bars, lag and hold-up phases by blue colored bars. Timelin
re  presented for two sequent injections in single- and interlaced-injection mode. (
eb  version of the article.)

ndustry [21]. SEC methods have been successfully applied for pro-
ess monitoring of capsomere vaccines [22], recombinant fusion
rotein vaccines [15], and human hepatitis B virus surface anti-
en (HBsAg) VLPs [23–26]. Recently, rapid size-exclusion ultra-high
erformance liquid chromatography (SE-UHPLC) methods have
een realized for monoclonal antibodies by performing interlaced
ample injections with analysis times of 2–6 min  [27,28]. Fig. 1
hows a schematic drawing of the principle of interlaced SEC
iSEC) methods. The ‘information phase’ (green) in a SEC run is the
ime range including the elution of relevant species (aggregates,

onomer). The longest phase in a classical single injection SEC
ethod run is the ‘lag phase’ (blue), which is the time range from

njection to elution of the first species. The ‘hold- up’ (blue) phase
efers to the time from the end of the information phase to the
olumn’s void time defined by the elution of small molecules such
s salts. In order to reduce the total analysis time of SEC methods
ithout changing the performance of ‘information phases’, the ‘lag
hase’ can be eliminated by injecting subsequent samples prior to
he complete elution of previous sample components. This opera-
ion is referred to as interlaced injection mode.

In this work, we present the development and application of an
SE-UHPLC method for recombinant protein-based VLPs. The feasi-
ility of the assay was evaluated for human papilloma (HPV) VLPs
29], human enterovirus 71 (EV71) VLPs [30], murine polyomavirus
MuPyV) VLPs [7], human B19 parvo (B19 VP1/VP2) VLPs [31]., and
himeric hepatitis B core antigen (HBcAg) VLPs [8]. Two  case studies
re presented for the application of the iSE-UHPLC during down-
tream process development and stability studies. The designed
ethod allows a rapid assessment of VLP dispersity and is well-

uited for high-throughput pharmaceutical process development
f VLPs.

. Materials and methods

.1. Disposables

For precipitation screenings, sample storage, fractionation by

PLC and UHPLC, 350 �L-polypropylene plates (Greiner Bio-One,
remsmünster, Austria) were used. Stability studies with HPV
LPs were performed in 1.5 mL-polypropylene Eppendorf® Safe-
ock Tubes (Eppendorf, Hamburg, Germany). Frozen VLPs were
the program of the autosampler (AS) and pump and the diode array detector (DAD)
terpretation of references to color in this figure legend, the reader is referred to the

thawed and centrifuged in the same tubes at 18,000 × g and 4 ◦C
for 10 min.

2.2. Chemicals and buffers

For the SE-UHPLC method, K2HPO4 was  obtained from VWR
BDH Prolabo (Radnor, Pennsylvania, USA). MOPS was purchased
from Carl Roth GmbH & Co. KG (Karlsruhe, Germany). The SEC
standard proteins thyroglobulin from bovine thyroid and uracil
were purchased from Sigma–Aldrich (St. Louis, MO,  USA) and
Alfa Aesor (Ward Hill, MA,  USA), respectively. All other chemi-
cals were obtained from Merck KGaA (Darmstadt, Germany). All
buffer solutions were prepared with ultra pure water drawn from
a water purification system provided by Sartorius (Goettingen,
Germany). UHPLC analysis was  conducted with buffers composed
of 0.2 M K2HPO4 and 0.25 M KCl. The pH value was  set at pH 7.0
for characterization studies with HPV VLPs and pH 7.4 for the
SEC analysis of other VLPs. Semi-preparative purifications of B19
VP1/VP2 VLPs were performed by aqueous two-phase extraction
and precipitation with PEG 4000 as described previously [32] and
by anion-exchange membrane chromatography [33]. PBS buffer at
pH 7.4 was used as mobile-phase buffer for chromatography exper-
iments with a semi-preparative SEC column.

2.3. Virus-like particles

The general applicability of an interlaced SE-UHPLC method for
VLP characterization was  evaluated with several purified VLPs dif-
fering in size, morphology, expression hosts, and number of viral
proteins. An overview of analyzed VLPs is given in Table 1.

