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Stronger together: Analytical techniques for
recombinant adeno associated virus

With recent FDA approval of two recombinant adeno-associated virus (rAAV)-based gene
therapies, these vectors have proven that they are suitable to address monogenic diseases.
However, rAAVs are relatively new modalities, and their production and therapy costs sig-
nificantly exceed those of conventional biologics. Thus, significant efforts are made to im-
prove the processes, methods, and techniques used in manufacturing and quality control
(QC). Here, we evaluate transmission electron microscopy (TEM), analytical ultracentrifu-
gation (AUC), and two modes of capillary electrophoresis (CE) for their ability to analyze
the DNA encapsidated by rAAVs. While TEM and AUC are well-established methods for
rAAV, capillary gel electrophoresis (CGE) has been just recently proposed for viral genome
sizing. The data presented reflect that samples are very complex, with various DNA species
incorporated in the virus, including small fragments as well as DNA that is larger than the
targeted transgene. CGE provides a good insight in the filling of rAAVs, but the workflow is
tedious and the method is not applicable for the determination of DNA titer, since a proce-
dure for the absolute quantification (e.g., calibration) is not yet established. For estimating
the genome titer, we propose a simplified capillary zone electrophoresis approach with
minimal sample preparation and short separation times (<5 min/run). Our data show the
benefits of using the four techniques combined, since each of them alone is prone to de-
livering ambiguous results. For this reason, a clear view of the rAAV interior can only be
provided by using several analytical methods simultaneously.
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1 Introduction

The adeno-associated virus (AAV) is a small, non-enveloped
ssDNA virus of 25 nm in diameter that belongs to the family
of parvoviridae [1]. The 4.7 kb ssDNA wild-type genome is
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surrounded by a capsid with icosahedral symmetry which
is formed by three viral proteins (VP1–3) [2]. The capsid
proteins are all coded by one gene (Cap) and are formed
through alternative splicing and are thus only differing in
their N-terminus. Additionally, the genome contains four
different regulatory proteins (Rep) and is flanked by 145
nucleotide inverted terminal repeats (ITR), which form a
T-shaped hairpin through base pairing [3]. The genome
can either be a sense (+) or anti-sense (-) DNA strand [4].
Genome packaging into an empty capsid just needs ITRs,
when all helper functions, Rep and Cap are provided by
plasmids. In order to produce recombinant AAV (rAAV),
95% of the AAV genome can thus be removed and replaced
by a transgene [5]. The two main production methods use
transfection of mammalian Human Embryonic Kidney 293
(HEK293) cells or the baculovirus expression vector system
(BEVS) for infecting Spodoptera frugiperda (Sf9) insect cells
[6]. While the Sf9 system is easier to handle and shows better
scalability, it is reported that rAAVs from this source tend
to have a different expression of viral proteins, different
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posttranslational modifications, and different methylation of
genomes, which may lead to a decreased infectivity [7,8].

The ability of site-specific integration of DNA into the
host cell genome [9–11] and the missing pathogenicity [12]
are attributes, that predestine AAVs to the use as gene delivery
vehicles for gene therapy.With the FDA approval of two rAAV
based gene therapies in 2017 and 2019 [13], these viruses
have proven that they are suitable vectors to address mono-
genic diseases. In particular, rAAVs have shown remarkable
improvements for patients with spinal muscular atrophy [14]
and retinal diseases [15], but considerable research is also
made for genetic remedies that affect the central nervous
system, muscles, and liver [16]. Since rAAVs are relatively
newmodalities and production costs remain high, significant
efforts are currently being made to improve the processes,
methods, and techniques used in manufacturing and QC.
The goal of analytical development for QC of biopharmaceu-
ticals is to identify physicochemical properties that influence
safety and efficacy and set specific ranges or limits that safe-
guard the high product quality that is required for therapeutic
use. Most of these critical quality attributes (CQAs) have been
identified for rAAVs as well and are discussed in recent re-
views [17,18] (https://alliancerm.org/manufacturing/a-gene-
2021). In this work we will focus on the CQAs discussed in
the following section.

For appropriate dosing, the virus titer or concentration
of the AAV sample is a product-related CQA. There are three
general approaches to determine the titer. The genome titer
(genome copies per mL: GC/mL) describes the capsids filled
with the correct genome and is thus used for clinical dosing
[19]. When the capsid concentration (viral particles per mL:
VP/mL) ismeasured regardless of the content, the capsid titer
is estimated. To get a measure of the biological activity, the in-
fectivity titer is evaluated by different in vitro cell-based assays
[20,21].

Production yields remain the main challenge for manu-
facturing rAAV because the majority of capsids tend to not
contain the transgene [22]. For this reason, fast and auto-
matedmethods for the estimation of the full to an empty ratio
(or content ratio: full to all) are critical from a QC perspective.
Capsids may also be filled with a part of the transduction cas-
sette, the plasmid backbone, or wild-type sequences. This is
expected to lead to immunotoxicity or genotoxicity [23].

Even though physicochemical methods are only rarely
used in the characterization of viral vector systems during
production, they are considered to play an important role in
the future. Hereby, they will cover CQAs as the content ratio,
the virus (protein) and genome titer, purity, or aggregation, to
name just a few. TEM [24,25] and AUC [24,26] are two orthog-
onal techniques, that can detect different viral populations.
Both have already been widely applied with their specific
advantages and drawbacks. TEM is a very flexible method as
it offers visual information for content ratio, protein impu-
rities, and aggregation. However, inconsistent staining can
lead to ambiguous results of capsid fillings and turnaround
times are high. AUC, on the other hand, easily provides
quantitative results for different viral species with a high

resolution. Its limitations include high sample consumption
and low throughput. Additionally, both methods seem to be
challenging to implement in a good manufacturing practice
(GMP) environment. Capillary gel electrophoresis (CGE)
was recently proposed as a method that can separate differ-
ent size variants of DNA in rAAV samples and could even
have the prospect for genome titer estimation [27]. Related
CGE methods are extensively used for the assessment of
protein impurities of biopharmaceuticals including rAAVs
[28–30]. In this publication, we discuss the advantage of the
synergistic application of four methods, TEM, AUC, and two
submodes of CE (see Table 1 [24,31–37]), focusing on the
quantity, quality, and state of the genome. HPLC methods
such as RP-HPLC, SEC or AEX, or other CE submethods
as cIEF are not considered here. The applicability of these
approaches and their place in the rAAV analytical toolbox is
under investigation, although some reports consider these
techniques already available [17,18]. The juxtaposition of
these four methods revealed an in-depth understanding of
the filling of complex rAAV samples and shed new light on
the strengths and weaknesses of the CGE approach.

2 Materials and methods

General: HPLC grade water was prepared using a Q-POD®
Ultrapure Water Remote Dispenser (Cat. no. ZMQSP0D01)
by Merck Millipore/Merck KGaA (Darmstadt; Germany). Pu-
rified AAV2 and AAV3 (approx. 2 × 1013 GC/mL by qPCR)
and the ssDNA genome were obtained from different com-
mercial manufacturers. The incorporated genomes should
express an enhanced green fluorescent protein (EGFP) with a
Cytomegalovirus (CMV) promoter. Genome sizes have a the-
oretical size of 2501 bp for Supplier 1 and 2565 bp for Supplier
2. The samples fromdifferent sources are abbreviated with S1
(Supplier 1) and S2 (Supplier 2, e.g., AAV2 S2). Samples were
formulated in 1x PBS with 0.001% Pluronic F-68.

TEM: Samples were stained with 1.5% (w/v) uranyl ac-
etate in H2O (Merck 8473; discontinued). TEM Grids: 200
mesh, copper, formvar/carbon-coated (Cat. no. S162) were
from Plano GmbH (Wetzlar; Germany). Sample preparation:
4 μL of each sample was incubated for 30 s on a glow-
discharged carbon-coated TEM grid. After a blotting step,
grids were washed three times with Milli-Q water and neg-
atively stained two times with 4 μL of 1.5% uranyl acetate.
After every staining and washing step, excess liquid was re-
moved using a blotting paper. Image acquisition was per-
formed on a Philips CM100 TEM operated at 80 kV.

AUC: Analysis was performed on an Optima analytical
ultracentrifuge from Beckman Coulter (Indianapolis, USA).
The samples were loaded into AUC cells equipped with
quartz windows and 12 mm double-sector charcoal-filled
EPON centerpieces. A sample volume of 370 μL was loaded
in the sample sector, whereas 390 μL of formulation buffer
was loaded in the reference sector. The AUC cells were
equilibrated at 15°C for 1 h before starting the rotation at
the indicated rotor speed. The sedimentation was monitored
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Table 1. Overview of Methods used in this work and the CQAs they address

Technique CQA Specific results Comments Requirements
test sample

Quality
standard

Possible
Alternatives

TEM Content ratio Evaluation of empty, filled
and disrupted AAV
Evaluation of impurities

Uneven staining may lead to
ambiguous results
Simple visual interpretation

>1012 VP/mL non-GMP AUC
AEX [24,31]
ELISA/qPCR [32]
OD [32]

AUC Content ratio Estimation of filled and
empty species

Estimation of overfilled and
partial filled species
Estimation of degraded
AAV

Empty material could be critical
Re-homogenization and

reutilization may be possible

>1012 VP/mL
ca. 400 μL Highly

purified
material
No aggregates

non-GMP TEM
AEX [24,31]
ELISA/qPCR [32]
OD [32]

CGEDNA Quality of DNA
Genome
titer

Identity of genome (based
on size/migration time)

Size variants
Quantification of target
variant

Non-covalent labeling needed
(BGE)