Purified HPV VLPs (HPV type 33 [29]) derived from yeast cells
were kindly provided by Merck & Co (Kenilworth, NJ, USA) at a
concentration of 0.8 mg/mL  in a buffer containing histidine and
polysorbate 80 (pH 6.2). MuPyV VLPs were produced at shaker flask
scale in Escherichia coli cells, purified as published by Middelberg
et al. [7], and dialyzed into PBS (pH 7.4) yielding a concentra-
tion of 0.3 mg/mL. EV71 VLPs derived from Spodoptera frugiperda

Sf9 insect cells were kindly supplied by Sentinext Therapeutics
(Penang, Malaysia) in a Tris buffer (pH 7.5) at a concentration of
0.1 mg/mL. Chimeric HBcAg VLPs with fused tumor epitopes were
expressed in E. coli and generously provided by BioNTech Protein
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Table  1
Overview of evaluated virus-like particles. BEVS/IC: baculovirus expression vector/ insect cell system; EV: enterovirus; HBcAg: hepatitis B core antigen; HBV: hepatitis B
virus;  HPV: human papilloma virus; MuPyV: murine polyomavirus.

Virus Family Expression system Recombinant protein Diameter References

HPV Papillomaviridae S. cerevisiae L1 (55 kDa) 40–60 nm [39,14]
MuPyV Polyomaviridae Escherichia coli VP1 (42 kDa) 40–50 nm [7]
HBV Hepadnaviridae Escherichia coli core antigen (21 kDa) 30–34 nm [48]
EV 71 Picornaviridae BEVS/IC VP1 (33 kDa), VP2 (28 kDa),

VP3 (27 kDa), VP4 (8 kDa)
25–35 nm [41,49]
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herapeutics (Mainz, Germany) in a Tris buffer (pH 7.2) at a con-
entration of 2.18 mg/mL. B19 VP1/VP2 VLPs derived from Sf9 insect
ells were kindly provided by Diarect AG (Freiburg, Germany) at a
oncentration of 0.5 mg/mL  in a phosphate buffer (pH 7.4). In gen-
ral, VLPs were stored at −80 ◦C and centrifuged (18,000 × g, 4 ◦C,
0 min) prior to analysis by SE-UHPLC, DLS or TEM.

.4. Size-exclusion ultra-high performance liquid
hromatography

SE-UHPLC analysis was performed on an UltiMate® 3000 RSLC
 2 Dual system provided by Thermo Fisher Scientific (Waltham,
A, USA). The UHPLC consisted of a HPG-3400RS pump module, a
PS-3000 autosampler, a TCC-3200 column oven, and a DAD3000

etector. System control and peak integration was  done with the
oftware Chromeleon® 6.80 (Thermo Fisher Scientific, Waltham,
A,  USA). Sample injection was done by full-loop injection with a

0 �L sample loop, a 15 �L injection needle, and a 250 �L syringe.
amples were cooled in the autosampler at 8 ◦C prior to column
xperiments which were performed at 25 ◦C. UHPLC measurements
ere conducted in triplicates. The feasibility of a VLP aggregate sep-

ration by SEC was evaluated with B19 VP1/VP2 VLPs and MuPyV
LPs comparing four different columns: TSKGel G5000 PWxl [16]

Tosoh Bioscience, Stuttgart, Germany), TSKGel G6000 PWxl (Tosoh
ioscience, Stuttgart, Germany), ACQUITY UPLC Protein BEH450
Waters Corporation, Milford, MA,  USA), and SRT SEC-1000 (Sepax
echnologies, Newark, DE, USA). An overview of column character-
stics and applied flow rates is given in Table 2.

Interlaced SEC (iSEC) experiments were realized using the SRT
EC-1000 column at a flow rate of 0.8 mL/min by shifting the ‘Pre-
areNextSample’ (‘PNS’) and the ‘Inject’ commands of subsequent
amples to earlier points in time (Fig. 1). As explained in detail by
iederich et al. [28], the system was split into two  virtual parts in
rder to record the information phase of each sample separately.
n timebase I, settings for pump, autosampler, and column com-
artment were controlled, while timebase II controlled the DAD
Fig. 1).

.5. Dynamic light scattering
For comparison of iSE-UHPLC results, VLP samples were
nalyzed by dynamic light scattering (DLS) to determine the hydro-
ynamic diameter and the polydispersity index (PdI) of VLPs. DLS
easurements were performed using a Malvern Zetasizer Nano ZSP

able 2
pplied analytical size-exclusion chromatography columns for large biomolecules.

Column Dimension (mm)  Particle size (�m) 

TSKGel G5000 PWxl 7.8 × 300 10 

TSKGel  G6000 PWxl 7.8 × 300 13 

ACQUITY UPLC BEH450 4.6 × 150 2.5 

SRT  SEC-1000 4.6 × 300 5 
VP1 (83 kDa), VP2 (58 kDa) 25–30 nm [50,31,32]

(Malvern Instruments, Worcestershire, UK). The DLS-based aggre-
gate content was determined by the volume distribution which
assumes the presence of spherical particles. Measurements were
performed in triplicates.

2.6. Transmission electron microscopy

Transmission electron microscopy (TEM) micrographs were
taken on a Philips CM 200 FEG/ST transmission electron microscope
at 200 kV from all VLP samples to visualize the VLP size, disper-
sity, and morphology. The sample preparation procedure has been
described earlier [32].

2.7. Purification methods for aggregate removal

SEC and precipitation with polyethylene glycol (PEG) were eval-
uated as potential unit operations for the separation of B19 VP1/VP2
VLPs and VLP aggregates. An ÄKTA-purifier 10 fast protein liq-
uid chromatography (FPLC) (GE Healthcare, Uppsala, Sweden) was
used for semi-preparative purifications of B19 VP1/VP2-VLPs. B19
VP1/VP2 VLPs were isolated from Sf9  insect cells by sonication and
subsequent solid–liquid separation steps as described previously
[32]. Initial purification was  performed by anion-exchange (AEX)
membrane chromatography using 3 mL Sartobind® Q membrane
(Sartorius AG, Goettingen, Germany). The method has recently
been described by our group [33]. The majority of HCPs, bac-
uloviruses, and DNA were separated by a bind-and-elute process
with three salt steps (0.3 M NaCl (step I), 0.38 M NaCl (step II),
and 1 M NaCl (step III)). Pre-purified VLPs (pooled fractions from
AEX membrane step II) were finally injected on a Superose® 6
Increase 10/300 column (GE Healthcare, Uppsala, Sweden) at a
flow rate of 38 cm/h (0.5 mL/min) to investigate the separation
of VLP aggregates. Precipitation studies with polyethylene glycol
(PEG) 4000 were conducted on a robotic liquid handling station.
A Tecan Freedom EVO® 200 system (Tecan, Crailsheim, Germany)
was used as liquid handling platform (Tecan, Crailsheim, Germany).
Liquid handling calibration, set-up, and the precipitation screening
method were described earlier [34,35]. In brief, 300 �L systems
with different PEG concentrations and constant VLP concentra-
tions were prepared in 96-well plates in triplicates by mixing ultra

pure water, a 40% [w/w] PEG 4000 stock solution, and pre-purified
B19 VP1/VP2-VLPs. Systems were mixed on an orbital shaker, cen-
trifuged, and supernatant samples were diluted four fold with PBS
prior to analysis by iSE-UHPLC.

Pore size (Å) Max. pressure (bar) Flow rate (cm/h)

1000 20 100 (0.8 mL/min)
>1000 20 100 (0.8 mL/min)

450 310 144 (0.4 mL/min)
1000 241 217–361 (0.6–1 mL/min)
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.8. Stability studies with HPV VLPs

The dispersity of HPV VLPs was assessed under several stress
onditions to identify critical parameters which might trigger
he formation of VLP aggregates. Chemical stress was  applied by
xchanging the buffer from the formulation buffer containing sta-
ilizing agents to phosphate and MOPS buffers with varying ionic
trengths. Subsequently, buffer-exchanged VLPs were stored for 3 d
t 8 ◦C prior to analysis. Thermal stress was applied by incubat-
ng VLP samples on an orbital shaker at 300 rpm for 1–5 h at 40 ◦C.
ncubation at 1400 rpm, 15 ◦C in 1.5 mL-polypropylene Eppendorf®
afe-Lock Tubes with a sample volume of 300 �L was  performed to
rigger mechanical stress on VLPs. Freeze-thaw stress was applied
y freezing the samples in 1.5 mL-polypropylene Eppendorf® Safe-
ock Tubes in liquid nitrogen and thawing them at 25 ◦C.