CE separation profile depends
on test sample preparation
conditions

>1011 GC/mL
> 0.2 ng/μL

GMP AGE [19,33]
AUC

CZEDNA Quantity of
free DNA
Genome
titer

Specific DNA quantification
based on q/r

Evaluation of encapsidated /
free DNA

Evaluation of DNA release
under stress conditions

>1011 GC/mL
> 0.2 ng/μL

GMP qPCR [19,34]
DBA [35–37]

AEX, anion exchange chromatography; qPCR, quantitative polymerase chain reaction; DBA, dye based assay

by UV absorbance at 230, 260, and 280 nm. Scans were col-
lected every 60 s with a radial position data spacing of 10 μm.
The sedimentation coefficient and relative amounts of each
species were determined by processing the data with SEDFIT
(v16.1c) using c(s) model (source1). The relative amount of
each subpopulation of the AAV samples was acquired by in-
tegrating the respective peak area in the sedimentation plot.

CE: Amicon Ultra-0.5 mL Centrifugal Filters with a
100 kDa cutoff (Cat. no. UFC5100BK), Benzonase Nucle-
ase (Cat. no. E1014), 0.5 M EDTA (Cat. no. 15 575 020),
polyvinylpyrrolidone (PVP; Cat. no. 437 190), 10× Tris bo-
rate EDTA (TBE) buffer (Cat. no. 574 795), Tris Base (Cat.
no T6066) and Urea (Cat. no. U6504) were supplied by
Sigma–Aldrich/Merck KGaA (Darmstadt; Germany). DNase
I 10× Reaction Buffer (Cat. no. AM8170G), PBS tablets (Cat.
no. 18 912 014), Pluronic F-68 (Cat. no. 24 040 032), SYBRTM

Green II RNA Gel Stain 10 000× concentrate in DMSO (Cat.
no. S7564), UltraPureTM DNase/RNase-Free Distilled Water
(Cat. no. 10 977 015) were purchased fromThermoFisher Sci-
entific (Waltham, USA). The QIAquick PCR purification Kit
used for purification was from Qiagen (Germantown, USA).
Acetic acid 99.7% (Cat. no. LC101001) was sourced from
Fisher Chemical (Hampton; USA). Capillaries with an inner
diameter of 50 μm (Cat. no. TSP-050375) and 100 μm (Cat.
no. TSP-100375) were from Polymicro Technologies /Molex
LLC (Phoenix, USA).

Analysis was carried out using a SCIEX PA800 Plus sys-
tem (Brea; USA) equipped with a solid-state laser with an
excitation wavelength of 488 nm and a 520 nm bandpass
emission filter (Cat. no. 65–699) from Edmund Optics (Bar-
rington; USA), a 30 kV power supply and a temperature-
controlled autosampler (± 2°C). Data were acquired and an-

alyzed using 32 Karat software 10.3. CGE: AAV samples re-
ceived from the differentmanufacturers were purified follow-
ing the instructions from the QIAquick PCR purification kit
but with two washing steps of the QIAquick column. Before
injection in CE, the sample was heated at 70°C for 2 min fol-
lowed by 5 min in ice. The DNA digestion with benzonase
and later centrifugation to remove benzonase and degraded
material was performed as in [27]. After centrifugation, the
sample was directly purified with the QIAquick PCR purifica-
tion kit and heated at 70°C for 2 min followed by 5 min in ice.
The separation gel buffer consisted of 1% PVP, 4 M Urea in
1xTBE solutionwith 1:25000 diluted SYBRGreen II [27,38]. A
bare fused silica capillary with a 100 or 50 μm internal diam-
eter and 30 cm effective length was used for the separation.
The separation voltage was 6 kV using reverse polarity. The
samples were injected by applying –4 kV during 2–6 s. Cap-
illary temperature was set to 25°C and 10°C was used for the
autosampler.CZE: The separation bufferwas prepared by dis-
solving Tris base to a final concentration of 25mMand adjust-
ing the pH to 8.0 ± 0.05 with acetic acid. SYBR-Green II was
added to a final dilution of 1:10000 shortly before the analysis
run. Purified linear construct whichwas diluted to the desired
concentration with Nuclease-free distilled water served as a
positive control, while formulation buffer served as blank.
The same procedure as for the AAV sample was followed.
Normal heat-shock: for CZE analysis 10 μL AAV sample was
heated to 70°C for 2 min and placed on ice for 5 min immedi-
ately after. Variations in heating temperature and duration are
described in a later section. Benzonase digest: to determine
DNA content inside and outside capsids, the benzonase di-
gest was performed as in the CGE with subsequent removal
of the DNAse by centrifugal filters. The residue was collected
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and heated to 70°C for 2 min and afterward placed on ice for
5 min. Analysis: a neutral capillary (Cat. no. 477 441) from
SCIEX (Brea; USA) with an I.D. of 50 μm and cut to a total
length of 30 cm and 20 cm length to window was employed.
The capillary cartridge was kept at 25°C while samples were
stored at 10°C. Prior to each injection, the capillary was rinsed
with water and equilibrated with separation buffer at 50.0 psi
for 1 min each. Samples were injected at 0.5 psi for 10 s and
separated for 4 min with the separation voltage set to –30 kV.