. Results and discussion

.1. Development of an interlaced SEC-UHPLC method

In the International Conference on Harmonization (ICH) guide-
ine Q2 [36] on the validation of analytical procedures, it is
uggested to verify among others the specificity, precision, lin-
arity, and robustness of novel methods for biopharmaceutical
roducts. The initial objective was therefore to identify an ana-

ytical column separating VLPs and VLP aggregates in order to
evelop a specific analytical method. A pre-selection of columns
as done based on pore sizes (>300 Å) and published SEC studies

ith VLPs [23–26]. Subsequently, column performances were com-
ared by applying B19 VP1/VP2 VLP and MuPyV VLP samples. Fig. 2a
hows an overlay of UV chromatograms derived from the analysis
f 8 �g B19 VP1/VP2 VLPs, while Fig. 2b displays the overlay of

ig. 2. Development steps of an interlaced SE-UHPLC method for VLPs. Chromatograms re
uman B19 parvo (B19 VP1/VP2) VLPs injected on an Acquity BEH450 (black solid line), S
Wxl  column (red dotted line). (b) Overlaid chromatograms of 3 �g murine polyomaviru
olid  line), TSKgel G5000 PWxl (black dotted line) and TSKgel G6000 PWxl column (red 

olumn  at varying flow rates. The elution profile of a protein standard composed of thyro
njected on an SRT 1000 column in interlaced-injection mode at a flow rate of 0.8 mL/mi
amples were injected at −2.66 min  (DAD timebase) as indicated by the red dotted line il
his  figure legend, the reader is referred to the web version of the article.)
34 (2016) 1259–1267

UV chromatograms for SEC runs with 3 �g MuPyV VLPs. In each
chromatogram, the UV absorption at 226 nm is plotted against the
mobile-phase volume. Due to different column void volumes, the
elution volumes of VLP components differ between the columns.
The void volumes are 2.1 mL  for the Acquity BEH 450 column (black
solid line), 3.9 mL for the SRT 1000 column (blue solid line), 12.1 mL
for the TSKgel G5000 PWxl column (black dotted line), and 12.3 mL
for the TSKgel G6000 PWxl column (red dotted line). This implies
a lower buffer consumption for SEC runs with Acquity and SRT
columns than with TSKgel columns. Neglecting the UV peaks close
to the void volumes, only the SRT 1000 column shows multiple
peaks for the VLP samples: The elution of B19 VP1/VP2 VLPs is split
into three peak groups with two  minor and one major peak, while
the elution of MuPyV VLPs reveals one minor and one major peak.
Peak fractionation and analysis by SDS-PAGE evidenced the pres-
ence of major viral proteins in all three UV peaks of the B19 VP1/VP2
VLP sample and in the two UV peaks of MuPyV VLPs (data not
shown). Moreover, the total peak areas in the SEC chromatograms
generated with the SRT 1000 column are higher than in those gen-
erated with other columns. This suggests a higher recovery and less
secondary interactions of VLP components with the SRT 1000 col-
umn  matrix. The weaker performance of other evaluated columns
was attributed to different base materials (methacrylate vs. silica)
and pore sizes (450 Åvs. 1000 Å). It must be noted that both peak
resolution and recovery might have been higher for all columns
at lower flow rates. However, the main goal of this work was to
develop a rapid analytical procedure for VLP aggregates.

In Fig. 2c, the elution of MuPyV VLPs is compared with the elu-

tion of a protein standard composed of thyroglobulin and uracil. The
UV chromatogram of the MuPyV VLPs demonstrates that the major
peak at 3.09 mL elutes prior to thyroglobulin (3.38 mL,  17 d nm
[37]) and thyroglobulin aggregates (3.22 mL)  indicating a larger

present the mean of triplicate determinations. (a) Overlaid chromatograms of 8 �g
RT 1000 (blue solid line), TSKgel G5000 PWxl (black dotted line), and TSKgel G6000

s (MuPyV) VLPs injected on an Acquity BEH450 (black solid line), SRT 1000 (blue
dotted line). (c) Overlay of chromatograms of 2.1 �g MuPyV VLPs for an SRT 1000
globulin and uracil is plotted as gray dotted line. (d) Chromatogram of MuPyV VLPs
n. Increasing VLP masses were loaded on the column and are plotted in triplicates.
lustrating the interlaced injection time. (For interpretation of references to color in
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ize for the MuPyV VLPs and B19 VP1/VP2 VLPs. Due to the high-
st selectivity and recovery, the SRT 1000 column was  selected for
ll subsequent experiments. In the following, the impact of the
obile-phase flow was evaluated to test the robustness and to

ccelerate the method. Fig 2c shows the overlay of chromatograms
enerated with 2.1 �g MuPyV VLPs at flow rates ranging from 217
o 361 cm/h (0.6–1 mL/min). Chromatograms were hardly influ-
nced by the flow rate in the examined range. This allows a
igh-throughput of samples even in single-injection mode and
emonstrates that high back pressure of up to 240 bar at 1 mL/min
id not increase VLP aggregate levels. Similar observations were
ecently made for monoclonal antibodies analyzed by SE-UHPLC
t high back pressure [38].. For the implementation of an iSEC
ethod, an operating flow rate of 289 cm/h (0.8 mL/min) was  cho-

en. The analysis time at this flow rate was 6.0 min  with an initial
ag phase of 3.1 min  for MuPyV VLP aggregates and 2.7 min  for B19
P1/VP2 VLP aggregates. In the iSEC method, the start of timebase

I (DAD) was triggered at 2.66 min  of timebase I (autosampler and
ump) to ensure the detection of the largest molecules eluting in

he exclusion volume of the column. At 0.34 min  of timebase II,
he injection of the next sample in timebase I was triggered. The
PrepareNextSample’ was set at 1.7 min  of timebase I to ensure

 total analysis time of 3.1 min  per sample. Fig. 2d shows the

ig. 3. Characterization of virus-like particles by interlaced SE-UHPLC and transmission
ccording to decreasing particle sizes: (a) 16 �g human papilloma (HPV) VLPs, (b) 6.0 �g 

d)  50 �g chimeric HBcAg VLPs, and (e) 10 �g human B19 parvo (B19 VP1/VP2) VLPs.
4 (2016) 1259–1267 1263

chromatogram of overlaid triplicate injections of varying MuPyV
VLP concentrations. The UV signal is plotted against the DAD aqui-
sition time (timebase II). Thus, the red dotted line illustrating the
interlaced time shows that the sample injection was performed at
−2.66 min  which corresponds to 0 min  of timebase I. The elution
profile with two  major peaks steadily increasing for higher load-
ings does not differ at all from the chromatograms generated by
the single-injection mode. This underlines both repeatability and
linearity of the iSEC method for the analysis of MuPyV VLPs. Fur-
thermore, it is shown that the presence and ratio of the two  major
peaks do not depend on the injected VLP mass in the investigated
range.

3.2. Characterization of virus-like particles by iSE-UHPLC, TEM
and DLS

The developed iSEC method was  evaluated for several VLPs in
order to test the general applicability of the method. Moreover,

an important issue was  whether different peaks in iSEC chro-
matograms were created by VLPs of varying sizes or by VLPs of the
same size forming VLP aggregates. Therefore, samples were ana-
lyzed by iSE-UHPLC, TEM, and DLS. Fig. 3 shows an overview of

 electron microscopy (TEM). Chromatograms and TEM micrographs are arranged
murine polyomavirus (MuPyV) VLPs, (c) 2.0 �g human enterovirus 71 (EV71) VLPs,
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Table 3
Summary of VLP characterization by dynamic light scattering (DLS) and interlaced SEC (iSEC) UHPLC. Retention times according to iSE-UHPLC are given for the elution of VLP
monomers.

VLP/Protein Average size PdI (DLS) Aggregates (DLS) Aggregates (iSEC) Retention time (iSEC)
[d.nm] [% v/v] [%] [min]

HPV VLP 60.8 0.134 0 5.8 ± 0.2 0.93
MuPyV VLP 65.1 0.216 0 8.2 ± 0.4 1.19
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tions [31], the impact of aggregates on safety, immunogenicity and
reactogenicity of a VLP vaccine should be carefully evaluated in the
future. Skin reactions reported in a clinical phase study with a B19

Fig. 4. Comparison of purification tools for the separation of VLP  aggregates from
human B19 parvo (B19 VP1/VP2) VLPs. (a) UHPLC chromatograms for VLPs puri-
fied by ultracentrifugation (black solid line), anion-exchange (AEX) membrane
chromatography (purple dotted line), aqueous two-phase extraction (ATPS) and
precipitation (red dotted line), and AEX membrane chromatography and SEC (rose
solid  line). (b) Chromatogram of a B19 VP1/VP2 VLP polishing step on a Superose®
EV  71 55.9 0.204 

HBcAg VLP 40.3 0123 

B19  VP1/VP2 VLP 211.1 0.467 

SE-UHPLC and TEM measurements for five different VLPs, while
able 3 lists the results obtained from DLS measurements.