After each sequence, the capillary was rinsed with water
for 10 min at 50 psi. For long-term storage, the capillary was
kept in the refrigerator with the capillary tips placed in water.
Each capillary was used for several hundred injections with-
out loss of performance.

3 Results and discussion

In the following sections, we evaluate TEM, AUC, and two
modes of CE for their ability to analyze the DNA encapsidated
by rAAVs. The methods discussed below are based on gener-
ally different separation and/or detection principles but also
the “targetmolecule” is different. For TEM andAUC analysis,
the intact viral systems are investigated whereas for CEmeth-
ods the genome is set on focus. For this purpose, the virus
has to be destroyed with suitable methods or the conditions
have to be chosen in such a way that DNA can escape from
the virus. Starting from the TEM and bridging to the AUC
results, we take a deeper look into the viral filling, which to
a significant extent, changes the physicochemical properties
of the virus itself. Not only the weight (sedimentation coef-
ficient), but also the charge inside and outside, and the zeta
potential to name a few properties.

3.1 Transmission electron microscopy

Transmission electron microscopy (TEM) is a well-
established method for providing visual information on
AAVs. This allows an image-basedmorphological assessment
of the capsid content [39,40]. The structural characterization
relies on good contrast, which is typically achieved with heavy
metal staining salts. The salt diffuses into the vacancies of the
empty AAV capsids, and due to the electron-dense staining
material, the core of the capsid appears dark in the TEM
images. The higher the filling level (amount of encapsidated
DNA), the less space within the capsid is available for the
staining material, therefore the brighter the core regions of
the AAVs appear (Fig. 1A). It should be noted, that in spite
of the simple principle, automatic full/empty identification
of AAV particles is still challenging, especially for partially
filled particles. Novel software solutions use deep learning
algorithms for quantitative assessments (e.g., from Vironova:
https://cellculturedish.com/automated-integrity-analysis-
of-aav-and-adenovirus-particles-using-minitem/). These
approaches provide quite accurate results. Furthermore,
TEM images reveal potential aggregates, impurities such

as cell debris (Fig. 1C) broken particles (Fig. 1D), residual
DNA (Fig. 1E). As one of the most abundant proteins with
a size >500 kDa the 20S proteasome core is a common
contamination that can easily be seen with TEM (Fig. 1F).

3.2 Analytical ultracentrifugation

As in a common centrifuge, species are separated in an AUC
experiment by exposure to a centrifugal force. Depending
on their size and weight, species sediment at a specific ve-
locity through the AUC cell. Empty, full, partially filled and
overfilled rAAV capsids can in this way be separated from
each other. The architecture of the AUC allows furthermore
the monitoring of the separation in real-time using, for ex-
ample, absorbance detection [41]. Analysis of the data yields
the intensity of the individual species as a function of their
sedimentation coefficient, providing a sedimentation plot
(Fig. 2A). The intensity is related to the extinction coefficients
of the AAV capsid and the DNA, which both have a profound
absorbance in the UV range (DNA maximum at 260 nm and
capsid maximum at 280 nm). AUC is therefore mainly used
to shed light on the content ratio as a CQA by analyzing at
these wavelengths. As indicated before, themanufacturing of
AAVs is still challenging and solutions often containmixtures
of species.

As a typical example, the sedimentation plot of the full
AAV3 S2 shows five distinct signals of different intensity
(Fig. 2A, line 1). The most intensive signal is detected with
a sedimentation coefficient of 70 Svedberg. The relative stan-
dard deviation from six AUCmeasurements of this Svedberg
value accounts to 0.1%. It is assigned to the full AAV3 species,
in line with the TEM image that mostly shows this species
(Fig. 1A). Furthermore, the intensity at 260 nm is larger than
at 280 nm (Ratio 260/280 is approx. 1.24) indicating that the
capsid contains DNA and is not empty. This argument is
based on the fact that the capsid alone has its maximum ab-
sorbance at 280 nm (Fig. S1) and lower absorbance at 260 nm
(Fig. 2A). By definition, the 260/280 ratio is therefore below
1 when looking at protein samples alone such as empty AAV
capsids. On the contrary, the ratio for DNA is above 1 since its
absorbance at 260 nm is larger than at 280 nm. A ratio of 1.24
for an AAV species in AUC can thus only stem from DNA-
loaded capsids. The second most intense signal is detected at
around 80 Svedberg, which means that it contains even more
DNA than the full species. It is therefore assigned to an over-
filled capsid as well as the signal between 90 and 100 Sved-
berg. Signals of smaller intensity can be detected below the
full species of 70 Svedberg, indicating that they contain less
or no DNA. A comparison to an empty AAV3 S2 batch shows
a pronounced intensity at 50 Svedberg that is consequently
associated with the empty capsid (Fig. 2A, line 2). Further-
more, the intensity ratio between 260 nm and 280 nm is 0.58,
that is, a range expected for an empty capsid [41]. This also
shows that 260/280 ratios above approximately 0.6 (and not
only above 1) indicate that the corresponding capsids contain
traces of DNA, that is, they are partially filled. This is the case
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Figure 1. TEM images of AAV sam-

ples (upper part) with enlarged ex-

cerpts (lower part). (A) AAV3 S2 full,

showing capsids with and without fill-

ing. (B) AAV3 S2 empty, showing cap-

sids with and without filling. (C) AAV2

S1 full, showing impurities and ag-

gregates in the background. (D) AAV2

S1 showing a broken AAV, (E) AAV3

S2 full, stressed, showing DNA in the

background, (F) AAV2 S2 empty, af-

ter AUC showing residual proteasome

impurities in the background.

for the signal at around 60 Svedberg, which falls in between
empty and full capsids. The 260/280 ratio accounts to 1.22 for
this signal.

Similar to the full AAV3 S2 batch, the empty AAV3 S2
batch showed five signals at 50, 60, 70, 80, and 90–100 Sved-
berg, but with different relative intensities. Here, themost in-
tensive signal has already been assigned to the empty AAV3
and the remaining signal assignment follows the argumenta-
tion as for the full AAV3 S2 batch. It should be noted, that the
AUC measurements of the AAV2 serotype were not repeat-
able and the samples degraded during the AUC run. Reuse
of the solution was thus not possible and neither was an in-
terpretation of the collected data.

To further ensure these results, the full and empty
AAV3 S2 samples were mixed in a ratio of 1:1 and also an-
alyzed. A separation of the empty and full capsids was visible
(Fig 2A). The absorbance signal of the raw data consisted of
an OD of 0.4 for both wavelengths at 280 and 260 nm. The
theoretical relative content of empty and full capsids should
be therefore approximately 50%.

AUC experiments were also conducted with a thermally
stressed full AAV3 S2 batch (stressed at 70°C for 5 min).
Slower and faster sedimenting species as in unstressed sam-
ples were present at 34 Svedberg and over 200 Svedberg
respectively (Fig. 2B). We propose that the signal for the
newly appearing but slower sedimenting species is caused by

© 2021 The Authors. Electrophoresis published by Wiley-VCH GmbH www.electrophoresis-journal.com
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Figure 2. (A) Sedimentation distribution plot of AAV3 S2 show-

ing the full batch (line 1), the empty batch (line 2), and the 1:1

mixture (line 3). The rotor speed was set to 20 000 rpm at 15°C

and detection was conducted at 260 nm. Full and empty batches

were diluted to a concentration of 7.80 × 1012 GC/mL based on

the declared titer. (B) Normalized sedimentation distribution plot

of AAV3 S2 showing the unstressed full batch (line 1) and the

stressed full batch (line 2). Thermal stressing was carried out at

70°C for 5 min, the rotor speed was set to 16 000 rpm at 20°C.

Detection was conducted at 260 nm with a sample concentration

of 2.80 × 1012 GC/mL. (C) Normalized and corrected to standard

conditions (water at 20°C) sedimentation distribution plot com-

paring full AAV3 batches from supplier 1 (dashed purple) and 2

(solid black). The rotor speed was set to 16 000 rpm at 20°C. The

detection was conducted at 260 nm with a sample concentration

of 2.80 × 1012 GC/mL.

capsid-fragments (34 Svedberg) and empty capsids (50 Sved-
berg) as detected in the stressed TEM samples (Fig. 1E). The
faster sedimenting species aremost probably aggregates. Fur-
thermore, the intensity of the full capsid signal decreased
whereas the signal for the empty capsid increased (Fig. 2B).
The change indicates that the DNA diffuses/flows out of the
capsid during thermal stressing (DNA release), which is also
shown by TEM (Fig. 1E) and this can be exploited for genome
quantification via CZE (see Fig. 4 later).

The collected data of the AAV3 serotype were compared
between suppliers one and two. There is a slight shift in the
sedimentation rate visible of the fully packed virus (Fig. 2C).
This could be caused either by different packed DNA size or
a general difference in the shape/weight of the vector. How-
ever, no significant differences of the packed DNA between
the two distributors would be expected. By analyzing the con-
tent of the virus proteins VP1, VP2, and VP3 via CE-SDS, it
was observed that the distributor with the faster sedimenting
species showed a higher ratio of VP1 (not shown). This could
explain the difference in the sedimentation behavior due to
the fact that the VP1 protein has a higher molecular weight,
compared to the VP2 and VP3 proteins.