The UV chromatograms in Fig. 3 are plotted against the mea-
urement time of timebase II. In the following, only UV peaks with
etention times below the iSEC retention time of thyroglobulin
1.56 min) are discussed. The chromatogram in Fig. 3a reveals two
V peaks for a sample containing 16 �g HPV VLPs, while the TEM
icrograph displays spherical particles with pentamer structures

nd a total particle size of 45–60 nm.  Similar particle diameters
nd structures were observed by Zhao et al. [39,14] for HPV VLPs
erived from yeast cells. In the TEM micrographs, there were not
ny VLPs detected with a size larger than 65 nm,  while DLS analysis
etermined a mean particle size of 60.8 d nm for HPV VLPs (Table 3).
ence, the first peak in the iSEC chromatogram (0.52 min) is prob-
bly attributed to the formation of VLP aggregates as reported by
eschuyteneer et al. [19]. The aggregate level in the HPV VLP sample
as 5.8 ± 0.2% according to the iSEC method, while no aggregates
ere detected by DLS measurements (Table 3). For MuPyV VLPs,

he iSEC chromatogram in Fig. 3b looks similar as for HPV VLPs with
ne minor (0.68 min) and one major UV peak (1.19 min). Again, TEM
icrographs display spherical particles with a similar morphology

s HPV VLPs and particle sizes of 40–50 nm.  The VLP aggregate level
as 8.2±0.4% according to iSE-UHPLC. The presence of aggregates

n MuPyV VLP preparations has also been reported by Pease et al.
18] and Mohr et al. [40]. Fig. 3c shows the iSEC chromatogram
f 2.0 �g EV71 VLPs. The major peak elutes at 1.2 min. The UV
bsorption signal is noisy and low with a maximum at 1.2 mAU
emonstrating that observed peaks are close to the detection limit
f the DAD. This impedes the exact quantification of VLP aggregates.
espite a low concentration, the presence of spherical particles in

he EV71 VLP sample is demonstrated by the TEM micrograph. In
ontrast to other analyzed VLPs revealing empty particles, EV71
LPs appeared as solid particles with diameters of 35–50 nm as
bserved by Liu et al. [41]. According to DLS measurements, the
verage particle size for EV71 VLPs was 55.9 nm and no aggre-
ates were detected. In Fig. 3d, the iSEC chromatogram and TEM
icrograph of 50 �g chimeric HBcAg VLPs are displayed. The chro-
atogram shows a uniform dispersity with one major peak eluting

t 1.33 min. The TEM micrograph illustrates a high number of empty
articles with diameters ranging from 35 to 40 nm. The mean par-
icle diameter determined by DLS was 40.3 nm.  The aggregate level
ccording to the iSE-UHPLC method was 1.4 ± 0.2%, while no aggre-
ates were detected by DLS measurements. Fig. 3e displays the
hromatogram of a sample containing 10 �g B19 VP1/VP2 VLPs.
hree UV peaks eluting at 0.6 min, 1.04 min, and 1.42 min  indicate

 polydisperse distribution. In contrast, the TEM micrograph shows
omogeneous icosahedral empty particles with a size of 25–30 nm.
onsidering the elution times of thyroglobulin (1.56 min, 17 d nm
37]) and HPV VLPs (0.93 min, 60 d nm), the UV peak at 1.42 min
hows probably the elution of B19 VP1/VP2 VLPs while the other
wo peaks are attributed to aggregates of two (1.04 min) and more

LPs (0.6 min). Both DLS and iSE-UHPLC analysis evidence an aggre-
ate level above 50% (Table 3). Such an unusually high amount of
ggregates in B19 VP1/VP2 VLP samples has not yet been reported
lsewhere. Since B19 VP1/VP2 VLPs are evaluated as human
14 ± 3.0 1.2
1.4 ± 0.2 1.33

 55.8 ± 0.5 1.42

vaccine candidates against diseases attributed to parvovirus infec-
6  Increase column tracking VLPs (green bars) and VLP aggregates (red bars). (c)
Solubility curves for 0.5 mg/mL  B19 VP1/VP2 VLPs tracking VLPs (black) and VLP
aggregates (blue) at increasing concentrations of polyethylene glycol 4000. (For
interpretation of references to color in this figure legend, the reader is referred to
the  web  version of the article.)
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P1/VP2 VLP vaccine candidate [42] might have been attributed to
ncreased levels of VLP aggregates.