3.3 Capillary gel electrophoresis

In the following, CGE data are used to support and com-
plement the TEM and AUC results. With a CGE analysis, it
is possible to separate all DNA size species, depending on
their sequence length and conformation. In addition, it is
generally possible to quantify by signal intensity using an ap-
propriate reference standard. CGE data are complementary
to qPCR and can be considered a useful extension in order
to identify and characterize the genome, as CGE can distin-
guish between different product-related size variants, but also
process-related variants as an oversized transgene or host cell
DNA impurities.

The gel used in this analysis consisted of 1% PVP, 4 M
Urea in 1×TBE buffer with 1:25000 diluted SYBR Green II
[27,38]. While the electric field strength is an important pa-
rameter to consider in DNA analysis due to its high impact on
separation efficiency and resolution, the optimum strength
is mostly dependent on DNA size [42]. A low electric field of
150 V/cm together with 25°C capillary temperature were ap-
plied to have good resolution for a higher size range in around
30 min separation time. In addition, intermolecular confor-
mation and intermolecular interaction can have a consider-
able impact on the separation profile. Thus, denaturing con-
ditions during separation (4 M Urea in BGE) are indispens-
able [43]. Under these conditions, the separation of nine RNA
transcripts from the 0.2 to 10 kb Transcript RNA Marker was
possible with a resolution of 200 bases in the range of AAV
genome (2 to 5 kb), although non-linear resolution is expected
in this range [44].

The full AAV3 S1 and AAV3 S2 samples showed a sim-
ilar profile with the main peak as the 2.5 kb ssDNA (Fig. 3
lines 2–4), which was also confirmed by spiking experiments
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Figure 3. Comparison of CGE-LIF separation of (1) empty

AAV3 S2, (2) full AAV3 S2, (3) full AAV2 S1 and (4) ssDNA genome

from S1. Conditions for all lines: BGE: 1% PVP, 4 M Urea in 1×TBE

with 1:25 000 SYBR Green II, Detection at 520 nm, Separation:

30/40 cm fs capillary; –6 kV at 25°C capillary temperature. Sam-

ples were purified with the QIAquick PCR purification kit. For fur-

ther conditions, see chapter 2.

and migration time comparison. Larger impurities and a low
amount of smaller DNA fragments can also be found in both
samples. As Fig. 3 shows, empty AAV3 samples did not show
any clear genome material in comparison with the respective
full samples, confirming that these viral vectors do not con-
tain the target transgene.

Benzonase was used to determine if the nucleic acid
impurities observed in Fig. 3 are encapsidated or present
outside the capsid, probably originated from host-cell or
plasmid DNA. To initially check the performance of the
benzonase treatment and subsequent filtration, the ssDNA
material was submitted to this process with the later pu-
rification step with the QIAquick kit. No peak was ob-
served in the sample treated with benzonase, which confirms
the applicability of the conditions used (data not shown).
The same samples from Fig. 3 were also tested by us-
ing these two preparations (with/without benzonase treat-
ment) but no significant changes were observed. This al-
lowed confirming that the observed peaks are only caused by
encapsidated DNA.

Although comparable profiles were always obtained for
all samples, variations in peak shape and relative intensity of
the larger variants were observed between different sample
preparations. In order to prove, that the observed peak profile
is not caused by dsDNA as a method artifact, strategies were
tested to reduce or control the variants, as the addition of 10%
(v/v) formamide, 10% (v/v) DMSO, or 5 min sample sonica-
tion prior to the heating step at 70°C. Only formamide intro-
duced a reduction of high molecular weight (HMW) peaks
(Fig. S2). Thus, we assess that the observed peaks are related
to different encapsulated ssDNA species.

When comparing CGE data with AUC and TEM some
interesting observations can be made. The AAV3 S2 empty
sample showed some full capsids in TEM (Fig. 1B) and two
filled species in AUC (Fig. 2B). CGE also shows that there
is DNA inside these samples, which contains smaller frag-
ments than the target genome. These small-sized DNA frag-
ments can also be seen in the full samples from both sup-
pliers, although to a different extent. Most likely they are
assessed as correctly filled in TEM and can be determined
as partially filled by AUC, but may also add up as correctly
filled in this technique. We assume that these capsids con-
tain ssDNA that incorporates some hairpin, mimicking the
ITR structure. Interestingly, samples from supplier two con-
tained more of the low molecular weight DNA forms (Fig. 3
line 3) and also showed many partially filled species in AUC
(Fig. 2C). Samples from both manufacturers also contain ss-
DNA that is larger than 2.5 kb, which is generally possible
since the AAV capsid can incorporate up to 5 kb [45]. A com-
monwrong filling takes place when the plasmid backbone in-
cluding the ITRs is packaged inside the virus [46]. We would
expect a plasmid backbone size of approx. 2.8 kb for Sup-
plier 1 and 4.5 kb for Supplier 2. These differences can also be
seen in different migration times of the HMWDNA in Fig. 3
(lines 2 and 3), which seems to fit this theory. An approximate
look at the CPAs from Fig. 3 suggests that more than 30% of
the viral capsids are filled with DNA larger than intended.
Although one additional species can be expected due to the
packaging of the plasmid backbone, both suppliers show at
least two DNA species that are inside the virus. In AUC heavy
species are detected too (80 and 90 and 100 Svedberg Fig. 2A)
but the fraction seems to be smaller than CGE suggests. It
is thus very likely that these AUC species are caused by the
incorporation of a wrong DNA. Besides the capsid backbone,
it remains unclear what these DNA species may be.

3.4 Capillary zone electrophoresis

The charge density in oligonucleotides is uniform and con-
stant for nucleic acidmolecules of varying lengths. Therefore,
they typically migrate based on the charge to hydrodynamic
radius ratio at the same velocity within an electrical field in
a free solution. Thus, the separation of nucleic acid species,
according to their number of nucleotides or nucleotide se-
quence, requires either the addition of a sieving matrix (see
CGE) or the addition of nucleic acid species to the BGE
that can separate the ssDNA in a sequence-selective manner
(affinity capillary electrophoresis). Otherwise, the signal in-
tensity can be evaluated in order to get information on the to-
tal genome concentration. Here, we start with the discussion
on how a simple CZE could be used in order to quantify nu-
cleic acid species getting a result that correlates to the genome
titer. However, it should be noted that this type of analytics is
in its infancy and still needs many investigations, both CZE
with and without additives in the BGE.

As already mentioned, the workflow for CGE showed a
poor reproducibility in signal intensity, which most likely is
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Figure 4. (A) Electropherogram of different mixtures of full and empty AAV2, S1 samples. Total concentration of each sample: 1013 VP/mL.

Line 1: 0% full; Line 2: 25% full; Line 3: 50% full; Line 4: 75% full; Line 5 100% full. (B) Linearity of determined CPAs from A) Error bars

represent standard deviation from four measurements. CPAs were normalized by setting the highest CPA (line 5 in A) as reference.

(C) Electropherograms of differently treated full AAV2, S1 samples. Line 1: benzonase; no heat stress; no DNA Line 2: no benzonase;

no heat stress; DNA impurities; Line 3: benzonase; heat stress; released encapsidated DNA Line 4: no benzonase; heat stress; released

encapsidated DNA + impurities. (D) CPAs of differently stressed full AAV2, S1 samples. Stress conditions: 2 min of indicated temperature.

Error bars represent standard deviation from two measurements. CPAs were normalized by setting the highest CPA (70°C measurement)

as reference. Conditions for all measurements: BGE: Tris 25 mM; SYBR Green II 1:10 000; Detection at 520 nm, Separation: 20/30 cm

neutral coated capillary; –30 kV at 25°C capillary temperature.

caused by the two purification steps. CZE could be a good
alternative to determine the DNA titer, whereby the test sam-
ple preparation is clearly simpler and no purification steps
are needed. The analysis is based on the release of the DNA
after rupture of full capsid forced by short thermal stress
(70°C, 2 min). Furthermore, the analysis of free DNA which
is already outside of the virus system, or DNA leaked after
specific stress conditions could be an interesting tool for the
characterization and evaluation of the status of the virus shell.

As a proof of concept, we have diluted an AAV full sam-
ple with a formulation buffer (not shown) or mixed with an
empty probe, and determined the linearity of the total peak
area (Fig. 4A). For the analysis of the signal intensity and
thus the concentration of DNA, the entire peak area was eval-
uated. Using a very simple BGE consisting of 25mMTris and
1:10000 SYBR Green II, a good correlation of virus concen-
tration and the fluorescence signal was observed in the range

of 1011 and 1013 GC/mL (R2 = 0.98). The mixture with empty
virus has a stable viral particle count but different DNA con-
centration and indicates that the method could also be used
for estimation of the content ratio when combined with a cap-
sid protein/particle measurement technique. We have found
that the CZE profile, showing a sharp signal followed by a
broader one, strongly depends on the salt concentration in-
side the sample. Experiments conducted with pure DNA di-
luted in different concentrations of PBS have shown, that at
low salt concentrations only one peak is obtained, while a ris-
ing concentration leads to amore complex profile due to bind-
ing salt ions (not shown). To ensure that the detected peaks
were indeed DNA, we have performed a benzonase digest af-
ter temperature stress which was able to remove all observed
peaks.