Summarizing the VLP characterization by the developed iSE-
HPLC method, it could be demonstrated that a resolution of VLPs
nd VLP aggregates in the size range of 20–120 nm is feasible.
lthough the DLS results listed in Table 3 indicated the pres-
nce of aggregates in the B19 VP1/VP2 VLP sample, no aggregates
ere detected by the method for other VLP samples. Nevertheless,

he polydispersity index (PdI) given by the DLS instrument cor-
elates with the aggregate level determined by the iSEC method.
he lowest PdI of 0.123 was determined for HBcAg VLPs contain-
ng 1.4% aggregates, while the highest PdI of 0.467 was identified
or B19 VP1/VP2 VLPs containing 55.8% aggregates. Comparing
esults from DLS, TEM and iSE-UHPLC analysis, the iSEC method
rovides a precise high-throughput analytical technique for
LPs.

.3. Purification tools for the separation of VLP aggregates

In the following, the developed iSE-UHPLC method was applied
or the assessment of VLP purification procedures. The charac-
erization of VLPs has revealed the presence of aggregates in all

easured VLP samples. The propensity of aggregate formation dur-
ng VLP processing can be manipulated by adding stabilizers such
s detergents, sugars or polyols into process buffers [40,43]. How-
ver, irreversible aggregates also form during expression in cell
ulture, and apart from stabilization procedures, there is a demand
or separation techniques for VLP aggregates. In this work, the
ighest aggregate level was determined for B19 VP1/VP2 VLPs mak-

ng these particles attractive to evaluate the effect of downstream
rocessing on the aggregate level. Fig. 4a shows the iSEC chro-

atogram of the same VLP insect cell feedstock purified by different

urification procedures. Chromatograms are normalized to the VLP
onomer peak at 1.42 min  to highlight varying aggregate levels.

he residual DNA levels were below 20 ng/mL, and protein purities

ig. 5. Characterization of human papilloma (HPV) VLPs under different stress condition
toring  0.4 mg/mL  VLPs in different buffer solutions for 3 d at 8 ◦C. (b) Thermal stress wa
pplied  by incubating 0.8 mg/mL VLPs on an orbital shaker at 1400 rpm for 1–24 h. (d) Str
ubsequent thawing at room temperature at a VLP concentration of 0.8 mg/mL. VLPs und
4 (2016) 1259–1267 1265

varied between 81% (AEX membrane sample [33]) and 99% (ultra-
centrifugation sample) according to measurements by picogreen
assay and capillary gel electrophoresis (data not shown). The elu-
tion profiles demonstrate that peaks eluting between 0 and 1.2 min
show the highest UV areas for VLPs purified by ultracentrifugation
(55.8 ± 0.5%) and the lowest for VLPs purified by a combination of
AEX membrane chromatography and SEC [33] (5.9 ± 0.4%). More-
over, VLP samples purified by an ATPS and precipitation procedure
revealed a lower aggregate level (27.5 ± 0.4%) than VLPs purified
by AEX membrane chromatography (30.7 ± 0.7%). These findings
suggest that a separation of aggregates might be feasible by both
chromatographic and non-chromatographic unit operations.

Fig. 4b shows the chromatogram of a VLP aggregate separation
by size-exclusion chromatography on an FPLC system. 1500 �g B19
VP1/VP2 VLPs purified by AEX membrane chromatography were
injected on a Superose® 6 Increase 10/300 column. VLP monomers
(green bars) and VLP aggregates (red bars) were tracked by the iSE-
UHPLC method. The elution profile displays three major peaks for
the VLP sample: VLP aggregates (9.1 mL), VLP monomers (11.5 mL),
and residual HCPs (16.4 mL). Hence, a separation of VLP aggregates
was also rendered with a preparative SEC resin. In Fig. 4c, iSEC UV
peak areas of VLP monomers (black dotted line) and VLP aggregates
(blue spotted line) are plotted against increasing concentrations of
PEG 4000. Data points are interpolated with lines to guide the eye
and represent the soluble fraction of each component at a certain
PEG concentration. A decrease of solubility is observed at different
PEG concentrations for VLP monomers and VLP aggregates. While
VLP aggregates precipitated thoroughly at 10% [w/w] PEG 4000,
about 81 ± 2% VLP monomers were detected in the soluble frac-
tion at this concentration. Thus, a separation of irreversible VLP
aggregates might be realized by adding PEG to a VLP sample, per-

forming a solid–liquid separation and finally formulating VLPs in
a stabilizing buffer to prevent the formation of new aggregates. A
similar approach has, for instance, been used for the separation of
IgG aggregates by Giese et al. [44].