For further assessment of applications of the CZE
method, we have performed a similar workflow as for CGE,
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with the aim to detect the DNA fraction located outside of the
virus and/or the DNA inside the virus. For this purpose, the
sample was either treated with benzonase with subsequent
removal of theDNAse via centrifugal filters (100 kDaMWCO)
or just filtered for comparison. Both preparations were split
and one half was stressed for 2 min at 70°C and the other
half remained untreated. Figure 4C shows that the method
is indeed able to detect DNA outside of the capsid that is cut
by benzonase (Lines 1 and 2) and is thus suitable to estimate
DNA impurities that are not inside the capsids. Using suit-
able DNA reference standards, quantification could also be
carried out, but it must first be thoroughly clarified which
conditions allow stable DNA analysis.

Another interesting application for this assay would be
all kinds of stability studies or studies related to storage con-
ditions (e.g., freeze/thaw, impact of UV irradiation) or formu-
lation development. This setup was used to ensure that un-
stressed viral samples are not leaking DNA when a strong
electric field (1 kV/cm) is applied, by comparing the peak
size of a DNA standard with rAAV sample peak size from
83 to 1000 V/cm. Our results showed no DNA release at any
field strength, indicating that the method is indeed suitable
for rAAV. Additionally, we have estimated the release of viral
DNA through thermal stress for a temperature ranging from
30–90°C and stress duration of 2–20 min (electropherograms
not shown). Fig. 4D shows that the critical temperature for
DNA release is between 60 and 70°C, while little DNA is re-
leased below 60°C. This is in line with the results obtained in
TEM (Fig. 1E) which showed free DNA and more empty par-
ticles (also demonstrated by AUC Fig. 2B) when the virus was
stressed at 70°C. There was no crucial difference detected be-
tween different durations meaning that the process of DNA
release is very fast and is completed within 2 min. Our data
shows how this approach can be used to detect different con-
ditions which lead to DNA release, possibly helping to under-
stand the viral unpacking process.

4 Concluding remarks

Focusing on the quantity, quality, and state of the genome this
work has shown the effectiveness of a synergistic approach of
orthogonal physicochemical methods. While TEM and AUC
set the focus on the state of the complete viral system, with
respect to genome filling, the presented CE methods can be
used for the analysis of the genome itself. TEM and AUC de-
livered comparable results, without major discrepancies be-
tween the viral entities observed. All species identified by
TEM were detected by AUC as well. AUC is capable of pro-
viding an overall picture on the heterogeneity of the samples,
which can be used for the determination of relative amounts
of empty, partially filled, filled, and overfilled capsids. TEM
generates impressive images and can be beneficially used for
the visualization of impurities, like proteasomes or broken
virus capsids. CE techniques can help to clarify results ob-
tained with TEM and AUC, which alone would be difficult to
interpret.

For example, partially filled capsidsmight be challenging
to distinguish from correctly filled ones by TEM and AUC, as
was demonstrated here for the samples that were supposed
to be containing empty particles. In case the determination
of the filling consistency by AUC or TEM remains challeng-
ing, CGE can quickly reveal an approximate size and rela-
tive amount of the encapsidated DNA strands. Our results
showed that if fragments were identified in CGE, partially
filled species always appeared in the AUC. Capsids contain-
ing larger DNA strands than intended cannot be detected by
TEM at all, and are only seen by CGE and AUC. Although we
would expect only one oversized DNA form, that would rep-
resent the plasmid backbone, AUC and CGE have revealed at
least two additional species in samples from both suppliers.
CGE has thus shown that it provides comparable and comple-
mentary results to AUC. In our opinion, it is conceivable that
CGE will play an important role for the assessment of rAAV
DNA purity in the future.

We found that CGE provides a good insight in the filling
of rAAVs, but for estimation of the genome titer, the workflow
is tedious and the process of calibration is not yet established.
For this reason, we propose a simplified CZE workflow that
can be used under native conditions with short separation
times (< 5 min/run). The detection principle relies on DNA
release under heat stress (2 min at 70°C). The method was
shown to be linear in a broad range and provides reproducible
results. Although dye based assays are using the same prin-
ciple with 96 well-plate in a fluorescence plate reader have
already been reported [35–37], the current CZE approach of-
fers the benefit of selectively detecting the pure DNA, since it
is very likely that DNA and viral proteins are separated under
these conditions. This should lead to less artifacts and bet-
ter reproducibility. DNA concentration could be determined
more accurately and precisely, when using an appropriate ref-
erence standard, and this way support the understanding of
DNA release under different conditions.

The complexity of rAAVs as next-level biopharmaceuti-
cals is much higher compared to conventional protein bio-
logics, e.g., monoclonal antibodies. Thus, relying on a single
analytical technique increases the risk of observing ambigu-
ous data or even misleading results in quality control. The
four methods presented here offer a comprehensive analyti-
cal package to assess potential CQAs related to the capsid fill-
ing, and their use should therefore be considered in combina-
tion. Further developments and improvements, especially for
CE-based methods are expected, since these approaches can
be easily automated, offer fast analysis, and can be operated
with low sample amounts.
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