s. (a) The impact of ionic strength on the formation of aggregates was assessed by
s  applied by heating 0.8 mg/mL VLPs at 40 ◦C for 1–5 h. (c) Mechanical stress was

ess by freeze-thawing was applied by 2–6 cycles of freezing in liquid nitrogen with
erwent the first freeze-thaw cycle upon sample preparation.
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.4. Effect of process conditions on the stability of HPV VLPs

The propensity to form aggregates varies for each VLP depend-
ng on structural characteristics and process conditions such as pH,
onic strength, temperature, shear forces, freeze–thaw cycles or
nteractions with equipment surfaces. The developed iSE-UHPLC

ethod is a rapid assay to evaluate the effect of such process condi-
ions on VLPs. In a case study, HPV VLPs with a comparably low level
f aggregates (5.8 ± 0.2%) were exposed to different stress condi-
ions. Fig. 5 gives an overview of iSEC chromatograms for HPV VLPs
ubjected to chemical, thermal, mechanical and freeze–thaw stress
onditions. Chromatograms were normalized to the VLP monomer
eak to highlight changes in aggregate levels.

Fig. 5a depicts the impact of ionic strength and buffer compo-
ents on the VLP aggregate level. VLPs that were buffer-exchanged
nd stored for three days in a phosphate buffer without additional
eutral salt revealed the highest level of aggregates (9.6 ± 0.2%),
hile the lowest aggregate level was observed for VLPs stored in

.2 M MOPS with 0.5 M NaCl (6.7 ± 0.2%). In general, there was
 clear trend of a decrease in aggregate levels with increasing
alt concentrations and with MOPS buffers instead of phosphate
uffers. Both buffer components are usually used during purifica-
ion of HPV VLPs by cation-exchange (CEX) chromatography and

ixed-mode (MM)  chromatography [45]. Fig. 5b shows the effect
f exposure to an elevated temperature (40 ◦C) on the formation
f VLP aggregates. An increase in aggregate levels from 5.8 ± 0.2%
o 10.4 ± 0.3% was observed after sample incubation for five hours
t 40 ◦C. Aggregate levels steadily increased with increasing heat
xposure time. Thermal stability studies are especially important
o assess risks arising due to interrupted cold chains or inade-
uate storage conditions. The obtained results demonstrate that the

nvestigated stabilized and formulated HPV VLPs are prone to form
ggregates when exposed to 40 ◦C for more than 1 h. In contrast,
ig. 5c and 5d indicate that mechanical stress such as intense mix-
ng for up to 24 h and numerous freeze-thaw cycles hardly change
he dispersity of HPV VLPs in the used formulation buffer. Aggre-
ate levels vary between 5.8 ± 0.2% and 6.7 ± 0.2%. This confirms
he findings of Shi et al. [13] identifying the non-ionic surfactant
olysorbate 80 as stabilizer for HPV VLPs during freezing and recon-
titution as well as mechanical stress conditions.

. Conclusion and outlook

In this work, we report the development and application of a
igh-throughput analytical tool for the characterization of virus-

ike particles. Recently, the relevance of SE-HPLC methods for
iral vaccines has been highlighted by Yang et al. [20]. Using a
ow-dispersion UHPLC system, we identified an SRT 1000 column
s optimal SEC column for quantification of VLP aggregates at
ow buffer consumption and high flow rates. The implementation
f an interlaced SE-UHPLC procedure allowed the characteriza-
ion of VLPs within 3.1 min. To the best of our knowledge, this
epresents the fastest so far reported method for the quantifica-
ion of VLP aggregates. The feasibility of the assay was  proven
or a variety of VLPs with total particle sizes ranging from 20
o 120 d nm.  The VLP characterization by the iSEC method was
upported and complemented by TEM and DLS measurements.
n two case studies applying the assay, we demonstrated how
ggregate levels are impacted by both downstream processing and
torage of VLPs. Promising conditions for aggregate removal by
recipitation with polyethylene glycol were determined apply-
ng high-throughput experimentation on a robotic liquid-handling
tation. The developed analytical method enables rapid assessment
f suitable purification and formulation procedures for VLPs. In
rder to ensure both safety and immunogenicity of VLP vaccines,

[

34 (2016) 1259–1267

it will be important to specify acceptable and alarm limits for VLP
aggregates, identify critical process parameters (ICH Q7 [46]), and
define design spaces for production processes (ICH Q8 [47]). A
potential well-suited process analytical technique for this purpose
has been presented herein.
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